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• Mathieu de Naurois (LLR, Palaiseau)
• Yannick Giraud-Héraud (APC, Paris)
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1.
Cosmic Rays

RECENT ANISOTROPY STUDIES WITH THE PIERRE AUGER
OBSERVATORY
Roger Clay 1 for the Pierre Auger Collaboration 2
University of Adelaide, North Terrace, Adelaide, South Australia 5005
Observatorio Pierre Auger, Av. San Martı́n Norte 304, 5613 Malargüe, Argentina a
1

2

The Pierre Auger Observatory is the world’s largest cosmic ray observatory. It has been in full
operation for almost a decade, giving it the largest ever exposure at ultra-high energies. The
Auger dataset at those highest energies is large enough to enable astrophysically significant
studies to be made of both broad-scale and hot-spot anisotropies in the southern sky. Through
the selection of particular classes of events, searches can also be made for point sources associated with uncharged messengers. Recent Auger anisotropy data are presented together with
discussion of their possible astrophysical interpretation.

1

Introduction

Energetic photons are the messengers by which we normally observe the very high energy phenomena which we find in our Universe. Cosmic ray particles are other important messengers.
These particles are both massive and charged and so carry extra information on the conditions
along their propagation paths and on the sources themselves. However, for the uncharged messengers, directional astronomy is possible whereas the potential extra information carried by
charged particles on astrophysical conditions (mainly magnetic fields and the low energy photon background) comes at the price of losing some of that directional knowledge. Cosmic rays
studied at the Earth are mainly nuclei since energetic electrons rapidly lose their energy when
propagating through cosmic magnetic fields. Energetic photons and neutrinos are expected to
be found along with charged particles in the beam of very energetic cosmic particles. These
would be produced by interactions of the observed particles at their source or in their passage
through intervening (photon) fields. However, such particles are yet to be identified at the
highest energies 1 . The flux of cosmic rays at the Earth covers an energy range of over ten
decades from about 1 GeV and, with a steep monotonically falling energy spectrum, covers a
flux range of about thirty decades. At the highest energies, with fluxes measured in units of
particles.km−2 .century−1 , the Pierre Auger Observatory 2,3 is thus required to have a huge
collecting area, about 3000 km2 .
a

Full author list: http://www.auger.org/archive/authors 2017 03.html

2

The Pierre Auger Observatory

The Pierre Auger Observatory (Auger) 3 , the largest cosmic ray observatory in the world, is
located in the Pampa Amarilla of western Argentina (35o S) at an altitude of 1400 m. It is a
hybrid cosmic ray detection system which detects atmospheric cosmic ray showers impinging
on the ground with an array of surface detectors (1600 10 m2 (12 m3 volume) water-Cherenkov
stations on a triangular grid with a spacing of 1.5 km) known as the SD, overviewed by 27
large UV telescopes at four sites (the FD). The latter record cosmic ray showers in their passage
through the atmosphere by observing the nitrogen fluorescence which they excite. The Observatory began operations in 2004 and has been fully operational since 2008. It continuously
records particles with energies to a little over 100 EeV. In its basic operational form, the array
has 100% triggering efficiency over its full area for energies above 3 EeV, well below the 10 EeV
which is the main characteristic energy for results discussed below. It measures the energy of
each initiating cosmic ray particle and makes some estimate (statistically at least) of the average composition of the flux in small increments of energy 4 . Taken together, these define the
rigidities (momentum/charge) of particles in the beam. These determine the properties of the
particle propagation in astrophysical magnetic fields.
3

Properties of the observed cosmic ray flux at EeV energies

The overall cosmic ray spectrum to 100 EeV is broadly a power law with an index ∼ −2.7 2 .
However, there is spectral structure which has been identified. In the present context, there is
an ‘ankle’ at about 5 EeV where the spectrum hardens over a very small energy range. This
is often argued to be the result of an extra-galactic flux taking over from a galactic cosmic ray
flux, although galactic source models are challenged to produce particles near EeV energies 2 .
The composition of primary particles in the cosmic ray beam is measured through studies of the
development of their resulting atmospheric showers. The technique involves statistically identifying deeply developing showers with ‘light’ compositions and shallower showers with ‘heavier’
compositions. Unfortunately, showers have large intrinsic development fluctuations and compositions cannot be determined on a single event basis. The composition 4 measured at the Pierre
Auger Observatory was (surprisingly) found to become progressively heavier above the ankle.
This result implies reduced changes in the propagation mode with energy since any rigidity
changes with increasing momentum are reduced by the increasing charge. It should be noted
that the Telescope Array which makes similar measurements in the northern hemisphere deduces
that a continuing light composition fits their data 5 . Discussions are underway between the observatories to clarify whether any such observational discrepancies are real 6 . The directions
of cosmic rays are expected to be scrambled by galactic and inter-galactic turbulent magnetic
fields and it may not be surprising that, in the energy range 4-8 EeV, no deviation of the beam
from isotropy has so far been found. This may also be related to two (or more) sources, galactic
and extra-galactic, being of similar strength but opposite directions. However, the Pierre Auger
Observatory has now found evidence above 8 EeV for an anisotropic flux 7,8,9,10 .
4

Measuring Cosmic Ray Anisotropies

Cosmic ray event directions can be studied through point source or ‘hot spot’ searches but, for a
flux which has been seriously scrambled, or is diffusive, directional data have traditionally been
analysed through identifying harmonics in Right Ascension (R.A.) found as changes in event rate
whilst the detecting system rotates with the Earth. Figure 1(left) shows Auger data (corrected
for on-time and known local factors which influence the detection rate) above 8 EeV analysed
in this way. The single sine wave is the ‘first harmonic’ in Right Ascension of the anisotropy.
Higher order harmonics can be fitted, but they generally require a better statistical quality in the
data. The amplitude and phase of the fitted sine wave are used to describe the anisotropy. The

statistical properties of such data were discussed in some detail by Linsley 11 . Their amplitudes
can be described by a Rayleigh distribution and the figure of merit for significance of such data
is:
P (> r) = exp (−k0 ) where k0 = N r2 /4
(1)
In this equation, N is the total number of events recorded and r is the measured fractional
amplitude of the fitted sine wave. At a characteristic level of ko = 1, a ‘noise’ fractional amplitude
(r) of 2/sqrt(N ) results so, for example, to measure a real 1% anisotropy one needs many times
greater than 104 (1002 ) events in the dataset. Count rates and their correction for atmospheric
absorption with zenith angle and with pressure variations are the principal limitations. When
count rates are high and the anisotropy is much lower, other factors are dominant (and are
considered routinely by Auger). These are subtle effects of annual variations in the detection
system, which generally occur in solar time, such as weather and temperature variations. They
produce ‘sidebands’ in sidereal time. So-called anti-sidereal analysis provides a sanity check for
such effects 12,9 .
5

Large-Scale Anisotropy measurements with the Pierre Auger Observatory

One of the prime drivers for the establishment of the Pierre Auger Observatory was to measure
the cosmic ray anisotropy at ultra-high energies. As the Observatory has continued to operate
and its exposure increased, its data have periodically been analysed in terms of a first harmonic
in R.A.. By 2015 9 ,an amplitude (and associated phase) was found for events above a threshold
energy of 8 EeV (mean energy ∼10 EeV) with the chance probability of a greater or equal
amplitude being 6.4x10−5 . The best estimate of a dipole direction is R.A. 95 ± 13o and dec.
−39 ± 13o (galactic (l, b)(247o , −22o )). It should be noted that the energy bins used over time
have not changed 7,8,9 . At these statistical levels, any waste of statistical trials is of great concern
and the application, as much as possible, of a priori analysis parameters is vital.

Figure 1 – The Pierre Auger Observatory dipole. (left) Expressed in terms of relative counts in 15◦ intervals of
right ascension. The black line expresses the first harmonic fit and the blue line is the combination of the first
and second harmonics. Reproduced from 9 . (right) Extended into a flux (km−2 yr−1 sr−1 ) sky map (R.A. and
dec.) of that sky which is accessible to the Observatory. Reproduced from 9 .

6

Interpreting a Large-Scale Anisotropy

The use of specific event directions allows an extension of the statistically significant first harmonic to make an arrival direction sky map in R.A. and declination (dec.) 10 (See Fig 1(left)).
Since higher order harmonics are not statistically significant, we can deduce that some of the
apparent structure in this figure is due to statistical noise. We wish to interpret a map such as

this in terms of astrophysical sources and structures. A key issue then is that our knowledge
of important astrophysical magnetic fields is rather basic. To bootstrap that knowledge, we
firstly need information on our own galactic magnetic fields. In recent years, multi-messenger
astrophysics has provided numerous individual perspectives on the magnetic field of our galaxy
and its magnetic halo. A recent comprehensive analysis of many of those data by Jansson and
Farrar 13 has given us a practical field model (although a thorough understanding of the field
turbulence is at an elementary stage). Farrar14 has tracked protons (10 EeV) to find the arrival
directions at Earth for a selection of source directions external to the galactic magnetic field. One
can take the observed anisotropy dipole direction at Earth ((l, b)(247o , −22o )) and estimate by
backtracking (from Farrar’s figure 9) an extra-galactic arrival direction ((l, b)obs , ∼ (225o , 30o )),
noting that the Farrar directions have a substantial spread due to turbulent field fluctuations.
7

Diffusion?

At the highest energies (above 50 EeV), the distance to a cosmic ray source is limited by photopion production (the GZK process) to a characteristic distance below 100 Mpc 15 . However,
below this energy (10 EeV), source distances are not nearly so limited by intergalactic photon
fields and one must consider source distances to hundreds of megaparsecs, closer to cosmological
distances. The astrophysical interpretation of the 10 EeV cosmic ray anisotropy data then
depends critically on the strength and structure of any intergalactic magnetic fields. Informed
opinions on these topics are discouragingly diverse. The Universe around us out to a few hundred
Mpc has structure which includes huge voids (of rather low matter density) separated by more
dense structures such as the local supergalactic plane 16 . It may be that the magnetic field
strength bears a relationship to the matter density with low fields in the voids. Those voids
are so large that their magnetic fields crucially affect our propagation models - and we have no
real knowledge of them since our usual detection techniques require electrons to be present in
the fields. A sufficient electron density may not be present in the voids. Nevertheless, there
are informed estimates and upper limits. At lower energies, galactic propagation is believed
to be predominantly diffusive. Galactic microgauss-level magnetic fields result in sub-parsec
radii of gyration and diffusive propagation over galactic distances (hundreds of pc). However,
this may not be so for 10 EeV particles in extra-galactic magnetic fields 17 . Two time periods
apply to propagation in turbulent fields. For small propagation times a linear regime applies.
In this ‘ballistic’ propagation, a linear relationship is found between distance and time. Later,
the distance varies as the square root of time. This is diffusive propagation and a ?diffusion
coefficient? can be defined. For modelling this propagation, some ‘reasonable’ magnetic field
properties have to be chosen and these are often 17 a turbulent field strength of 10 nG with a
characteristic maximum turbulence scale of 1 Mpc. Neither this inter-galactic field magnitude
nor a 1 Mpc scale have a strong observational basis and that field strength could be much
lower. With those parameters, ∼ 300 Mpc must be travelled before a diffusive loss of directional
memory occurs. Even with 10 nG being assumed, the corresponding volume must surely contain
many cosmic ray sources (see Hackstein et al. 18 for a less hand-waving discussion) and there
is then a reasonable expectation that Auger’s anisotropy might be rather directly related to a
source distribution.
8

Astrophysical Dipoles

A number of dipoles have been studied in large-scale astrophysics. The Planck dipole of the
photons in the cosmic microwave background is well known, but of a rather small amplitude.
Larger amplitude dipoles are associated with matter distributions. The nature of the accelerators
for the highest energy cosmic rays is unknown. Hillas 19 has discussed the broad principles which
are necessary to consider in assessing possible acceleration sites. Strong (containment) magnetic

fields are needed for a small-volume accelerator (perhaps close to the black hole of an active
galactic nucleus) or more modest magnetic field strengths over a large volume (such as the giant
lobes of radio galaxies). However, other scenarios are possible including impulsive acceleration
processes such as might be found in gamma-ray burst (GRB) sources. It should be noted that
these sources may have a limited lifetime. Cosmic rays from sources which are now observable
with photons may not reach us whilst those sources are active. A relatively distant AGN
with a lifetime of ∼ 107 years may not be astronomically visible when any of its cosmic rays
become observable. However, the distribution of such sources may reflect some universal matter
distribution which could still show up as a matter dipole anisotropy. There are astronomical
counts which determine measures of matter distributions out to the distances (hundreds of Mpc)
relevant to 10 EeV particle source distances. The best known of these would be 2MASS and
2MRS 16 . It is noteworthy that the dipoles associated with the Planck CMB results, 2MASS,
and 2MRS ((l, b)obs (268o .4, 0o .0) and (213o .8, 35o .2) respectively for the latter) 16 are broadly
(in terms of uncertainties in their directions) compatible with the Auger dipole direction above
((l, b)obs , ∼ (225o , 30o )). It is noteworthy that 2MRS dipole direction depends somewhat on the
upper distance limit which is selected (Fig 7 of 16 and any detailed comparison with the Auger
dataset will require due consideration of the respective distances of the surveyed objects.
9

‘Hot Spots’

In addition to broad-scale dipoles, it is natural to look for evidence for cosmic ray emission from
known ‘likely’ local sources. At lower energies, these would have been the center of the Milky
Way galaxy or recent supernovae. At multi-EeV energies, we can search in extra-galactic space
for the directions of active galactic nuclei such as Centaurus A 22 (or, more distantly, M87),
gamma-ray burst directions etc. Alternatively, we can just search the parameter space of the
data (with extra statistical penalties) for hot spots whose direction we then interpret. Auger has
searched for Centaurus A and for correlations with an AGN catalog 10,20 . TA 21 has performed
a generic search for hotspots. Both observatories have found promising results but those results
have so far failed to comfortably fit our statistical expectations when data accumulated further
(Auger), or have yet to reach a totally convincing statistical level (TA). We look forward to
further ‘hot spot’ results.
10

Discussion

Jacklyn 22 noted a number of ways in which a cosmic ray anisotropy might be produced. It
could be (1) Motion of an observer through a cosmic ray cloud. (2) Diffusion from a specific
cosmic ray source or (3) Diffusion due to a cosmic ray density gradient (from many sources).
The first possibility ((1) associated with the Planck dipole) is too small (∼ 0.5%) 23 . Possibility
(2) would be associated with a specific local source and might be seen as a ‘hot spot’. As we
have seen, such phenomena have been sought but, to the present, results (Cen A and the TA
hot spot) are not conclusive. Possibility (3) would produce an Auger-like dipole anisotropy. In
interpreting this case, one needs to identify the type of source and to know its spatial density.
Models can be made of generic source distributions to understand the large-scale anisotropy but
work also needs to be done to incorporate known local source distributions. There are limits to
any possible source distances due to interactions with astrophysical fields, so the uniformity of
Olbers’ paradox will not be realised. There are known local sources such as the nearest important
active galactic nuclei (Cen A and M87) which might be expected to influence the cosmic ray
sky. Additionally, the overall nearby universe is not homogeneous. For instance, we are located
within the supergalactic plane which extends at least to 30 Mpc from us (but is really not
well defined 24 ). Harari et al. 25 have examined possible anisotropies for a homogeneous source
distribution with a density of 10−4 Mpc−3 and for a distribution which also incorporates local

known sources (their Fig 7, and also compare with a density of 10−5 Mpc−3 in their figures 4,6) .
Both produce dipole anisotropies in the range of 5-10% (compatible with the Auger data), with
the latter producing the higher level. Such modelling has to assume a magnetic field distribution
in the local universe. Harari et al. assume 1 nG as a typical field. This is not an unusual choice,
but the fields in voids may have a much lower strength. On the other hand, radio astronomy
(which requires electrons to be present in the magnetic field) suggests higher field strengths, in
the microgauss range 26,27 . Data such as the present Auger dipole, and future improvements
with increased statistics, will allow important correlations with matter distributions and provide
a better understanding of such tensions. The Pierre Auger Observatory measurement of the
large-scale cosmic ray anisotropy at 10 EeV has provided us with a solid observational result
whose value is not sensitive to the electron distribution in inter-galactic space and will provide
complementary astrophysical understanding to other multi-messenger data.
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The Giant Radio Array for Neutrino Detection
O. Martineau-Huynh
LPNHE, CNRS-IN2P3 and Universités Paris 6 & 7, BP200, 4 place Jussieu, 75252 Paris, France

The Giant Radio Array for Neutrino Detection (GRAND) is a planned array of ∼ 2·105 radio
antennas deployed over ∼ 200 000 km2 in a mountainous site. It aims primarly at detecting
high-energy neutrinos via the observation of extensive air showers induced by the decay in the
atmosphere of taus produced by the interaction of cosmic neutrinos under the Earth surface.
GRAND aims at reaching a tau neutrino sensitivity of 5 · 10−11 E −2 GeV−1 cm−2 s−1 sr−1
above 3 · 1016 eV. This ensures the detection of cosmogenic neutrinos in the most pessimistic
source models, and ∼50 events per year are expected for the standard models. The instrument
will also detect UHECRs and possibly FRBs. Here we show how our preliminary design should
enable us to reach our sensitivity goals, and discuss the steps to be taken to achieve GRAND,
while the compelling science case for GRAND is discussed in more details in 1 .

1

Detection Method

Cosmic ντ can produce tausa under the Earth surface through charged-current interactions. Taus
may then exit and decay in the atmosphere, generating Earth-skimming extensive air showers
(EAS) 2,3 . EAS emit coherent electromagnetic radiations at frequencies of a few to hundreds of
MHz, detectable by radio antennas for shower energies E > 3 · 1016 eV 4,5 . The strong beaming
of the electromagnetic emission, combined with the transparency of the atmosphere to radio
waves, will allow the radiodetection of EAS initiated by tau decays at distances up to several
tens of kilometers (see 1), making radio antennas ideal instruments for the search of cosmic
neutrinos. Furthermore, antennas offer practical advantages (e.g. limited unit cost, easiness of
deployment) that allow the deployment of an array over very large areas, as required by the
expected low neutrino event rate.
Remote sites, with low electromagnetic background, should obviously be considered for the
array location. In addition, mountain ranges are preferred, first because they offer an additional
target for the neutrinos, and also because mountain slopes are better suited to the detection of
Earth-skimming showers compared to flat areas which are parallel to the neutrino-induced EAS
trajectories.
a
Other neutrino flavors can be neglected, as the electron range in matter at these energies is too short and the
muon decay length too large.

GRAND antennas are foreseen to operate in the 30 − 100 MHz band. Below this range,
short-wave background prevents detection, while coherence of radio emission fades above it.
However, an extension of the antenna response up to 200 or 300 MHz would enable us to better
observe the Cherenkov ring associated with the air shower 6 , which represents a sizable fraction
of the total electromagnetic signal at these frequencies. This could provide an unambiguous
signature for background rejection.

2

GRAND layout and neutrino sensitivity

We present here a preliminary evaluation of the potential of GRAND for the detection of cosmic
neutrinos, based on the simulated response of a 90 000 antennas setup deployed on a square
layout of 60 000 km2 in a remote mountainous area, the Tianshan mountains in the XinJiang
province, China.
Simulation method. We perform a 1D tracking of a primary ντ , simulated down to the
converted tau decay. We assume standard rock with a density of 2.65 g/cm3 at sea level and
above, while the Earth core is modeled following the Preliminary Reference Earth Model 7 . The
simulation of the deep inelastic scattering of the neutrinos is performed with Pythia6.4, using the
CTEQ5d probability distribution functions (PDF) combined with 8 for cross section calculations.
The propagation of the outgoing tau is simulated using randomized values from parameterisations of GEANT4.9 PDFs for tau path length and proper time. Photonuclear interactions in
GEANT4.9 have been extended above PeV energies following 9 . The tau decay is simulated
using the TAUOLA package. The radiodetection of neutrino-initiated EAS is simulated in the
following way:
- for a limited set of ντ showers simulated with ZHaireS 10 at various energies (see 1), we determine a conical volume inside which the electric field is above the expected detection threshold
of the GRAND antennas (30 µV/m in an agressive scenario, 100 µV/m in a conservative one).
- from this set of simulations, we parametrize the shape (angle at top and height) of this
detection cone as a function of energy.
- for each neutrino-initiated EAS in our simulation, we compute the expected cone shape and
position, and select the antennas located inside the corresponding volume, taking into account
signal shadowing by mountains.
- if a cluster of 8 neighbouring units can be found among these selected antennas, we consider
that the primary ντ is detected.
Results and implications. Assuming a 3-year observation with no neutrino candidate on
this 60 000 km2 simulated array, a 90% C.L. integral limit of 6.6 × 10−10 GeV−1 cm−2 s−1 can
be derived for an E −2 neutrino flux in our agressive scenario (1.3 × 10−9 in our conservative
scenario). This is a factor ≥ 5 better than than other projected giant neutrino telescopes for
EeV energies 11 .
This preliminary analysis also shows that mountains constitute a sizable target for neutrinos,
with ∼50% of down-going events coming from neutrinos interacting inside the mountains. It
also appears that specific parts of the array (large mountains slopes facing another mountain
range at distances of 30 − 80 km) are associated with a detection rate well above the average.
By splitting the detector into smaller sub-arrays of a few 10 000 km2 each, deployed solely on
favorable sites, an order-of-magnitude improvement in sensitivity could be reached with only a
factor-of-3 increase in detector size, compared to the 60 000 km2 simulation area. This is the
envisioned GRAND setup.
This neutrino sensitivity corresponds to a detection rate of 1 to 60 cosmogenic events per
year. Besides, the angular resolution on the arrival directions, computed following 12 , could be
as low as 0.05◦ for a 3 ns precision on the antenna trigger timing, opening the door for neutrino
astronomy.

Figure 1 – Top: Expected radio footprint for a 5 · 1017 eV horizontal shower induced by a tau decay at the
origin. The color coding corresponds to the Efield maximum amplitude integrated over the 30-80MHz range
(in µV/m). The sky background level is ∼15µV/m in this frequency range. Note the different x and y scales.
Bottom: Differential sensitivity of the 60 000 km2 simulated setup (brown region, top limit: conservative, bottom:
aggressive) and of the projected GRAND array (brown thick curve). The integral sensitivity limit for GRAND
is shown as a thick line. We also show the expected limit for the projected final configuration of ARA 11 and
theoretical estimates for cosmogenic neutrino fluxes 13 : the blue line stands for the most pessimistic fluxes, the
gray-shaded region to the “reasonable” parameter range. All curves are for single-flavor neutrino fluxes.

3

Background rejection

A few tens of cosmogenic neutrinos per year are expected in GRAND. The rejection of events
initiated by high-energy particles other than cosmic neutrinos should be manageable 1 . The
event rates associated to terrestrial sources (human activities, thunderstorms, etc.) are difficult
to evaluate, but an estimate can be derived from the results of the Tianshan Radio Experiment
for Neutrino Detection (TREND). TREND 12 is an array of 50 self-triggered antennas deployed
over a surface ∼ 1.5 km2 in a populated valley of the Tianshan mountains, with antenna design
and sensitivity similar to what is foreseen for GRAND. The observed rate of events triggering
six selected TREND antennas separated by ∼800 m over a sample period of 120 live days was
found to be around 1 day−1 , with two-thirds of them coming in bursts of events, mostly due to
planes. Direct extrapolation from TREND results thus leads to an expected event rate of ∼ 1 Hz
for GRAND for a trigger algorithm based on coincident triggers on neighbouring antennas and
a rejection of events bursts.
Amplitude patterns on the ground (emission beamed along the shower axis and signal enhancement on the Cherenkov ring 6 ), as well as wave polarization 14 are strong signatures of
neutrino-initiated EAS that could provide efficient discrimination tools for the remaining background events.
These options are being investigated within GRAND, through simulations and experimental
work. In 2017 the GRANDproto project 15 will deploy a hybrid detector composed of 35 3-arm
antennas (allowing for a complete measurement of the wave polarization) and 24 scintillators,
that will cross-check the EAS nature of radio-events selected from a polarization signature
compatible with EAS.
4

GRAND development plan

Before considering the complete GRAND layout, several validation steps have to be considered.
The first one will consist of establishing the autonomous radiodetection of very inclined EAS
with high efficiency and excellent background rejection, with a dedicated setup of size ∼ 300 km2 .
This array will be too small to perform a neutrino search, but cosmic rays should be detected
above 1018 eV. Their reconstructed properties (energy spectrum, composition) will enable us to
validate this stage. The absence of events below the horizon will confirm our EAS identification
strategy. A second array, 10 times larger, will allow to test the technological choices for the DAQ
chain, trigger algorithm and data transfer. This will mark the start of GRAND data taking,
foreseen in the mid-2020s.
5

Conclusion

The GRAND project aims at building the ultimate next-generation neutrino telescope. Preliminary simulations indicate that a sensitivity guaranteeing the detection of cosmogenic neutrinos
is achievable. Work is ongoing to assess GRAND achievable scientific goals and the corresponding technical constraints. Background rejection strategies and technological options are being
investigated.
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In 2008, a laboratory experiment detected a signal in the microwave frequencies produced from
the development of an electromagnetic shower in air. This signal was interpreted as Molecular
Bremsstrahlung Radiation (MBR). From this interpretation and the measured intensity one
rapidly concluded that the detection of this emission from Extensive Air Shower (EAS) would
be possible. Furthermore, the isotropic nature of the signal would allow to measure the EAS
longitudinal profile, while the large duty cycle of the technique (up to 100) would allow to
considerably increase the exposure and thus provide an efficient way to constrain cosmic ray
composition at energies above the ankle. Several experiments have been set up to confirm
and measure this signal both in the laboratory or in situ within cosmic ray observatories.
Among them GIGAS61 is an array of 61 antennas embedded in the Pierre Auger Observatory, operating in the frequency range from 3.4 to 4.2 GHz. The data collected since 2011
have led us to set limits on the expected signal below the original of 2008 experiment. To
lower the detection threshold further and comply with the most recent expectations of MBR
intensities, we have developed and installed a 14-antennas array with an enhanced sensitivity
in two distinct frequency bands. We review in this contribution the concept of GIGAS61 and
its results and present the latest developments GIGADuck-C and GIGADuck-L with their
expected performances.

Introduction
The origin of Ultra High Energy Cosmic Rays (UHECR) remains an unsolved question. The
interpretation of the features observed in the spectrum by the Pierre Auger Observatory-the
ankle at E ' 5× 1018 eV and a strong cut off at the highest energies (E ≥ 5× 1019 eV)- strongly
depends on the mass composition of the primary UHECR.
Extensive Air Shower (EAS) induced by a UHECRs are detected and characterized at the Pierre
Auger Observatory thanks to two main techniques. While a particle detector array of over 1660
water Cherenkov detectors, allows the sampling of the particle densities at ground (the Surface
Detector), a 27 fluorescence telescopes on five site overlooking the Surface Detector (SD) measures the calorimetric losses of the EAS along the atmosphere. This last technique has the best
sensitivity to mass composition via the measurement of the longitudinal profile, but is operated
with a duty cycle of 15%, limited by the light background.

Currently the Pierre Auger collaboration focuses its efforts on an upgrade of the SD with the
addition of a scintillator for a better description of the shower components,(electromagnetic
versus muonic), which is an observable sensitive to the primary composition 1 . Other detection
channels are also being explored. The observation of the radio wave from the EAS is one of
them. First observed in the 1960s 2 , the radio detection at VHF frequencies is efficient but is
mainly dedicated for energies below the ankle. Indeed, the coherent emission of the source in the
EAS produces a strong signal at ground, focused around the shower axis inside the Cherenkov
cone3 . The lateral extension is thus limited to around 200 m for vertical showers requiring a
densely instrumented array hardly compatible with the large area needed for the collection of
UHECR induced air showers.
In 2008, a strong signal has been observed at microwave frequencies upon the passage of the induced shower in an anechoic chamber. This signal was interpreted as originating from the acceleration of the low energy ionization electrons in the molecule’s field, the Molecular Bremsstrahlung
Radiation. Such a radiation is emitted unpolarized and isotropically. EASIER (Extensive Air
Shower Identification using Electron Radiometer) is radio detector designed to be embedded in
the surface detector of the Pierre Auger Observatory. It is a slave detector that benefits from
the trigger of the a EAS detector and thus is ideal to probe radio emission. In this contribution
we present the general concept of EASIER, then we detail the three different implementations
in the microwave frequencies and the calibration effort carried out. Finally we use these results
to produce the sensitivity estimation for these setups.
1

The EASIER concept

The Pierre Auger Observatory The Pierre Auger Observatory is largest UHECR detector,
it is an hybrid detector composed of a particle detector at ground, the surface detector, and a
fluorescence detector that overlook the SD. The SD is an array of over 1660 water Cherenkov
detectors (WCD) arranged in a triangular grid of 1.5 km spacing. Each WCD is equipped with
three PhotoMulltiplier Tubes (PMTs) that collect the Cherenkov signal produced by high energy
particle when they traverse the water. Two signals are recorded for each PMT, one from the
last dynode is high gain while the other one is low gain and is used in case of saturation of the
high gain. The SD is operated almost 100% of the time but can only probe a limited part of
the shower development.
In contrast, the FD measure the shower development via the deexcitement of N2 molecule
emitted by means of fluorescence photons in the UV range. This emission originates from the
atmosphere molecule (as opposed to the shower particles) and is thus emitted isotropically. The
composition information with the FD is however available 15% of the time since the operation
of the FD is limited to clear moonless night. The combination of the two detectors is a powerful
tool to study cosmic rays, however due to the limited duty cycle of the FD the mass composition
information is essentially not available at the highest energies. The current effort, AugerPrime is
devoted to add a scintillator on top of WCD to improve the shower component (electromangetic
versus muonic)measurement and infer the mass via the balance of these components. The path
followed by EASIER and GIGAS is different.
EASIER concept EASIER is a general design aiming at the detection of a radio emission
from EAS in order to measure the shower development with a 100% duty cycle. It features
an antenna as sensor and has an electronics chain designed to be integrated into an SD WCD
(see Figure. 1). This electronic unit is thus composed of an amplifier that follows directly the
antenna (before any loss that would spoil the signal to noise ratio) that is connected to a power
detector which outputs a voltage proportional to the logarithm of the power envelope. This (low
frequency) voltage is then simply amplified and shifted to fit in the WCD acquisition where the
EASIER signal replaces one of the PMT low gain channel.

Figure 1 – Blcok diagram of the signal chain of EASIER.

This design is general and can be implemented in various bandwidths. Indeed, setups were
developed in the VHF band 4,5 , and at microwave frequencies, discussed in this contribution.
EASIER setup was implemented in three different setups in the microwave frequencies (see Figure 2).
The first one GIGAS was the first EASIER implementation in the C-band (3.4-4.2 GHz), it was
designed to detect signals with an intensity as originally measured in the beam test experiment6 .
Several radio signals in coincidence with EAS were actually measured with this setup, but the
origin of the emission could not be determined as all of the signals were detected when the
shower landed close to the antenna and thus could be attributed to other coherent mechanisms.
Furthermore, other beam test experiments or in situ experiment were not able to reproduce
original measurement. In parallel, improved calculations of the MBR scaled down the expected
intensity7,8 by a factor 70 to 200. As a consequence, improved setups were developed with the
same concept but with an increased sensitivity, GIGADuck-C (in the C-band) and GIGADuck-L
(in the L-band: 1-1.4GHz). These latter design share an increased gain with respect to GIGAS.
Furthermore, the antenna orientation is now different for each detector. In one hexagon, i.e.
seven detectors, the central one has an antenna pointing to the zenith while the six peripheral
ones are tilted ! by 20 ◦ and have their azimuth oriented toward the central detector. This conTank%
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Figure 4.3: Left: Picture of LNBF GI 301SC with its scalar ring and radome. Right: Spectra of the
7 first antenna installed. The Y axis is the power integrated on 100 kHz band. The red dashed lines
set the boundaries of the nominal bandwidth.

then the signal is mixed with fixed frequency signal from a local oscillator at fLO = 5.15 GHz
to shift the signal at lower frequencies. This shift is performed for two reasons, at lower
frequencies the electronics is less expensive and the signal su↵ers less attenuation through the
cable. From a collected signal at frequency fC the operation of mixing generates two signals,
one at the frequency sum f = fLO + fC the other at the frequency di↵erence f = fLO fC .
The signal at higher frequency is filtered and the reception band is shifted from [3.4-4.2 ]GHz
to [1.75-0.95 ]GHz. The signal is transmitted on a coaxial F connector on a 75 ⌦ load.
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70 WCDs equipped with the new senSignal monitoring To control the behavior of the
sors, as well as the antennas output signals, the monitoring tool is used. The antenna signal evolution with time is given in the appendix, for the seven A-Info and
Helix antennas. In addition to the already known baseline variation correlated
with the outside temperature (see Appendix A), a particular peak appearing on
a daily-basis is found in the signal from some stations equipped with pyramidal
horns. The peak intensity is most visible in signals from the horns set on Chape
and Popey (Fig. 12). Knowing the orientation of the corresponding horns, this
peak may be attributed to the Sun transit.

Figure 2 – Scheme of the EASIER concept applied for GIGAS, GIGADuck-C and GIGADuck-L

11

GIGAS A first array of GIGAS composed of seven detectors to form one hexagon was first
installed in april 2011. It features a cylindrical horn antenna, of large field of view (90◦ of
Half Power Beam Width (HPBW)) and a 9 dB gain looking at the zenith. The amplification is
performed by LNB physically attached to it. The signal is down converted to lower frequency and
amplified to be transfered through a cable. These antennas are indeed commercial TV antenna
and are very inexpensive (O (10 $ )). The rest of the electronics was assembled in laboratory. A
power detector ZX 47-50 from Minicircuit is combined to a dedicated board designed to adapt
the signal to WCD acquisition. The good operation of this setup led to the extension to 61
detectors in total.
GIGADuck-C The need to improve the sensitivity led to the development of GIGADuck
array. A typical figure of merit is the minimum flux observable for a radio square law detector
is:
kB Tsys
√
F =
(1)
Aef f ∆ντ
where kB is the Boltzmann constant, Tsys the system noise temperature,Aef f the effective area
of the antenna, ∆ν the bandwidth and τ a time constant of the signal expected duration for
transient events. One can see that an increase of the effective area directly translates in a
decrease of the minimum flux observable. Thus GIGADuck detectors feature a larger antenna
gain (∼ 15 dB), at the cost of a smaller field of view (HPBW = 30◦ ). In the C-band, the antenna
is a pyramidal horn and the LNB a Norsat 8115F. The material chosen for this setup is of better
quality than the consumer TV antennas.
GIGADuck-L The GIGADuck was also implemented in the L-band. This frequency band is
more difficult to instrument as it is widely used. For instance, GSM band is around 900MHz,
positionning satellite use this band to transmit navigation and position information. The Auger
communication are also in this frequency region at 940MHz. Furthermore, given the wavelength
(∼30 cm) and the gain desired, 15dB horn antennas with these characteristcs are too large.
Hence we chose a helix antenna with an additional cone below to focus the gain and shield from
the ground radiation noise. For this setup an amplification board was also designed. It features
a filter before any amplification. If this solution is not optimal for noise considerations it is
necessary to prevent the amplifier to saturate with the large background signals mentioned above.
The amplification is carried out by two amplifier in chain, the Broadcom Limited MGA633P8
with around 15 dB gain and a noise factor of 0.37 dB and the Broadcom Limited MGA13116
with around 35 dB gain and a noise factor of 0.51dB. This choice is made to obtain the required
gain with the lowest possible noise. The rest of the electronics is very similar to C-band setup.
In the case of the GIGADuck-L the increase of gain compared to GIGAS is combined with a
2
increase of the wavelength. Since Aef f = Gλ
4π the three fold increase in wavelength translates in
a 9 fold increase in sensitivity.

2

Calibration

The important parameters for the sensitivity are gathered in the equation 1 and were calibrated
or simulated separately.
Effective area The effective area is a caracteristic of the antenna, it was simulated with
the HFSS software for the three different types of antenna. The results (see Fig 3) yields the
requirement mentioned in the section 1.

Figure 3 – Left: effective area of the antenna used in the three setup of GIGAS: the DMX antenna for GIGAS61,
Norsat for the GIGADuck-C and Helix for the GIGADuck-L. Right: bandwidth of the three setups.)

Table 1: Results of calibration and simulation for the parameters included in the sensitivity determination

EASIER version

GIGAS61

GIGADuck-C

GIGADuck-L

Bandwidth [MHz]
Maximum Effective area [m−2 ]
System temperature range [K]

440
5×10−3
100-120

750
2.1×10−2
50-60

250
2×10−1
100-145

Bandwidth The absolute gain of the system does not take
R part in the equation 1 but the
1
relative gain in frequency of the effective bandwidth Gmax G(ν)dν does. This value can be
extracted from the spectra shown in the Fig. 3-right and are listed in Table 1. The noise temperature is more complicated to measure. A widely used one is the so called Y factor method, it
is based on the comparison of the output measured when a device is subjected to a large noise
source and then to a lower noise source. One can then extract the intrinsic noise of a device
without knowing its gain if the the noise source powers are known. This method was used to
estimate the Telec noise from the LNB which is the predominant noise of the system temperature. The two sources are the signal measure with the antenna when it points towards the
ground (hot source) and towards the sky (cold source). The source noise power are known from
the brightness temperature of these two bodied and the pattern of the antenna. Temperatures
between 100 and 110K were found.
A different technique was used for the GIGADuck-C detectors. The Sun flux is used as calibration source and we estimated the system temperature by comparison with the simulated
signal. The flux used in this study is based on observations at the Nobeyama Radio Observatory (NRO)a . Among the seven antennas of the GIGADuck-C array, the four pointing towards
the north or the zenith (see Fig 4-left) have at some time of the year a contribution of the
solar flux large enough to produce a detectable signal (for realistic assumption of system noise
temperature). One of them had some failures and is not considered in this analysis. After the
correction of the ambient temperature effect on the radio baseline, the signal induced by the
sun is isolated and fitted with a third order polynomial plus a Gaussian function. In parallel,
we simulate the signal of the sun for various system temperatures but also for directions of the
antenna a little off the nominal direction. We included the simulated and measured value of
the maximum signal and time of the maximum signal into a χ2 and retrieve together the best
a
The Nobeyama Radio Polarimeters is operated by Nobeyama Radio Observatory, a branch of National Astronomical Observatory of Japan.

parameters to describe the antenna orientation and the system noise temperature. The temperature is found to be between 50 and 60 K and the shift in the orientation is found to be between
5 to 14 degrees.
Finally the last setup, the GIGADuck-L is also sensitve to Solar flux. However, it was noticed
that other modulations of the same time scale (order of the hour) are present and prevent
us from isolating the Sun contribution. These modulation seem to originate from positioning
satellites but can’t be used as a calibration source since their absolute power is not precisely
known. We thus adopted a more direct technique, which consist of deducing the temperature
from the power measured by dividing by the gain. This method requires well calibrated gain.
The measurement of the gain and noise temperature in the lab were indeed performed for each
LNA. The temperatures found amounts to 100 to 145 K.

Figure 4 –

System noise temperature
3

Estimated sensitivity to EAS

The performance of these setups is assessed with a simulation chain including the generation
of EAS according the observed UHECR spectrum and a flat distribution in sin(θ) where θ is
the zenith angle of the arrival direction and flat in φ the azimuth. The MBR is simulated
according 8 . In this study it is found that the estimated intensity should be lower by a factor
200 than the original measurement. Thus we vary the simulated intensity between these two
values. The emitted MBR is propagated from the source to the antenna and the received power
is computed as P = F × Aef f × ∆ν. This power envelope is transformed in a high frequency
signal by multiplying the voltage envelope with a high frequency noise waveform. It is added
to a noise waveform scaled according the noise temperature found in the calibration studies.
The HF signal is passed through a simulation of the power detector and then the signal follow
a simple scaling to reproduce the adaptation board action. Finally it is samplec in amplitude
and time to simulate the WCD acquisition. An example of the initial power envelope and the
final waveform are shown in the Figure 5-left. To define an event, we first transform back
the waveform into linear quantities. We then subtract the mean and divide it by the standard
deviation of the waveform, we obtain this way a waveform in σ units. Then a simple event search
in the simulated data sets is performed by requiring a the maximum in the radio waveform to
be larger than 7σ and to be within a window of 20 bins (1 µs). The final results are represented

in the Figure 5-right. The improvement brought by each version are here noticeable, a factor
4 from GIGAS to GIGADuck-C and another factor 4 when going from the GIGADuck-C to
GIGADuck-L. The region of intensity that can be probed with the most snsitive setup, namely
GIGADuck-L, is around a factor 10 lower than the original experiment.

Figure 5 – Left: example of simulated data for a signal scaling of 10 in the L-band. The power envelope is shown
in the top plot whereas the fully simulated waveform is at the bottom. Right: Number of expected events for one
haxagon of each version of GIGAS.

4

Conclusion

We have shown the progress of the GIGAS experiment, a radio detector embedded in the Pierre
Auger surface detector. The original version GIGAS61 was implemented with the initial optimistic expectation of the MBR. However, the results obtained with this first setup have shown
the need for a more sensitive setup. This was achieved with the GIGADuck setups implemented
in two bandwidth with a larger gain and a optimized geometry. The sensitivity reached for
those last detector will allow to probe MBR intensities around 10 times lower than the original
expectations.
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ENERGY SPECTRUM OF COSMIC RAYS MEASURED WITH THE PIERRE
AUGER OBSERVATORY
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We present a measurement of the flux of cosmic rays based on data collected by the Pierre
Auger Observatory. Four different methods of flux determination are described. The measured
energy spectrum ranges from 3 · 1017 eV, accessible by the surface detector (SD) infilled array
with 750 m station spacing, up to the very end of the cosmic ray flux measured by the SD array
with 1500 m spacing. Besides the standard vertical SD analysis, also the hybrid and inclined
SD spectra are reported. Analysis of the spectral features in the context of the combined fit
of the spectrum together with mass composition data is covered. Different interpretations of
the flux suppression at the highest energies are discussed.

1

Introduction

The origin of ultra-high energy cosmic rays (UHECR) is still unclear. The most important
measurement that could reveal information about the sources as well as about the propagation
of cosmic rays is the measurement of their energy spectrum. Together with knowledge of the
mass composition of UHECR, these two quantities allow us to restrict the physical properties
of the UHECR sources.
The Pierre Auger Observatory 1,2 is the world’s largest detector of cosmic ray air showers.
Over more then 10 years of operation it has collected a data set of unprecedented statistics.
One of the main scientific results of the Pierre Auger Observatory is the measurement of the
spectrum of cosmic rays at energies above 3 · 1017 eV that is reported in this contribution.
The Pierre Auger Observatory consists of two types of detectors, the Surface Detector (SD)
array which is composed of over 1600 water–Cherenkov stations and the Fluorescence Detector
(FD), comprised of 27 telescopes located at four sites, overlooking the SD array. The SD is
divided into two parts, the regular array with the separation of 1500 m between stations and the
infilled array with a spacing of 750 m. The infilled array is used to measure air showers at lower
energies while the regular array is designed to cover the most energetic part of the spectrum. The
FD is also split into 24 telescopes looking horizontally, measuring the most energetic showers,
a
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and 3 high elevation Auger telescopes (HEAT) looking at 30◦ − 60◦ in elevation to increase
sensitivity at lower energies. In favourable conditions, the FD and SD operate in conjunction to
perform the so called hybrid detection.
Measurements of the SD are used to calculate the energy spectrum with high statistics. The
hybrid data are used for the nearly simulation independent energy calibration of the SD as well
as for the production of the hybrid spectrum and mass composition estimates. It is worth noting
that the FD operates only during clear, moonless nights which correspond to about 13% of the
total uptime.
Techniques used to determine the energy of primary cosmic rays are given in Section 2. The
energy spectrum calculated with the use of four different measurements is shown in Section 3.
In Section 4 we present results of the combined fit of the energy spectrum together with the
mass composition measurement and we conclude in Section 5.
2

Estimation of the cosmic ray particle energy

Estimation of the energy of cosmic ray showers at the Pierre Auger Observatory relies on the
FD data. Fluorescence measurements are based on the detection of fluorescence light produced
during the de-excitation of nitrogen molecules excited by shower particles. Thanks to that,
the FD allows us to measure longitudinal profiles of showers, i.e. the energy deposit along the
dE
shower development in the air dX
(X). X is a slant depth up to which the shower evolved in the
atmosphere. The estimate of the calorimetric energy Ecal is then given by
Ecal =

Z

dE
(X)dX.
dX

(1)

The total energy estimator EFD is the Ecal corrected for the invisible energy 3 . The energy
of the primary cosmic ray particle coincides with the total energy of the atmospheric shower.
In the case of SD registered events, three different reconstructions are used. The energy
estimator differs from reconstruction technique to reconstruction technique.
For the regular array, the method used to process events with zenith angle below 60◦ is called
the SD vertical reconstruction 2 . In this procedure, the geometry of the shower axis is determined
from trigger times of individual SD stations involved in the event. After that, the shower size
estimator S1000 is determined from fitting the lateral distribution of intensities of signals in
the water–Cherenkov detectors. The lateral distribution is fitted by the modified Nishimura–
Kamata–Greisen (NKG) function. S1000 is the NKG function evaluated at the optimal distance
of 1000 m. The shower size estimator has to be corrected for the attenuation of the shower in
the atmosphere. This is done by the constant intensity cut (CIC) method in order to produce
the shower energy estimator S38 .
Events with incident zenith angle between 62◦ and 80◦ are subjects of the inclined reconstruction 4,5 . These events significantly differ from the vertical data because the electromagnetic
part of the shower is almost completely attenuated in the atmosphere. Subsequently, the signal
in the SD is dominated by positively and negatively charged muons. The EM contamination accounts for roughly 20% of the signal, but even this signal originates mostly from muons through
their decay. Oppositely charged muons are deflected in the Earth’s magnetic field in the opposite way. Because of that, the measured SD pattern is asymmetric. This effect is taken into
account in the reconstruction which is based on fitting maps of the muon distribution on ground
to the measured SD signal 4 . The resulting relation between the simulated distribution ρsim and
measured signals ρ is
ρ(~r) = N19 ρsim (~r, θ, ϕ),
(2)
where θ and ϕ are the zenith and azimuth angles, respectively. N19 is the normalization factor
that is the energy estimator of the inclined analysis.

Table 1: Parameters of the energy calibration. The type of reconstruction is marked in the first column and Σ is
corresponding energy estimator. A and B are calibration parameters according to Eq.(3). Values come from Ref.6.

reconstruction
SD 1500 m vertical
SD 1500 m inclined
SD 750 m vertical

Σ
S38
N19
S35

A
(0.187 ± 0.004) EeV
(5.71 ± 0.09) EeV
(1.29 ± 0.06) · 10−2 EeV

B
1.023 ± 0.006
1.01 ± 0.02
1.01 ± 0.01

energy resolution
(15.3 ± 0.4)%
(19 ± 1)%
(13 ± 1)%

The reconstruction of events detected by the infilled array is limited to the vertical reconstruction. In this case, the events below 55◦ are used. The shower size estimator is S450 , i.e. the
NKG function is evaluated at 450 m which is the optimal distance for the dense array. After
the CIC correction, the shower energy estimator is S35 . Otherwise, the vertical reconstruction
proceeds in the same way as for the regular array.
The three energy estimators coming from SD reconstructions are calibrated to the hybrid
energy measurement. This is done on the sub-set of Golden events, i.e. the events that are
separately reconstructed by the hybrid and the corresponding SD reconstruction at the same
time. The calibration function has the form 6
EFD = AΣB , Σ = S38 , N19 , S35 .

(3)

Calibration curves are shown in Fig.1 and calibration constants are listed in Tab.1.
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Figure 1 – Energy calibration curves. Energy estimators of SD 1500 m vertical (gray), SD 1500 m inclined (red)
and SD 750 m vertical (blue) reconstruction methods are shown, respectively. Units of S35 and S38 are vertical
equivalent muons (VEM)2 . For details of the calibration procedure see the text. Figure is taken from Ref.6.

3

Energy spectrum measurements

The energy spectrum measurement consists of two ingredients, the estimation of the cosmic ray
energy, described in Sec.2, and calculation of the exposure of the experiment.
The exposure calculation of the Pierre Auger Observatory SD measurements is very simple.
In our analysis, we accept only events with energies higher then the threshold for the full
efficiency of the SD array. It means that the aperture of the detector is a purely geometrical
quantity and consists of counting active hexagons of water–Cherenkov stations 7 . Results of the
exposure calculation are visualized in Fig.2.
When using the hybrid reconstruction, the exposure calculation is based on detailed Monte
Carlo simulations. We also use only events for which the Hybrid detection is fully efficient, but

only in a limited distance from the FD telescope, which depends on shower energy 8 . This effect
causes the increase of the Hybrid exposure with energy that is also shown in Fig.2.

Figure 2 – The Pierre Auger Observatory exposure of four different air shower detection techniques after 10 years
of operation. Data come from Ref.6

With the known exposure, the calculation of the CR flux is straightforward 5,9,10 . Energy
spectra produced by four different methods of shower detection are depicted in Fig.3. It is
worth mentioning that the spectra are corrected for the bin to bin migration of events caused
by limited energy resolution.
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Figure 3 – All-particle energy spectra. Error bars correspond to statistical uncertainties (lines) and flux systematic
uncertainties (brackets). Systematic uncertainty of the energy scale is shown at the top–right corner. Upper
bounds are at the 84% confidence level. Reproduced from Ref.6.

All four spectra are combined together in Fig.4. The combined spectrum is fitted by the
function 6


−γ1
E

 J0 Eankle

−γ2 

∆γ  
 ∆γ −1
J(E) =

E
 J0
1 + Eankle
1+ E
Eankle

ES

ES

, E < Eankle
(4)
, E > Eankle

The fitted parameters are summarized in Tab.2. The most important features that are
clearly present in the energy spectrum are the ankle at 4.8 EeV and the smooth suppression at
the highest energies.
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Figure 4 – Combination of all-particle flux from four different measurements. Numbers above the points mark
the total number of events in the corresponding energy bin. Spectrum is fitted by Eq.(4) and the fit parameters
are listed in Tab.2. Figure comes from Ref.6

Table 2: Parameters of the fit of the combined energy spectrum by Eq.(4). The fit is visualized in Fig.4. Data
are taken from Ref.6.

J0 [eV−1 km−2 sr−1 yr−1 ]
(3.30 ± 0.15 ± 0.20) × 10−19
γ1
3.29 ± 0.02 ± 0.05

4

Eankle [EeV]
4.82 ± 0.07 ± 0.8
γ2
2.60 ± 0.02 ± 0.1

ES [EeV]
42.09 ± 1.7 ± 7.61
∆γ
3.14 ± 0.2 ± 0.4

Combined fit of the spectrum and mass composition

The measurement of the cosmic ray flux could be used to restrict the models of UHECR sources.
We focus on the combined interpretation of the energy spectrum together with the mass composition measurement done by the Pierre Auger Observatory 11,12 . The composition derivation
is based on the analysis of the depth of maximum of the shower longitudinal profile (Xmax ).
In the combined fit approach 13 , we assume a simplified model of UHECR sources. In this
model, the population of sources is composed of homogeneously distributed identical sources
in comoving volume. Sources exhibit a rigidity dependent acceleration, i.e. the acceleration is
electromagnetic in origin. The injection spectra are power laws in energy up to the maximum
rigidity cutoff Rcut . These assumptions are summarized by following equations 13 for the source
injection spectra JA (E)




−γ
E
dNA
= JA (E) = fA J¯0
× fcut (E, ZA Rcut ),
dE
1018 eV
(
1 
 , E < ZA Rcut
fcut (E, ZA Rcut ) =
E
exp 1 − ZA Rcut
, E > ZA Rcut

(5)
(6)

Free parameters of the model are the Rcut , the injection spectral index γ, the spectrum normalization J¯0 and four mass fractions fA , while the fifth fraction is fixed by the condition ΣA fA = 1.
Injected primaries are 1 H, 4 He, 14 N, 28 Si and 56 Fe which is sufficient to produce a reasonable
precision of the combined fit.
After the injection of primaries, the simulation continues with the propagation of particles
towards the observer. This is done by the CRPropa 14 and SimProp 15 simulation tools. Within
these tools, models of cosmic microwave background light (CMB) and extragalactic background
light (EBL) are implemented. With the use of photo–nuclear cross section parameterizations,
the tools are able to produce and trace secondary particles that, eventually, reach the Earth.
For details about the calculations and settings of the simulations see the corresponding journal
paper 13 .
When the propagation of particles is finished, the response of the Pierre Auger Observatory
detectors is simulated. The response of the SD is estimated by the forward folding of the
incident all-particle flux with the experimental resolutions of the SD. The FD response, i.e. the
simulation of the Xmax distribution, is done by sampling Xmax from the generalized Gumbel
distributions g(Xmax |E, A) whose parameters are fitted to the output of the shower simulation
codes. The Gumbel distributions are also corrected for the FD detection effects.
With all the aspects described above, the scan of the UHECR model parameters is done.
The measured energy spectrum and the Xmax distributions in corresponding energy bins are
compared with the output of the simulation. The goodness–of–fit is described by the deviance
which is defined as 13
D = D(J) + D(Xmax ) = −2 ln

L
LJ
LX
= −2 ln sat − 2 ln satmax ,
sat
L
LJ
LXmax

(7)

where L is the likelihood of a given model and Lsat is the likelihood of the saturated model that
perfectly describes the data.
In the mixed composition scenario, favoured by the Pierre Auger Observatory data, the
ankle in the energy spectrum is caused by the transition between the Galactic and extragalactic
CR components. Taking this into account, our fits are restricted to the region above the ankle.
Results of the parameters scanned in the Rcut vs. γ plane are shown in Fig.5. Two local
minima are present. The best fit lays in the region near γ = 1 and log10 (Rcut /V) = 18.7.

Figure 5 – Results of the combined fit scan of parameters of UHECR sources. The Rcut vs. γ parameter plane is
shown. Two minima are evident. The long valley contains the best fit. Taken from Ref.13.

The parameters of the best fits of the first and second local minima are presented in Tab.3.
Table 3: Parameters of the best fits of the first and second local minimum, respectively. Uncertainties are
statistical only. γ is the injection spectral index, Rcut is the maximum rigidity cutoff and fA are the injection
fractions of corresponding elements. From Ref.13.

γ
log10 (Rcut /V)
fH (%)
fHe (%)
fN (%)
fSi (%)
fFe (%)

1st minimum
0.96+0.08
−0.13
18.68+0.02
−0.04
0.0
67.3
28.1
4.6
0.0

2nd minimum
2.04+0.02
−0.04
19.86+0.06
−0.06
0.0
0.0
79.8
20.2
0.0

E3J [eV2 km-2 sr-1 yr-1]

The precision of the description of energy spectrum and Xmax moments for the best fit is
depicted in Fig.6.
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Figure 6 – The best combined fit of energy spectrum and mass composition data. Only the part of the data
set above the spectral ankle is fitted (solid line). In the top panel, incident particles are grouped according to
their mass number, A = 1 (red), A = 2 − 4 (grey), A = 5 − 22 (green), A = 23 − 38 (cyan) and the total sum
(brown). In the bottom panels, the brown line corresponds to the best fit and dashed lines show the < Xmax >
and σ(Xmax ) of individual elements. Reproduced from Ref.13.

In the case of the first local minimum, the flux suppression at the highest energies is caused
by the maximum achievable energy at sources, rather then by the interaction of CR particles

with the photon background (CMB and EBL) 16,17 . When considering the second minimum, the
situation is the opposite. Particles are accelerated to higher energies, i.e. the maximum rigidity
cutoff is larger, and reach the threshold for photo–disintegration which causes the flux suppression. However, the second minimum is disfavoured by the Xmax measurements which cause the
higher deviance then the one of the first minimum 13 . This means that the flux suppression is
more probably related to the maximum energy that could be reached in extragalactic sources.
5

Conclusions

We described four methods of air shower reconstruction that are used for the calculation of the
cosmic ray energy spectrum at the Pierre Auger Observatory.
Energy spectra derived from those data sets were presented. They agree very well and were
combined to get the most accurate estimate of the energy spectrum above 3 · 1017 eV. The
spectral indexes, together with the position of the ankle and the parametrization of the flux
suppression at the highest energies, were accurately determined.
The presence of the ankle can be described by CR interactions with the photon background
18 or by the transition from the Galactic to extragalactic origin of CR. A similar statement holds
for the suppression region, either it is caused by UHECR interactions with CMB and EBL 16,17
or limited by the maximum energy in sources. The Pierre Auger Observatory data favour the
latter possibility.
The utilization of the energy spectrum measurement to the constraining parameters of the
UHECR sources was done by the combined fit approach. The composition at sources is most
probably mixed with the largest contribution from intermediate elements like He, N or Si.
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LATEST RESULTS FROM THE TELESCOPE ARRAY
P. Tinyakov,
for the Telescope Array collaboration
Service de Physique Théorique CP225, Université Libre de Bruxelles, Blvd du Triomphe, 1050 Bruxelles
The Telescope Array (TA) is a hybrid detector of ultra-high energy cosmic rays situated in
Utah, USA. It is aimed at studying cosmic rays with energies up to, and exceeding 1020 eV by
detecting giant airshowers they produce in the atmosphere. The detector is taking data since
March 2008. We will present the latest results of the spectrum, composition and anisotropy
studies based on the 7 years of the TA data.

1

Introduction

Cosmic ray (CR) energy spectrum extends from ∼GeV energies to as high as 1011 GeV and
beyond. At highest energies the CR flux becomes so tiny that thousands of square kilometers
of effective area is needed to measure it. In current detectors, Earth atmosphere is used as
a target. The ultra-high energy incident particles hit the atmosphere and produce giant air
showers. These air showers are detected in several ways: by the array of particle detectors
placed on the ground, by the telescopes registering the fluorescent and/or the Cherenkov light
emitted by the shower, or by the array of radio antennas detecting the radio signal from the
shower.
The aim of the Telescope Array (TA) experiment is to detect and study ultra-high energy
cosmic rays (UHECRs) by observing the giant air showers they produce in the atmosphere,
with the ultimate goal of discovering the nature and origin of these highest energy particles. It
combines several of the detection techniques: the surface array of particle detectors, and the
UV telescopes capable of detecting the fluorescent and Cherenkov light. Different detection
methods complement each other: the surface array has the duty cycle close to ∼ 95% and thus
the largest statistics; the fluorescence telescopes provide one with a calorimetric shower energy
measurement, allow one to reconstruct the shower longitudinal profile and also have lower energy
threshold; the observation of Cherenkov light make it possible to extend the energy threshold
even lower.
The data collected by the TA detectors allow one to reconstruct the original directions of the
primary particles and their energies, as well as to determine, on a statistical basis, the UHECR
mass composition. Below we will review the results of TA concerning the energy spectrum, mass
composition and anisotropies of UHECR.
2

The Telescope Array Detector

The Telescope Array (TA) is a hybrid detector of ultra-high energy cosmic rays (UHECR)
located in the Northern hemisphere in Utah, USA (39◦ 170 4800 N, 112◦ 540 3100 W) at the elevation
of ∼ 1400m above the sea level. It currently consists of the surface detector (SD) composed of

507 scintillator detectors covering the area of approximately 700 km2 with the spacing of 1.2km
(for details see 1 ). Each detector is completely autonomous, consisting of a 3 m2 2-layer plastic
scintillator monitored by 2 PMTs, powered by a solar panel and connected by radio. The TA
detector is fully operational starting from March 2008.
The atmosphere over the surface array is viewed by 38 fluorescence telescopes arranged in 3
stations 2 , which constitute the fluorescence detector (FD) of TA. The stations are referred to as
Middle Drum (MD, the refurbished HiRes telescope), the Black Rock Mesa (BR) and the Long
Ridge (LR). These stations view 112◦ (108◦ ) in azimuth and 3◦ − 31◦ (3◦ − 33◦ ) in the zenith
angle in case of MD (BR/LR). Each individual telescope consists of a mirror (5.2m2 for MD,
6.8m2 for BR/LR) focusing the collected light on a square array of 256 PMTs of about 1 m2 .
As the shower develops in the field of view of the telescope, its image moves across the array of
PMTs. The light intensity and time information is registered.
In 2014 the low-energy extension of TA (TALE) has been constructed at the Middle Drum
site that consists of a denser ground array (spacing 400 m) overlooked by a dedicated station
comprising 10 fluorescence telescopes with higher elevation (31◦ − 59◦ ) of the viewing angle
optimized for a lower energy threshold.
3

The Data

The surface detector samples the giant air shower at the ground level at the positions of individual SD detectors. Each triggered detector records the deposited energy and the timing
information. These data are then used to reconstruct the shower geometry giving the direction
of the incident particle, and the lateral shower profile (the density of charged particles as a
function of the distance from the core) which characterizes the incident particle energy. The
density of charged particles at 800 m from the shower core, S800, is used as the energy estimator.
For a given shower with a given zenith angle, the energy is calculated from S800 by means of
a look-up table obtained in a complete Monte-Carlo simulation of the detector. The resulting
energy is divided by the calibration factor 1.27 (see below) to give the true energy of the shower.
The larger the shower energy, the larger the number of detectors that are triggered and the
higher the precision of reconstructed parameters. Above the energy of 1019 eV the efficiency of
the TA SD is close to 100%; it decreases gradually at lower energies. The energy spectrum can
be reconstructed from the SD data at energies above 1018.2 eV. The total exposure of TA SD
accumulated in the first 7 years of operation is 6300 km2 sr yr
The FD telescopes register the fluorescent light emitted by the shower. The total amount
of light is proportional to the number of charged particles and thus to the energy of the shower.
This gives a nearly calorimetric energy measurement. If the fluorescent yield per particle is
know, integrating the emitted light along the shower profile measured by the FD with proper
account of the distance and atmospheric effects, allows one to reconstruct the energy of the
incident particle. The details of the FD energy estimation can be found in 3 .
The hybrid design of the TA detector makes it possible to calibrate the SD energy estimation
to the (a priori more accurate) FD one. This method is currently adopted by both TA and Pierre
Auger experiments. The comparison of the FD and SD energies for hybrid events (i.e., events
that have been detected by the SD and by at least one of the FD stations) shows the linear
dependence between the two energy scales, with the SD energy being a factor 1.27 higher. The
SD energies reported below are scaled down by this factor, unless stated otherwise.
4

The energy spectrum

The energy spectrum of UHECR is measured by TA in several complementary ways. The results
of these measurements are presented in Fig. 1 which shows the SD spectrum (black), the FD
spectrum (blue) and TALE FD (red filled) as well as TALE Cherenkov (red empty) spectra.

Figure 1 – The TA energy spectra obtained from the SD, FD mono, TALE and TALE Cherenkov data as indicated
on the plot.

The SD spectrum starts above 1018.2 eV and extends to the highest energies. The FD spectrum
goes down in energy by an order of magnitude. The TALE FD and Cherenkov extend another
two orders towards low energies. One can see from the plot that these spectra overlap with
each other, and are consistent in the overlap regions. Thus, one can combine them into a single
spectrum that covers the energy range extending over 4.5 orders of magnitude.

Figure 2 – The combined TA energy spectrum (black points) fitted to a broken power law (black line). The results
of the fit are summarized on the plot.

The combined TA spectrum obtained in this way is presented in Fig. 2 by points with error
bars. It can be fitted rather well by a broken power law. The results of the fit are also shown in
Fig. 2 by lines. Several features are clearly visible: the hardening at 1016.34±0.04 eV, the knee at
1017.3±0.04 eV, the ankle at 1018.72±0.02 eV and the break at 1019.80±0.05 eV.
The significance of the highest-energy break is 6.5σ. Its position is compatible with the GZK
cutoff for protons. Indeed, the GZK cutoff may be characterized by E1/2 , the energy at which
the integral spectrum falls to one half of its expected value in the absence of the cutoff. This
value is predicted to be 1019.72 eV 4 ; the TA measurement gives log10 E1/2 = 19.78 ± 0.05 in
good agreement with the pure proton model.

Figure 3 – The comparison of the TA energy spectrum with the results of other experiments as indicated on the
plot.

The comparison of the TA energy spectrum with the results of other experiments is shown
in Fig. 3. As one can see, all the features visible in the TA spectrum are also present in other
experiments, possibly shifted in energy due to the systematic errors in the energy determination.
In particular, the Auger spectrum agrees well in shape with the TA one, except in the GZK
region. Below the GZK, the two spectra may be made compatible by a relative energy rescaling
by ∼ 15%. If such a shift is performed, the spectra still disagree at highest energies — at
and above the cutoff. One of the possible reasons for this disagreement could be the difference
between Northern and Southern hemispheres. Another reason could be energy dependence of
the systematic difference in the Auger and TA energy scales.
5

Mass composition

The main observable sensitive to the nature of primary particle is the shower depth Xmax , the
atmospheric depth of the maximum of the shower. This quantity can only be directly measured
by the fluorescent detector, so the FD data have to be used in the composition analysis. For
a given shower, Xmax depends on the depth of the first interaction, and on the development of
the shower. Showers initiated by protons have larger Xmax on average than those initiated by
nuclei. The difference in mean Xmax between proton and iron is of order ∼ 80 g/cm2 , with the
exact value depending on the hadronic interaction model.

Even for the same primary species, Xmax fluctuates strongly from shower to shower, making
it impossible to determine the composition on event-by-event basis, at least from Xmax alone.
These fluctuations are larger for protons and smaller for heavier nuclei.
The measurement of the UHECR composition from the distribution of Xmax is not straightforward because the FD event sets are generically biased with respect to this variable: accurate
reconstruction requires that the maximum of the shower is within the field of view of the FD detector. The strategy adopted in TA is to simulate the observed event set taking all the selection
biases into account, and compare the simulated distribution of the Xmax for different primary
particles with the observed one. This has to be kept in mind when comparing the composition
measurements by TA and Auger which adopts a different measurement strategy.

Figure 4 – Left panel: The elongation rate as measured from the TA stereo data, all stations. Black dots: data;
red (blue) dots: simulations for proton (iron); gray dots: actual events. Right panel: The elongation rate as
measured from the TA hybrid data, all stations. Black: data; other colors: simulations for proton (iron) with
different interaction models as indicated in the legend; small black dots: actual events. The pink band represents
the estimated systematic uncertainty.

Fig. 4, left panel, shows the Xmax measurement using the stereo TA data (1347 events, all 3
FD stations). The black dots with error bars represent the data, the red (blue) dots correspond
to the MC simulation assuming protons (iron) and QGSJET-II-03 hadronic interaction model.
Gray dots represent actual events. The pure proton composition is favored over pure iron one
at all energies.
On Fig. 4, right panel, we show the Xmax measurement with the hybrid events (all FD
stations). This is the largest-statistics measurement involving 2597 events with energies above
1018.2 eV. The black dots with error bars represent the data; other colors represent proton/iron
MC simulations with two different hadronic interaction models as indicated on the plot. Small
black dots represent the actual events. The pink band corresponds to the estimated systematic
uncertainty. As one can see from this plot, a light composition is favored by the TA measurement.
As has been already mentioned, the comparison of the TA and Auger composition measurements is not straightforward because of a different treatment of the observational bias. To
perform such a comparison, a mixture of nuclei has been prepared such that it fits the Auger
hXmax i and ∆Xmax measurements. This mixture then has been passed through the TA reconstruction chain and hXmax i has been extracted. The result of this numerical experiment is
compared to the actual TA measurement in Fig. 5. The reconstructed Auger mix is shown in
red, the actual TA measurement in blue. Also shown is the MC expectation for proton and
iron. One can see a very good agreement between the actual measurement and the simulated
result assuming the Auger mix. Thus, the TA measurement cannot exclude a light composition
similar to the Auger mix.
To conclude this section, consider the limits on the UHE photon flux. Although the dominant
fraction of photons in the UHECR flux is excluded, it is important to set quantitative limits on
this fraction because sizeable fractions of photons are predicted in some models of UHECR. A

Figure 5 – The comparison between the TA hXmax i measurement (blue squares) and the simulation assuming
the mixed composition that fits best the Auger data (red circles). Black lines show expectation in case of pure
proton/iron composition.

Figure 6 – Left panel: TA limit on the photon flux in comparison with expectations in some UHECR models. Right
panel: comparison of TA limits with the results of other experiments: Auger (labeled PA), AGASA (labeled A),
Yakutsk (labeled Y), previous TA result (labeled TA13).

dedicated analysis has been performed in TA to set such limits. Several composition-sensitive
observables have been combined into a single estimator by the Boosted Decision Tree (BDT)
technique. The algorithm was trained on the MC simulations and then applied to the data. The
results are presented in Fig. 6. Left panel show the TA limits on the photon flux at different
energies compared to expectations in several UHECR models as indicated on the plot. The right
panel compares TA limits with the results of other experiments.
6
6.1

Anisotropy Searches
Anisotropy Data

Most UHECR anisotropy searches are limited by statistics. At the same time the reconstruction
of arrival directions is very robust and free from systematic errors. One can relax some of the
cuts and substantially gain in the number of reconstructed events without loosing much in their
quality. Following this idea, a special data set is used in TA for anisotropy studies. Most of

the increase in statistics comes form relaxing the zenith angle cut to z < 55◦ and loosening the
border cut. The full description of this set can be found in Ref. 5 .
By comparing the thrown and reconstructed arrival directions of the simulated data sets,
the angular resolution of TA events from the anisotropy set was found to be approximately 1.5◦ .
Events with zenith angles between 45◦ and 55◦ have even better angular resolution. The energy
resolution of the events at E > 10 EeV is close to 20% 6 .
In anisotropy studies it is important to know well the exposure function. The exposure of
the TA SD detector is calculated by the Monte-Carlo technique with the full simulation of the
detector. It follows from these simulations that above 10 EeV the efficiency of the TA SD is
100%, while the exposure is indistinguishable from the geometrical one at present statistics.
To avoid statistical penalties for scanning over energy threshold, TA uses three a priori
defined thresholds: 10 EeV, 40 EeV and 57 EeV wherever appropriate. The 7-yr anisotropy set
contains 2996 events above 10 EeV, 210 events above 40 EeV and 83 events above 57 EeV.
6.2

Global Distributions

We first present the global distribution of the TA events. To search for possible large-scale
deviations from isotropy we perform a simple Kolmogorov-Smirnov test comparing the distributions of events in latitude and longitude with that expected for the isotropic event distribution
modulated with the exposure function. This test was performed in two coordinate systems:
equatorial and supergalactic.
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Figure 7 – The distributions of 83 events with E > 57 EeV (blue points with error bars) in longitude and latitude
in equatorial and supergalactic coordinate systems, as marked on the plots. Red histogram shows the expectation
assuming isotropic distribution.

The two low-energy subsets with energy thresholds of 10 EeV and 40 EeV show no deviations
from isotropy in any of the 4 tests. The smallest p-value found was 0.12. The highest-energy
subset with E > 57 EeV shows a mild deviation from isotropy: in equatorial coordinates the
p-values for the compatibility with isotropy are 0.07 and 0.04 for longitude and latitude, respectively, while in supergalactic coordinates the corresponding numbers are 0.01 and 0.03. The
histograms of events are presented in Fig. 7.
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Figure 8 – The p-value P (δ) that characterizes the significance of the excess in the number of pairs of TA events
separated by angles less than δ, for three subsets with different energy thresholds as marked on the plot.

Another way the anisotropy may manifest itself is in the angular correlation function. The
latter can be calculated as follows. In the data one counts the number of pairs of events separated
by angular distances within the i-th angular bin and obtains the data counts Nidata . One then
generates a large number of Monte-Carlo event sets, each having the same number of events as
the data. The simulated events follow the isotropic distribution modulated with the exposure.
In each set the number of pairs of events is calculated as in the data; the average over the MC
sets is then taken giving hNiMC i (not necessarily integer). The angular correlation function at
an angular scale corresponding to the i-th angular bin is proportional to Nidata − hNiMC i. In
practice, because of small statistics, one often works with a corresponding cumulative quantity,
the number of pairs in the data (in MC sets) separated by the angular distance less than a given
one. The significance of the excess (if any) at a given scale δ is then characterized by the p-value
P (δ) defined as the fraction of MC sets that have the number of pairs separated by angles less
than δ larger or equal than that in the data. This p-value is presented in Fig. 8 for the TA data
sets with three energy thresholds. Low values of P (δ) indicate incompatibility with isotropy at
the angular scale δ. As one can see from the plot, the two low-energy subsets are compatible
with isotropy, while the high-energy one shows some deviations from isotropy at angular scales
20◦ − 40◦ .
6.3

Hot Spot

Based on the 5-yr data event set with E > 57 EeV, the TA has reported a concentration of
events (“hot spot”) in the direction (146◦ .43◦ ) in equatorial coordinates of the radius ∼ 20◦ with
the post-trial significance of 3.4σ 7 . Here we present an update of this result with the 7-yr data
set.
A special data set was compiled for the analysis of Ref. 7 which has even looser cuts than
in the anisotropy data set, resulting in even larger statistics. The 5-yr set contains 72 events
with E > 57 EeV, while the 7-yr set contains 109 events (37 were detected in 6th and 7th year
of operation). The sky map of the 7-yr events in equatorial coordinates is shown in Fig. 9, left
panel. Of the events detected in the 6th and 7th year, 4 more were found within the hot spot
region.
The significance of the excess in the spot region was estimated in the 7-yr set in the same

Figure 9 – Left panel: The sky map of 7-year TA events. 5-year data (blue points) and the 6th and 7th year
(red points) are shown separately. The cross and the green circle represent the position and radius of the 5-yr
hot spot. Right panel: The significance of local excesses/deficits in the TA 7-yr data set with E > 57 EeV when
over-sampling with the 20◦ radius circular window.

way as described in Ref. 7 . The TA field of view was over-sampled with a moving circle of a
given radius (15◦ , 20◦ , 25◦ , 30◦ and 35◦ radii were tried). For each position and radius of the
circle, the significance of the excess/deficit in that circle was calculated by the Li-Ma method
in the same way as in Ref.7 . The resulting significance map is shown in Fig. 9, right panel. The
maximum excess has the significance of 5.07σ and corresponds to 24 events observed within the
circle while 6.88 were expected for the isotropic UHECR distribution.
To calculate the global significance a large number of Monte-Carlo sets with the same number
of events were generated assuming isotropic UHECR distribution. For each set the same search
of maximum excess was performed as in the real data. The fraction of MC sets where the excess
of the same or larger significance as in the data was found gives the post-trial significance. This
was found to be 3.4σ, the same as in the 5-yr data.
A blind search in the 6th and 7th data separately with the parameters of the circle fixed to
the values determined in Ref.7 reveals 4 events in the hot spot region while 2.31 are expected
from an isotropic background. The probability of this excess in P = 0.2.
6.4

Correlation with LSS

Given the excess of events in a particular region of the sky in the highest energy data set, the
question arises whether this region corresponds to any known astrophysical structure. Assuming the UHECR sources are sufficiently numerous, their distribution in space must trace the
distribution of matter. Because of the relatively small propagation horizon at the highest energies, one may expect larger UHECR flux from the directions of nearby (50 − 100 Mpc) mater
concentrations. The matter distribution in the nearby Universe is known from complete galaxy
catalogs, e.g., the 2MASS catalog 8 and its derivatives. Treating each galaxy as an UHECR
source and taking into account propagation effects and catalog selection biases as described
in Ref.5 , one can calculate the expected UHECR flux. Assuming a pure proton composition,
the expected flux depends on a single parameter, the smearing angle θ. An example of such
calculation at θ = 6◦ , with the flux modulated by the TA exposure, is shown in Fig. 10, left
panel, in equatorial coordinates. The higher flux values are represented by darker gray. Letters
mark nearby structures: UM – Ursa Major cluster, Co – Coma cluster, V – Virgo cluster, PP
– Perseus-Pisces cluster. The white dots correspond to TA events with E > 57 EeV. The hot
spot center is marked by the yellow cross.
Whether the TA events follow isotropy or the model expectation at a given vale of θ can
be checked by an appropriate statistical test. In the TA analysis, the “flux sampling” test is
used9 . For each value of θ the compatibility with the isotropy or with the expectation from the
local structures can be tested. The resulting p-values are presented in Fig. 10, right panel, as a
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Figure 10 – Left panel: sky map of the flux expected in the model where sources follow the matter distribution.
Darker regions correspond to higher flux. While dots are TA events with E > 57 EeV. Right panel: P-values
of a statistical test for compatibility with isotropy (blue) and the model where sources are tracing matter, as a
function of the smearing angle θ (green). Red line marks the 95% confidence level.

function of the angle θ. Isotropy is disfavored, while the data are compatible with the structure
model at most (except the smallest) values of θ.
6.5

Other searches

The discrepancy between the TA and Auger spectra at highest energies may be related to the
presence of the hot spot in the TA data or, more generally, to the dependence of the spectrum
on the direction such that the Northern and Southern hemisphere spectra are different. This
difference could arise from the inhomogeneous source distribution combined with the propagation
effects: at high energies more particles will reach the Earth from the directions where sources
are closer, if not significantly deflected. The regions of spectral differences may be searched for
in a way similar to the analysis in sect. 6.3. Concretely, one defines a circle of given radius and

Figure 11 – Left panel: The energy spectra in the hot spot region (red) and outside (blue). Right panel: Sky map
of local significance of spectral differences between the inside and outside of a moving circular window.

position to be an “on-source” region, while the rest of the sky an “off-source” region. The onand off-source spectra can be compared by the binned χ2 -test. An example of such a comparison,
with the on-source region being a circle of 20◦ around the hot spot is shown in Fig. 11, left panel.
The on-source (red) and off-source (blue) spectra are clearly different.
The way to determine the statistical significance of this difference that takes into account
that the presence of the hot spot in the highest-energy set was known in advance, is to test
other circle positions and radii, and then take a statistical penalty for multiple trials. When
this procedure is applied to the TA data it results in the map of local significance of the on- and
off-source spectral differences; this map is shown in Fig. 11, right panel. The maximum local
significance 6.7σ is indeed reached at the circle position close to the hot spot center. The global
significance (after accounting for trials) can be calculated by repeating exactly the same search
procedure for many simulated sets and determining the fraction of sets in which the maximum

significance was equal or higher than 6.7σ. Such calculation shows that the global significance
of the spectral differences in the on-spot and off-spot regions is 4.0σ.

Figure 12 – Left panel: The sky map of the flux of 1 EeV protons expected form Galactic sources. Middle and
right panels: the distribution of the TA events with energies between 1018 eV and 1018.5 eV in the galactic latitude
and longitude (black dots) vs. the expectation for an isotropic incoming flux derived by the MC simulation (red
line). Blue lines indicate the regions of largest expected deviations in case of contribution of Galactic protons.

We have discussed so far the highest energy end of the UHECR spectrum with E > 10 EeV,
the reason being that the magnetic deflections decrease with energy. Interesting conclusions,
however, can also be derived from a nearly isotropic distribution of UHECR at much lower
energies around 1018 eV. This energy range is special in that protons change their propagation
from a quasi-ballistic regime at higher energies to a diffusive one at lower energies. For protons
of the Galactic origin, in the transition region one can have both the accumulation of the flux
typical of a diffusive regime, and a strong anisotropy characteristic of the ballistic one 10 . As an
example, in Fig. 12, left panel, we show the sky distribution of the flux of Galactic protons at
1018 eV. Strong anisotropy is evident. Comparing this expectation with the TA data one can
constrain the fraction of protons of the Galactic origin at these energies to be less than ∼ 1%
11 . Fig. 12, middle and right panels, shows the actual distributions of the TA events (black dots
with error bars) in right ascension and declination as well as the expectation from the uniform
distribution (red line) obtained from the MC simulations. Blue vertical lines indicate the bands
where most of the deviation from isotropy is expected for the Galactic proton component. Perfect
agreement of the data with the isotropic simulations leave little room for an admixture of such
a component.
7

Conclusions

To summarize, by now the TA has been operating for 9 years. The data collected during the first
7 years of operation allowed us to measure the spectrum of UHECR over 4.5 orders of magnitude
in energy starting from ∼ 1015.5 eV and up to ∼ 1020 eV, all with a single experiment. Several
features were identified, in agreement with other experiments.
The uncertainty in the mass composition of UHECR remains a bottleneck limiting further
progress (in particular, interpretation of the spectral features). Several analyses performed at
TA and presented here indicate a light composition at energies above 1018.2 eV, consistent with
pure protons, but also consistent with the light mix similar to the one preferred by the Auger
results. Insufficient statistics and uncertainties in hadronic models are among the factors that
limit the accuracy of the mass composition measurement.
The arrival directions of the UHECR observed by TA in the Northern hemisphere show a
remarkable degree of isotropy at all except highest energies where the concentration of events —
the hot spot — has been identified. The significance of this feature did not increase in the 7-yr
data as compared to the 5-yr data set where it has been first found and remains at the level of
3.4σ (post-trial). Its interpretation is unclear at present. A significant increase in statistics at
highest energies is required to either confirm or rule out the presence of this feature. This will

be achieved in a few years with the TA×4 detector which is now being constructed at the TA
site.
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The role of cosmic-ray propagation in constraining astrophysical and dark matter
sources
Alessandro Cuoco
Institute for Theoretical Particle Physics and Cosmology, RWTH Aachen University,
52056 Aachen, Germany
The AMS-02 experiment is providing precise measurements of the fluxes of cosmic-ray particles, in particular, antiprotons and the Boron over Carbon ratio. Here, I will review the recent
efforts in exploring the implication of these data for indirect searches for dark matter and for
the study of cosmic-ray propagation in the Galaxy. In particular, I will discuss some recent
results providing an hint of the presence of a dark matter particle with a mass of ∼ 80 GeV
and annihilation cross-section close to thermal, as well as, recent analyses which start to provide strong constrains on several aspect of cosmic-ray propagation like reaccelaration or the
type of magnetic turbulence.

1

Introduction

Cosmic-ray (CR) physics is on the verge of transition to a precision era thanks to the recently
available data from PAMELA first, and more recently from the AMS-02 experiment on board
the International Space Station. Thanks to these precise data, cracks in the standard minimal
scenario start to appear. For example, a significant difference in the slopes of proton and helium,
of about ∼0.1 1,2,3 ), has been observed, while, from the standard CR acceleration scenario, no
differences would be expected, at least for energies above 20-30 GeVs. The same measurements
also find a break in the proton and helium rigidity spectra at about 300 GV. In this case,
the feature can be accommodated with an extension of the standard scenario, and various
explanations have been proposed 4,5,6,7,8 .
Nonetheless, besides the above CR ‘anomalies’, the standard diffusion-reacceleration-convection
scenario is, in the first place, not yet very well constrained. For example, estimates of the degree
of turbulence in the Galactic magnetic field (encoded in the parameter conventionally indicated
as δ) range from the standard Kolmogorov turbulence (δ = 0.33, 9,10 ) to Kraichnan (δ = 0.5) or
plain diffusion (δ = 0.6, 11 ), up to δ = 0.9 12,13 . Again, the new precise data offer the possibility
to finally pin down the uncertainties in the parameters of the model. In the following the recent
efforts in this direction will be summarized.
Constraining the propagation scenario is important also for indirect searches for new physics
through signatures in CRs. In particular, antiprotons are a powerful tool to investigate the particle nature of dark matter (DM), see, for example, 14,15,16,17,18,19,20,21,22,23,24,25,26 . DM constraints
from CRs are, however, affected by uncertainties in the description of CR propagation in the
Galaxy. Thus, CR DM limits have so far been derived for benchmark propagation models, like
the MIN/MED/MAX scenarios 15 obtained from observations of the Boron over Carbon (B/C)
ratio. Such benchmark models introduce an order-of-magnitude uncertainty in the DM interpretation of CR fluxes. In this respect, the recent AMS-02 data can be used to significantly
reduce the propagation uncertainties and thus to obtain more robust DM constraints.

Table 1: Analysis constraints on the fit parameters from CKK17, and their ranges of variation in the fit.

Propagation
parameters
γ1,p
γ2,p
γ1
γ2
R0
[GV ]
s
δ
D0
[1028 cm2 /s]
vA
[km/s]
v0,c
[km/s]
zh
[kpc]
φAMS [GV]
DM parameters
log(mDM /GeV)
log(hσvi/cm3 /s)
Experiment
p (AMS-02)
p (VOYAGER)
He (AMS-02)
He (VOYAGER)
p̄/p (AMS-02)
Total

2

Fit without DM
1.54+0.04
−0.18
2.425+0.023
−0.002
1.56+0.03
−0.18
2.388+0.021
−0.003
8.43+0.27
−1.93
0.38+0.11
−0.01
0.361+0.005
−0.043
1.52
7.48+
−1.88
23.8+3.09
−0.91
26.9+34.7
−3.33
+0.22
6.78−2.70
580+65
−50

Standard fit
with DM
1.41+0.19
−0.01
2.531+0.008
−0.010
1.21+0.22
−0.02
2.480+0.005
−0.005
5.01+1.30
−0.12
0.46+0.01
−0.06
0.245+0.015
−0.007
0.26
9.84+
−2.85
1.5
28.5+
−0.64
45.3+5.69
−19.2
+1.65
5.35−1.27
520+35
−35

Fit range
1.2 - 1.8
2.3 - 2.6
1.2 - 1.8
2.3 - 2.6
1.0 - 10
0.05 - 0.9
0.2 - 0.5
0.5 - 10.0
0 - 30
0 - 100
2-7
0 - 1.8

1.85+0.02
1-5
−0.03
+0.09
−(28 - 23)
−25.57−0.03
2
χ (Number of data points)
9.6 (61)
6.2 (61)
1.8 (4)
0.4 (4)
30.8 (65)
24.8 (65)
2.3 (4)
1.6 (4)
26.6 (42)
12.6 (42)
71.0 (176)
45.6 (176)

Cosmic-ray propagation

The propagation of CRs from the sources in the Galaxy to the Earth is described in terms of the
standard diffusion equation 27 . This equation can be solved semi-analythically or numerically
with codes like Galprop 28,29 . To solve the equation, cylindrical symmetry for the Galaxy
is typically assumed, with a radial extension of ∼ 20 kpc. The propagation parameters which
determine the shape of the injection spectrum include the spectral indices of the protons and
the heavier species, γ1,p , γ2,p and γ1 , γ2 , respectively, the two break positions, R0 , R1 , as well
as smoothing factors, s, s1 . The propagation is assumed to be homogenous and isotropic. It
is constrained by the normalisation, D0 , and slope, δ, of the diffusion coefficient, the velocity
of Alfven magnetic waves, vA , connected to reacceleration, the convection velocity, v0c , the
normalization of the CR fluxes, the Galaxy’s half-height, zh , and the solar modulation potential,
φAMS , in the framework of the force-field approximation. The production of tertiary antiprotons
30 can also be taken into account . See Ref. 31 (hereafter KC16) and Ref. 32 (hereafter CKK17)
for more details.
Certainly, this is a simplified scenario since diffusion is likely to be non-homogenous and
anisotropic at some level. On the other hand, this simplified model has been able to explain the
observations so far and has been assumed in past studies. It is thus important to address the
implication of the new data within this model. A critical assessment of this base scenario will
be the subject of future studies.

3

Dark Matter

Dark matter annihilation in the Galaxy leads to a flux of antiprotons from the fragmentation of
Standard Model (SM) particles. The corresponding source term can be written as:
(DM)

qp̄

(x, Ekin ) =

1
2



ρ(x)
mDM

2 X
f

hσvif

dNp̄f
,
dEkin

(1)

where mDM is the DM mass and ρ(x) the DM density profile. Furthermore, hσvif denotes the
thermally averaged annihilation cross-section for the SM final state f , DM+DM → f + f¯, and
dNp̄f /dEkin the corresponding antiproton energy spectrum per DM annihilation. Note that the
factor 1/2 corresponds to Majorana fermion DM.
The DM distribution in the Galaxy can be parameterized in terms of the NFW DM density profile 33 , ρNFW (r) = ρh rh /r (1 + r/rh )−2 , with a characteristic halo radius rh = 20 kpc,
and a characteristic halo density ρh , normalized so that to obtain a local DM density ρ =
0.43 GeV/cm3 34 at the solar position r = 8 kpc. Another typical choice is the Burkert profile 35 , ρBur (r) = ρc (1 + r/rc )−1 (1 + r2 /rc2 )−1 , with a core radius of rc = 5 kpc, and again
normalized at the solar position.
The yield of antiprotons per DM annihilation, and the corresponding energy distribution,
f
dNp̄ /dEkin , depend on the DM mass, the relevant SM annihilation channels, and on the antiproton yield from fragmentation of SM particles. Tables with these yields can be found, for
example, in Ref.36 .
The DM component of the CR flux is thus determined by the DM mass, mDM , and the DM
annihilation cross-section hσvi, for any given choice of the DM profile and the SM annihilation
channel.
4

Cosmic-ray Data

In CKK17 the above propagation and dark matter parameters are determined in a global fit
of the AMS-02 proton and helium fluxes 2,3 , and the AMS-02 antiproton to proton ratio 37 ,
complemented by proton and helium data from CREAM 38 and VOYAGER 39 . The CREAM
data extend to large rigidities of up to ≈ 100 TV, and allow to determine the position, R1 ,
amount, ∆γ = γ3 − γ2 , and smoothness, s1 , of the second break in the rigidity dependence
of the source. The VOYAGER data at rigidities of O(GV), on the other hand, are used to
constrain the solar modulation potential φAMS .
The ranges of variation of the parameters that enter the prediction of the CR flux are listed
in Table1 next to the fit results. Having fixed the strength and position of the second break in
rigidity as in KC16, leaves 16 free parameters to be determined from a global fit to the AMS-02,
CREAM, and VOYAGER data. CKK17 and KC16 use MultiNest 40 to scan this parameter
space and derive the corresponding profile likelihoods. Details of the global fit are presented in
KC16 and CKK17.
On the other hand, a similar fit is performed in Refs. 41,42 but using as data the B/C data
recently published 43 by the AMS-02 collaboration. In this case the secondary antiprotons are
not fitted to the antiproton data but predicted from the B/C fit.
5

Propagation results

Fig.1 presents the full triangle plot summarizing the results from CKK17 of the fit with (black
contours) and without (red contours) DM. One can see that the main effect when including DM
is a shift of the parameter δ by about ∼30%. This shift is accompanied by a corresponding shift
in γ2 and γ2,p . This is expected since the quantity δ + γ has to be equal to the observed slope

Figure 1 – Triangle plot from CKK17 for the cosmic-ray propagation and dark matter fit parameters for the two
fits in which DM is included (black contours) or not included (red contours).

of the spectra of the primary species p and He at high rigidities. This stresses the importance
of fitting at the same time DM and CR background.
One can see that, despite the uncertainty due to including or not DM, the parameter δ is
quite well determined, δ ≈ 0.3, by the new AMS-02 data. The fit also constrains significantly
reacceleration to the value vA ≈ 28 km/s, while convection is still not well constrained. Similarly,
the height of the diffusion zone, zh , is still basically unconstrained, which is not surprising since
a reliable determination of this quantity requires Berillium isotopes data which are not yet
available from AMS-02.
Ref.42 , whose fit results are shown in Fig. 2, reach similar conclusion although they find a
larger scatter in δ and vA depending on the diffusion model that they explore.

Figure 2 – Figure from Yuan et al. showing the fit results of different propagation models to the B/C data.
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Dark Matter results

Comparison of the best-fit model from the global fit of CKK17 with the antiproton to proton
ratio data are shown in Fig. 3 for both the case in which DM is included (left panel) and the case
without a DM component (right panel). The rigidity range R ≥ 5 GV is considered, for which
the force-field approximation describe solar modulation reliably. Adding DM annihilating into
bb̄, with mDM ≈ 80 GeV and hσvi ≈ 3 × 10−26 cm3 /s, results in a much better fit and provides
an intriguing hint for a DM signal in the antiproton flux. The improvement of the fit quality
is significant: the fit without DM gives a χ2 /(number of degrees of freedom) of 71/165 , which
is reduced to 46/163 when adding a DM component. Formally, ∆χ2 = 25 for the two extra
parameters introduced by the DM component corresponds to a significance of ∼ 4.5 σ, although
this does not take into account possible systematics errors.

Figure 3 – Comparison of the best fit in CKK17 of the p̄/p ratio to the AMS-02 data, with a DM component (left
panel) and without DM (right panel). The lower panels show the corresponding residuals. The fit is performed
between the dotted lines, i.e., for rigidities 5 GV ≤ R ≤ 10 TV. The grey bands around the best fit indicate the
1 and 2σ uncertainty, respectively. The dashed black line (labeled “φ = 0 MV”) shows the best fit without
correction for solar modulation. The solid red line shows the best fit DM contribution. For comparison, the
contribution from astrophysical tertiary antiprotons is also shown, denoted by the dot-dashed line.

The comparison of the two panels provides a deeper insight into the reason for the large
improvement of the fit when DM is included. One can see that, without DM, the residuals
show a sharp feature, similar to a break, at a rigidity of ≈ 18 GV. This feature is present
in the measured spectrum and cannot be described by the secondary antiprotons only, since
their predicted spectrum is too smooth compared to the data. We see instead that the DM
component, shown separately in the left panel, possesses a distinctive feature which matches
the structure of the residuals without DM. For comparison, also shown is the contribution from
background tertiaries, which peaks at similar rigidities, but which cannot fit the strength and
shape of the excess.
The preferred range of DM masses and annihilation cross-sections is shown in the left panel
of Fig. 4. Intriguingly, this region is in very good agreement with the DM interpretation of the
Galactic center gamma-ray excess 44,45,46,47,48 . For comparison the preferred DM best fit region
obtained from the Galactic center gamma-ray excess in 48 is also shown. Also, a similar hint for
DM has been found in 19 , in relation to PAMELA antiproton data 49 .
A known systematic uncertainty affecting the fit is the imperfect knowledge of the antiproton production cross-section 50,51,52,53,54,55 , which determines the flux of secondary antiprotons
produced by the interactions of primary protons and Helium nuclei on the inter-stellar medium
gas. Adopting the recent cross-section estimates from 52 and 54 , rather than the Galprop default 56 , does not reduce the evidence for a DM matter component in the antiproton flux, and
modifies only slightly the preferred ranges of DM mass and annihilation cross-section, see Fig. 4.
This represents an important test, since the cross-sections used are quite different in nature.
While those of 56,52 are based on a phenomenological parameterization of the available crosssection data, the cross section of 54 is based on a physical model implemented through Monte
Carlo generators. While this check does not exhaust the range of possible systematics related
to the antiproton cross-section, a more robust assessment of this issue requires more accurate
and comprehensive experimental antiproton cross-section measurements.
The right panel of Fig. 4 shows, instead, the results of the fit of Ref. 41 , where the B/C data
are used to constrain the propagation scenario and the background of secondary antiprotons,
and the antiproton data to look for possible excesses over the background. Indeed, they find an

Figure 4 – Left Panel: Best fit regions (1, 2 and 3 σ) from CKK17 for a DM component of the antiproton flux,
using the antiproton cross-section models of Tan & Ng, di Mauro et al., and Kachelriess et al. For comparison,
also shown is the best fit region of the DM interpretation of the Galactic center gamma-ray excess from Calore
et al. 2014, and the thermal value of the annihilation cross-section, hσvi ≈ 3 × 10−26 cm3 s−1 . Right Panel: Best
fit regions at 1 and 2 σ from the fit of Cui et al. 2017 to B/C data.

excess which can be explained in terms of DM, with contours in the mass cross-section plane
covering similar regions as in CKK17. Tests with different antiproton production cross-sections
were also performed, and the resulting contours displayed in the figure.
Beside the hint of DM found both in CKK17 and Ref. 41 is possible, nonetheless, to derive
limits on the DM annihilation cross-section for any given DM mass. In a frequentist fashion, for
each mDM the 1D profile likelihood as a function of hσvi can be determined marginalizing over
the nuisance propagation parameters. Then, the minimum χ2 is determined, and 95% exclusion
limits on hσvi are set from the condition ∆χ2 = 3.84. Limits from the analysis of CKK17 are
shown in the left panel of Fig. 5. In order to obtain an estimate of the systematic uncertainties
affecting the limits, fits with different diffusion models, rigidity cuts, DM profiles, and antiproton
production cross-sections are performed. The envelope of these limits constitute the systematic
gray band shown Fig. 5. Limits from the analysis of Ref. 41 are shown in the right panel, for
different models of the antiproton production cross-section, and are compatible with the ones
of CKK17. In the baseline scenario (solid line), thermal DM with hσvi ≈ 3 × 10−26 cm3 s−1
annihilating into bb̄ is excluded for DM masses below about 50 GeV and in the range between
approximately 150 and 1500 GeV. Even considering the most conservative propagation scenario,
strong limits are achieved excluding thermal DM below about 50 GeV and in the range between
approximately 150 and 500 GeV.
Limits from the analysis of Ref. 57 of gamma-ray observations of nearby dwarf galaxies are
also shown for comparison in Fig. 5. One can see that antiproton limits improve over the
gamma-ray limits by a factor of ∼ 4 for all DM masses except those around 80 GeV, where
the DM hints appear. We also see from Fig. 5 that, similarly to the DM interpretation of the
Galactic center gamma-ray excess, the preferred region of a DM signal in the antiproton flux is
in slight tension with the dwarf galaxy constraints. However, this tension can be relieved with
a more conservative estimate of the DM content of the dwarf galaxies 58 . Also, a recent analysis
using new discovered dwarfs galaxies 59 actually provides weaker limits, also shown in Fig. 5,
further relieving the tension.
Finally, Fig. 6 shows how the region preferred by DM varies depending on the annihilation
channel, taken from Ref. 60 . Clearly, not unexpectedly, there is trend toward higher DM masses
and higher cross-section when heavier standard model intermediate states are used.
Fig. 7 shows the results from Ref. 60 of a closer comparison between the antiproton excess and
the Galactic center gamma-ray excess. Contrary to what shown in Fig. 4, in Fig. 7 astrophysical
uncertainties are taken into account. In particular, for the antiprotons the uncertainty in the
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Also we find that the favored DM mass is consistent with that
inferred from a tentative γ-ray line-like signal with energies
∼ 43 GeV from a population of clusters of galaxies [58]. Such
a consistency, if not solely due to coincidence, strongly supports the common DM origin of the antiproton “anomaly” and
GeV γ-ray excesses.

Figure 6 – Cosmic-ray fit for the individual annihilation channels from Cuoco et al 2017: gg (cyan), W W ∗ (green),
bb̄ (red), ZZ ∗ (blue), hh (pink) and tt̄ (orange) in the mDM -hσvi plane. We show the 1, 2, and 3 σ contours. For
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local DM density is taken into accounts, which contributes to extend the allowed region to lower
and higher cross-sections. For the GC excess, instead, the uncertainty in the DM content and
distribution in the GC itself is taken into account following Ref. 61 , effectively providing an
uncertainty in the J-factor of the GC. Indeed, it can be seen that the allowed region in the fit
to the GC excess is much larger with respect to what shown in Fig. 4, where the GC J-factor is
fixed to a single benchmark value. From the figure it can be seen that there is a good overlap of
the two signals, and the joint-fit preferred region is given by the green contours. Finally, adding
to the fit the constraints from dwarf galaxies only marginally disfavors the highest cross-sections,
leaving the contours almost unchanged (black ones vs green ones).

Figure 7 – Joint fit to CR fluxes, the GCE and dwarf galaxies for the bb̄ annihilation channel in the mDM -hσvi
plane, from Cuoco et al. 2017. 1, 2, and 3 σ contours are shown. Also, for comparison, the thermal cross section
(dashed horizontal line) is displayed.
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Conclusions

In conclusion, the new precise CR data from AMS-02 are starting to have a strong impact on the
field. Indirect searches for DM with antiprotons are showing an intriguing hint for a DM particle
with a mass of ∼ 80 GeV and annihilation cross-section close to thermal. Interestingly, this hint
is also compatible with a similar excess observed in gamma rays toward the Galactic center. At
the same time, the precise data on secondary CRs start to significantly constrain the propagation
scenario of CRs. In the nearby future, new data and follow-up studies will investigate the
robustness of the DM interpretation of the antiproton excess, and check if extensions of the
standard propagation scenario will be required.
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A novel method for the absolute energy calibration of large-scale cosmic-ray
detectors using radio emission of extensive air showers
Christian Glaser1,a for the Pierre Auger Collaboration2,b
1
RWTH Aachen University, Aachen, Germany
2
Observatorio Pierre Auger, Av. San Martin Norte 304, 5613 Malargüe, Argentina

Ultra-high energy cosmic rays impinging onto the atmosphere induce huge cascades of secondary particles. The measurement of the energy radiated by these air showers in form of
radio waves enables an accurate measurement of the cosmic-ray energy. Compared to the wellestablished fluorescence technique, the radio measurements are less dependent on atmospheric
conditions and thus potentially reduce the systematic uncertainty in the cosmic-ray energy
measurement significantly. Two attractive aspects are that the atmosphere is transparent to
MHz radio waves and the radio emission can be calculated from first-principles using classical
electrodynamics.
This method will be discussed for the Engineering Radio Array (AERA) of the Pierre Auger
Cosmic-Ray Observatory. AERA detects radio emission from extensive air showers with energies beyond 1017 eV in the 30 - 80 MHz frequency band and consists of more than 150
autonomous radio stations covering an area of about 17 km2 . It is located at the same site as
the Auger low-energy detector extensions enabling combinations with various other measurement techniques.

1

Introduction

Ultra-high energy cosmic rays (UHECRs) impinging onto the atmosphere induce huge cascades
of secondary particles. Established techniques for their detection are the measurement of the
particles of the air shower that reach the ground or the observation of the isotropic fluorescence
light emitted by molecules that have been excited by the shower particles 1,2 . An important
observable for most analyses of high-energy cosmic rays is their energy and in particular the
accuracy, i.e. the systematic uncertainty, of the energy measurement. So far, the Pierre Auger
Observatory has used the fluorescence technique for the absolute energy calibration. Telescopes
measure the fluorescence light emitted by air showers which is proportional to the calorimetric
shower energy and allows for an accurate determination of the energy of the primary particle
with a systematic uncertainty of 14% 3 . However, fluorescence light detection is only possible
a
b
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at sites with good atmospheric conditions, and precise quantification of scattering and absorption of fluorescence light under changing atmospheric conditions requires extensive atmospheric
monitoring efforts 1 .
Another independent method for the detection of cosmic rays is the detection of broadband
radio emission from air showers which is an emerging field of research 4,5 . The radio technique
combines a duty cycle close to 100% with an accurate and precise measurement of the cosmic-ray
energy 6,7 as well as a good sensitivity to the mass of the primary cosmic-ray 8 . In particular,
the energy measurement outperforms existing techniques in terms of achievable accuracy and
can reduce the systematic uncertainty to 10% 9 . This is mostly due to the lack of absorption of
radio waves in the atmosphere and the corresponding insensitivity to changing environmental
conditions, and because the radio emission can be calculated theoretically via first principles
from the air-shower development. In the following, we will discuss how the radio technique can
be used for the absolute energy calibration and discuss its systematic uncertainties.
2

Radio emission from extensive air showers

Two processes of the radio emission of air showers have been identified. The dominant geomagnetic emission arises from the deflection of electrons and positrons in the shower front at the
~ that
Earth’s magnetic field and is polarized along the direction of the Lorentz force (∝ ~v × B)
is acting on the charged particles 10 . The field strength of the emission scales with the absolute
~ and the sine of the angle α between the shower direction ~v
value of the geomagnetic field B
and the geomagnetic field. Muons are also deflected in principle, but due to their much lower
charge/mass ratio they do not contribute significantly to the radio emission 4 .
The second, subdominant emission arises from a time-varying negative charge-excess in the
shower front which is polarized radially with respect to the axis of the air shower and is referred
to as the charge-excess or Askaryan effect 11 . An illustration of the two emission mechanisms
is given in Fig. 1. The relative strength of the charge-excess emission varies with the absolute
value of the geomagnetic field, the incoming direction of the air shower and the distance from
an observer to the shower axis and can take values ranging from a few percent up to almost 50%
12 . The charge-excess strength can be measured with the polarization of the signal pulse and
was determined to have an average value of 14% ± 2% at the Pierre Auger Observatory 13 .
In addition to the two emission processes, the refractive index of air has a significant impact
on the radio emission. As the refractive index of air is larger than unity, signals emitted at
different stages of the shower development arrive at the same time at observers that see the
shower under a specific angle, the so-called Cherenkov angle. This leads to an increased signal
strength on a ring around the shower axis, the Cherenkov ring, and leads to coherent emission
up to GHz frequencies. As the refractivity is not constant but scales with the air density towards
higher altitudes, the ring is smeared out. Due to coherence effects, the radio emission is strongest
below 100 MHz. At larger frequencies the emission is less coherent resulting in smaller signal
strengths. Although the radio signal is not Cherenkov light and emitted by different mechanisms,
at frequencies well beyond 100 MHz the emission can be detected only in very specific geometries
where observers are at the Cherenkov angle 14 . In addition, below 30 MHz atmospheric noise
and short-wave band transmitters make measurements unfeasible and above 80 MHz the FM
band interferes. Hence, in most experimental setups (e.g. AERA), the “golden” frequency band
between 30 - 80 MHz is used 7 .
As a consequence of the superposition of the two emission mechanisms, the lateral distribution function (LDF) of the electric-field strength has been found to have a radial asymmetry
15 . The two-dimensional shape of the LDF is best understood in a coordinate system with one
~ (along the Lorentz
axis perpendicular to the shower direction ~v and Earth’s magnetic field B
~
~
force ∼ ~v × B), and the perpendicular axis ~v × (~v × B). In this coordinate system, as visible
from the sketch of Fig. 1, the two emission mechanisms interfere destructively left of the shower

Figure 1 – Sketch of the two mechanisms of radio emission from air showers. (left) The dominant geomagnetic
emission and (right) the sub-dominant charge-excess emission. The lower plot shows the polarization of the radio
pulses originating from the two processes. The polarization is shown in a coordinate system in the shower plane
~ direction and the other axis perpendicular to it (~v is the shower direction
where one axis is aligned in the ~v × B
~
and B the geomagnetic field).

axis and interfere constructively right of the shower axis. An example of this asymmetric signal
distribution is shown in Fig. 2. This peanut-like shape can be modeled analytically with an
empirical function consisting of two two-dimensional Gaussians 15 . The function has nine free
parameters. However, five of them can be fixed using predictions from Monte-Carlo simulations
which results in a large practical usability of this parametrization16,7 , e.g., the amplitude or the
integral of the function can be used to determine the cosmic-ray energy and the width of the
function depends on the distance to the shower maximum Xmax .
2.1

Calculation of radiation energy release

The total amount of radio emission emitted by an air shower can be quantified using the concept
of radiation energy 6,7 which is the energy emitted by the air shower in the form of radio waves.
In an experiment, the radiation energy can be determined by interpolating and integrating the
measured energy fluence on the ground (cf. Sec. 4 or 6,7 ). As soon as the air shower has emitted all
radio emission at the end of the shower development, the radiation energy measured at increasing
atmospheric depths remains constant because the atmosphere is essentially transparent for radio
emission. In particular, the radiation energy is independent of the signal distribution on the
ground that changes drastically with incoming direction of the air shower or the altitude of the
observation.
The CoREAS simulation code is used to simulate air showers and their radio emission 17,18 .
CoREAS is a microscopic simulation code, where each air-shower particle is tracked and its
radiation is calculated from first-principles following the outcome of classical electrodynamics
that radiation comes from accelerated charges. Then, the radiation from all shower particles
is superimposed and results in the macroscopically observed radio pulse. The advantage of a
microscopic calculation is that the calculation does not have any free parameters. It is purely
based on classical electrodynamics. Uncertainties in the simulation of the radio emission arise
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Figure 2 – (left) Energy fluence for an extensive air shower with an energy of 4.4×1017 eV, and a zenith angle of 25◦
as measured in individual AERA radio detectors (circles filled with color corresponding to the measured value)
and fitted with the azimuthally asymmetric, two-dimensional signal distribution function (background color).
Both, radio detectors with a detected signal (data) and below detection threshold (sub-threshold ) participate in
the fit. The best-fitting impact point of the air shower is at the origin of the plot, slightly offset from the one
reconstructed with the Auger surface detector (core (SD)). (right) Correlation between the normalized radiation
energy and the cosmic-ray energy ECR as determined by the Auger surface detector. Open circles represent air
showers with radio signals detected in three or four radio detectors. Filled circles denote showers with five or
more detected radio signals. Figures and captions from 6 .

only from approximations made in the simulation to speed up the computation or from the
simulation of the air shower itself (mainly uncertainties in hadronic interactions) or the modeling
of the atmosphere. Hence, we can use the microscopic models for an quantitative prediction of
the radio emission from extensive air showers.
The radiation energy originates from the radiation generated by the electromagnetic part of
the air shower. Hence, the radiation energy correlates best with the energy of the electromagnetic
cascade and not with the complete shower energy, which includes energy carried by neutrinos
and high-energy muons that are not relevant for radio emission, the so-called invisible energy.
This is beneficial e.g. for a direct comparison with the measurement of the fluorescence technique
which is also only sensitive to the electromagnetic shower component. However, if the cosmicray energy is the quantity of interest, a correction for the invisible energy needs to be applied
which has been measured in 19 with a systematic uncertainty of 3%. In 12 it was shown that
the radiation energy – after correcting for the dependence on the geomagnetic field and the
air-density of the emission region – correlates with the electromagnetic shower energy with a
scatter of less than 3%.
3

The Engineering Radio Array of the Pierre Auger Observatory

The Pierre Auger Observatory is the world’s largest detector for high energy cosmic rays covering
an area of 3000 km2 1 . It is located on a vast, high plain in western Argentina known as the
Pampa Amarilla (yellow prairie) East of the Andes near the town Malargüe. The area is generally
flat with an average height of 1400 m a.s.l. that corresponds to an atmospheric overburden of
875 g/cm2 .
The observatory is designed as a hybrid detector with two baseline components, a large
surface detector array (SD) and a fluorescence detector (FD). The SD comprises 1660 water
Cherenkov particle-detector stations distributed on a hexagonal grid with a spacing of 1500 m
which is overlooked by 24 air fluorescence telescopes positioned at four different sites around

the SD array. The SD has a duty cycle of 100% whereas the detection of fluorescence light is
restricted to moonless nights with good weather conditions resulting in a duty cycle of ∼15% at
the present time 1 . This hybrid design is extended by three high elevation fluorescence telescopes
(HEAT) that overlook an infill array consisting of 61 stations with a smaller spacing of 750 m
covering an area of 23.5 km2 in the western part of the array. This extension lowers the full
efficiency threshold of the surface detector from 3 EeV (=1018.5 eV) by one order of magnitude
to 0.3 EeV (=1017.5 eV) 20 .
AERA24 LPDA, ext. trig.
AERA24 LPDA, int. trig.
AERA124 butterfly, ext. trig.
AERA124 butterfly, int. trig.
AERA153 butterfly, ext. trig.
central radio station

beacon
FD site
FD FOV
HEAT FOV
SD station
muon-counter

1 km

Figure 3 – Map of AERA within the Pierre Auger Observatory. The radio detector stations (triangles) equipped
with different antennas and digitizing hardware are surrounded by surface detector stations (gray filled circles)
and underground muon counters 21 (black pentagons). AERA is in the field of view of the Coihueco and HEAT
fluorescence telescopes. The orientation of the triangles indicate the three stages of expansion, upturned triangles
the first (AERA24), down-turned triangles the second (AERA124) and right-turned triangles the third stage of
expansion (AERA153). The color of the triangles indicate the version of the electronics. Figure adapted from 22 .

The Auger Engineering Radio Array (AERA) is the radio extension of the Pierre Auger
Observatory, located in its western part within the 750 m spaced surface detector array and
in the field of view of the Coihueco and HEAT fluorescence telescopes. In its current stage of
expansion it covers an area of 17 km2 and consists of more than 150 autonomously operating
radio detector stations (RDS) sensitive to the frequency range of 30 to 80 MHz. A map of AERA
is presented in Fig. 3. AERA measures air showers with energies above 1017 eV which coincides
with the energy thresholds of SD and HEAT and thus allows for a coincident detection of air
showers.
All radio stations operate autonomously. They are solar powered and equipped with a
battery to run 24 h each day. Accurate timing is achieved with GPS receivers at each station
and an additional method to calibrate the relative timing of the radio stations to better than 2 ns
using a reference beacon signal 23 . The inner 24 stations with a spacing of 144 m are equipped
with log-periodic dipole antennas (LPDAs) 24 . All other stations are equipped with a so-called
Butterfly antenna, which is a broad-band dipole antenna of the family of bow-tie antennas 24 .
All stations operate in the frequency band from 30 - 80 MHz.
All AERA radio stations are thoroughly calibrated. The most challenging part of the detector
calibration is the absolute calibration of the antenna response to cosmic-ray radio signals. To

be unaffected by near-field effects, a calibrated signal source needs to be placed at least ∼20 m
away from the antenna at any place around the antenna. Several calibration campaigns were
performed and the measurement setup was continuously improved. The first campaign used
a weather balloon to lift the calibrated signal source and measured the horizontal component
of antenna response with an accuracy of 12.5% 7,24 . By now, an improved method has been
developed that uses a remotely piloted drone to lift the signal source 25 . This setup is much less
dependent on wind but has a more limited payload. This setup was completed with an optical
camera system to accurately determine the position of the signal source during the flight 26 . Two
standard digital cameras are placed at to orthogonal axes at ∼100 m distance from the antenna.
From the photos taken every few seconds, the position of the signal source can be reconstructed.
This information is combined with the position information from the GPS and the barometer of
the drone to achieve a small statistical as well as systematic uncertainty in the position of the
signal source. Using this new method an accuracy of 9% was achieved for the LPDA antennas
with respect to the measured energy fluence of the radio signal 25 .

4

Measurement of the cosmic-ray energy

To measure the cosmic-ray energy, we introduce a general approach with a direct physical interpretation 6,7 . At each observer position we calculate the energy deposit per area of the cosmic-ray
radio pulse and by integrating the two-dimensional lateral distribution function (LDF) over the
area we obtain the total amount of energy that is transferred from the primary cosmic ray
into radio emission during the air-shower development, the radiation energy. In Fig. 2 left, we
present the radio signal distribution of a measured cosmic-ray and the corresponding LDF fit.
This approach is independent of the shape of the signal distribution because energy, i.e., the
integral over the signal distribution, is conserved.
In Fig. 2 right, we present the relation between the cosmic-ray energy and the radiation
energy for primaries of energy in the EeV (= 1018 eV) range. To obtain this relation we use data
of the LPDA radio stations of AERA and take advantage of the possibility to cross-calibrate
these measurements with the well-understood data of the Pierre Auger Observatory. As the
strength of the dominant geomagnetic emission process scales with the angle α between shower
Auger
axis and geomagnetic field, the radiation energy E30−80MHz
is divided by sin2 α. We observe
that the corrected radiation energy scales quadratically with the cosmic-ray energy as expected
for coherent emission. The fit of a calibration function yields a slope of 1.98 ± 0.04.
From the fit of the calibration curve, we obtain the relation between radiation energy and
cosmic-ray energy. We normalize the relation to the geomagnetic field strength of the Auger
site to make our measurement applicable at any location on Earth except for detectors at high
altitudes where a significant fraction of the air shower is clipped away at the ground. The
measured relation is


E30−80 MHz = (15.8 ± 0.7(stat) ± 6.7(sys)) MeV × sin α

ECR BEarth
1018 eV 0.24 G

2

,

(1)

where ECR is the cosmic-ray energy, BEarth denotes the local magnetic-field strength and 0.24 G
is the magnetic-field strength at the Auger site. The systematic uncertainty quoted here is the
combined uncertainty of the radiation energy (28%) and the SD energy scale (16% at 1017.5 eV).
We note that the uncertainty of the cosmic-ray energy is only half of the uncertainty of E30−80 MHz
as the radiation energy scales quadratically with the cosmic-ray energy.
From the scatter around the calibration curve, the energy resolution of the AERA detector
can be determined. We obtain an energy resolution of 22% for the full data set and a reduced
uncertainty of 17% for a subset with at least five stations with signal above threshold per event.

5

Independent determination of the cosmic-ray energy

Instead of calibrating the measured radiation energy with the measurement of the cosmic-ray
energy by the baseline detectors of the Pierre Auger Observatory, we can use the theoretical
prediction of the radiation energy to determine the cosmic-ray energy independently with the
radio technique. This method is currently exploited at the Pierre Auger Observatory. In this
section, we present the method and discuss our current estimate of the systematic uncertainties.
The full procedure to determine the energy scale with a radio detector is depicted in Fig. 4.
The procedure can be subdivided into an experimental part, the measurement of the radiation
energy (see previous section), and a theoretical part, where the radiation energy is calculated
from first principles. On the theoretical side which was briefly discussed in Sec. 2.1, the radiation
energy is calculated via first principles from the electromagnetic air-shower component using
classical electrodynamics (see 12 for a detailed discussion). As the atmosphere is transparent to
radio waves, the predicted radiation energy can be directly compared to the measurement.

Measurement

Theoretical calculation
EM shower energy
first principles
classical
electrodynamics

2-dim LDF model

coincident measurement
with other detectors

atmosphere transparent
to radio waves
radiation energy
per unit area

E-field

antenna and
detector response

Figure 4 – Illustration of the determination of the energy scale from first-principles calculations using the radio
technique. The method is divided into an experimental part (the measurement of the radiation energy) and a
theoretical part (the prediction of the radiation energy).

The systematic uncertainties contributing to the energy measurement can be subdivided into
different categories. They are summarized in Tab. 1 and are briefly discussed in the following
(see 9 for a more comprehensive discussion). All uncertainties are given with respect to the
cosmic-ray energy c .
Experimental uncertainties The uncertainties of the measurement of the radiation energy
that were presented in Fig. 2 right and in 6,7 amount to 14% and are dominated by the uncertainty
of the antenna response of 12.5% and the calibration of the signal chain of 6%. Also the
systematic uncertainty of the LDF model contributes with 2.5%.
c
As the radiation energy scales quadratically with the cosmic-ray energy, an uncertainty of X% on the radiation
energy corresponds to an uncertainty of (0.5 × X)% on the cosmic-ray energy.

Table 1: Estimate of the systematic uncertainties of the cosmic-ray energy measurement with the AERA detector.
See text for details.

source of uncertainty
experimental uncertainties
antenna response pattern 25
analog signal chain
LDF model
theoretical uncertainties

9.4%
9%
<1%
<2.5%
2%

environmental uncertainties
atmosphere
ground conditions 25

1.6%
1.25%
1%

invisible energy correction 19

3.0%

total absolute scale uncertainty

10.2%

By now, an improved detector calibration was performed that lowers the uncertainty of the
antenna response to 9% 25 . Also the uncertainty of the signal chain was reduced to below 1% in
a new measurement. Hence, the experimental uncertainties of the measurement of the radiation
energy could be reduced to below 10%.
Theoretical uncertainties The calculation of the radio emission from the electromagnetic
shower particles itself has no systematic uncertainties as the calculation is purely based on
classical electrodynamics which does not have any free parameters. However, the modeling of
the electromagnetic air-shower component is subject to uncertainties. Also, approximations
made in the simulation code to speed up the calculations result in additional uncertainties.
The systematic uncertainty in modeling the air-shower development is estimated by using
different (high- and low-energy) hadronic interaction models. Exchanging QGSJetII-04 with
EPOS-LHC and FLUKA with UrQMD results in a difference in the predicted radiation energy
of 0.18% each which is compatible within the statistical uncertainty of the comparison 12 . The
influence of hadronic interaction models is small because we correlate the radiation energy
directly with the electromagnetic shower energy. We use the differences in radiation energy as
an estimate of the systematic uncertainty. We add the two differences of the low- and highenergy hadronic interaction models in quadrature resulting in an uncertainty with respect to
the cosmic-ray energy of below 0.13%.
The impact of thinning and lower energy thresholds of the shower particles was studied and
contributes with 0.15% and 0.5% to the systematic uncertainty 12 .
An independent cross-check of a correct implementation of the underlying physics in the
CoREAS simulation code 18 was performed by a detailed comparison with the completely independent ZHAireS simulation code 27 . The difference in the prediction of the radiation energy
from the two codes is 3.3% and accordingly 1.7% with respect to the cosmic-ray energy 28 . We
use this difference as an additional contribution to the systematic uncertainty.
In total, we estimate the theoretical uncertainties to contribute with ∼2% to the systematic
uncertainty. In this estimation we studied all known influences on the radiation energy. However,
we can not exclude the existence of unknown additional effects that have larger influences than
the estimated 2%, although it seems unlikely as the measured form of the radio pulse as well as
the signal distribution on ground is reproduced by the CoREAS simulations with high precision
(e.g. 8 ) and so far no features of the radio emission were observed that are incompatible with
the Monte-Carlo prediction.

The calculation of the radio emission can also be probed by lab experiments. The measurement presented in 29 is compatible with the Monte-Carlo prediction. However, the systematic
uncertainty of the measurement is in the order of 30% and accordingly too large to be used here
as a relevant benchmark.
Environmental uncertainties Changing atmospheric conditions, i.e., changing density profiles and varying refractivity, result in a scatter of 1.25% during the course of the year. We use
this scatter as an estimate of the systematic uncertainty as we use an average state of the atmosphere in the calculation. To further reduce this uncertainty, separate simulations for monthly
averages of the atmospheric profiles can be performed. Even separate simulations for each measured event are possible where the respective atmospheric conditions at the time of the event
are obtained from GDAS data 30 .
Changing ground conditions impacts the reflectivity of the ground and thereby the antenna
response. In case of the LPDAs, the antenna sensitivity towards the ground is small. A simulation of the antenna response pattern with realistic variations of ground parameters results in a
change of the antenna response of ∼1% 25,31 . This uncertainty could be further reduced with a
continuous monitoring of the ground conditions.
In total, the environmental uncertainties contribute with 1.6% to the systematic uncertainty.
Invisible energy correction To obtain the cosmic-ray energy from the electromagnetic
shower energy, the invisible energy needs to be taken into account. This can be done using
the parametrization that was obtained from a measurement and has a systematic uncertainty
of 3% at 1018 eV 19 .
6

Future potential of the radio technique

The accurate energy measurement of a radio detector can be used to improve the energy calibration of cosmic-ray observatories. Established detection methods such as fluorescence telescopes
or surface detector arrays can be compared with the radio technique by coincident measurement
of air showers. In particular, the combination of the radio and the fluorescence technique offers
great potential: Both methods are directly sensitive to the electromagnetic air-shower component and the systematic uncertainties of the two techniques are mostly independent. Hence,
systematic uncertainties could be further reduced by combining the two independent approaches
for the absolute energy calibration.
7

Conclusions

Ultra-high energy cosmic rays can be measured by broadband MHz radio emission from air
showers. This technique is especially useful to accurately determine the cosmic-ray energy. Its
main advantages are that the atmosphere is transparent to radio waves and that the radio
emission can be calculated by first-principles from the air shower development. Hence, the
systematic uncertainty in the energy measurement is dominated by the detector calibration
which could be reduced to ∼9% in a recent calibration campaign of the AERA detector. The
currently known systematic uncertainties arising from the theoretical calculation are estimated
to ∼2% by studying the effect of all known influences. In total, we estimate the total currently
achievable systematic uncertainty with the AERA detector to 10%.
References
1. A. Aab et al. Nucl. Instrum. Meth. A 798 172–213 (2015)
2. H. Kawai et al. Nucl. Phys. B, Proc. Suppl. 175-176 221–226 (2008)

3. V. Verzi for the Pierre Auger Collaboration. Proc. 33rd ICRC, Rio de Janeiro, Brazil,
928 (2013)
4. T. Huege. Physics Reports 620 1–52 (2016)
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Gamma Rays

Highlights from TeV Extragalactic Sources
Elisa Prandini
Department of Physics and Astronomy, Via Marzolo 8,
35131 Padova, Italy
The number of discovered TeV sources populating the extragalactic sky in 2017 is nearly
70, mostly blazars located up to a redshift ∼1. Ten years ago, in 2007, less than 20 TeV
emitters were known, up to a maximum redshift of 0.2. This is a major achievement of
current generation of Cherenkov telescopes operating in synergy with optical, X-ray, and
GeV gamma-ray telescopes. A review of selected results from the extragalactic TeV sky is
presented, with particular emphasis on recently detected distant sources.

1

Introduction

Very high energy gamma rays (VHE; E > 100 GeV) are messengers of the most energetic phenomena in the Universe. A number of pulsars, pulsar wind nebulae, supernova remnants and
micro-quasars in our own Galaxy have been detected to emit such energetic radiation. Outside the Milky Way, VHE gamma rays have been seen from ultra-relativistic jets of particles
escaping super-massive black holes and from galaxies with an exceptional rate of star formation. The VHE sky counts nowadays more than 150 sources. A large fraction of these sources
have been detected for the fist time at VHE by the current generation of Imaging Atmospheric
Cherenkov Telescopes (IACTs), namely H.E.S.S., MAGIC, and VERITAS. IACTs are designed
to detect the faint Cherenkov flashes that originate from a particle shower that is formed when
an energetic photon impacts the Earth atmosphere.
All three telescope systems use large reflective mirrors to focus the Cherenkov (near-UV and
optical) light into meter-size cameras pixelized by photomultiplier tubes. The typical signature
of a gamma-ray induced shower in the camera is an image of elliptical shape and few ns duration,
that has to be separated from the dominating background of mainly proton-induced showers.
The H.E.S.S. array of telescopes 1 is located in Khomas Highland in Namibia at 1800 m
above sea level. The array went in operation in 2004. It is composed of four 12 m dish diameter
telescopes and, since 2012, a central telescope named CT5 with a diameter of 28 m. When
operated in the initial configuration of four telescopes, the system has an energy threshold of
∼100 GeV with an angular resolution better than 0.1◦ and an energy resolution below 15%. The
data analysis and the quality selection are described in 2 . These performances will be boosted
by a major upgrade of the cameras finished in early 2017 3 . The performances of CT5, currently
operated in mono mode, are explained in detail in 4 .
MAGIC 5 , at the Roque de los Muchachos Observatory in the Canary island of La Palma,
Spain, is a system of two telescopes operating since 2009 at 2200 m above sea level. The single
telescope MAGIC-I operated in mono mode from 2004 to 2009 and was renewed in 2011/2012 to
match the performances of the newer MAGIC-II. With their 17 m diameter dishes, the MAGIC
telescopes reach an energy threshold as low as 50 GeV. The angular resolution, above 200 GeV

is < 0.07◦ , while the energy resolution is 16% 6 . The duty cycle of the system has recently been
increased thanks to the possibility of taking data under partial moonlight 7 .
VERITAS 8 is a ground-based gamma-ray instrument operating at the Fred Lawrence Whipple Observatory (FLWO) in southern Arizona, USA. VERITAS is designed to measure gamma
rays with energies from ∼ 85 GeV up to > 30 TeV. Since its first light observation in 2007,
VERITAS underwent two major upgrades: the relocation of the first telescope in 2009 and the
upgrade of the cameras in 2012. VERITAS, together with MAGIC, observes sources located in
the Northern emisphere, while H.E.S.S. observes the Southern sky.
Figure 1, from 9 , shows the differential sensitivity of the VERITAS and MAGIC telescopes
reached with 50 hours of obervations in comparison with the sensitivity of other telescopes
operating or planning to operate (e.g. LHAASO and e-ASTROGAM) in neighboring energy
ranges. The figure reports also the expected sensitivity of the future Cherenkov Telescope Array
(CTA) 10 , designed to bring the VHE gamma ray astrophysics in the regime of large numbers
(> 1000 sources). CTA will consist of two sites, one in the Northern and one in the Southern
emisphere, and tens of telescopes of three different sizes. Currently several prototypes are under
construction and test. CTA is expected to start its early science in few years from now. See 11
for a review.

Figure 1 – Differential sensitivity of MAGIC and VERITAS telescope systems in comparison with other telescopes
operating or planning to operate in neighboring energy ranges. From 9 .

The duty cycle of current IACTs is mainly limited by sky brigthness and weather conditions
and is below 10%. For this reason, and for the fact that the field of view is small (3.5 - 5◦ ) forcing
IACTs to operate mostly in pointing mode, the H.E.S.S., MAGIC, and VERITAS collaborations
have developed a dense Target of Opportunity (ToO) program. ToO observations are usually
triggered by a high state of the source detected in optical and/or X-ray and/or gamma rays.
Additionally, triggers by neutrino and gravitational waves are also considered. This strategy
allowed the discovery of several sources during flaring states and is particularly relevant for
distant emitters and for sources with a faint emission at TeV energies during the quiescent
state.
In this report I will first make an overview of the TeV extragalactic sky, showing that
the quasi totality of the VHE gamma-ray emitters are active galactic nuclei (AGN). I will

then introduce the current paradigm explaining the different flavours of jetted AGNs with a
particular emphasis on the blazar sequence, recently revised. After this introduction I will
start the detailed report on recent highlight results from the current IACTs, with three sections
dedicated to different TeV emitters, and a last section focused on cosmology and propagation
studies with VHE gamma rays. I will conclude with a short summary and a list of future
perspectives of this exciting and very fecund research field.
2

An overview of the TeV extragalactic sky

A list of TeV-emitting extragalactic sources detected by current generation of IACTs is reported
in Table 1 and plotted in Figure 2. The main features characterizing the detected sources are:
• The large majority of the TeV extragalactic emitters are classified as high synchrotron
peaked BL Lac objects (see next section for details);
• The only non-AGN sources are two nearby starburst galaxies: M 82 and NGC 253 (orange
filled dots in the Figure);
• The redshift is limited below 1, with the large majority of the sources featuring a redshift
below 0.5;
• A number of detected blazars have no redshift measurement. This is a quite typical
feature of BL Lac objects, that may have no emission/absorption lines and whose optical
non-thermal continuum is so strong to prevent the detection of the host galaxy.

Figure 2 – Map of the TeV-detected extragalactic sources. Red filled dots are AGNs, while the two orange filled
dots represent starburst galaxies.

3

Jetted AGNs and the Blazar Sequence

An AGN is defined as a compact region at the center of a galaxy showing a luminosity much
higher than normal, mostly of non-stellar origin. A plethora of different AGN categories have
been proposed in literature starting from the early seventies, according to some spectral features such as the characteristics of emission and absorption lines in the spectrum or the radio
luminosity. The latter criterion separates the sample into the two main classes of radio-loud and
radio-quiet AGNs.
In 1995, after several years of astronomical discoveries, Urry and Padovani proposed the
innovative idea that different features seen in the spectra of radio-loud AGNs could be related to
the different orientation of the same, complex, object lying in the nucleus of the active galaxies 12 .
Since then, radio loud AGNs have been described as supermassive black holes accreting material
and ejecting part of it through two collimated jets of particles accelerated to ultra-relativistic
energies (in radio quiet objects the structure is similar but there are no jets). Very recently, in

order to include a sample of radio-faint objects showing many characteristics in common with
radio-loud AGNs 13 , the new definition of jetted AGNs instead of radio-quiet AGNs has been
proposed 14 , and will be used in what follows.
Jetted AGNs usually show a double-peaked SED covering almost all the electromagnetic
spectrum, from radio to gamma-ray frequencies. The first peak of the SED is due to synchrotron
radiation by accelerated electrons in the jet, and the second is most likely related to inverse
Compton emission. Additional components in the SED related to the light emitted by the
accretion disc or a hot corona may be present. For a recent review see 15 .
The two main classes of jetted AGNs are:
Radiogalaxies : when the viewing angle connecting the observer with the jet direction is
relatively large (>20◦ ). In radio, these objecs usually show two thin radio structures
extending up to several kpc and identified as the emission from the two jets.
Blazars : when the viewing angle connecting the observer with the jet direction is relatively
small (< 20◦ ). Due to ultra-relativistic velocities of the particles in the jet, the jet emission
is stronlgy boosted and dominates the overall luminosity. Depending on the presence of
emission lines in the spectrum, blazars are further divided into Flat Spectrum Radio
Quasars (FSRQs) and BL Lac objects, with the former characterized by strong broad
emission lines in the optical spectrum.
A very interesting feature of blazars SED is the anticorrelation between their bolometric
luminosity and the position of the synchrotron peak, the so-called blazar sequence 16 . A recent
study performed by Ghisellini 17 explores the same sequence in a subsample of ∼750 blazars
detected by Fermi-LAT, and confirms that also the second peak of the SED follows the same
trend (even if less pronounced). FSRQs show a very bright spectrum with the SED peaks
located mainly towards low energies while BL Lacs feature a lower luminosity and the peaks
shifted at higher energies. The subclasses of low/intermediate/and high synchrotron peaked BL
Lac objects (LBL, IBL, and HBL respectively) seem to reflect this behaviour. Looking at this
sequence, it is not surprising that the large majority of blazars detected by IACTs are HBLs:
blazars with a synchrotron and a high energy peak shifted towards the highest energies, while
FSRQs are usually detected at VHE only during flaring episodes.
After almost fifty years of jetted-AGN observations, we have now many experimental evidences supporting a general picture, but also many unknowns. These are: the size and location
of the emitting region, the role of hadrons in the jet, and the acceleration mechanism at work
(shocks or other processes).
Current IACTs are optimizing the observation time in order to discover new sources of VHE
radiation and study in detail the emission from known sources. In both cases, the collaboration
with telescopes observing in other bands is crucial. New discoveries are in fact very often
triggered by an optical or gamma-ray high-state of a good candidate, while detailed studies are
carried out in a multi-wavelength approach.
3.1

The Gamma-ray horizon

The limited redshift distribution that characterizes the TeV-detected blazars, if compared for
example to the blazars detected at lower frequencies by Fermi-LAT satellite 18 , can only in part
be attributed to the extreme energetics needed to produce TeV gamma rays. The other reason
is related to the interaction of VHE photons with the optical and infrared photons filling the
Universe, the so-called extragalactic background light (EBL) 19 . EBL is the sum of the light
emitted by the stars and reprocessed by the dust since the birth of the first stars. When a TeV
gamma ray is produced, it may interact with EBL photons and create an electron/positron pair.
This process depends on the energy of the photon and on the distance of the emitter: in closeby
sources only the most energetic photons are affected (above few TeV), while at larger redshift

(>0.3) this process is already effective at a few hundreds GeV. For sources located at redshift
1, 100 GeV photons are already significantly absorbed.
Different EBL models have been developed, which try to describe the EBL energy density
and its evolution with cosmic time. Last generation of models, e.g. 20,21 , are pretty in agreement
and seem to suggest that we are close to resolve the quasi totality of the sources emitting optical
radiation.
4

Gamma rays from misaligned blazars

In view of the unified model presented in previous section, radiogalaxies can be considered as
misaligned blazars. Thanks to the large viewing angle, they offer the unique opportunity to
localize the emitting region of blazars. Four of these objects have been up to now detected up to
the extreme energies, namely PKS 0625–35, M 87, NGC 1275, and Cen A. Additionally, IC 310
can be included in this family due to its uncertain nature.
Interesting results from Cen A and IC 310 were recently published and I will shortly describe
them in the following subsections. The interested reader is addressed to 22 and references therein
for an exhaustive description.
4.1

Cen A

Centaurus A is the closest and best studied radio galaxy. Its morphology was observed in detail
and it is quite complex, showing jets at different scales (sub-pc to kpc), radio lobes, and an
extended emission in many bands, including gamma rays.
Usually the broadband SED from the core of radio galaxies is well described by a synchrotron
self-Compton (SSC) model, with the low energy emission due to synchrotron radiation emitted by
relativistic electrons, and the high energy component due to the very same electrons upscattering
the synchrotron photons via inverse Compton mechanism.
The detection of an unexpected hardening in the high energy spectrum from 7.5 years of
Fermi-LAT data in the core of Cen A was recently published in 23 . Left panel of Figure 3, from 23 ,
shows the spectrum measured with Fermi-LAT (black dots) together with the long-term VHE
spectrum measured with H.E.S.S. (red triangles). Interestinlgy, below few GeV the spectral
slope is compatible with the slope found at the highest energies, which are however shifted
toward a higher flux density. The spectral hardening detected in Fermi data well connects these
two regimes and strongly supports the hypothesis of an additional emission component in the
spectrum of Cen A extending at VHE. According to the authors, this component could be due
to a spike in the dark matter profile, to a population of millisecond pulsars, or to an additional
hadronic component.
4.2

IC 310

Another uncommon feature that has been recently detected in a misaligned blazar is the extremely short timescale variability seen in IC 310, a known TeV emitter located in the Perseus
cluster of galaxies.
The MAGIC telescopes observed IC 310 in November 12-13, 2012 24 . The light curve measured above 300 GeV, reported in right panel of Figure 3, revealed an incredibly fast variability
with a flux doubling time shorter than 5 minutes. This measure allowed a very constraining
measurement of the size of the emitting region. Considering that causality forces this size s to
be smaller than c δt, s results smaller than 20% of the gravitational radius of the central black
hole.
Also in this case, this experimental evidence marks a break of the standard paradigm of
emission from the nucleus of a jetted active galaxy. According to the standard SSC model, in
fact, the size of the emitting region cannot be smaller than the jet width, as in IC 310. The most
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Figure 3 – Recent findings from misaligned blazars. Left plot: Combined high energy spectrum of Cen A, from 23 ,
showing an unexpected hardening above few GeV. Black filled points are Fermi-LAT data, while red triangles
represent the H.E.S.S. spectrum measured at the VHE. Right plot: VHE gamma rays lightcurve of IC 310,
exhibiting an extremely fast variability down to 4.8 minute timescale. From 24 .

natural explanation of this finding is the occurrence of vacuum gap-type particle acceleration
on sub-horizon scales, a mechanism often invoked to explain pulsar emission.
5

Gamma rays from FSRQs

FSRQs are the majority of extragalactic sources detected in the high energy range by FermiLAT, while they constitute just a small fraction of the TeV-detected sources. As mentioned
above, this evidence can be fully explained with the blazar sequence: FSRQs are very bright
objects whose SED high-energy peak is located in the sub-GeV range. Moreover, the typical
redshift of FSRQs is well above 1, making them difficult targets for IACTs due to the interaction
with EBL.
In the last few years, VHE observations have challenged the standard emission model proposed for these objects, which explained the observed non-thermal continuum as syncrotron
radiation (at low energies) and inverse Compton emission on external photon fields (also called
external Compton, at higher energies). In FSRQs, the presence of an internal region close to the
central object characterized by a dense photon field (the broad line region, BLR), implies that if
VHE radiation is emitted within this region, it must be self-absorbed. The issue arised when an
unexpected short variability timescale was observed at VHE from the FSRQs PKS 1222+216 25 .
Causality forces the emitting region to be very compact, meaning close to the black hole if we
assume the canonical shock-in-the jet model. But no VHE emission should escape this region
due to self absorption, as mentioned above.
Seven FSRQs have been up to now detected at the highest energies. Two of them are located
at surprisingly high redshift: PKS 1441+25 at z = 0.939 and B0218+357 at z = 0.944, and will
be briefly outlined.
5.1

PKS 1441+25

A significant VHE signal from PKS 1441+25 was detected in the dataset collected with the
MAGIC telescopes the second half of April 2015 27 . The observations were triggered by a
high emission state seen with Fermi-LAT. VERITAS also observed the source and detected a
significant signal 26 .
A dense multi-wavelength campaign on the source was carried on during this episode. The
large distance of PKS 1441+25 implies a very strong absorption of the VHE spectrum already
above 100 GeV. Very remarkably, once corrected for the EBL aborption the spectrum connects
smoothly with the simultaneous spectrum measured by Fermi-LAT and the overall SED is nicely
fitted with a SSC model with an additional component due to external Compton of infra-red
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Figure 4 – Recent findings from VHE gamma-ray observations of FSRQs. Left plot: multi-frequency SED of
PKS 1441+25 from quasi-simultaneous data in April 2015 26 . The SED is well fitted with the SSC plus external
Compton model.

photons coming from a dusty torus sourrunding the accretion disk, see left plot in Figure 4. The
variability timescale is constrained to few days, and is in agreement with the shock-in-the-jet
model once assumed that the emitting region lies outside the BLR.
5.2

B0218+357

Two main features characterize the FSRQ B0218+357: its large redshift, making this source the
most distant TeV emitter known to date, and the fact that this source is a gravitationally lensed
blazar. The lens is the spiral galaxy B0218+357G located at a redshift of z ∼ 0.68. The radio
image clearly shows two components, with a delay between the two images measured during
flaring episodes of 10-12 days. This delay was also seen in 2012 at high energies by Fermi-LAT
during a series of outbursts 29 .
The successive strong flare from the source was registered by Fermi in 2014, and triggered
observations with the MAGIC telescopes. However MAGIC could point the source only during
the expected arrival time of the delayed component of the emission. A significant signal was
detected by MAGIC below 200 GeV 28 . Figure 5 shows the VHE and high-energy gamma rays,
X-ray, and optical light curve of this event. Interestingly, two distinct emitting region in the jet
are necessary to explain the observed SED, which is well reproduced in the framework of a two
zones external Compton scenario, as detailed in 28 .
6

Gamma rays from BL Lac objects

BL Lacs form the most numerous class of extragalactic objects seen at VHE gamma rays. In
the last five years, IACTs discovered more than 10 new sources of this class, mainly thanks
to high-energy gamma-, X-ray and optical alerts (e.g. the very recent detection of the blazar
OJ 287 reported by the VERITAS team in the ATel #10051).
Moreover, a number of known emitters are monitored regularly with quasi simultanoeus data
collected in different bands. These multi-wavelength campaigns are aimed at characterizing the
physical properties of the jet. An example of monitoring during a quiescent state of Mkn 421 is
presented in 30 , where MAGIC and VERITAS data are combined for the first time with NuSTAR
(hard X-ray band) and many other data from radio to gamma rays to build and model a very
detailed multi-epoch SED. Known sources are often use to calibrate instruments, like the case
of PG 1553+113.

Flux >100 GeV [cm-2 s-1]

0.14 ×10

Peak MJD = 56863.86 ± 0.30

0.08
0.06
0.04

σ = 0.75 ± 0.34

MAGIC

χ2/Ndof = 4.6 / 3

0.02
0
-0.02
-0.04

Flux 0.300-100 GeV [cm-2 s-1]

-9

0.12
0.1

1

56850 56852 56854 56856 56858 56860 56862 56864 56866 56868 56870 56872 56874
Time [MJD]
×10

-6

0.8

Fermi-LAT, TS>25
Fermi-LAT, 25>TS>9
Fermi-LAT U.L., TS<9
Fermi-LAT 3FGL average

0.6
0.4
0.2
0

Rate (0.3-10keV) [cts/s]

56850 56852 56854 56856 56858 56860 56862 56864 56866 56868 56870 56872 56874
Time [MJD]
0.04
0.035

Swift-XRT

0.03
0.025

Figure 5 – Multi-band light
curve of the gravitationally lensed
FSRQ B0218+357. A clear TeV
emission from the delayed component was detected by the MAGIC
telescopes. From 28 .

0.02
0.015
0.01

Optical R-band flux [Jy]

0.005
0 56850 56852 56854 56856 56858 56860 56862 56864 56866 56868 56870 56872 56874
Time [MJD]
-3
×10
0.12

KVA

0.1
0.08
0.06
0.04
0.02
0 56850 56852 56854 56856 56858 56860 56862 56864 56866 56868 56870 56872 56874
Time [MJD]

6.1

PG 1553+113

PG 1553+113 is one of the few sources that can be seen by all the three main IACTs currently
in operation. It is a BL Lac with unknown redshift, most likely lying between 0.43 and 0.58 31 .
Currently PG 1553+113 is the object of a deep, regular multi-wavelength campaign at several
bands including VHE gamma rays. This campaign followed the claim of a quasi-periodicity in
the gamma ray and optical lightcurves seen by the Fermi-LAT team 32 .
Together with PKS 2155-304, PG 1553+113 was used by the H.E.S.S. team to study in
detail the performances of the CT5 telescope in mono mode 33 . Figure 6 shows the gamma-ray
SED of the source measured with simultanoeus CT5 and Fermi-LAT data. The CT5 spectrum
is presented with significant data down to 110 GeV and connects smoothly with lower energy
data measured by the LAT instrument. No significant curvature was seen in the spectrum of
PG 1553+113.

7

Cosmology and Propagation with VHE gamma rays

Several studies conducted in the last years have demonstrated that VHE gamma rays from
cosmological sources are a very useful tool for studying cosmology and photon propagation. In
particular VHE gamma rays can be used to test Lorentz invariance violation models, probe
the intergalactic magnetic field, test EBL models and the hypothesis of photon oscillation in
axion-like particles. I will shortly report on the last two subjects. For a recent review see 34 and
references therein.
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7.1

EBL

The effect on blazars spectra due to the interaction of VHE photons with EBL photons can be
used to probe, and in some cases exclude, the EBL models (e.g. 20,21 ). This can be done once an
intrinsic shape for the blazar spectra is assumed. First observations of distant blazars, such the
FSRQ 3C 279 located at redshift 0.536 and discovered at VHE by MAGIC in 2007 35 , provided
constraints on some EBL models in use ten years ago. Once corrected for the absoption in fact,
the instrinsic spectrum showed a significant pile up at the highest energies that is very difficult
to reconcile with our knowledge of blazar emission.
Current models are converging on a similar shape for the EBL. Recent detections of blazars
up to redshift ∼ 1 allowed to probe for the first time new parts of the EBL spectrum (those
at the highest energies, in the optical range). Figure 7 shows the limits provided by VERITAS
measurement of the spectrum of PKS 1441+25, already mentioned above 26 . The upper limits
set are very close to EBL firm lower limits given by direct galaxy counts and are remarkably in
agreement with EBL models.
A multi-source approach have been proposed in several studies 36,37,38 . In particular Biteau
and Williams used a sample of 106 spectra from 36 different objects and were able to build their
own EBL spectrum from mid-IR to far IR. This spectrum is in good agreement with current
models and upper/lower limits.
7.2

Axion-like particle hypothesis

The long distances travelled by gamma rays into the interstellar space offer the possibility of
testing the hypothesis of photons oscillation. A very popular proposal is that VHE gamma
rays may oscillate into the so-called axion-like particles (ALP) with a probability related to the
external magnetic field, the distance of the emitter, and the γ-ALP coupling constant (see for
example 39 ). Hence, this oscillation (including the ALP/γ-ray reconversion) may happen in the
vicinity of the source, in the intergalactic space, or in our galaxy.
The hypothetical effect of these oscillations is a distorsion of the VHE spectra of an AGN
and a partial reduction of the EBL suppression effect, since ALPs do not interact with EBL
photons. Possible signatures may be wiggles in the VHE spectra of blazars or the observation
of appartent high-opacity photons.
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Figure 7 – Left: The light blue curve represents the upper limits on the EBL energy density as resulted by
VERITAS observations of PKS 1441+25. From 26 .

In the last years different studies led to different, in some cases contradictory, results. The
analysis of the 106 spectra of blazars by Biteau and Williams resulted into the non detection of
any deviation from the expected flux once corrected by EBL effect 37 . This is in contradiction
with the claim done in 40 , where an evidence for such a deviation is instead found.
Also in this case, good quality spectra of AGNs, in particular those at large distances, would
be the smoking gun to probe (or discard) this hypothesis.

8

Summary and Conclusions

In summary, VHE observations of jetted AGNs provided by IACTs are important for different
aspects. The lightcurves sampled with the good time resolution of IACTs are a very powerful tool
to constrain the size of the emitting region. Spectral measurements allow to probe the highest
energies reached in the jet and test the emission mechanism at work. Moreover, VHE photons,
interacting with the EBL, can be used to test EBL models or the hypothesis of oscillation of
photons in axion-like particles.
The last few years have seen a number of important results covering many aspects of the
extragalactic VHE gamma ray sky. While some results are in pretty good agreement with
current models (such as the EBL absoption effect), some others, in particular those related
to fast variability, strongly suggest that the standard paradigm of radiogalaxy/blazar emission
should be revised. Further measurements of timing and spectral properties of the broadband
emission from TeV AGNs are therefore mandatory. This is the main challenge for the IACTs
of the next decade, and in particular for the CTA, which is expected to increase the number of
known sources by at least one order of magnitude.
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Table 1: Updated list of TeV extragalactic sources (Adapted from TeVCata ).
Source Name
S3 0218+35
PKS 1441+25
3C 279
PG 1553+113
1ES 0033+595
1ES 0647+250
PKS 1222+216
PKS 1510-089
PKS 0447-439
1ES 0502+675
OT 081
S5 0716+714
OJ 287
1ES 0414+009
PKS 0301-243
MS 1221.8+2452
1ES 1011+496
RBS 0723
RBS 0413
PKS 0736+017
1ES 0347-121
1ES 1101-232
1ES 1218+304
RX J0648.7+1516
H 2356-309
1RXS J101015.9-311909
1ES 0229+200
1ES 0806+524
S3 1227+25
RX J1136.5+6737
1ES 1215+303
H 1426+428
RGB J0710+591
B3 2247+381
PKS 2155-304
VER J0521+211
1ES 1312-423
W Comae
SHBL J001355.9-185406
1ES 1741+196
RGB J0152+017
PKS 2005-489
BL Lacertae
PKS 0548-322
PKS 1440-389
1ES 1727+502
PKS 0625-35
1ES 2037+521
AP Librae
1ES 1959+650
Markarian 180
1ES 2344+514
Markarian 501
Markarian 421
IC 310
NGC 1275
M 87
Centaurus A
M 82
NGC 253
1ES 1440+122
RGB J2056+496
S2 0109+22
S4 0954+65
RGB J2243+203
H 1722+119
RGB J0136+391
KUV 00311-1938
HESS J1943+213
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A REVIEW OF VERY HIGH-ENERGY GAMMA-RAY PULSAR
OBSERVATIONS
G.T. RICHARDS
School of Physics and Center for Relativistic Astrophysics,
Georgia Institute of Technology, 837 State Street NW, Atlanta, GA 30332-0430, USA
In this proceeding, I first introduce the problem of very high-energy gamma-ray emission from
pulsar magnetospheres, and subsequently I present a short review of all the major observational
results that have been published to date. Lastly, I briefly discuss the status of models that
attempt to explain the features of gamma-ray radiation from pulsars.

1

Introduction

It was quite recently that pulsars joined the very high-energy (VHE; E > ∼100 GeV) gamma-ray
source class list with the surprising detection of the Crab pulsar above 100 GeV by VERITAS
and MAGIC 1,2 . The VERITAS detection extended the VHE spectrum up to 400 GeV, and
the most recent observations by MAGIC have extended it even further, up to 1.5 TeV 3 . The
gamma-ray spectra up to 10 GeV or so that have been seen for pulsars are well described by a
broad curvature radiation component that originates due to the electrons and positrons in the
magnetosphere that follow curved trajectories as they are confined to the magnetic field lines.
This curvature radiation component ends at GeV energies where the emission becomes radiationreaction limited 4 . The spectra in the 100 MeV – ∼10 GeV energy band of pulsars detected by
the Fermi-LAT (the large area telescope aboard the Fermi satellite) have all been well-described
by an exponential cutoff as expected for curvature radiation 5 , though statistics are sparse above
∼ 10 GeV due to the reduced sensitivity of the Fermi-LAT at these high energies. Based on
the recent VHE detections of the Crab pulsar, it seems to be the case that curvature radiation
is not adequate for a full explanation; the combined Fermi-LAT and VERITAS SED favors a
power-law fit above ∼ 10 GeV 1,2,3 .
More work must be done in the VHE band in order to fully understand the physics of
the gamma-ray radiation from pulsar magnetospheres. A detection of another pulsar at VHEs
could provide valuable insight into the locations and mechanisms of the particle acceleration,
in addition to helping understand the geometry of the pulsar magnetosphere. To that end, all
three major imaging atmospheric Cherenkov telescope (IACT) collaborations have been active
in the area of pulsar research, with results on other pulsars published since the Crab detection
in 2011. Those pulsars are the Vela pulsar (H.E.S.S. II) 6 , the Geminga pulsar (MAGIC and
VERITAS) 7,8 , and PSR J1023+0038 (VERITAS) 9 . These results, along with all of the work
that has been done on the Crab pulsar with IACTs, are summarized in the following sections.
Three of the aforementioned pulsars (the Crab, Geminga, and Vela) happen to be the three
brightest steadya sources of gamma rays as seen by the Fermi-LAT, which is not a coincidence.
Indeed, the Fermi-LAT is an important tool for VHE pulsar observations for several reasons:
a

Though pulsars are periodic in emission, since they are not seen to flare, they are typically considered “steady.”

• Pulsars can be prioritized for VHE observations based on their brightness (or other criteria)
as seen in the LAT data
• Spectra derived from LAT data can be fitted with some function above a certain energy
(e.g., 10 GeV) to predict a potential VHE flux level or put VHE upper limits into context
• Phase regions selected for ON or OFF counting for VHE pulsar searches can be defined
by the characteristics of pulse profiles obtained from LAT data.
2

The Crab Pulsar

The Crab pulsar (PSR B0531+21) is the left over neutron-star remnant of an historic supernova
that was observed in the year 1054 AD, and it is one of the most powerful known gamma-ray
pulsars 10 . Located at a relatively nearby distance of 2.0 kpc with a spin period of ∼33 ms,
it is also one of the most energetic pulsars, with a spin-down luminosity of 4.6 × 1038 erg s−1 .
Furthermore, the Crab Nebula surrounding the pulsar is one of the best-studied sources of VHE
gamma rays, which has helped the accumulation of data than can be used to probe the much
fainter pulsed VHE emission.
2.1

Past Results

The first results searching for pulsed gamma rays from the Crab pulsar in the current generation
of IACTs came in November of 2008 with the MAGIC collaboration reporting a detection above
an energy of 25 GeV 11 . MAGIC observed the Crab between 2007 October and 2008 February,
accumulating a total of 22.3 h of data. The analysis of the data revealed a detection of pulsed
gamma rays above 25 GeV at the 6.4σ level and a hint of emission above 60 GeV at the 3.4σ
level. This detection implied an unusually high cut-off energy for the gamma-ray spectrum,
indicating that the emission likely originates far from the pulsar in the magnetosphere and
therefore excluding theoretical scenarios in which the emission is produced closer to the pulsar
(e.g., polar-cap models). Furthermore, these observations revealed that the ratio P2/P1 increases
with increasing energy and becomes >1 at around 60 GeV 11 , thus indicating that the dominant
peak becomes P2 at VHEs.
A few years passed before the next major result concerning the gamma-ray emission from the
Crab pulsar, and that was the detection of pulsed gamma rays above 100 GeV by VERITAS 1 ,
first announced in August of 2011b . VERITAS observed the Crab between 2007 September
and 2011 March, obtaining a total of 107 h of data, which resulted in a detection at a level
of 6σ c . The VERITAS data showed a narrowing of the pulse widths compared to what is
seen at lower gamma-ray energies by the Fermi-LAT, and a proposed explanation was given
of an acceleration region that becomes smaller following along the magnetic field confining the
particles. The VHE spectrum measured extended to 400 GeV, and was well-characterized by a
power law with a spectral index of 3.8 ± 0.5stat ± 0.2sys . Combining the VERITAS spectrum
with that obtained from Fermi-LAT data >100 GeV, a power law with an exponential cutoff
characterization of the spectrum was significantly excluded for the first time 1 . Though the
gamma-ray spectra seen for pulsars up to a few tens of GeV can be explained by a curvature
radiation mechanism, the VERITAS detection posed the challenge that a new component is
required for a complete explanation (at least for the Crab).
Updated results on the Crab pulsar from MAGIC came around the same time as the VERITAS announcement, with an addition of 34 h more (59 h total) of quality-selected data obtained
in the winter of 2008/2009 2 . In addition presenting phase-resolved spectral measurements in
the energy range 25–100 GeV (which have since been superseded by the latest MAGIC results 3 ),
b
c

Though published in October, the arXiv submission date is 2011 August 18.
This significance was calculated using the H-Test 12 .

a variability study was performed by comparing the Crab pulsar fluxes seen in the 2007/2008
season and the 2008/2009 season. No significant variability was found on the timescale of a
year 2 , though this does not preclude the possibility of variability on other timescales. Lastly,
P1 and P2 were shown to be narrower in the MAGIC data compared to their appearance in the
Fermi-LAT data, and the measured Crab pulsar flux significantly deviated from an exponential
cutoff extrapolation of the Fermi-LAT data 2 . The MAGIC and VERITAS results in 2011 thus
independently confirmed one another in these regards.

2.2

Recent Results

MAGIC has detected bridge emission above 50 GeV from the Crab pulsar after analyzing a data
set comprising 135 h of observations. The bridge region is defined as the phase range between
P1 and P2, and an excess corresponding to 6.2σ is found after subtracting the background 13 .
The detection of a bridge region above 50 GeV in the Crab pulsar light curve further complicates
the task of modelling the gamma-ray emission—models need to be able to predict the spectral
shape, the location and shape of the sharp peaks seen in the light curve, and now the bridge
emission as well.
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Most recently, the MAGIC collaboration reported the detection of pulsed emission from
the Crab pulsar reaching up to 1.5 TeV in energy 3 . The Crab data set used is 318 h of good
quality data recorded between 2007 February and 2014 April, and P2 (the dominant peak at
these energies) shows significances of 6.0σ and 3.5σ for lower energy thresholds of >400 and
>950 GeV, respectively. Phase-resolved spectra are derived for P1 and P2, and both are well
described by simple power laws across the approximately one decade in energy probed in the data
analysis. The spectral indices derived from power-law fits >150 GeV are 3.2 ± 0.4stat ± 0.3sys
and 2.9 ± 0.2stat ± 0.3sys for P1 and P2, respectively 3 . The MAGIC and Fermi-LAT spectra
for P1 and P2 are reproduced here in Figure 1.
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Figure 1 – MAGIC and Fermi-LAT phase-resolved Crab pulsar spectra. The black and blue straight lines are
power-law fits to the data above 10 GeV. The arrows represent 95% confidence level upper limits, with the slope
of the line indicating the assumed spectral index for the upper limit calculation. The dashed lines are fits to the
Fermi-LAT data of a power law with an exponential cutoff for P1 and P2. Figure from 3 .

3

Other Pulsars Observed by IACTs

In this section, I briefly summarize the results obtained by H.E.S.S., MAGIC, and VERITAS
for three pulsars other than the Crab in chronological order from the first publication appearing
in the literature for the pulsar in question.
3.1

The Geminga Pulsar

The Geminga pulsar (PSR J0633+1746) is located at the relatively close distance of ∼250 pc 14,15
and is the second-brightest steady gamma-ray emitter as seen by the Fermi-LAT, making it an
obvious target for VHE observations. The Geminga pulsar has a period of ∼240 ms and a spindown power of 3.2 × 1034 erg s−1 14 . It is the first radio-quiet gamma-ray pulsar ever detected 16 .
The gamma-ray pulse profile of Geminga shows two peaks separated by a bridge of emission,
similar to what is seen for the Crab and Vela pulsars. Like for other gamma-ray pulsars, the
Geminga pulsar spectrum >100 MeV can be described by a power law with an exponential cutoff 5 ; however, 17 has claimed that the spectral tail may be better characterized by a simple
power law.
VERITAS Observations & Analysis
The VERITAS campaign on Geminga resulted a total of 71.6 h of quality-selected data recorded
taken between 2007 November and 2013 February. Events were phase-folded using an XMMNewton timing solution for data obtained before the launch of the Fermi-LAT and using a
publicly available Fermi-LAT solutiond for all other data. The two emission peaks in the gammaray light curve were used to define regions of expected signal for the VHE data by fitting
asymmetric gaussians >5 GeV for P1 and >10 GeV for P2 to measure their width. Unfortunately,
no evidence of pulsed emission from the Geminga pulsar was found in the VERITAS data, thus
only flux upper limits were reported. For the complete explanation of this analysis and the
results, please refer to the VERITAS publication on the Geminga pulsar 18 .
MAGIC Observations & Analysis
The MAGIC campaign on the Geminga pulsar resulted in 63 h of good quality data recorded
between 2012 December and 2013 March. Events were phase-folded with a Fermi-LAT timing
solution (see footnote d). The P1 region was selected by fitting an asymmetric Gaussian to the
Fermi-LAT light curve >5 GeV and >10 GeV for P2. No significant evidence for pulsed emission
was found in any of the three energy ranges (>50 GeV, 50–100 GeV, 100 − −200 GeV) tested in
the MAGIC gamma-ray data 8 , so only upper limits on a possible flux were reported. For full
details of the MAGIC Geminga campaign (including the steady-source search), please see the
MAGIC collaboration publication 8 .
Neither the MAGIC nor VERITAS upper limits constrain a simple power-law extrapolation of
the Fermi-LAT data above 10 GeV. Observations with a future-generation instrument operating
in the VHE band could help determine whether or not the Geminga pulsar spectrum extends to
VHEs as a simple power law, as seen for the Crab pulsar.
3.2

PSR J1023+0038

PSR J1023+0038 is an eclipsing binary located at a distance of 1370 pc 19 comprising a millisecond pulsar (MSP) rotating rapidly (P =1.69 ms) and orbiting a G star every 4.8 h 20 . This
system was first identified as a low-mass X-ray binary with an accretion disk in 2001 21 . Later
observations showed that the accretion disk had disappeared 22 , and an MSP was detected in the
d
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radio band in 2008 20 . In 2013, it was reported in two seperate ATels that the radio pulsations
had disappeared 23 and the accretion disk had reformed 24 . It had been thought that MSPs are
spun-up to their rapid rotation periods via accretion of material off of a companion star, and
this was the first time that such a system had been caught in the act of “recycling.” Only a hint
(3.7σ) of pulsed gamma-ray emission was seen in the Fermi-LAT data before the disappearance
of the pulsar, so no gamma-ray spectral information is available 25 .

VERITAS Observations & Analysis
Before the disappearance of the radio MSP, VERITAS obtained 18 h of observations on the
location of the PSR J1023+0038 system. The data were phase-folded using a radio timing
solution, and a test for a signal using the H-Test was conducted. No significant hint of pulsed
gamma-ray emission from the MSP PSR J1023+0038 was found in the data, resulting in upper
limits on a possible flux. For the full details of the analysis, including a search for a steady
emission component, please see 9 .

3.3

The Vela Pulsar

As the brightest steady source seen by the Fermi-LAT 28 , the Vela pulsar (PSR J0835–4510)
makes a prime candidate for a VHE pulsar search. Though not a young pulsar, Vela is located
nearby at a distance of ∼287 pc 29 and has a spin-down power of 6.3 × 1036 erg s−1 with a period
of 89 ms. In the gamma-ray light curve, Vela shows two sharp peaks separated by a complex
bridge region, with P2 seen as the dominant peak at gamma-ray energies above ∼300 MeV 30 .

H.E.S.S. II Observations
The H.E.S.S. array of IACTs underwent an upgrade in 2012 with the addition of a new 28 m
diameter telescope called CT5 e . Given the large light collection area of the telescope, it has
enabled the detection of fainter gamma-ray showers initiated by gamma rays with energies below
100 GeV. This has helped bridge the H.E.S.S. sensitivity into an overlapping energy regime with
satellite-based gamma-ray telescopes, e.g., the currently operational Fermi-LAT.
The H.E.S.S. collaboration obtained 40.3 h of good quality data at zenith angles less than 40◦
during the CT5 commissioning period. After performing a likelihood ratio test for the presence
of P2 (phase range: [0.5-0.6]) in the monoscopic data set, the Vela pulsar (P2 only) was detected
at the 15.6σ level and at the 17.9σ level with the H-Test. As of this writing, this detection makes
the Vela pulsar the second pulsar detected from the ground with the IACT technique. For a
more complete account of the H.E.S.S. II detection of the Vela pulsar, please see 6 .
The H.E.S.S. II spectrum of the Vela pulsar was generated using a forward-folding maximumlikelihood method above a lower-energy threshold of 20 GeV. A simple power-law fit in the energy
range 20–110 GeV revealed a spectral index of 4.1 ± 0.2stat ± 0.2sys , consistent with a power-law
fit index derived from a Fermi-LAT data sample. Fitting with a log-parabola in the same energy
range to test for curvature did not show a significant improvement of the fit 6 . The Fermi-LAT
data on its own indicates a very marginal preference for curvature, when fit >10 GeV 6 . For
now, the Vela P2 spectrum seen at the highest energies is consistent with both curvature and a
power-law fits. Given that the Crab pulsar spectrum is seen to extend into VHEs as a simple
power law, whether or not curvature is present at the highest energies in the Vela P2 spectrum
is an important question that remains unanswered for the time being.
e

https://www.mpi-hd.mpg.de/hfm/HESS/pages/home/hess2inaug/

4

Status of Theory

It has long been postulated that particle acceleration occurs in pulsar magnetospheres in so-called
“gap” regions—regions where the e+ e− plasma is unable to freely move along magnetic field lines
and short out electric fields that could build up and accelerate particles. The three canonical
gap regions are the polar cap 31 , the slot gap 32 , and the outer gap 4 . Gamma-ray production is
thought to be a result of curvature radiation in one of the gap regions, where charged particles
follow curved magnetic fields lines and thus radiate electromagnetically. Curvature radiation
predicts an exponentially decaying flux above energies of a few GeV, which is what is seen for
(most) pulsars. Observations in the era of the Fermi-LAT have given favor to outer-gap-type
models due to the ability of these models to reproduce the gamma-ray light curves 33 and the
shape of the exponential cutoff in the spectra.
Since the detection of the Crab pulsar in the VHE gamma-ray band in 2011, much work has
been done attempting to explain the VHE emission. However, the recent extension of the Crab
pulsar spectrum up to 1.5 TeV 3 has posed the new challenge that the models must be able to
predict the power-law shape seen in the data up to 1.5 TeV, in addition to the VHE light curve.
The emitting region must be far from the neutron star surface given the energies of the detected
gamma rays, since VHE gamma rays generated at smaller radial distances should be absorbed
in the strong magnetic field via pair production. The VHE emission cannot be explained by
curvature radiation, since the radius of curvature would need to be extremely large, on the
order of the light-cylinder radius 1 . Inverse-Compton scattering of lower energy photons is most
likely the fundamental mechanism, though the specifics regarding where and how it occurs are
currently a subject of debate in the literature. For now, no model is capable of simultaneously
predicting the Crab VHE light curve and the spectral shape 34 . For a more in-depth review of
the current state of the theory in light of the recent work on the Crab pulsar, please see 34 .
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The population point of view on the evolution of TeV pulsar wind nebulae
S. Klepser for the H.E.S.S. Collaboration
DESY, D-15738 Zeuthen, Germany
We investigate the nature and evolution of TeV pulsar wind nebulae, making use of the firmly
identified PWNe in the H.E.S.S. Galactic Plane Survey, along with the few other known
detections from the literature, as well as upper limits extracted from the H.E.S.S survey.
These data exhibit a correlation of TeV surface brightness with pulsar spin-down power. It
appears to be caused by both an increase of TeV extension and a decrease of TeV luminosity
with decreasing spin-down power. We also find that the offsets of pulsars with ages around
10 kyr with respect to the wind nebula centres are frequently larger than can be plausibly
explained by pulsar proper motion and could be due to an asymmetric environment. These
and other results are presented and put to context with a basic modelling of TeV pulsar wind
nebula evolution.

This conference contribution is based on the recent paper on the subject (H.E.S.S. Collaboration et al. 2017 1 ). All details, more plots, and references can be found in that reference. This
proceedings paper wraps up the main conclusions and key figures of the paper.
1

Overview

The paper subsumes and examines the population of TeV pulsar wind nebulae (PWNe) found to
date. An updated census presents 14 objects reanalysed in the H.E.S.S. Galactic Plane Survey
(HGPS) pipeline, which are considered to be firmly identified PWNe. Five more objects could
be found outside that catalogue range or pipeline. In an evaluation of candidate PWNe, we
conclude that there are ten strong further candidates in the HGPS data.
Most of the PWNe are located in the bright and dense Crux Scutum arm of the inner Milky
Way (Fig. 1). A spatial correlation study confirmed the picture drawn in earlier studies, namely
that only young, energetic pulsars grow TeV pulsar wind nebulae that are bright enough for
detection with presently available Cherenkov telescopes. For the first time, flux upper limits for
undetected PWNe are given around 22 pulsars with a spin-down power beyond 1035 erg s−1 and
with expected apparent extensions (plus offsets) below 0.6◦ in the sky.
2

Census of PWNe around high-Ė pulsars

Of the 17 most energetic ATNF pulsars, with a spin-down power of Ė ≥ 1037 erg s−1 , 11 have
either an identified TeV wind nebula (9) or candidate (2) featured in the present study. Of the
remaining 6,
• 3 are included in Table 5 in H.E.S.S. Collaboration et al. 2017 1 , where all flux limits of
pulsars without detected PWN are listed;
• 3 are out of the range of the HGPS:

Figure 1 – Schematic of the Milky Way and its spiral arms, along with firmly identified PWNe, candidates, and
energetic pulsars (Ė > 1035 erg s−1 ) without detected TeV wind nebula. The yellow and blue curves outline the
sensitivity horizon of the HGPS for point-like sources with an integrated gamma-ray luminosity (1–10 TeV) of 1%
and 10% of the Crab luminosity, respectively. The figure is reproduced from H.E.S.S. Collaboration et al. 20171 .

– PSR J2022+3842: SNR G076.9+01.0, contains an X-ray PWN; not reported in TeV
– PSR J2229+6114: Boomerang, contains an X-ray PWN; detected by MILAGRO and
VERITAS, but of unclear nature in TeV
– J0540−6919: In the Large Magellanic Cloud; a limit is given in H.E.S.S. Collaboration
et al. 2015 2 .
Concluding, only 5 of the 17 highest-Ė pulsars remain without a detected potential counterpart
in the TeV band.
3

PWN evolution

Figures 5 to 10 in H.E.S.S. Collaboration et al. 2017 1 show, like Fig. 2 and Fig. 3 in this
proceedings paper, a variety of trends between pulsar and TeV wind nebula parameters, and
consistently compare them to a simple one-zone time-dependent emission model of the TeV
emission with a varied range of model input parameters. The main conclusion is that for several
observables, a trend was found in the data that is consistent with the trends suggested by our
model. With a moderate variation of the model input parameters, we can mimic also the spreads
of the observables. Our first-order understanding of the evolution of TeV pulsar wind nebulae
with ages up to some tens of kiloyears therefore seems to be compatible with what the whole
population of detected and undetected PWNe suggests.
More concretely, using the flux limits for undetected PWNe, we find evidence that the TeV
luminosity of PWNe decays with time while they expand in size, preventing the detection of those

whose pulsar has dropped below a spin-down of ∼ 1036 erg s−1 (roughly corresponding to several
tens of kiloyears). This was implicitly known before from the mere non-detection of old TeV
pulsar wind nebulae, but for the first time could be put into a quantitative perspective, both by
fitting data and limits, and by comparing the data to model predictions. The power-law relation
between TeV luminosity and pulsar spin-down could be estimated as L1−10 TeV ∼ Ė 0.58±0.21 , in
consistency with the model, which suggests a power index of around 0.5.
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Figure 2 – Left: Relation of TeV luminosity and pulsar Ė. Right: PWN extension evolution with time, in
comparison to the modelling considered in this work. The figures are reproduced from H.E.S.S. Collaboration et
al. 2017 1 .

Another feature that was discussed on some individual objects before (Aharonian et al.
2005 3 , for instance) is the “crushing” of PWNe, which can be exerted by the inward-bound
reverse front of the supernova shock wave. For SNRs that develop asymmetrically, for instance
due to an inhomogeneous surrounding medium, this crushing may result in distortion and displacement of the wind nebula. Put to a population-scoped context, it becomes clear that pulsar
proper motions alone are not sufficient to explain the large offsets observed, and some kind of
a crushing mechanism may indeed be the dominant and frequent cause of pulsar-PWN offset
in middle-aged systems. Furthermore, the offsets of PWNe from their pulsars appear to relate
to high efficiency (Fig. 3, right), suggesting that the PWNe either gain energy and brightness
through the process that causes the offset or that dense surroundings amplify both the IC luminosity and the offset between pulsar and wind nebula. While the evidence for this at present is
not very strong, following up with expanded future studies is certainly worthwhile.
The expansion of PWNe with time was also shown to be evident in the data. The fitted
relation R ∼ τc0.55±0.23 suggests an average expansion coefficient in between those expected in
theory (1.2 and 0.3). The data set is not comprehensive enough to do a fit with two power laws,
but appears to be consistent with the model (Fig. 2, right). Notably, this expansion is not so
clear in X-rays, where the synchrotron emission always remains very local because it only traces
the young particles in areas of high magnetic field relatively close to the pulsar. Most of the old
objects (> 30 kyr) are therefore smaller than 1 pc in their bright X-ray core emission.
As a consequence of the two moderate correlations of luminosity and spatial extent with
pulsar Ė, a stronger correlation was found between the PWN surface brightness and pulsar Ė
(Fig. 3, left). What stands out is not only the correlation itself, but also its relatively low scatter.
The evolution trend of the photon index remains an open issue at present. Neither the data
nor the model are particularly clear about it for the young to middle-aged PWNe we investigated.
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Figure 3 – Left: Relation of TeV surface brightness and pulsar Ė. Right: TeV efficiency as a function of pulsar
offset, plotted for pulsars of different age groups. High-offset systems tend to be more TeV-efficient than low-offset
systems. The figures are reproduced from H.E.S.S. Collaboration et al. 2017 1 .

4

Detection biases

Since both the H.E.S.S. Galactic Plane Survey and the ATNF pulsar database only cover a
fraction of the Milky Way, depending on TeV and pulsar brightnesses, the study in H.E.S.S.
Collaboration et al. 2017 1 suffers from several selection biases discussed throughout the paper.
For TeV-bright, high-Ė, young pulsar systems (> 1036 erg s−1 ) we achieve a relatively good
coverage, whereas for systems beyond some tens of kiloyears of age we likely miss many sources.
In the plots discussing flux-related quantities, this is partly compensated by the inclusion of flux
limits, allowing for statements that consider the presence of non-detections. For extension- and
position-related quantities, however, we can only rely on the detected cases. It would require a
full population synthesis study to judge whether some of the correlations are genuine or include
side effects of other correlations or selection biases. This usually needs many astrophysical
assumptions and theoretical suppositions, which was beyond the scope of this experimental
paper.
One presumably very influential parameter ignored in this study is the density of matter
and background light at the position of each pulsar. It is likely due to such circumstances
that Vela X, 3C 58, and CTA 1 are so faint, and N 157B (in the Large Magellanic Cloud) is so
bright. In the scope of a population synthesis study, one could use a specific Milky Way model
to “calibrate” the calorimetric objects that TeV pulsar wind nebulae are assumed to be.
5

Modelling

On the modelling side, we are able to describe the trends and scatter of the TeV properties of
the present PWN population with a relatively simple time-dependent modelling described in
Appendix A of H.E.S.S. Collaboration et al. 2017 1 and whose basic evolution is displayed in
Fig. 4. Its 12 free parameters (7 of which were varied for the varied model ) were well below the
4 × 19 observed parameters that the firmly identified PWNe provided. It is remarkable that
the adaptive parameters needed to be varied in a fairly small range, compared to what one may
fathom from the modelling literature, while still producing sufficient scatter in the predicted
observables. Whether this indicates that the variations of the individual PWN parameters are
indeed small, or whether this is an effect of the parameters being (anti-)correlated (see caveats
discussion in A.7 of H.E.S.S. Collaboration et al. 2017 1 ), could not be clarified in this work. It
might require a deeper physical model of the pulsars and possibly a multidimensional likelihood
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Figure 4 – Modelled spectral energy distribution (SED) of a generic PWN according to the model given in 1 ,
Appendix A. Left: Time evolution of the SED, ranging from 1 kyr to 200 kyr. Right: Decomposition of the SED
of a middle-aged PWN (10 kyr; black dashed curve) into contributions by leptons from various injection epochs
(coloured lines). The grey-shaded bands indicate the energy range of 1–10 TeV explored in this work. The figures
are reproduced from H.E.S.S. Collaboration et al. 2017 1 .

6

Outlook

In the CTA era, many of the PWNe that will be detected in addition to the now assessed
population will be middle-aged and old systems that are too faint or too extended to be detected
with current instruments. Also, improvements in the radio and gamma-ray band coverage will
enlarge the sample of pulsars detected in our Galaxy. To gain new insights from studying
these systems, a solid and publicly available modelling code is needed that includes the difficult
reverse shock interaction phase of a PWN in a reproducible way. This may help to understand
the effect and influence of the amount of crushing and pulsar offset of the PWN, which is likely
an influential factor of later PWN evolution.
On the analysis side, it would be beneficial to (i) improve the angular resolution and get to
smaller scales of extension, (ii) find ways to reliably disentangle overlapping sources and their
spectra, and (iii) aim for detecting objects larger than the IACT camera FOV. It is only if this
is improved that larger datasets and more exposure can help us to unriddle sources that are
closeby or occult each other in the densely populated arms of the Galaxy.
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THE GALACTIC CENTER REGION
SEEN IN VERY-HIGH-ENERGY GAMMA-RAYS
E. MOULIN
Irfu, Département de Physique des Particules, CEA Saclay, 91191 Gif-sur-Yvette, France

The Galactic Centre region is a key region for particle astrophysics at very high energies
(E>100 GeV) with ground-based imaging atmospheric Cherenkov telescope observations.
The High Energy Stereoscopic System observations led to the detection of the source HESS
J1745-290 spatially coincident with the supermassive black hole Sagittarius A*, and diffuse
gamma-ray emission has been detected along the Galactic plane, most likely due to cosmic-ray
interactions with the dense gas of the Central Molecular Zone. The rich 2004-2013 observational dataset allows for detailed spectral and morphological studies in the inner 200 pc of
the Galactic Centre. The new results allow us to make an important statement regarding the
location and origin of the accelerator of the parent ultrarelativistic particles. The Galactic
Centre region harbors a large amount of dark matter. Given its proximity, it is one of the
most promising target to look for dark matter particle annihilations. I will discuss the veryhigh-energy gamma-ray observations of the Galactic Centre in the context of the origin of
Galactic cosmic rays and of the dark matter particle search.

1

Introduction

Among the most interesting regions in gamma-rays is arguably the Galactic Center (GC). Radio
observations of the inner few hundred parsecs of our Galaxy 1 reveal a complex and active region
suggesting particle accelerations with numerous potential gamma-ray emitters in the GeV and
TeV energy range such as supernova remnants, pulsar wind nebulæ, radio arcs and filaments.
Interaction of energetic electrons produce GeV/TeV gamma-ray emissions via bremsstrahlung
and inverse Compton of electrons scattering off gas or ambient radiation fields. Gamma-rays can
be also efficiently produced through decays of π0 from inelastic collisions of energetic protons and
nuclei with the ambient gas. At the gravitational center of the Milky Way, the supermassive black
hole Sagittarius A* can be expected to be the supplier of ultra-relativistic particles accelerated
in the accretion flow 2 , at the site of termination of an outflow 3 , or in stellar wind shocks 4 .
Besides the diversity of astrophysical particle accelerators, the GC region is expected to be the
brightest source of dark matter particle annihilations into gamma-rays.
The GC region harbors a dense region of gas stretching of about 300 pc in Galactic longitudes,
known as the central molecular zone (CMZ). The interstellar medium density is on average one

order of magnitude larger than in the disk and is pervaded by a strong magnetic field exceeding
50 µG 5 , about one order of magnitude higher than in the Galactic disk. The CMZ contains
about 8% of the total gas of the galaxy, a reservoir of material of about 107 M . It hosts
massive star forming clusters and giant molecular clouds with densities higher than 104 cm−3 .
The bulk of the gas in the CMZ is in the form of molecular hydrogen which is very diffcult to
detect. Methods to estimate the mass of molecular hydrogen use tracer molecules whose ratio
to H2 is approximately known. In the velocity range of interest for the GC region, the carbon
monosulfide (CS J = 0→1) line emission is used together with the line emissions from transitions
of 12 C16 O and HCN molecules. The total mass in the inner 150 pc of the CMZ is estimated to
6 . Far IR and sub-millimetre wavelength observations provide a tracer of dust
7
be 3+2
−1 × 10 M
in the CMZ, which itself traces the molecular gas content. Herschel IR observations suggest that
the mass of the molecular gas in the CMZ is about 3 × 107 M 7 .
The central 50 pc of the GC seen in radio shows a prominent radio complex Sagittarius
including a bright radio source Sgr A* at the dynamical centre of the Galaxy, a non-thermal
source Sgr A east identified as a shell-like remnant of a supernova which occurred about 104
yrs, and the HII region Sgr A West with a thermal radio spectrum, also known as the central
cavity. Orbiting Sgr A* is an asymmetric torus of neutral hydrogen gas and dust named as the
circumnuclear ring, with a sharp inner radius at ∼1 pc and a more blurry outer boundary at
2.5 - 3 pc northeast and 4.7 pc to the southwest. The hydrogen density reaches 105 cm−3 with
a total mass of ∼104 M . A radio halo of ∼20 pc surrounding the Sgr A East shell is observed.
The Sgr A complex contains two massive molecular clouds M-0.02-0.07 and M-0.13-0.08. The
central stellar cluster, the Arches and the Quintuplet clusters, are found in the central 10 pc
region, the former being coincident in position with Sgr A* with an extension of about 0.4 pc.
The high-energy (HE, E>100 MeV) and very-high-energy (VHE, E>100 GeV) observations
of the GC region in the last decade reveal shed light to the acceleration mechanism at stake
in this region. Observations with the LAT instrument onboard Fermi satellite, and Imaging
Atmospheric Cherenkov telescopes (IACT) such H.E.S.S., MAGIC and VERITAS, lead to the
detection of several sources such as the pulsar wind nebula G0.9+0.1, supernova remnants, a
central emission coincident in position with the supermassive black hole Sgr A*, as well as
a diffuse GeV/TeV emission, which are key to provide insights to the astrophysical processes
taking place in the GC region. The HE/VHE observations of the GC are also of great interest to
unveil the nature of dark matter: the GC region is the most promising place to detect gammarays produced in dark matter particle annihilation in the range of about 100 GeV up to 100
TeV.
2
2.1

The central gamma-ray emission
Very-high-energy gamma-ray observations

The GC has been longtime recognized as a possible TeV particle accelerator and has then been
the focus of ground-based observations by IACTs. In 2004, a VHE signal from the GC has been
detected by the several IACTs in the early 2000s. A point-like emission spatially coincident with
Sgr A* has been reported by the collaborations with no hints for flux variability. This source is
referred as to HESS J1745-290.
Compared to MAGIC and VERITAS, the H.E.S.S. instrument provides the most sensitive
view of the GC region to date due to its location in the Southern hemisphere providing a low
energy threshold and good photon statistics at the highest energies. 93 hours of observations
(live time) conducted between 2004 and 2006 revealed for the first time a clear deviation form
a pure power law spectrum, and the spectrum is better described by a power law with an
exponential energy cut-off 8 . About 10 years of observations of the GC region with phase
1 of H.E.S.S. provides the most detailed view so far at VHE 9 . The upper panel of Fig. 1
shows VHE gamma-ray excess map above 200 GeV where two point-like sources (G0.9+0.1 and

a

b

Sgr A*

Sgr A*

Figure 1 – Top :H.E.S.S. view of the Galactic Centre region. The sky maps show VHE gamma-ray excess above
200 GeV in Galactic coordinates. Left panel: Regions used to calculate the gamma-ray luminosity throughout the
central molecular zone are shown (black circles and open annulii). A section of 66◦ is excluded from the annuli to
avoid contamination from a newly detected source REF. The density distribution of molecular gas, as traced by
its CS line emission, are indicated (contour white lines). The location of Sgr A* is given by the black star. The
inset shows the simulation of a point-like source. Right panel: Zoomed view of the inner 70 pc and the contour
of the region used to extract the spectrum of the diffuse emission.

E2× Flux (TeV cm -2 s-1)

HESS J1745-290) together with extended diffuse emission are detected. The gamma-ray excess
map seen by VERITAS above 2 TeV confirms the main characteristics detected by H.E.S.S. 10 .
Fig. 2 shows the energy spectrum of HESS
J1745-290 extracted in a circular region of
10
0.1◦ in radius. The best-fit to the data
is a power law with an exponential cutoff dΦ/dE = Φ0 (E/1TeV)−Γ exp(−E/Ecut ),
with Φ0 = (2.55 ± 0.04stat ± 0.37syst ) ×
10−12 TeV−1 cm−2 s−1 , a photon index Γ =
10
2.14 ± 0.02stat ± 0.10syst , and an energy cutoff at Ecut = (10.7 ± 2.0stat ± 2.1syst ) TeV.
When compared with a pure power law, the
likelihood-ratio test gives a p-value of 3×10−5 .
10
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HESS J1745-290
ous observations in a coordinated campaign
between Chandra satellite and H.E.S.S. have
been carried out 11 . While the X-ray flux in1
10
Energy (TeV)
creases by a factor of 9, no VHE variability
has been detected. Assuming the X-ray flare
coming from synchrotron of TeV electrons, Figure 2 – VHE gamma-ray spectra of the diffuse emission (red points) and HESS J1745-290 (blue points). Arthe non detection of the VHE gamma-rays rows represent 2σ flux upper limits. The 1σ confidence
form inverse Compton of electrons on radia- bands of the best-fit spectra of the diffuse (red shaded
tion filed implies a magnetic field higher than area) and HESS J1745-290 (blue shaded area) are shown.
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2.2

A GeV-TeV Galactic Centre source ?

At GeV energies, the VHE gamma-ray source is likely connected to 3FGL J1745.6-2859c. Detailed position studies on HESS J1745-290 locates it with about 8” from the position of Sgr A*

with an 95% C.L. upper limit on its extension of 1.3’. The position accuracy exclude Sgr A East
to be the main counterpart to the observed emission, leaving as possible counterparts Sgr A*,
the pulsar wind nebula G359.59-0.04, and a spike of annihilating dark matter. Assuming that
3FGL J1745.6-2859c and HESS J1745-290 sources originate from the same acceleration mechanism, the single-source leptonic model underestimates the Fermi-LAT data given the peak-like
structure of the inverse Compton emission. Any coherent emission model should at least meet
the following requirements: (i) a power-law spectrum from 100 MeV to 20 TeV with an energy
cut-off at ∼10 TeV, (ii) no hint for variability on timescale from minutes to years, (iii) the
emission region of the TeV source is point-like and coincident with the position of Sgr A*, and
its intrinsic size is less than 10; and (iv) a possible small extension of the GeV source.
2.3

Prospects with CTA observations of HESS J1745-290

Future observations with CTA will help to further understand the underlying gamma-ray emission mechanism of HESS J1745-290. Given the overall increased performances of CTA with
respect to the currently operating IACTs, one can arguably expect improvement in the search
for flux variability and intrinsic extension, and in the characterization of the spectral morphology
of the energy cut-off. The latter point is a particularly attractive route given the one-order-ofmagnitude increase in sensitivity in the TeV range and the improved energy resolution better
than 10% between 0.5 and 10 TeV.
As above-mentioned, a compelling scenario for HESS J1745-290 is a cosmic-ray source accelerating high energy protons in the vicinity of Sgr A*, which produces VHE gamma rays from
π0 decays originating from cosmic-ray protons penetrating the interstellar medium gas. An alternative scenario invokes the annihilation of DM particles to hard channels such as the τ + τ −
and µ+ µ− channels 13,14 . While the gamma-ray template for the former scenario is a power
law with an exponential energy cutoff 15 , the latter one can be interpreted by a power law with
superexponential energy cutoff 16 . In Ref. 14 , the authors showed that with the expected CTA
performance 17 of the southern array and about 20 hours of observations of HESS J1745-290, one
should be able to reliably distinguish between the exponential cutoff and the superexponential
cutoff templates of the description of the central source.
While , short-term (hour time scale) variability sensitivity with IACTs has proven to be
weak 8 , the situation could improve with CTA observations. A factor ten improvement in flux
sensitivity could be able to detect short-term variability of about 20% of the quiescent flux.
3
3.1

Very-high-energy diffuse emission in the Galactic Centre
Long-term observation programme of the Galactic Centre region by H.E.S.S.

Following the detection of HESS J1745-290, a diffuse emission along the Galactic ridge has been
reported in 2006 18 , which correlates well with the spatial distribution of giant molecular clouds
of the CMZ. This correlation suggests a hadronic origin of the diffuse gamma-ray emission, where
gamma-rays are produced by the decays of π0 coming from the interaction of relativistic protons
in the interstellar medium gas. A large photon statistics has been accumulated over the last 10
years of H.E.S.S. observations 9 , which provides the most detailed view in VHE gamma-rays so
far of the CMZ as shown in Fig. 1. The rich observational dataset enables to better characterize
the spectral and spatial properties of the TeV diffuse emission of the CMZ.
3.2

Cosmic-ray distribution in the inner 200 parsecs

Fig. 1 shows a strong correlation of between the brightness distribution of VHE gamma-rays and
the locations of the massive gas-rich complexes of the CMZ which density contours are given
as white lines. The morphology in gamma-rays is determined by the location and the particle
injection rate history of the cosmic-ray accelerator, and by the gas density distribution. The

wCR (≥ 10 TeV) (10 -3 eV cm-3)

accuracy of the detection of the spatial morphology of the gamma-ray emission is unique to
probe the cosmic ray distribution in the CMZ. If the gamma-ray emission comes from the decay
of π0 produced in pp interactions, the gamma-ray luminosity is given by Lγ (> E) ' ηN Wp (>
10 E)/tpp→π0 , with Wp the total energy of CR protons. tpp→π0 = 1.6 × 108 yr (1cm−3 /nH ) is the
proton energy loss timescale due to π0 production in an environment of hydrogen gas of density
nH , and ηN ' 1.5 accounts for the presence of nuclei heavier than hydrogen in both CRs and
interstellar matter.
The left panel of Fig. 1 shows the regions used in the CMZ to extract the gamma-ray
luminosities and target mass in order to derive the cosmic-ray energy density. Mass measurements of the gas can be using tracer molecules such as CS, 12 C16 O and HCN. While this
method is indirect, tracer molecules have a approximately known ratio to H2 . The use of
multi tracers enable to evaluate the systematic
uncertainties in these mass estimates.
30
Fig. 3 shows the radial profile of the energy
density of cosmic-rays wCR for energies above
20
10 TeV up to a radial distance of 200 pc from
the GC for a GC distance of 8.5 kpc. The en10
1/r
ergy density in the CMZ is an order of magnitude larger than that of the CR ”sea” that universally fills the Galaxy 9 . Such a findings re1/r 2
quires the presence of one or more accelerators
of multi-TeV particles operating in the CMZ.
Besides, the accuracy of the measurement of
2
the CR density profile strongly favor the 1/r
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constant profiles, the former being expected
if CRs are advected in a wind, and the latter Figure 3 – Spatial distribution of the cosmic-ray density
in the case of a single burst-like event of CR (black points) versus the projected distance from Sgr A*.
The horizontal error bars correspond to radial size of the
injection, are significantly disfavored.
regions defined in the left hand side of Fig. 1. Vertical erThe cosmic-ray energy density profile indi- ror bars are the 1σ statistical plus systematic errors. 1/r
2
2
2
cates an accelerator to be located in the inner (red line, χ /d.o.f. = 11.8/9), 1/r (blue2 line, χ /d.o.f. =
10 pc of the GC. Its 1/r behavior up to 200 73.2/9) and homogeneous (black line, χ /d.o.f. = 61.2/9)
cosmic ray density radial profiles integrated along the line
pc points towards a quasi-continuous injection of sight are fitted to the data. For a 1/rα profile, the best
of protons that diffuse into the CMZ from a fit to the data is found for α = 1.10±0.12 (1σ). The 1/r
centrally-located accelerator within the 10 pc radial profile is clearly preferred for the HESS data.
of Sgr A*. The particle injection rate is found
to be Qp (> 10 TeV) ' 4 × 1037 (D/1030 cm2 s−1 ) erg s−1 . It depends strongly on the diffusion
coefficient which in turn depends on the power spectrum of the turbulent magnetic field, which
is unknown in the CMZ region. However, diffuse propagation is constrained by R2 /6D  R/c.
A radius R of the CMZ region of 200 pc implies Qp  1.2 × 1038 erg s−1 . In the inner 10 pc,
the supermassive black hole Sgr A* at the GC is the most plausible supplier of these protons
and nuclei where they could have been accelerated either in the accretion flow or at the site of
termination of an outflow 9 .
6.0 × local CR density

3.3

A Pevatron at the Galactic Center

The present available statistics enables to extract the energy spectrum of the diffuse VHE
gamma-ray emission from an annulus centered at Sgr A* (see right panel of Fig. 1). The best
fit to the data is found for a pure power-law spectrum dΦ/dE = Φ0 (E/1TeV)−Γ , extending to
energies up to tens of TeV without an energy cut-off or break. Fig. 2 shows the spectrum of
the diffuse emission for which the best-fit parameters are Φ0 = (1.92 ± 0.08stat ± 0.28syst ) ×
10−12 TeV−1 cm−2 s−1 , a photon index of Γ = 2.32 ± 0.05stat ± 0.11syst . The corresponding

gamma-ray luminosity is above 1 TeV is Lγ (≥ 1TeV) = (5.69 ± 0.22stat ± 0.85syst ) × 1034 erg s−1 .
The fit of a power law with an exponential energy cut-off is not significantly preferred by the
data. When compared with a pure power law, the likelihood-ratio test gives a p-value of 0.8.
Since the gamma-rays arise from decays of π0 produced by pp interactions, the derivation of
a hard power-law gamma-ray spectrum implies that the parent proton spectrum should extend
to energies close to 1 PeV. From the measured gamma-ray spectrum, constraints can be derived
on an energy cut-off in the injection proton spectrum. For cut-offs at 2.9 PeV, 0.6 PeV and
0.4 PeV, the corresponding proton-induced gamma-ray spectrum deviates from the data at
68%, 90% and 95% confidence levels, respectively, as shown in Fig. 2. This is the first robust
detection of a VHE cosmic hadronic accelerator which operates as a source of PeV particles,
i.e. a Pevatron. The best-fit spectrum to gamma-ray data can be well modeled by an energy
proton spectrum with energy higher than 10 TeV escaping from the central source with a rate
of ∼ 8 × 1037 erg s−1 over ∼ 6 × 1013 yr. The proton injection spectrum follows a power law
with index 2.2 extending up tio ∼4 PeV. The proton propagation is described by a diffusion
coefficient D(E) = 6 × 1029 (E/10TeV)β cm2 s−1 , with β = 0.3.
If Sgr A* is indeed the supplier of the ultra-relativistic protons, the required acceleration rate
would exceed by two or three orders of magnitude its current bolometric luminosity. It would
then constitute at least 1% of the current power produced by accretion onto the supermassive
black hole. The current accretion rate of Sgr A* is relatively small. However, Sgr A* could have
a much higher accretion rate, which could also have provided higher CR production rates in the
past. An average acceleration rate of 1039 erg s−1 of E>10 TeV protons over the last 106 - 107
years would explain the flux of CRs around the ”knee”. If it indeed the case, Sgr A* should
be considered as a viable alternative to supernova remnants as a source of PeV Galactic cosmic
rays.
4

Dark matter searches in the Galactic Centre region

Given its proximity and expected large dark matter (DM) content, the GC region is an excellent
place to search for DM particle annihilations. Among the most compelling classes of DM models
is the weakly interacting massive particles (WIMPs): produced in a standard thermal history
of the Universe, these stable particles with masses and coupling strengths at the electroweak
scale, have the relic density that corresponds to that of DM density inferred from cosmological
measurements 19 . The natural scale for the velocity-weighted annihilation cross section is hσvi '
3 × 10−26 cm3 s−1 . Interestingly, particle with electroweak scale cross section and relative velocity
typical of the Galactic halo would lead to such a value.
WIMPs would today pair-annihilate in regions of high DM density producing standard model
particles, including potential VHE gamma-rays in the final state. The WIMP annihilation
process taking place almost at rest, the DM-induced gamma-ray spectrum is composed of (i) a
continuum of gamma-rays up to the DM mass coming from the hadronization and/or decays of
the annihilation products, and (ii) a Dirac spectrum at the DM particle mass. While the line
spectrum from DMDM → γγ is a powerful signature against the spectra arisen from standard
astrophysical processes, such a process always happens at a loop level.
Observational strategies with IACTs to search for DM annihilation signals choose regions in
the sky with both expected high DM density and reduced astrophysical gamma-ray emissions.
DM annihilation signals from the GC are expected to be stronger than those from dwarf galaxy
satellites of the Milky Way by several orders of magnitudes. However, as opposed to the case of
dwarf galaxies, DM searches in the inner 300 pac of the GC face strong standard astrophysical
emissions 20 . Current strategy with H.E.S.S. looks for DM signals in regions devoid of standard
astrophysical VHE emissions. While such a strategy does not allow to search in regions where
the highest DM signals are expected, it has proven to be very powerful 21,22 . The large photon
statistics accumulated by H.E.S.S. observations of the GC region are crucial for DM searches.
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They allow to provide the strongest constraints so far on the annihilation cross section
in the TeV DM range for the continuum and
line DM signals 22,20 .
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While the main interpretation of the dif10-12
fuse emission detected by H.E.S.S. in the inner 50 pc of the GC comes from collisions of
protons accelerated by Sgr A* with the am10-13
bient gas, an alternative interpretation could
DM spike 0.1 pc, IC
that the VHE diffuse emission in this region
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total
is connected to the excess of GeV gammaH.E.S.S. diffuse emission (2016)
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rays at the GC. The latter has been re10
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ported by several groups and the Fermi colEγ (TeV)
laboration 23 and may originate from an unresolved population of millisecond pulsars. In Figure 4 – VHE diffuse gamma-ray spectra induced
Ref. 24 , the authors propose a leptonic model by the inverse Compton emission of energetic electrons
in which the VHE diffuse emission can be accelerated from a population of millisecond pulsars
explained in terms of a combination of in- (dashed line) and from a DM spike of radius 0.1 pc,+for
a 60 TeV DM candidate annihilating purely in to e e−
verse Compton emission from a population pairs, with a cross section of hσvi ' 7 × 10−29 cm3 s−1
of millisecond pulsars which can account for (dot-dashed line). The total spectrum is represented by
the GeV excess, and a supermassive black the solid line.
hole-induced spike of heavy (∼ 60 TeV) DM
particles annihilating into electrons with a subthermal cross section as shown in Fig. 4.
DM-induced emission reproduces the spatial morphology of the H.E.S.S. signal above ∼10
TeV, while a slightly more extended component from pulsars is obtained at lower energies.
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The H.E.S.S. collaboration is
conducted the Inner Galaxy Survey
programme since 2015 with pointings up to 3 degrees in Galactic latitudes. These observations will be
crucial to probe the actual size of
the observed VHE diffuse emission.
More statistics at high latitudes may
also uncover new extended signals
such as outflows from the GC or the
base of the Fermi bubbles.

10

10

-25

-26
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Fermi dSph stacking (15 dSphs, 5 yrs)
The inner region of the Galactic
WMAP9
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halo is the priority target for future
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CTA Galactic halo, 500 h
CTA observations as Consortium0.05 0.1 0.2
2 3 45
1
10 20 30
time key science projects. It consists
DM mass (TeV)
of a fair balance between brightness
and robustness of the possible DM Figure 5 – Current best limits on the annihilation cross section hσvi
signals. The CTA DM Programme versus the dark matter mass. The constraints from indirect deteccomprises ten years of deep observa- tion with gamma-rays with Fermi-LAT (blue line) and H.E.S.S. (magenta line) are shown together with those from cosmic microwave
tions of the inner 5◦ of the GC region background with WMAP (red line) and Planck (green line) meawith more than 800 hours observa- surements. The projected sensitivity for CTA from 500 hours of
tions planned in the inner 5◦ of the observations of the inner 5◦ Galactic halo are shown (black line).
25
GC. Fig. 5 shows the CTA sensitiv- Figure adapted from Ref. .
ity on the velocity-weighted annihilation cross section hσvi as function of the DM mass expected
from observations of the GC region with a flat exposure of 500 hours for a cuspy DM profile with
the exclusion of the regions in the sky where most intense standard astrophysical emissions are
-27

detected. CTA observations will offer great possibility to discovery DM with Galactic Centre
observations: the required sensitivity should be reach to probe WIMP models with thermal relic
cross section for masses higher than 200 GeV as shown in Fig. 5. CTA will be a major player
for TeV DM searches.
5

Outlook

The GC region is a very complex environment with a number of astrophysical acceleration and
propagation mechanisms. The detection of bright HE and VHE diffuse gamma-ray emission
arising from cosmic ray interaction with the dense gas makes the region further complicated.
The exciting possibility to unambiguously detect a DM signal requires the understanding of the
standard astrophysical phenomena to a level which they can be robustly discriminated against
the searched DM signal.
Future observations with CTA will definitely provide new insights to the astrophysical acceleration and propagation phenomena in the GC region. The expected angular resolution and
flux sensitivity of CTA would allow to localize the central gamma-ray emission at the sub-arc
level. However, systematics uncertainties for such a measurement would be difficult to lower
better than a few arcseconds. CTA performances will allow to probe the VHE diffuse emission
with better spectral and spatial sensitivity to look for an energy cut-off related to the maximum
cosmic ray energy injected in the CMZ.
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The INTEGRAL observatory demonstrates a great success in surveying the sky at energies
above 20 keV both in the Galactic plane and extragalactic areas. The observatory provides a
significant scientific outcome to the astrophysical community and triggered a large number of
new studies and observational campaigns in other wavelengths. The latest results of the surveys, performed with INTEGRAL are reviewed, including the deepest Galactic plane surveys
in hard X-rays (from 17 to 150 keV) to detect new sources and study their populations and
in 44 T i lines to search for the emission of the supernovae remnants, the deep surveys of three
extragalactic fields (in the direction to M81, LMC and 3C273/Coma), etc.
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Introduction

The main project of the last decade in the hard X-ray and gamma-ray astronomy INTEGRAL
(INTErnational Gamma Ray Astrophysical Laboratory)1 is devoted to the study of different
Galactic and extragalactic classes of objects as well as the diffuse emission. The INTEGRAL
project was developed by the European Space Agency (ESA) in a cooperation with the Russian
Space Agency and NASA and launched on 17 October 2002 with the Proton launcher from the
Baikonur cosmodrome. The launch of the observatory was performed with an accuracy much
better (by more than an order of magnitude) than was guaranteed. This allowed to significantly
reduce the fuel consumption when forming the ultimate orbit by the spacecraft engines resulted
in increasing the operational time of the observatory from 2 years to more than 20 years and
obtaining the outstanding scientific results.
The INTEGRAL payload consists of a set of four complimentary instruments with detectors
operating at various energy ranges: (1) SPectrometer on Integral (SPI), dedicated to highresolution spectroscopy in a wide energy band from 15 keV to 8 MeV; (2) Imager on Board
Integral Sattelite (IBIS), providing fine imaging in gamma-rays and covering the energy band
from 15 keV to 20 MeV; (3) Joint European X-ray Monitor (JEM-X), supplementing SPI and
IBIS in the 3-35 keV energy band; and (4) Optical Monitoring Camera (OMC), providing
measurements in the optical band. All instruments except the OMC use the method of coded
aperture for the image reconstruction.
An excellent performance of the INTEGRAL instruments and health of the satellite, as
well as its long operation on the orbit enabled not only to study the spectral properties of
individual sources, but also provided a great ability to survey different regions of the sky with an

unprecedented sensitivity and accuracy in the hard X-ray and gamma-ray energy bands. Among
the most prominent results of INTEGRAL it is necessary to mention next ones: deep all-sky
surveys leading to the discovery of several hundreds of new hard X-ray sources both galactic
and extragalactic nature2,3,4,5,6 ; population studies of different types of objects7,8,9 ; discovery
of gamma-ray lines from radioactive decay of 44 Ti and 56 Co from supernovas SN1987A10 and
SN2014J11 , respectively; high-accuracy measurements of the energy of nuclear gamma-ray lines
at 511 keV12,13,14 and 1.8 MeV15 , originated from the annihilation of electron-positron pars and
the radioactive decay of 26 Al, respectively; mapping of the Galactic plane in these lines16,17,18,19 ;
discovery of the past activity of a supermassive black hole Sgr A∗ in the center of our Galaxy20 .
Below we briefly review some of INTEGRAL results, concentrating on the most recent
surveys.
2

Survey of the Galactic plane in hard X-rays

X-ray surveys play a key role in our understanding of energetic phenomena in the Universe.
Detailed investigations of the physics and evolution of X-ray sources are usually based on systematic studies of their properties. Observations in recent decades have revealed a variety of
X-ray point sources beyond the solar system in the Milky Way and Magellanic Clouds. Although
the bright X-ray sources in the Milky Way can be effectively studied in soft X-rays, many of
them are not observable due to the heavy obscuration by the Galactic disk and interstellar dust.
X-ray observations of our Galaxy at energies above 10 keV are free from this obscuration
bias. However, due to the large extent of the Milky Way across the sky, a systematic survey of
the Galactic X-ray source population and discovery of new X-ray emitters require wide-angle
instruments. This makes the IBIS coded-mask telescope21 onboard the INTEGRAL observatory
unique and most suitable for surveying the Galaxy in the hard X-ray domain.
The INTEGRAL observatory has been successfully operating in orbit more than 15 years
and acquired a huge data set, which allowed us to construct high quality X-ray catalogs in the
Galactic Plane (GP), starting from our early papers by 22,23,24 to more recent surveys 3,25,4,6 .
These works were subsequently used for many relevant studies, including systematic discoveries
of strongly absorbed high-mass X-ray binaries (HMXBs) and the study of their luminosity function and distribution in the Galaxy26,27,28 , the statistics of low mass X-ray binaries (LMXBs)7
and cataclysmic variables (CVs)8 .
The recent analysis of 14-year averaged sky images of the Galactic plane (|b| < 17.5o )
led to the detection of 522 hard X-ray sources6 at significance S/N > 4.7σ, which is ∼30%
more compared to the previous 9-year survey3 with the same detection threshold. Among
134 newly added sources, authors identified 62 previously known X-ray emitters, including 17
known sources that experienced transient events last years. Other 72 (out of 134) sources are
newly detected hard X-ray ones, i.e. those sources whose detection is mainly determined by the
increased INTEGRAL survey sensitivity.
The peak sensitivity of the 14-year INTEGRAL survey is 2.2 × 10−12 erg s−1 cm−2 (∼0.15
mCrab in the 17-60 keV energy band) at a 4.7σ detection level. The survey covers ∼ 11400
squared degrees down to the flux limit of 1.3 × 10−11 erg s−1 cm−2 (∼0.93 mCrab) and ∼ 1300
squared degrees down to the flux limit of 3.8 × 10−12 erg s−1 cm−2 (∼0.26 mCrab). The
improvement in sensitivity with respect to the 9-year survey makes it possible to probe deeper
into the Galaxy. Fig. 1 shows a face-on schematic view of the Galaxy and the distances at which
we can detect a hard X-ray source of a given luminosity LX in the 17 − 60 keV band. One can
see that (i) we can now detect all sources with the luminosity LX > 2 × 1035 erg s−1 at the far
end of the Galaxy in the direction towards the Galactic Centre (GC), (ii) the distance range for
the luminosity LX > 1035 erg s−1 covers most of the Galactic stellar mass, and (iii) the Galactic
central bar is fully reachable at luminosities LX > 5 × 1034 erg s−1 (see details in Krivonos et
al.6 )

Figure 1 – Face-on view of the
Galaxy shown along with the
distance range at which an Xray source of a given luminosity
LX (or more) can be detected
according to the 17 − 60 keV
sensitivity of the 14-year INTEGRAL survey (solid lines),
compared to the 9-year GP survey (dotted lines). Red, orange and yellow contours correspond to LX = 2 × 1035 , 1035
and 5 × 1034 erg s−1 , respectively. The background image is
a sketch of the Galaxy adopted
from Churchwell et al.
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Survey of the Galactic plane above 100 keV

As it was shown above the IBIS/INTEGRAL telescope has demonstrated a great success in surveying of the hard X-ray sky at energies above 15 keV, especially in sky areas with a high surface
density of sources – near the Galactic plane and Galactic Center. While the best sensitivity of
this instrument is achievable at lower energies (typically ∼ 17 − 60 keV), the harder energy
band > 100 − 200 keV might be potentially interesting due to study of a possible appearance of
new mechanisms of the photons generation. The IBIS/INTEGRAL telescope is only instrument
which can build the sky maps at these energies30,25 and reconstruct spectra of sources. Fig. 2
shows the Galactic bulge and disk map in the 100 − 150 keV energy band in comparison with
the map acquiring in the softer 17 − 60 keV range.
A whole catalogue of detected sources includes 132 objects25 (Fig. 3). The statistical sample
detected on the time-averaged 100 − 150 keV map at a significance above 5σ contains 88 sources:
28 AGNs, 38 LMXBs, 10 HMXBs and 12 rotation-powered young X-ray pulsars. The catalogue
includes also 15 persistent sources, which were registered with the significance 4σ ≤ S/N < 5 in
hard X-rays, but at the same time were firmly detected (≥ 12σ) in the 17 − 60 keV energy band.
All sources from these two groups are known X-ray emitters, that means that the catalogue has
100% purity in respect to them. Additionally, 29 sources were found in different time intervals.
It is clearly seen that the sky at energies 100 − 150 keV is dominated by galactic sources
(60 out of 88). Compared to the INTEGRAL Galactic 9-year 17 − 60 keV survey3 , the number
of LMXBs and HMXBs drops by a factor of ∼ 3 and ∼ 8 correspondingly. Such a dramatic
difference is indeed expected as HMXBs have softer spectra than LMXBs. Indeed, the vast
majority of high mass X-ray binaries, seen by INTEGRAL, are magnetic neutron stars (NS),
accreting matter from their binary companions31,32 . The emergent spectra of these sources are
generated by a hot plasma, heated in an accretion column near the neutron star surface, and
usually demonstrate an exponential cutoff at high energies33,34 . In several cases a hard X-ray
component was found in spectra of HMXBs35,36,37 , that allows one to detect them above 100
keV in the persistent state.
An emission of low mass X-ray binaries is formed in the innermost regions of the accretion
flow around typically non-magnetic sources. Extensive studies of these sources show that they
demonstrate different spectral states 38,39 . Typically LMXBs have hard spectra (both black holes
and neutron stars) during low level of their mass accretion rate and soft spectra at high mass
accretion rates. The total number of LMXBs in INTEGRAL Galactic nine-year survey is mainly

Figure 2 – INTEGRAL/IBIS γ-ray (100 − 150 keV, upper panel) and hard X-ray (17 − 60 keV, bottom panel)
maps of the Galactic bulge and (partially) disk. The most brightest sources are indicated. The green contours are
isophotes of the 4.9 micron surface brightness of the Galaxy (COBE/DIRBE) revealing its bulge/disk structure.

Figure 3 – All-sky map showing three basic types of X-ray sources detected in the 100 − 150 keV survey: 64
LMXBs, 19 HMXBs and 35 AGNs, encoded by blue, red and yellow colors, respectively.

Table 1: Catalogue of hard X-ray sources detected by INTEGRAL in the 150 − 300 keV band
No.

Name

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Crab
NGC 2110
NGC 4151
NGC 4388
3C273
Cen A
PSR B1509-58
XTE J1550-564
4U 1630-47
GX 339-4
4U 1700-377
IGR J17091-3624
GX 354-0
1E 1740.7-294
Swift J174510.8-262411
IGR J17464-3213
SWIFT J1753.5-0127
GRS 1758-258
M 1812-12
GS 1826-24
GRS 1915+105
Cyg X-1
Cygnus A
Cyg X-3
3C 454.3

Ra
deg
83.63
88.05
182.63
186.45
187.28
201.36
228.48
237.76
248.52
255.71
255.98
257.29
262.99
265.98
266.30
266.56
268.37
270.30
273.78
277.37
288.80
299.59
299.87
308.11
343.49

Dec
deg
22.02
-7.46
39.41
12.66
2.05
-43.02
-59.14
-56.46
-47.39
-48.79
-37.84
-36.41
-33.83
-29.73
-26.40
-32.23
-1.45
-25.74
-12.09
-23.80
10.95
35.20
40.74
40.96
16.15

Flux150−300 keV
erg cm−2 s−1
657.7 ± 1.2
13.7 ± 2.3 (5.9)
17.9 ± 1.5
6.3 ± 1.1 (5.9)
15.7 ± 1.0
47.0 ± 2.0
13.3 ± 1.5 (8.8)
14.0 ± 1.3
7.7 ± 0.9 (8.4)
33.0 ± 0.9
10.6 ± 0.8
5.3 ± 0.8 (6.5)
4.7 ± 0.7 (6.6)
23.1 ± 0.7
14.3 ± 0.8
10.0 ± 0.7
63.4 ± 1.5
40.8 ± 0.7
8.6 ± 1.0 (8.7)
12.5 ± 0.9
32.9 ± 1.0
416.1 ± 1.1
7.2 ± 1.2 (6.2)
11.2 ± 1.1
15.9 ± 2.2 (7.2)

Type
PSR/PWN
AGN
AGN
AGN
AGN
AGN
PSR
LMXB
LMXB
LMXB
HMXB
LMXB
LMXB
LMXB
LMXB
LMXB
LMXB
LMXB
LMXB
LMXB
LMXB
HMXB
AGN
HMXB
AGN

provided by faint sources (i.e. sources with low level of mass accretion rate). It means that their
spectra are hard (harder than those of HMXBs) and thus we should expect that the ratio of
number of LMXBs in 17-60 keV and 100-150 keV should be smaller than that for HMXBs.
Another class of galactic sources detected above 100 keV are rotation-powered young X-ray
pulsars. They typically demonstrate hard power-law spectra with photon indexes of 1.5-2.0 at
energies above 20 keV. It is widely accepted that their hard X-ray emission is dominated by the
extended pulsar wind nebula (PWN) emitting synchrotron photons and Compton upscattering
of softer photons on relativistic electrons. The INTEGRAL 100 − 150 keV survey includes 13
PSRs, one of which – PSR 0540-69 – the pulsar and supernova remnant in the Large Magellanic
Cloud. Thus PSRs becomes a second dominant class of galactic hard X-ray sources (after
LMXBs) above 100 keV. This clearly demonstrates that a non-thermal emission mechanisms
start to play an important role at these energies.
Finally, we also investigated a sky map in the harder energy band 150−300 keV and found 25
significantly detected sources of a different nature25 : 7 AGNs (one Seyfert type 1, 4 Seyfert type 2
galaxies, 2 blazars at high redshifts), 13 LMXBs, 3 HMXBs (Cyg X-1, Cyg X-3 and 4U 1700-377),
and 2 rotation-powered pulsars (PSRs: Crab and PSR B1509-58). Among LMXBs and HMXBs
we identified 12 black hole candidates, the neutron star binary system 4U 1700-377 and three
X-ray bursters (GX 354-0, M 1812-12 and GS 1826-24). All these sources have been detected in
the 100 − 150 keV energy band as well and therefore present in the catalogue. Table 1 lists all
the sources detected in the 150 − 300 keV band with corresponding fluxes and source types.
4

The Galactic survey in

44 Ti

radioactive lines

An understanding of mechanisms of supernova (SN) explosions is the keystone of many branches
of the modern astrophysics, primarily the chemical and physical evolution of the Universe.
However, there is no way to observe directly physical processes during the first stages of the

Figure 4 – The map shows 1σ flux sensitivity in the 64.6–82.2 keV energy band ranging from 0.16 to 1.4 mCrab.
Two dashed green lines comprise geometrical area of the survey (|b| < 17.5◦ ).

explosion due to a very high opacity. The most promising solution of this problem is to measure
the amount of radioactive elements synthesised during the SN explosion and based on that to
verify the existing models 40 .
One of the best candidate to such an explosion tracer is radioactive isotope of titanium-44
44
( Ti). It has a lifetime of about 85 years 41 , that is long enough to guarantee the substantial
fraction of the synthesised titanium to remain active after the envelope become transparent. Such
a lifetime permits to associate the measured flux with a specific supernova remnant (SNR), thus
increasing chances to detect young (few hundred years) SNR. From the observational point of
view the signatures of titanium decay can be observed in broad range of energies – it produces
on average ∼0.17, ∼0.88, ∼0.95 and ∼1 photons per one decay in the lines at energies 4.1, 67.9,
78.4, and 1157 keV, respectively. The latter three lines are well inside of the working energy
range of the INTEGRAL observatory.
Until recently the SNR Cas A was the only confidently detected source of 44 Ti emission 42 .
Thanks to a significant exposure collected by the IBIS/INTEGRAL telescope, the emission in
44 Ti lines was discovered from SNR 1987A10 . Based on the deep INTEGRAL observations of the
GP we performed a systematic survey for 44 Ti sources to search for new and previously unknown
SNRs, serendipitous detections of which could provide us information about SN activity in the
Milky Way within the last few centuries. Note, that last similar survey in the MeV domain was
conducted by the COMPTEL experiment more than twenty years ago43 .
The new survey can improve our knowledge about a SN activity by the model independent
and systematic-free imaging at better angular resolution (120 ) in comparison to COMPTEL(∼1◦ ).
Moreover the peak sensitivity of our survey reached an unprecedented level of 4.8 × 10−6
ph cm−2 s−1 (3σ) that improves the sensitivity of the survey done by CGRO/COMPTEL by
a factor of ∼ 544 . Strictly speaking the source detection sensitivity of our 44 Ti survey is not
completely uniform over the Galactic Plane (Fig. 4) and achieved in the region of the Galactic
Center. To illustrate the improvement of sensitivity in the current survey in comparison to the
COMPTEL one, we constructed the age-distance diagram for several known SNRs assuming a
44 Ti yield of Y
−4 M (Fig. 5).
44 = 1 × 10
Even with the improved sensitivity we did not detect any other sources of titanium emission
in the Galactic Plane, excepting Cas A, at significance level higher than 5σ confirming previous
claims of the rarity of such 44 Ti-producing SNRs. The Cas A shows significant detection with
a flux F68 = (1.3 ± 0.3) × 10−5 ph cm−2 s−1 in agreement with most of previously published
measurements. This flux corresponds to (1.1 ± 0.3) × 10−4 M of 44 Ti that is at the upper
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Figure 5 – Age-distance diagram showing the capability
of 44 Ti emission detection
using the COMPTEL and
INTEGRAL/IBIS
surveys.
The red solid line and blue
dashed line show 1σ peak
sensitivity reached in the
INTEGRAL/IBIS
survey
(∼ 1.7 × 10−6 ph cm−2 s−1 )
and
COMPTEL
survey
(9 × 10−6 ph cm−2 s−1 ), correspondingly. A 44 Ti lifetime of
85.0 yr and a yield of 1 × 10−4
M were assumed.

SNR age (yr)

boundary of the theoretical predictions for core-collapse SNe 45 .
We put also strong upper limits on the detection of 44 Ti emission for all Galactic SNRs
reported in the catalog by 46 , including other historical SNRs: Vela Jr, Tycho (SN1572), Per
OB2 and G1.9+0.3. The obtained upper limits can be used to estimate the exposure times
needed to detect 44 Ti emission from any known SNR using existing and prospective X- and
gamma-ray telescopes. Moreover, more or less homogeneous coverage of the Galactic Plane
with INTEGRAL (see Fig. 4) permits to estimate an upper limit on the titanium emission from
any potentially interesting place in the Galaxy: starburst regions, high-absorption regions such
as the spiral arm tangents, and to revisit the issue about the main sources of Galactic 44 Ca44 .
5

Deep surveys of extragalactic fields

Deep X-ray surveys of extragalactic fields with focusing X-ray telescopes47 are essential for
studying the evolution of active galactic nuclei (AGN) and physical processes powering their
activity, but have a number of limitations. In particular, their small covered areas prevent
finding a sufficient number of bright objects, whereas the soft X-ray energy band (E < 10 keV)
used in most surveys introduces a strong bias against obscured (i.e. those with substantial
intrinsic absorption) AGN. These drawbacks was partially overcame with the IBIS/INTEGRAL
telescope, which was able to achieve a high sensitivity in extragalactic fields. In general, the
IBIS sensitivity grows nearly proportionally to the square root of exposure showing no significant
contribution of systematic noise and allowing to find sources at the tenths-of-mCrab flux level
with a low number of false detections. In combination with the IBIS large field of view, this
opens up a possibility to collect a significantly large sample of hard X-ray emitting AGN with
fluxes down to a few 10−12 erg s−1 cm−2 .
As it can be understand from previous Sections the observational program of INTEGRAL has
been mainly dedicated to Galactic source studies, whereas the high Galactic latitude sky has been
observed less intensively and very inhomogeneously. Nevertheless, on-going extragalactic surveys
carried out with IBIS expand significantly our knowledge about populations of extragalactic hard
X-ray sources 2,48,49,4,5 .
The deepest extragalactic fields, observed with INTEGRAL, are regions around M81 (exposure of 9.7 Ms), Large Magellanic Cloud (6.8 Ms) and 3C 273/Coma (9.3 Ms). Such exposures
allowed to reach a 4σ peak sensitivity of 0.18 mCrab (2.6×10−12 erg s−1 cm−2 ) in the 17-60
keV energy band in the current survey5 and to detect in total 147 sources in all three fields,
including 37 sources observed in hard X-rays for the first time.
Fig. 6 shows the mosaic images along with exposure contours for the three studied fields.

Figure 6 – Hard X-ray maps of the M81, LMC and 3C 273/Coma fields. Yellow circles denote new sources and
green circles already known ones. Some of the brightest sources are marked for easy navigation. a) M81 field.
The peak exposure 9.7 Ms, contours show exposures of 2, 4 and 8 Ms. b) LMC field. The peak exposure 6.8 Ms,
contours drawn at 2 and 4 Ms. c) 3C 273/Coma field. The peak exposure 9.3 Ms, contours drawn at 2, 4 and 8
Ms.

Figure 7 – Number–flux (17–
60 keV) relation for AGN. Blue
points represent the full AGN
sample, while the black solid
line shows the corresponding
best-fitting power law model.
The shaded area represents the
1σ error region for the confirmed AGN sample composed
of 80 non-blazar AGN. The
power-law fit for this sample is
shown by the gray dashed line.

It is important to note that the M81 and 3C 273/Coma fields do not show any systematic
noise, which suggests that the IBIS/INTEGRAL telescope can be used to perform even deeper
extragalactic surveys in the future.
The survey is dominated by extragalactic sources, mostly by active galactic nuclei (AGN).
The sample of identified sources contains 98 AGN (including 64 Seyfert galaxies, 7 LINERs,
3 XBONGs, 16 blazars and 8 AGN of unclear optical class), two galaxy clusters (Coma and
Abell 3266), 17 objects located in the Large and Small Magellanic Clouds (13 high- and 2
low-mass X-ray binaries and 2 pulsars), three Galactic cataclysmic variables, one ultraluminous
X-ray source (ULX, M82 X-1) and one blended source (SWIFT J1105.7+5854). The nature of
25 sources remains unknown, so that the surveys identification is currently complete at 83%.
The cumulative log N –log S distribution of non-blazar AGN (Fig. 7) is consistent with a
power law down to fluxes ' 3×10−12 erg s−1 cm−2 , which is deeper by a factor of two compared to
the previous (all-sky) measurement50 . The AGN number counts for the M81 and 3C 273/Coma
fields are consistent with each other, while the LMC field demonstrates a steeper number-flux
distribution (2σ deviation from the expected −3/2 slope) and a lack of bright AGN with flux
higher than 2×10−11 erg s−1 cm−2 .
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CHERENKOV TELESCOPE ARRAY STATUS REPORT
S. Mangano, on behalf of the CTA Consortium
CIEMAT - Centro de Investigaciones Energéticas, Medioambientales y Tecnológicas
Av. Complutense, 40, 28040 Madrid, Spain
The Cherenkov Telescope Array (CTA) will be the next generation of ground based gammaray telescopes allowing us to study very high energy phenomena in the Universe. CTA aims
to gain about a factor of ten in sensitivity compared to current experiments, extending the
accessible gamma-ray energy range from a few tens of GeV to some hundreds of TeV. This
increased gamma-ray source sensitivity, as well as the expected enhanced energy and spatial
resolution, will allow exciting new insights in some key science topics. Additionally, CTA
will provide a full sky-coverage by featuring the array located in two sites in the Northern
and Southern hemispheres. This paper will describe the status of CTA and highlight some
of CTA’s key science themes; namely the origin of relativistic cosmic particles, the study of
cosmological effects on gamma-ray propagation and the search for annihilating dark matter
particles.

1

Gamma-ray Astronomy with Cherenkov Telescope Array

Gamma-ray astronomy is an exciting research field to study the very high energy phenomena in
the Universe. The very energetic processes are opposed to thermal emission processes that originates from the random movements of particles with a given temperature. Many astrophysical
objects exist that emit a significant fraction of non-thermal energy and many of them are the
most explosive phenomena in the Universe, like Gamma Ray Burst (GRB) and Active Galactic
Nuclei (AGN).
The ground based observation of the most energetic phenomena in astrophysical objects
through high energy gamma-rays is a young field. The first discovery of an astrophysical object
(Crab Nebula) at teraelectronvolt (TeV) energies 1 was achieved by the Whipple Observatory
in Arizona in 1989. Since then, over 160 sources were detected demonstrating impressively the
huge physics potential of this field and the maturity of the detection technique. However, it also
became apparent that the performance of current instruments is not sufficient to exploit the rich
physics potential. The answer of the high energy astronomy community to the need of a more
sensitive and more flexible observatory is the Cherenkov Telescope Array (CTA) 2 .
CTA is designed to achieve an order of magnitude improvement in sensitivity in the energy
range from ∼ 80 GeV to ∼ 50 TeV compared to currently operating instruments like VERITAS 3 ,
MAGIC 4 and H.E.S.S. 5 . These current telescope arrays host up to five individual telescopes,
whereas CTA is expected to detect gamma-rays over a larger area with about 100 telescopes
in the Southern hemisphere and about 20 telescopes in the Northern hemisphere. CTA is also
expected to have a much wider energy range coverage, a larger field of view, and a greatly
improved energy and angular resolutions 6 . These possible improvements will allow exciting new
insights in key areas of astronomy, astrophysics and fundamental physics.
Due to the expected higher sensitivity the CTA observatory will detect more than one thousand sources allowing for population studies of source classes like AGN. Thanks to an improved

angular resolution CTA will be able to perform very detailed morphological studies of extended
sources. As a result of a wider energy range coverage and improved energy resolution CTA
will help to do spectral studies of unprecedented accuracy, giving stringent information about
the acceleration mechanism. Finally, owing to the large number of individual telescopes in the
arrays, the observatory can operate with different pointing directions for different subsystems.
For example some telescopes point to a distant galaxy and at the same time some other group
of telescopes observe a Galactic source.
CTA will be the first open very high energy observatory, providing data products to the
scientific community after some limited proprietary period. CTA aims moreover to play a
key role in multi-wavelength and multi-messenger astronomy with tight collaborations between
the different gravitational wave, neutrino, cosmic-ray, space and ground based electromagnetic
telescope communities.
The CTA consortium is presently composed of 1350 members working in 210 institutes from
32 countries. These group of institutions are responsible for directing the science goals of the
observatory and the array production.
2

Imaging Atmospheric Cherenkov Technique

Gamma-rays interact with the Earths atmosphere and cannot be directly detected on the terrestrial surface. Gamma-rays are therefore either directly observed from space using detectors on
satellites or indirectly from ground by detecting the electromagnetic showers that are generated
by gamma-rays interacting with the Earth atmosphere.
The typical astrophysical sources have a gamma-ray flux which is dN/dE ≈ E −2 . Therefore, the gamma-ray detection area has to be increased with gamma-ray energy to compensate
for the fast power law decrease of the gamma-ray flux with increasing energy. Due to the low
flux of gamma-rays above 100 GeV, detectors for such energies require a large detection area,
ruling out space-based detectors with detection area of typical size of about 1 m2 . These satellite telescopes cannot collect a statistically significant number of such high energy gamma-rays
events in an reasonable amount of time. The gamma-ray satellite telescopes like INTEGRAL 7,8 ,
COMPTEL 9 , Agile 10 and Fermi 11 are sensitive to energies of few tens of keV up to few hundreds
of GeV. At higher energies two types of ground based gamma-ray instruments with different detection techniques exist. The first type of instruments observes the Cherenkov radiation that
is produced by ultra-relativistic particles in an electromagnetic shower. Such instruments are
called imaging atmospheric Cherenkov telescopes. The second type of instruments observes the
particles of the electromagnetic shower when they reach the ground level, like the HAWC 12,13
detector.
The aim of the imaging atmospheric Cherenkov telescopes is to take an image of the
Cherenkov light produced in the Earth’s atmosphere as presented schematically in figure 1.
When a very high energy gamma-ray interacts with an atmospheric nucleus usually produces
an electron-positron pair. The electron-positron pair in turn can interact with the atmosphere
and generate a cascade of particles (usually called electromagnetic shower) which are mostly
electrons and positrons of lower energy. The shower develop down in the atmosphere following
certain general geometric properties. The shower typically measure several kilometers and have
a width of some hundreds of meters. Some of the shower particles travel at ultra-relativistic
speed and emit Cherenkov light. This Cherenkov light propagates nearly unattenuated to the
ground producing a faint pool of Cherenkov light of about 120 m in radius with a duration of a
few nanoseconds. The effective detection area is at least the size of the pool of Cherenkov light
on the ground, which is of the order of 105 m2 . The optical mirrors of the telescopes reflect the
collected Cherenkov light into the focal plane where a fast camera records the shower image.
The image in the camera represents the electromagnetic shower and is used to identify the
primary cosmic gamma-ray. However, Cherenkov light is not only produced by gamma-rays

Figure 1 – Schematic drawing of the imaging atmospheric Cherenkov technique. The first interaction of a very
high energy gamma-ray with an atmospheric nucleus usually produces and electron-positron pair which in turn
generates a cascade of particles, mostly electrons and positrons. The charged cascade particles emit Cherenkov
light. A telescope located within the Cherenkov light pool can record an image of the primary gamma-ray. The
simultaneous observation of a cascade with several telescopes (usually called spectroscopy) under different viewing
angles increases substantially angular 14 and energy resolution.

but also by hadronic cosmic rays. The shape, intensity and orientation of the image provides
information about the primary particle type, energy and direction of the propagation. The
elliptical shape of the gamma-ray image and the direction is the main feature to discriminate
them against the overwhelming hadronic cosmic ray background which produce wider and more
irregular images.
3

Reconstruction Methods

Reconstruction methods are used to separate the cosmic gamma-ray showers from the overwhelming hadronic cosmic ray showers. This separation is crucial for Cherenkov telescopes and
is based on the different image pattern.
The current methods used to separate signal and background in Cherenkov telescopes arrays
are largely based on two approaches. The first approach uses the combination of an extended
Hillas parameterization 15 of the detected shower images with multivariate classification methods,
like random forest 16 . The second approach fits the image to the result of a fast simulation under
the hypothesis that the image is an electromagnetic shower 17,18 . Although quite successful,
both methods have some potential drawbacks. For the first one, the chosen parameters are not
necessarily the best ones to deal with the signal and background separation problem, whereas
for the second one the method is computationally very expensive.
Other approaches are currently under investigation, one of them is to study a deep network 19
to deal with the signal and background separation problem, and related problems, like energy
and arrival direction reconstruction. On one hand deep network work by constructing an optimal
and compact representation of the shower image that can be used to perform classifications. On

the other hand deep networks work also as a reconstruction of the image under the assumption
it belongs to the class of the image. Therefore deep networks seem ideal to merge the two
approaches currently used with a computational cost during usage of the network close to the
Hillas parameterization approach.
Currently machine learning techniques using TensorFlow 20 are developed consisting of an
image processing algorithm that can separate gamma-ray events from hadron events exploiting
the full image recorded by the Cherenkov telescope on a pixel-wise information. A better
classification of the images with respect existing methods could represent a major step forward
in the field of observational gamma-ray astronomy. Parallel to the the use of novel high level
reconstruction strategies, the development of new hardware which is presented in section 5, can
boost the scientific performance.

4

Objective of Future CTA Project

The present Cherenkov telescope arrays have achieved very exciting results. These instruments
are sensitive in an energy range range of ∼ 80 GeV to ∼ 50 TeV, have a typical field of view of
3 degree to 5 degree, their angular resolution is about 0.05 degrees above 1 TeV and the energy
resolution is about 10% well above the threshold. Nevertheless the future CTA projects should
improve the performance of the existing instruments.
For example, no gamma-ray source has so far been detected by present telescopes in the
energy domain above 100 TeV. Extending the observation in the ultra-high energy domain will
allow to understand the acceleration mechanism in galactic objects and help to discriminate
between hadronic and leptonic models 21 . On the other side of the energy spectra, lowering
the energy threshold will be extremely important for the observation of distant extragalactic
sources because the gamma-ray flux at higher energies is attenuated by the interaction with the
extragalactic background light. In addition, a wide field of view combined with arc minutes
angular resolution will allow efficient surveys and the study of extended sources.
The main objective of the future CTA project is to allow very high energy gamma-ray
astronomy to transit from source discovery to detailed source investigation. To reach this goal
CTA will be an observatory aiming to:
• Extend the energy range from about 20 GeV to about 300 TeV, providing to detect high
redshifts objects and extreme accelerators.
• Increase the sensitivity by an order of magnitude at 1 TeV, providing the possibility to
detect many new sources.
• Improve angular resolution down to few arc minutes, increasing rejection of hadronic background and improving the sensitivity.
• Improve energy resolution, facilitating spectral studies to constrain acceleration mechanism.
• Widen the telescope field of view, improving surveying capabilities and facilitate the study
of extended sources.
• Increase the detection area and therefore photon rate, providing access to observe fast
transient phenomena.
• Provide the access to the full sky.

Figure 2 – Artistic view (not to scale) of a possible layout of the CTA southern array consisting of three types of
telescopes distributed over several square kilometers.

5

CTA Concept with Mixed Size Telescopes

The CTA concept is artistically presented in figure 2 for a possible layout configuration. To
optimize cost rather than to put one type of a given size Cherenkov telescope on a regular
distance, the CTA concept consists in to use a mixed size telescope approach. During the design
phase the mixed size telescope approach has been optimized under the constraints given by cost
limits and scientific requirements.
CTA will be build with three different size of telescopes to cover the full energy range in a
cost effective way. The large sized telescopes (LSTs) are optimized for energies from the lowest
threshold to a few 100 GeV, the medium sized telescopes (MSTs) for the medium energy range
from about 100 GeV to about 10 TeV, and the small sized telescopes (SSTs) for the highest
energy range above a few TeV. A schematic view of the sizes of the different telescope types can
be appreciated in figure 3.
In order to record a clean image of a gamma-ray shower, a fast sampling of the signal is
required for all telescopes. The signal integration time has to be as short as the Cherenkov light
flash duration which is of the order of a few nanoseconds. All telescopes have in the focal-plane
a camera, which use different numbers of very sensitive sensors for the detection of Cherenkov
light. The camera contains the readout electronics and it is connected to the data acquisition
system by Ethernet optical fibers.
5.1

Large Size Telescope

The LSTs are the largest CTA telescopes, and are optimized to detect the lowest energy gammarays. Since event rates are high and systematic effect of the background limit the achievable
sensitivity the detection area of these telescopes can be relatively small. The low energies gammarays are efficiently detected by four closely placed LSTs, with a mirror 22 diameter of about 23 m
and a focal length of 28 m. Such large mirrors are needed to collect as many Cherenkov photons
as possible from the low energy showers. In order to discriminate the faint flashes produced by
the lowest energy gamma-rays from the light of the night sky the LST camera 23 is the fastest
and most sensitive one in CTA. The LST will be supplied by a 1855 pixels camera with about

Figure 3 – Schematic view of three different sized telescopes optimized for three different energy ranges. On the
left three different small size telescopes are shown: the first two are based on the Schwarzschild-Couder reflectors
and the next one is based on the Davis-Cotton optical design. The primary mirrors have a diameter of about
4 m. In the middle a medium size telescope with a 12 m diameter Davis-Cotton mirror is depicted. Finally, on
the right the design of the large size telescope with a parabolic dish of 23 m diameter is presented.

4 degree full filed of view. The large mirror area together with up to 40% quantum efficiency of
the photomultipliers (PMTs) in the focal-plane camera and sophisticated trigger 24 and readout
logic 25 provides LSTs to detect gamma-rays down to 20 GeV. This low energy range is extremely
relevant because it allows the detection of the extragalactic gamma-ray sources like AGNs and
of the sources with a limited acceleration power like pulsars.
In addition, the LST should also allow the discovery of gamma-ray emission in GRBs. These
telescopes require therefore a short repointing time to allow quick follow-ups of GRB alerts.
The LSTs should be able to reposition to any direction in the sky in less than 20 seconds after
receiving an alert from a GRB monitor. In order to achieve a large size and light weight, the
telescope structure is made of carbon fiber 26 according to the approach followed by the MAGIC
collaboration.
An artistic impression of the LST in comparison to the other telescopes is given in figure 3.
The cost of each LST is about eight million euros and the first one will be also a prototype
which will most probably be tested during 2018.
5.2

Medium Size Telescope

The energy range of about 100 GeV to about 10 TeV is covered by an array of MSTs with spacing
of about 100 m. The shower detection and reconstruction in this energy range is based mostly
on the experience of H.E.S.S. and VERITAS collaborations. The MST has a mirror diameter
of about 12 m and a focal length of 16 m with a field of view of about 8 degrees 27 . Improved
sensitivity compared to current facilities will be obtained mainly due to increased area covered
by the array and by the larger number of telescopes reconstructing a shower. The prototype
MST shown in figure 4d is a modified Davies-Cotton telescope with a PMT-based camera. Two
variants of signal readout are envisaged for the camera, the first one is the NectarCam 28 and
the second one is the FlashCam 29 . The NectarCam is a 1855 pixel camera sampling pulses with

Figure 4 – Photos of existing prototypes for the small size telescope (SST) and the medium size telescope (MST).
Figure (a) shows the SST-2M GCT prototype in Paris and figure (b) the SST-2M ASTRI prototype in Sicily.
Figure (c) presents the SST-1M prototype in Krakow and figure (d) the MST prototype in Berlin.

a nominal frequency of 1 GHz using ASICs 30 . The FlashCam is a 1764 pixel camera sampling
signals with Flash-ADCs at a rate of 250 MHz and digital trigger. In addition an alternative
design is being developed, consisting on a dual-reflector Schwarzschild-Couder configuration
and silicon sensor camera comprising of 11328 pixels 31 . This design should have an improved
performance, but is more technically challenging than the existing prototype MST.
5.3

Small Size Telescope

The high energy range with showers with energy above 10 TeV are detected by an array of
SSTs. The main limitation for the detection of high energy showers is the number of gamma-ray
showers per time and area. Consequently, the array needs to cover an area of several square
kilometers to achieve a large statistic of high gamma-ray showers. At highest energies the light
yield of a shower is large, so that showers can be detected even by small mirrors. Three different
projects for the SSTs have been developed: two dual reflector solutions on the SchwarzschildCouder optical system (SST-2M ASTRI 32,33 and SST-2M GCT 34,35 ) and one based on single
reflector on the Davis-Cotton optical design (SST-1M 36 ). These three prototypes are presented
in figure 4a, figure 4b and figure 4c. The primary mirrors have a diameter of about 4 m and
the field of view is about 9 degrees. The telescope ASTRI and SST-1M will be equipped with a
silicon sensor camera 37 , whereas the GCT camera 38 can use either PMTs or silicon sensors.
6

Full Sky-coverage and Possible Array Layouts

Access to the full sky is important as many of the objects to be studied by CTA are rare. In
order to have a full sky-coverage, the CTA observatory will provide two arrays, with sites in
both hemispheres.
The Northern hemisphere array will have an area of of radius 0.4 km and will be optimized in

Figure 5 – Left: Possible layout of telescope array in the Southern hemisphere. The southern array contains
around 100 telescopes and will cover the full energy range from ∼20 GeV to ∼300 TeV. A southern array gives
the opportunity to study the galactic sources and the southern extragalactic objects. Right: Possible layout of
telescope array in the Northern hemisphere. This array will be mainly dedicated to northern extragalactic objects
and covers a smaller detection area than the southern array.

the energy ranges from ∼20 GeV to ∼20 TeV. This array is mainly dedicated to the observation
of the northern extragalactic objects. Note that the absorption of high gamma-rays due to
extragalactic background light can be large for extragalactic source so that no gamma-rays above
few TeVs are expected. The Southern hemisphere array with an area of radius 1.5 km will span
the entire energy range, covering energies from ∼20 GeV to ∼300 TeV. A possible design for the
southern site is presented in figure 2. The southern array will give the opportunity to observe
the galactic sources, in particular the Galactic Center, and the southern extragalactic objects.
The plan for the southern site is to host the three sizes of telescopes to cover the full energy
rang, whereas the northern site will most probably be equipped with only LSTs and MSTs. The
Northern observatory will be made up of a 19-dish array (4 LSTs and 15 MSTs) and a 99-dish
array (4 LSTs, 25 MSTs and 70 SSTs) distributed over several square kilometers will be placed
in the Southern observatory. The possible layout of the two CTA arrays are shown in figure 5.
The expected lifetime of the observatory is about 30 years.
7

Expected Performance of CTA

The expected performance of CTA has been derived through extensive Monte Carlo simulations
taking into account many different possible array layouts 6 . The expected derived results are
produced by the so-called prod 2 version of the Monte Carlo simulations and up to date results
can be found in the following website 43 .
The contribution of the full array together with the different types of telescopes to the
sensitivity for point sources is presented in the figure 6 left. The improvements in sensitivity and
the wider energy range with respect to current instruments are clearly visible. The sensitivity is
computed requiring 5 σ detection in 50 hours of observation time with at least 10 gamma-rays,
reaching a sensitivity of a few milli Crab (1 Crab Unit = 2.79·10−7 m−2 s−1 TeV−1 ×(E/TeV)−2.57 ).
The cross-over in sensitivity between LSTs and MSTs is seen at about 250 GeV and that between
MSTs and SSTs is at about 4 TeV. At these cross-over points, the combined sensitivity is almost
a factor of two better than that of the individual components. For low energies, the rejection
of hadronic showers is poor and the background dominates the signal. For high energies, the
backgrounds are at a very low level and the point source sensitivity is only signal limited, due
to the low rate of signal events.
The expected point source differential sensitivity for both southern and northern arrays for

Figure 6 – Left: Point source sensitivity for the full array layout (black line, filled squares). The full array
sensitivity is compared to that of the different telescope types: 4 LSTs (red line, filled circles), 25 MSTs (green
line, filled triangles), and 75 SSTs (blue line, upside down triangles). For comparison the current instruments
sensitivity for the same observation time is shown (black line). Note that evolution of the sensitivity is expected
as analysis algorithms improve and the final layout is fixed. Right: Point source differential flux sensitivity for
CTA southern array (black solid line) and CTA northern array (blue dotted line). For comparison H.E.S.S. 18 ,
VERITAS 39 and MAGIC 40 sensitivities for the same observation time are shown. Also presented is the HAWC
sensitivity 41 for an observation time of one year and five years, together with 10 years Fermi-LAT 42 sensitivity
with two different levels of diffuse gamma-ray background radiation.

an observation time of 50 hours is compared in figure 6 right. Also shown are the sensitivities of
MAGIC, VERITAS and H.E.S.S. for the same observation time. HAWC sensitivities are shown
for an observation time of one year and five years, together with ten years Fermi-LAT sensitivity.
The presented sensitivities give only an indicative comparison of the sensitivity of the different
instruments, as the method of calculation and the criteria applied are different. The sensitivity
of CTA southern array will be better than that of the northern side due to the higher number of
telescopes and larger detection area. At energies above few TeVs the sensitivity of the southern
array is increased due to inclusion of the SSTs. Nevertheless both arrays will outperform all
existing detectors over the full energy range from about 50 GeV to about 100 TeV.
At the lowest energies and for steady sources, CTA will be worse than the Fermi-LAT
sensitivity 44 , due to that Fermi-LAT has a much higher background rejection. However, for
short-time phenomena, such as gamma-ray bursts or AGN flare, CTA will be several orders of
magnitude more sensitive than Fermi-LAT even at lower energies, due to the larger effective
detection area of CTA compared to Fermi-LAT. It is expected that CTA will be an ideal tool
for transient phenomena, probing sub-minute-timescale variability.
In present arrays with at most five telescopes spaced by about 100 m, most of the detected
showers have impact points outside the footprint of the array. The consequence is that the
showers are detected usually by only one or two telescopes giving a modest angular resolution.
This resolution can be improved by selecting showers with larger number of telescopes. By
increasing the number of telescopes over a larger areas than the size of the Chrenkov light pool
the showers are contained inside the telescope array. By selecting gamma-ray showers detected
simultaneously by many of the telescopes, CTA can reach angular resolutions of better than
0.05 degrees for energies above ∼1 TeV as seen in figure 7 left. Note however that for this figure
the result is not optimized to provide best angular resolution, but rather best point source
sensitivity. Therefore higher resolution is possible at the expense of some detection area.
Figure 7 right shows the energy resolution defined as the half width of the ±34 % interval
around the most probable reconstructed energy, divided by the most probable reconstructed
energy. The presented expected performance are based on the combination of Hillas parameterization and multivariate classification methods. Some improvement is expected with the use of
more sophisticated techniques fully exploiting pixel-wise information as mentioned in section 3.

Figure 7 – Left: Angular resolution (68% containment radius of the gamma-ray point spread function) as a
function of the reconstructed energy for the CTA southern array. Right: Energy resolution ∆(E)/E of the CTA
southern array as a function of reconstructed energy. Note that both presented results are not optimized to
provide best resolutions, but rather best point source sensitivity.
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Science Themes

CTA will explore questions in physics of fundamental importance, with considerable potential
for major discoveries in astrophysics. Some selected science themes of the CTA observatory are:
1. Understand the origin of relativistic cosmic particles.
2. Understand the role of the relativistic particles play in the evolution of star forming systems
and galaxies.
3. Probe extreme environments such as neutron stars, black holes as well as cosmic voids.
4. Explore frontiers in physics such as the nature of dark matter.
The science themes of the CTA array are described in detail in the “Science with CTA”
document 46 , which is about to be published. There is a plethora of CTA science and only
some selected results have been shown during the presentation, like the study of galactic and
extragalactic acceleration mechanism as well as the observation of the long and short time
variable phenomena. Figure 8 left shows the expected spectra for different emission scenarios
simulated for a typical galactic source 47 . The curves show a clear discrepancy detected at
high energies according to different gamma-ray emission. The ambiguity between leptonic and
hadronic processes can be nearly completed resolved at gamma-ray energies around 100 TeV.
This is due to the Klein-Nishina effect, where leptonic emission is highly suppressed at energies
above few tens of TeV.
In addition, CTA is perfectly suited to study cosmological effects on gamma-ray propagation.
Results of different studies to probe extragalactic background light, intergalactic magnetic field,
axions and Lorentz invariance violation have been presented 46 . The main point is that by
studying several sources at different distances, one can better disentangle intrinsic properties
from photon propagation properties.
Finally, many theories predict that dark matter particles could annihilate each other and
emit gamma-rays that CTA should detect and expected sensitivities from such indirect dark
matter searches have been presented. The indirect search method looks for gamma-ray emission
in astrophysical regions with a high dark matter density. The balance between the strength of
expected dark matter annihilation signal, its uncertainty, and the strength of the astrophysical

Figure 8 – Left: Comparison of the spectral energy distribution from different gamma-ray emission. The black
squares are the total of the fluxes for a leptonic and hadronic emission. The solid line shows the input spectra
of gamma-ray simulation. The dotted line is for the case when the emission is purely leptonic. Right: The
annihilation cross section hσvi as a function of dark matter mass. The measured cross section sensitivities of
H.E.S.S. 45 (pink) and Fermi-LAT (blue) are compared to the CTA expected sensitivities curves for Galactic
Halo (black), dwarf galaxy Sculptor (red) and Large Magellanic Cloud (green) using 500 hours of observation.
The predicted curves have been calculated using the Navarro-Frenk-White dark matter profile and W+ W−
annihilation modes. One can see that, CTA will reach the expected gamma-ray emission from annihilation of
dark matter particles with masses from a few 100 GeV to few TeV, provided that their annihilation cross section
corresponds to the thermal relic density value.

backgrounds drives the astrophysical region selection. Figure 8 right shows the annihilation
cross section hσvi as a function of dark matter mass 48 . The capability to discover a thermal
weakly interacting massive particle, with the annihilation cross section hσvi = 3 × 10−26 cm3 s−1
is within reach with a deep exposure of the Galactic Halo with 500 hours.

9

Conclusion

The achievements of the very high energy phenomena in the Universe over the last three decades,
fully justify the further exploration of the sky at these energies. The answer of the very high energy astronomy community is the Cherenkov Telescope Array, a next generation, more sensitive
and more flexible facility. CTA, with a sensitivity increase of a factor about ten with respect to
current telescopes, will reveal thousands of very high energy gamma-ray sources. One of the key
features of CTA will be to extend the energy range from a few tens of GeV to above 100 TeV.
The construction of the first telescopes has already started and working prototypes for small
and medium size telescopes exist. CTA will operate as open astronomical observatories with
exciting science in both hemisphere.
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G. Pühlhofer et al (CTA Consortium), PoS (ICRC2015) 1039 (arXiv:1509.02434).
D. Gascon et al (CTA Consortium), JINST 11 (2016) 11017 (arXiv:1611.09713).
A. N. Otte et al (CTA Consortium), PoS (ICRC2015) 1023 (arXiv:1509.02345).
C. Bigongiari et al (CTA Consortium), Rio de Janeiro (ICRC2013) 0564 (arXiv:1307.5006).
G. Pareschi et al (CTA Consortium), Proc.SPIE Int.Soc.Opt.Eng. 9906 (2016) 99065T.
J-L. Dournaux et al (CTA Consortium), PoS (ICRC2015) 946 (arXiv:1508.06415).
J-L. Dournaux et al (CTA Consortium), Proc.SPIE Int.Soc.Opt.Eng. 9908 (2016) 990848.
J. Niemiec et al (CTA Consortium), PoS (ICRC2015) 962 (arXiv:1509.01824).
M. Heller et al, Eur. Phys. J. C 77 (2017) 47 (arXiv:1607.03412).
A. M. Brown et al (CTA Consortium), Proc.SPIE Int.Soc.Opt.Eng. 9906 (2016) 99065K
(arXiv:1608.03420).
VERITAS website: http://veritas.sao.arizona.edu/about-veritas-mainmenu-81/veritasspecifications-mainmenu-111.
J. Aleksi et al (MAGIC Consortium), Astroparticle Physics 72 (2016) 76-94.
A.U. Abeysekara et al (HAWC Consortium), arXiv:1701.01778, submitted to ApJ.
Fermi website: http://www.slac.stanford.edu/exp/glast/groups/canda/lat Performance.htm.
CTA performance website: https://www.cta-observatory.org/science/cta-performance/.
S. Funk and J. Hinton, Astroparticle Physics 43 (2013) 348-355.
H. Abdallah, Phys. Rev. Lett. 117 (2016) 111301.
CTA Consortium author list (CTA Consortium), Science with CTA, to be published.
F. Acero et al (CTA Consortium), Astrophysical Journal, 840, (2017) 74-88.
J. Carr et al (CTA Consortium), PoS (ICRC2015) 1203 (arXiv:1508.06128).

Constraining deviations from Lorentz invariance from atmospheric showers
initiated by multi-TeV photons

P. S. Satunin
Institute for Nuclear Research of the Russian Academy of Sciences,

60th October Anniversary Prospect, 7a, 117312 Moscow, Russia

The effect of hypothetical violation of Lorentz invariance at high energies could be influence
on the formation of atmospheric showers by very-high-energy gamma rays. In the scenario
where Lorentz invariance violation leads to a decrease of the photon velocity with energy the
formation of the showers is suppressed compared to the Lorentz invariant case. We set lower
bounds on the mass scale of Lorentz invariance violation from the absence of such suppression
in the high-energy part of spectrum of the Crab nebula measured independently by HEGRA
and H.E.S.S. collaborations. We estimate the capability of the Cherenkov Telescope Array
(CTA) and future extensive air shower arrays in improving these bounds. This proceeding is
a shortened version of the paper JCAP 1705 (2017) no.05, 049

1

Introduction

Lorentz Invariance (LI for short) is one of the cornerstones of modern physics. At present
LI has been tested to very high precision. However, possible deviations from LI at very-high
energies may be considered, motivated by some approaches to quantum gravity (see reviews 1,2,3
and references therein). One of the branches of physics, sensitive to this type of LV, is veryhigh energy gamma-ray astronomy. Hypothetical LV may strongly influence on the processes of
creation, propagation and detection of very high energy (multi-TeV) photons.
The key consequence of LV is the change in particles’ dispersion relations 4 . This has two
potential implications for VHE gamma rays. First, the dependence of the photon propagation
velocity on energy induces delays in the arrival time of photons with different energies that can
be constrained by timing observations of variable distant sources. Second, it modifies the rates
of particle reactions. We review main existing bounds on the mass scale of LV and set a novel
bound came from non-suppression of shower formation induced from TeV gamma-rays 5 .

2

Existing constraints on Lorentz violation

The generic effect of LV is the modification of particles’ dispersion relations. Assuming spatial
isotropy in the preferred frame, particle energy E depends only on the absolute value of momentum p in that frame. At momenta smaller than the LV scale MLV it can be expanded in powers
of p. Focusing on the QED sector and keeping up to quartic terms, one writes the dispersion
relations for photons and electrons/positrons:
Eγ2 = p2γ ±

p4γ
,
2
MLV,γ

Ee2 = m2e + p2e (1 + δe ) ±

p4e
,
2
MLV,e

(1)

Note that, without loss of generality, we have set the quadratic correction to the photon dispersion relation to zero, so that the low-energy velocity of photons is normalized to one; this can
be always achieved by an appropriate rescaling of the space- or time-coordinatesa . We have not
included cubic terms in (1). Within the effective field theory framework, such terms would arise
from CP T -odd contributions in the Lagrangian which we do not consider here.
Now we review the constraints on parameters δe , MLV,γ and MLV,e .
A. Constraints on LV in electrons. Let us first discuss existing constraints on LV in
electron sector. The parameter δe affects the physics at low energies and can be constrained
using terrestrial experiments. The analysis of radiation losses by the electron and positron beams
at LEP gives
|δe | < 2 × 10−15 .
(2)
The constraints on MLV,e come from the observation of the Crab nebula spectrum in the
energy range up to 0.1 GeV. Assumed synchrotron-self-Compton model of Crab requires the
presence of electrons with energies up to Emax,e ∼ 103 TeV in the plasma inside the nebula.
They produce synchrotron radiation that corresponds to the low-energy hump of the spectrum.
Possible LV in electrons would modify the intensity of the synchrotron radiation and hence
change the Crab spectrum. This leads to the following bound 7 ,
MLV,e > 2 × 1016 GeV.

(3)

This analysis is insensitive to LV in photons as the energy of the synchrotron radiation (up to
0.1 GeV) is much smaller than the energy of electrons.
B. Photon timing constraints. A quartic correction in the dependence of photon energy on
momentum implies the dependence of photon velocity on energy. Depending on the sign of the
correction, high-energy photons from fast flares in distant sources would arrive earlier or later
than low-energy ones. The time of flight analysis has been performed for active galactic nuclei
(AGN) 8 , gamma-ray bursts (GRB) 9 . Absence of statistically significant time-lags between
photons with different energies yields,
AGN 8 :
GRB 9

:

MLV,γ > 6.4 × 1010 GeV,

(4)

1011 GeV.

(5)

MLV,γ > 1.3 ×

The time of flight bounds have the advantage of directly constraining the photon dispersion
relation, independently of the effects of LV on the interactions. However, they are sensitive to
the model of the source flare that contributes the largest uncertainty in the analysis. Stronger
bounds on MLV,γ are obtained by considering the physical processes affecting the propagation
and detection of VHE photons. The relevant processes differ depending on the sign before the
quartic term in (1). We will refer to these cases as “superluminal” (sign plus) and “subluminal”
(sign minus) respectively.
a
We do not consider in this paper loop corrections to the dispersion relations that can induce a logarithmic
running of the coefficients in (1) with momentum, see 6 .

C. Photon decay to e+ e− pair. In the superluminal case a high-energy photons can decay
into e+ e− pairs in the vacuum. This process occurs only if the photon energy exceeds a certain
threshold that can be found as follows. The quartic contribution to the dispersion relation can
be thought of as an effective momentum-dependent “photon mass”,
m2γ,ef f (pγ ) ≡ Eγ2 − p2γ =

p4γ
.
2
MLV,γ

(6)

It characterizes the amount of energy that can be transferred from the photon to the decay
products. The process γ → e+ e− becomes allowed once mγ,ef f exceeds 2me . The pair is
created with approximately equal momenta — half of the initial photon momentum. Above
the threshold the decay is very rapid and leads to a sharp cutoff in photon spectrum of all
astrophysical sources: no high-energy photons can reach the Earth from astronomical distances.
Thus, an observation of gamma rays of astrophysical origin with an energy Eγ gives the bound,
MLV,γ >

Eγ2
.
2me

(7)

The recent analysis 10 using the highest-energy photons observed from the Crab nebula sets the
constraint,
MLV,γ > 2.8 × 1012 GeV.
(8)
D. Modification of pair production on background photons. Standard LI physics predicts that a VHE photon interacts with extragalactic background light (EBL) producing an
e+ e− pair, γγb → e+ e− , where γ is the VHE photon and γb is a photon from the background.
For sources within the Milky Way this process is irrelevant.
Subluminal LV in photons shifts the threshold of pair production upward. This leads to
higher predictions for the VHE photon flux from extragalactic sources than in the LI case. Nondetection of large fluxes constrains LV. Ref. 11 uses the data on the Mrk 501 flare in 1997 12 to
establish a bound on the cubic correction to the photon dispersion relation. Translating it into
the bound on the quartic term one obtains,
MLV,γ > 3 × 1011 GeV

(9)

Recent analysis of the VHE part of the spectrum of Mrk 501 during the 2014 flare leads to a
stronger limit 13 :
MLV,γ > 7.5 × 1011 GeV
(10)
at 95% confidence level (CL). It is worth noting that these bounds rely on the assumption that
the observed cutoff in the Mrk 501 spectrum is not intrinsic to the source, but is fully accounted
for by absorption on EBL. Besides, they require modeling of the EBL spectrum.
3

Effect of Lorentz violation on atmospheric showers

The bounds on MLV,γ reviewed in the previous section have been derived under the assumption
of standard interaction of high-energy photons with the Earth’ atmosphere. We now discuss
the validity of this assumption and obtain new constraints by considering the effect of LV on
photon-induced atmospheric showers.
3.1

Suppression of the Bethe-Heitler process

A primary photon interacts with the atmosphere mainly through the Bethe – Heitler process —
pair production in the Coulomb field of an atomic nucleus in the air. The standard LI result for

the cross section of this process reads,
σBH =

183
28Z 2 α3 
1
log
,
−
9m2e
Z 1/3 42

(11)

where α is the fine structure constant and Z is the charge of the nucleus; for scattering on nitrogen
(Z = 7) this gives σBH ≈ 0.51 b. The depth of the first interaction X0 is a random variable
obeying exponential distribution with the mean value hX0 i = mat /σBH ' 57 g cm−2 , where mat
is the average mass of the atoms of the air (typically, nitrogen). The first interaction leads to the
development of an electromagnetic cascade with the number of particles in the cascade reaching
its maximum at the depth Xmax . The length of the shower development ∆X ≡ Xmax − X0
follows the Gaussian statistics. The mean value h∆Xi depends logarithmically on the primary
photon energy and varies between 200 g cm−2 and 250 g cm−2 in the relevant energy range (from
100 GeV to 100 TeV).
As pointed out in 14 , LV changes the cross section of the Bethe – Heitler process. This
modification is not relevant for superluminal photons. However, for subluminal photons the
modified cross section reads 14 ,
LV
σBH
=

2
16Z 2 α3 m2e MLV,γ
Eγ4
1
.
log
log
2
3Eγ4
2m2e MLV,γ
αZ 1/3

(12)

Smaller cross section delays the formation of the electromagnetic cascade which is now initiated deeper in the atmosphere. Correspondingly, the depth of the maximal shower development
lim which depends on the experimental
also increases. If it exceeds certain limiting value Xmax
setup, the event cannot be recognized as a photon. This implies a fast drop in the number of
registered photons above certain energy which is determined by the LV scale MLV,γ . Note that
this effect is opposite to the other consequence of LV discussed in the previous section, namely,
inefficient absorption of multi-TeV photons on EBL which leads to the increase of the photon
flux from extragalactic sources. Therefore, in analyzing the constraints on LV it is important to
make sure that these two effects do not compensate each other.
3.2

Constraints from observations of the Crab nebula

Absence of evidence for the suppression of the shower formation in the observational data can
be used to derive constraints on MLV,γ . The most energetic photon events have been detected
from the Crab nebula. The spectra were measured independently by the HEGRA experiment
up to Eγ ∼ 75 TeV 15 and by H.E.S.S. up to Eγ ∼ 40 TeV 16 . Both are well described by a power
law without any significant evidence for a cutoff. As the Crab nebula is a galactic source, there
is no significant absorption on EBL.
In the presence of LV the measured flux gets reduced,




dΦ
dΦ
= Preg (Eγ ) ·
,
(13)
dE LV
dE LI
where Preg (Eγ ) is the probability to actually register a photon with energy Eγ . The latter is
lim .
equal to the probability that Xmax of the shower induced by the photon does not exceed Xmax
To find Preg we assume that LV affects only the cross section of the first interaction and does not
modify the subsequent development of the shower. This is justified as the secondary particles
in the electromagnetic cascade are less energetic than the primary photon. Then Preg is given
by where
σBH
hX0 iLI .
(14)
hX0 iLV = LV
σBH (Eγ )
The registration probability starts deviating significantly from unity at the energies where
lim . In the limit hX i
lim
hX0 iLV becomes comparable to Xmax
0 LV  Xmax it tends to
Preg (Eγ ) '

lim − h∆Xi
Xmax
hX0 iLV

(15)
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Figure 1 – Photon spectrum of the Crab nebula obtained by collaborations HEGRA (385 hours of data from
1997 to 2002) (left) and H.E.S.S. (4.4 hours of data during the flare of March 2013) (right). The dashed line
corresponds to the best power-law fit of the spectrum while the dotted lines show the prediction for the flux under
the hypothesis of Lorentz violation with a given MLV,γ .

which reflects the fact that for large hX0 iLV the probability to form a shower is uniformly
distributed over the depth of the atmosphere.
The effect of LV on the prediction for the Crab spectrum is illustrated in Fig. 1. We take the
primary spectrum to be power-law with the spectral index fixed by the data points at energies
below 20 TeV. One clearly sees a break in the highest-energy tail of the spectrum predicted
by the model due to the suppression of shower formation. We now analyze the HEGRA and
H.E.S.S. datasets separately and obtain the constraints on MLV,γ from the excess of the number
of actually observed events over that predicted by the LV model.
A. HEGRA data. HEGRA experiment has collected 385 hours of data of the Crab photon
spectrum in the multi-TeV range during the period from 1997 to 2002 15 . The obtained spectrum
shows power-law dependence till the last energy binb centered at Emax = 75 TeV (see Fig.1, left
panel). Numbers of events in the direction of the source Non together with the numbers of events
in a region of the sky away from the source Noff characterizing the background are listed for each
energy bin in Table. 3 of Ref. 15 . The method of gamma–hadron separation used in the HEGRA
analysis does not include cuts on Xmax ; conservatively, we take the depth of the atmosphere at
the HEGRA location (approximately 1000 g cm−2 for showers from the zenith angle ∼ 45◦ ) as
lim .
the limiting shower depth Xmax
Data in the highest energy bin have the strongest power in constraining LV. We apply
the likelihood ratio method to these data to test the one parameter family of LV hypotheses
parameterized by MLV,γ . The observed values (Non = 36, Noff = 104) are assumed to be random
realizations of Poisson distributions with the average values
hNon i = hNs i + hNb i ,

hNoff i = α−1 hNb i ,

(16)

where hNs i, hNb i are the expectation values of the signal and background respectively, and
α = 0.2 is the ratio of the on- and off-exposures 15 . The expectation value of the signal in the
presence of LV is given by,
hNs iLV = Preg (Emax ) hNs iLI ,
(17)
where hNs iLI is the expectation value of the signal in the standard LI theory; it is obtained by
extrapolating the flux from energies below 20 TeV with a power-law. The expectation value of
the background hNb i is unknown and is marginalized over. The likelihood is calculated as the
b

A slight steepening may be seen at the end of the spectrum, but its significance is less than 2 σ.
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Figure 2 – Dependence of the likelihood on the scale of Lorentz violation in photons MLV,γ obtained using the
Crab spectrum measurements by HEGRA (left) and H.E.S.S. (right). The values of MLV,γ to the left of the
vertical line are excluded at 95% CL.

probability to have the observed realization (Non , Noff ) for a given value of MLV,γ , normalized
to the maximal value of the probability over all possible choices of MLV,γ .
The resulting likelihood profile is shown in Fig.2, left panel. From it one reads the constraint
MLV,γ > 2.1 × 1011 GeV.

(18)

B. H.E.S.S. data. The second data sample that we consider in this paper is the measurement
of the Crab spectrum resulting from 4.4 hours of data taking by the H.E.S.S. observatory during
the flare in March 2013 16 . The data extend till Emax ∼ 40 TeV, see Fig.1, right panelc . The
number of on- and off-events in the last bin are (Non = 4, Noff = 1). The gamma-hadron separation technique implemented in H.E.S.S. uses a multivariate analysis method which includes,
lim = 600 g cm−2 : deeper showers
in particular, cuts on Xmax ?,? . Conservatively, we take Xmax
certainly would not be recognized as photon events.
We use the same approach as in the case of HEGRA dataset to determine the likelihood
of the LV hypothesis. The ratio between the on- and off-exposures for the last bin is taken as
α = 0.095 ? . The resulting likelihood curve is shown in the right panel of Fig. 2. It implies the
bound,
MLV,γ > 1.3 × 1011 GeV
(19)
This constraint is weaker than (18), which is a consequence of the lower statistics. A full statistical analysis of the H.E.S.S. data on the Crab flare including determination of Xmax for individual
events has potential to improve the bound (19). Such analysis would require an access to the
raw experimental data and is beyond the scope of the present work.
The constraints (18), (19) obtained in this subsection are of the same order, but somewhat
weaker than the bounds from the absorption on EBL (9), (10). Still, they are important to
validate the latter bounds which rely on an implicit assumption that LV does not modify shower
formation for photons with energies below ∼ 20 TeV. Our study implies that this assumption is
indeed correct.
c
The H.E.S.S. data on the Crab spectrum in the quiet state ? , despite being collected over a longer observation
time (22.9 hours), terminate at a lower energy Emax ∼ 30 TeV and thus are less suitable for constraining LV.

3.3

Estimates for future experiments

It is interesting to analyze how the bounds on LV can be improved by future observations.
Cherenkov Telescope Array (CTA) will be able to measure the photon flux from the Crab
nebula at energy ∼ 100 TeV upon 50 hours of data taking for any realistic model of the Crab
emission spectrum. This forecast assumes the quality requirements of no less than 10 signal
events in each energy bin and the statistical significance of non-zero flux detection at least 5σ 17 .
To estimate the CTA sensitivity to LV we take several sample values of (Non , Noff ) that satisfy
these requirements (for α = 0.2).
Next, we assume that the expectation value of the signal predicted by the LI model hNs iLI
coincides with the best-fit value following from the measurements. Finally, we calculate the
likelihood dependence on MLV,γ following the approach described in the previous subsection; we
lim = 600 g cm−2 . Conservatively,
assume that the central energy in the bin is 100 TeV and use Xmax
we conclude that a 5σ detection of 100 TeV photon flux by CTA will allow to constrain
MLV,γ > 1.7 × 1012 GeV.

(20)

This is almost an order of magnitude stronger than the limit (18) from HEGRA data and
exceeds the best current limit (10) by a factor of 2.5. Similar results can be obtained in the case
of a 100 TeV photon flux detection by the HAWC experiment 18 .
The above analysis provides a simple criterion to estimate the exclusion power of a given
experiment that can be used also at higher photon energies. Under the condition of a 5σ
detection of the photon flux, the values MLV,γ can be excluded at 95% CL if they suppress the
registration probability of the photon by at least a factor of two,
Preg (Eγ ) ≤

1
.
2

(21)

Extensive air shower arrays like TAIGA-HISCORE20 and LHAASO19 , are designed to register
photons with energies up to (a few)×102 TeV. If the Crab spectrum does not have a sharp cutoff
up to these energies, they will be able to detect the corresponding flux with high significance.
Assuming a 5σ detection of photons with energies ∼ 400 TeV and using (21) as the exclusion
criterion, one obtains and estimation for the lower bound on MLV,γ ,
MLV,γ < 3 × 1013 GeV.
4

Conclusions

We have shown that in LV QED the cross section of the Bethe–Heitler process responsible for the
first interaction of VHE photons with the atmosphere is suppressed compared to the LI theory.
This increases the depth of the photon-induced showers which, in turn, leads to suppression of
the number of registered VHE photons. Using absence of such suppression in the high-energy
part of the Crab spectrum we obtained 95% CL lower bounds on the scale of LV in photons.
The bound following from the data collected by the HEGRA experiment (18) is stronger than
the one obtained using the H.E.S.S. data on the Crab March 2013 flare (19). A more detailed
statistical analysis involving the characteristics of observed showers (in particular, the values of
Xmax ) would plausibly improve the H.E.S.S. bound.
The constraints obtained in this work are a few times weaker than the bounds derived from
VHE photon absorption on EBL. Still, they play the role of validating the latter bounds which
were obtained under the assumption of the standard shower formation probability.
We have analyzed the potential of future experiments such as CTA and extensive air shower
arrays to improve the bounds on LV from shower formation. We have found that, depending
on the maximal energy of detected photons, the constraints can be improved by one (Emax ∼
100 TeV) or two (Emax ∼ 400 TeV) orders of magnitude. This is comparable to the bound that

can be obtained by CTA using the EBL absorption feature in the spectrum of Mrk 501 under
the most favorable assumption of the power-law emission spectrumd 21 .
It is worth emphasizing that the bounds derived from the shower formation mostly rely on the
physical processes happening in the atmosphere and thus are very robust. The only modeling of
the source that enters into our analysis is an assumption that a power-law spectrum sets an upper
limit on the primary photon flux. Future observations may require more detailed models of the
emission spectrum. However, given that the most plausible source of photons with energies (a
few)×100 TeV is the well understood Crab nebula, this does not appear problematic. Moreover,
a proper reconstruction of Xmax for individual events allows to get rid of any assumptions about
the primary flux, making the bounds completely independent of the source model 22 .
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In the case of a cutoff in the emission spectrum the EBL absorption bound is weaker.

THE INTERGALACTIC ELECTROMAGNETIC CASCADE SOLUTION
FOR THE ANOMALIES FROM γ-RAY BLAZAR OBSERVATIONS
T.A. DZHATDOEV
Federal State Budget Educational Institution of Higher Education
M.V. Lomonosov Moscow State University, Skobeltsyn Institute of Nuclear Physics (SINP MSU),
1(2), Leninskie gory, GSP-1, Moscow 119991, Russian Federation and
Institute for Cosmic Ray Research, University of Tokyo, Tokyo, Japan
Recent progress in very high energy (VHE, E >100 GeV ) γ-ray observations, together with
advances in the extragalactic background light (EBL) modelling, allows to search for new
phenomena such as γ-axion-like particle (γ → ALP ) oscillation and to explore the extragalactic magnetic field (EGMF) strength and structure. These studies are usually performed
by searching for some deviation from the so-called absorption-only model, that accounts for
only primary photon absorption on the EBL and adiabatic losses. In fact, there exist several indications that the absorption-only model is incomplete. We present and discuss the
intergalactic electromagnetic cascade model (IECM) — the simplest model that allows to
coherently explain all known anomalies. This model has a number of robust signatures that
could be searched for with present and future instruments. The IECM model may serve as
a new background template, allowing to make future searches for γ → ALP oscillation more
robust. A detailed account of our calculations is available in astro-ph/1609.01013v2 (A&A,
in print).

1

Introduction

Blazars are the brightest distant (redshift z0 >0.03) extragalactic high energy (HE, E >100
MeV) 1,2 and very high energy (VHE, E >100 GeV ) 3 γ-ray emitters. Observable spectra
of these sources are sensitive to properties of the intervening extragalactic background light
(EBL) 4−7 and extragalactic magnetic field (EGMF) 8−10 . Primary γ-rays with an energy E0 >1
TeV and z0 >0.1 are strongly absorbed on EBL photons (e.g. 11−15 ); secondary electrons and
positrons (hereafter simply “electrons”) produce secondary (cascade) photons through the inverse Compton (IC) process.
In this report a brief discussion of extragalactic γ-ray propagation models is presented with
emphasis on possible effects imprinted to observable spectra of blazars by the development of
electromagnetic (EM) cascades in the intergalactic volume. The author readily acknowledges
that, due to limited space available, this overview is by no means exhaustive or unbiased.
2

Extragalactic γ-ray propagation models

Most of existing models that describe the transformation of γ-ray spectrum during extragalactic
propagation may be divided to the following three classes:
1) the absorption-only model which includes only the γγ pair production (PP) process and adiabatic losses of primary γ-rays
2) intergalactic cascade models, namely:

2a) the electromagnetic (EM) cascade model which accounts for the PP and IC processes, as
well as adiabatic losses, assuming that primary particles are γ-rays or electrons
2b) the hadronic cascade model which accounts for the PP and IC processes, as well as adiabatic
losses, assuming that primary particles are protons or nuclei of ultra-high energy (UHE, E0 >1
EeV ) that could produce γ-rays and electrons via the photohadronic and the Bethe-Heitler pair
production processes with subsequent development of EM cascades
3) exotic models which postulate some new physics, dramatically changing the mode of extragalactic γ-ray propagation, namely:
3a) the gamma-axion-like particle (γ → ALP ) oscillation process
3b) Lorentz invariance violation (LIV)
3c) exotic primaries or any other non-conventional effects imaginable.
The absorption-only model was historically the first one; it is currently the most wellestablished and by far the most commonly used extragalactic γ-ray propagation model. Not
long after the first work on the astrophysical implications of the γγ PP process 4 , it was realised
that UHE γ-rays may absorb on the universal radio background (URB) photons 16 . Almost
immediately after the discovery of the cosmic microwave background (CMB) it was understood
that this dense (compared to the EBL) photon field constitutes a target for photons with energy E >100 T eV 5,6 . Soon after the discovery of the first TeV γ-ray emitting blazar 17 , the
first γ-astronomical constraints on the EBL number density were obtained 18,19 , assuming the
absorption-only model. Further constaints using this method include 20−22 .
However, there exist some deviations from the absorption-only model, hereafter referred to
as the “anomalies”, even if their explanation does not call for any new physics 23−26 . These
effects are still not very well established. Namely, the statistical significance of the high-energy
anomaly 23 may strongly and non-trivially depend on the assumed EBL spectral shape and
intensity normalization 24 ; the significance of the anomalies found in 25,26 is modest, at the level
of 2-3 σ. Below we argue that all these effects find their natural explanation in the framework of
the intergalactic electromagnetic cascade model (IECM). As well as the absorption-only model,
the IECM has a long history. As early as in 1966, it was already clearly understood that
intergalactic EM cascades may contribute to observable γ-ray emission of point-like sources 6 .
Various aspects of the IECM were investigated in numerous works, including 27,28,8,29,9,10,30−38 .
Up to the author’s knowledge, the work 39 was the first where the intergalactic hadronic cascade
model was applied to the highest-energy region of blazar spectra; from 2010 on, many such
papers were published, including 40,35,36,41,38 .
Concerning the γ → ALP model, let us mention only the latest works 42,43 , as well as
the detailed treatise 44 ; LIV effects were considered, among others, in 45,46 . Many “exotic”
models may be excluded or, at least, may have their parameters strongly constrained. For
instance, the hypothesis that showers with multi-TeV primary energy observed with the HEGRA
Cherenkov telescope array are pure Bose-Einstein condensates (BECs) 47 was rejected in 48 . BEC,
which represents a superposition of several or many photons, usually develop a shower in the
atmosphere earlier than individual γ-rays; this would affects the parameters of the angular
images observed by the HEGRA detector. Such a change of the distributions of the parameters
was not observed, and, therefore, the primary BEC hypothesis was experimentally ruled out.
In what follows, synchrotron energy losses of cascade electrons in voids of the large scale
structure (LSS) are neglected, as the primary γ-ray energy is typically below 1 P eV (see Fig.
7 of 37 ). The role of collective effects in e+ e− intergalactic EM cascade beams is still not well
established, notwithstanding the 60-year age of the subject 49,50 . More recently the interest in
this area was raised by 51 ; recent works on the subject include 52−56 ; some other references could
be found in 38 , subsection 2.1. Such effects are neglected for the rest of this paper; calculations
presented below are for z= 0.186 and the EGMF strength B=0, unless otherwise stated. The
effects induced by non-zero EGMF are discussed in sect. 5.

3

Electromagnetic cascade in the expanding Universe

For the case of the primary energy (which is hereafter defined in the source rest-frame) E0 <1
EeV and z≈ 0.2 there are two distinct regimes of intergalactic EM cascade development: the
“one-generation regime” for E0 <10 T eV and the “universal regime” for E0 >100 T eV 37,38 .
Both regimes are clearly identifiable in Fig. 1. Calculations were performed with the ELMAG
2.02 publicly-available code 57 , assuming the EBL model of 13 (see 38 , discussion of Fig. 1),
and the new code ECS 1.0 (from “electromagnetic cascade spectrum”) developed by the author
58 with the EBL model of 15 . Normalization is to the maximum of the cascade component in
each case. The overall agreement between the results obtained with the two different codes is
reasonable. For the case of E0 =1 T eV and 3 T eV an additional component of relatively highenergy cascade photons produced on the EBL is clearly seen. Even this component, however,
is almost extinguished above the energy E0 /(2(1 + z)). A more detailed discussion of relevant
physics may be found in 38 .

Figure 1 – Observable angle-averaged spectra produced by primary monoenergetic γ-rays: E0 = 1 T eV (black), 3
T eV (red), 10 T eV (green), 30 T eV (blue), 100 T eV (cyan), 1 P eV (magenta). Histograms — results obtained
with the ELMAG 2.02 code, circles — with the ECS 1.0 code (IC on the CMB only), stars (for E0 = 1 T eV and
3 T eV )— with the ECS 1.0 code (IC on both CMB and EBL). Vertical red line shows the value of the primary
energy redshifted to the observer’s frame (1 T eV /(1 + z)), blue line — half this value.

4

The signatures of the intergalactic electromagnetic cascade model

Our study is mostly devoted to extreme T eV blazars 59 . Below we consider two different scenarious of their intrinsic (primary) γ-ray spectra, shown in Fig. 2: 1) hard spectrum up to the energy
∼10 T eV , allowing a substantial cascade contribution at energy ∼100 GeV to the observable
spectrum 2) a two-component spectrum with a pile-up around ∼100 T eV , so that the cascades
develop in the universal regime. The scenario 2 is motivated by the recent findings indicating

Figure 2 – Schematic representation of two primary γ-ray spectrum scenarious considered in this study: red line
— scenario 1, blue line — scenario 2. For the case of the scenario 2 there are two components: the relatively
low-energy leptonic component (black line) and the high-energy hadronic component (green line).

that some blazars may be responsible for a part of Ice Cube astrophysical neutrinos 60,61 . In this
case neutrino production is accompanied by associated intrinsic γ-rays of similar energy 28 . A
recent study 62 shows that hadronic processes may cause a hardeding in the intrinsic spectrum
of an extreme T eV blazar. A modest pile-up of hadronic nature may appear even in the spectra
of some “classical” blazars, such as Mkn 421, Mkn 501, or PKS 2155-304 63 .
Spectral signatures of blazar emission in the scenario 1 —namely, 1) a high-energy cutoff,
2) an “ankle” formed by the intersection of the primary and cascade components, 3) a possible
cutoff of the cascade component caused by the EGMF, and 4) a possible recovery of the primary
component at an energy below this latter “magnetic cutoff” — were already considered by
us before 64 (see Fig. 9). In 38 it was extensively demonstrated that the intersection of the
primary and cascade components may account for the anomaly of 18 , and thus the intergalactic
EM cascade development may, to some extent, mimic the γ → ALP mixing process signature.
Here we concentrate on the relative contribution of the primary and cascade components to
the observable spectrum in the scenario 2. Fig. 3 shows a model of the observable spectral
energy distribution (SED) for blazar 1ES 0347-121 (z= 0.188) 65 and different values of the FAbs
parameter defined as the ratio of the primary (absorbed) component to the total observable
intensity at the center of the last (high-energy) bin in the observed spectrum of this source.
Adiabatic losses are neglected here, as they do not change the shape of the primary spectrum.
The contribution of cascades from the low-energy component to the observable spectrum (see
Fig. 2) is also neglected. Reasonable fits are obtained for all cases, except the one of FAbs = 0.9.
Fig. 4 shows the dependence of the goodness-of-fit parameter (χ2opt ) for 1ES 0347-121 (see
M in , that is, χ2 optimized over the range of F
Fig. 3 for several examples of such fits) on FAbs
Abs
M in to 1, obtained with two codes, ECS 1.0 and ELMAG 2.02. Cascade components for
from FAbs
both ECS 1.0 and ELMAG 2.02 are from Fig. 2 (cyan circles and histogram, respectively). The
actual value of FAbs corresponding to the minimum value χ2opt is, as a rule, near to the threshold
M in . The configurations with high values of F M in >0.7–0.8 are disfavoured, indicating that
FAbs
Abs
the contribution of the cascade component to the observable spectrum is significant even at
E > 1 T eV . The physical reason for this effect is clear: given the high energy of primary γ-rays
in the scenario 2, secondary photons are effectively produced even at multi-T eV energies. At the

Figure 3 – Fits (solid blue curves) to the observed SED of 1ES 0347-121 (red circles with statistical uncertainties)
for FAbs =0.3 (top-left), FAbs =0.5 (top-right), FAbs =0.7 (low-left), and FAbs =0.9 (low-right). Intrinsic (primary)
spectrum is denoted by dashed black curve, absorbed — by solid black curve, cascade component — solid green
curve. Calculations were performed with the ECS 1.0 code.

M in
Figure 4 – Dependence of χ2opt on FAbs
: ECS 1.0 (red circles) and ELMAG 2.02 (blue circles). The lines are
drawn merely to guide the eye.

same time, these cascade γ-rays are absorbed not more strongly than the primary ones (in fact,
even slightly weaker, as they travel less distance), therefore their contribution to the observable
spectrum may be comparable with that of the primary component even at the highest energy
bins accessible to the existing γ-ray telescopes.

5

Excess of extreme T eV blazars from the Fermi-LAT distribution on voidiness

Hard-spectra blazars observed with the Fermi-LAT telescope 66 tend to be located towards the
LSS voids and, moreover, the integral high-energy (E >10 GeV ) flux registered from these
active galactic nuclei is typically several times greater for such underdense lines of sight 25 .
This latter strong increase of the observed flux could not be explained by the diminished EBL
intensity in voids 25,67,68 . It appears that the effect of 25 may be explained in the framework of
the IECM, assuming that the cascade component dominates the observable intensity at E ∼10
GeV . Fig. 5 (left) shows two fits of observed SED for blazar 1ES 1218+304 (z= 0.182) 69,62
with two options for the cascade component: for B=0 (solid green curve) and B=10−16 G and
other parameters according to 70 (dashed green curve). The suppression factor of the cascade
component was estimated using a parametrization of results obtained in 70 (Fig. 1) with slightly
different redshift, z=0.14. This parametrization is shown in Fig. 5 (right). Sensitivity curves for
various instruments and observation times are from 71 (Fig. 1). Calculations for the case of B=
0 are from 38 . One can see that the appearance of a strong cascade component at low energies
could nicely accomodate for the effects found in 25 . The astrophysical implication of this effect
is quite interesting: unless the results of 25 are caused by a statistical fluctuation, there is a hint
for a new blazar population with very hard spectra in the T eV energy region. Some of these
sources might be observed with the CTA instrument in future (see dashed magenta curve in
Fig. 5). Finally, we note that the part of the cascade component flux between the dashed and
solid green curves may create a magnetically broadened pattern around the source, in agreement
with results of 26 . All results presented here and in 38 do not contradict recent constraints on
the EGMF strength and structure (e.g. 72 , for a recent compilation of results see 73 ).

Figure 5 – Left: fits to the observed SED of blazar 1ES 1218+304 obtained with the ELMAG code. The meaning
of solid curves and dashed black curve is the same as in Fig. 3. Dashed green line — cascade component for
B=10−16 G, dashed red line — Fermi-LAT sensitivity (10 years), dashed cyan line — H.E.S.S. sensitivity (100
hours), dashed blue line — CTA sensitivity (100 hours), dashed magenta line — CTA sensitivity (1000 hours).
Right: suppression factor for the case of B= 10−16 G (red circles) and its parametrization by a continious function
(red curve).

6

Conclusions

In this work we have reviewed the main extragalactic γ-ray propagation models with emphasis on
the intergalactic electromagnetic cascade model (IECM). A new Monte Carlo code ECS 1.0 for
detailed simulations of observable spectra was developed. Our calculations show that all known
deviations from the absorption-only model can be successfully accomodated in the framework
of the intergalactic electromagnetic cascade model. Future observations with existing and nextgeneration instruments such as Fermi-LAT and CTA 74,75 will allow to confirm or constrain this
model.
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3.
Neutrino Astronomy

CAN WE OBSERVE NEUTRINO FLARES
IN COINCIDENCE WITH EXPLOSIVE TRANSIENTS?
C. GUÉPIN & K. KOTERA
Sorbonne Universités, UPMC Univ. Paris 6 et CNRS, UMR 7095, Institut d’Astrophysique de Paris,
98 bis bd Arago, 75014 Paris, France
Laboratoire AIM-Paris-Saclay, CEA/DSM/IRFU, CNRS, Universite Paris Diderot, F-91191
Gif-sur-Yvette, France
The new generation of powerful instruments is reaching sensitivities and temporal resolutions
that will allow multi-messenger astronomy of explosive transient phenomena, with high-energy
neutrinos as a central figure. We derive general criteria for the detectability of neutrinos from
powerful transient sources for given instrument sensitivities. In practice, we provide the
minimum photon flux necessary for neutrino detection based on two main observables: the
bolometric luminosity and the time variability of the emission. This limit can be compared
to the observations in specified wavelengths in order to target the most promising sources for
follow-ups. Our criteria can also help distinguishing false associations of neutrino events with
a flaring source. We find that relativistic transient sources such as high- and low-luminosity
gamma-ray bursts (GRBs), blazar flares, tidal disruption events, and magnetar flares could
be observed with IceCube, as they have a good chance to occur within a detectable distance.
Of the nonrelativistic transient sources, only luminous supernovae appear as promising candidates. We caution that our criterion should not be directly applied to low-luminosity GRBs
and type Ibc supernovae, as these objects could have hosted a choked GRB, leading to neutrino emission without a relevant counterpart radiation. We treat a set of concrete examples
and show that several transients, some of which are being monitored by IceCube, are far from
meeting the criterion for detectability (e.g., Crab flares or Swift J1644+57).

1

Introduction

With their improved sensitivity and time resolution together with the possibility of fast followup, current instruments allow the observation of Galactic and extragalactic transient phenomena
over a wide energy range. The recent advances in neutrino and gravitational-wave detection
open promising perspectives for transient multi-messenger studies. High-energy neutrinos are
expected to play a key role in this picture as undeflected signatures of hadronic acceleration.
Recently, IceCube has opened exciting perspectives in neutrino astronomy by detecting very
high energy astrophysical neutrinos 1 and has developed and enhanced methods for time-variable
searches 2 . So far, no neutrino detection has been confirmed in association with a transient source.
In this context, it appears timely to derive general criteria for the detectability of neutrinos
from powerful transient sources. It could be successfully applied by current and upcoming
instruments to target the most promising sources for follow-ups. Conversely, our criteria can
also be used to easily distinguish false associations of neutrino events with a flaring source.
We focus in this work on flaring sources that are characterized by short, violent, and irregular
emissions, sometimes in addition to a quiescent emission. We aim at constraining the parameter
space of bursts and flares detectable in neutrinos by providing necessary conditions on the
background fields of the source. Predicting neutrino flux levels is not the scope of this study;

we focus here on estimating lower limits on the photon flux of the flare, which is required for
the efficient production of a neutrino flare.
We demonstrate that we can describe the large variety of existing sources with a handful of
variables: the distance from the source Ds , the isotropic bolometric luminosity of the flare Lbol
and its peak energy peak , the variability timescale of the emission tvar , and the bulk Lorentz
factor of the outflow Γ. We calculate in the Lbol − tvar parameter-space the maximum accessible
neutrino energy in these sources and the minimum flux of photons in a flare required at a specific
given wavelength, in order to allow detectability of a neutrino flare with IceCube.
We recall the high-energy neutrino production mechanisms and discuss the specificities related to explosive transients in Section 2. In Section 3 we derive the maximum accessible neutrino
energies in the luminosity-time variability parameter space. We calculate the photon flux requirements for detectability in Section 4 and discuss the case of several categories of transients
and of particular sources in Section 5 in light of these results.
2

Specificities of neutrino production in transients

Bursts or flares of astronomical sources can be associated with the acceleration of leptonic and
hadronic particles. In presence of hadrons, neutrinos can be produced through photo-hadronic
and hadronic interactions; here we focus on the production of neutrino flares.
Focussing on flares has some important theoretical consequences. tvar is related to the size
of the emitting region R by a condition of causality: R ∼ βΓ2 (1 + z)−1 ctvar , where βc is the
velocity of the outflow, and z the redshift of the source. The particle escape time is limited by
the dynamical time tdyn = Γ2 tvar (1 + z)−1 , which corresponds to the adiabatic energy loss time.
In the same way, we consider only photo-hadronic interactions of accelerated hadrons on the
flaring radiation, as interactions with steady baryon and photon fields would produce a neutrino
emission diluted over time.
For a given source, we calculate its maximum achievable neutrino flux, Eν2 Fν |max , for a given
set of (Lbol , tvar , Γ), without further refined knowledge of the acceleration environment. We work
under the most optimistic and/or reliable assumptions to maximize all our variables, except for
the flare photon flux level, which is left as a free parameter. By setting the calculated neutrino
maximal flux to instrument sensitivities, we then derive the minimum level of background photon
flux in the flare that is required at a specified wavelength for a successful detection.
3

Maximum accessible proton energy and indicative maximum neutrino energy

In the following, all primed quantities are in the comoving frame of the emitting region. Quantities are labeled Qx ≡ Q/10x in cgs units or in eV for particle energies. Numerical applications
are given as an illustration for benchmark parameters of GRBs.
We consider a protona of energy Ep = γp mp c2 , accelerated in a one-zone region of size
R = βc Γ2 tvar (1 + z)−1 , bulk Lorentz factor Γ = (1 − β 2 )−1/2 , and of magnetic field strength
B, in a source located at redshift z. The magnetic field strength can be derived by setting
LB = ηB Lbol , where LB is the magnetic luminosity, defined as LB ∼ (1/2)βc Γ2 R2 B 02
B0 =
3.1



2ηB Lbol (1 + z)2
β 3 c3 Γ6 t2var

1/2

1/2 1/2

−1
∼ 2.7 × 105 G ηB Lbol,52 Γ−3
2 tvar,−1 (1 + z) .

(1)

Acceleration process

The acceleration timescale can be related to the particle Larmor time tacc = ηtL , regardless of
the acceleration mechanism (unless one invokes peculiar non-conducting plasmas) and in most
a
For maximization reasons, we concentrate on the proton case, which should lead to the highest rates of
neutrino production compared to heavier nuclei.

cases η  1 3 . A large variety of particle acceleration processes have been invoked in transient
sources. Magnetic reconnection is the great favorite for the modeling of explosive phenomena,
that exhibit very rapid time variability and impulsive character 4 .
Given the complexity of these models, we consider in the following the maximally efficient
acceleration timescale, with η ∼ 1. The acceleration timescale can thus be expressed
t0acc

Ep0
=
=
c e B0



1/2

c

Ep β 3/2 Γ2 tvar

2ηB e2

1/2
Lbol

−1/2

∼ 4.1 × 10−3 s ηB

−1/2

Ep,18 Γ22 tvar,−1 Lbol,52 .

(2)

This timescale is usually overly optimistic in terms of efficiency; it is thus conservative to derive
the necessary condition for detectability.
3.2

Energy losses

The maximum energy of accelerated particles is obtained by comparing the acceleration and
energy loss timescales. In presence of strong magnetic fields, synchrotron cooling competes with
the adiabatic energy losses. The condition tacc < min(tdyn , tsyn ) leads to an estimate of the
maximum proton energy. Two regimes can be distinguished. If tdyn < tsyn

dyn
Ep,max

∼

e



β 3/2 Γ

2ηB
c

1/2

1/2

1/2

1/2

−1
,
Lbol (1 + z)−1 ∼ 1.7 × 1021 eV ηB Γ−1
2 Lbol,52 (1 + z)

(3)

and if tdyn > tsyn

syn
Ep,max

∼

√
1/2
(3 2πe)1/2 m2p c11/4 β 3/4 Γ5/2 tvar
1/2
me σT (1

+

1/4 1/4
z)3/2 ηB Lbol

5/2 −1/4 −1/4 1/2
Lbol,52 tvar,−1 (1+z)−3/2

∼ 3.8×1019 eV Γ2 ηB

. (4)

We assume that the magnetic luminosity of the considered region is fully radiated during the
flare and set ηB = 1, which is valid if the dominant emission process is synchrotron radiation.
Other energy-loss processes can influence the maximum energy of particles. We choose to
neglect them here, as it preserves the maximum achievable nature of Ep,max .
3.3

Decay of secondaries and neutrino maximum energy

Photohadronic interactions can generate neutrinos through the production of charged pions and
their subsequent decay. The resulting flavor composition is νe : νµ : ντ = 1 : 2 : 0, as we neglect
the effect of energy losses or acceleration of pions and muons. The expected flavor composition
at Earth is 1 : 1 : 1 when long-baseline neutrino oscillations are accounted for. In the following
the fluxes account for all neutrino flavors.
Neutrinos produced by photohadronic interactions typically carry 5% of the initial energy
of hadrons. However, pions and muons can experience energy losses by adiabatic or synchrotron
cooling before they decay. As the muon lifetime τµ is larger than the pion lifetime τπ , the muon
decay time is usually the main limiting factor for neutrino production. If t0µ > min(t0dyn , t0syn ), we
derive the maximum energy of muons that can produce neutrinos during the flare: if tdyn < tsyn
mµ c2 2
Γ tvar (1 + z)−2 ∼ 4.8 × 1016 eV Γ22 tvar,−1 (1 + z)−2 ,
τµ

decay
Eµ,max
=

(5)

and if tdyn > tsyn
5/2

decay
Eµ,max
=

(3π)1/2 mµ c4 β 3/2 Γ4 tvar
me (τµ σT ηB

)1/2 (1

+

1/2
z)2 Lbol

−1/2

∼ 2.2 × 1015 eV Γ42 ηB

−1/2

Lbol,52 tvar,−1 (1 + z)−2 .

(6)
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Figure 1: Maximum accessible proton energy Ep,max (left) and corresponding maximum accessible neutrino energy Eν,max (right) as a function of tvar and Lbol , with Γ = 10. Overlaid are examples of explosive
transients in the Lbol − tvar parameter space.

3.4

Results

The maximum accessible energy of protons (left panel) and an indicative maximum energy of
neutrinos (right panel) as a function of the variability timescale and the total luminosity are
displayed in Figure 1 for a bulk Lorentz factor Γ = 10. The beige region is excluded in all figures
as it corresponds to an energetic budget tvar Lbol > 1054 erg, as this exceeds the energetic budget
of GRBs. White and gray patches locate typical transient sources in the parameter space.
We can distinguish two regimes in the Lbol − tvar parameter space: adiabatic (synchrotron)
cooling is dominant at low (high) luminosity. The transition between the two regimes depends
on the bulk Lorentz factor: it is shifted toward higher luminosities when Γ increases. The
limits set by disintegration timescales appear as vertical lines in the right panel of Figure 1. As
expected, they play an important role for low-variability timescales.
For nonrelativistic outflows (Γ ∼ 1), mild luminosities Lbol > 1036 erg s−1 and variability
timescales longer than tvar ∼ 10 s are required to reach Eν > 100 TeV, which is the lower limit
of the IceCube detection range. This limit is related to the high fluxes of atmospheric neutrinos
at Eν . 100 TeV, although the experiment endeavors to lower this limit. Sensitivities of future
experiments such as GRAND 5 , aiming at energies Eν > 1 EeV, would be reached for higher
luminosities Lbol > 1042 erg s−1 and longer variability timescales tvar > 106 s.
We find that high-luminosity (HL) GRBs can accelerate protons up to 1020 eV, which corresponds to classical estimates 6 . They could in principle produce very high energy neutrinos, with
Eν . 1018 eV. In this case, muon decay constitutes a very strong limiting factor and hence the
maximum energy strongly depends on the variability timescale. Blazars, low-luminosity (LL)
GRBs, and tidal disruption events (TDE) are also powerful accelerators with Ep,max ∼ 1019 eV
and associated maximum neutrino energy Eν ∼ 1018 eV.
4
4.1

Neutrino flux and detectability limit
Maximum neutrino flux

We consider that the photon spectrum of the flare follows a broken power-law over [min , max ],
with a break energy b and spectral indices a < b, with b > 2. This type of spectrum is adequate
to model nonthermal processes such as synchrotron emission. However, the spectral energy
distribution (SED) of explosive transients shows great diversity, and our approach should be
refined by using more realistic SED. We leave this issue for further studies.
The neutrino flux can be estimated from the proton energy spectrum 7 : Eν2 Fν = 3/8fpγ Ep2 Fp ,

where fpγ ≡ t0dyn /t0pγ is the photo-pion production efficiency. The photo-pion production
timescale t0pγ depends on the interaction threshold energy 0th , the cross-section σpγ and the
inelasticity κpγ .
We assume that a fraction ηp of the bolometric source luminosity is channeled into a population of accelerated protons, with a peak luminosity ∼ ηp Lbol . For a transient source located
at luminosity distance DL (redshift z), a maximum achievable time-integrated neutrino flux is
(
Φth
a>1
hσ
κ
i
η
L
(1
+
z)
3
pγ
pγ
p
bol
γ
Eν2 Fν max '
2
2
4
b
8 4πc β Γ
tvar |a − 1|
Φγ a < 1
−1
∼ 3.5 × 10−3 TeV cm−2 s−1 Φγ,Jy ηp Γ−4
2 Lbol,52 tvar,−1 (1 + z) ,

(7)

where we have defined Φxγ ≡ Lx /(4πDL2 x ) with x = th or b, the observed photon flux of
the source at threshold energy th and break energy b , respectively. We note that Φxγ is a
directly measurable quantity. For the numerical estimate, Φγ,Jy = Φγ /(1 Jy), where 1 Jansky ∼
1.5 × 103 ph cm−2 s−1 .
4.2

Minimum photon flux for neutrino detectability

We consider a neutrino detector of flux sensitivity sexp and fluence sensitivity Sexp ∼ tvar sexp .
We calculate the minimum photon flux required to reach the experimental detection limit
Φγ,min =

8 4πβ 2 c2 Γ4 Sexp −1 −1
−1
.
ηp Lbol (1 + z)−1 ' 2 Jy ηp−1 Γ42 L−1
bol,52 (1 + z)
3 hσpγ κpγ i

(8)

0
The flux should be estimated at the minimum threshold energy th = Γ 00th mp c2 /(1 + z)Ep,max
for soft photon spectra (a > 1), and at the observed spectral break energy b for hard photon
spectra (a < 1).
For IceCube, the sensitivity is characterized by a minimum fluence SIC = 5 × 10−4 TeV
−2
cm for Eν = 10 TeV−10 PeV, which corresponds to a detection limit sIC ∼ 10−11 TeV cm−2
s−1 for a one-year data collection. The planned sensitivities for ARA, ARIANNA, CHANT, or
GRAND are 1, 1.5, or 2 orders of magnitude better, respectively, than IceCube, at Eν ∼ 1 EeV.
The cosmic-ray loading factor ηp could take values up to ηp ∼ 100, which are required for
GRBs and blazar populations to reach the flux of observed UHECRs. In the following, we set
ηp = 1 as a standard estimate, but most conservative limits should be obtained for ηp = 100.

4.3

Can we detect a neutrino flare?

We show in Figure 2 the minimum photon flux required to reach IceCube detection limit in the
Lbol − tvar parameter space for Γ = 1, 10. We set ηp = ηB = 1. We locate also concrete examples
of explosive transients in the parameter space. The blazar case is discussed in Section 5.
In practice, here we describe how these figures can be used to determine whether an explosive
transient could have a chance to be detected in neutrinos with IceCube.
1. Choose a bulk Lorentz factor Γ for the outflow.b
2. Identify a broken power-law shape in the source emission, roughly measure the break
energy b and whether the spectrum is soft (a > 1) or hard (a < 1) below the break.
3. Locate the source in the Lbol − tvar parameter space and read the required flux Φγ,min
(colored contours).
4. Compare Φγ,min with the observed flux of the source Φγ,obs , around the threshold energy
th for soft spectra (a < 1), or at the break energy b for hard spectra (a < 1). A neutrino
flare associated with the photon flare can be detectable if Φγ,obs & Φγ,min .
b
In general, for a given luminosity, a higher Γ implies a higher Φγ,min (Eq. 8), and is thus worse in terms of
constraints. This can be kept in mind for sources with large uncertainties on Γ.
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Figure 2: Minimum photon flux Φγ,min (color map, in Jy and ph cm−2 s−1 ) as a function of Lbol and tvar
for Γ = 1, 10. A neutrino flare can be detectable if the observed photon flux Φγ,obs & Φγ,min , above th
(red lines) for soft photon spectra, and at b for hard spectra. Here ηB = ηp = 1. Overlaid objets as in
Fig 1.

We note that for many sources, Φγ,obs  Φγ,min over the whole radiation spectrum, thus the
knowledge of th or b is not necessary to conclude on the non-detectability. For more refined
cases, however, we caution that th is a minimum value because it was derived from Ep,max
(a maximum value). When checking detectability, one might wish to extend the comparison
between Φγ,obs and Φγ,min for th > th,min , in case the actual maximum proton energy is lower
than Ep,max . Extrapolation of spectra should be conducted with care, always trying to maximize
the photon flux, in order to avoid missing a detectable case.
A quiescent photon flux from the source could be dominating the flare radiation in some
regions of the spectrum. Taking these photons into account by mistake when evaluating Φγ,obs
to compare to Φγ,min does not lead to false negatives (missing detectable sources) as this simply
overestimates the observed flux.
The observation of type Ibc SNe with no associated GRB emission (corresponding to completely choked and misaligned GRBs) constitutes a limitation of our model and is discussed in
Section 6.2.
5

Implications for categories of transients and specific case studies

The general approach presented up to this point allows us to evaluate the detectability in
neutrinos of a large variety of explosive transients. We study the implications for general source
categories and examine several concrete examples, reported in Table 1. Here we discuss in detail
Blazar flares, and illustrate with the case of PKS 1424-418 major outburst. We refer to our
main study 8 for more detail about other categories of transients.
Blazars are a subset of AGN whose jet is pointed toward the observer. Unification models
allow to set their mean bulk Lorentz factor to Γj ∼ 10. A blazar flare is a very fast and short
increase in blazar luminosity that occurs in addition to its “quiescent” emission. In realistic
scenarii, the bulk Lorentz factor of the flare is Γ & 100.
Blazar SEDs exhibit two nonthermal peaks, at low and high energies. The low-energy part
extends from radio to X-rays (in the most extreme cases), while the high-energy part extends
from X-rays to gamma-rays. Blazars experience flaring events with tvar ∼ 102 − 106 s. In
some cases, Blazar flaring emissions can be described by a soft power-law from submillimeter
to X-rays, with typically Lb ∼ 1045 erg s−1 at b ∼ 1 keV. Hadronic and leptonic models still
coexist to explain the emissions from these objects, although IceCube is expected to soon start
constraining the contribution of hadrons.

Table 1: Properties of concrete sources as an illustration of different categories of transients.
Source
GRB 080319B
GRB 100316D
PKS 1424-418
SGR 1806-20
Swift J1644+57
PS16cgx
Crab Flares

Γ

tvar
(s)

Lbol
(erg s−1 )

Ep,max
(PeV)

Eν,max
(PeV)

th [b ]
(eV)

Φγ,min
(ph cm−2 s−1 )

Φγ,obs
(ph cm−2 s−1 )

300

0.01 − 1

1053

105 − 106

1 − 102

10 − 102

104

10 − 104

10 −
103 − 104
10−4 − 10−3
1 − 10

0.1
0.1
[105 ]
[104 ]

102

103

10
10
10
10

−
104 − 105
10−3 − 0.01
100

1
1

105
104 − 106

1047
2 × 1048
2 × 1047
4 × 1048

1042 − 1043
1035 − 1036

104

−

105

105
102 − 103
104
103 − 104
1

102

102
10−2 − 10−1

10−2 − 0.1
102

104
1.7 × 103
104
103
104 − 105
1011 − 1012

DL [z]
[0.937]

10−1 − 1
3 × 102
[107 ]
[0.6]

260 Mpc
[1.522]
15 kpc
1.8 Gpc

8 × 10−1
< 10−2

[0.1 − 0.2]
1.9 kpc

The IceCube Collaboration has detected astrophysical neutrinos up to PeV energies. For
the third PeV event (IC 35, Eν ∼ 2 PeV), searches for coincidence with AGN flares revealed
a possible association with the major outburst of the Blazar PKS 1424-418 9 . A bright γ-ray
emission and an increase in X-ray, optical, and radio emissions were observed in 2012 - 2013.
The characteristics of the outburst are summarized in Table 1. The flux necessary for
detectability, Φγ,min ∼ 1.7 × 103 ph cm−2 s−1 , is very close to the observed flux. Therefore,
neutrino flares associated with such outbursts could meet the IceCube detection requirement.
However, the association between the neutrino event and the blazar outburst remains unclear.
Moreover, the value of the bulk Lorentz factor can strongly influence the results: a larger value
would disfavor detection.
6
6.1

Discussion
Competing processes for neutrino production

Hadronic interactions are invoked as dominant processes over photohadronic interactions in
dense source environments. As explained in Section 2, we do not consider the steady baryon
background because it is bound to produce a diluted emission over time.
By comparing the efficiencies of photo-hadronic and hadronic interactions, respectively fpγ
and fpp , we can see that for hard photon spectra (a < 1), only emissions that are peaked at an
energy b  10 MeV will be dominated by pp interaction for transient neutrino production. For
soft spectra (a > 1), extreme values of Γ & 100 combined with low Ep,max . 100 TeV could lead
to th  1 and thus to fpγ /fpp  1.
Although the relative efficiencies of pγ to pp processes depend on each source, it appears in
our framework that neutrino production is strongly dominated by pp interactions in only a few
marginal cases.
6.2

Optically thick envelopes and choked flares

Many classes of explosive transients are associated with the death of massive stars, with their major source of radiation emitted inside an optically thick stellar envelope. This envelope prevents
the emitted photons from escaping until a diffusion timescale td , and/or the electromagnetic
outflow to escape from the environment until the break-out time tb . In these cases, it has
been discussed that copious neutrino production could occur without a simultaneous radiative
smoking gun.
Such orphan neutrino scenarios have been developed in particular for LL GRBs and choked
GRBs, which could appear as ordinary or superluminous type Ibc SNe. TDE are not likely to
be choked, however. The orientation of the jet compared to the distribution of the surrounding
material makes it unlikely that it collides with high-density media. Similar arguments can be
applied to blazar flares that could hardly be hidden.

For all these objects, neutrinos should be precursors of the radiation. Therefore, when
applying our criteria, sources associated with the onset of type Ibc SNe without an associated
GRB therefore need to be considered with caution.
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Conclusion

We have derived the minimum photon flux necessary for neutrino detection from explosive transients, based on two main observables: the bolometric luminosity Lbol , and the time variability
tvar of the flaring emission. Our results also depend on the bulk Lorentz factor of the emitting
region Γ, and the photon spectrum associated with the emission, modeled by a broken power-law
and a photon index a below the break energy.
The scope of this work is to obtain necessary conditions for neutrinos detection. Our minimum photon flux requirement can be compared at around the indicated energy to the observed
photon flux from various transient sources, in order to assess their detectability in neutrinos.
We find that for nonrelativistic and mildly relativistic outflows, only the photon fields between IR to UV wavelengths are relevant for neutrino production. Sources flaring at very high
energy with no optical counterparts will not be observed. Of the NR transient sources, SLSNe
appear to be the most promising candidates.
The production of very high energy neutrinos, up to Eν = 1 EeV, requires relativistic outflows. Such neutrinos could be produced by HL GRBs, LL GRBs, blazars, or TDEs. As
computed by several authors, very luminous short bursts (GRBs, magnetar flares) have a good
chance of being observed. However, cooling processes could prevent detection by strongly reducing the flux at the highest energies. Pions or muons could also leave the flaring region before
decaying, and thereby delay the neutrino flare.
Our criterion should not be directly applied to low-luminosity GRBs or type Ibc supernovae
because these objects could be off-axis GRBs or have hosted a choked GRB, leading to neutrino
emission without a relevant radiation counterpart.
This study can be applied to a wide range of well-known sources and sensitivities of projected
instruments, as illustrated in Table 1. Our results indicate that with an increase of one to two
orders of magnitude in sensitivity, next-generation neutrino detectors could have the potential
to discover neutrino flares in PeV or EeV energy ranges.
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Multi-messenger studies of transient and variable astrophysical sources with the
ANTARES neutrino telescope
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By constantly monitoring at least one complete hemisphere of the sky, neutrino telescopes are
well designed to detect neutrinos emitted by transient astrophysical sources. In particular, the
ANTARES telescope is currently the largest high-energy neutrino detector in the Northern
hemisphere. Searches for ANTARES neutrino candidates coincident with multi-wavelength
and multi-messenger transient phenomena are performed by looking for neutrino emission
spatially and temporally coincident with transient astrophysical events detected across the
electromagnetic spectrum or with new messengers as gravitational wave signals, and also
by triggering optical, X-ray and radio observations immediately after the detection of an
interesting ANTARES event. The latest results of the multi-messenger analyses performed
with ANTARES will be presented in this contribution. In particular, we will focus on the
neutrino follow-up performed after the detection of the first gravitational-wave events.
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Introduction

Time-domain astroparticle physics has entered an exciting period with the recent development
of wide-field-of-view instruments, communication strategies and low latency alert triggering of
gravitational wave and high-energy neutrino (HEN) signals. In particular, neutrinos represent
unique probes to study high-energy cosmic sources. They are neutral, stable and weakly interacting. Contrary to cosmic rays (CRs), they are not deflected by the magnetic fields and
unlike high-energy photons, they are not absorbed by pair production via γγ interactions with
cosmic microwave and infrared backgrounds. A HEN diffuse flux of cosmic origin has been
identified by the IceCube telescope 1 , the sources of which have still to be identified. In this context, multi-messenger approaches consisting in simultaneously looking for the same sources with
both neutrino telescopes, gravitational wave interferometers and/or multi-wavelength facilities
can constitute a viable mean of locating HEN/CR sources and thus further understanding the
acceleration mechanisms at play in these sources.
The ANTARES neutrino telescope is currently the largest neutrino telescope in the Northern hemisphere. Located in the Mediterranean Sea, 20 km offshore Toulon (France), it is composed of 885 photomultipliers installed on 12 detection lines, sensitive to the Cherenkov light
emitted by relativistic up-going muons produced by the interaction of HEN close to the detector.
In particular, search for transient sources of HEN is promising since the short timescale
of emission drastically reduces the background level, mainly composed of atmospheric muons
and neutrinos and consequently increases the sensitivity and discovery potential of neutrino
telescopes. This contribution briefly presents the most recent results of the ANTARES multimessenger program.

2

ANTARES neutrino alerts

Corrected R magnitude

A multi-wavelength follow-up program of ANTARES alerts, denoted TAToO (Telescopes-ANTARES
Target of Opportunity) has been operating since 2009 2 . It triggers optical and/or X-ray observations within a few seconds after the detection of selected high-energy neutrino events. In
particular, more than 250 alerts have been sent to optical robotic telescopes (TAROT, ROTSE
and MASTER) since mid-2009 while 13 X-ray targets of opportunity have been sent to the XRT
instrument on board the Swift satellite since mid-2013.
The angular resolution of the neutrino direction is better than 0.5◦ at high energy (> 1 TeV).
Three online neutrino trigger criteria are currently used in TAToO: (i) detection of at least two
neutrino candidates with similar directions (angular separation below 3◦ ) within 15 minutes;
(ii) detection of a single high-energy (> 7 TeV) neutrino candidate; (iii) detection of a neutrino
candidate directionally consistent (< 0.5◦ ) with a local galaxy (distance < 20 Mpc).
From January 2010 to July 2017, 169 alerts with early optical follow-up have been analyzed
(see Figure 1). No optical counterparts were found and upper limits (ULs) on the R-band
magnitude of a transient astrophysical source have been derived. By comparing these ULs
with optical afterglow light cuves of gamma-ray bursts (GRBs), it becomes possible to reject a
GRB association with each neutrino alert, in particular when the optical follow-up is performed
within a few minutes after the neutrino trigger 3 . A similar analysis has been carried out with
Swift/XRT follow-up observations of 13 ANTARES alerts within a few hours after the alert
triggers 3 . The probability to reject the GRB hypothesis reaches more than 70% if the X-ray
follow-up occurs within 1.1 hour after the trigger.
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Figure 1 – Corrected R-band magnitude as a function of time for 301 GRB afterglows. Red, blue and green dots
indicate upper limits on GRB afterglow magnitudes for the 169 neutrino alerts observed by TAROT, ROTSE and
MASTER respectively within a short timescale after the neutrino alert. The horizontal line corresponds to the
sensitivity of the optical telescopes.

Follow-up observations of ANTARES neutrino candidates are now performed over a broad
range of the electromagnetic spectrum. Recently, the Murchinson Widefield Array (MWA),
a low frequency (80 – 300 MHz) precursor of the Square Kilometre Array, searched for radio
counterpart of two candidate high-energy neutrino events consistent with the locations of galaxies
within 20 Mpc of Earth 4 . No counterparts were detected and ULs for low-frequency radio
luminosity have been derived. Likewise, 2 ANTARES alerts have been followed by H.E.S.S.
and 36 by HAWC since November 2014. Since early 2017, the optical follow-up program also
involves the SVOM/GWAC telescopes located in China. Their very wide field-of-view and fast
response capability (< 20 s) are well suited to the search and detection of transient sources.

Multi-wavelength follow-up of the neutrino alert ANT150901A
A high-energy (∼50 TeV) neutrino candidate (ANT150901A) has been detected by ANTARES
on September 01, 2015 at RA = 16h250 4200 , Dec = -27◦ 230 2400 (median angular error of ∼18
arcmin). Due to the high-energy nature of this event, an alert has been sent to the electromagnetic follow-up partners after a delay of 10 s. Swift/XRT started observing the region around
the neutrino event 9 hours after the trigger. One of the 8 sources identified in the field was
uncatalogued, relatively bright and variable above the ROSAT All Sky Survey limit (as deep
as 5 × 10−13 erg cm−2 s−1 ). Further observations performed with Swift/XRT showed that this
source, located at 0.14◦ from the most likely position of the neutrino, was experiencing an outburst with a timescale of ∼2 days (see Figure 2). In parallel to these X-ray observations, optical
follow-up was performed with MASTER 10 hours after the detection of the neutrino candidate
and leads to the detection of a bright catalogued star (USNO-B1.0 0626-0501169).
Consequently to the detection of the transient X-ray source, the ANTARES collaboration
decided to notify the astronomical community through a GCN notice and an Astronomer’s
Telegram 5 to request further multi-wavelength observations to characterize the X-ray source.
19 observatories answered to this trigger, covering the whole electromagnetic spectrum. IceCube
has also reported a non-detection. These follow-up observations finally pointed out to USNOB1.0 0626-0501169 being a young accreting G-K star, or a binary system of chromospheric active
stars (RS CVn), undergoing a X-ray flaring episode. Thus, the coincident neutrino detection is
probably due to chance, with a probability of ∼3 %.

Figure 2 – Left: X-ray spectrum of the transient source discovered by Swift in the field of ANT150901A. Right:
Swift/XRT lightcurve of the same source.

3

Real-time follow-up activities of ANTARES

In addition to the follow-up electromagnetic observations described above, specific strategies
are developed to look for neutrino events in both time and space coincidence with transient
events announced by an alert distributed through the Gamma-ray Coordinated Network (GCN).
Hereafter, we describe the follow-up analyses performed with ANTARES after the detection of
the first gravitational wave event by LIGO/Virgo in September 2015 (Section 3.1) and following
the detection of high-energy neutrino candidates by IceCube (Section 3.2) while searches for
neutrino counterparts of catalogued astrophysical variable and transient objects are described
in Sections 3.3 and 3.4.
3.1

High-energy neutrino follow-up of the gravitational wave events

The observation of two significant gravitational wave (GW) sources by Advanced LIGO on
September 14th and December 26th , 2015 6, 7 represents an important step forward in the era of
multi-messenger astrophysics.

In a joint analysis with the IceCube and the LIGO/Virgo collaborations 8 , we searched for
directional and temporal coincidences between GW150914 and reconstructed HEN candidates.
Relying on the methodology defined in Baret et al. 9 , we looked for (i) temporal coincidences
within a ±500 s time window around the GW alert and (ii) spatial overlap between the 90%
probability contour of GW150914 and the neutrino point spread function. To this end, we used
ANTARES’s online reconstruction pipeline 2 which selects up-going neutrino candidates with
atmospheric muon contamination less than 10%. An energy cut was also applied to reduce the
background of atmospheric neutrinos which finally leads to an event rate of 1.2 events/day. Consequently, the expected number of neutrino candidates within 1000 s is 0.014. This corresponds
to a Poisson probability of observing at least one background event of ∼1.4%. No neutrino
candidates temporally coincident with GW150914 were found with ANTARES while IceCube
detected 3 events within the ±500 s time window. Both results are fully compatible with the
background expectations.

Figure 3 – Upper limit on the HEN spectral fluence (νµ + ν̄µ ) from GW150914 assuming the spectral model with
cutoff at 100 TeV.

The absence of neutrino candidate both temporally and positionally coincident with GW150914
allowed us to derive an UL on the spectral fluence φ a emitted in neutrinos by the source at
90% confidence level, as a function of the location of the source in equatorial coordinates. Two
different spectral models were considered: a standard dN/dE ∝ E −2 model and a model with
a spectral cutoff at 100 TeV expected for sources with exponential cutoff in the primary proton
spectrum. Figure 3 shows in each direction of the sky the most stringent fluence UL provided
either by ANTARES or IceCube (the white contour on Figure 3 defines the region where
ANTARES is the most sensitive) for the spectral model with cutoff.
Using the constraints on the distance of the GW source and the neutrino fluence UL, we
derived the ULs on the total energy emitted in neutrinos by this source. This was obtained
by integrating the emission between 100 GeV and 100 PeV for each spectral model and each
location in the sky map. The total energy UL depends on the source distance and equatorial
coordinates. To account for these uncertainties, the lowest and highest total energy UL within
the 90% confidence level interval are provided. The ULs on the total energy radiated in neutrinos are 5.4 × 1051 − 1.3 × 1054 erg and 6.6 × 1051 − 3.7 × 1054 erg respectively for the spectral
model without and with cutoff. These ULs could be finally compared to the energy radiated in
GW of ∼ 5 × 1054 erg.
Similar results 10 have been published following the detection of GW151226 and LVT151012 7 .
For GW151226, the source position constrained to within a 3D volume (direction on the sky
a

defined as dN/dE = φE −α .

and distance) was used to derive a direction-dependent constraint on the total energy radiated
in neutrinos, by integrating the spectrum over the range [100 GeV; 100 PeV] (see Figure 4).

Figure 4 – Upper limit on the total energy radiated in neutrinos for GW151226 as a function of the source
1/2
direction, assuming a neutrino spectrum dN/dE ∝ E −2 (left) and dN/dE ∝ E −2 e−(E/100TeV)
(right).

3.2

Follow-up of IceCube HEN events

IceCube is currently the largest neutrino telescope. Located at the geographic South Pole, it
is composed of 86 detection lines distributed over a cubic-kilometer of ice. High-energy events
starting into the detector 1 (HESE) and extremely high-energy ones (EHE, with energy above
1 PeV) are received by the Astrophysical Multi-messenger Observatory Network (AMON 11 )
and distributed to the community via an alert of the GCN b . A coincident detection by both
IceCube and ANTARES would be a significant proof of the astrophysical origin of these neutrino
candidates and would point directly to the position of the source in the sky. In this context, the
ANTARES collaboration is performing a follow-up analysis of each IceCube event whose position
is below the horizon of ANTARES (which could consequently yield to an up-going event at the
time of the alert). Up to now, ANTARES has followed the four alerts (3 HESE and 1 EHE) in
the field-of-view of the telescope. Two other events occurred in the field-of-view of ANTARES
but were retracted by IceCube after further analysis which revealed a background origin. No
neutrino candidates were found compatible with one of the alerts within a time window up to
± 1 hour. We used these non-detections to derive preliminary 90% confidence level ULs on the
radiant neutrino fluence c of these events of the order of ∼15 GeV cm−2 and ∼30 GeV cm−2
for the E−2 and the E−2.5 spectral models respectively (see Table 1). These results have been
published as GCN circulars within some hours after the alerts 12, 13, 14, 15 .
Table 1: Fluence upper limits for each IceCube neutrino candidate.

IceCube event
IC160731A (EHE)
IC160814A (HESE)
IC161103A (HESE)
IC170321A (HESE)

b

Fluence UL (GeV cm−2 )
dN/dE ∝ E −2 dN/dE ∝ E −2.5
14
27
15.7
43
13
32
16
26

https://gcn.gsfc.nasa.gov/amon.html
RE
computed as E max EdN/dEdE; with Emin and Emax , respectively the 5% and 95%-quantiles of the demin
tectable energy range.
c

3.3

Looking for a neutrino counterpart to gamma-ray bursts and fast radio bursts

Transient astrophysical events are observed all over the electromagnetic spectrum and in particular at both ends of the spectrum, in the radio and gamma-ray domains where we respectively
observe fast radio bursts (FRBs) and GRBs. While the latter are probably related to either
the collapse of massive stars or the merger of two compact objects, the sources producing the
former are still unknown. If hadrons are accelerated in relativistic outflows of both GRBs and
FRBs, TeV-PeV neutrinos might be produced by photo-hadronic interactions. Dedicated offline analyses are performed by the ANTARES collaboration 16, 17, 18 . In particular, a stacked
analysis based on the full ANTARES data sample from 2008 to 2016 enables to constrain the
contribution of GRBs to the diffuse flux of cosmic neutrinos. On the other hand, looking for
individual GRBs and FRBs helps to constrain theoretical models of neutrino emission.
ANTARES is able to react to external alerts sent through the GCN after the detection of
a GRB. Data analysis can be done in two alternative ways. A search for muon-track neutrino
counterpart in the standard online dataset is performed in real-time within 15 min around the
detection and 2◦ from the GRB position. To ensure the quality of the data at the alert time, the
detector stability is checked over several hours before the alert. The result of the search is sent
by email within 15 min after the release of the GCN. In case of a coincident neutrino detection,
a dedicated offline analysis is run to confirm the result and compute its significance (expected
to be higher than 3σ in most of the cases). More than 500 GRB alerts have been followed by
ANTARES so far.
Alternatively, a specific data taking mode is activated jointly with the standard one in case
of a GRB alert. All raw data covering a preset period (typically 2 minutes, depending on the
background rate, the number of data processing computers, and the size of the RAM) are saved
to disk without any filtering 19 . Data buffering in the filter processors enables to store the data up
to about one minute before the actual GCN alert. In most cases, it consequently includes data
collected by ANTARES before the GRB occurred, which can be used to search for a neutrino
signal occurring before the gamma ray emission. These unfiltered data can be analysed with
a less strict filtering compared to the standard online filtering and a reconstruction algorithm
optimised for energies below 1 TeV 20 can be applied to increase the detection efficiency (by a
factor of ∼2 at 100 GeV and ∼30% at 10 TeV). A dedicated algorithm searching for time and
space correlations in a small region of interest around the GRB position is finally used as in
standard offline analyses. An analysis based on this approach has recently been published by the
ANTARES collaboration to test the photospheric model 21 of neutrino emission in GRBs 16 . No
neutrino events have been detected in temporal and spatial coincidence with four bright GRBs
(GRB 080916C, 110918A, 130427A and 130505A) and upper limits at 90% C.L. on the expected
neutrino fluxes were derived 16 .
As for FRBs, the Parkes radiotelescope, located in Australia, is the main discovery instrument so far and the SUrvey for Pulsars and Extragalactic Radio Bursts (SUPERB) is underway
on this instrument 22 . One of the main obstacle for constraining the nature of the FRBs is
the latency between the detection of the burst and the starting of multi-wavelength and multimessenger follow-up observations aimed to identify an FRB counterpart. The SUPERB program
was designed to drastically reduce the time needed to send a notification to the community. In
this context, ANTARES is receiving alerts issued by the SUPERB collaboration in case of a
Fast Radio Burst detection since 2015. The ANTARES collaboration has recently been involved
in the multi-wavelength and multi-messenger study of FRB 150215 detected with the Parkes
radiotelescope by SUPERB 23 . The datastream was searched for up-going track events from a
point-like source within a time window of up to ±1 day around the FRB detection in a region
of interest of 2◦ centered on the position of the Parkes beam center. No neutrinos were detected
coincident with this transient event. Consequently, a neutrino radiant fluence UL at 90% confi-

dence level has been computed together with an UL on the total energy emitted in high-energy
neutrinos (assuming a redshift of z = 0.56 as constrained by radio data). The results lead to a
radiant fluence UL of ∼ 1.4 × 10−2 erg cm−2 and a total energy of 1.4×1055 erg when assuming
a spectral model dN/dE ∝ E −2 .
3.4

Looking for a neutrino counterpart to flaring sources

Microquasars, blazars and GRBs are supposed to share the same physical mechanisms based
on the accretion of gas onto a black hole which power the relativistic jets of material ejected
from both sides of the compact object. However, some major issues are still open: what is the
particle acceleration mechanism at work in these systems ? Is it unique ? Constraining the jet
composition and its baryonic content would help answering these questions since it may impact
the outflow-launching process.
Looking for electromagnetic counterparts to interesting neutrino candidates can enable to
constrain a GRB origin as discussed in Section 2. On the other hand, offline searches for neutrino
counterparts to catalogued microquasars, blazars and GRBs are underway. In particular, a
work recently published by the ANTARES collaboration has been used to search for neutrino
emission during the flares from Galactic X-ray binaries 24 . A total of 34 X-ray binaries have
been studied, with no significant detections, allowing some of the more optimistic models for
hadronic acceleration in these sources to be rejected at 90% C.L. (see Figure 5).

Figure 5 – Upper limit at 90% C.L. on the neutrino flux from the microquasar GX 339-4. Different spectral
models are considered (E −2 , E −2 exp(−E/10 TeV) and E −2 exp(−E/100 TeV)). These ULs are compared to the
prediction of the hadronic models of Zhang et al. 25 with different baryonic loadings.

On the other hand, several bright blazars studied by the TANAMI collaboration d through
radio and gamma-ray data, are located within the 50% error box of the reconstructed arrival
directions of the IceCube/HESE PeV neutrino events IC #14 and IC #20. A dedicated study
performed with ANTARES revealed signal-like events from two bright blazars in the field of
IC#14, although this is also consistent with background fluctuations. A lack of such events
from the field of IC #20 excludes a neutrino spectrum softer than E −2.4 as being responsible
for this event 26 .
4

Conclusion

By simultaneously monitoring at least half of the sky, neutrino telescopes are well-suited to
detect transient sources. In this context, multi-messenger approaches are destined for a bright
d

http://pulsar.sternwarte.uni-erlangen.de/tanami/

future and will help to probe the physical processes at work in these objects. In particular, a
multi-wavelength follow-up program has been operating in ANTARES since 2009 and enables to
increase the sensitivity of the telescope by looking for a coincident electromagnetic detection both
in time and space. Furthermore, the ANTARES collaboration is deploying specific strategies to
search for joint detections of neutrinos and other messengers such as GWs. Because of the better
angular accuracy of neutrino telescopes compared to GW detectors with two interferometers,
a coincident detection would drastically constrain the position of the GW source on the sky,
bringing valuable information for subsequent electromagnetic follow-ups. In the near future,
KM3NeT, the next generation of European neutrino telescopes currently under deployment in
the Mediterranean sea, will greatly improve the sensitivity to neutrino point-sources (by of factor
of ∼50 with respect to ANTARES between 5 GeV and a few PeV). On the other hand, it will
provide a high-purity sample of astrophysical neutrinos together with a an improved angular
resolution (∼ 0.2◦ for muon track events and ∼ 1.5◦ for showers) that will enable significant
improvement on the multi-messenger and electromagnetic follow-up activities.
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Since 2010 IceCube observed around 50 high-energy neutrino events of cosmic origin above
60 TeV, but the sources of these events are still unknown. We recently proposed high-energy
emitting BL Lac (HBL) objects as candidate emitters of high-energy neutrinos. Using a
direct proportionality between high-energy gamma-ray and very-high energy neutrino fluxes,
we calculated the expected neutrino event number in a year for IceCube and the presently
under construction Km3NeT. To give a value of significance of a detection we considered also
the background for the single sources. For this reason we derived the through-going muon
rate, generated by muon neutrino including the effect of Earth absorption, the density of
the Earth and the cross section νN . Applying this calculation both to HBL sources and the
atmospherical neutrino background we can calculate the expected significance of the detection
by IceCube, showing that our scenario is compatible with a not yet detection of a multiple
neutrino coming for a HBL.

1

Introduction

In 2010 Ice Cube started to reveal neutrinos in clear excess to the expected atmospheric flux at
very-high energy (& 100 TeV); this marked the beginning of the neutrino astrophysics era. Ice
Cube is able to reconstruct some of the most relevant quantities (energy, Eν , and direction, αν
and δν ) of the incoming neutrino. There are two types of events: the high-energy starting events
(HESE, or contained-vertex event) with a high angular uncertainty (> 1◦ ) and the high-energy
through-going muons, products only by νµ (and ν̄µ ) a and with a good angular uncertainty
(≤ 1◦ ). Today we have ≈ 50 events of different neutrino flavoursb at these energies (60 TeV 2.8 PeV), but the cosmic source class (or classes) of these neutrinos is (are) still unknown.
High-energy neutrinos are expected to be produced in regions rich of cosmic rays, where
pions production is possible. The production of PeV neutrinos requires very high energy protons
interacting with matter or with photonsc to produce pions (p + p → X + π or p + γ → X + π).
Charged pions, in turn, decay in muon and neutrinos (π ± → µ± +νµ → e± +2νµ +νe ). The p+p
reaction could take place in regions with high barion density (such as galactic regions or star
forming regions); meanwhile the photo-meson reaction is favoured in case of high photon density
regions. After 5 years of data taking the sky distribution of the detected events is consistent
with isotropy. The lack of a strong anisotropy suggests that the sources are not only galactic,
but a mixed galactic and extragalactic origin can not be excluded. Recent studies suggest a
possible contribution at “low energy” (30 − 100 TeV) by galactic sources and an extragalactic
component emission above 100 TeV 1 . Among the possible extragalactic sources there are star
a

We will not distinguish from neutrino and antineutrino.
The tau neutrino ντ is not been yet observed.
c
For Ep ∼ 1017 eV Eγ is in the UV-X-ray range.
b

forming galaxies 2,3 , active galactic nuclei (AGN) 4,5,6,7 , galaxy clusters 8 . Among AGN, blazars
are often considered the most probable candidate because of their jet pointed toward the line
of sight to the Earth 9 . These objects present peculiar characteristics such as variability at all
frequencies and an intense emission in the γ-ray band 10,11,12 . This makes blazars the most
numerous extragalactic γ-ray sources. Because of the beaming, the emission observed from
blazars is dominated by the non-thermal continuum produced in the jet. This characterise the
so-called spectral energy distribution, SED, typically showing a “double hump” shape. The
low energy component, peaking between IR and soft-X rays, is explained by the synchrotron
radiation of relativistic electrons inside the jets, while the second component, usually peaking
in γ-ray band, has not a completely clear origin. The most popular scenario is the leptonic
model, where the second component is due to the Inverse Compton (IC) radiation from the
same electrons producing the first component. In hadronic scenarios, instead, the second peak
of SED is thought to originate from high-energy protons loosing energy through synchrotron
emission or photo-meson reactions. Assuming a coexistence of both electrons and protons inside
the jet, the favourite mechanism to produce high-energy neutrino from blazars is pγ reaction.
Blazars are divided in two subclasses, flat spectrum radio quasar (FSRQ), characterised by
broad emission lines typical of quasars, and BL Lacertae (BL Lac), showing extremely weak
or absent emission lines in their optical spectra. FSRQs are generally more powerful than
BL Lacs. The distinct difference between the two subclasses can be interpreted by a different
nature of the the accretion flow 13,14 . At a first sight, FSRQ, characterised by intense thermal
radiation, providing an ideal photon target field, seems the best blazar subclass to host pγ
reactions and produce neutrino. Kadler et al. 15 found a coincidence in time between a longlasting (∼months) outburst of the FSRQ PKS B1414-418 and the arrival time of an HESE
neutrino with an uncertainty region of ∼16◦ . However, there are several arguments against
the possibility of FSRQs being the sources of the neutrinos revealed by IceCube. If FSRQs
can produce neutrinos, the photon involved in the photo-meson reaction are most likely the UV
photon of the broad line region (BLR). This implies a very-high energy Ep of parent protons and
thus of the neutrinosd . Precisely the energy of the proton must follow the photopion threshold
condition Ep th > mπ mp c4 with , the energy of the interacting photons, mπ and mp the masses
of pion and proton. Indeed, the spectra of neutrinos produced by FSRQs is predicted to be hard
in the range of energy observed by IceCube 6 , that instead reveals a relatively flat-soft spectrum.
BL Lac objects seem disfavoured as ν candidates, mainly because their low luminosity hints
to inefficient photo-meson production 6 . However Tavecchio et al. 16 showed that if the jet is
structured with a fast core (spine) and a slower layer, the neutrino emission from these object
could match the observed intensity with an acceptable value of the cosmic ray power for the jet.
This thesis is supported by Padovani et al. 17 which present the evidence for a significant spatial
correlation between the reconstructed arrival direction of neutrinos (including both hemispheres,
thus both HESE and through-going muon) and BL Lac objects emitting very high-energy γ-rays
(> 50 GeV).
2

BL Lac objects as neutrinos emitters

In Righi et al. 18 , based on the results of Padovani 17 and Tavecchio 16 , we selected a sample of
high-energy emitting BL Lac (HBL) objects from 2FHL catalogue and linked the emission of
muon neutrino coming from the photo-meson reaction to the γ-ray from Inverse Compton. We
accept a leptonic scenario for the HBL electromagnetic emission; in this way we assume that
any electromagnetic component associated to hadronic reactions, such as the decay of π 0 (and
hence to neutrino emission) does not dominate the SED. We refer to Righi18 for a complete
description of the scenario. Here we just recall the key points to find the linear relation between
the bolometric neutrino flux Fν for a given HBL source and its high-energy γ-ray flux Fγ . The
d

For photo-meson reactions the approximate relation is Eν ∼ Ep /20.

total, energy integrated, neutrino luminosity Lν can be expressed as Lν = p Qp δs4 ; where p is
the averaged efficiency for ν production, Qp the total cosmic ray injected power in the spine
region and δs4 is the Doppler factor determining the amplification of the emission always in the
spine region. Also the high-energy γ-ray luminosity due to IC can be expressed in the same way
but considering the relativistic electrons Lγ = e Qe δs4 ; where e measures the efficiency for γ-ray
production. Hence we have a relation of the ratio of the luminosities (and then of the fluxes):
p Qp
Fν
Lν
=
=
Fγ
Lγ
e Qe

(1)

We should assume that both efficiencies p and e depend on the same photon field (the layer
radiation), and thus their ratio, p /e , is constant in first approximation. The same approximation could be done for Qp /Qe . In this case both depend on the total power carried by the jet
Qp,e = ηp,e Pjet with the ratio ηp /ηe ≈ const, hence Fν = kνγ Fγ . In Righi et al. 18 we derived
the average value of kνγ comparing the total neutrino diffuse flux measured by IceCube and
the entire high-energy γ-ray emission of HBL detected by Fermi. With this calculation we were
overestimating the neutrino flux for each sources because we didn’t consider the unresolved HBL
sources by Fermi. In fact we calculated the total γ-ray flux Fγ by summing the fluxes of HBLs
catalogued in 2FHL20 that includes all the sources detected above 50 GeV. It should be taken
into account that, from the results by Ackermann et al. 19 , the derived neutrino fluxes could
be lower by a factor ≈ 3. It further should be noted that in Righi et al. 18 we used kνγ to
calculate the neutrino flux for each HBL source, Fνi = kνγ Fγi , assuming that kνγ is the same
for all sources.
We can calculate the expected neutrino rate, Rν , in IceCube and Km3NeT for the brightest
2FHL HBL using the neutrino flux Fνi and the effective area of the instrument Aef f (IceCube21
and Km3NeT22 ):
Z E2
Rν = Texp
Fνi (Eν )Aef f (Eν )dEν
(2)
E1

where Texp is the integration time, one year in this case. The effective area Aef f for IceCube is
given in range of declinations (0◦ < δ < 30◦ ,30◦ < δ < 60◦ ,60◦ < δ < 90◦ ) while for Km3NeT
Aef f is full-sky averaged. In table 1 we reported the main results of Righi et al. for IceCube
and Km3NeT. We remark that we calculated the expected muon neutrino flux and the muon
neutrino rate for each source because the good angular resolution (≤ 1◦ ) of the through-going
muon permits a possibile spatial correlation between the position of a source and the direction
of the incoming neutrinos. For this reason, in the case of IceCube, we consider only the muon
neutrinos coming from the northern hemisphere (this is the reason why the last three sources in
table 1 haven’t the expected rate number Rν for IceCube). Our calculations predict that only for
Table 1: Expected 0.1-10 PeV flux (in units of 10−8 GeV cm−2 s−1 ) and detection rate (yr−1 ) of muon neutrino
N˙ν for the brightest 2FHL BL Lacs with IceCube at different declinations (top) and with Km3NeT with the
horizon as thresholds on the zenith angle (bottom).
Name
Mkn421
PG1553+113
Mkn501
PKS1424+240
PG1218+304
TXS0518+211
3C66A
PKS2155-304

Fν
8.77
1.89
3.41
1.00
0.92
0.87
0.87
2.15

IceCube
Rν

Km3NeT
Rν

4.89
2.47
1.90
1.30
1.20
1.14
0.49

4.59
1.42
1.65
0.67
0.55
0.59
0.38
2.23

New approach
Nµsource Nµback
10.23
4.00
3.86
1.61
1.27
1.48
1.00
3.00

8.46
8.87
8.44
8.71
8.60
8.74
8.40
8.60

a few γ-ray bright HBL we expect a rate numbers Rν detectable in few years of operation. For
IceCube, in particular, there are only two sources, Mkn 421 and PG 1553+113, that present a
rate exceeding 1 event yr−1 . For Mkn 421 we obtained a relatively large expected rate, 4.89 yr−1 .
However, the declination of Mkn 421 is +38◦ 120 31.700 close to the lower limit of declination
range validity of the effective area (30◦ < δ < 60◦ ). A finer binning of the effective area could
be used to find a more precise expected neutrino rate number for the sources by IceCube. For
Km3NeT instead we obtain an appreciable neutrino flux for several sources. While for IceCube
the sources have the same visibility during the year because IceCube is located at South Pole,
the analysis for Km3NeT is more complicated because the sources are partially visible (i.e. stays
below the horizon) during the year. Km3NeT collaboration give the visibility as a function of
source declination for the muon-track analysis for tracks below the horizon and up to 10◦ above
the horizon. Table 1 shows only the expected rate number Rν for tracks below the horizon.
This work is missing of an analysis of the background due to the atmospheric neutrinos
and an estimate of the sensitivity of a possible detection of a sources by IceCube. Furthermore
during the last year there was some arguments against BL Lac objects as candidates neutrino
emitter. In particular Murase & Waxman 23 presented an analysis of the constraints that can
be put on the average luminosity and the local volume density of high-energy neutrino sources,
based on the non-detection of multiplets in the detector (or, equivalently, on the non-detection
of “point sources” associated to high-energy neutrino-induced muon tracks). In this way they
are able to rule out some of the possible source classes, in particular those characterised by
a large luminosity and a low cosmic density. Their calculation lead to exclude blazar (both
FSRQ and BL Lac) as principal neutrino emitting source class. But for the BL Lac class they
consider as representative the BL Lacs belonging to the 1FGL catalogue24 . This sample includes
all the BL Lac objects detected by Fermi /LAT in the band 0.1-100 GeV. In this way there is
a selection effects disfavouring the HBL objects that have a lower flux in this band. Otherwise
this subclass of BL Lac may be observed at higher energy range because of their second peak of
SED is centred at high frequencies. Since HBL are more numerous and less powerful than the
rest of BL Lac population, they could satisfy the constraints given by Murase & Waxman. Also
Palladino25 showed an analysis about HBL objects as candidates neutrino emitter.
For these reasons we thought to retake a calculation to obtain the expected muon rate (yr−1 )
passing through the detector (we will consider only IceCube) without using the effective area
of the detector, but performing a calculation starting on first principle. Although simplified,
this approach provides an acceptable estimate26 27 23 and, importantly, it allows one to calculate
a significance of the possible detection considering also the background rate for each direction
(and so for each source).
3

A new approach

The number of interaction per unit time Ṅ is given by the cross section σ for the incident flux Φ.
In our case we consider only through-going events, and so νµ , because of their associated small
angular uncertainty (≤ 1◦ ). In this context the number of muon per unit time pass through the
detector is given by:
ρ(x)
dṄ = Fν (Eν )e−τ (x,Eν ) A
σCC (Eν )dx
(3)
mp
where σCC is the cross section of charged currente , Fν is the neutrino flux in GeV−1 cm−2 s−1
sr−1 , τ takes into consideration the neutrino flux attenuation and depends on the path x inside
the Earth of neutrino (and so it depends on the zenith angle Θ) and the energy of flux Eν ; it
corresponds to:
Z x
ρ(x0 )
σCC (Eν )dx0
(4)
τ (x, Eν ) =
m
p
0
e

We’ll consider only the charged current interaction between νµ N .

The number of target nucleons per dx is given by A ρ(x)
mp dx, where mp is the mass of proton,
A is the detector projected area (which in principle depends on the zenith angle) that we
approximate to ' 1km2 . ρ is the Earth density (in g cm−3 ) and depends on the path inside the
Earth x and dx is the length between the detector and the place of interaction νN . Defining
dX = ρ(x)dx and dividing both members of equation 3 for dX we obtain dṄ /dX. We want to
study the rate of muon neutrino per energy dṄ /dEµ , that it’s equal to:
dṄ
dṄ dX
=
dEµ
dX dEµ

(5)

The first term right of equation 5 is equation 3, while the second term derives from the inverse
dE
of the average muon energy-loss rate − dXµ = α + βEµ where α is the ionization term while βEµ
is the radiative term at TeV range α and β are respectively equal to ' 2 · 10−3 GeV cm2 g−1
and ' 5 · 10−6 cm2 g−1 . Replacing previous equations in eq.5 we obtain:
dṄ
1
A
=
dEµ
α + βEµ mp

Eνmax

Z

Fν (Eν )σCC (Eν )e−τ (x,Eν ) dEν

(6)

Eµ

We have to integrate between the minimum and maximum value of the incoming neutrino to
produce a muon of energy Eµ . The minimum value of neutrino energy to produce a muon with
energy Eµ corresponds to Eνmin = Eµ corresponding to neutrinos with energy Eµ interacting
just before the detector.
Integrating for all possible Eµ , we obtain the number of muon (or neutrino) produced in a
time T for every source:
Z Eµmax
dṄ
N = εT
dEµ
(7)
dE
µ
Eµmin
where ε 6 1 is the efficiency of the detector. We use equation 7 to calculate the expected muon
rate coming from the HBL objects of 2FHL catalog and the background rate for each source. We
use the cross section σCC (Eν ) of eq.6 given in Connolly et al. 28 , the neutrino flux Fν (Eν ) found in
Righi et al. and the Earth density ρ(x) reported by Dziewonski & Anderson29 . Main backgrounds
to the search for astrophysical neutrinos are high-energy atmospheric neutrinos and muons
produced by cosmic-ray interactions in the Earth’s atmosphere. There are two atmospherical
neutrinos components: the conventional neutrinos and the prompt neutrinos produced in the
atmosphere by the decay of charmed particles. To find the number of background muon produced
in a time T at the same declination angle of the BL Lac sources, we have to consider the
dependence on the solid angle dΩ. For this reason the background flux to use in eq.6 is
Z
F (Eν )Back = 2π

Θ

φB (Ω, Eν )dΩ ≈ πΘ2 φB (Eν )

(8)

0

where we consider Θ = 1◦ and φB (Eν ) the flux of background given by Aartsen (2016) in GeV−1
cm−2 s−1 sr−1 . The energy range of background neutrinos is 102 GeV < Eνback < 106 GeV.
In this procedure we do not include a detail analysis of the sensitivity of the detector. For
this reason the expected muon rates N will be overestimated. Anyway the strength of this
calculation is the possibility to take into account the declination of the source and then of the
background.
Last two columns of table 1 show the expected muon rate produced by muon neutrinos of
the sources and the background and passing through IceCube. These numbers are subjected to
stochastic fluctuations, for this reason they need to be treated with Poisson distribution. Li and
Ma30 gives a formulae to estimate the significance S of observations.
We assume a Poisson distribution around the number of muon for the sources Mkn 421 and
PG 1553+113 and the corresponding background; we extract randomly a value from the Poisson

distributions and we calculate the significance S. We repeat this procedure 10000 times, in this
way we obtain a distribution around the most probable significance for the two sources. Figure 1
shows the position of the peak of the distribution for Mkn 421 and PG 1553+113. Solid line
consider the efficiency ε = 1, while dashed lines consider an efficiency of the instrument of 30%,
ε = 0.3.

Figure 1 – same figure with draft option (left), normal (center) and rotated (right)
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4.
Multimessenger Astronomy

H.E.S.S. multi-messenger observations
F. Schüssler on behalf of the H.E.S.S. Collaboration
IRFU, CEA, Université Paris-Saclay, F-91191 Gif-sur-Yvette, France
The H.E.S.S. Imaging Air Cherenkov Telescope system is very well suited to perform follow-up
observations of detections at other wavelengths or messengers due to its fast reaction and its
comparably low energy threshold. These advantages are fully exploited via a largely automatized system reacting to alerts from various partner observatories covering all wavelengths
and astrophysical messengers.
In this contribution we provide an overview and recent results from H.E.S.S. programs to
follow up on multi-wavelength and multi-messenger alerts. We present ToO observations
searching for high-energy gamma-ray emission in coincidence with electromagnetic transients
Fast Radio Bursts as well as multi-messenger transients related to high-energy neutrinos and
Gravitational Waves.

1

High-energy multi-messenger astrophysics

After decades of ever intensifying studies, the high energy universe is still full of mysteries. A
major one is the origin of high-energy cosmic rays. To locate the astrophysical sources and study
the acceleration mechanisms able to produce these fundamental particles with energies orders
of magnitude above man-made accelerators, is one of the long standing quests in high-energy
astrophysics. Thanks to observatories of unprecedented scale and sensitivity, enormous progress
has been made over the last years in several aspects. The most significant ones are certainly the
wealth of discoveries provided by gamma-ray observatories sensitive in the GeV and TeV energy
range, the advent of neutrino astronomy brought about by large scale neutrino telescopes and
the direct observation of gravitational waves.
1.1

The H.E.S.S. high-energy gamma-ray observatory

The H.E.S.S. imaging atmospheric Cherenkov telescope array is located on the Khomas Highland
plateau of Namibia (23◦ 160 1800 South, 16◦ 300 0000 East), at an elevation of 1800 m above sea level.
The original array, inaugurated in 2004, is composed of four telescopes each with a mirror of
12 m diameter and a camera holding an array of 960 photomultiplier tubes. With this layout
H.E.S.S. is sensitive to cosmic and gamma-rays in the 100 GeV to 100 TeV energy range and is
capable of detecting a Crab-like source close to zenith and under good observational conditions
at the 5σ level within less than one minute 1 . In 2012 a fifth telescope with a 28 m diameter
mirror was commissioned, extending the covered energy range toward lower energies. The final
layout of H.E.S.S. is shown in the left panel of Fig. 1.
H.E.S.S. is able to react rapidly to incoming alerts. The installation of the fifth telescope,
conceived to allow for extremely rapid slewing reaching every point on the accessible sky within
less than one minute 2 , was accompanied by significant efforts to optimize the alert reception and
subsequent reaction scheme. The implemented multi-purpose alert system is now connecting the
H.E.S.S. observatory to a large variety of observatories worldwide, covering the full wavelength

Figure 1 – Left: Photograph of the H.E.S.S. gamma-ray observatory in its final configuration of four 12 m telescopes
combined with a central 28 m telescope. Right: Schematic view of the H.E.S.S. alert reception system allowing
to receive alerts from observatories covering all wavelengths and astrophysical messengers. From 3 .

and multi-messenger domain and thus allowing for an extensive multi-messenger program. A
schematic view of the alert system is given in the right plot of Fig. 1, further details can be
found in 3 .
1.2

High-energy neutrino telescopes

Two major instruments searching for astrophysical neutrinos are currently in operation: IceCube 4 at the South Pole and ANTARES 5 in the Mediterranean Sea. So far neither of them has
found any significant localized excess 6 . Yet, a significant breakthrough has been made over the
last years by the IceCube collaboration: in four years of data, IceCube was able to single out 54
neutrinos with energies in the range of 60 TeV to 3 PeV that interacted within the instrumented
volume (see Fig. 2). The atmospheric background contribution has been estimated as 12.6 ± 5.1
7
from cosmic ray muon events and 9+8
−2.2 atmospheric neutrinos events . However, the origin of
these neutrinos is unknown and no significant clustering or excess at small angular scales has
been found so far. We here report on searches for high-energy gamma-ray counterparts to these
events.
Both neutrino telescopes have implemented systems for rapid event reconstructions, filtering
and subsequent alert emission. Whereas the achieved latencies are at the order of several minutes
for IceCube 8 , the TAToO system of the ANTARES collaboration allows to emit alerts to external
observatories within tens of seconds 9 . The alert reception system of H.E.S.S. is connected to both
neutrino telescopes via direct and dedicated links allowing for automatic exchange of information
and subsequent follow-up observations.
1.3

Gravitational wave observatories

After substantial upgrades and improvements, the Advanced Ligo interferometers detected the
first gravitational waves end of 2015 10 . This breakthrough is opening a new window to the
universe and completes the multi-messenger picture of particles and radiations available to access
the high energy univers.
The localisation of the massive binary black hole systems whose mergers caused the emission
of the observed gravitational waves was unfortunately rather imprecise (cf. left plot of Fig. 3).
Nevertheless, a large number of observatories covering all wavelengths from radio to gamma
rays are participating in a global effort to search for electromagnetic (and high-energy neutrino)
counterparts to the gravitational wave events. So far, no clear detection could be made. The
H.E.S.S. experiment is participating in this effort. Due to the large localisation uncertainties

Figure 2 – The high-energy neutrino sky represented by the arrival directions in Galactic coordinates of events
detected by IceCube. We here summarize the H.E.S.S. observations around the events IC-5, IC-18, IC-44 and
IC-45 (highlighted by the black circles) and the region of the ANTARES-Swift coincident signal (red circle).
Modified from 7 .

(hundreds to thousands of square degrees) dedicated follow-up strategies have to be put into
place. An outline of current strategies, implemented within the general, automatic alert reception system mentioned above, is given in a dedicated contribution to this conference 12 . An
illustration of the performance of the coverage achieved for a simulated gravitational wave event
is shown in the right plot of Fig. 3. For this exemplary event we cover most of the uncertainty
area accessible from the location of the H.E.S.S. experiment within only a few hours (14 individual pointings). With the default duration of a H.E.S.S. data taking run of 30 min, this leads
to a sensitivity to fluxes of about 5% of the flux from the Crab nebula throughout the region
defined by the gravitational wave uncertainty map.

Figure 3 – Left 7 : Localisation uncertainty of the first two gravitational wave events detected by the Advanced
Ligo interferometer. Plot modified from 10,11 . Right: Potential coverage of H.E.S.S. observations of a simulated
gravitational wave event (color scale illustrating the localisation uncertainty) derived with a dedicated, optimized
scheduling algorithm. From M. Seglar-Arroyo, these proceedings 12 .

2

H.E.S.S. multi-messenger searches

The main focus of the H.E.S.S. multi-messenger program is to exploit the intimate connection between high-energy neutrinos and gamma-rays. Provided appropriate conditions of the
environment of cosmic accelerators (e.g. magnetic fields, matter and field densities, etc.), highenergy (hadronic) particles are potentially undergoing interactions with matter and radiations
fields within and/or surrounding the acceleration sites. The light mesons, predominantly pions,
created in these interactions will decay by emitting both high-energy neutrino as well as gammarays. For sources where the matter and radiation fields are not too dense to cause absorption of
the emitted gamma-rays, we can therefore hope to find spatial and temporal correlated emission
of both messengers.
The combination of observations of different messengers also allows to increase the sensitivity of the searches. This is because every messenger has its own background which has to be
overcome in order to detect a significant signal and/or allow to confidently interpret the measurements. In the search for the astrophysical sources of high-energy cosmic rays, these backgrounds
are both astrophysical as well terrestrial. Thanks to their high sensitivity, gamma-ray observatories operating in the GeV-TeV energy range detected a multitude of emission regions over the
last years. With the exception of the discovery of a pion decay signature in low energy gamma
rays from two supernova remnants by Fermi 13 and the discovery of PeV proton acceleration near
the Galactic Center 14 , this is usually not sufficient proof for the presence of accelerated hadronic
CRs as gamma-ray radiation can also be induced by accelerated electrons (via Bremsstrahlung
or inverse Compton scattering of low energy photons). For most detected gamma-ray sources,
both leptonic (accelerating mainly electrons) as well as hadronic (accelerating predominantly
hadronic CRs) models are able to explain the observed emission. Attempts to distinguish between these competing explanations are usually based on the spectral shape of the GeV-TeV
emission and a clear discrimination between different models is not possible.
High-energy neutrino telescopes suffer from different challenges: their effective areas are
orders of magnitude below current gamma-ray observatories and available event statistics are
relatively low. In addition, high-energy neutrinos are produced copiously in the Earth’s atmosphere via CR induced extensive air showers. These atmospheric neutrinos are an important
background for the search of astrophysical neutrino sources but their influence can be reduced
thanks to their soft energy spectrum following E −3.6 (compared to the harder E −2 spectrum
expected from Fermi acceleration processes in astrophysical sources). On the other hand, highenergy neutrinos are a clear sign of hadronic processes and, in contrast to most gamma-ray
observatories, neutrino telescopes have the capability to observe large portions of the sky without the necessity of scheduled, pointed observations. They are therefore ideally suited to monitor
the high-energy universe and provide alerts on interesting events for detailed follow-up observations by other instruments.
Searches for coincident emission of both, high-energy neutrinos and gamma-rays overcomes
most of the mentioned problems and may therefore allow to locate the long sought acceleration
sites of high-energy cosmic rays. We present some of these searches performed within the
H.E.S.S. multi-messenger program in the following.
2.1

H.E.S.S. observations of regions around IceCube high-energy neutrino events

Over the last years we started to exploit these potential correlations in searches for high energy
gamma-ray emission from regions surrounding the arrival direction of high energy neutrinos
detected by IceCube. Over several years, four of the published events fulfilling the ”High-energy
Starting Event” (HESE) 7 criteria have been scanned with the H.E.S.S. array. A summary of
the events and the obtained observations is given in Table 1. The data described here have
been taken with the full array of all five H.E.S.S. telescopes. During the analysis we require
that data from at least two telescopes participated in the reconstruction of the gamma-ray

Figure 4 – Skymaps of regions around high-energy neutrinos recorded by IceCube. The color scale represents
upper limits in units of m−2 s−1 on the high-energy gamma-ray flux derived from H.E.S.S. observations. The
white circles denote the localisation uncertainty of the neutrino events (cf. Tab. 1).

induced air shower. The data were reconstructed using the Model Analysis 15 , an advanced
Cherenkov image reconstruction method in which the recorded shower images of all triggered
telescopes are compared to a semi-analytical model of gamma-ray showers by means of a loglikelihood optimization. Reconstructed events have to fulfill a loose cut configuration allowing
for a comparably low energy threshold.
None of the observed regions showed significant high-energy gamma-ray emission. To derive
upper limits on the gamma-ray flux we have to take into account the large positional uncertainty
related to the neutrino events, which is of the order of 1.2 deg (see Tab. 1 for details). We here
derive maps showing integral flux upper limits for the whole region-of-interest. The limits are
derived above an energy threshold Ethr defined individually for each observation as the energy
where the acceptance is 10% of its maximum value and yielding more than 10 events available
to estimate the background. The background level in the field-of-view was determined from the
dataset itself using the standard “ring background” technique 16 . In order to build the upper
limits maps we follow the general idea as developed for the H.E.S.S. Galactic Plane Survey 17 .
The computation is following
F =

NγUL Z Emax
Φref (E) dE,
Nexp Emin

(1)

where F is the integral flux computed for each spatial bin of the map between Emin and Emax .

Table 1: High-energy neutrino events used for H.E.S.S. searches

IceCube
Right Ascension [h]
Declination [◦ ]
Median angular resolution [◦ ]
Deposited energy [TeV]
H.E.S.S. observations
Zenith angle range [◦ ]
Effective observation time [min]

IC-5

IC-18

IC-44

IC-45

7.37
-0.4
< 1.2
71.4+9.0
−9.0

23.04
-24.8
< 1.3
31.5+4.6
−3.3

22.4
0.04
< 1.2
84.6+7.4
−7.9

14.59
-86.25
< 1.2
429.9+57.4
−49.1

25 - 35
72

2 - 20
486

25 - 40
432

60 - 66
270

Here we set Emin = Ethr to the energy threshold of each observation (cf. Tab.1). NγUL is the
upper limit on the number of gamma-ray events in each bin of the map. It is obtained for a
confidence level of 99% 18 . Nexp is the total predicted number of events. It is given by
Nexp =

i=N
runs
X
i=0

Z ∞

Ti
Ethr

Φref (Erec )Aeff (Erec , Ri ) dErec .

(2)

Here, Erec is the reconstructed energy, Ti is the effective live time and Ri symbolizes the observation parameters for run i (zenith, off-axis and azimuth angle, pattern of telescopes participating
in the run, optical efficiencies). Aeff is the effective area and Ethr is the threshold energy appropriate for the observation. The function Φ(E) is the assumed gamma-ray spectral energy
distribution. Here we use a generic power law following E −2 .
The resulting upper limit skymaps of the regions around the four selected IceCube HESE
events are shown in Fig. 4.
3

Multimessenger searches for transient phenomena

Most astrophysical sources emitting in the high-energy domain show transient behavior, i.e. the
emitted flux is highly variable. Due to the joint emission mechanism outlined above, we can
expect close correlations in both the spatial and the time domain between different messengers.
If found, coincident detections of high-energy neutrinos and gamma-rays would provide the
smoking gun for hadronic interaction processes and thus provide important hints towards the
long sought cosmic ray sources. It should be noted that gamma-ray induced pair creation in
the potentially dense radiation fields of sources might dilute the temporal coincidences between
the emission of TeV gamma-rays and TeV-PeV neutrinos. Due to the largely unknown source
properties, a large discovery space remains nevertheless uncharted.
3.1

H.E.S.S. observations of the joint ANTARES-Swift transient ANT150901A

A first H.E.S.S. search for transient sources using a multi-messenger approach was performed
in September 2015 with the follow-up of the ANTARES neutrino alert ANT150901A. After the
detection of a high-energy neutrino by the online reconstruction of the ANTARES neutrino
telescope on September 1st, 2015, at 07:38:25 UT, an alert has been issued to a variety of
optical telescopes and the Swift X-ray satellite 9 . The region identified by the neutrino direction
(RA=246.43 deg, Dec=−27.39 deg with an of uncertainty radius of 18 arcmin) has been observed
10 hours later by Swift. An unknown, relatively bright (Φ = 5 × 10−13 − 1.4 × 10−12 erg cm−2 s−1
at 0.3 − 10 keV) and variable X-ray source has been detected within the neutrino error circle.
These observations where reported in ATEL#7987
H.E.S.S. follow-up observations have been scheduled immediately. They started September
3rd, 2015, at 18:58 UT as soon as the necessary observation conditions were reached. The

significance map derived from 1.5 h of observations is shown in Fig. 5. The uncertainty on the
direction of the high-energy neutrino is shown as white circle and the location of the Swift
source is indicated by the white marker. Without the detection of high-energy gamma-ray
emission we derived an upper limit on the gamma-ray flux to Φ(E > 320 GeV, 99 % C.L.) < 2.7×
10−8 m−2 s−1 . It should be noted that the extensive multi-wavelength follow-up of ATEL#7987
lead finally to the conclusion that the Swift X-ray source is due to a young and/or variable star
(USNO-B1.0 0626-0501169) and thus unrelated to the neutrino, which may be of atmospheric
origin.

Figure 5 – Left: Significance map derived from H.E.S.S. follow-up of the region around the ANTARES highenergy neutrino alert ANT150901A published in ATEL#7987. The uncertainty of the neutrino direction (0.3 deg)
is shown as white circle and the location of the detected variable Swift source is indicated by the white marker.
Right: Summary of the multi-wavelength observations following the detection of FRB150418 by SUPERB@Parkes
illustrating the discovery of a radio afterglow by ATCA (black squares). The upper limits obtained from H.E.S.S.
observations are shown as red marker. The black open circles show the renewed radio activity from the region
found in VLA observations.

3.2

First limits on the gamma-ray afterglow of a Fast Radio Burst

Fast Radio Bursts (FRBs) are a relatively new class of very brief, yet powerful transient phenomena observed in the radio domain. A summary of known FRBs including the details of the
observations can be found in the online catalogue FRBcat 20 . H.E.S.S. is participating in the
search for FRB counterparts via a collaboration with the SUPERB project operating at the
Parkes telescope.
A particular interesting FRB has been detected on 18th April 2015 by the SUPERB team
at the Parkes telescopes. Following the detection, the ATCA array was able to detect a radio
afterglow signal from the direction of the burst 21 lasting up to 6 days (cf. Fig. 5). Optical follow-up observations allowed to link it to an elliptical galaxy at z = 0.492 ± 0.008
(WISE J071634.59−190039.2), which, if confirmed, would be the first identified FRB host galaxy.
Further observations of the region have been obtained after the publication of the initial results
with a variety of instruments. A selection of them is shown in Fig. 5. As illustrated, renewed
radio activity from the region has been found almost a year after the burst and thus raising
doubts on the connection between the FRB and the radio afterglow.
H.E.S.S. follow-up observations could be obtained about 14.5 h after the FRB as soon as the
necessary darkness conditions were fulfilled. In 1.4 h of data, no significant gamma-ray afterglow
emission could be found. Integrating above the threshold of 350 GeV we derived an upper limit
on the gamma-ray flux to Φγ (E > 350 GeV, 99 % C.L.) < 1.33×10−8 m−2 s−1 , assuming a generic
E −2 energy spectrum. It is shown in comparison to other observations in the right plot of Fig. 5
and represents the first limit on the gamma-ray afterglow of fast radio bursts 22 .

4

Summary and outlook

In this contribution we presented an updated status of the H.E.S.S. multi-messenger program
searching for coincidences of high-energy gamma rays with high-energy neutrinos and gravitational waves but also with novel transient phenomena like Fast Radio Bursts. Its rapid reaction
combined with an automatic and versatile alert reception system and its unprecedented sensitivity makes H.E.S.S. the prime observatory for these searches. Hopes are thus high that the
detection of the first astrophysical high-energy multi-messenger source may be just around the
corner.
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Gravitational wave alert follow-up strategy in the H.E.S.S. multi-messenger
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The H.E.S.S. high-energy gamma-ray observatory is member of the Virgo/LIGO electromagnetic follow-up effort since early 2014. Its capability for transient follow-up studies benefits
from its large field of view, rapid response time and high sensitivity. Drawing from the experience gained from other science cases like gamma-ray bursts and high-energy neutrino
follow-ups we demonstrate the high perspectives for new types of analyses like the search for
gravitational wave counterparts and the study of multi-messenger signals from binary neutron star mergers. This contribution aims to present the potential pointing strategy that the
H.E.S.S. observatory would carry out following an alert from gravitational wave observatories.
We will discuss several key points like the use of information from a galaxy catalogue, the
time-dependent visibility of sky regions and the automatic handling of gravitational wave uncertainty maps, that will enable an optimized choice of the pointing directions. Finally, based
on simulated binary neutron star mergers, the performance of the outlined gravitational wavealert observations will be presented.

1

Introduction

The continuous study of the high-energy sky has revealed a large number of powerful astrophysical objects capable of emitting radiation in the entire electromagnetic (EM) spectrum. Recent
discoveries of high-energy astrophysical neutrinos and the direct detection of gravitational waves
(GW) not only have opened new ways to explore the sky but also started a new era in the understanding of the most energetic phenomena in the Universe by means of combining different
cosmic messengers.
This multi-messenger astronomy aims to solve longstanding puzzles, as the origin of cosmic
rays, by linking different observations from instruments sensitive to various astrophysical messengers as neutrinos, cosmic rays, electromagnetic radiation and gravitational waves. Indeed,
the study of the non-electromagnetic messengers is currently done in facilities with sensitivities
naturally limited, in the case of neutrinos due to its low cross section and, for gravitational
waves, due to the extreme weakness of the signal. The goal in setting up follow-up strategies is
to beneficiate of the electromagnetic radiation observatories experience and event rates.
1.1

Gravitational waves

Einstein’s theory of general relativity predicts the propagation of fluctuations in the metric of
spacetime as gravitational waves1 . The existence of gravitational waves was indirectly proven
by over three decades of measurements of the orbit of the binary pulsar PSR1912+16 2 , but this
fundamental prediction of general relativity had not been tested directly. Even though their

direct detection stands as a major challenge, current technology of detection is sensitive enough
to make the first direct measurement.
Highly compact astrophysical objects with non-symmetric mass distribution are expected to
be source of gravitational waves by distorting spacetime. If this effect is violent enough and if
the wavelength of the propagating wave is in the correct range, it may be detected by current
instruments. The most promising astrophysical GW sources in the frequency band of current
detectors aLigo/aVirgo are the inspiral and coalescence of compact binaries with neutron stars
and/or black holes (BH) constituents 3 . When the orbit of the binary steadily decays as a
result of the gravitational wave emission, it causes the astrophysical objects to spiral together
at a constantly increasing rate as the merger approaches. In many cases, their gravitational
waveform is expected to contain many cycles in the sensitive band of the detectors. In other
cases with different mass, it is the merge who is expected to create, a wave that could be detected
from Earth. The expected number of detections that could be made for such mergers varies,
however, by up to four orders of magnitude 4 .
The study of the transient sky of short-duration cataclysmic events leading to GW signals
has just started with phenomena as stellar core-collapse, gamma-ray burst engines, and mergers
of compact object binaries. However, in order to maximise the scientific potential of such
discoveries, complementary EM data are needed.
Joint GW and EM broadband observation would allow to combine measurements of masses,
distance and binary inclination among other parameters given by the GW reconstruction 5 with
luminosity, redshifts and duration measurements available from EM observations. This will
enable to constraint accurately the energies, physics of the merger event and locations in the
sky that may allow the identification of the host galaxy and source environment, allowing to tell
a quite complete story of the phenomenon that would be unaccesible otherwise.
1.2

GW observatories and improvements on reconstruction

The first detection of the first gravitational wave signal from a binary black hole merger was
done by the collaboration LIGO-Virgo on September 2015 6 , during its first science run (O1),
almost inmediately after start operating with the upgraded interferometer, known as Advanced
LIGO (aLIGO). Since then, searching for electromagnetic counterparts to these events became
a great challenge and big efforts have been done in order to look for transient signatures. A
partnership between multi-wavelenght facilities from gamma-ray to radio have joined the effort.
This campaign allowed to perform extensive EM follow-up searches of the first GW event,
GW150914 7 .
However, the GW detector network performance depends on the number of detectors, their
geographical distribution, the relative orientation of the detector arms with respect to the incoming GW and their relative sensitivity. With the current setup of two LIGO interferometers,
the 90% credible regions could be as large as thousands of squared degrees 4 due to the lack
of triangulation and hence, the identification of an electromagnetic counterpart becomes non
trivial. Reducing the sky position of a significant fraction of detected signal to areas of several
tens of degrees requires a third detector of sensitivity within a factor of ∼ 2 for each other and
a broad frequency bandwidth.
The improvement of response to GW alerts depends on both, reconstruction of the GW
event and the follow-up strategy set up by the follow-up observatory.
Concerning the GW side, improvements in reconstruction have been done in order to include
3D information in the O2 run period that started November 2016. A rapid GW parameter
estimation algorithm reconstructing the full distribution of sky locations and distance was a key
missing ingredient for EM-counterpart follow-up observations.8
Regarding the EM-experiment side, the area on the sky that must be searched for an EMcounterpart may be reduced by combining the reconstructed volume with position and redshift
of galaxies that could host such a signal, and eventually other information as mass, luminosity

and star formation rate that is available from galaxy catalogues. This permits the optimisation
and improvement of follow-up searches by correlating with a galaxy catalogue as it has been
shown in previous studies 9 .
1.3

Follow-up programs in H.E.S.S.

A well-suited instrument for transient searches should present several key features that enables
an efficient response to transient events. Among them, the instruments should present rapid
follow-up response, high sensitivity and large Field-of-View (FoV) for exploring larger areas
in the sky. In the very high-energy gamma-ray domain, H.E.S.S. experiment stands out as a
powerful instrument capable of performant follow-up searches.
H.E.S.S. is a stereoscopic system consisting of five imaging atmospheric Cherenkov telescopes
located at 1800 meters above sea level in the Khomas highlands of Namibia (23◦ 16 18 South, 16◦
30 00 East). The four H.E.S.S. phase I telescopes are arranged in a square of 120 m side length,
with the large H.E.S.S. II telescope at its centre. In its initial four-telecope configuration, the
sensitivity to gamma-ray energies from 100 GeV to about 100 TeV while the energy threshold
of the H.E.S.S. II phase is ∼ 30 GeV and angular resolution smaller than 0.1◦ -0.4◦ .
The H.E.S.S. experiment already has implemented dedicated Target-of-Opportunity programs in Gamma-Ray Burst (GRB)12 , Fast Radio Burst (FRB) and multi-wavelenght AGN
studies 14 . Follow-up searches with other cosmic messengers as high-energy neutrinos confirm
its performance and capabilities. For details on the multi-messenger program see 13 . In the field
of gravitational waves, the H.E.S.S. collaboration is member of the Virgo/LIGO EM-follow-up
effort since early 2014.
2

Observation scheduler

To perform follow-up observations of GW events we developed a dedicated scheduling tool. This
scheduler is using the following ingredients:
• Gravitational wave map of the signal that has been detected, reconstructed and distributed
by the GW experiment, in this case aLIGO 10 .

Figure 1 – Gravitational wave signal of a simulated binary neutron star (NS) merger provided by the LIGO-Virgo
collaboration (left). GLADE galaxy catalogue (right)

• Galaxy catalog. The Galaxy List for the Advanced Detector Era11 (GLADE) catalog is a
value-added full-sky galaxy catalog highly complete and built in order to support EM
follow-up when searching for GW signal sources. It has been combined and matched from
other galaxy catalogues, namely GWGC, 2MPZ, 2MASS XSC and HyperLEDA and also
the SDSS-DR12 quasar catalog. It includes more than 3 million entries and it is complete
up to ∼ 70 Mpc in terms of blue luminosity and about ∼50 % up to 300 Mpc. Observations
suggest that the probability of a compact binary coalescing is influenced by recent star

formation, what encourages the use of the B-band luminosity completeness as an indicator
of higher probability of the galaxy hosting a GRB event.
• H.E.S.S. experiment conditions. Coordinates of the observatory, dark periods and visibility
conditions (θzenith < 45◦ ) are taken into account. The choice is motivated from the fact
that lowering the zenith angle θzenith translates in lowering the energy threshold of the
observation.
3

Pointing algorithms

The performance of the pointing algorithm can be expressed in terms of different types of
probability, depending on the observable of interest and related to the source of the gravitational
signal one is aiming to study.
• Probability of the GW signal - PGW . The GW probability map sent by the LIGO-Virgo
collaboration with contours related to different uncertainty regions of the signal, from
10% to 90% probability regions, as seen in Figure 2. This allows a 2D treatment of the
probability.
• Probability weighted by potential sources - PGG . It uses the distance information included
in the new reconstruction algorithm provided in the gravitational wave map distributed
by the GW collaboration as presented in 1.2. The three projections of the probability
distribution can be seen in Figure 2. Then, this is combined with galaxy catalog information, concretely by taking the distance of the object, what gives a 3D posterior probability
distribution that correlates information about the GW event and galaxies as described in
8.

Figure 2 – Contours containing different probability density regions from 90% to 10% of the GW probability map
given by the Ligo-VIRGO collaboration (left). Marginal posterior probability distribution in the principal planes
from 6 (right). The inset in the upper right panel shows the marginal distance posterior distibution integrated
over the whole sky (blue) and in the true direction of the source (green).

Different algorithms have been developped that consider both presented probabilities in
different ways. The approach is related to the science case and thus, the pointing directions
prefered by the scheduler.
3.1

One-galaxy approach

The strategy is based on pointing observations according to select individual high probability
galaxies and observe them one-by-one. This is done iteratively and in each iteration the objects

present in the FoV area are substracted before re-calculating the following pointing position.
The goal that presents this first approach is the speed of computation that is a key point for
transients searches. However, the coordinates of the pointing with the highest probability value
are eventually right next to the FoV of the last pointing, as can be seen in Figure 3. Due to
these overlapping regions the achieved final coverage of the GW error map is, thus, not optimal.
For this reason, another approach has been developped and it is introduced in the following
subsection.

3.2

Galaxies-in-FoV approach

The strategy is based on the optimisation of the pointing strategy in term of the PGG quantity.
In addition, instead of individual galaxies, we here take into account the full FoV. The total
probability of individual regions defined by the FoV is computed, sorted and the one presenting
the highest value is chosen to be observed. The algorithm is also iterative and in every step the
galaxies already observed are substracted. The goal of this approach is that it is clearly more
performant, since its choses regions with maximal PGG and avoids useless overlapping. The
criterium is to maximise the PGG quantity of each pointing, so in some cases some overlapping
can be seen in the right plot of Figure 3 since even when some part inside the FoV is not
taken into account in the sorting of most probable regions, it still maximises PGG . Hence, this
approach improves both types of presented probability that yields an increase of about 10%
for classical banana-shape signals, but still, clearly dependent on the shape of the uncertainty
region of the GW map that is received.

Figure 3 – Pointing strategy for a gravitational wave signal of simulated NS-NS merger for a random chosen time
with the one-galaxy approach (left) and the galaxies-in-FoV approach (right)

However, the probability calculation of the region is currently too time-consuming for realtime follow-up scheduling due to the size of the catalogue. Various ways to improve the calculation speed are under investigation.
4

Coverage simulations

In order to simulate the H.E.S.S. follow-up of GW events and explore the performance of the
presented algorithms, coverage simulations have been carried out. Simulations are done for the

H.E.S.S. experimental configuration, random arrival times during the year and the following
inputs:
• Effective FoV covered by a single pointing is a circle of radius of 2.5 degrees, since the
acceptance of the pointing is radial. Corresponding to the H.E.S.S. preliminary strategy
for GW follow-up studies, a maximum of 20 observation windows of 30 mins (within 3
days) is allowed.
• 250 available gravitational wave localisation maps derived from simulated NS-NS merger
events provided by the LIGO-Virgo collaboration10 . Sky maps for compact binary merger
candidates are produced by two different codes. Here, the online reconstruction algorithm, known as the BayeStar algorithm8 , has been chosen. Note that those simulations
were thought to be representative for the O2 run but indeed they have to be considered
optimistic due to the delay in the Virgo commissioning.
• GLADE galaxy catalog presented in Sec. 2
Simulations are done pursuant the following steps:
1. Inject the simulated GW maps 10 times at random dates.
2. Calculate the full pointing strategy for both algorithms taking into account visibility and
darktime conditions.
3. Derive the achieved coverage for each simulated follow-up.
4. Derive the average coverage.
As a result of this simulation process, changes of about 10% are observed in mean and
median covered probability for both of the presented probabilities when chosing Galaxies-inFoV approach. Though, the big change appears in the number of pointings needed for covering
a certain amount of the PGG probability a . Figure 4 shows the 2D histogram of the PGG as a
function of the number of pointings for both approaches. The distributions in the Galaxies-inFoV approach case is concentrated in small number of pointings. In general terms, the increase
of the total covered probability with the number of pointings is larger for this approach, being
related to the overlapping effect seen in Figure 3.

Figure 4 – Coverage simuations for PGG using the one-galaxy approach (left) and the galaxies-in-FoV approach
(right)
a

Note that the PGW probability presents similar behaviour as seen in Figure 4 when changing the approach

Note that the simulated NS-NS merger maps that have been used present large uncertainty
in the localisations that expands to both, northern and southern sky, preventing a higher probability coverage as some parts of the sky are not reachable for the experiment. This translates
into a limit in Figure 4 while going to large number of pointings.
However, one realises about the existance of the spot in the low number of pointings but high
coverage part of both plots. This effect is due to the several NS-NS input maps that present a
really accurate localization in a convenient part of the sky for the H.E.S.S. experiment, so that
they will be almost fully covered in a few pointings.
5

Summary and Outlook

The era of gravitational wave astronomy has just started and thus, a new messenger has been
added to multimessenger astronomy. In this contribution we presented the new GW follow-up
strategy of the H.E.S.S collaboration. We discussed the use of galaxy catalogues to prioritise
sky areas and different definitions of the covered GW localisation uncertainty. We concentrated
in developping and comparing different algorithms and open the field for further improvements.
By combining a galaxy catalog with the distributed GW uncertainty region map and accounting for the observatory conditions, an observation scheduler has been set up. As an output,
it returns the total probability coverage in terms of GW signal but also of the probability related
to galaxy distribution, probability covered in every pointing, observation times and coordinates
of the pointing. The algorithms vary depending on the science case and the strategy:
• One-galaxy approach. Since it takes only ∼ minutes to run it, it is convenient for rapid
response during the night. It has, therefore, been implemented in the fully automatic alert
reaction scheme running at the site of the H.E.S.S. observatory in Namibia. For details
see 13 .
• Galaxies-in-FoV approach. Due to its good performance and its optimisation in terms of
probability, this strategy is the most interesting since less pointings are needed to achieve
good probability coverage. However, giving a detailed schedule up to 3 days takes currently
too much time for automatic reaction. We forsee to employ this algorithm for offline
scheduling, i.e. when the GW alerts arrives outside the operation window of H.E.S.S. and
for refining the online algorithm.
When using a galaxy catalogue that presents a large number of entries as the GLADE catalogue,
we risk to increase too much the calculation time of the algorithm. Therefore strategies to
combine both approaches depending on the science case and the type of GW event are being
considered. In this context we will for example investigate further use of the information provided
by the catalogue (e.g. the blue luminosity of the galaxies with an aim to prefer regions of high
star formation rate, etc.)
This work is part of the H.E.S.S. transient strategy of using a fully automated chain at the
site of the experiment, presented in Figure 5, developped in order to improve the performance
and time reponse to transient events.

Figure 5 – Chain of the gravitational wave strategy at the H.E.S.S. experiment

Efforts presented in this work are just a probe of the performance of the electromagnetic
follow-up searches that have just started. Upcoming experiments like CTA will take advantage of
the expertise gained in current observatories and technology in development that will presumably

yield to great achievement and new discoveries. Together with it, note that multi-messenger
astronomy will beneficiate in several years of the reduction of the location uncertainty of the
GW signal. Currently, GW localizations are ∼ 100-1000 deg2 and should shrink to ∼ 10-100
deg2 in the future with the detector upgrades and new detectors as KAGRA and LIGO-India 4 .
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The MAGIC Multi-Messenger Transient Sources program
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9 Chemin de Bellevue 74941 Annecy-le-Vieux
Gamma-ray photons in the > 10 GeV energy band offer a powerful diagnostic tools for the
emission processes and physical conditions of extreme transient events in a multi-messenger
framework. Recently, a considerable number of observational facilities have entered in their
operational phase or they will approach their designed sensitivity in the nearest future. First
follow-up observations of transient events detected by such a large network of instruments have
recently started allowing an unprecedented observational coverage spanning from neutrino to
gravitational waves (GW). In the next years, the observations in both electromagnetic and
non-electromagnetic channels will play a key role in our understanding of the astrophysics
of transient events, yielding rich scientific rewards. In this contribution, I will present the
motivations for high-energy observations of transient events and the current situation with
respect to the Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes.

1

Introduction

In the last years, an increasing number of experimental evidences has made clear the possibility
of performing astrophysical observations by means of non-electromagnetic signals. The discoveries of high-energy astrophysical neutrinos 1 and gravitational waves 2 have recently opened
the way to a multi-messenger approach in the study of cosmic objects. The era of GW astronomy was opened by the first direct detection of gravitational waves on 2015 September
14 2 . Promising astrophysical sources of GW transient signals are usually related to extreme
objects and environments that are also expected to emit photons and neutrinos. Observations
in the GW/neutrino and electromagnetic (EM) channels represents the way to reach a more
complete comprehension of the astrophysical sources, their emission engines and the physics of
their progenitors and their environment. Furthermore, EM follow-up of neutrino and GW triggers is particularly important, as it could provide a more precise localization (arcsecond) of the
GW/neutrino source allowing systematic multi-wavelength observations to acquire additional
information about the event and its host galaxy. Within this framework, ground-based gamma
facilities like the MAGIC telescopes have set up dedicated follow-up programs of GW/neutrino
alerts in the very high energy band (VHE - E> 100 GeV). Observation in this band is particularly relevant as it could provide important information on GW/neutrino counterpart in an
energy range not affected by selective absorption processes typical of other wavelenght.
2

The MAGIC Telescopes

The MAGIC system consists of two 17 m diameter Imaging Atmospheric Cherenkov Telescopes
(IACTs) located at the Roque de los Muchachos observatory (28.8◦ N, 17.8◦ W, 2200 m a.s.l.),

Table 1: Current external triggers received by the MAGIC alert system

Source
GRB
SGR/AXP
AGN (FLARES)
GW
Neutrino
FRB

Messenger
x-rays/γ-rays
x-rays/γ-rays
γ-rays
GW
ν
radio

Received
yes
yes
yes
yes
yes
planned

Auto Repointing
yes
yes
no
planned
yes
planned

on the Canary Island of La Palma. The MAGIC system is currently carrying out stereoscopic
observations with a sensitivity < 0.7% of the Crab Nebula flux for energies above ∼ 220 GeV in
50 h of observation, and a trigger energy threshold of 50 GeV at zenith. The instrument response
to external triggers is based on a dedicated alert system able to receive alerts coming from the
GRB Coordinate Network (GCN a ). As soon as an observable alert is received, a full automatic
procedure stops on-going observations and start follow-up at alerts coordinates with a fast repositioning. Thanks to their lightweight structures based on carbon fiber tubes, the MAGIC
telescopes are able to point to the new coordinates using dedicated fast-slewing movements
within few tens of seconds after the alert is received. This implies a remarkable re-pointing
speed of around 7◦ /sec in GRB mode in both zenith and azimuth b 3 . Originally developed for
GRB studies, nowadays the system has been modified to correctly receive and interpret alerts of
different types in a multi-messenger approach like for neutrino and gravitational waves triggers.
Furthermore, a parallel system based on a more recent VOEvent protocol 4 is under development
to connect MAGIC to other facilities using virtual observatory (VO) standards.
The relatively large MAGIC field of view (∼ 3.5◦ ) is well-suited for the current accuracy
in localization typical of GW and neutrino alerts, although a more precise localization of the
source position would be surely advantageous. For GW follow up, in particular, the joining of
aVirgo during the forthcoming observing runs and of Kagra in the future, will greatly improve
the localization capabilities of the interferometers.
The current list of transient sources implemented in the alert system is summarized in Tab. 1
3

The Gravitational waves follow-up program

The mergers of two black holes (BH-BH), two neutron stars (NS-NS), or a black hole and a
neutron star (BH-NS) are the most likely sources of GW to be detected due to the large amount
of energy released in the process. The expected gravitational waveform and energy release
(∼10−2 M ) have been predicted by several authors (see, e.g., 5,6 ), and BH-NS coalescence
has also been discussed as a possible central engine of short gamma-ray bursts (SGRB) 7 . It
is indeed possible that, during the merger, the NS will be tidally disrupted, resulting in the
formation of an accretion disk around the BH. In a short timescale, gravitational energy could
be released in the form of an electromagnetic/neutrino flow, with the formation of a relativistic
jet. Thus, the detection of an EM counterpart could confirm BH-NS mergers as the progenitors
of SGRB. Furthermore, also follow up of BH-BH mergers is significantly important. In the case
of GW 150914, the Fermi GBM detector identified a weak gamma-ray transient 0.4 s after the
GW signal with consistent sky localization 8 . This association, although controversial, opened a
debate about the possibility that BH-BH mergers may also produce EM counterparts 9,10 .
a
b

http://gcn.gsfc.nasa.gov/
The normal pointing speed for MAGIC is around 3◦ /s.

3.1

MAGIC observations during O1 run

In the last years, in view of the first science runs, an EM follow-up program has been set up
between the aLIGO and Virgo scientific collaborations and a broad astronomy community with
access to ground- and space-based facilities. As one of these facilities, MAGIC participates in
a shared bulletin board to announce, coordinate, and visualize the footprints and wavelength
coverage of follow-up observations. Differently from GRB alerts, GW notices do not report
precise event coordinates but, besides time and significance of the alert in terms of False Alert
Rate (FAR), a probability sky map (Fig. 1) is delivered.
During the first observing run (O1), the aLIGO collaboration announced three GW triggers
to the EM follow-up partners. The first two did not trigger MAGIC observations. The first
one (GW 150914), detected at the end of the aLIGO engineering run immediately prior to O1,
turned out to be the first ever direct detection of GW; for this event the higher probability
region of sky within which it was localized, was mostly outside the MAGIC field of view. The
second one (LVT 151012), later on determined by the LIGO-Virgo offline analysis not to be a
GW event, could not be observed because of bad weather conditions. Then, on 2015 December
26 at 03:38:53.648 UT aLIGO detected a high significance candidate GW event, later designated GW 151226 11 , and one day later provided spatial localization information in the form of
probability sky maps via private GCN circular.

Figure 1 – Left: The LIGO localization probability skymap of GW 151226. It is important to remark that the 50%
confidence level credible region spans over 430 deg2 . Right: Zoom on the region with the four MAGIC pointing
positions of GW 151226.

MAGIC observations were performed in four sky pointing positions (Fig. 1 right) selected in
the region showing maximum probability according to the visibility, observations of EM-partners
and overlap with existing catalogs. The target regions are reported in Tab. 2. Observations
started on 2015 December 28 at around 21 UT, covering a ∼ 2.5 x 2.5 deg2 region around the
pointed positions. The follow-up was performed in the so-called wobble mode, where the pointing
position is offset by ±0.4◦ from the camera center, with four and two symmetric positions for
the first two and the last two targets respectively.
From neither of the 4 pointed regions we detected significant emission above the instrument
energy threshold. Furthermore, no VHE gamma-ray counterpart emission was detected within
the MAGIC Field of View (FoV). Due to the large uncertainties in the localization of GW alert,
a dedicated analysis method has been developed to provide upper limits (ULs) evaluation within
the full MAGIC field of view. The UL skymap will be the subject of a forthcoming dedicated
publication.
4

The neutrino follow-up program

The possibility of identifying extraterrestrial neutrino point sources largely depends on the
physics of the accelerators and the possible emission processes at work. Hadronic pγ or pp in-

Table 2: The four pointing positions followed up by MAGIC. Observations on target 3 and 4 have been performed
under moderate-to-strong moon illuminations. This made necessary a dedicated analysis to account for the higher
level of the night sky background.

Target
PGC 1200980 (MASTER 12 )

RA (J2000)
02 h 09 m 05.800 s

Dec (J2000)
+1◦ 380 03.0000

Duration
48 min

Zenith
[27◦ , 30◦ ]

strip from GW map

02 h 38 m 38.930 s

+16◦ 360 59.2700

59 min

[13◦ , 24◦ ]

Field VST 13

02 h 38 m 02.210 s

+19◦ 130 12.0000

30 min

[22◦ , 30◦ ]

Field VST 13

03 h 18 m 23.712 s

+31◦ 130 12.0000

30 min

[19◦ , 27◦ ]

teractions can lead to the production of detectable neutrinos through ∆ resonance production.
Many works pointed out the possibility of having such a processes in variable objects as BL
Lacs or FSRQs, Galactic systems like binary system including a white dwarf (WD) or transient
objects like GRBs 14 . The energy of the produced neutrinos could be up to ∼ 1015 eV making
them detectable by experiments like IceCube c . The recent results by IceCube 1 have opened,
for the first time, an extragalactic astrophysics source model via neutrinos observations. On
the other hand, no clear correlation with known astrophysical sources has been yet identified
leaving the questions about possible sources of these neutrinos unanswered. Within this framework, the contemporaneous observations of an EM counterpart in the high-energy gamma-ray
band is crucial by increasing the possibility to unambiguously identify the possible associated
astrophysical sources.
4.1

MAGIC program on neutrino

IceCube is a 1 km3 neutrino telescope located at South Pole. The detector operates continuously with only very minimal downtime, and has a full sky field of view, with energy threshold
depending on declination. The real-time alert system separates the neutrino candidate selection
at the South Pole from the analysis, and transmits the event information as a stream of single
high energy events to North via rapid satellite communication channels.

Figure 2 – The IceCube events observed by MAGIC 17 .

The two Icecube alerts streams for High Energy Starting Events (HESE) and Extremly High
Energy (EHE - see for details 15 ) are delivered via GCN Notice generated by the Astrophysical
Multimessenger Observatories Network (AMON 16 ). The MAGIC alert system is able to receive
c

http://icecube.wisc.edu/

these alerts in real time. In 2016 MAGIC carried out follow-up observations of 5 selected
HESE track-like events from the Northern hemisphere: the archival events HESE-37, HESE-38,
HET 18 , and the real time alerts HESE-160427A 19 and HESE/EHE-160731A. The details of
MAGIC observations are summarized in Tab. 3
Table 3: Summary of the follow up performed by MAGIC at IceCube neutrino positions. Columns represent
respectively: the source name, coordinates, localization accuracy and the deposited energy in IceCube. Last two
columns are the zenith range and the observation time of the MAGIC observations. In the case of the two realtime alerts HESE-160427A and HESE/EHE-160731A, the time delay between the events onset and the starting
time of observation is also reported.

Target
HESE-37
HESE-38
HET
160427A
160731A

RA(J2000)
[h]
11.15
6.22
7.36
16.04
214.54

Dec(J2000)
[deg]
20.70
13.98
11.48
9.34
-0.33

Loc. Accuracy
< 1◦ (50%)
< 1◦ (50%)
0.27◦ (50%)
0.6◦ (90%)
0.75◦ (90%)

Deposited E
[TeV]
30.8+3.3
−3.5
200±16
2600±300
≈ 140
not given

Zenith
[deg]
[8◦ , 32◦ ]
[15◦ , 32◦ ]
[21◦ , 32◦ ]
[18◦ , 26◦ ]
[45◦ , 65◦ ]

Tobs
[h]
6.6
5.9
4.3
2.0 (T0 +42 h)
1.3 (T0 +16 h)

In neither of the performed follow up observations a significant gamma-ray emission above
the energy threshold has been detected 17,20 . Fig. 3 reports the sky-maps for the HESE-37 and
HESE-38 region surveys obtained by MAGIC. As for GW, an ULs skymap has been produced
for these observations characterized by large uncertainties in the pointing positions. ULs (95%
C.L.) have been estimated for above the energy threshold of 120 GeV assuming a power-law
spectrum with index -2.3. The obtained ULs span between 1 − 10% and 2 − 10% of the Crab
Nebula flux above the same threshold for HESE-37 and HESE-38, respectively 17,20 .

Figure 3 – Pre-trial significance sky maps for HESE-37 and HESE-38. Larger circles are the angular resolution
of each neutrino event while the smaller circles represent the MAGIC point spread function (PSF).

5

Conclusion

The dawn of multimessenger astronomy recently started to require a significant effort for coordinate a global network of different facilities both ground- and space-based. This interdisciplinary
effort is crucial to interpret observations, constrain physical models and improve our comprehension of cosmic accelerators. Observations using the weakly interactive GW and neutrinos are

particularly relevant as they can probe regions opaque to photons although their detection is
still challenging. At the same time, coordinate follow up in the EM channels and in particular in
the VHE band, have the key role to unambiguously identify the GW/neutrino sources shedding
light on their progenitors and environment.
The MAGIC telescopes system, with its ∼ 50 GeV energy threshold at the zenith and its
fast re-pointing capabilities is good performer in fast follow-up observations, e.g. for GRB and
galactic transients. Recently, the MAGIC alert system has been modified in order to accept
GW and neutrino alerts in a multi-messenger framework. In the last year, MAGIC started
to perform follow-up observations searching for VHE counterparts of both GW and neutrino
triggers. Nowadays, no VHE gamma-ray counterpart was found. Integral upper limits above
the energy threshold for these positions, as well as for the the whole FoV, have been evaluated
and they will be the target of a dedicated forthcoming publications.
6
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On neutrino properties and gravitational waves
Aurora Meronia
Department of Physics, University of Helsinki, & Helsinki Institute of Physics,
P.O.Box 64, FI-00014 University of Helsinki, Finland

Multi-messenger astronomy can be a relevant tool for getting information about neutrino masses
and their ordering using the measurement of the time lapses between the arrival of neutrinos
and the other light messenger, i.e. the graviton, emitted in astrophysical catastrophes. We
elucidate the experimental reach and challenges for planned neutrino detectors such as HyperKamiokande as well as future several megaton detectors.

1

Introduction

The fascinating discovery by the LIGO collaboration 2 has opened up a new way of exploring
the Universe. Gravitational waves (GW)s carry detailed information about astrophysical catastrophes and can provide a clear reference time for multi-messenger astronomy.
In particular it is interesting to understand how to use these events and the related observables
as new tools to settle some open issues in particle physics.
We know that the Standard Model (SM) cannot be the ultimate theory of Nature since the
neutrino sector and dark matter are not yet properly accounted for. In fact, the nature of the
three light active neutrinos νi (i = 1, 2, 3) with definite mass mi is unknown. To date, neutrinos
can still be Dirac fermions if particle interactions conserve some additive lepton number, e.g.
the total lepton charge L = Le + Lµ + Lτ . However, if the total lepton charge is violated, they can
have a Majorana nature 3,? . The only feasible experiment, so far, that can unveil the nature of
massive neutrinos is neutrinoless double beta, (ββ)0ν decay (see e.g. 5 for a review).
Another pressing question to answer is how light are neutrinos. Oscillation experiments are
not sensitive to their masses, therefore information about their
P tiny mass comes from cosmology
where an upper bound on the sum of the active neutrinos i mi < 0.23 eV can be established
6 . More recently, more stringent limits have been obtained through the Lyman alpha forest
P
power spectrum, i mi < 0.12 eV 7 . These constraints will be further tested independently by
other experiments such as beta decay and neutrinoless double beta decay experiments.
Future
P
8
large scale structure surveys like the approved EUCLID , will allow to constrain i mi down to
a

Talk based on 1 .

0.01 eV when combined with Planck data.
The goal of this work is to investigate whether experiments, making use of GW detection
in combination with the associated neutrino (and photon) counterparts, can make a dent in
understanding the ordering of neutrino masses and/or constrain the absolute mass. b

2

Neutrino orderings: current status

Current available neutrino oscillation data 10,? are compatible with two types of neutrino mass
spectra. As is well known, depending on the sign of ∆m231(32) , which cannot be determined
from the presently available neutrino oscillation data, two types of neutrino mass spectrum are
possible:
i) normal ordering (NO): m1 < m2 < m3 , ∆m231 > 0, ∆m221 > 0, m2(3) = (m21 + ∆m221(31) )1/2 ;
ii) inverted ordering (IO): m3 < m1 < m2 , ∆m232 < 0, ∆m221 > 0, m2 = (m23 + ∆m232 )1/2 and
m1 = (m23 + ∆m232 − ∆m221 )1/2 . Depending on the value of the lightest neutrino mass, mmin , the
neutrino mass spectrum can be (j = 1, 2, 3):
a) Normal Hierarchical (NH): m1  m2 < m3 , m2  (∆m221 )1/2  8.68 × 10−3 eV, m3  (∆m231 )1/2 
4.97 × 10−2 eV or
b) Inverted Hierarchical (IH): m3  m1 < m2 , with m1,2  |∆m232 |1/2  4.97 × 10−2 eV or
c) Quasi-Degenerate (QD): m1  m2  m3  m0 , m2j  |∆m231(32) | and m0 ' 0.10 eV.
The current cosmological bounds are strongly disfavouring the degenerate regime. However
these results should be further tested independently for example by beta-decay and neutrinoless double beta decay experiments. The detection of GWs is a crucial test of general relativity
and, as already discussed in the literature, it is also important to deduce other relevant physical
properties. This new information can be derived when comparing, for example, their propagation velocity with those of photons and neutrinos coming both from the same astrophysical
source. The observation of gravitational wave events accompanied by counterpart events, like
neutrino detections, could improve our knowledge about the ordering and the masses of these
tiny particles.

3

Ingredients

Let us consider a potential observation of an astrophysical catastrophe. Such events could be for
instance, the merging of a neutron star binary or the core bounce of a core-collapsed supernova
(SN). Using the same notation of 12 , we denote with T g ≡ L/v g , Tνi ≡ L/vνi and Tγ ≡ L/vγ
respectively the time of propagation of a GW, a given neutrino mass eigenstate and photons
with group velocities v g , vνi , and vγ . Following Fig. 1 a GW is emitted at the time tEg from a
source at distance L and detected on Earth at t g . Similarly, we have emission and detection
times for photons and neutrinos. The difference of the arrival times between the GWs and
γ
neutrinos, τobs ≡ tν − t g , or the GW and a photon, τobs ≡ tγ − t g , are both observables, which can
be positive or negative for an early or late arrival of a GW. Typically the emission times of the
three signals (GW, γ and ν) do not coincidec . For instance in the supernova explosion SN1987A
14 , the neutrinos arrived approximately 2 – 3 hours before the associated photons.
Let us assume now that a neutrino is emitted at tEν = tEg + τνint and detected at time tν . A
relativistic mass eigenstate neutrino with mass mi c2  E ( i = 1, 2, 3 ) propagates with a group
b

The idea to test the absolute mass first appered in 9 .
In alternative theories of gravity the three particles under study — photons, gravitons and neutrinos— can
couple to different effective metrics. In this case the Shapiro delay is not the same for the three signals 13 . In this
work however we assume the same coupling to the metric for all the signals.
c
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Figure 1 – GW, neutrino and photon propagation in time.

velocity:
 4 8
m2i c4
 mi c 
vi


=1−
+
O
 8E4  ,
c
2E2

(1)

where we assumed that the different species of neutrinos have been produced with a common
energy value E. If a given neutrino is produced by a source at a distance L, the time-of-flight
delay ∆ti with respect to a massless particle, emitted by the same source at the same time, is
m2i c4 L

mi c2
∆ti 
=
2.57
eV
2E2 c

!2 

E
MeV

−2

L
s.
50kpc

(2)

Here we do not take into account cosmic expansion since we consider sources at low redshift,
z  0.1. This causes an error less than 5%. From the expression in (2) we observe that
larger distances and small neutrino energies are needed in order to maximise the experimental
sensitivity. For distances around 50 kpc (SN1987A) and an energy of 10 MeV, a neutrino with a
mass of 0.07 eV (the upper current absolute mass scale inferred from the Planck collaboration
6 ) would arrive ∼ 10−4 s later than a massless particle. Similar to (2) we express the time delay
between the arrival of two neutrino mass eigenstates as:
∆tνi ν j = ∆ti − ∆t j =

∆m2i j c4
2E2

T0

with T0 =

L
,
c

(3)

with ∆m2i j = m2i −m2j and to leading order in m2 c4 /E2 . We note, that in this limit the time intervals
do not depend on the absolute neutrino mass scale, but solely on the square mass differences
which are measured experimentally.
4

Disentangling neutrino mass ordering

Using Eq. (3), we can observe that if the detector uncertainty is 10−3 s we are able to disentangle
the atmospheric (solar) squared mass differences with a signal coming from a distance larger
than 0.8 (26) Mpc assuming neutrinos have an energy of about 10 MeV. These distances decrease
if we lower the neutrino energy. Further this numbers scale accordingly using a better detector
uncertainty.
This means, that for neutrinos with an average energy of 10 MeV, the delay time of the heaviest
neutrino mass eigenstate with respect to the lightest is larger than 10−3 s independently of the
absolute neutrino mass scale and hierarchy, for distances larger than ∼ 0.8 Mpc. Therefore,
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Figure 2 – The range of ∆ti (i = 1, 2, 3), the time delay of neutrinos with respect to photons, vs the lightest of the
neutrino masses, mmin , for a distance of 1 Mpc and 10 MeV. We show the results for NO and IO (left and right panels)
considering a the 3σ uncertainty in the oscillations parameters given in 10 . The dashed and dotted vertical lines
correspond to the Planck limit on the sum of neutrinos masses and the perspective upper limits from the KATRIN
experiment (more details in the text).

Table 1: (Left) Benchmark time lapses for ν1 , ν2 and ν3 respectively. We consider a distance of 10 kpc (1 Mpc) and a
neutrino energy of E = 10 MeV. (Right) The distance is set to 1 Mpc (10 Mpc) and the neutrino energy to E = 5 MeV.

mmin [eV]

0

0.01

∆tνi [s]
NO
0
3.86 · 10−7 (10−5 )
1.26 · 10−5 (10−3 )
5.14 · 10−7 (10−5 )
9.00 · 10−7 (10−5 )
1.32 · 10−5 (10−3 )

IO
1.23 · 10−5 (10−3 )
1.26 · 10−5 (10−3 )
0
1.28 · 10−5 (10−3 )
1.32 · 10−5 (10−3 )
5.14 · 10−7 (10−5 )

mmin [eV]

0

0.01

∆tνi [s]

NO
0
1.54 · 10−4 (10−3 )
5.06 · 10−3 (10−2 )
2.06 · 10−4 (10−3 )
3.60 · 10−4 (10−3 )
5.27 · 10−3 (10−2 )

IO
4.91 · 10−3 (10−2 )
5.06 · 10−3 (10−2 )
0
5.11 · 10−3 (10−2 )
5.27 · 10−3 (10−2 )
2.06 · 10−4 (10−3 )

assuming an accuracy of 10−3 s, the relevant sources are those at distances larger than 0.8 Mpc.
With better time accuracy the distance decreases linearly. We show in Fig. 2 the time delay
(for each mass eigenstate) ∆ti considering NO and IO (left and right panels respectively) as
function of the lightest neutrino mass, setting the neutrino energy to 10 MeV and the distance
of the source to 1 Mpc. The physically relevant arrival time differences between neutrino
mass eigenstates ∆tνi ν j can be readily determined from Fig. 2. We also report in the plot the
future sensitivity on the absolute neutrino mass of the β-decay experiment KATRIN 15 which
is expected to be around 0.2 eV andPthe constraints given by the Planck Collaboration on the
sum of the light active neutrinos 6 i mi ≤ 0.23 eV 95% CL. In Table 1 we produce relevant
benchmark neutrino time lapses considering two different source-distances for different values
of the lightest neutrino mass for 5 and 10 MeV neutrinos.
From Fig. 2 we observe that for the given distance and energy, the NO and IO spectra differ
by having different time delay patterns. We note that for IO the delay between the two heaviest
mass eigenstates is equivalent to the time lapse between the first two lighter mass eigenstates
for NO. If we consider a conservative time accuracy of 10−4 s for the next generation of detectors
d , the time lapse differences between NO and IO will not be distinguishable.
However, in addition to the time information, also the ratio between the amplitudes of
the different neutrinos reaching the detector can be measured. Since the distances considered
here are very large, neutrinos will reach the detector incoherently such that the time integrated
d

This accuracy is conservative compared with an estimate based on the uncertainty on the vertex reconstruction,
which is about 3 m for Hyper-Kamiokande 16 . In order to obtain a global time, when comparing with other
experiments, a higher uncertainty is expected.

arrival probability is:

 X
2
2
P να → νβ =
Uαi Uβi ,

(4)

i

where α and β are flavour eigenstates. In fact, this expression holds true whenever the time
arrival differences among the three mass eigenstates is smaller than the detector time resolution.
However, when ∆tνi ν j is larger than the detector resolution, then each mass eigenstates νi can
be detected independently and will interact with the detector with probability e


2
2
P να → νβ = Uαi Uβi .
(5)
i

For simplicity, here we do not consider matter effects which could in principle take place in the
propagation through the Earth itself. In Fig. 3 on the left panel we illustrate a possible pattern of
neutrino detection following (5) using also the time-differences reported in Table 1. Depending
on the source, its distance and the experimental time sensitivity the figure shows that, at least
in principle, one can observe interesting time-patterns reflecting the neutrino ordering and
mixing.
So far we discussed the basic setup and argued that neutrino detectors on Earth can help
disentangle the neutrino ordering, when observing distant astrophysical catastrophes. It is time
to move to additional precious information that we can gain when comparing time differences
with respect to the other light messengers.
5

Absolute neutrino masses from time differences

The attractive idea to use a multi-signal approach was put forward in 12 where the authors
translate a potential SN signal of GWs and neutrinos into limits on the speed of GWs and on
the absolute neutrino mass scale. We define:
that implies ∆Tνi g = τiobs − τνint ,

∆Tνi g = Tνi − T g ,

(6)

where i denotes now the i-th neutrino mass eigenstate. The deviation from the speed of light
for GWs and neutrinos reads:
 4 8
m2i c4
c − vg
 m c 
c − vνi
δg ≡
+ O  i 4  .
(7)
,
δνi ≡
, with
δνi =
2
c
c
2E
8E
From the definition in (6) follows:
∆Tνi g
T0

=

δνi − δ g
(1 − δ g )(1 − δνi )

,

(8)

where, as already defined earlier, T0 = L/c. If in (8) we consider an uncertainty in the time of
emission of neutrinos, τνint , in order to detect the GW and the neutrino signal, we must have
|∆Tνi g | > τνint , and using (8) to the first oder in δν and δ g one finds:
|δνi − δ g |T0 & τνint .

(9)

Using the inequality above and assuming τνint ∼ 10 ms (typical time for a SN burst) and an
energy equal to the energy threshold of HK, Eν = 7 MeV, δ g depends on the lightest neutrino
mass for a reference distance. In principle, detectors with a lower energy resolutions, such as
JUNO (Eth
ν =1.806 MeV) could test lower values of mmin and could probe neutrino mass up to
∼ 0.02 eV for distances around 1 Mpc, which are at least an order of magnitude lower than
present cosmological limits and the perspective upper limit from KATRIN.
We work in the regime of incoherence. Defining σxP (σxD ) as the spatial width of the production (detection)
neutrino wave packet, we work under the assumption that |(v j − vk )L/c|  max(σxP , σxD ) being vi and v j the two
group velocities of the two wave packets of neutrino mass eigenstates νi and ν j .
e
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Figure 3 – (Left) Schematic representation of the square root of the probability given in (5) of detecting flavor state
νe if the source emits a short burst of νe as a function of time. We set a distance of 1 Mpc and an energy of 5 MeV.
For definiteness we assume NO and each bin corresponds to a fiducial collective time of 5 ms. (Right) Detection
probability of neutrinos versus distance from the source to Hyper-Kamiokande (solid lines) and to an hypothetical
future 5 Mton experiment (dotted lines) 17 using a 7 − 30 MeV energy range. Blue, red and black curves represent the
detection probability resulting in requiring observation of at least one, two, and ten events per burst, respectively.
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Concluding with a Preliminary Feasibility Study

So far we have been concerned with the theoretical setup, and since the framework presented
here relies on distant sources, we will now perform a preliminary study of the actual experimental feasibility. In the following, we will not discuss the distribution and the expected number of
various kinds of astrophysical events, but focus on the number of detected neutrinos assuming
a specific source at a given distance. From the analysis above it is clear, that three parameters
are vital to increase the time lapse between mass eigenstates: the distance from the source L,
the energy of the emitted neutrino, Eν , and the absolute neutrino mass mmin . Conversely, the
larger the distance is, the smaller is the rate. As a consequence, if the neutrino counterparts of
events like GW150914 would be emitted by the source, it would be hard, if not impossible, to
detect them on Earth.
As a benchmark investigation we will concentrate on the next generation of neutrino detection
experiments such as 1 Mton Hyper-Kamiokande (HK) in Japan 16 that has already sparkled
interests in the astrophysical community. Astrophysical catastrophes like the merging of a
neutron star black hole binary or the core bounce of a core-collapsed supernova are expected to
produce a total neutrino output carrying an overall energy of circa 1053 erg. For such an event

one expects on Earth an integrated time flux per squared meter of about 3×1011 d/Mpc −2 m−2 .
Despite the fact that a large number of neutrinos will reach Earth because of their low cross
section only a tiny fraction will be detected. Previous studies 18 indicate that HK can detect 1-2
neutrino events per year from supernovae in the range up to 10 Mpc.
However, our theoretical analysis made use only of the neutrinos emitted during the initial
burst from the source which can be determined by integrating the following neutrino detection
rate over the relevant time interval:
Z
Z
dN
= np
dEe
dEν F (Eν , t) σ0 (Ee , Eν ) ,
(10)
th
th
dt
Ee
Eν
where np is the number of protons in the target, Eν,e are respectively the (anti)neutrino and the
(electron) positron energy of the event, F (Eν , t) is the flux per unit time, area and energy and  is
the detector efficiency. Finally σ0 (Ee , Eν ) = dσ/dEe is the differential cross section of the process
under study. We will assume the efficiency of the detector to be 100% for energies larger than
the energy threshold of the detector, Eν > Eth
ν.
Our estimates assume a typical energy in neutrinos emitted from astrophysical sources within
the initial burst to be of the order of ∼ 1051 erg as well as a mean neutrino energy hEν̄e i ∼ 12

th
MeV. From a SN at a distance d, HK (0.74 Mton, Eth
ν =7 MeV, Ee =4.5 MeV) would expect
the following number of detected neutrinos (indicated by λES ) via neutrino-electron elastic
scattering (ES) processes:
!−2
d
−3
λES = 1.8 × 10
(11)
Mpc

where the initial burst is primarily νe from the neutronization process. Similarly, from a neutron
star black hole (NS-BH) merger, where the burst consists mostly of ν̄e , we get via inverse beta
decay (IBD) 19 a number of neutrinos of
λIBD = 1.6 × 10

−1

d
Mpc

!−2
.

(12)

For such low rates it is useful to estimate the actual detection probability as function of the
distance from the source. To assess this, we use the Poisson probability to detect n events as
Pn = λn e−λ /n! where λ is the expected number of events, given in eq. (11) or eq. (12). In
Fig. 3 we show, as an illustrative example, the detection probability for IBD resulting from
requiring at least one, two, and 10 events per burst, indicated respectively with blue, red and
black curves. We use in our estimates the energy range 7 − 30 MeV. The plot shows the HK
detection probability for ν̄e for a NS-BH merger (solid line), as well as the one for a hypothetical
5 Mton detector (dashed line), e.g. 17 . We observe that even for ∼1 Mpc and a 7 − 30 MeV
energy range one can still observe ∼ 1 event. These estimates show that it is possible to reach
phenomenologically interesting neutrino mass differences from sources at ∼1 Mpc provided
one can combine more than one Mton experiment. In order to compute the expected annual
rate of detected neutrino events, one has to combine the above analysis with the annual rate of
relevant astrophysical events. The annual rate of SNs is expected to be 1/3 yr−1 within 4 Mpc
18 , while the rate for NS-BH mergers is more uncertain with an expected rate of 102 − 103 yr−1
within 1 Gpc. This rate will in the future be constrained by LIGO 20 .
We stress that we have used conservative estimates, for example, in the total energy emitted
with the neutrino burst. Another parameter that can be played with is the time resolution in
neutrino detection that can, in the future, be expected to go below one millisecond. If this is the
case it would allow sources as close as 100 kpc to become relevant for our analysis. In this case
the neutrino flux increases by two orders of magnitude.
To conclude, we derived the theoretical and phenomenological conditions under which
multi-messenger astronomy can disentangle or further constrain the neutrino mass ordering.
We have also argued that it can provide salient information on the absolute neutrino masses.
We added a preliminary feasibility study to substantiate and further motivate our theoretical
analysis. We have seen that future experiments can be useful also in testing independently
the cosmological bounds on neutrino absolute masses. However, this requires high resolution
timing and a significant increase in the combined fiducial volume compared to the current
Cherenkov water detectors.
Conversely one can use future results on neutrino properties to provide detailed information
about astrophysical sources emitting simultaneously GWs, photons and neutrinos, and possibly
lower uncertainties in the emitted multi-messenger signal from the source.
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We report here on the results from the Weakly Interacting Massive Particle (WIMP) search
with the LUX dark matter experiment. LUX, a two-phase xenon time projection chamber
(TPC) with 250 kg of active mass, has been operated from 2012 until 2016. During the operation, we observed no evidence for WIMP elastic scattering events. LUX achieved the most
stringent limit on both the WIMP-nucleon spin-independent cross section (1.1×10−46 cm2 for a
50 GeV/c2 , 90% C.L.) and on the WIMP-neutron spin-dependent cross section (1.6×10−41 cm2
for a 35 GeV/c2 , 90% C.L.).

1

Introduction

The Large Underground Xenon (LUX) experiment main objective is to study the nature of dark
matter by detecting (or excluding) elastic scattering interactions of WIMPs 1 . The existence of
cold dark matter is supported by several cosmological observations such as galaxy dynamics 2 ,
cosmic microwave background 3 , galaxy clusters, gravitational lensing, etc. The combination
of these astrophysical observations result in a cold dark matter density of Ωc =0.258±0.011,
significantly larger than the density of ordinary baryonic matter Ωb =0.0484±0.0010 3 a . Several
dark matter candidates have been proposed such as primordial black holes, axions, Weakly
Interacting Massive Particles 4 (WIMPs) etc. From all of them, WIMPs are considered as the
most promising candidates that will be discussed here.
Direct detection experiments like LUX aim to detect nuclear recoils produced in the elastic
scattering of a dark matter particle with the target nucleus. The observation of such recoils is
challenging due to the very low interaction cross-section expected for the dark matter particle,
compared with the much higher event rate from backgrounds (from detector materials and environment). Therefore, large detectors with very low background and low energy threshold are
paramount for the direct WIMP detection.
LUX was the most sensitive direct detection experiment from 2013 until the recent results
from XENON-1T 5 . The detector operated inside the Davis Cavern, at the Sanford Underground
Research Facility (SURF), USA, at a depth of about 1480 m, from 2012 until May of 2016. The
LUX detector had two different science runs, called here WS2013 and WS2014–16. WS2013
data were collected from April until August 2013 (95 live-days) and WS2014–16 were collected
from September 2014 until May 2016 (total of 332 live-days). The analysis of the WS2013 data 6
(limited to 85.3 live-days) set a 90% C.L. upper limit on the WIMP-nucleon spin-independent
cross section of 0.76×10−45 cm2 at a WIMP mass of 33 GeV/c2 . The re-analysis of the extended
WS2013 dataset (total of 95 live-days) improved this limit to 0.60×10−45 cm2 at 33 GeV/c2
a
Ωc = ρc /ρcrit. and Ωb = ρb /ρcrit. , where ρc and ρb are the densities of cold dark matter and baryonic matter
respectively, and ρcrit. is the critical density of the Friedmann (flat) Universe.

WIMP mass. Spin-dependent results 7 for the WS2013 data at a WIMP mass of 33 GeV/c2 set an
upper limit of σn =9.1×10−41 cm2 for the WIMP-neutron cross section and σp =2.9×10−39 cm2
for a WIMP-proton cross section (90% C.L.). Here, we report the results for both the spindependent and spin-independent cross section for the combination of WS2013 and WS2014–16
datasets. These results have been first published in 8 and 9 .
2

The LUX detector

LUX is a two-phase (liquid/gas) time-projection chamber (LXe-TPC) containing 250 kg of xenon
in the active volume of the detector 10 . The schematic view of the LUX detector is shown on
the figure Figure 1. The principle of working and advantages of a LXe-TPC, common to other
detectors such as ZEPLIN-III 11 , PandaX 12 , and XENON1T 13 , have been thoroughly studied
and discussed in the literature 14,15 . In these detectors, a particle interacting in the liquid volume
produces primary scintillation (called S1 signal) and charge through the ionization of the xenon
atoms. An electric field, applied in the liquid phase, drifts the electrons towards the surface.
These electrons are then extracted to the gas phase where they produce electro-luminescence
(called S2 signal). Both signals (λ=178 nm) are detected by photomultipliers (122 PMTs in
the LUX detector 16 ) usually set in two symmetric arrays placed above and below the sensitive
volume. The z-position of the event along the drift field is obtained by the difference in the
arrival time between the S2 and the S1 signal while the (x, y) position is obtained in a pattern
analysis of the S2 light distribution in the top array 17 .

Titanium
Vessels

Anode
Gate
PTFE
reflectors
Cathode

49 cm (max)

48 cm
(cathode-anode)

Top PMTs

Bottom PMTs

Figure 1 – Schematic view of the LUX detector. Figure adapted from 10 .

The LUX TPC has a dodecagonal shape with an internal maximum diameter of 48 cm.
The drift field is defined between the cathode located 5 cm above the PMT windows of the
bottom array and the gate grid located 48 cm above the cathode. The surface of the liquid
xenon is located ∼5 mm above the gate. The anode, which sets both the extraction and electroluminescence fields, is located 5 mm above the liquid level and 5 cm below the PMT windows of
the top PMTs.
To ensure a high light collection for both S1 and S2, polytetrafluoroethylene (PTFE, also
known as Teflon R ) reflector covers the inner surfaces of the TPC (reflectance >97% in the
liquid phase 18 ). The sensitive volume is surrounded by two low radioactive titanium cryogenic

vessels 19 . The cryostat is immersed in cylindrical ultra-pure water tank with 7.6 m width and
6.1 m diameter. The water tank protects the detector from gamma-rays and neutrons caused by
radioactivity in rock and cosmic-ray muons. The water tank is instrumented with 20 PMTs in
order to detect Cherenkov light produced by cosmic-ray muons and their secondaries.
The signals from the photomultipliers are processed and digitized using a custom-built data
acquisition (DAQ) system 20 . In this DAQ system, the signals are initially shaped with a twostage amplifiers before being recorded in a dedicated 16 Struck 8 channel ADC modules with a
sampling of 10 ns. The DAQ threshold is set such that 95% of all single photoelectron (phe)
pulses in each PMT are recorded.
PMT signals are calibrated in units of detected photons (phd) instead of photoelectrons
(phe) to account for the double photon emission by single photons at the photocathode 21 . For
S1 <100 phd, photon counting 22 is used instead of the pulse area to estimate the size of the
S1 pulse. This method is more advantageous when compared the pulse area method because it
avoids the degradation in the resolution caused by the width of the single-detected-photon area
distribution. Photon counting is, however, limited to low photon fluxes due the pile-up caused
by the merging of two photons within a single count. In LUX, the pile-up of the S1 pulse is
caused by the merging of two photons within a single count is corrected using a Monte-Carlo
simulation.
3
3.1

LUX Data Analysis
Position corrections

The detection efficiency of both scintillation (S1 ) and ionization (S2 ) signals depends on the
position of emission due to differences in the light collection and the presence of electronegative
impurities. To account for these effects, LUX detector is calibrated weekly with a 83m Kr internal
source 23,24 . This metastable isomer is injected into the xenon gas circulation system and allowed
to spread uniformly throughout the active volume. In the LUX analysis, 83m Kr has been considered as mono-energetic source with a total energy deposition of 41.5 keV, providing a standard
candle that can be used to correct both signals for differences in the light collection b . Here, S1
and S2 variables correspond to the corrected pulse size normalized to the center and top of the
detector respectively while S1 raw and S2 raw correspond to the uncorrected quantities.
83m Kr calibrations are also essential for the position reconstruction as a necessary step to generate a set of empirical light response functions. These functions are used to predict the response
of the PMTs as a function of the position of the emission of the S2 light 17,25 . These predictions
are compared with the the observed response of the PMTs using a maximum likelihood test to
get the best position of the interaction that describes the observed results.
The reconstructed positions using the S2 light signal only match the original position of
interaction in the liquid volume when the electric field is perpendicular to the liquid surface for
all the positions within the active volume. However, we observed that this is not strictly true.
On the WS2013 data, we observed the presence of a small constant radial component in the
electric field that slightly moves the drifted electrons radially inwards during their upward drift
(radial drift velocity of ∼0.1 mm/µs in the centripetal direction). A simulation of the electric
field in the LUX detector with COMSOL Multiphysics 26 showed that this effect was consistent
with the transparency of the cathode and gate grids 27 , causing a leakage field from below the
cathode. Between WS2013 and WS2014–16, the detector has been under tests that aimed at
increasing the voltage applied to the field grids. During these tests, the voltage of the grids
was increased for an extended period of time above the onset of discharge in order to burn and
remove protruded tips present in the grids. In WS2014–16 data, after the grid tests 28 , the
observed intensity of the radial field was stronger (radial drift velocity of ∼0.5 mm/µs), and it
b
In the WS2014-2016 data, position corrections are more complex that the picture presented here due the
presence of a strong radial field which influences light and charge yield. Details can be found in 8 .

was observed to increase in magnitude over the course of the exposure. COMSOL simulations
showed that this was consistent with a nonuniform and time-varying negative charge density in
the PTFE panels that surround the liquid xenon sensitive volume (charge density of -3.6 µC/m2
at the start of the exposure increasing to -5.5 µC/m2 at end of the run). This charge is believed
to be a collateral result of the PTFE exposure to coronal discharge during grid tests.
Due the non-uniformity of the field, we need to distinguish the observed coordinates of the
S2 light emission (rS2 for the radius and φS2 for the azimuth) from the true position of the
energy deposition (rver for the radius and φver for the azimuth). In WS2013 data analysis, the
reconstructed positions from the S2 light emission (rS2 , φS2 ) were corrected to the true position
of the energy deposition. These corrections were obtained from a look-up-table that was created
assuming that the 83m Kr events are distributed uniformly in the chamber (more details in 24 ).
In WS2013, the depth of the event, z, is related to the drift time τd of the event by
z = vd · τd = (0.1518 ± 0.0011)τd ,

rver < 20 cm

(1)

where vd is the average drift velocity. In this case, the cathode position for rver <20 cm corresponds to a drift time of 322.3±0.4 µs.
In WS2014–16, the event position is determined and stored in observed coordinates (rS2 , φS2 )
and the drift time τd , while the true positions, given by the simulations, are mapped into the
observed positions. The depth z cannot be approached to a linear dependence as before because
vd depends both on the position and the absolute time of the event due to the non-uniformity of
the field and its dependence on date resulting in the radial drift velocity to increase with time.
In this case, the cathode position, as converted to drift time, is dependent on these factors and
varies between 320 µs and 400 µs. The mapping used to relate the real positions (rver , φver , z)
with the observed positions (rS2 , φS2 , τd ) was created by the COMSOL simulations.
3.2

ER and NR calibrations

Most of the background sources (such as γ and β decays) produce electron recoil events (ERs)
while the signal from WIMPs, or neutrons, scatter off the target nucleus producing nuclear recoil
events (NRs). The S2 /S1 ratio is the critical ER/NR discriminating parameter used on an
event-by-event basis. The S2 is smaller in an NR event, when compared with an ER recoil for
the same value of S1 due to a higher recombination rate in a NR event.
The LUX experiment has developed new methods for calibrating the detector response to
ERs and NRs. The detector response to low-energy ERs is obtained with a tritiated methane
(CH3 T) β − internal source 29 (end-point energy 18.6 keV). 2.45 MeV neutrons emitted by a
Deuterium-Deuterium (D-D) generator are used to characterize the detector response to NRs 30 .
These neutrons are collimated using an air-filled tube going through the water tank to the walls
of the detector. In such configuration, the deposited energy can be determined directly from the
scattering angle in double scatter events. Both D-D and CH3 calibrations were performed after
the end of WS2013 run between October and December 2013 and about every three months
during WS2014–16 run.
Interpretation of ER and NR calibrations is complicated in WS2014–16 data due to the
large variation in the magnitude of the electric field in the active region (500-650 V/cm near the
top to 50-20 V/cm near the bottom 27 ). The dependence of the charge and light yields on the
electric field is taken into account by dividing the exposure in 4 different time periods with each
period further divided into four equal bins in drift time. The start and end dates of the time
periods are: September 11, 2014; January 1, 2015; April 1, 2015; October 1, 2015; May 2, 2016.
The boundaries in the drift time are: 40, 105, 170, 235, 300 µs. Each exposure bin has unique
response model determined by the calibrations. The response model of each bin is obtained using
the Noble Element Simulation Technique (NEST) 31 code which provides an underlying physics
model based only on detector parameters.

The reconstructed energy of ER events is obtained through a combination of the S2 and S1
signals 29 :




S2
S1
S2
S1
+
=W ·
+
(2)
E(keVee ) = W · (ne + nγ ) = W ·
g1
g2
g1
SE · EE
The gains g1 and g2 convert S1 and S2 to number of photons (nγ ) and electrons (ne ), respectively.
EE is the extraction efficiency at the liquid gas interface and SE is the average response in the
number of detected photons phd from a single extracted electron. W is a constant assumed
to be W = 13.7±0.2 eV 32 . For both runs, the values of g1 , g2 , are measured using a set of
mono-energetic electronic recoil sources 33 . The values of EE, g1 , g2 for both runs are shown in
Table 1.
From December 8th 2014 until the end of the exposure, a number of artificial WIMP-like
events have been added to the data pipeline (this procedure has been called ’salting’) and thus
blinding the potential WIMP signal. The S1 and S2 pulses that went into the artificial events
were taken from tritium calibrations and combined in such a way so they looked like NR events.
These artificial events have been uniformly distributed in the detector volume and time of acquisition and could not be distinguished from a real detector signal. The trigger time of each
salt event is kept by a person outside the LUX collaboration, and it cannot be accessed by any
LUX collaboration member until the main analysis parameters such as quality cuts, efficiencies,
and background models have been established.
3.3

Quality cuts

To remove most of the events originated by background radiation or noise, we applied a sequence
of quality cuts. Some of these cuts are applied to both WS2013 and WS2014–2016. Those are:
Single Scatter Cut: We select events with only a single valid S1 pulse before an S2 and a
single valid S2 after the respective S1. The S2 raw must be larger than 55 phd. The lowest S1
signal is given by the coincidence of two photon signals in two different PMTs.
Detector Stability Cut: Periods of live-time when the detector was not stable are excluded.
To determine these periods, we monitored the stability of several slow control parameters (e.g.
liquid level, HV grid voltages and currents, etc.) that would affect the response of the detector.
When the value of any of those sensors was outside the predefined range of normal operation,
the data was excluded.
High Electron Life-Time Cut: Periods in which the electron life-time was lower than 500
µs were excluded.
Low Rate of Single Electron Background Cut: Events with a high rate of single electron
background were excluded. In these events, large S2 signals are followed by an extended tail
of single electron emitted from the liquid phase that might last several milliseconds 34 . Some
of these single electrons can be grouped together exceeding the S2 threshold and considered a
valid S2. They may be reconstructed by the pulse finding algorithm to an additional isolated
S1 signal. These events are identified by their large fraction of the total pulse size of the event
outside the S1 and S2 signals.
Fiducial Volume: A very important group of background sources are created from 210 Pb
subchain isotopes platted on the PTFE walls or field grids. Those events cannot be discriminated
based on the ratio S2 /S1 because a fraction of the extracted charge is lost in the PTFE walls.
Additionally, a low energy NR recoil can be observed as a result of the 210 Po decay. This source
emits a 5.3 MeV α-particle that can be absorbed by the PTFE walls. In this case the only signal
observed corresponds to the nuclear recoil of the 206 Pb nucleus. Most of the events from 210 Pb
subchain can be removed by applying a fiducial cut, i.e. looking for signals only in the inner
region of the detector. This cut removes also a significant fraction of the background events

originated from the γ– and β–ray sources. The fiducial cuts that were applied in each run are
shown in Table 1.
S2 raw threshold: The threshold of S2 raw is set to 165 phd for the WS2013 and to 200 phd
for the WS2014–16. This removes events leaking from the walls due to a high
√ uncertainty in the
position reconstruction (the position uncertainties are proportional to 1/ S2 raw ).
Additionally to these cuts, the range of both S1 and S2 where the WIMPs are expected to
be is shown on the Figure 1.
The salting in the data allowed to impose additional quality cuts to the WS2014–16 data.
These cuts were developped using calibration data (both tritium and D–D data).
S2 Pulse Width Cut: σS2 is the standard deviation that results from a Gaussian fit to the
S2 pulse waveform. This cut is set to σS2 >0.4 µs. It removes events with energy depositions in
the gas region below the anode. In these events, the S1 and S2 are merged and the Gaussian fit
is often performed to the S1 or to a short spike in the S2.
S2 Pulse Quality Cut: We imposed an upper and lower limit on the ratio t50%a /σS2 where
t50%a corresponds to the time difference between the cumulative 1% and 50% area fraction of
the S2. This cut tags S2 pulses generated from multiple-scatter events that are emitted with a
very short time difference for the S2, being merged into a single S2 pulse.
Position Reconstruction χ2 Cut: Events from multiple-scatters separated on (x, y) that are
merged into a single S2 pulse, or events with a PMT affected by after-pulsing have a distribution
of light among the PMTs clearly distinct from a good S2 pulse. The minimum of the χ2 obtained
from the position reconstruction method is sensitive to this, and it can be used to remove those
pathologies.
S2 cut:
The value of S2 is limited between MN R -5σN R and MER +3σER , where M corresponds to the band median and σ to the standard deviation of the band.
The acceptance of the cuts, applied exclusively to the WS2014–16 data, was studied using a
known population of single scatter 3 H events. The combined acceptance for the cuts applied to
the S2 pulse topology is 65% at S2 =200 phd rising to 95% above 1000 phd.
After the salt was removed from the data, we identified two small populations of events with
S1 pulse topology that could not arise from energy depositions in the liquid. For this reason, we
applied two additional post-salting cuts:
S1 Pulse Fraction Cut: In a very low number of events, a significant fraction of the S1 pulse
is observed in a single PMT. Those pulses are caused by after-pulsing in a single PMT or other
light source outside the TPC. They were identified by imposing a maximum waveform area in
an individual PMT as function of S1 raw (summed over all PMTs).
S1 Prompt Fraction Cut: The prompt fraction corresponds to the fraction of the S1 pulse
area within the initial 120 ns of the pulse. This cut removes energy depositions in the gas phase,
characterized by a long decay constants on the S1 pulse.
These two cuts were tuned with calibration data and have a very high acceptance of more
than that 99% across all energies.
The data passing all the selection criteria is presented on Figure 2 for the WS2013 data (left
panel) and WS2014–16 data (right panel). The events with a low value of S2 and closer to the
walls (identified on WS2013 by the gray circles and WS2014–16 by the unfilled circles) are most
probably events from 210 Pb subchain that loose charge to the PTFE.
4

Likelihood Analysis

A Profile Likelihood Ratio (PLR) analysis was used to compare the null (background-only)
hypothesis and signal plus background hypothesis. The results presented here are a combination
of WS2013 data and WS2014–16 data on event by event basis and not by a simple combination
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Figure 2 – WIMP search data passing the quality cuts for the WS2013 data (left panel) and WS2014–16 data
(right panel). For the WS2013, gray dots indicate events with a reconstructed radius between 18 and 20 cm. For
the WS2014–2016, unfilled circles indicate events within 1 cm of the radial fiducial volume boundary (distance to
the wall between 4 and 3 cm). ER and NR bands are indicated in blue and red, respectively. The dashed lines
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Table 1: Main detector and analysis parameters used in runs WS2013 and WS2014–16.

Live-days
Total Exposure (kg·live-years)
Anode Voltage (kV)
Gate Voltage (kV)
Cathode Voltage (kV)
EE - Extraction Efficiency (%)
g1 (phd per photon)
g2 (phd per extracted electron)
Radial cut†
Drift time cut (µs)
Fiducial Mass (kg)
S1 range (phd)∗
S2 (phd, M is band median)
S2 raw cut (phd)
Number of events after cuts

WS2013
95
38.3
+3.5
-1.5
-10.0
49±3
0.117±0.003
12.1±0.8
r<20 cm
38-305
145.4±1.3
1 - 50
<10 000
>165
591

WS2014–16
332
95.8
+7.0
+1.0
-8.5
73±4
0.100±0.002 to 0.097±0.001
18.9±0.8 to 19.7±2.4
dwall >3 cm
40-300
105.4-98.4
1 - 50
<10 000 and
MN R -5σN R <S2 <MER +3σER
>200
1 221

†

r corresponds to the radius measured in corrected variables while dwall is the
distance to the wall measured in uncorrected variables (S2 position of light
emission).
∗
2 PMTs with at least 1 detected photon is required.

of the limits. To achieve this, we treated the data from WS2013 as the 17th exposure segment
with the detector parameters and analysis cuts as specified in Table 1. The likelihood for both
the signal and background is modeled as a function of the variables {rver , zver , S1 , S2 } for
the WS2013 and {rS2 , φS2 , τd , S1 , S2 } for each one of the 16 bins of WS2014-2016 data 8 (τd
corresponds to the drift time).

The description of the background model in the PLR includes three different types of events:
i) events with a typical charge and light yield of an ER (γs and βs) and NR (8 B solar neutrinos);
ii) wall events from 210 Pb subchain that are affected by charge suppression or are of the NR type
such as the signal produced from the recoiling of 206 Pb; and iii) random coincidences between an
S1 and an S2 pulse. The details of the background model are described in WS2013 and WS2014–
16 articles 28,8 and in a background dedicated paper 35 . In the WS2013 run, the p-value obtained
using the Kolmogorov-Smirnov test was larger than 0.05 for the probability distribution function
projections for each one of the 4 observables. For the WS2014–16 run, the p-value obtained using
the same test was larger than 0.6 for the PDF projections for each one of the 5 observables. This
shows a good agreement between the data and the background model.
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Figure 3 – Spin-independent WIMP-nucleon (top panel) and spin-dependent WIMP-neutron/WIMP-proton (bottom panels) exclusion limits at 90% C.L. for the combined results (WS2013+ WS2014–16) are shown by the black
lines. The 1-σ and 2-σ ranges of background-only trials for this combined result are shown as green and yellow
bands, respectively. Constraints from other LXe TPC experiments are also shown, including XENON100 36 and
PandaX-II 37 . On the spin-independent results, the parameters favored by SUSY CMSSM 38 before this result
are indicated as dark and light gray (1-σ and 2-σ) filled regions. On the spin-dependent interaction, the gray
regions corresponds to the profile likelihood maps obtained via global fits of a phenomenological Minimal Supersymmetric Standard Model with 15 free parameters (MSSM15) obtained by 39 . The results from the GAMBIT
collaboration using a seven-dimensional Minimal Supersymmetric Standard Model (MSSM7) are represented by
the red region 40 .

The recoil spectra for the WIMP signal are described in 8,9 , assuming the same WIMP
halo model as in other experiments such as XENON 5,41 and CDMS 42 with an average earth
velocity of 245 km/s during the WS2013 data taking and 230 km/s during WS2014-16c . The
elastic scattering of the WIMP with the nucleus may be generally described as arising from spinindependent (SI) and spin-dependent (SD) WIMP-nucleon interactions 43,44 . Confidence limits
c

For the WS 2014-16 spin-independent limits, we considered an average earth velocity of 245 km/s.

on a given type of cross section (SI or SD) are calculated by assuming it to be the sole coupling
mechanism. SI coupling implies coherent scattering with nucleons in the nucleus, so heavier
target isotopes receive an A2 enhancement (proportional to the atomic mass of the nucleus). SD
WIMP-nucleus scattering does not benefit from coherent enhancement, and depends on the spin
structure factor of the isotope. As a result, since experiments are typically more sensitive to
either WIMP-proton or WIMP-neutron SD coupling, these limits are calculated separately 36,7,9 .
We also computed exclusion limits for different WIMP masses on the more general parameter
space of WIMP-proton and WIMP-neutron coupling constants using the procedure detailed in 45 .
The combined WS2013 + WS2014–16 exclusion limits for both spin-independent WIMPnucleon and spin-dependent WIMP-neutron/WIMP-proton cross sections at 90% confidence level
are shown in Figure 3. The exclusion limit reaches a minimum of 0.11×10−45 cm2 for the
spin-independent interaction at 50 GeV/c2 . For the spin-dependent interaction, LUX reaches a
minimum of 1.6×10−41 cm2 for the neutron-only coupling and of 5.0×10−40 cm2 for the protononly coupling (both at 35 GeV/c2 ).
5

Conclusion and perspectives

In the four years of operations LUX achieved the world leading result in sensitivity for both
spin-independent and spin-dependent (WIMP-neutron coupling) cross section. No signal due to
a possible WIMP particle was identified and a significant fraction of the WIMP parameter space
was excluded.
Major advances in the detector calibration have been reported: internal source of tritiated
methane and 2.45 MeV neutrons from a D-D generator have been used to determine the detector
response to ERs and NRs, respectively.
The analysis of LUX data will continue through the year of 2017 with a search for other
possible signals. Results for the first searches for axions and axion-like particles were already
presented 46 .
In 2019, a new very massive detector called LUX-ZEPLIN (LZ) will be installed in the same
location as the LUX detector 47 . This new detector will feature 7 tonnes of xenon in the active
region, and will be able to improve the current sensitivity to the spin-independent WIMP-nucleon
cross section by a factor of 50 during 1 000 live-days of operations. LZ will be operational in
2020.
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Current and Future of WIMP Search in DarkSide
Masayuki Wada for the DarkSide Collaboration
Department of Physics at Princeton University,
Jadwin Hall, Princeton NJ 08544, USA
DarkSide-50 is a direct WIMP dark matter detection experiment at the Gran Sasso underground laboratory in Italy that uses argon as a WIMP target material. DarkSide-50 is designed to be a background-free WIMP search using a two-phase TPC with argon from an
underground source. The TPC situated in two active vetos; a 30-tonne liquid scintillator
neutron veto and a 1k-tonne water Cherenkov muon veto. The status of WIMP search using
1 year of livetime data with underground Ar, which is significantly depleted in radioactive
39
Ar, will be presented. Also, a future upgraded experiment and related R&D activities will
be discussed.

1

Introduction

The ultimate goal of the DarkSide program is to detect recoil signals from Weakly Interacting
Massive Particles (WIMPs), a dark matter candidate motivated by cosmology and high energy
theory, in a background-free liquid argon, dual-phase Time Projection Chamber (TPC). For
discovery of WIMPs without ambiguity, it is very important to achieve the background-free
condition. In order to reach the goal, the DarkSide program adopts various technologies to
reduce and/or reject background events.
The main motivation for using LAr is its strong pulse shape discrimination (PSD) of electron
recoils (ERs) from nuclear recoils (NRs), the expected signals from WIMP scatters. The results
from DarkSide-50 with atmospheric argon (AAr) data show that using PSD, a total of 1.5 ×
107 ER events can be completely rejected in the WIMP energy region of interest, leaving no
backgrounds (or WIMP signals) in the ROI after an exposure of (1422±67) kg days 1 . Since LAr
is relatively dense and easy to purify, it is scalable to large masses. Its high scintillation yield
and good transparency to its own UV scintillation light lowers the detection threshold of the
WIMP signal and strengthens the PSD power. The high ionization and high electron mobility
in LAr are suitable for TPC applications. An additional advantage of a TPC is the ability
to remove surface background by fiducializing the detection volume according to reconstructed
3D positions from ionization measurements. Furthermore, the ratio of ionization yield over
scintillation yield provides additional discrimination power against ER backgrounds.
A challenge of employing LAr as a target for WIMP detection comes from the high concentration of the beta-emitting isotope 39 Ar in atmospheric argon. Since 39 Ar has a decay half-life
of 269 years and is mainly generated by cosmic rays in the atmosphere, underground argon
sources (UAr) can be free of 39 Ar or have only trace amounts activated by radiation from the
rock. A pioneering study of the 39 Ar activity in UAr was done and placed an upper limit on
the 39 Ar depletion factor >150 relative to AAr 2 . In Sec. 3, we update this number with a
measurement of the depletion factor of 39 Ar in the DarkSide-50 detector. Another challenge of
a LAr target is the fact that LAr is not as dense as liquid xenon. To have the same sensitivity

as a Xe based detector, an argon based detector must have a larger target mass. The strong
PSD and depleted Ar coupled with scalability make LAr a viable target for sensitive WIMP
detectors. The plans for a future liquid argon TPC are discussed in Sec. 4.
2

DarkSide-50 Detectors

DarkSide-50 consists of three nested detectors as shown in Fig. 1: the two-phase argon TPC,
which is the main detector with a LAr target for WIMP detection; the organic Liquid Scintillator Veto (LSV), providing rejection against neutron and electron recoil backgrounds via
anti-coincident signals from radiogenic and cosmogenic neutrons, γ’s from the detectors, and
cosmic muons; and the Water Cherenkov Detector (WCD), which rejects cosmic muons and
suppresses radiogenic background from surrounding rocks and detectors. On top of the WCD,
there is one of Radon-free assembly clean rooms that prevent radon and its daughters from
accumulating on the inner detector parts during construction.

Figure 1 – Left: The nested detector system of DarkSide-50. The outermost gray cylinder is the WCD, the sphere
is the LSV, and the gray cylinder at the center of the sphere is the LAr TPC cryostat. The blue area at top is
the radon-free clean room. Right: Schematic cross section of the DarkSide-50 Liquid Argon Time Projection
Chamber

Incoming WIMPs recoil from an Ar nucleus and leave excitations and ionizations, which the
TPC measures by detecting scintillated photons with 19 PMTs each on top and bottom of the
TPC. The excited Ar dimers de-excite and emit the first scintillation light, S1, at the vertex of
the recoil. The ionization electrons drift due to an electric field of 200 V/cm and are extracted
into the gas phase at the top of the TPC, generating the second scintillation light, S2. The time
difference between S1 and S2 gives the depth (z position) of the event, and the transverse (x,y)
position is reconstructed from the distribution pattern of S2 light among the top PMTs.
The LSV has an array of 100 8” PMTs attached on the inside of a 4 m diameter stainless steel
sphere filled with 30 tonne of liquid scintillator. The scintillator is a mixture of pseudocumene
(PC) and trimethyl borate (TMB) with a wavelength shifter, Diphenyloxazole (PPO). Neutrons
are detected in the LSV via thermalization signals and/or capture signals, mainly on 10 B in the
TMB. The veto efficiency of NRs from only capture signals is estimated to be >99.1 % using a
calibration AmBe neutron source and MC simulation 3 . The study of the veto efficiency using
thermalization signals is in progress using an AmC source, from which there are no coincident
γ-rays produced with the neutrons 4 .
The WCD has an array of 80 8” PMTs mounted on the inside of an 11 m diameter by 10 m
high cylindrical tank filled with 1 k tonne of high purity water. The WCD rejects fast neutron
events induced by cosmic-ray muons by measuring Cherenkov signals from cosmic-ray muons

inside the water tank. Additional important parts of the DarkSide-50 experiment are the radonsuppressed clean rooms with Rn-levels of 5 mBq/m3 , which is significantly lower than typical
Rn-levels in the air of ∼30 Bq/m3 . Final preparation, cleaning, evaporation of wavelength shifter
and assembly of all inner detector parts were performed in the clean rooms. One of them is
located directly on top of the WCD and provides radon-free access the LSV and the TPC.
3

WIMP Search with an Underground Ar Target

f90

The underground argon was extracted from a stream of gas from a CO2 well in Cortez, Colorado,
along with other gases including N2 and He. This gas mixture was sent to Fermilab for further
purification 5 . After devoted efforts lasting over six years, (153 ± 1) kg of purified UAr was
deployed into the DarkSide-50 TPC at LNGS in Italy on April 1, 2015.
In order to determine the 39 Ar depletion factor, a GEANT4-based MC simulation is used.
The MC is tuned on the high statistic AAr data and validated against several γ calibration
sources. The MC includes models of all three detectors and accounts for material properties,
photon propagation, and a model of LAr scintillation and ionization recombination. The 39 Ar
activity is measured from a simultaneous MC fit to the S1 spectra of the field-off data and
field-on (200 V/cm) data and the z-position distribution of events, which provides additional
constraints on the rate of γ’s from PMTs concentrated on the top and bottom of the TPC. The
fit result gives an 39 Ar depletion factor of (1.4 ± 0.2) × 103 relative to AAr.
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Figure 2 – Distribution of events in the f90 vs S1 plane surviving all cuts in the energy region of interest. Shaded
blue with solid blue outline: WIMP search region. The f90 acceptance contours are drawn by connecting the red
points derived from the SCENE measurements 7 and extending the contours using DarkSide-50 AmBe data.

During the fit procedure, the presence of 85 Kr in the UAr became apparent and was confirmed
by an independent search for a delayed γ coincident with β from the 0.43% branching ratio βdecay of 85 Kr to 85m Rb. The decay rate of β only channel from the MC fit and the rate
from the independent search agree within error bars after branching ratio correction. The
85 Kr contamination is not expected and can be removed in the future production of UAr by
distillation. Another unexpected background component is observed at very low energy in UAr
data, as can be seen in the first bin of the UAr data in Fig. 2. Based on the facts that this
low energy peak is uncorrelated with LSV signals and distributes throughout the TPC volume

σ [cm 2]

uniformly, this peak is identified as a 2.7 keV decay of 37 Ar, which had been cosmogenically
activated while the UAr was above ground. The presence of 37 Ar is further confirmed by the
decay time of the peak, which is consistent with the expected half-life of 37 Ar, 35 days. Since
this is a peak located outside of our WIMP search region of interest, it does not affect the WIMP
search while providing a low energy calibration point.
The WIMP search results with UAr 6 were based on the data set acquired from April 8 to
July 31 in 2015 (70.9 live-days after data quality cuts) at a drift field of 200 V/cm.
The light yield of S1 signals was determined to be (8.1 ± 0.2) PE/keV at zero field from
the 83m Kr peak, which is consistent with the light yield in AAr. Due to the purification at
Fermilab and getter systems in DarkSide-50, the electron lifetime is >5 ms, which is a measure of
electronegative impurities, immediately after the UAr commissioning and it remains throughout
the campaign. To suppress γ-ray events from the anode and cathode windows, a z-position cut
removing about 4 cm from the top and bottom of the LAr volume is applied. With the cut, a
fiducial mass of (36.9 ± 0.6) kg remains out of the (46.4 ± 0.7) kg active volume. Events are
required to have only one valid, unsaturated S1 pulse and one valid S2 pulse that is greater than
100 PE after position corrections are applied. We further remove events in which the S1 light is
abnormally concentrated in a single PMT, which are due to either an afterpulse or to Cherenkov
light in a PMT window piled up with a normal recoil in LAr.
The set of criteria used to select only possible WIMP recoils, i.e. single NRs in the fiducial
volume, are described in detail in Ref. 6 . The events with coincident signals in the LSV or the
WCD are also removed. The PSD parameter used in this analysis is f90 , the fraction of S1
light detected in the first 90 ns of the pulse. The WIMP region of interest (ROI) is defined
in the f90 vs S1 space with a 90 % NR acceptance contour derived from the f90 response in
SCENE 7 and a leakage curve corresponding to a total predicted leakage of <0.1 events during
the exposure. The final event distribution in the f90 vs S1 space is presented in Fig. 2, and there
are no events in the WIMP ROI. Given the background-free null result, a 90 % C.L. exclusion
curve is drawn in Fig. 3. The combined result with AAr 1 puts an upper limit of 2.0 × 10−44 cm2
on the WIMP-nucleon cross section at 100 GeV/c2 WIMP mass.
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Figure 3 – Spin-independent WIMP-nucleon cross section 90 % C.L. exclusion plots for the DarkSide-50 AAr
(dotted red) and UAr campaigns (dashed red), and combination of the UAr and AAr campaigns (solid red).

After the first UAr result, DarkSide-50 moved to a blind analysis and has accumulated more
than 1 live-year of data. The analysis of the data is expected to be finished in summer 2017.
4

DarkSide-20k

While DarkSide-50 continues the WIMP search with UAr and further investigates possible backgrounds, the DarkSide collaboration is moving to a next-generation detector. Given the exceptional PSD power of LAr and the high depletion factor of UAr, we propose to build DarkSide-20k,
a direct WIMP search detector using a LAr TPC with an active (fiducial) mass of 23 tonne (20
tonne) of depleted argon (DAr).
In order to suppress both NR and ER backgrounds from conventional PMTs and to improve
light yield, silicon photomultipliers (SiPMs) will be used in DarkSide-20k. Since a SiPM device
(∼10 x 10 mm2 ), which consists of arrays of single-photon avalanche diodes (SPADs) of ∼25
× 25 µm2 built on Si substrate, is a solid-state photo-detector made of Si, it is mechanically
robust, compact, cost effective, and radio-pure compared to a conventional PMT. Because the
region of each SPAD where voltage is applied is micro-scale, even with a low applied voltage,
a high electric field is possible and each SPAD is sensitive to a single incoming photon. It has
been confirmed that SiPMs function well at cryogenic temperature 8 (and in strong magnetic
fields).
To acquire the required amount of DAr with a sufficient depletion factor, two key projects
are planned: Urania is an enlarged argon extraction plant in Cortez, Colorado, with expected
capacity of extracting more than 50 tonne of UAr at a rate of 100 kg/day and Aria is a distillation
facility consisting of two 350 m tall distillation columns situated in the Seruci mine in Sardinia,
Italy, which are capable of depleting 39 Ar in UAr with a depletion factor between 10 to 100.
DarkSide-20k aims for a 100 t yr exposure to give a projected sensitivity of 1.2 × 10−47 cm2 for
WIMP mass of 1 TeV/c2 as presented in Fig. 4.
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(a future Ar based experiment) along with exclusion curves from other experiments.

5

Conclusion

DarkSide-50 performed the first ever WIMP dark matter search with Underground Ar. The
39 Ar depletion factor in UAr was determined to be (1.4 ± 0.2) × 103 relative to AAr. Currently,
a blind analysis is in progress with more than 1 live-year of blinded data. The new results are
expected in summer of 2017. Active R&D for the forthcoming DarkSide-20k detector are ongoing
including the development of photo detectors based on SiPMs, the expanded underground Ar
extraction facility (Urania project), and the distillation columns (Aria project). The DarkSide
collaboration has proven that the liquid Ar dual-phase TPC technology coupled with active
veto systems provides a viable path to more sensitive direct WIMP search experiments with
background-free operation.
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DAMIC: Dark Matter In CCD
R. GAIOR
Laboratoire de Physique Nucléaire et de Hautes Energies (LPNHE), Universités Paris 6 et Paris 7,
CNRS-IN2P3, Paris, France

DAMIC is a direct detection dark matter experiment using thick silicon CCDs as target
and sensor. This technique is sensitive to nuclear recoil induced by the interaction of low
mass WIMP on the target nucleus thanks to the silicon crystal characteristics and low noise
readout capabilities. DAMIC is installed at SNOLAB and has set limits on WIMP-nucleon
cross section between 1 and 20 Gev/c2 with a detector of 9 grams cumulating an exposure of
0.6 kg.day. After explaining the functioning and the advantages of the technique we will review
the performances and results of the DAMIC detector and the status of the current upgrade to
DAMIC100. We will also focus on the challenges and the potential of a prospective versions
of a kg scale detector.

Introduction
DAMIC is a detector based on cooled CCD used as a DM direct detector and sensitive to WIMP
mass below 20 GeV/c2 . The technique was first considered in the years 2010 1 . We will show in
this contribution that since then, many efforts were undertaken and rewarded by competitive
limits in the WIMP search at low mass.
After a short explanation of the detection general functioning, we will detail the calibration and
background studies done for the DAMIC operation. The analysis carried out with 0.6 kg·day
exposure are then presented as well as the search for hidden photon, another DM candidate, in
the range from 1.2 to 30 eV. The currently installed version the setup called DAMIC100 will be
described and the future generation, DAMIC1K is discussed.
1

The DAMIC detector

Detection principle The DAMIC sensor is a semiconductor crystal in silicon N-doped. It
is divided in pixels, and acts as the target but as the detector as well. As an energy deposit
occurs in the CCD, electron-hole pairs are created at a rate of one pair per 3.77eV deposited and
dragged to the surface of the CCD by an electric field. Charges are then stored in potential wells
in a 1 µm thick layer on the surface. After the exposition of the CCD, the pixels are read out and
an image of the energy deposits during the time of the exposition is obtained. A WIMP particle
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pixel belongs. Correlated noise results in a simultanesampling technique. This sets the detection threshold to low energy, around 50eVee (electron
Volt electron equivalent).
The acquisition can be operated in two modes, 1×1 and 1×100. In the former case, every pixel
is read and saved offering the best spatial resolution, whereas in the latter case, 100 rows are
transfered in the last one before its serial transfer to the output node leading to a better energy
resolution at the cost of a poorer spatial resolution.
➤

given by

The DAMIC detector The DAMIC detector is installed at the SNOLAB underground facility, in the Vale’s Creighton nickel mine. It is located below of 2 km of rock, or 6010 meter
water equivalent. The DAMIC CCDs are enclosed in a series of containers which are shown in
the Figure 2. Going from the most inner part, each CCD lays on a silicon support, is held in
a copper frame and is connected to a flex cable to form a module ( Fig 2-a) ). The module is

DAMIC DETECTOR

Figure 2 – Views of the DAMIC detector incuding its shieling. See text for details.
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inserted in one slit of a copper box ( Fig 2-b) ). The box is placed in a copper vessel, under
a lead block ( Fig 2c) ) and put under a very low pressure of 10−6 mbar and cooled down to
a temperature of 120 K. The vessel is surrounded by a lead castle of 21 cm thickness to shield
the sensitive part against γ rays. Note that the lead layer close to the vessel was selected from
ancient lead, poor in 210 P b contaminant. Finally a 42 cm high density polyethylene shield acts
as a neutron absorber( Fig 2-d) ).
Energy calibration The CCD technology also has the advantage of showing a good linearity
en energy. The response of DAMIC CCD to source of photons of known energy is shown in
Figure 3-left. X-rays sources are chosen down to energies of around 1keVee and optical sources
are used to cover the lower energy region where DAMIC is still sensitive. The linearity factor
is constant to 5% error over the three order of magnitudes.
Additionally, the Fano factor F ,
√
that enters in the energy resolution definition as σE ∝ E · F is found to be 0.13. As a WIMP
particle is expected to produce a nuclear recoil, the detector needs to be calibrated to such
process. The Figure 3-right shows the relation between the ionization energy and the nuclear
recoil energy. It was performed on a silicon detector with a fast neutron source above 2 keVr in
the study 4 and on a CCD similar to the DAMIC one with photoneutron at lower energy 5 .
Background A crucial point in low rate experiment is the background contamination. The
DAMIC experimental technique has no discrimination power of a nuclear recoil as expected for
a WIMP signal from an electron recoil, as produced by low energy β or Compton. Hence, the
background limitation and control is of prime importance. While the detector is well shielded
from the neutron induced by atmospheric muons with 6km w.e. of rock, it can be polluted by
radioactive contaminants in the shielding, the components around the sensor, or even within
the sensor itself. A special care is given in the handling of the CCD and the nearest part of
it. The copper is etched and most of the material are screened to verify the low radioactive
contamination. Inner most lead layer are made out of ancient lead batch to ensure a low
activation by cosmic rays. A nitrogen flux is circulated around the vessel to limit the radon
concentration close to the sensor. Additionally, thanks to the combined spatial and energy
resolution specific to DAMIC, the contamination from some radioactive chain can be measured
by correlating event position and energy with their expected features. Radioactive contamination

k(E) / k(5.

Ionization energy / keV ee

CALIBRATION

k(E) / k(5.9 keV ee)

124

9

-1

124

⇥e [cm2]

r

Ionization energy / keV ee

ge collected
g maximum
n, one hunster before
ach column
al charge of
ler number
ontribution
the energy
tion events
However,
st, with x
interaction
th an inteng of 40 µs,
0 s (20 s) in

spatial resolution. In the latter configuration, one hun➤ linear r
1.02
dred rows are transferred into the serial register before
1
the charge is clocked in the x direction and each column
(e- reco
!8
0.98
segment is read out individually. As the total charge of
0.96
an ionization event is distributed over a smaller number
10−1
1
10 ➤ resolut
of charge measurements, there is a smaller contribution
Ionization signal [keV ee]
(Fano f
from the readout noise. As a consequence, the energy
resolution and the energy threshold for ionization events
FIG. 3. Linear constant, k, relating the CCD output signal
Ionization efficiency in silicon
3 ionization generated
distributed over multiple pixels is improved. However,
to the
in the substrate. Values are given
10
UChicago
Be
relative to k measured
at 5.9SbkeV
the spatial resolution in the y coordinate is lost, with x
ee . Calibrations at high enAntonella (systematic)
ergies were performed
with X-rays, while the lowest energyNuclear r
1.08positively correlated to the depth of the interaction
still
Antonella
et al (1990)
X-rays
pointsElectronic
were obtainedGerbier
usingrecoil:
optical photons, as outlined in the
(FIG.
with an inteLindhard, k=0.15
1.06 2(c)). DAMIC CCDs are read out
Lindhard,
k=0.05
text.
The
linearity
of
the
CCD energy response is demonOptical
photons
gration
time for the correlated double-sampling of 40 µs,
➤ fast neu
1.04
1
strated down
to 40 eVee .
which leads to an image readout time of 840 s (20 s) in
➤ linear response down to 40 eVee
1.02
(arXiv:1702
the 1⇥1 (1⇥100) mode.
1
DAMIC
CCDs feature an output node at each end of
(erecoil
with
X-ray
and
LED
at
low E
photoelectric absorption.
Several CCD images were read photon
!8
0.98
the
serial register. As described above, all the charge col10
out, each exposed to light for 20 s. For a given pixel, the (Phys. Rev. D
0.96 by the CCD pixel array is read out through one of
lected
number
of charge carriers detected in the images follows
−No
1
these output nodes.
charge
is
deposited
in
the
other
10
1
10 ➤ resolution of 54 eVee at 5.9keVee
a
Poisson
distribution.
The mean (µl ) and
variance ( l2 )➤ Deviati
1
10
signal
[keVaee]
output node, which isIonization
also read out
and o↵ers
measureRecoil energy / keV
of the & increase
in
the
pixel
ADU
induced
the LED
(Fano
factor
ofcalibration
0.133)by
ment of zero charge, i.e. of noise. Since the readout of
exposure
are
then
related
to
the
constant
(k)
the two output nodes is synchronized by the clocking, theFigure 4. Summary of the low calibration effort results by the DAMIC Collaboration. Two measurements were
FIG. 3.3 –Linear
constant,
k, relating
the CCD
output
signal
by:
performed
to extend recoil
the previous
results (or
(green)ionization
to recoil energies
as low as 0.7Right:
keV. This calibration shown for the
Figure
Left:
Energy
calibration
of
DAMIC
CCD
with
electronic
signal
energy).
noise image allowsIonization
the identification
and suppression
efficiency
in silicon of
first time a clear deviation from Lindhard at low energies.
to the
the correlated
ionization
generated
inenergy
the
substrate.
Values
are given
Relation
between
nuclear
recoil
and
ionization
enegy.
10
electronic
noise
of the
detector’s
readout
2
1
10-27
UChicago
SbkeV
Be
l
relative
to
k
measured
at
5.9
.
Calibrations
at
high
enee
chain (Sec. V).
k=
.
(1)
10-28
Antonella (systematic)
3.77 eVee µl
ergies were performed
with X-rays, while the lowest energy
10-29
Antonella
9

Nuclear recoil:
-30

Gerbier et al (1990)
10
points
were
obtained
using the
optical
as outlined
in isotope
the
can
also
take
place inside
bulkphotons,
of Silicon.
The 32 Si
is produced via spallation of argon
Lindhard, k=0.15
10 Eq. (1) to estimate the calibration constant
We employed
Lindhard,
k=0.05
text.
linearity
of found
the
CCD
energy
response
demonIV.The
ENERGY
DEPTH
RESPONSE
OF to
Aisextract
10
in
atmosphere
andAND
is
in the
Silica
used
the
Silicon.
Thewhen
β decay
of 32
leads
DAMIC-DC
at very
low
lightneutron
levels,
only
a few
ofSi
charge
carriers
➤
1
fast
source
(1.8-20
keVnr)
10
DAMIC
CCD
strated
down
to
40
eV
.
32
0.00035
kg
day
ee
by
pixel. compatible
These results spatially,
are included in
to P and could induce a low energy background. are
Thecollected
study
of aevents
10
10 demonstrate a CCD response
FIG.(the
3 and
linear
XENON10-ER
(arXiv:1702.00873)
in energy and in timeA.with
the decay chain parameters
beta spectrum and the half
time)within
Energy
10
15 kg day
5%
down
to
40
eV
.
ee
10 4-left shows the evolution (each
each end of
is carried out to estimate the 32 Si concentration. TheAFigure
silicon nucleus following
a WIMP
10
photoneutron
(0.7-2.3
keVinternr)
photoelectric absorption. Several CCD images were read recoiling
F=1
charge col10
The
output of aa CCD
readout
chain is recorded
in Arcurve
represent
stage
of for
DAMIC)
of the
background
in in
DAMIC
detector
theonly
years.
It of
action
the CCD
bulk willover
deposit
a fraction
10
out,
each
exposed
to
light
20
s.
For
a
given
pixel,
the
(Phys.
Rev.
D
94,
082007)
10
4 to
bitrary
Units decrease
(ADU) proportional
the numits energy
producing
a significantly
ough one of
10
shows
anofDigital
impressive
from 10
d.r.u.
= counts
/ keVthrough
/ day1 /ionization,
kg to 5 d.r.u.
thanks
toc 10]
number
charge
carriers
detected
in the
images
follows
m [MeV
ber
of
charge
carriers
placed
in
the
CCD’s
output
node.
smaller
signal
than a recoiling electron of the
same
en&
n the other
2 detailed
the
changes
along the
years
including
the
improvements
in this
paragraph.
➤
a Poisson
distribution.
The
mean
(µ
)
and
variance
(
)
The
signal
produced
by
electron
recoils,
which
lose
their
ergy.
The
nuclear
recoil
ionization
efficiency,
which
reDeviation
from
Lindhard
model
(at lo
l
l
1
10
Figure 5. Preliminary result of DAMIC electron scattering dark matter cross section based on the dark current rate
a measureRecoil energy / keV
through ionization,
is proportional
to the generlates
the ationization
signal
the
detector
(in
units
of Produced in
of energy
the & increase
in the pixel
ADU induced
by the
LED
observed
for the CCDs
SNOLAB, compared
to thein
best
published
limits from
XENON
experiment.
readout of
ated number
of charge
carriers,
withcalibration
an average of
onecollaboration
with
Jeremy
(Stanford),
Rouvenof
Essig,
Tien-Tien
Yu (Stony
Brook) and(in
Tomer Volansky (Tel
eV
) to
theMardon
kinetic
energy
the
recoiling
nucleus
ee
exposure
then
related
to
the
constant
(k)
the low
calibration
effortfor
results
by 3.77
the DAMIC
measurements
1
Darkofare
Matter
searches
Aviv)to properly interpret the
ocking, theFigure24. Summary
electron-hole
pair
produced
every
eV ofCollaboration.
deposited Twounits
of eVnrwere
), must be known
by:
performed
to extend the previous results (green) to recoil energies as low as 0.7 keV. This calibration shown for the
energy
[9].
Thus,
we
define
the
electron-equivalent
energy
measured
ionization
spectrum
in
terms
of
WIMP-induced
pression of
first time
a clear
Lindhard
at low energies.
scalemass
(in units
of eV
) deviation
relativefrom
to
the ionization
prorecoils. Until recently, measurements of the nuclear recoil
eesearch
Low
WIMP
After
r’s readout
2 a period mainly dedicated to background studies and re-27
1 the photo-absorption
duced by10recoiling
electrons from
ionization efficiency in silicon were available
only down to
l
duction
(years
2013-2015),
DAMIC setup
has acquired
data for DM search in 20156 . The data
k=
.
(1)
10
of X-rays
of-28known
energy.
⇠3
keVnr [11] and a theoretical model from Lindhard [12]
3.77
eV
µ
-29
ee
l
10
are composed
of
1x1
and 1x100
acquisition
with 2 was
and usually
3 CCDs
of 8 Mpixels
and 2.9
g each.
Calibrations
were
performed
by illuminating
the CCD
employed
to extrapolate
to lower
energies.
10-30
4
4
with
fluorescence
X-rays
from
O,
Al,
Si,
Cr,
Mn
and
Fe.
We
adopt
new
results
[13,
14]
that
extend
theover
measured
Exposure
are
or
3
×
10
s
and
the
average
background
event
rate
below
10
keVee
-31 either 10
10 Eq. (1) to estimate the calibration constant
WeFIG.
employed
summarizes
the measurement of the linear calnuclear recoil ionization efficiency down to ⇠0.7 keVnr ,
SE OF A
the
data3low
taking
is
30 d.r.u..
10-32
DAMIC-DC
at ibration
very
lightperiod
levels,
when
only
adi↵erent
few of energies,
charge carriers
constant,
k
(ADU/eV
),
at
covering most of the energy range relevant for low-mass
-33
ee
10
0.00035
day
The
image
are first
treated
toresponse
remove
a correction
for the
pedestal
demonstrates
thekg
linear
ofthe
theunstable
CCD
to pixels:
arewhich
collected
These
results
are
included
in after
WIMP
searches.
Measurements
in [13]
employand
a silicon
10-34 by a pixel.
electron
recoils.
Fromobserved
X-rayadata
estimated
the
drift
detector
exposed
to
a
fast-neutron
beam
at
the
Tanthe
correlated
noise
aswea also
systematic
shift
in
the
two
output
node
serving
for
the
read10-35demonstrate
FIG.
3 and
CCD
response
linear
within
XENON10-ER
intrinsic
fluctuations
thelarge
number
of charge
carriers
prodem
Van
de
Graa↵
facility
of
the
University
of
Notre
10-36 with in
15
kg
day
ing,
the
pixels
too
and
frequent
variations
from
their
normal
condition
are
masked.
5% down to-3740 eVee .
duced. The
10 measured resolution of 54 eVee at 5.9 keVee
Dame to provide accurate results in the 2–20 keVnr enFurthermore,
a factor
blank
image
is acquired
for each
image,
the consistency
of the [14],
A
recoiling
silicon
nucleus
following
a WIMP
inter10-38tosince
corresponds
a Fano
[10]
of
0.133±0.005.
ergyexposed
range. For
the calibration
at lower energies
-39
F=1 bulk
10
rded in Araction
the
CCD
will
deposit
only
a
fraction
of
distribution
between
the
exposed
and
blank
images
serves
as
a
last
check
before
the
event
selecTo in
demonstrate
the
linearity
of
the
CCD
output
to
nuclear
recoils
were
induced
in
a
DAMIC
CCD
by low en124
9
10-40 we used optical photons from a red light2
signals
ergy
neutrons
from
a
SbBe
photoneutron
source,
and
o the numitsweaker
energy
through1 ionization, producing
a
significantly
tion.
10
10
emitting
diode than
(LED)a installed
inside
the DAMIC
ionization signal was measured down to 60 eVee . A
m cop[MeV
c-2] their
utput node.
smaller
signal
recoiling
electron
of
the
same
en&
Below
10 keVee, nuclear recoil induced by a WIMP islinear
expected
to leave a very little ionization
per vessel, which produce a single electron-hole pair by
extrapolation of these results is used for the nuclear
h lose their
ergy.
The
nuclear
recoil
ionization
efficiency,
which
reenergy
in
the
detector.
Hence,
the
event
search
is
directed
toward
Figure 5. Preliminary result of DAMIC electron scattering dark matter cross section based on the dark current ratepointlike events. A mask is
the generlates
the ationization
signal
inbest
the
detector
(in
units
of Produced
observedconstructed
for the CCDs
SNOLAB,
compared
to the
published
limits from
XENON
experiment.
in with signal larger than 4
on each
image
to
exclude
cluster,
i.e.
contiguous
pixels
rage of onecollaboration
with
Jeremy
Mardon
(Stanford),
Rouvenof
Essig,
Tien-Tien
Yu (Stony
Brook) and(in
Tomer Volansky (Tel
eV
)
to
the
kinetic
energy
the
recoiling
nucleus
ee
times the electronics noise and with a total energy larger than 10 keVee. To find clusters, the
Aviv)to properly interpret the
f deposited
units of
nr ), must
image
is eV
scanned
withbea known
11×11 pixels
sliding window. In each of these windows, the likelihood
lent energy
measured ionization spectrum in terms of WIMP-induced
of 2D white noise (LN ) and of a white noise plus a Gaussian signal with a fixed width (LG ) are
zation prorecoils. Until recently, measurements of the nuclear recoil
computed and compared. If −(ln LLNG ) ≤ −4, the window is selected and then the signal is fitted
-absorption
ionization efficiency in silicon were available only down to
max(L )
to
the[11]
best
parameters
to describe
theLindhard
cluster. The
⇠3find
keVnr
and
a theoretical
model from
[12] distribution of ∆LL = − ln( LN G )
g the CCD
was
usually with
employed
to extrapolate
lowerand
energies.
is
compared
simulated
ionization to
events
blank image. Candidate events are selected
Mn and Fe.
We adopt
new results
[13, 14]
that in
extend
the measured
with
the condition
of ∆LL
≤ −28
the case
of 1×1 data. At this point further selection is
linear calnuclear recoil
ionization
efficiency
downevents
to ⇠0.7
keVcan
nr , originate from pixel defect if they are
operated
to exclude
spatially
correlated
which
nt energies,
covering
most
of
the
energy
range
relevant
for
low-mass
at the same location on different images, or from radiation following radioactive decay when the
he CCD to
WIMP searches.
Measurements
in µ
[13]
a silicon of the candidate events is displayed
separation
distance
is less than 300
m.employ
The distribution
imated the
drift
detector
exposed
to
a
fast-neutron
beam
at
the
Tan-A final selection is applied to remove
in Figure 4 in the energy as a function of σxy plane.
arriers prodem
Van
de
Graa↵
facility
of
the
University
of
Notre
surface event likely to be produced by low energy electrons emitted from the surface directly
t 5.9 keVee
Dame to provide accurate results in the 2–20 keVnr en005.
ergy range. For the calibration at lower energies [14],
output to
nuclear recoils were induced in a DAMIC CCD by low ena red lightergy neutrons from a 124 Sb-9 Be photoneutron source, and
AMIC coptheir ionization signal was measured down to 60 eVee . A
ole pair by
linear extrapolation of these results is used for the nuclear
-31

-32
-33
-34
-35
-36
-37
-38
-39

-1

-40

2

-2

⇥e [cm2]

r

WIMP SEARCH
7
-36

2

1×1

1.8

Events per 100 eVee

σxy [pix]

1.4
1.2
1
0.8
0.6
0.4
0.2
0

1×100

All data
candidates

Surface (sim)

2.5

1.6

1

A. A

-37

10

10-38

2

-39

10

1.5

C
-40

10

1

10-41

0.5
0

WIMP-nucleon cross-section [cm 2 ]

10

3

2

10-42

3

4

5
6
E [keVee]

7

8

9

10 0

4

8 12 16
Entries

-43

0
10
0
1
2
3
4
5
6
7
FIG. 7. Lateral spread ( xy ) versus measured energy (E) of the clusters
that pass
E [keV
] the selection criteria outlined in Sec. VI.
ee
Black (red) markers correspond to candidates in the 1⇥1 (1⇥100) data set. Gray markers show the simulated distribution of
Figure 4 – Left: Evolution of the background
in the DAMIC detector. The current level has reach 5 d.r.u. Right:
energy deposits near the front and back surfaces of the device. The plot on the right is the projection on the xy axis of the
The
dashed
lines
represent
the fiducial
selection
described
in Sec.
VII,
while
vertical dashed
Distribution of selected events for theidentified
WIMPclusters.
search
inhorizontal
the plane
energy
as spectrum
a function
σxy
, the
depth
estimation.
FIG.
9.
Energy
ofof
the
final
candidates.
The
redtheline
FIG.
line shows the upper bound of the WIMP search energy range.

10. U
˜ n deri
➤ com
sensitivity
➤ energy
cut
E < 10 keVee
VII. REJECTION OF
SURFACE
EVENTS
for events uniformly distributed in the CCD bulk. we also inc
(Co
surrounding the CCD. Additionally the excess found at 8 keVee from The
therejection
copper
fluorescence
factor for surface background in thements
fidu- [3, 1
➤
cialwith
region likelihood
was
estimated
by statistic
simulating
the
line is also excluded. The number
finalcriteria
candidates
the
fiducial
area
(inside
the
dashed events
selection
of
clusters
Theof
selection
presented
ininside
Sec. VI
were
impleW
fit to
the
data
with
all parameters
free. The
q is frompotential
front and back surfaces of the CCD. The gray markers➤
in sens
mented to distinguish events due to ionization by particle
experimen
by construction
and
values
closer
to
zero
indicate
rectangle in the Figure 4) amounts
to 31 for 1×1 positive
mode and
23 for theFIG.
1×100
mode.
7 show the
versus energy for one of these simshows the best fit model with parameters stot = 0, b1x1 = 31
and b1x100 = 23.

method

ulations,
where the
interactions
were
simulated
restricted
fit has
ainside
likelihood
similar
to
the
un- to occur ( m
that Comptonproduced
scatter in the that
bulk
ofthe
the device
produce
WIMP induced event and the electrons
by Compton
scattering
the
fiducial
vol<15
µm
from
the
front
and
back
surfaces
of the device in
background ionization events constrained
with a uniform spatial
dis(free) case.
On the other
hand, large
values
➤ remove
events
the 1⇥1 data.
The rejection
factor is >95% for surface
ume are indistinguishable individually.
However,
while
forissurface
the
WIMP
induced
signal
one expects
tribution because
the scattering
length
always
much
and
➤ the n
reflect
that
the
restricted
case
is
unlikely.
To
quantify
electrons with energy depositions >1.5 keVee and for ex- excl
greater than the thickness of the CCD. Hence, ionization
an exponentially decreasing spectrum,
it is expected
for
Compton
background.
Hence
ternalvalue
photons
energies
1.5–4.5 keVee . The
events from Compton
scattering
are flat
only distinguishable
how
likely
is athe
particular
ofwith
q, incident
the corresponding
rejection factor decreases for higher energy photons to with
from WIMP
interactionswith
through
their
energy
spectrum.
we construct the following likelihood
function
the
of To
each
candidate
event:
PDF
isenergy
required.
compute
this distribution
we used
85% at 6.5 keVee due to their longer absorption length.
Nuclear recoils from WIMP interactions would produce a
interactions from electronic noise. High-energy photons

xy

a fully exponentially
Frequentist
approach
and
it by performBelow 1.5
keVobtained
worsens, leading
characteristic spectrum that decreases
with
ee the xy reconstruction
to significantabove
leakagefor
intoathe
fiducial
region which must
increasing energy, while the ing
Compton
scattering specthe estimation
of q outlined
large
number
The
N
accounted for.
trum is almost flat throughout
WIMP search energy
Y
ofthe
Monte
Carlo samplesbegenerated
from the background−(s+b)
shown
region.
(s, b, M |E) = e
×
[sf (E , M ) + bf (EWe)]developed a model of the radioactive
(1) background

90
by
Ls+b
s
i (stot =0). b
i
only model
band pre
Another background comes from low energy electrons
that includes contributions from both bulk and surface
i=1We
performed
the discovery
test on the
therelative
jointfractions
data of surface
and photons radiated by surfaces
surrounding
the CCDs,
events. We estimated
ment, gen
and from electrons produced set
in theassuming
silicon that exit
and bulk events
the background from
the xy distributhethestandard
halo inparameters:
galac90% C.L.
device after depositing only a small fraction of their en1 with energies in the range 4.5–7.5 keVee ,
ticofescape
velocityevents,
of tion
544ofmclusters
s expected
, most
probable
galacbackgroun
These events
occur tens
µm
or less from the
where fthe
contribution
from
a
WIMP
signal
where s and b are the expectedergy.
number
of signal
and
background
f
their
energy
s and
b
1
WIMP
velocity of
220 mins the
, search
meanrange.
orbital
ve-all available
surface of the CCDs and can tic
be rejected
by appropriate
is smallest
We used
the expec
distribution. Note that fs depends
on
the
mass
of
the
WIMP
and
the
model
assumed.
We
assume
requirements on the depth of the
interaction.
We selected
to perform
estimate,
including
data acquired
locity
of Earth
withdata
respect
tothisthe
galactic
cenb
−1
with 0.35<
corresponding
to 544
interaction
with
a lower probable
gain for ↵-background
spectroscopy sistency
stud1
xy <1.22,velocity
the standard halo parameters:events
galactic
escape
of
, and
most
galactic
of 232
m(28)
s km.s
dark from
matter
density
of and evaludepths between 90 µm and 600ter
µm, which
left 51
can-andieslocal
excluded
the WIMP
search,
mental
da
0.3 GeV
cm 3lines
. with
We ated
found
the recorded
events
to CCD
be individuin theorbital
1⇥1 (1⇥100)
data
set. The
dashed
background
for each
WIMP velocity of 220 km.s−1,didates
mean
velocity
ofc 2Earth
respect
tocontributions
the Galactic
Several
in FIG. 7 represent this fiducial
region. Thewith
group the
of−2 background-only
ally. We−3
estimated thathypothesis
65±10% (60±10%)
total
−1
compatible
withof the gated.
Th
center of 232 km.s , and localevents
dark
matter
density
of
0.3
GeV
c
.
cm
.
Upper
limits
on
at 8 keVee corresponds to Cu fluorescence X-rays
background originated from the CCD bulk (i.e. from
p-valuein of
(FIG.
9). scattered
The result
from radioactive background ainteractions
the 0.8
copper
Compton
photons),corresponds
15±5% (25±5%) from
the
nuclear
re
the WIMP nucleon elastic scattering
cross sectiontoare
constructed
by front
scanning
the
WIMP mass
surrounding the CCDs. Due to
thea relatively
long X-ray
andfrom
20±5% Compton
(15±5%) fromscattering
the back of the CCD in
dominant
background
cles,
up
to
1 of the1
1 1⇥1
1 set. a
1
absorption length
at this energy
(65
some
the
(1⇥100)
background
parameter. For each mass M assumed,
we produce
setµm),
of
Monte
Carlo
samples
with
of a15±3
keV
keVdata
kg 1This
ddefined
) in thecompositionthe nu
ee kgthe d was(21±4
ee energy
events leak into the fiducial region. We thus restricted
assumed to be
independent, which is ing
justi1⇥1
(1⇥100)
number s of signal events according
the assumed
fsee..data
Wese-set.
compare
the
of the
WIMP search
to clusters withspectrum
energies
<7 keV
The
fied by the
factlikelihood
that the background
continuum ofcertainty
both
lection efficiency was estimated byWe
simulation
to be ⇠75%
andconfidence
eventslevel
is expected
observed to be
proceeded
abulk
90%
upperand
limit
nal and th
data with the distribution found in the MC sample and search to
thesetmass
Msurface
χ and cross section
on the WIMP-nucleon elastic scattering cross-section,
respective
σχ−n for which we reject the initial hypothesis with
90% confidence level. The limits retrieved
˜ n . To compute the upper limit we followed an anabackgroun
in the plane (Mχ / σχ−n ) are displayed in Figurelog
5(black
solid
line).
shows
is
approach
where,
for It
each
valuethat
of MDAMIC
, we performed
had a neg
on s first
to find
a s̃ asuch
that of
thethe
testCDMS-II
based on the
competitive in the low mass region E < 10 GeV.a scan
For the
time
region
masses >
corresponding
potential signal (blue region in the Figure 5) is excluded
with q(s̃),
the same target composition.
ionization
"
#
sulting, fo
!!
Max{Lrestricted ( b | E , M, stot = s̃)}
the exclud
q(s̃) = log
,
!!
Max{Lfree (stot , b | E , M )}

Hidden photon Aside from the WIMP hypothesis, light bosonic candidate has been proposed
as DM candidate. Semiconductor like DAMIC detector
eVs̃scale
hidden
photon
rejectedare
the sensitive
hypothesisto
stot
with the
desired
90% C.L.
Note
that
for
each
of
the
scanned
points
we
via their absorption in the Silicon crystal. The absorption in a medium can be express generated
with
the corresponding
distribution
Monte Carlo.
the effective mixing parameter related to the photo
electric crossq(s)
section.
Thefrom
absorption
of
The limit on the WIMP cross-section ˜ n was comhidden photons in DAMIC CCD would yield a very
small
signal
but
would
modify
the
expected
puted from s̃, the total exposure of the experiment, E,
distribution of pixel content. Such a signature was searched in 6.5 d of data of one CCD, chosen
for its low leakage current and measured during a dedicated run at lower temperature than usual
operations (105 K). The data are compared with simulation of hidden photon absorption and
limits on the kinetic parameter and the mass of the hidden photon were placed. They are the
most stringent direct detection limit between 3 and 12 eV.c−2 7 (see Figure 5).

We hav
formed w
ment at t

DAMIC FORESEEN SENSITIVITY

HIDDEN PHOTON SEARCH
σn [cm2cross-section
]
WIMP-nucleon
/ cm 2

DM-nucleus SI coherent scattering

10−35

First direct-detection constraints on eV-scale hidden-photon dark matter with DAMIC at SNOLAB
4
P.R.L (just accepted)

3

10−36
10−37
10−38

CRESST(2015)
52 kg-d

16)
C(20
DAMI kg-d
0.6
7)
(201
C100
DAMI 3 kg-d
1

10−39
10−40
10−41

CDMSLite(2015)
70 kg-d

10−42
−43

10

10−44

DAMIC1K(2020)
1 kg-y
0.1 dru, 2 e- thres.

1

➤

target mass to kg scale

➤

detector threshold down to
~15 eVee (< 0.5e-)

➤

background ~ 0.1 d.r.u.

CDMSII-Si
(2013)
LUX(2015)

m χ [GeV]

10

FIG. 2. Distribution of the pixel values, p, considered for this
analysis
The
solid
lineC.L.)
showsonthe
best-fit
result
FIG. 4. Exclusion plot (90% C.L.) for the HP kinetic mixFIG.(markers).
3. UpperFigure
limits
the
HP absorption
rate,
5(90%
– only
Left:Limits
on WIMP
cross
function of the WIMP mass imposed by DAMIC detector.
with the null hypothesis,
i.e.,
pixel white
noise and
a section as aing,
, as a function of HP mass, mV , from the dark matter
, as a function
of
HP
mass,
m
,
obtained
from
the
likelihood
Right:
Limits
onVthe
mixing
parameter
of the hidden photon.
hidden
photon
(m
=
[1-30
eV])
absorbed
by
constant leakage
current
source
across
thekinetic
device.
The psearch
fit
described
in
the
text.
➤ presented in this letter (solid line). The exclusion limits
value is 0.78. The dashed line shows the result after including
from other direct searches for HP dark matter in the galactic
electron
a fixed contribution from HPs with mass mV =10 eV and an
18
halo with a dish antenna (thin-dotted line) [13] and with the
absorption
rate of =103 g 1 d 1 .
→
ionisation

Workshop in Jan. 2017: “Towards a kg-size dark
most stringent direct detection
matter detector with CCDs”
limits in 3-12 eV mass region
XENON10 experiment (dashed line) [5] are shown for comDAMIC100 and beyond

To explore3 the HP signal, we performed a scan for
parison. A limit from a direct search with the XENON10
values of mV and . For each value of mV , we increased
search for additional contribution in the leakage
experiment for HPs radiated by the Sun (dot-dashed line) [5]
the value
of DAMIC100
indistribution
discrete steps
from
At
modeled
as a Poisson
under
the assumption
An starting
extension
of zero.
the DAMIC
setup
has been
installed
in the
April
2016
and
and
an indirect
constraint
from
upper
limit
of January
the power
current
of uncorrelated
of charge
carriers
uniformly
every step,production
the
likelihood
fit setup
was
performed
where
the
2017.
The
new
is currently
composed
of seven
(5.9g
each) (thick-dotted
for a total mass
of
lost
by the4k×4k
Sun intoCCD
invisible
radiation
line) [14]
distributed
acrossmthe
selectedwere
regionfixed
of the
CCD.
parameters
and
,
and µ0
V and
pixThe
are
also
presented.
41 g. Several
were carried out. The copper box and some modules were replaced.
mean
leakage
by other
alog-likelihood
pixel changes
is proportional
were
free.charge
Thecollected
minimum
was
registered
2
A
part
of
the
shielding
was
to the
image
single
pixel
exposure
of
E=0.0156
mm
d. replaced
and a likelihood profile was constructed foralso
every
mV as with Roman ancient lead.
Toa obtain
the
contribution
to
F
from
the
charge
genfunction of . There was no statistical significance of
upper limit of ranging from 10% for mV <5 eV c 2 up15
erated
by
HP
absorption
we
rely
on
Monte
Carlo
sima HP signal for any mV . The 90% C.L. upper limit on
to a factor of 2 for mV =30 eV c 2 . We repeated the analulations. For a given HP mass mV , we simulated a
was thus obtained
from the likelihood
profile
using a
Toward
next generation
experiment
with
a mass
of 1 of
kgthe
is CCD.
also considered
ysis
for di↵erent
selected
regions
Restricting
number of interactions
drawnDAMIC1K
from a Poisson A
distribulikelihood-ratio
test.
Figure
3
presents
the
results
as
a
the
analysis
to
the
last
2200
columns
or
considering
the
near⇢ future.
Additionally
the
tion with mean for
N E⇢,
where
is the CCD
density of to an increase of mass, DAMIC1K will attempt to reduce rows
mV randomly
from 1.2 selected
to 30 eVthe
c 2spatial
.
1–18 leads
<20% lower
changes
in themass
upper
limits
of .
1.57function
mg mm 2of
. We
posi-the energy threshold
background
noise and decrease
toto
explore
WIMP
with
a better
2
eV c , HP
absorptions
We confirmed the absence of pixels with values from 6 to
tion of Below
the HP 5absorption
uniformly
in depth produce
and withinonly one
sensitivity.
The
expectation
inthat
terms
of sensitivity are presented in Figure 5-left (dotted-dashed
charge
carrier,
leading
to
a
current
source
would
the selected region of the CCD. For each simulated HP
8 pix , thus the result is insensitive to the upper bound
line) for
1number
kg.year,
and
0.1
d.r.u..
the
electronics
noise
wouldvarying
shift this
to lower
absorption,
we generated
the
of charge
carriers
be indistinguishable
from
leakage
current,
andasanLowering
upper
on the
pixel values.
Finally,
the curve
temperature
by
for the
photoelectric
absorption
of at
a photon
withlevel
energy
mass.
limit
on the absorption
rate
the same
as the leak±10
K
had
a
<5%
impact
on
the
upper
limits
of
.
2
mV cage
, using
the probability
from
[10].
current.
At higherdistributions
m
the multiplicity
in the numHowever,
toV ,scale
up
theRef.
detector
mass by around
one order
of presented
magnitudein can
some
The exclusion
limits
this present
letter are
the
We ber
thenofdistributed
the
carriers
on
the
pixel
array
accarriers
produced
per
absorption
increases,
leadmost
stringent
direct
detection
constraints
on
HP
dark
challenges.
With for
thethecurrent
CCDs, one would require 180 CCDs to reach 1 kg. Keeping the
cording
to the
charge
model
CCD,carriers
de2
ing to
pixels
thatdi↵usion
collect significantly
more
than
matter with
3–12 eV
. The sensitivity
of the
current
a few
would decrease
thismasses
number.
Forc instance,
for a size
of
scribed and validated
in Ref.technology,
[1]. A histogram
was changes
made
would be expected from leakage current. This leads to a
experiment
is
approaching
that
of
searches
for
HP
emisof the contents of individual
all pixels in the
simulated
pixel
array,
CCD
raised
to 6k×6k and and
the thickness increased to ∼ 1 mm, the number of required
tail on the
side
of the
pixel
sion by the Sun, o↵ering a complementary technique for
and longer
the simulation
wasright
repeated
100
times
to distribution,
obtain a
CCDs
drops
to
around
50.
Further
developments
in the CCD
fabrication
process
even
consequently
to
a
stronger
upper
limit
on
.
As
an
examtheir detection.
Continued
identification
andcould
mitigation
numerical distribution of F (n|0, , mV ). This function
ple,
the
dashed
line
in
Figure
2
shows
the
best-fit
result
increase
the
thickness
to
a
few
mm.
of dark current and light sources in DAMIC will improve
was then convolved with Eq. 2 to obtain F (n| , , mV ).
3
1
with
parameters
g 1isd concerned,
.
V =10
the the
sensitivity,
promising
direct
probes
As afar
asmthe
noise
current making
DAMICCCDs
installation
noise
is stable.
We
firstfixed
performed
likelihood
fitbackground
toeV
theand
data =10
with
the
The absorption
rate,
to the HP kinetic
null hypothesis,
with
, and, µis0 related
as
for HP
matter
with
eV-scale
masses. further
In addition,
Full pix
simulations
of free
the parameters.
radioactive
contamination
aredark
being
carried
out
to understand
the
Twomixing,
penalty ,
terms
were added
in the log-likelihood
through
ef f according
to Eq. 1.defiWe use this
this
work
characterizes
the
noise
sources
of
DAMIC
and
origin of the
current
background
to later reduce it and optimize the shielding or the geometry
nition
to include
in the fit the
knowledge
relation
to translate
theprior
upper
limit onof the
forvala given mV
demonstrates the sensitivity of the experiment to interthevalue
future
the
background
will eventually
one from
the CCD
ues of
and µ0of
. The
of detector.
to irreducible
pix corresponding
pix was
to the
upper
limit
onconstrained
.Since
Following
Ref. [4],
actions that produce
as little come
as a single
electron,
corre32 Si
3 H, the process of fabrication and transportation might have
the result
from
a
fit
to
the
pixels
in
the
y
overscan,
while
bulk
contaminant
such
as
and
we compute the polarization tensor using the complex insponding to ionization signals as small as 1.2 eV.
µ0 was
the statistical
uncertainty
in work
towithin
be
as well.
the readout
is under
progress.
Several
dexconstrained
of refraction
in controlled
silicon,
estimated
at Finally,
the detector
op-to decrease
We thank
Tongyannoise
Lin for
motivating
discussions
on
the pedestal subtraction. The best-fit result has a perating temperature
ofsometimes
105 K by extrapolating
the values
HP
dark
matter.
We
are
grateful
to
SNOLAB
and
its
options,
complementary
are
considered:
the
optimization
of
the
first
amplification
value of 0.78, with best-fit values of pix =1.889±0.002 e ,
given in Ref. 2[11]1 using
the of
empirical
sta↵
for support
through
underground
space,
logistical
theµuse
skippereparameterization
CCD
(these devices
under
development
allow
the multiple
reading
of
=4.0±0.4 e mmstage;
d and
.
0 =0.010±0.005
from Ref. [12]. The results are shown in Figure 4.
and
technical
services.
SNOLAB
operations
are
supa pixel without any noise addition); finally a digital filtering of the CCD signal would help in a
Several sources of systematic uncertainty were investiported by the Canada Foundation for Innovation and
more precise
determination
of the charge
eachProvince
pixel. of Ontario Ministry of Research and Ingated. The largest
e↵ect arises
from the uncertainty
in of the
the linearity of the CCD output signal, which we estinovation, with underground access provided by Vale at
mated by varying ↵ by ±10%, resulting in changes in the
the Creighton mine site. We acknowledge the financial

Conclusion
The DAMIC detector, a CCD based dark matter detector was described. The calibration carried
out down to very low ionization energy and the measurement of its equivalent in nuclear recoil
energy were presented. The effort to reduce the background to finally reach stable operation
with 5 d.r.u. were also shown. Thanks to these improvements DAMIC has been shown to be a
competitive detector in the low mass region with the limits placed with 0.6 kg.day of data.
Further improvements are ongoing with the recent installation of DAMIC100 and the development of the next generation of 1kg scale detector DAMIC1K.
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The dark matter search program at the LHC covers a wide range of final states and targets a
variety of possible interactions between dark matter and standard model particles. A summary
of the dark matter searches performed at the CMS experiment, using proton-proton collision
data collected at a center of energy of 13 TeV, is presented. Searches performed in various
final states are described, and results interpreted in terms of several dark matter models are
presented. These results are also compared to the results from direct and indirect dark matter
searches.

1

Introduction

The existence of dark matter (DM) in the universe has been established through various astrophysical observations 1,2,3 . However, there exists no compelling evidence of a non-gravitational
interaction between DM and standard model (SM) particles.
If DM consists of weakly interacting massive particles (WIMPs), it may be possible to
produce pairs of DM particles in the TeV-scale proton-proton collisions at the CERN LHC. The
DM particles, if produced at the LHC, are not expected to leave an observable signal in the
detector. However, if these particles recoil against an observable system of particles (X), they
miss ) in a collision event.
may produce a large transverse momentum imbalance (ET
miss
Several DM searches have been performed in these ET +X final states at the LHC. The DM
miss +X signatures, performed using a data set of proton-proton collisions at
searches based on ET
√
s = 13 TeV, collected with the CMS detector in 2015 and the first half of 2016, are discussed
in this document.
2

Simplified dark matter models

The results of the DM searches at CMS have been interpreted in terms of certain simplified
DM models that assume a single pair or fermionic DM particles, and a massive spin-0 or spin-1
particle that mediates the interaction between DM and SM particles. The spin-0 mediator is
assumed to be either a scalar or a pseudoscalar particle, whereas the spin-1 mediator is assumed
to be either a vector or an axial vector particle. The parameters of these simplified models

include the DM particle mass (mDM ), the mediator mass (mmed ), the strength of the coupling
between the mediator and SM quarks (gq ), and the strength of the coupling between the mediator
and DM particles (gDM ). Certain benchmark values are chosen for gq and gDM as per the LHC
Dark Matter Working Group recommendations 4 . In all cases, gDM = 1.0. In the case of the
spin-1 mediators, gq = 0.25. This value was found to be consistent with the constraints from the
dijet resonance searches performed in Run-1 of the LHC. The spin-0 mediators are assumed to
couple to the SM quarks through SM-like Yukawa interactions. For these Yukawa interactions
gq respresents the coupling strength modifier, and is assumed to be 1.0, i.e. the interaction
between the spin-0 mediators and the SM quarks is assumed to be the same as that involving
the SM Higgs boson.
3

Event reconstruction

A detailed description of the CMS detector can be found elsewhere 5 . The proton-proton collision events collected with the CMS detector are reconstructed using the particle-flow (PF)
algorithm 6,7 which reconstructs and identifies individual particles with an optimized combination of information from the various elements of the detector. A muon is reconstructed from
a track in the silicon and pixel tracker that is geometrically matched to signals in the muon
spectrometer. An electron is reconstructed from a track in the tracker that is geometrically
matched to an energy cluster in the electromagnetic calorimeter (ECAL). The charged hadron
is reconstructed when a track in the tracker can be associated with energy deposits in both the
ECAL and the hadron calorimeter (HCAL). A photon is reconstructed from an energy cluster
in the ECAL that cannot be matched to a track in the tracker. Finally, a neutral hadron is
reconstructed when energy deposits in the ECAL and HCAL cannot be matched to a track in
the tracker.
miss in an event is computed as the negative vector sum of the transverse momenta
The ET
of all the PF candidates produced in an events. Jets are reconstructed by clustering the PF
candidates using the anti-kt algorithm 8 . Jets reconstructed with a distance parameter of 0.4,
and are referred to as AK4 jets. Certain final states target large radius jets produced by the
hadronic decays of heavy particles. These large radius jets are reconstructed using the anti-kt
algorithm with a distance parameter of 0.8 and a referred to as AK8 jets.
4

Monojet search

The monojet DM search 9 targets processes in which DM is produced in association with a jet
or a weak boson V which is either a W or Z boson decaying hadronically, resulting in ‘monojet’
and ‘mono-V’ final states, respectively. The Feynman diagrams for the monojet and mono-V
signal processes in the case of a spin-1 mediator are shown in Fig. 1.
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q

q
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q
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Figure 1 – Leading order Feynman diagrams of monojet (left) and mono-V (right) production and decay of a
spin-1 mediator.

miss > 200 GeV, and at least one AK4 jet with p > 100 GeV
Events are required to have ET
T
in the central region of the detector (|η| < 2.5). Furthermore, events are required to have no
prompt, isolated leptons (electrons, muon or taus), no isolated photons, and no b jets. These
requirements help to signifcantly backgrounds such as Z+jets, W+jets, and tt̄. The mono-V
category targets events in which the V boson has pT > 250 GeV. The hadronic decays of such
a boosted V boson are predominantly reconstructed as an AK8 jet. The mass of the AK8 jet is
required to lie between 65 and 105 GeV. The ratio of the N -subjettiness variables 10 τ2 and τ1 is
required to be less than 0.6 since large radius jets emerging from two prong decays are expected
to have low values of τ2 /τ1 .
miss distribution of events passing the monoThe DM signal is extracted by fitting the ET
jet or mono-V requirements. The main backgrounds in this search consist of Z(ν ν̄)+jets and
W(`ν)+jets processes. These backgrounds are estimated by performing a simultaneous fit across
several control regions in data consisting of dimuon, dielectron, single muon, single electron and
γ+jets events.
miss distributions in the monojet and mono-V signal regions. The
Figure 2 shows the ET
background prediction is obtained from a combined fit in all the control samples, excluding the
signal region. Data are found to be consistent with the estimated background from the SM
processes.
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Figure 2 – Observed ET
distribution in the monojet (left) and mono-V (right) signal regions compared with
the background expectations for various SM processes evaluated after performing a combined fit to the data in all
the control samples 9 . Expected signal distributions for a 125 GeV Higgs boson decaying exclusively to invisible
particles, and for a 1.6 TeV axial-vector mediator decaying to 1 GeV DM particles, are overlaid. The ratio of
data and the post-fit background prediction is shown. The gray bands in these ratio plots indicate the post-fit
uncertainty in the background prediction. Finally, the distributions of the pulls, defined as the difference between
data and the post-fit background prediction relative to the post-fit uncertainty in the prediction, are also shown
in the lower panels.

Figure 3 shows the exclusion contours in the mmed –mDM plane for the vector and axialvector mediators. Mediator masses up to 1.95 TeV and DM masses up to 750 and 550 GeV are
excluded for the vector and axial-vector models, respectively, at 95% CL.

g
t
t

Figure 3 – Exclusion limits at 95% CL on the signal strength µ = σ/σth in the mmed –mDM plane assuming vector
(left) and axial-vector (right) mediatorsq 9 . The solid (dotted) redq̃(blue) line shows the contour for the observed
(expected) exclusion. The solid contours around the observed limit and the dashed contours around the expected
limit represent one standard deviation theoretical uncertainties
in the signal cross section and the combination
W ± ,respectively.
Z
of the statistical and experimental systematic uncertainties,
Constraints from the Planck satellite
experiment are shown with the dark green contours and associated hatching. The hatched area indicates the
H
region where the DM density exceeds the observed value.

t

t
(a)

5

H search
tt̄+DM

W ⌥, Z

Since the spin-0 mediators coupleq 0to the SM quarks through
SM-like Yukawa interactions, they
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(b)
interact most strongly with the top quark. The spin-0 mediators can be produced at the LHC
in association with a tt̄ pair as shown in Fig. 4.
miss . Each top quark
This results in a final state consisting of a pair of top quarks and large ET
may further decay either hadronically or leptonically with the lepton being either an electron
or a muon. This results in final states involving 0, 1, or 2 leptons, multiple jets, two b-jets, in
miss .
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Figure 4 – Leading order Feynman diagrams of the production and decay of a spin-0 mediator in association with
a top quark pair.

Three category of events are considered in the tt̄+DM search 11 targeting top quark decays
resulting in no leptons, one lepton, or a pair of leptons in the final state. The largest background in the 0-lepton category consists of tt̄ events in which one of the two top quarks decays
leptonically, the lepton either falls out of the detector acceptance, or fails to be the identified,
miss .
and the neutrino produces the requisite ET
The largest background in the 1-lepton category consists of tt̄ events in which both the top
quarks decay leptonically, and one of the leptons either falls out of detector acceptance, or fails
to be identified. The largest background in the 2-lepton category consists of tt̄ events with both
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the top quarks decyaing leptonically, with the two leptons being identified.
miss > 200 GeV, at least four AK4 jets with
Events in the 0-lepton are required to have ET
pT > 30 GeV, and at least b tagged jet.
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A dedicated multivariate tagger called the ‘resolved top tagger’ (RTT) is used to identify
a triplet of AK4 jets associated with the decay of a top quark. Events are further classified
depending on whether two top tagged AK4 jet triplets are found in the event or not. Events
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The monophoton search targets events with one photon having pT > 175 GeV, and ET
170 GeV. Events with one or more well reconstructed leptons are vetoed. The main backgrounds
consist of Zγ events in which the Z boson decays to neutrinos, and Wγ events in which the W
boson decays leptonically and the lepton is not identified. Further requirements are imposed
on the timing of the ECAL energy deposit corresponding to the photon, and on the possible
contributions to the reconstructed photon energy from beam halo particles, in order to suppress
the background arising from instrumental noise or non-collision sources. The analysis is performed by counting the number events passing the selection requirements, and evaluating the
consistency of this event count with background expectations.
miss distributions in the mono-Z and monophoton searches. Data
Fig. 7 shows the observed ET
are found to be consistent with the background predictions, and hence limits are set on the DM
production cross section assuming a spin-1 mediator, as shown in Fig. 8.

7

Comparison with direct and indirect searches

The limits obtained from the DM searches at the LHC can be translated to limits on the
DM-nucleon scattering cross section 15,16,17 as measured by the direct detection experiments.
Figure 9 shows the limits from the monojet, mono-Z and monophoton searches for the vector
mediator model cast into limits on the spin-independent DM-nucleon scattering cross section.
The collider limits depend on the choice of the coupling parameters gq and gDM . The direct
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Summary

The CMS experiment has performed an extensive search for dark matter (DM) in high energy
miss based signatures have been
proton-proton collisions at the LHC. Several final states with ET
explored. Some of the key searches have been described in this document. Some searches have
not been described for the sake of brevity 28,29 but form an important and integral part of the
DM search program. No significant excess has been observed compared to the standard model
backgrounds in any of the searches. Results of the DM searches have been interpreted in terms

of certain simplified models that capture different possible types of interactions between DM
and standard model particles.
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CAN DARK MATTER ANNIHILATIONS EXPLAIN THE AMS-02 POSITRON
DATA?
M. LALETIN
Space sciences, Technologies and Astrophysics Research (STAR) Institute,
Université de Liège, Bât B5A, Sart Tilman, 4000 Liège, Belgium

We show that no dark matter model with the conventional isotropic density distribution can
provide a satisfactory explanation of the cosmic positron excess, while being consistent with
Fermi-LAT data on diffuse gamma-ray background.

1

Introduction

In 2009 the PAMELA collaboration had discovered an increase of the positron fraction in cosmic
rays at energies above ∼ 10 GeV 2 , which was later confirmed by Fermi-LAT 3 (though with a
different normalization factor) and AMS 4 . This phenomenon known as cosmic positron excess or
anomalous abundance of positrons has gained a lot of interest in the theoretical physics society,
but despite all the efforts it still remains not fully understandable. A substantial area of all
existing explanations is covered by annihilating or decaying dark matter (DM) scenarios (from
now on we will refer to this class of models as “active DM”). In contrast to other explanations the
possibility that those high-energy positrons are produced via DM interactions implies that we
have finally found the signatures of Beyond Standard Model physics and thus is a tasty morsel
for particle physicists. Indeed, in his talk 5 S. Ting, the leader of the AMS-02 collaboration,
which has provided so far the most accurate measurement of positron fraction and extended the
data to the earlier unexplored energy region, clearly favors the dark matter origin of the observed
positron (and also antiproton) signal, but says essentially nothing about the shortcomings of
this explanation, namely the constraints on active DM models. The most severe constraints
come from cosmic antiproton measurements a and gamma-ray observations 7 . And while some
of those constraints depend (to an extent) on the particular model of active DM, the constraint
we propose is based on just two assumptions: 1) active DM is distributed isotropically in the
Galactic halo; 2) it produces the necessary amount of positrons to fit the AMS-02 positron
fraction data. The first assumption is a very common feature of active DM models, though
a
Even in the presence of the high-energy antiproton excess above secondaries 5 (the existence of which is rather
controversial 6 ) the constraints imposed on active DM are rather strong.

we believe that a couple of (so far) exotic models can avoid this constraint (see below). The
basic idea of our approach is that the positrons produced in isotropically distributed sources
would generate gamma-ray emission, which exceeds the limit set by Fermi-LAT measurement of
isotropic diffuse gamma-ray background (IGRB) 8 .
2

The IGRB constraint on the positron excess explanations

We start our analysis b by obtaining the model-independent DM injection spectrum of positrons
needed to fit the data. To calculate the propagation of positrons in the Galaxy we use the
GALPROP code 10 with the propagation parameters, which provide the best fit of the AMS-02
data on proton flux and B/C ratio in cosmic rays 11 . Though in principle the predicted flux of
positrons is sensitive to the set of propagation parameters this dependence in the high-energy
region (above 10 GeV) is very subtle (for example, see Fig. 13 in 12 ) and we think that our choice
of propagation parameters is well justified. A back-of-the-envelope calculation of the average
positron diffusion length (given the parameter values we use)
2

λ ∼

Z Ein

dE Dβ

−1



Efin

E
1 GeV

δ

,

(1)

where D stands for diffusion coefficient, δ is the power spectral index and β ∼ 10−16 GeV s−1 is
the positron energy loss rate, shows that our results also do not depend on the choice of active
DM density distribution (as long as it is one of the conventionally used isotropic DM profiles),
since the estimated distance from which those high-energy positrons mostly come to us hardly
exceeds 1 kpc.
We find that a simple power law injection spectrum
dN
E
=a
dE
1 GeV


−b

, 0 < E < 1 TeV

(2)

with a ≈ 3 · 10−8 GeV−1 and b = 1.5 provides a very good fit of the AMS-02 positron fraction
data c (see Fig. 1). We set the cut-off scale to 1 TeV (which corresponds to the mass of DM
particle in case of annihilations). A larger value of the cut-off energy leads to an even stronger
contradiction with the IGRB data since it shifts the predicted gamma-ray spectrum to higher
energies where the limit is much lower.
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Figure 1 – Positron fraction resulting from the injection spectrum given by Eq. 2 compared to the AMS-02 data 13 .
b

See also our papers 9 and 1 (section 4).
Preliminary AMS-02 data above 500 GeV (see slide 20 in 5 ) can be nicely fitted by the considered curve as
well.
c

Using this injection spectrum we now want to calculate the flux of gamma rays emitted
by those positrons (see 9 for details). Besides Bremsstrahlung and inverse Compton scattering
emission appearing as a result of positron interactions with the Galactic gas and electromagnetic medium (CMB, infrared radiation and starlight) we also take into account the final state
radiation (FSR) from positron production processes. Thus our estimations set the lower limit
on the amount of gamma rays produced in DM models aimed at the explanation of positron
abundance. Note that in general one would expect a larger contribution to gamma-ray spectrum
since building a prompt-radiation-free model is rather complicated and requires fine-tuning.
Finally, we compare the estimated gamma-ray flux to the Fermi-LAT IGRB data 8 . Our
goal is not to fit the data points – they rather set an upper bound on the amount of gamma
rays coming from DM decays or annihilations. As one can see in Fig. 2 the predicted curve is
in good agreement with the Fermi-LAT most conservative foreground model B data. However,
the fact that a significant portion of IGRB (around 86%) can be explained by the contribution
of unresolved blazars 14 aggravates the situation. Now even the minimal gamma-ray flux from
DM is in serious tension with the IGRB limit.
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Figure 2 – Minimal gamma-ray flux from DM decays or annihilations compared to the Fermi-LAT IGRB data 8
(blue dots). Blue and pale blue areas correspond to the estimated level of IGRB after the subtraction of unresolved
AGN contribution (reduced to 28 % and 14 % of the IGRB flux, see text).

3

Discussion

Our results indicate a strong inconsistency between DM origin of cosmic positron excess and
IGRB. In fact, this inconsistency is likely even stronger, since we do not consider neither extragalactic contribution to IGRB from active DM (it depends on the assumptions about density
distribution of active DM in the Universe), nor the contribution from ultra high-energy cosmic
rays 15 .
The idea to use IGRB data as a constraint on active DM was studied in a couple of other
papers 16,15 , which also seem to disfavor the DM interpretation, though in contrast to us their
results are model-dependent. The complementary studies that rule out the DM explanation of
positron excess due to the overproduction of gamma radiation include CMB 17 and dwarf galaxy
18 observations. Note that, however, the former constraint is valid only for annihilating DM and
the latter one highly depends on the DM density profile in dwarf galaxies (both of them are also
model-dependent).
To avoid the problem considered in this paper we have proposed a model, in which most
of the active DM is concentrated in the dark disk 1 . The model postulates that DM consists

of (at least) two fractions, namely “active” and “passive” DM. The former component being
extremely subdominant (∼ 10−3 of the cosmological DM density) possesses self-interaction,
which lets active DM dissipate energy and form a disk similarly to ordinary matter. This
mechanism ensures that annihilations take place only within the disk (which can be up to ∼ 1
kpc thick) and thus the contribution to isotropic gamma radiation is significantly suppressed.
This model has shown no evident contradiction with other gamma-ray observations either 19 ,
however a more detailed analysis is required.
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DYNAMICALLY CONSTRAINED MODEL OF GALACTIC SUBHALOS AND
IMPACT ON DARK MATTER SEARCHES
M. STREF and J. LAVALLE
Laboratoire Univers & Particules de Montpellier (LUPM),
CNRS & Université de Montpellier (UMR-5299),
Place Eugène Bataillon, F-34095 Montpellier Cedex 05, France
The interaction properties of cold dark matter particles candidates are known to lead to the
structuring of dark matter on scales much smaller than typical galaxies. This translates into
a large population of dark matter subhalos inside our Galaxy, which impacts the predictions
for direct and indirect searches. We present a model for this subhalo population that accounts
for the gravitational effects experienced by those structures (tidal stripping and disk shocking) while remaining consistent with dynamical constraints. The subhalos mass density and
annihilation profiles are derived. The impact of subhalos on indirect searches with cosmic rays
antiprotons is evaluated using the latest data from the AMS-02 experiment.

1

Introduction

The nature of the cold dark matter (DM) is still unknown. However, the parameter space of
one of the most well-motivated particle candidates, the WIMP, is currently being probed by
Earth-based and spatial experiments. Direct detection experiments 1 and indirect searches 2 are
especially constraining. Predictions for those experiments depend crucially on the modelling of
the Galaxy and its dynamics. The local DM density is the most imortant for direct searches,
while indirect probes are sensitive to the whole DM distribution. Small-scale structures might
aslo be of importance : WIMPs (and other cold dark matter particles) are known to form
structures on sub-galactic scales 3 down to masses possibly as small as 10−10 M , depending
on their detailed interactions with Standard Model particles 4 . Those galactic subhalos impact
predictions for direct 1 and indirect searches 5 . In particular, the presence of inhomogeneities
results in a systematic enhancement of the annihilation rate of DM particles in galaxies, which
in turn boosts the expected flux of primary cosmic rays for instance 6 7 . Here we present a
model that consistently describes the galactic subhalo population while remaining consistent
with dynamical constraints (more thoroughly described in Stref and Lavalle 8 ). The outline of
the paper is the following : in Sec. 2 the building blocks of the model are introduced, in Sec. 3
we present our modelling of tidal effects, and in Sec. 4 we discuss the general results obtained
on the mass density and annihilation profiles. Finally, we apply the model to the predictions of
WIMP annihilation-induced cosmic-ray antiprotons in Sec. 5 and conclude in Sec. 6.
2
2.1

Building the model
Galactic mass model

Since we want consistency with observations of our Galaxy, we start from a dynamically constrained mass model of the Milky Way (e.g. the model of McMillan 9 ). The model gives the

total mass density profile (dark matter and baryons) at each point in space
ρ(~x) = ρdm (~x) + ρbaryons (~x) ,

(1)

compatible with the observed dynamics. We include the subhalos in that description by spitting
the dark matter contribution in two parts : a clumpy part and a smooth part
ρdm (~x) = ρsub (~x) + ρsmooth (~x) .

(2)

Once ρsub is computed, ρsmooth can be deduced from Eq. 2 in a way that ensures the required
dynamical consistency. We will further assume spherical symmetry for the DM components.
Note that the baryonic part ρbaryons will play a crucial role in the modelling of tidal effects (see
Sec. 3).
2.2

The initial parameter space

In order to compute ρsub , we first make the assumption that the internal density profile (assumed
spherical) of subhalos as a universal functional form (the NFW profile for instance 10 ). Once the
shape of its profile is fixed, a subhalo is entirely characterized by three variable : its position ~x
in the Galaxy, its mass m and its concentration c. What we need to determine is the subhalo
parameter space density (PSD) F(~x, m, c). Because of tidal effects (see Sec. 3), we expect
all three variables to be correlated and the PSD to take a complicated form. To compute F,
we start by making a guess on how it should look like without tidal effect. First, since in the
cold DM paradigm subhalos form before the Galaxy, we expect them to behave initially as test
particles in the Galactic potential, such that their spatial distribution dP/dV follow the host
density profile
dP
ρdm (~x)
(~x) =
,
dV
M200

(3)

where M200 is the total mass of the dark halo. We stress that this probability distribution
function (PDF) is not the subhalo PDF today, as this distribution is strongly modified by tidal
effects.
The mass distribution dP/dm of DM halos can be computed, in the linear regime, using
the extended Press-Schechter formalism 11 12 . At the galactic scale, the resulting mass function
behaves as a simple power law with index −2. This behaviour is recovered in the non-linear
scales probed by cosmological simulations zooming on galactic scales 13 14 . Consequently, we
extrapolate the power law down to the smallest scale in our model (Mmin , taken as a free
parameter)
dP
m
(m) = Km
dm
M


−αM

,

(4)

with Km a normalization factor and αM ' 1.9−2. Below the cutoff mass, we assume dP/dm(m <
Mmin ) = 0.
Finally, we need the initial concentration PDF. The field subhalo (i.e. subhalos unaffected
by tides) concentration PDF is found in simulations to follow a log-normal law
"

dP
1
(c − c(m))2
(c, m) = p
exp
−
dc
2σc2
c 2πσc2

#

.

(5)

We take a mass-independent value for the variance σc = 0.14 ln(10) in agreement with several
numerical studies 15 16 . We use the fit of the median concentration c obtained by Sanchez-Conde
and Prada 17 . Note that because of the mass dependence of c, there is already a correlation

between the mass and the concentration in the absence of tidal effects. The full initial PSD can
now be written down as
Fno tides (~x, m, c) = Nsub

dP
dP
dP
(~x)
(m)
(c, m) ,
dV
dm
dc

(6)

where Nsub is the total number of subhalos (unknown for now). We recall that this density only
defines the initial conditions for the subhalo population because we did not take into account
tidal effects. In particular, in Eq. (6), m and c are completely uncorrelated with ~x. We will see
that tidal disruption drastically changes that picture.
3

Tidal effects

In this section, we discuss our modelling of tidal effects. Two different effects are considered :
tidal stripping by the Galactic gravitational potential and tidal skocking by the Galactic disk.
3.1

Tidal stripping by the Galactic potential

The competition between the Galactic potential and a subhalo’s potential results in a limited
extension of the subhalo. Assuming DM particles follow circular orbits in a subhalo, this extension can be equalled to a tidal radius 18 . In the limit where the host galaxy is a point-mass, the
tidal radius is implicitly defined by
msh (rt )
rt (R, m, c) =
3MMW


1/3

R,

(7)

where msh (rt ) is the subhalo’s mass inside rt , MMW is the total mass of the Galaxy (DM and
baryons), and R the position of the subhalo in the host halo (assuming it follows a circular
orbit). We refer to this radius as the point-like Jacobi radius in the following. A more realistic
computation can be performed assuming the mass is continuously distributed in the Galaxy, in
which case we get


rt (R, m, c) = 

msh (rt )


3M (R) 1 −

1 d ln M (R)
3 d ln(R)

1/3


R.

(8)

We refere to this definition as the smooth Jacobi radius. Finally, we consider a tidal radius defined
as the point where the subhalo’s density equals the host density, i.e. ρsh (rt (R, m, c)) = ρdm (R)
where ρsh is the subhalo’s inner density. We refer to this definition as the isodensity radius. A
common point between those three definitions is that the radius depends on the three variables
of the parameter space : the position R, the mass m, and the concentration c. Also, they all
predict a smaller rt (i.e. a stronger stripping) near the center of the Galaxy.
3.2

Disk shocking

We now turn to the modelling of disk shocking. This effect is different in nature to tidal stripping
: here it is the experience of a rapidly changing gravitational potential as a subhalo crosses the
disk that causes it to be stripped 19 . Assuming the disk is an infinite slab, the averaged kinetic
energy increase (per unit of particle’s mass) for a DM particle inside a subhalo crossing the disk
can be computed 20 as
hδk i (r) =

2 gz,disk (z = 0) r2
A(r, R) .
3 Vz2 (R)

(9)

Here gz,disk is the gravitational acceleration of the disk, r is the particle’s position inside the
subhalo, Vz is the subhalo crossing velocity projected along the axis perpendicular to the disk,

and finally A(r, R) is a corrective factor accounting for adiabatic invariance at the center of the
subhalo. To derive a tidal radius from the kinetic energy variation, we propose the following
definition for the subhalo’s radius after crossing
hδk i (rt ) = φ(rtin ) − φ(rt ) ,

(10)

where φ is the gravitational potential of the subhalo. Eq. (10) means that particles which get
a velocity kick bigger than their escape velocity are removed from the substructure. This is
illustrated on Fig. 1 (left panel) where rt /rs is the x-coordinate of the crossing point between
the kinetic energy curve and the potential curve. In Eq. (10), rtin is the subhalo’s radius before
disk crossing, therefore the subhalo’s extension changes at each crossing. To get the radius today
one needs the total number of disk crossing, which is computed assuming a 10 Gyr-old disk.
Eq. (10) defines the differential shocking radius. As for tidal stripping, we look at alternative
definitions. We consider an integrated shocking radius where the total kinetic energy increase in
the subhalo
Z

∆Ek (rsh ) =

Vsh

d3 ~x ρsh δk

(11)

is directly compared to the subhalo’s binding energy Eb to get a tidal radius: ∆Ek (rt ) = Eb (rt ).
Finally we also looked at a definition extracted from simulations 21 , to which we refer as the
simulation shocking radius.
3.3

Tidal disruption

A criterion is introduced for the complete disruption of a subhalo : if rt /rs ≤ t , then the subhalo
does not survive tidal effects. We set by default t = 1, i.e. a subhalo is destroyed if stripped
down to its core 22 . This translates into a minimal concentration needed to survive tidal effects
: rt /rs (R, m, cmin ) = t . The minimal concentration enables one to compare the strength of
the various tidal radii previously introduced, as shown on Fig. 1 (right panel) : in particular,
one can see that disk shocking dominates tidal effects near the host’s center, while stripping
dominates far from the disk (R > 20 kpc). The subhalo profile shape mildy impacts the results.
It is through the minimal concentration cmin that the parameter space density of Eq. (6) is
modified to account for tidal effects :
F(~x, m, c) =

Nsub dP
dP
dP
(~x)
(m)
(c, m) θ(c − cmin (~x)) ,
K dV
dm
dc

(12)

where K is a normalization factor and θ is the Heaviside step function. Interestingly enough,
the procedure above implies that cmin only depends on the position, not on the mass. The
parameter space is now completely entangled, m and c are correlated to ~x, and dP/dV , dP/dm
and dP/dc can no longer be interpreted as the subhalo PDFs.
4

Subhalos mass density and annihilation profiles

4.1

Calibration of the model

The total number of subhalos Nsub in Eq. (12) is computed by calibrating the mass fraction inside
subhalos fsub on cosmological simulations. The calibration is done on the resolved population
of subhalos. We choose to calibrate on the Via Lactea II 14 simulation a . The effective (as it
resolved = N
involves m200 and not msh (rt )) subhalo mass fraction is f˜sub
sub hm200 i /M200 , where
the average is taken over the parameter space distribution. In VLII, this fraction is found to be
resolved to the simulation value, we
11% in the range [3.14 × 106 M , 1.25 × 109 M ]. Equating f˜sub
15
20
deduced Nsub . The value for Nsub ranges from 10 to 10 depending on the choice of αM and
Mmin .
a

Via Lactea II is a dark-matter-only simulation, therefore we remove the baryonic tides for the calibration.
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Figure 1 – Left panel : Subhalos’ kinetic energy increase and gravitational potential as functions of r/rs (rs is
the subhalo’s scale radius), for two subhalos of different mass at the Sun’s position. Right panel : The minimal
concentration as a function of the host’s radius. The host’s extension is R200 = 237 kpc.

4.2

Subhalos mass density profile

The subhalo mass density profile can now be computed
ρsub (~x) =

Nsub dP
K dV

Z

Z

dm

dc

dP dP
θ(c − cmin (~x)) msh (rt ) ,
dm dc

(13)

where rt is the tidal radius taking into account both halo stripping and disk shocking. It
depends on the subhalo position, mass, and concentration. This density is compared to the
total DM density ρdm on Fig. 2 (left panel). We can see that tidal effects completely destroy
most subhalos in the central region of the Galaxy irrespective of the chosen definitions for the
stripping and shocking radii. Near the center we have ρsub  ρdm and according to Eq. (2)
ρsmooth ' ρdm , i.e. most of the dark matter is smoothly distributed. The impact of disk shocking
is also shown to be significant, especially near the Sun’s position (R ∼ 10−3 R200 ) where this
effect dominates the disruption.
4.3

Boost profiles

Relevant for DM indirect searches is the annihilation profile Ltot = ρ2dm . Since ρdm = ρsub +
ρsmooth , the total annihilation profile contains three terms : one term for DM annihilation inside
subhalos, another for annihilation in the smooth halo, and a ”cross” term for the annihilation
of subhalos’ particles on smooth halo’s particles (see paper 8 for details). The annihilation
profiles are plotted on Fig. 2 (right panel). It is interesting to compare the blue curve
(Ltot /ρ2 including subhalos) to the black curve (Ltot /ρ2 assuming all the DM is smoothly
distributed). One can see that the inclusion of subhalos systematically increase the annihilation
: the luminosity profile is boosted by the spatial inhomogeneities. The effect is stronger in
the outer part of the Galaxy because subhalos are less depleted by tidal effects there (see left
panel). The enhancement in the annihilation signal is often analyzed in term of the boost
factor, either local (relevant for cosmic rays searches) or integrated (for extra-Galactic gamma
rays searches for instance). Both boosts are plotted on Fig. 2 (right panel). While the local
boost is rather small (∼ 2), it can reach really high values far from the center (up to 104 ). The
integrated boost for the whole Galaxy is ∼ 20. Note that those values are obtained for αM = 2
and Mmin = 10−10 M (mass function parameters).
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Figure 2 – As functions of R/R200 (radius inside the host), we have left panel : the subhalo mass density and
total DM mass density (upper panel) and the subhalo mass fraction (lower panel), right panel : the annihilation
profiles (upper panel) and boost profiles (lower panel).

5

Impact on indirect searches with antiprotons

We look at the impact of subhalos on indirect searches by investigating a specific channel :
cosmic rays antiprotons 23 24 25 . This is motivated by the new measurement of the antiproton
flux performed by the AMS collaboration 26 .

5.1

Antiprotons propagation

Antiprotons being charged particles, they diffuse on the inhomogeneities of the Galactic magnetic
field. Propagation parameters are usually constrained using the boron to carbon (B/C) flux
ratio 27 28 . Once the propagation model is fixed, one must solve the propagation equation to get
the cosmic ray differential number density
∂z (VC ψ) − K∆ψ + ∂E {bloss (E)ψ − KEE (E)ψ} + qcol (~x, E) = qsource (~x, E) .

(14)

In Eq. (14), VC is the convective wind, K the diffusion coefficient, bloss the energy loss rate, KEE
the iffusive reacceleration coefficient, qcol a collision term, and qsource a source term. This allows
to solve Eq. (14) analytically using the Green’s function formalism and express the solution as
Z

ψ(~x, E) =

Z

dEs

d3 ~xs G(E, ~x ← Es , ~xs ) qsource (~xs , Es ) .

(15)

Note that the analytic Green’s function formalism does not include reacceleration nor tertiaries,
which may affect our very low energy predictions. However, reacceleration was found negligible
is the most recent B/C studies 30 . The spatial integral in Eq. (15) is over the diffusive halo, not
the full dark halo. The size of the diffusive region is therefore a crucial parameter when it comes
to evaluate the dark matter contribution to a cosmic ray flux. Unfortunetely, the thickness L of
the halo is poorly known, the B/C being compatible with values between ∼ 3 − 4 kpc and ∼ 14
kpc. To account for this uncertainty, we consider two reference propagation models : the MED
model 29 (L = 4 kpc) and the model of Kappl et al 30 (L = 13.7 kpc).

5.2

Flux from dark matter annihilation and constraints

From now on the dark matter particle is assumed to be a WIMP of mass mχ and thermallyaveraged annihilation cross-section hσvi. The source term for dark matter annihilation is
qsource (~x, E) =

D
E
1 hσvi dN
2
(E)
ρ
(~x) ,
dm
2 m2χ dE

(16)

with dN/dE the annihilation spectrum 31 . Using Eq. (15) we can compute the DM-originated
primary antiproton flux dφ/dE = vp /(4π)ψ. Similarly to the annihilation profile, the antiproton flux can be split into three contributions (subhalos, smooth halo and cross term). Those
contributions, as well the total contribution in the clumpy case and the smooth case, are plotted
on Fig. 3 (left panel) with the AMS-02 data where we accounted for solar modulation effects
by means of the force-field approximation 32 , with a Fisk potential of φ = 800 MV 33 , consistent
with the AMS-02 data taking period. Again, we can see the systematic enhancement due to
the clumpiness of the halo. Comparing the prediction and the data, constraints can be put on
hσvi. The resulting exclusion curves are shown on Fig. 3 (right panel). Two different limits
are derived : one is very conservative and requires the DM contribution not to exceed the data,
the other is quite aggressive as it assumes the data can be entirely explained by secondary production. We also show the difference coming from the modelling of propagation by plotting the
limits with our two reference models. Even in the most conservative scenario, the obtained limit
is quite competitive as it excludes a thermal relic below mχ ∼ 100 GeV. In the most stringent
case, the thermal relic is excluded below TeV masses.
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Figure 3 – Left panel : primary antiproton flux (prop. model of Kappl et al.) expected from DM annihilation
compared to the AMS-02 data, for a canonical annihilation cross-section and typical values of the WIMP’s mass.
Right panel : exclusion curve for the thermally averaged annihilation cross-section.

6

Conclusion

We have proposed a model of the Galactic subhalo population that consistently accounts for
current dynamical constraints. Tidal effects from the Galactic gravitational potential and the
disk were both carefully studied. In particular, we have suggested a way to compute a diskshocking radius through our differential definition (see Eq. (10)). Not only does our model
qualitatively reproduce the results of cosmological simulations, but it also fully accounts, by

construction, of the details of our Galaxy, which can hardly be captured by simulations.. It allows
to compute the subhalo mass density and annihilation profiles relevant for indirect searches, as
well as the post-tidal effects PDFs which we did not discuss here. An interesting test of this
model would be a precise comparison with cosmological simulations including baryons. The
model was applied to indirect searches with cosmic-ray antiprotons using the latest data from
the AMS-02 experiment and competitive limits were derived. A natural extension of this work
would be the study of complementary channels like diffuse gamma-ray emission or positrons.
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AN ORIGINAL PROBE OF DARK MATTER IN THE CORE OF M87 WITH
THE EVENT HORIZON TELESCOPE

T. LACROIX
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5299), Place Eugène Bataillon, F-34095 Montpellier Cedex 05, France
Institut d’Astrophysique de Paris, UMR 7095, CNRS, UPMC Université Paris 6, Sorbonne Universités,
98 bis boulevard Arago, 75014 Paris, France
We demonstrate the unprecedented capabilities of the Event Horizon Telescope (EHT) to image the innermost dark matter profile in the vicinity of the supermassive black hole at the
center of the M87 radio galaxy. We present the first model of the synchrotron emission induced by dark matter annihilations from a spiky profile in the close vicinity of a supermassive
black hole, accounting for strong gravitational lensing effects. Our results show that the EHT
should readily resolve dark matter spikes if present. Moreover, the photon ring surrounding
the silhouette of the black hole is clearly visible in the spike emission, which introduces observable small-scale structure into the signal. We find that the dark matter-induced emission
provides an adequate fit to the existing EHT data, implying that in addition to the jet, a
dark matter spike may account for a sizable portion of the millimeter emission from the innermost (sub-parsec) region of M87. Regardless, our results show that the EHT can probe
very weakly annihilating dark matter. Current EHT observations already constrain very small
cross-sections, typically down to a few 10−31 cm3 s−1 for a 10 GeV candidate. Future EHT
observations will further improve constraints on the DM scenario.

1

Introduction

The central regions of galaxies are of particular interest for the astrophysical community as the
sites of very diverse high-energy processes, including putative annihilation of dark matter (DM)
particles. In this context, the DM energy density profile at the centers of galaxies is critical for
indirect searches but remains poorly constrained. In objects such as the M87 giant radio galaxy,
the DM profile may be significantly enhanced on sub-parsec scales by the central supermassive
black hole (SMBH), although there is no direct evidence yet for such a sharp density increase,
referred to as a DM spike.
Here we show that it is possible to probe very faint DM-induced radiation in the very inner
region of M87 by using the spatial morphology of the DM-induced synchrotron emission near the
central black hole (BH). Due to a lack of angular resolution in existing observational facilities,
such a study of the DM-induced signal in the inner part of M87 has not been performed yet—nor
has it been done in similar objects. However, this is now possible with the advent of the Event
Horizon Telescope (EHT), a for which the M87 galaxy is a prime target.
a

http://www.eventhorizontelescope.org/

2

Dark matter spikes at the centers of galaxies?

The DM energy density profile ρ(r) in galaxies is very uncertain, especially below parsec scales,
where it can be significantly affected by the presence of a central SMBH. In particular, the
scenario of adiabatic growth of a SMBH at the center of a DM halo with power-law density
profile should lead to a strong enhancement of the DM density, referred to as a spike, and
corresponding to ρ(r) ∝ r−γsp with typically γsp = 7/3 on sub-pc scales 1 .
However, such a strong morphological feature can be subsequently affected by galactic dynamics. On the one hand, it can be weakened by various dynamical processes such as mergers 2
(although the resolution of numerical simulations used to reach that conclusion is not sufficient
to set strong constraints on the profile on sub-pc scales), if the BH did not grow close enough to
the center of the DM halo 3,4 , or if the BH growth occurred to fast to be considered adiabatic 4 .
Moreover, dynamical heating in the central stellar core would also soften a spike. However, an
adiabatic spike is more likely to have survived in a dynamically young galaxy such as M87, in
which stellar heating is essentially negligible 5,6 . On the other hand, other dynamical processes
can have the opposite effect of making the formation and survival of a steep spike more likely; for
instance enhanced accretion of DM to counteract the depopulation of chaotic orbits in triaxial
halos 7 . As a result, the picture is unclear at present, and this scenario needs to be tested with
dedicated probes.
Therefore, in the following we consider the scenario in which an adiabatic spike effectively
formed at early times at the center of M87 and has survived until today. We study the observability of such a feature, in the context of the observational opportunities offered by the EHT,
and taking advantage of the strong DM annihilation signals expected.

3

The Event Horizon Telescope

3.1

General features

The EHT is a global network of millimeter and submillimeter facilities that employs very long
baseline interferometry (VLBI) to create an effective Earth-scale high angular resolution telescope 8,9 . The purpose of this array is to test general relativity and shed light on physical
processes taking place in the vicinity of SMBHs at the centers of galaxies. To date, EHT
data for M87 has been reported for a 3-station array comprised of the Submillimeter Telescope
(SMT) in Arizona, the Combined Array for Research in Millimeter-wave Astronomy (CARMA)
in California, and a network of three facilities in Hawaii: the James Clerk Maxwell Telescope
(JCMT), the Submillimeter Array (SMA), and the Caltech Submillimeter Observatory (CSO).
This configuration has already achieved an impressive angular resolution of order 40 µas at
230 GHz. Presently, the Atacama Large Millimeter/submillimeter Array (ALMA) in Chile, the
Large Millimeter Telescope (LMT) in Mexico, the Institut de Radioastronomie Millimétrique
(IRAM) 30m, the Plateau de Bure interferometer, and the South Pole Telescope (SPT)b will be
added to the EHT. Longer term, the Greenland Telescope will join the array. Combined, the
EHT will directly access angular scales as small as 26 µas at 230 GHz and 17 µas at 345 GHz.
The angular scale of the Schwarzschild radius of the SMBH at the center of M87 is about
8 µas.c The strong gravitational lensing near the black hole (BH) magnifies this by a factor of
as much as 2.5, only weakly dependent of BH spin, making M87 a primary target for the EHT 9 .
b

Note that M87 cannot be seen by the SPT.
The mass of the central BH is MBH = (6.4 ± 0.5) × 109 M 10 , the corresponding Schwarzschild radius is
RS = 6 × 10−4 pc and the distance of M87 is dM87 ≈ 16 Mpc 11 . Throughout we adopt the higher stellar
dynamical mass for M87; using the (3.5 ± 0.8) × 109 M value found by gas dynamical studies 12 would reduce the
angular scales by roughly a factor of two throughout.
c

3.2

Imaging the shadow of a black hole

Characteristic in all images of optically thin emission surrounding BHs is a “shadow”—a dark
central region surrounded by a brightened ring, the so-called “photon ring”. This is a direct
consequence of the strong gravitational lensing near the photon orbit, and is directly related
to the projected image of the photon orbit at infinity. The shadow interior is the locus of
null geodesics that intersect the horizon, and thus does not contain emission from behind the
BH. The bright ring is in general sharply defined due to the instability of the photon orbit
and a consequence of the pileup of higher-order images of √
the surrounding emission. For a
Schwarzschild BH the radius of this shadow is rshadow = 3 3/2RS ≈ 2.6RS 13,14 . For Kerr
BHs, this radius ranges from 2.25RS to 2.6RS , deviating substantially only at large values of
the dimensionless spin parameter a and viewed from near the equatorial plane, i.e., a > 0.9 and
θ > 60◦ 15 .
The generic appearance of the shadow, its weak dependence on BH spin, and fundamentally
general relativistic origin make it a prime feature in EHT science. Also imprinted on EHT images
will be the high-energy astrophysics of the near-horizon region; the physics of BH accretion and
relativistic jet formation. In this work, we assess the observability of the shadow of the SMBH
at the center of M87 in the electromagnetic signal from DM annihilation, and the limits that
may be placed on DM properties given such a scenario.
4

Probing DM at the center of M87 with the EHT

At the frequencies of interest for the EHT, typically a few hundred GHz, the main DM signature
comes from synchrotron radiation. Therefore, in order to assess the ability of the EHT to probe
the inner part of the DM profile of M87, we compute the intensity of the synchrotron emission
of electrons and positrons produced in DM annihilations in the inner region. To this end, we
first need to compute the electron and positron spectra from the DM annihilation rate which
is proportional to the thermally averaged cross section hσvi and the square of the DM density.
This is done by solving the propagation equation of DM-induced electrons and positrons in
the presence of synchrotron radiation and advection towards the central BH. This procedure is
described in detail in the associated paper 16 . We assume the intensity of the magnetic field to
be homogeneous in the region of interest. The spatial morphology of the synchrotron intensity
Iν is obtained using a dedicated ray-tracing and radiative transfer scheme that accounts for the
gravitational lensing effect due to the BH 17,18,19 .
4.1

Interferometric observables and data used in this work

Here we provide a brief overview of the EHT data used to constrain our models. The EHT,
like all interferometers, directly constructs visibilities by cross-correlating observations at pairs
of stations. These are directly proportional to the Fourier transform of the image at a spatial
frequency proportional to the ratio of the projected baseline distance between the two stations
to the observation wavelength. Throughout the night the rotation of the Earth results in a
rotation of the projected baseline, changing both its orientation and length, thereby generating
a moderate variation in the spatial frequencies probed by any particular pair of sites.
Upon measuring a sufficient number of these visibilities an image can be produced via inverting the Fourier transform. However, because the published EHT observations only sparsely
sample the spatial-frequency plane (often called the “u-v” plane) we compare directly with the
measured visibilities.
By construction the visibilities are complex valued, and therefore described by an amplitude
and phase. However, in practice the amplitudes are known much better than the phases as a
result of the typically large, and highly variable, atmospheric phase delays. This does not mean
that phase information is completely unavailable; “closure phases” constructed from triplets of

sites, equal to the sum of the phases over the closed triangle of baselines, are insensitive to
site-specific phase errors. Therefore, the two data sets we employ consist of visibility amplitudes
and closure phases obtained with the Hawaii-SMT-CARMA array 20,21 . In all cases observations
were taken at 230 GHz.
On the Hawaii-CARMA-SMT triangle, 17 closure phases were constructed from data taken
on March 21, 2012 21 . Where visibility amplitudes provide a measure of the “power” in an
image at a given spatial scale, closure phases are particularly sensitive to asymmetry; e.g., a
point-symmetric image has identically zero closure phases. These are consistent with a constant
closure phase of 0◦ , with typical uncertainties of 10◦ .
4.2

Results

Intensity maps
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At scales above 25 µas the DM spike-induced emission produces a diffuse synchrotron halo whose intensity falls with
Shown in the blue solid line in Fig. 2 is the visibility ampliradius as a power law with index ⇡ 3.5. This is generic, octude at 230 GHz as a function of baseline length for the current
curing independently of the BH spin and is present even when
EHT triangle, for the simulated DM-induced synchrotron siggravitational lensing is ignored. The extended nature of this
nal, computed with a cross-section that gives the best fit to the

Navarro-Frenk-White (NFW) DM profile with power-law index γ = 1. We assume annihilation
of 10 GeV DM particles into bb̄,d and a magnetic field of 10 G, for a static BH (left panels) and
a maximally rotating BH (right panels).
The photon ring, i.e. the bright ring of radius ∼ 20 µas that surrounds the darker shadow of
the BH, is clearly visible in the simulations for all DM models we consider, although in practice
in the absence of a spike the signal is too weak to be detectable with the EHT, as discussed in the
following. The presence of a photon ring introduces small-scale structure into the signal, readily
observable with the EHT on long baselines. For a static BH the shadow is exactly circular.
For all but the most rapidly rotating BHs it is also very nearly circular 22,23 . For a maximally
rotating Kerr BH viewed from the equatorial plane the photon ring is flattened in the direction
aligned with the BH spin.
Fig. 1 also illustrates the fact that the intensity is significantly enhanced in the presence of a
DM spike with respect to the no-spike case. To better stress this enhancement, we show the maps
for the spike case computed for very small annihilation cross-sections of a few 10−31 cm3 s−1 —
corresponding to the best fits to the EHT data, as discussed below—, while in the absence of a
spike we use the thermal s-wave cross-section of 3 × 10−26 cm3 s−1 . In addition, the contrast on
the photon ring is also enhanced in the presence of a DM spike.
Visibility amplitudes
Shown in the blue solid line in Fig. 2 is the visibility amplitude at 230 GHz as a function of
baseline length for the current EHT triangle, for the simulated DM-induced synchrotron signal,
computed with a cross-section that gives the best fit to the EHT measurements 16 . The left panel
corresponds to the Schwarzschild case and the right panel to the maximally rotating case. The
DM-induced visibility amplitudes shown in Fig. 2 correspond to the intensity maps shown in
Fig. 1. Note that no additional astrophysical component has been included in these. A standard
NFW cusp actually results in visibility amplitudes that are about eight orders of magnitude
lower than the EHT data. Note that these no-spike visibility amplitudes are not shown in Fig. 2
for clarity. Therefore, the EHT is only sensitive to spiky profiles, which makes it a dedicated
probe of such sharply peaked DM distributions.
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Figure 2 – Visibility amplitude at 230 GHz as a function of baseline length. The blue solid line represents the
synchrotron emission from a spike of 10 GeV DM annihilating into bb̄, with B = 10 G (solid), B = 102 G (dashed),
and B = 103 G (dot-dashed), for a Schwarzschild BH (left panel) and a maximally rotating BH (right panel).
The annihilation cross-sections correspond to the best fit to the EHT data 20,21 .
d

We focus on the standard b quark channel for simplicity. Injection of electrons through a different channel
would primarily result in a rescaling of the intensity at the frequency of interest, slightly changing the best fit
cross-sections we derive.

As shown in Fig. 2, a spike of annihilating DM gives a good fit to the EHT measurements of
the visibility amplitudes, with best fit cross-sections of 7.4×10−31 cm3 s−1 for the Schwarzschild
case and 3.1 × 10−31 cm3 s−1 for the maximally rotating case. While the fits appear by eye to
be quite good, the reduced chi-squareds coupled with the large number of degrees of freedom
result in a p-value < 0.002, implying that some structural component is missing in our model.
This is not, in itself, surprising given the extraordinary simplicity of the DM spike model and
our neglect of the contributions from the observed larger-scale radio emission associated with
the jet.
We note that the morphology of the predicted visibility amplitudes is only weakly sensitive
to changes in the DM mass, the annihilation channel or the magnetic field, resulting primarily
in different best-fit cross-sections, as shown in the dashed and dot-dashed lines in Fig. 2.
Closure phases
The closure phases for the DM-spike-induced signal are shown in Fig. 3, for the Schwarzschild
case (solid line) and the maximally rotating case (dashed line) 16 . The symmetry of the simulated
signal is insensitive to the various parameters so we do not need to specify them here. As
expected, the closure phase is identically zero for a Schwarzschild BH, while it is slightly larger
than zero for the maximally rotating case. In both cases, closure phases for the DM-induced
emission are consistent with the low closure phases observed.
Small closure phases are also typical of astrophysical models on the Hawaii-CARMA-SMT
triangle 21 . This is because of the near degenerate nature of the projected baseline triangle due
to the comparatively short CARMA-SMT baseline; closure phases on trivial triangles (in which
one baseline has zero length) vanish identically. However, the inclusion of a number of additional
sites in the near future will result in many additional, open triangles for which the closure phases
are likely to differ substantially from zero 21 . These will be instrumental to discriminating both
between astrophysical and DM-dominated models.
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Figure 3 – Closure phase as a function of universal time, for a Schwarzschild BH (solid) and a maximally rotating
BH (dashed), for the current VLBI triangle between Arizona, California and Hawaii.
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Conclusion

In this work, we have demonstrated the potential of the EHT for DM searches. We have
presented the first model of the DM-induced synchrotron emission in the close vicinity of a
SMBH accounting for strong gravitational lensing effects.
The synchrotron emission from DM spikes should be readily visible in EHT images of M87 if
present. This remains true even for very small values of the annihilation cross-section. The re-

sulting emission follows the structure of the DM spike, resulting in a synchrotron halo extending
from horizon scales to roughly 100 µas.
Within the spike emission, the silhouette of the BH is clearly visible on small scales for all
spins and models we considered. This imparts small-scale structure on the image on scales of
50 µas, and contributes substantially to the visibilities on long baselines.
DM spike emission provides an adequate fit to the existing horizon-scale structural constraints from the EHT. This necessarily ignores astrophysical contributions associated with the
jet launching region. Such an additional astrophysical component is strongly motivated by the
existence of extended emission at wavelengths of 3 mm and longer. Even within the 1.3 mm
data, the fit quality suggests that the simple spike structures we present here are incomplete.
Nevertheless, the limits on M87’s flux and small-scale structure place corresponding constraints on the putative DM annihilation cross-sections. For a 10 GeV DM candidate this
cross-section must be less than a few 10−31 cm3 s−1 , close to the characteristic cross-sections
for p-wave-suppressed annihilation. The introduction of additional astrophysical components
would decrease this limit further.
EHT observations in the near future will include a number of additional stations, enabling
the reconstruction of M87’s image with substantially higher fidelity. As a result, the limits on
the existence of DM spikes and the properties of DM candidates will similarly improve. Thus,
the EHT opens a new, powerful path to probing the structure and features of DM in the centers
of galaxies.
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Joseph Silk and Céline Bœhm. This work has been supported by UPMC, CNRS and STFC. This
research has also received support at IAP from the ERC Project No. 267117 (DARK) hosted
by UPMC, and has been carried out in the ILP LABEX (ANR-10-LABX-63) and supported by
French state funds managed by the ANR, within the Investissements d’Avenir programme (ANR11-IDEX-0004-02). A.E.B. and M.K. receive financial support from the Perimeter Institute for
Theoretical Physics and the Natural Sciences and Engineering Research Council of Canada
through a Discovery Grant. Research at Perimeter Institute is supported by the Government
of Canada through Industry Canada and by the Province of Ontario through the Ministry
of Research and Innovation. We acknowledge support by the Canadian Institute for Advanced
Research for the participation of A.E.B. and J.S. at the annual meetings of the CIFAR cosmology
program where this project was initiated.
References
1. P. Gondolo and J. Silk. Dark Matter Annihilation at the Galactic Center. Phys. Rev.
Lett., 83:1719–1722, August 1999.
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DARK MATTER SEARCHES TOWARD THE GALACTIC CENTER HALO
WITH H.E.S.S.

Lucia Rinchiuso and Emmanuel Moulin for the H.E.S.S. Collaboration
Irfu, Département de Physique des Particules, CEA Saclay, F-91191 Gif-Sur-Yvette Cedex, France

The presence of dark matter in the Universe is nowadays widely supported by a large body of
astronomical and cosmological observations. The central region of the Milky Way is expected
to harbor a large amount of dark matter. Very-high-energy (>100 GeV) γ-ray observations
with the H.E.S.S. array of Imaging Atmospheric Cherenkov Telescopes are powerful probes
to look for self-annihilations of dark matter particles toward the Galactic Centre. A new
search for a dark matter signal has been carried out on the full H.E.S.S.-I dataset of 20042014 observations with a 2D-binned likelihood method using spectral and spatial properties of
signal and background. Updated constraints are derived on the velocity-weighted annihilation
cross section for the continuum and line dark matter signals. Higher statistics from the 10year Galactic Center dataset of H.E.S.S.-I together with a novel analysis technique allow to
significantly improve the previous limits.

1
1.1

Dark matter at the Galactic Center
Why dark matter?

Many evidences support the presence of dark matter (DM), from cosmological observations to
galaxies dynamics. The idea of DM was introduced in the ‘30s to explain the galaxy rotation
curves that suggested a lack of mass with respect to the observed luminosity. Furthermore,
the gravitational lensing proved the presence of matter which does not emit light but deviates
the light that travels in its vicinity. More recently, thanks to measurements of the cosmic
microwave background, the relic density of cold dark matter (CDM) has been estimated to be
ΩCDM h2 = 0.1186 ± 0.0020 1 : about 25% of the Universe is made of DM. In the standard model
of cosmology, dark matter is expected to be “cold”, i.e. non-relativistic, to explain the scale
of the formation of large scale structures. Among the most promising particle candidates for
dark matter is non-baryonic weakly interacting massive particles (WIMPs) 2 , with a mass and
couplings of the order of the electroweak scale.

1.2

Gamma-ray flux from dark matter annihilations

In dense astrophysical environments, DM particles are expected to pair annihilate. Among the
final products very high energy (VHE, E>100 GeV) γ-rays can be found. These photons are not
bent by magnetic fields at galactic scale and thus point back to the source. The flux of photons
from DM self-annihilation can be computed as
dφ(∆Ω, E)
1 hσvi X
dNi (E)
=
× J(∆Ω).
Bri
2
dE
4π 2mDM
dE
A particle physics term accounts for the DM mass mDM , the thermally-averaged velocityi
weighted annihilation cross section hσvi, and the sum over all the spectra dN
dE in the different
annihilation channels weighted by their branching ratio Bri . An astrophysics term, referred as
to the J-factor, corresponds to the integral of the DM density squared over the line of sight (los)
and integrated over the solid angle ∆Ω:
Z

Z

J(∆Ω) =

ρ2 (r(s, θ)dsdΩ.

∆Ω los

The coordinate r is r(s, θ) = (r2 +s2 −2r s cos θ)1/2 and the solid angle writes dΩ = sin θ cos θdφ,
where s is the coordinate along the line of sight, θ the angle between the direction of observation
and the GC plane and r = 8.5 kpc is the distance of the GC to the Sun. Two kinds of γ-ray spectra are expected from DM pair-annihilation: a continuum and a line spectrum. The hadronization and/or decay of the annihilation products such as W± /Z bosons, quarks and leptons, produce a continuum spectrum of γ-rays with an energy cut-off at the DM mass. This secondary
production of γ-rays constitute the dominant channel. Leptonic channels have very hard spectra
while
hadronic
ones
have
the
maximum
at lower energies. In presence of charged
particles (e.g. in the W + W − channel) in
the annihilation process the γ-ray spec"power law"
background
trum can also be modified by electroweak
(EW) effects such as final state radiation
and virtual internal bremsstrahlung contributions 3 . The τ + τ − channel shows
both the features of the pure hadronic
gamma-lines
and leptonic channels. The line specat diﬀerent
energy resolution
trum corresponds to the prompt annihilation into two photons. This process is
cut-oﬀ at
suppressed compared to the continuum
DM mass
emission because it cannot take place at
the tree-level. However, its peculiar spectrum is the clearest signature of DM anFigure 1: DM annihilation spectra for the contin- nihilation as it can be efficiently discrimuum signal and γ-line for mDM = 1 TeV. The line inated against astrophysical background
(in black) is spread with different energy resolutions emissions. A line spectrum is obtained
(10, 20 and 30%). The ”power law” background is also when the photon is produces in pair
or with a Z or Higgs boson. The latter
represented in orange.
process is not accounted for in this study.
Using the measurements of the thermal
relic density ΩCDM with the Planck satellite, the natural scale for hσvi is of about 3 × 10−26
cm3 s−1 for the continuum signal, and ∼ 10−29 cm3 s−1 for the line signal, respectively. γ-ray
spectra of different channels are plotted in Fig. 1. The EW corrections in the W + W − (red line)
channel induce an enhancement near the DM mass. The effect of the energy resolution on the
line signal is also shown (black lines). The orange line is intended to show the power law-like
"

behavior of the astrophysical background. Therefore the spectral information can be exploited
to improve the discrimination between signal and background.
The DM distribution in the Milky Way is not well constrained at distance less than about
1 kpc from the GC. Several density profiles have been proposed. Fig. 2a shows two kinds of
profiles : cored profiles (e.g. Burkert profile), which are flat at distances below 1 kpc from the

(a)

(b)

Figure 2: Dark matter density profiles in the Milky Way. Left: Examples of dark matter profiles
in function of the distance from the GC. The two bands, respectively yellow and blue, represent
the ON and OFF regions. Right: Mapping of the J-factor for the Einasto profile in galactic
longitude and latitude per bin of 0.02◦ × 0.02◦ . The profile is strongly peaked at the GC.
GC, and cuspy profiles (e.g. Einasto and NFW profiles) which are peaked toward the GC. One
of these lasts is used for the following analysis. The Einasto profile is parametrized as


−2  r α
−1
ρEin (r) = ρs exp
α
rs


with parameters extracted from in the previous publications 7,8 . Fig. 2b shows the J-factor
values mapped in Galactic latitude and longitude for the Einasto profile. On the other hand,
the residual background has a different spatial distribution with a nearly isotropic distribution.
Thus, the specific spatial behavior of DM versus background can be exploited to improve the
signal-to-background discrimination.

1.3

Astrophysical targets for dark matter searches with VHE gamma-rays

VHE γ-rays from DM annihilation can be searched for in different astrophysical targets: the
Galactic Center which hosts the supermassive black hole Sagittarius A*, the central region of
the Galactic Halo, dwarf galaxies satellites of the Milky Way, and nearby galaxy clusters. The
most promising targets for DM searches with VHE γ-rays are the dwarf galaxies and the inner
Galactic Halo. Dwarf galaxies are the most DM-dominated systems in the Universe and very low
standard VHE astrophysical emission is expected. Tens of them have been recently discovered
in the inner 100 kpc from the Galactic Center 4 . On the other hand, thanks to the proximity
of the GC (∼ 8.5 kpc), higher DM signal is expected from the central region of the Galactic
Halo. However, searches there face significant standard VHE astrophysical emission, such as the
Galactic diffuse background detected by the Fermi satellite 5 . Despite the presence of several
standard astrophysical emissions, the Inner Galactic Halo region is the most promising place for
DM detection.

2
2.1

Data analysis of the Galactic Centre observations with H.E.S.S. I
Observational dataset and definition of the region of interest

The following analysis has been performed using the full 10-years data set of H.E.S.S. GC
observations, collected during the first phase from 2003 to 2014 with the 4 telescopes of 12 m
diameter and field of view (FoV) of 5◦ . A total of 254 hours of observations is available at
the position of the GC, which corresponds to a doubled statistics with respect to the data set
used in previous DM studies in 2011 7 and 2013 8 . The zenith angle of the observations never
outmatches 50◦ and it is on average of about 19◦ . The pointings are at a distance from GC
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Figure 3: VHE γ-ray excess map in Galactic coordinates of the inner 300 pc of the Milky Way
seen by H.E.S.S. Bright sources and diffuse emission are observed. The ON region for DM search
is defined as a circle of 1◦ centered at the GC and it is divided in 7 sub-regions of interest. The
band of ±0.3◦ around the Galactic Plane is excluded for the data analysis. A circle of radius
0.4◦ centered on HESS J1745-303 is excluded as well.
between 0.5◦ and 1.5◦ .
The DM signal is searched for in the ON region, referred to as the region of interest (RoI), which
is defined as a circle of radius 1◦ around the Galactic Center. This region harbors several VHE
γ-rays sources such as HESS J1745-290 coincident with the supermassive black hole Sgr A∗ 9 ,
G09+0.1 10 , HESS J1745-303 11 , that contaminate the signal region with standard astrophysical
emission. Diffuse emission was also detected by H.E.S.S. in the inner 300 pc of the Milky Way
12 spatially correlated to the massive clouds of the central molecular zone. To avoid standard
astrophysical contamination in both the signal and the background regions a band of ±0.3◦
around the Galactic plane is excluded. A circle of radius 0.4◦ centered on the position of the
source HESS J1745-303 is also excluded. The ON region is divided in 7 subregions of width
0.1◦ which coincide with the spatial binning that is implemented in the likelihood analysis in
Sec. 2.3. Fig. 3 shows the γ-ray excess map of the inner 300 pc of the GC with overlapped the
sub-RoIs used for the data analysis and the exclusion regions.
2.2

VHE gamma-ray background measurement in the GC region

For each RoI corresponding to the ON region, the OFF region is defined for each observation,
referred to as a run. Indeed, for each run the OFF region is built symmetrically to the ON

(a)

(b)

Figure 4: Definition of the ON and OFF regions for a given pointing position (black cross)
and one RoI. Left: The ON region is represented for the sub-RoI (purple annulus) and the
correponding OFF region (red annulus). The exclusion regions (yellow band and circle) are
shown. Right: Projection of the map of the J-factors per bin size of 0.02◦ × 0.02◦ for the Einasto
profile in the ON (yelllow) and OFF (blue) regions, respectively.

region with respect to the pointing position: this background extraction method is referred to
as the reflected background method. Fig. 4a shows an example for one RoI and one observation.
The procedure is repeated for the 7 RoIs and the 609 observation runs. The obtained ON and
OFF regions are thus taken with the same acceptance due to azimuthal symmetry, and have
same shape and solid angle size. The ON and the OFF regions host different amounts of DM,
hence they have different J-factors. Their values are computed accordingly to the same reflected
method. Assuming a cuspy DM profile, the DM density gradient between the ON and OFF
regions is strong enough to define them in the same observational field of view, i.e. with the
same observation conditions. Fig. 2a shows an example of the ON (yellow) and OFF (blue)
annulii overlaid to the DM density profile. Fig. 4b shows the projection of the J-factor values of
the Einasto profile on the ON and OFF regions for a specific observation and for one RoI. In this
example, there is a DM gradient of a factor about 4 between the ON region (yellow annulus)
and the OFF region (blue annulus). The DM signal is not null in the OFF region and it is
accounted for in the likelihood data analysis (see Sec. 2.3). In the definition of the OFF regions
and the computation of the J-factors it is important to reject the exclusion regions and their
reflected regions, both when they intersect the ON and the OFF regions. For some pointings
very close to the GC, there are overlappings of the ON and OFF regions and areas where the
J-factor value is larger in the OFF than in the ON region. These parts of the ON and OFF
regions are also symmetrically discarded in order to maintain the strong DM gradient required
between them. The J-factor values computed for the single run are weighted by the live time of
each observation to obtain the total J-factor for each RoI.

2.3

The 2D-likelihood based analysis method

The data analysis method is based on a likelihood ratio test. The likelihood function is binned
in 2 dimensions: energy (bins j) and space (RoIs, bins i) in order to exploit the different spectral
and spatial behaviors of signal and background. The 2D-binned likelihood function writes as

the product of the Poisson terms for the ON and OFF regions:
Lij (NON , NOFF |NS , N0S , NB ) =

(NS + NB )NON (NS +NB ) (NS0 + αNB )NOFF (N 0 +αNB )
e
e S
.
NON !
NOFF !

The factor α is defined as the ratio between the size of the OFF and ON regions. Here, α is
equal to 1 by construction of the ON and OFF regions. The values NON and NOFF represent
the number of photons measured in the ON and OFF regions, respectively -in each bin (i,j).
The parameters NS and NS0 represent the DM signal expected in the ON and OFF regions,
respectively. The background expected in the ON region, NB , is computed from dLij /dNB = 0.
The total likelihood is the sum over the individual likelihood log Lij in the bin (i, j) and it is
used to build a test statistics. The likelihood ratio test T S writes as:
!

T S = −2 log

LW
,
LWO

where LW corresponds to the likelihood in presence of DM, and LWO the likelihood in the null
hypothesis, i.e. without DM where the terms NS and NS0 vanish. In case no significant excess
is observed in the ON region with respect to the OFF, upper limits at 95% C.L. on hσvi can
derived for each DM mass by setting T S = 2.71.
3

Results

No significant γ-ray excess is observed in any of the 7 RoIs. Updated limits have been set on the
annihilation cross section for the continuum and γ-line signals, using the new analysis method
described above and the full data set of H.E.S.S.-I observations towards the GC.
3.1

Continuum signal

The latest limits on the continuum are shown in Fig. 5. In a black solid line in Fig. 5a are the
observed limits for the W + W − channel. The threshold effect at low energies and the behavior
like m2DM at high masses are visible. These results are compatible with the mean expected limits
(dotted black line), plotted with their 95% (yellow band) and 68% (green band) containment
bands, respectively. The new best limits are of ∼ 6×10−26 cm3 s−1 at 1.5 TeV in W + W − channel
and of ∼ 2×10−26 cm3 s−1 at 800 GeV in τ + τ − channel, respectively. An improvement of a factor
about 5 is obtained with respect to the limits previously published in 2011 7 (blue solid line),
thanks to higher statistics, the 2D-binned likelihood analysis method and the introduction of the
EW corrections to the W + W − theoretical spectrum. The results on the annihilation in τ + τ −
are shown in Fig. 5b . Due to the harder spectrum of this channel compared to the W + W −
the best limits are shifted to a lower DM mass value. For the first time the thermal relic cross
section (black dashed line) can be probed with H.E.S.S. observations.
3.2

Line signal

Updated limits have been computed in the prompt γγ channel. The same H.E.S.S.-I data set
and 2D-binned likelihood approach have been used, as for the continuum analysis. Here, a
γ-ray like line has been produced starting from the annihilation spectrum described as a delta
dN
0
0
function dE
0 (E ) = 2δ(E − mDM ) centered at the DM mass. The number of photons from DM
annihilation in each RoI and energy bin is computed by
1 hσvi
Nγ (E) =
4π 2m2DM

Z

dN 0
(E )R(E, E 0 )Tobs Aeff (E 0 )dE 0 × J(∆Ω).
dE 0
(E−E 0 )2

1
The input DM spectrum is spread with a Gaussian energy resolution R(E, E 0 ) = √2πσ
e− 2σ2
of variance σ/E = 10%. This value is almost independent on zenith angle and offset of the

(a)

(b)

Figure 5: Constraints on the velocity-weighted annihilation cross section in the continuum
channel: observed limits (solid black line) and mean expected limit (dotted black line) are
shown together with the containment bands at 68% (green band) and 95% (yellow band). The
horizontal black long-dashed line corresponds to the thermal relic cross section. Left: Limits in
the W + W − channel. The best limit is of ∼ 6 × 10−26 cm3 s−1 at 1.5 TeV. The previous results
from 2011 (112 h live time) are shown in blue. With the new limits an improvment of about
5 at 1 TeV is observed. Right: Limits in the τ + τ − channel. The best limit is of ∼ 2 × 10−26
cm3 s−1 at 800 GeV. For the first time, in this channel, H.E.S.S. was able to probe the thermal
relic cross section.
observation. Aeff is the energy-dependent effective area and Tobs the observation time.
The expected limits are computed by setting the condition NON ≡ NOFF , i.e. assuming no excess
in the ON region. Fig. 6a shows the updated expected limits on the γ flux from DM annihilation
(red solid line) compared to the previous ones (blue solid line) published in 2013 8 . The limits
on the DM prompt annihilation cross section in Fig. 6b show the threshold effect at low mass
and the behavior like m2DM at high mass, as for the continuum. The doubled statistics with the
new observations is expected to improve the limits of a factor ∼ 1.4. In addition, as for the
continuum, the new improved 2D analysis is applied and the background Poisson term has been
implemented in the likelihood. Moreover, a new raw data analysis is used allowing for improved
sensitivity at energies lower than ∼ 1 TeV. Indeed, the energy threshold is lowered and the best
limits are shifted to smaller values. The DM mass range is also increased from 200 GeV to 70
TeV. At 1 TeV a factor of improvement of about 7 is obtained. A factor ∼ 4 is explained by the
optimized statistical method and the increased observation time. The remaining improvement
comes from the use of the new raw data analysis which is more sensitive than the old one below
∼ 1 TeV, while they are compatible at high energies. Above about 300 GeV these new limits
surpass those from Fermi-LAT 14 of a factor ∼ 4.
4

Summary

The GC region has been observed with the first phase of H.E.S.S. to search for a signal of
self-annihilation of DM particles with 10 years of operation. The data set amounts to 254
hours of observation at the nominal position of Sgr A∗ . No significant excess is found in the
regions of interest and new stronger constraints are set on the DM annihilation cross section, the
strongest so far in the TeV DM mass range. The distinct spectral and spatial features of the DM
signal have been exploited for a further discrimination against the residual background. Higher
γ-ray statistics, improved new raw data analysis and optimized 2D-likelihood method enable

(a)

(b)

Figure 6: Mean expected limits of the prompt photons channel for this work (red solid line)
and 2013 (blue solid line). Left: Limits on the annihilation photons flux. An improvement of
a factor about 7 is observed. Right: Limits on the velocity-weighted annihilation cross section.
Fermi limits from 2015 are also shown (black triangles).
significant improvement over the previous results. The updated expected 95% C.L. upper limits
improve the previous ones of a factor ∼ 5 in the continuum analysis for the W + W − channel.
In the W + W − channel a best limit of ∼ 6 × 10−26 cm3 s−1 is reached at ∼ 1.5 TeV. For the
first time H.E.S.S. was able to probe the thermal relic cross section in the τ + τ − channel with
a best limit of ∼ 2 × 10−26 cm3 s−1 at ∼ 800 GeV. Preliminary results on the DM γ-line signal
show an improvement of a factor ∼ 7 at ∼ 1 TeV. The expected limits significantly surpass
the Fermi-LAT limits around 300 GeV. Larger statistics and optimized observational strategy
of the GC with H.E.S.S. II pointings up to 3◦ in Galactic latitudes will improve further the
sensitivity to DM annihilations. These data analyses pave the way to future studies with CTA
observations, that will provide higher sensitivity compared to H.E.S.S. 15,16 .
References
1. K. A. Olive et al (Particle Data Group), Chin. Phys. C 38, 090001 (2014) and 2015
update.
2. G. Bertone, D. Hooper, and J. Silk, Phys. Rept. 405, 279 (2005).
3. M. Cirelli, (astro-ph.HE) (2015), arXiv:1511.02031.
4. A. Drlica-Wagner et al. (DES Collaboration), ApJ 813, 109 (2015).
5. M. Ackermann et al (Fermi-LAT Collaboration), (astro-ph.HE) (2017), arXiv:1202.4039.
6. F. Aharonian et al. (H.E.S.S. Collaboration), Astron. Astrophys. 457, 899 (2006).
7. A. Abramowski et al (H.E.S.S. Collaboration), Phys. Rev. Lett. 106, 161301 (2011).
8. A. Abramowski et al (H.E.S.S. Collaboration), Phys. Rev. Lett. 110, 041301 (2013).
9. F. Aharonian et al. (H.E.S.S. Collaboration), Astron.Astrophys. 503, 817 (2009).
10. F. Aharonian et al. (H.E.S.S. Collaboration), Astron.Astrophys. 432, L25-L29 (2005).
11. F. Aharonian et al. (H.E.S.S. Collaboration), Astron.Astrophys. 483, 509 (2008).
12. F. Aharonian et al. (H.E.S.S. Collaboration), Nature 439, 695 (2006).
13. H. Abdallah et al (H.E.S.S. Collaboration), Phys. Rev. Lett. 117, 111301 (2016).
14. M. Ackermann et al (Fermi-LAT Collaboration), Phys. Rev. Lett. 115, 231301 (2015).
15. V. Lefranc, E. Moulin, P. Panci and J. Silk, Phys. Rev. D 91, 122003 (2015).
16. V. Lefranc, P. Panci and G. A. Mamon, JCAP09 (2016) 043.

NEW MAGNETIC FIELD INSTABILITY AND MAGNETAR BURSTS
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We consider the system of massive electrons, possessing nonzero anomalous magnetic moments, which electroweakly interact with background neutrons under the influence of an external magnetic field. The Dirac equation for such electrons is exactly solved. Basing on the
obtained solution, we find that a nonzero electric current of these electrons can flow along
the magnetic field. Accounting for the new current in the Maxwell equations, we demonstrate
that a magnetic field in this system appears to be unstable. Then we consider a particular
case of a degenerate electron gas, which may well exist in a neutron star, and show that a
seed magnetic field can be amplified by more than one order of magnitude. Finally we discuss
the application of our results for the explanation of the electromagnetic radiation emitted by
magnetars.

1

Introduction

The problem of the magnetic field instability is important, e.g., in the context of the existence
of strong astrophysical magnetic fields 1 . Besides the magnetohydrodynamics mechanisms for
the generation of astrophysical magnetic fields, recently the approaches based on the elementary
particle physics were proposed. These approaches mainly rely on the chiral magnetic effect
(CME) 2 , which consists in the generation of the anomalous current of massless charged particles
along the magnetic field J5 = αem (µR − µL ) B/π, where αem ≈ 1/137 is the fine structure
constant and µR,L are the chemical potentials of right and left chiral fermions. If J5 is accounted
for in the Maxwell equations, the magnetic field appears to be unstable and can experience a
significant enhancement. The model for the generation of strong magnetic fields in the dense
matter of a neutron star (NS) driven by CME under the influence of the electroweak interaction
between electrons and neutrons was developed in a series of our works 3,4,5,6,7 . Other applications
of CME for the generation of astrophysical and cosmological magnetic fields are reviewed by
Kharzeev 8 .
However, the existence of CME is astrophysical media is questionable. Vilenkin 9 and
Dvornikov 10 found that J5 can be non-vanishing only if the mass of charged particles, forming the current, is exactly equal to zero, i.e. the chiral symmetry is restored. For the case of

electrons the restoration of the chiral symmetry is unlikely at reasonable densities which can be
found in astrophysics 11 . The chiral symmetry can be unbroken in quark matter owing to the
strong interaction effects 12 . The magnetic fields generation in quark matter, which can exist in
some compact stars, was discussed by Dvornikov 13,14 . Nevertheless this kind of situation looks
quite exotic.
Therefore the issue of the existence of an electric current J ∼ B for massive particles, which
can lead to the magnetic field instability, is quite important for the explanation of astrophysical
magnetic fields. One of the example of such a current in electroweak matter was proposed by
Semikoz & Sokoloff 15 . However, the model developed by Semikoz & Sokoloff 15 implies the
inhomogeneity of background matter. This fact imposes the restriction on the scale of the
magnetic field generated.
In the present work, we discuss another scenario for the magnetic field instability. It involves
the consideration of the electroweak interaction of massive fermions with background matter
along with nonzero anomalous magnetic moments of these fermions. Note that the electroweak
interaction implies the generic parity violation which can provide the magnetic field instability.
Recently, the interpretation of CME in terms of an effective magnetic moment was considered
by Kharzeev et al. 16 .
This work is organized as follows. In Sec. 2, we discuss the Dirac equation for a massive
electron with a nonzero anomalous magnetic moment, electroweakly interacting with background
matter under the influence of an external magnetic field. Then, we describe the main steps in
finding the exact solution of this Dirac equation which was previously obtained by Balantsev et
al. 17 . Using this solution, in Sec. 3, we calculate the electric current of these electrons along the
magnetic field direction. This current turns out to be nonzero. Then we consider a particular
situation of a strongly degenerate electron gas, which can be found inside NS. Finally, in Sec. 4,
we apply our results for the description of the amplification of the magnetic field in NS and
briefly discuss the implication of our findings for the explanation the electromagnetic radiation
of compact stars.
2

Solution of the Dirac equation

Let us consider an electron with the mass m and the anomalous magnetic moment µ. This
electron is taken to interact electroweakly with nonmoving and unpolarized background matter
consisting of neutrons and protons under the influence of the external magnetic field along the
z-axis, B = Bez . Accounting for the forward scattering off background fermions in the Fermi
approximation, the Dirac equation for the electron has the form,




γµ P µ − m − µBΣ3 − γ 0 VR 1 + γ 5 + VL 1 − γ 5 /2 ψ = 0,
(1)

where γ µ = γ 0 , γ , γ 5 = iγ 0 γ 1 γ 2 γ 3 , and Σ = γ 0 γγ 5 are the Dirac matrices, P µ = i∂ µ + eAµ ,
Aµ = (0, 0, Bx, 0) is the vector potential, and e > 0 is the absolute value of the elementary
charge. The effective potentials of the electroweak interaction VR,L have the form 3 ,
GF
VR = − √ [nn − np (1 − 4ξ)] 2ξ,
2

GF
VL = − √ [nn − np (1 − 4ξ)] (2ξ − 1),
2

(2)

where nn,p are the number densities of neutrons and protons, GF = 1.17 × 10−5 GeV−2 is the
Fermi constant, and ξ = sin2 θW ≈ 0.23 is the Weinberg parameter.
The solution of Eq. 1 has the form 17 ,
ψ T = exp (−iEt + ipy y + ipz z) (C1 un−1 , iC2 un , C3 un−1 , iC4 un )
where

un (η) =

eB
π

1/4

 2
η
H (η)
√n ,
exp −
2
2n n!

n = 0, 1, . . . ,

(3)

(4)

√
√
are the Hermite functions, Hn (η) are the Hermite polynomials, η = eBx + py / eB, Ci are the
spin coefficients, i = 1, . . . , 4, and −∞ < py,z < +∞.
Using Eqs. 1 and 3, we get that the spin coefficients Ci obey the system of equations,
√

E − V̄ − pz + V5 C1 − 2eBnC2 + (m + µB) C3 =0,
√

2eBnC1 − E − V̄ + pz + V5 C2 − (m − µB) C4 =0,
√

(m + µB) C1 + E − V̄ + pz − V5 C3 + 2eBnC4 =0,
√

(5)
(m − µB) C2 + 2eBnC3 + E − V̄ − pz − V5 C4 =0,
where V̄ = (VL + VR ) /2, and V5 = (VL − VR ) /2. To derive Eq. 5 we choose the Dirac matrices
in the chiral representation 18 ,


0
−σ µ
µ
γ =
, σ µ = (σ0 , −σ), σ̄ µ = (σ0 , σ),
(6)
−σ̄ µ 0
where σ0 is the unit 2 × 2 matrix and σ are the Pauli matrices.
Equating the determinant of the system in Eq. 5 to zero, we get the energy levels E for
n > 0 in the form 17 ,
q
E =V̄ + E, E = p2z + m2 + 2eBn + (µB)2 + V52 + 2sR2 ,
r
h
i
2
(7)
R = (pz V5 − µBm)2 + 2eBn V52 + (µB)2 ,
where s = ±1 is the discrete spin quantum number.
To determine Ci at n > 0 we notice that the spin operator 17
V5 Ŝlong − µB Ŝtr
,
Ŝ = p 2
V5 + (µB)2

Ŝlong =

(ΣP)
,
m

Ŝtr = Σ3 −

i
(γ × P)3
m

(8)

commutes with the Hamiltonian of Eq. 1. Basing on the fact that the wave function in Eq. 3 is
the eigenfunction of the operator Ŝ, it is convenient to represent Ci in terms of the new auxiliary
coefficients A and B as
r
 
 

1
s
A
C1
Z
−µB/Z
,
=√
1 − 2 (pz V5 − µBm)
C3
µB/Z
Z
B
R
2
r
 
 

s
s
C2
Z
µB/Z
A
,
(9)
=√
1 + 2 (pz V5 − µBm)
C4
−µB/Z
Z
B
R
2
q
p
where Z = V5 + V52 + (µB)2 .
Inserting Eq. 9 to Eq. 5, we get that A and B are completely defined by the following relation:
(
)
(
)
2 + (µB)2 + V 2
2 + (µB)2 + V 2
sR
sR
5
5
p
p
|A|2 = 1 −
|C|2 , |B|2 = 1 +
|C|2 ,
E V52 + (µB)2
E V52 + (µB)2
mV5 + µBpz
AB = − p 2
|C|2 .
(10)
E V5 + (µB)2
The coefficient C can be found if we normalize the wave function ψ as
ˆ


d3 xψp†y pz n ψp0y p0z n0 = δ py − p0y δ pz − p0z δnn0 .

(11)

In this situation, the spin coefficients obey the relation,
4
X
i=1

|Ci |2 =

1
,
(2π)2

(12)

at any n ≥ 0. Finally, we get that
|C|2 =

4(2π)2

1
p
.
V52 + (µB)2

(13)

We can see that Eqs. 9, 10, and 13 completely define the spin coefficients Ci at n > 0.
At n = 0, both the energy spectrum and the spin coefficients can be found directly from
Eq. 5 since, in this case, the electron spin has only one direction and hence C1 = C3 = 0. Thus,
the energy spectrum reads
q
E = V̄ + E, E = (pz + V5 )2 + (m − µB)2 .
(14)
Using Eq. 12, we obtain that the nonzero spin coefficients C2,4 have the form,
|C2 |2 =

1
(m − µB)2
,
2(2π)2 E (E + pz + V5 )

|C4 |2 =

E + pz + V5
.
2(2π)2 E

(15)

Note that, while solving Eq. 1, we take into account only electron rather than positrons degrees
of freedom.
3

Calculation of the electric current

Using the exact solution of the Dirac equation, which is found above, we can calculate the
electric current of electrons in this matter. This current has the form 9 ,
J = −e

∞ Xˆ
X
n=0 s

+∞

dpy dpz ψ̄γψf (E − χ),

(16)

−∞

where f (E) = [exp(βE) + 1]−1 is the Fermi-Dirac distribution function, β = 1/T is the reciprocal temperature, and χ is the chemical potential. First, we notice that Jx,y ∼ ψ̄γ 1,2 ψ = 0
because of the orthogonality of Hermite functions with different indexes. Hence, only Jz ∼ ψ̄γ 3 ψ
should be considered. Then, using Eq. 9, we can derive the identity
ˆ +∞

dpy ψ † γ 0 γ 3 ψ =eB |C1 |2 + |C4 |2 − |C2 |2 − |C3 |2
−∞



V5
2
2
= −2eB 4µBAB + s 2 (pz V5 − µBm) |A| − |B|
,
(17)
R
which is valid in the chiral representation of Dirac matrices in Eq. 6.
Now let us consider the contribution of the energy levels, with n > 0, to Jz . Basing on
Eqs. 10, 13, and 17, we obtain that it has the form,
 


ˆ
∞
e2 B X X +∞ dpz
V52
µBmV5
(n>0)
Jz
=−
pz 1 + s 2 − s
f (E − χ).
(18)
(2π)2
E
R
R2
−∞
n=1 s=±1

(n>0)

To find the first nonzero term in Eq. 18 we decompose Jz
in a series in µB and V5 . Finally,
we get that




∞ ˆ
e2 X +∞ dp
3p2
f
p2 00
0
Jz = µmV5 B 2 2
1
−
f
−
+
f
,
(19)
2
2
π
Eeff
Eeff
E
E
0
eff
eff
n=1
where Eeff =

q
√
p2 + m2eff and meff = m2 + 2eBn. The argument of the distribution function

in Eq. 19 is Eeff + V̄ − χ.

As an example, we shall consider a strongly degenerate electron gas. In this situation,
f = θ(χ − V̄ − Eeff ), where θ(z) is the Heaviside step function. We can also disregard the
positrons contribution to Jz . The direct calculation of the current in Eq. 19 gives
∞ q
2 X
2 e
Jz = −2µmV5 B 2 3
(20)
χ̃2 − m2eff θ (χ̃ − meff ) ,
π χ̃
n=1

where χ̃ = χ − V̄ . One can see that Jz in Eq. 20 is nonzero if B < B̃, where B̃ = χ̃2 − m2 /2e.
If the magnetic field is relatively strong and is close to B̃, then only the first energy level with
n = 1 contributes to Jz , giving one
8αem µBmV5 p 2
Jz = −
B χ̃ − m2 − 2eB → 0,
(21)
π
χ̃3
where αem = e2 /4π. In the opposite situation, when B  B̃, one gets that
3/2
8αem µBmV5 2
8αem
Jz = −
χ̃ − m2 − 2eB
≈−
µmV5 B,
3
3πe
χ̃
3πe

(22)

i.e. the current is proportional to the magnetic field strength.
Finally, let us consider the contribution of the lowest energy level n = 0 to Jz . Using Eqs. 14,
(n=0)
15, and 17, we rewrite Jz
in Eq. 16 as
ˆ +∞

dpz |C2 |2 − |C4 |2 f (E − χ)
Jz(n=0) =e2 B
=−

−∞
e2 B

(2π)2

ˆ

+∞

−∞

pz + V5
dpz q
f (E − χ) = 0,
(pz + V5 )2 + (m − µB)2

(23)

where we take into account the expression for E in Eq. 14. Eq. 23 means that the lowest energy
level with n = 0 does not contribute to the electric current along the magnetic field. This result
extends our recent finding 10 to the situation when the anomalous magnetic moment is accounted
for. Analogously to Eq. 23, one can show that positrons do not contribute to the current either.
Note that the result is Eq. 23 is valid for arbitrary characteristics of plasma, external fields, as
well as the mass and the magnetic moment of an electron.
It is interesting to compare the appearance of the new current along the magnetic field in
Eq. 19 with CME 2,8 . Vilenkin 9 showed that only massless electrons at the zero Landau level in an
external magnetic field contribute to the generation of the anomalous current along the magnetic
field. This feature remains valid in the presence of the background electroweak matter 3,4 . The
current of such massless particles is exited since, at the zero Landau level, left electrons move
along the magnetic field, whereas right particles move in the opposite direction 3,4 . Electrons
at higher Landau levels can move arbitrarily with respect to the magnetic field. Therefore, if
one has a different population of left and right electrons at the lowest Landau level, there is a
nonzero current is the system J5 ∼ (µR − µL ) B, which is the manifestation of CME.
In the situation described in the present work, i.e. when massive electrons with nonzero
anomalous magnetic moment move in the electroweak matter, the particles at the lowest energy
level can move in any direction with respect to the magnetic field, i.e. −∞ < pz < +∞.
Moreover, there is no asymmetry for electrons with pz > 0 and pz < 0. It results from Eq. 14
if we replace pz → pz − V5 there. On the contrary, higher energy levels with n > 0 in Eq. 7
are not symmetric with respect to the transformation pz → −pz . The reflectional symmetry
cannot be restored by any replacement of pz . Therefore electrons having pz > 0 and pz < 0 will
have different energies and hence different velocities vz = pz /E. The electric current along the
magnetic field B = Bez is proportional to hvz i. Thus such a current should be nonzero, with
only higher energy levels contributing to it. It is interesting to mention that the term in Eq. 7
which violates the reflectional symmetry pz → −pz is proportional to µBmV5 . It is this factor
which Jz in Eq. 19 is proportional to.

4

Instability of the magnetic field in NS

Returning to the vector notations we get the current in Eq. 20 takes the form,
J = ΠB,

N q
αem X
χ̃2 − m2eff ,
Π = −8µmV5 B 3
π χ̃

(24)

n=1

where N is maximal integer, for which χ̃2 − m2 − 2eBN ≥ 0. To study the magnetic field
evolution in the presence of the additional current in Eq. 24 we take this current into account in
the Maxwell equations along with the usual ohmic current J = σcond E, where σcond is the matter
conductivity and E is the electric field. Considering the magnetohydrodynamic approximation,
which reads σcond  ω, where ω is the typical frequency of the electromagnetic fields variation,
we derive the modified Faraday equation for the magnetic field evolution,
∂B
Π
1
=
(∇ × B) +
∇2 B
∂t
σcond
σcond

dΠ  2
1
+
B (∇ × B) − B (B · ∇ × B) − (B × (B∇) B) ,
σcond B dB

(25)

where we neglect the coordinate dependence of σcond .
Let us consider the evolution of the magnetic field given by the Chern-Simons wave, with
the amplitude A(t), corresponding to the maximal negative
helicity, A(z, t) = A(t) ex cos kz +

ey sin kz + ez or B(z, t) = B(t) ex cos kz + ey sin kz , where k = 1/L is the wave number
determining the length scale of the magnetic field L and B(t) = −kA(t). In this situation,
Eq. 25 can be simplified. The equation for the amplitude of the magnetic field B takes the form,
Ḃ = −

k
σcond

(k + Π) B.

(26)

Since Π in Eq. 24 is negative, the magnetic field, described by Eq. 26, can be unstable.
We shall apply Eq. 24 to describe the magnetic field amplification in a dense degenerate
matter which can be found in NS. In this situation, nn = 1.8 × 1038 cm−3√ and np  nn .
Using Eq. 2 for this number density of neutrons, one gets that V5 = GF /2 2 = 6 eV. The
number density of electrons can reach several percent of the nucleon density in NS. We shall
take that ne = 9 × 1036 cm−3 , which gives one χ = (3π 2 ne )1/3 = 125 MeV 4 . Thus electrons
are ultrarelativistic and we can take that χ̃ ≈ χ. We shall study the magnetic field evolution
in NS in the time interval t0 < t < tmax , where t0 ∼ 102 yr and tmax ∼ 106 yr. In this time
interval, NS cools down from T0 ∼ 108 K mainly by the neutrino emission 19 . In this situation,
the matter conductivity in Eq. 26 becomes time dependent σcond (t) = σ0 (t/t0 )1/3 4 , where
σ0 = 2.7 × 105 GeV. Here we use the chosen electron density.
We shall discuss the amplification of the seed magnetic field B0 = 1012 G, which is typical for
a young pulsar. In such strong magnetic fields, the anomalous magnetic moment of an electron
was found by Ternov et al. 20 to depend on the magnetic field strength. We can approximate µ
as


e αem
B
µ=
1−
,
(27)
2m 2π
Bc
where Bc = m2 /e = 4.4 × 1013 G. Note that Eq. 27 accounts for the change of the sign of µ at
B ≈ Bc predicted by Ternov et al. 20 .
The evolution of the magnetic field for the chosen initial conditions is shown in Fig. 1 for
different length scales. One can see that, if the magnetic field is enhanced from B0 = 1012 G,
it reaches the saturated strength Bsat ≈ 1.3 × 1013 G. Thus, both quenching factors in Eqs. 24
and 27 are important. One can see in Fig. 1 that a larger scale magnetic field grows slower.
The further enhancement of the magnetic field scale compared to L = 103 cm corresponding to
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Figure 1 – Magnetic field evolution obtained by the numerical solution of Eq. 26 for different length scales. (a)
L = 102 cm, and (b) L = 103 cm.

Fig. 1(b) is inexpedient since the growths time would significantly exceed 106 yr. At such long
evolution times, NS cools down by the photon emission from the stellar surface rather than by
the neutrino emission 19 .
The energy source, powering the magnetic field growth shown in Fig. 1, can be the kinetic
energy of the stellar rotation. To describe the energy transmission from the rotational motion
of matter to the magnetic field one should take into account the advection term ∇ (v × B) in
the right hand side of Eq. 25. Here v is the matter velocity. Moreover one should assume the
differential rotation of NS 21 . For this purpose we should take that NS is not in a superfluid
state. This case is not excluded by the observational data 22 . We have estimated the spin down
of NS with the radius R ∼ 10 km and the initial rotation period P0 ∼ 10−3 s basing on the fact
that the total energy, IΩ2 /2 + B 2 V /2, is constant. Here I is the moment of inertia of NS, Ω
is the angular velocity, and V is the NS volume. For Bsat ≈ 1.3 × 1013 G shown in Fig. 1, the
relative change of the period is (P − P0 )/P0 ∼ 10−9 . Hence only a small fraction of the initial
rotational energy is transmitted to the energy of a growing magnetic field.
The obtained results can be used for the explanation of electromagnetic flashes emitted
by magnetars 23 . Beloborodov & Levin 24 suggested that magnetar bursts, happening in the
stellar magnetosphere, are triggered by plastic deformations of the magnetar crust driven by a
thermoplastic wave (TPW). TPW can be excited by a fluctuation of the internal magnetic field
with the length scale of about several meters 25 having the strength B & 1013 G 26 . As one can
see in Fig. 1, these conditions are fulfilled in our case. Therefore the instability of the magnetic
field predicted in our model can excite TPW which then causes a magnetar burst.
5

Conclusion

In conclusion we mention that, in the present work, we have considered the generation of the
electric current of charged fermions, e.g., electrons, flowing along the external magnetic field.
This current is nonzero if electrons electroweakly interact with background matter as well as
if the nonzero mass and the nonzero anomalous magnetic moment are accounted for. Unlike
the situation of massless fermions, when, owing to CME, J5 ∼ B is created by the polarization
effects at the lowest energy level 3,4 , in our case, only higher energy levels with n > 0 contribute
to the current. We also mention that the role of a nonzero anomalous magnetic moment is
crucial since, as found by Dvornikov 10 , the current of massive charged particles electroweakly
interacting with background matter is vanishing at any n ≥ 0.
We have revealed that a magnetic field turns out to be unstable if the new current in
Eq. 19 is taken into account. As an example of the obtained results, we have discussed the
enhancement of the magnetic field in a dense degenerate matter. Using the background matter

with characteristics typical to NS, we have obtained the amplification of the seed field B0 =
1012 G by more than one order of magnitude. The generated magnetic field has a relatively
small scale L ∼ (102 − 103 ) cm. The time for the field growth is (105 − 106 ) yr depending on
the length scale. Finally we have considered the implication of our results for the explanation
of magnetar bursts.
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Chiral tensor particles in the early Universe
D. P. Kirilova
Institute of Astronomy and NAO, Bulg. Academy of Sciences
Using contemporary experimental constraints on the chiral tensor particles, we reconsider
their interactions with the constituents of the early Universe plasma, their creation, decay,
annihilation and scattering. We define the periods of efficiency of these processes and the
increase of the Universe expansion rate due to the new particles.

1

Introduction

The chiral tensor particles (CTP) were introduced as an extension of Standard Model for completeness of the representation of the Lorentz group (see Chizhov, 1993, 1995, 2011) 1,2,3 . CTP
are carriers of new interaction, but unlike the gauge bosons, they have only chiral interactions
with the known fermions, through tensor anomalous coupling.
The cosmological influence of CTP has been considered (see for example refs.(Kirilova,
Chizhov, Velchev, 1995) 4 and (Chizhov, Kirilova, 2009) 5 . CTP effect on universe dynamics
was determined. Due to their contribution to the matter tensor in the right-hand side of the
Einstein–Hilbert equation, CTP increase Universe density and change the dynamical evolution
of the Universe. Besides, CTP direct interactions with the particles present at the early high
energy stage of the Universe evolution were studied. A cosmological constraint on the CTP
coupling constant was obtained. According to it CTP interactions are expected to be centiweak
GT ≤ 10−2 GF , where GT ∼ (gT /MT )2 q 2 /MT2 , and CTP masses MT are in the TeV region.
The role of CTP for solving the hierarchy problem was studied, as well, (Chizhov, Dvali,
2011) 6 .
CTP have unique properties, which help to disentangle them from other discussed hypothetical Beyond Standard Model particles at hadron colliders (see Chizhov et al, 2008; Chizhov,
2009). 7,8 At present the search of CTP is conducted by ATLAS Collaboration at LHC. First
experimental constraints on CTP masses were obtained, (Aad et al. (ATLAS Coll.) 2014,
2014a) 9,10 . Using contemporary experimental status of CTP we reconsidered the processes
involving CTP in the early Universe, namely the dynamical effect of CTP and their interactions with the constituents of the early Universe plasma, their creation, decay, annihilation and
scattering. We determined the periods of efficiency of these processes.
2

Cosmological Effects of the Chiral Tensor Particles

In this section we discuss CTP influence on Universe dynamics and CTP direct interactions with
the constituents of the early Universe plasma. Present experimental constraints on the masses
of the tensor particles interacting with down type fermions at 95% CL are: MT 0 > 2.85 TeV
and MT+ > 3.21 TeV. 9,10 . We have recalculated the CTP interactions accounting for the new

experimental findings concerning CTP couplings and masses. 11 The main results of our study
are presented below.
2.1

CTP influence on the Universe expansion

In the extended model with CTP the total effective number of the degrees of freedom, while
the additional particles are relativistic, is g∗ = gSM + gCT P = 106.75 + 28 = 134.75. Hence,
the energy density of the Universe is increased in comparison with the Standard
Cosmological
p
3
Model case: ρ = ρSCM + ρCT P . The rate of the universe expansion H = 8π GN g∗ /90 T 2 is
increased.
2.2

CTP interactions

Chiral tensor particle interactions are effective in the early Universe when their characteristic
interaction rates are greater than the expansion rate Γint ∼ σn > H(T ). The temperature of unfreezing of an interaction i → f is defined from: σif (Tef f )n(Tef f ) = H(Tef f ), the corresponding
√
2 , where T
cosmic time in seconds is: tef f ≈ 2.42/ g∗ Tef
ef f is in MeV.
f
CTP creation from fermion-antifermion collisions: The cross-section for creation of pairs of
longitudinal CTP from fermion-antifermion collisions is:
σc ≈

gT4 ln(T /v)
45 πT 2

(1)

where the Higgs vacuum expectation is v ≈ 246 GeV. CTP creation is effective at temperatures
T < Tc , where Tc ≈ 1.83 × 1017 GeV, and cosmic times t > tc ≈ 6 × 10−42 s.
Fermions scattering on CTP: The cross-section of fermions scattering on CTP is:
σs ≈

πgT2
3 × 45 πT 2

(2)

The process is effective at temperatures T < Ts ≈ 1.89 × 1015 GeV and cosmic time t > ts ≈
5.86 × 10−38 s.
CTP annihilations: CTP annihilations proceed till
√
ta ≈ 2.42/( g∗ Ta2 [MeV]) s ≈ 5 × 10−14 s

(3)

where Ta = 2MT and MT = 3 TeV is assumed.
CTP decays: The decay width of the tensor particles is:
Γ ≈ gT2 MT /4π ≈ 102 GeV.

(4)

The lifetime and the corresponding cosmological temperature are, correspondingly, td = 6.5 ×
10−27 s and Td = 5.7 × 109 GeV. Thus, the period of CTP effectiveness is : 6 × 10−42 s < t <
6.5 × 10−27 s. The corresponding energy range is 1.8 × 1017 GeV> E > 5.7 × 109 GeV. Thus,
CTP are present at energies typical for inflation, Universe reheating, lepto- and baryogenesis.
3

Conclusions

The existence of CTP does not contradict the experimental data of precise low energy experiments. Besides, the presence of CTP solves the hierarchy problem. CTP may be produced and
detected at powerful high energy colliders.
The provided analysis of the cosmological place of the chiral tensor particles shows, that
their direct interactions are effective for a short period from 6 × 10−42 s till 6.5 × 10−27 s during
the Universe evolution, which corresponds to the energy window 1.8 × 1017 GeV < T < 5.7 × 109
GeV.

Cosmological observational data allows the presence of tensor particles, since CTP decay
at very early epoch and their decay products do not disturb Big Bang Nucleosynthesis and
Cosmic Microwave Background formation epoch. However, they slightly speed the expansion of
the Universe and change its temperature-time dependence. CTP are present at energies typical
for inflation, Universe reheating and lepto- and baryogenesis. Thus, it is interesting to explore
further the role of CTP in the early Universe.
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High frequency variability of black hole binaries
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We calculate the luminosity variability power spectrum of the 2-D accretion disk around the
rotating black hole taking into account all relativistic effects. Considered classical α-disk in
the Kerr metric described by the Thorn & Novikov equations. It is also accepted that, instead
of the black-body model, the accretion disk emission is described by the power-law continuum
P (ν) ∝ ν −1.5 , i.e., its emission is formed in the hot optically thin coronal flow. An influence of
relativistic effects in the vicinity of the black hole and the possible azimuthal inhomogeneity
of the accretion rate on to the system luminosity variability power spectrum is demonstrated.

1

Introduction
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It is well known that all sources with the disk accretion demonstrate a luminosity variability
in the broad frequency-band 7 . The luminosity variability power spectrum of an X-ray binary
can be described often with a set of power-laws (see, for example, a X-ray variability power
spectrum of Cyg X-1 in the hard state in figure 1).

100

R, GMc 2
80

10

4

10

5

10

6

20

10

7

10

10

8

5

40

10-1
10-1

0.1

100

1

101
10
Frequency,
Hz

102

100
Frequency, Hz

103

10

2

10 1
10 0
10 1
Frequency, Hz

Figure 1 – Left panel: The luminosity variability power spectrum of Cyg X-1 obtained in the hard state (Γ ≈ 1.8)
based on the RXTE/PCA data. The shape of the power spectrum can be approximately described with three
power-laws having slopes 0, -1 and -2 (solid lines). Right panel: black line represents the power spectrum of the
accretion rate on the inner radius of the accretion disc. Power spectra of seed perturbations introducing in to the
accretion rate on each radius are presented by colored lines.

The model of propagating fluctuations 4 suggests that such a variability power spectrum is
produced in the accretion disk via random independent variations of the viscosity parameter
on each radii of the accretion disk. A propagation of the matter inside the disk leads to the
imposition of the variations produced in the inner parts of the disk on the variations produced
in the outer parts. It leads to the formation of the power-law shaped time-variability continuum
(figure 1). In frame of this model a high frequency break, observed in the power spectra of
binary systems, corresponds to the characteristic time-scale of fluctuations on the inner radius
of the accretion disk.
In this work, based on the propagating fluctuations model 4 , we compute a luminosity variability power spectrum of a typical black hole binary system, inclined on π/4 relative to the
observer, with the black hole mass of 10M , angular momentum of a = 0.6 and with the accretion rate Ṁ = 1/4Ṁedd . We take into account the Lorentz aberration, light propagation and red
shift in the Kerr metric3 . It is assumedthat the energy release rate and the signals propagation
speed along the disk are described with the Thorn & Novikov8 equations for the classical α-disk,
orthogonal to the BH angular momentum (Θ = 0) in the Kerr metric.
2

Calculations of the power spectrum

The luminosity of the accretion disk can be described as a sum of luminosities of different disk
elements observed at each time moment. To compute the luminosity variability power spectrum
one should to know power spectra and cross-correlations of these elements.
First, we need to compute the shape of the accretion rate Fourier spectrum (a local accretion
rate defines an instant luminosity) in each element of the disk and the phase shift between signals
from each two elements on every Fourier frequency.
The Fourier spectrum of the accretion rate for some ring at the particular disk radius ri can
be described with the following equation (Ingram and van der Klis2 , hereafter IVK13):
M˙ (ν, ri ) = M˙ (ν, ri−1 ) ⊗ B(ν, ri )

(1)

where M˙ (ν, ri ) – the Fourier spectrum of the accretion rate variations in the i-th ring, B(ν, ri )
– the Fourier spectrum of the accretion rate fluctuations produced in the i-th ring and ⊗ – the
convolution operation. Since variations on each radii of the disk are supposed to be independent
the cross-correlation term in this equation must disappear and new equation handles only shape
of the power spectrum and not the phases:
|M˙ (ν, ri )|2 = |M˙ (ν, ri−1 )|2 ⊗ |B(ν, ri )|2

(2)

Following other authors, simulated the formation of the accretion rate variability in the
accretion disks 9 1 2 , we define the shape of the seed fluctuations function |B(ν, ri )|2 as a broad
zero-centered Lorentzian with the width equal to the local viscous time. We compute the
viscous time and the diffusion time from the Thorn & Novikov equations for the α-disk in the
Kerr metric.
Accretion rate variability power spectra, calculated with the eq. 2 for several rings are
presented in figure 1 (right panel).
The method, proposed by Ingram and van der Klis, can be extended to the case of a 2-D flat
disk. To do that the rings in the disk were split into additional azimuthal segments. We suppose
that fluctuations from each element of the (i − 1) ring reach the neighbouring element in the
i-th ring simultaneously, however the distant observer do not see each ring azimuthal element
simultaneously due to the light-crossing time delay. This light-crossing time delay leads to the
deformation of the shape of the power spectrum: coherent variations with the frequencies ν0 ,
shifted in time by ∆t > ν0−1 , are smeared from the power spectrum.
Here we also consider a possibility that each azimuthal element can introduce additional
fluctuations in to the accretion rate independently from neighbouring elements, that leads to
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the formation of the azimuthal accretion rate variability. It is easy to see, that if all the time
delays is zero and the disk surface brightness does not depend on the azimuthal coordinate φ,
such an azimuthal accretion rate variability is dumped in the light curve. Due to the relativistic
effects (the light bending and the light aberration) the disk surface brightness at the distant
observer imaginary plane is inhomogeneous (figure 2). Thus, in each particular moment each
disk element in the observers imaginary plane has it’s own brightness and time shift in the
coordinate system associated with the black hole. The observed picture of the disk brightness
distribution evolved in time in a manner described with the Thorn & Novikov equations: the
matter slowly propagating toward the innermost stable orbit (ISCO) moves generally along the
circular trajectories.
In the discussed case the overall shape of the disk luminosity variability power spectrum can
be described with the equation
P
PNφ
N/2
˙ 2 2
Pq =
h
h
·
i
j
ij=1
p=−N/2 |Mp | |C |q−p

(3)
cos (2π∆tij νq + ∆φij (νq − νp )/νk ) ,
where Pq – the power in the q-th frequency channel, hi – the luminosity of some i azimuthal
element of the disk (the particular segment of some disk ring), ∆tij – the time delay between the
signal appearance in the i-th and j-th elements, C – the Fourier function of the fluctuation in the
i-th element including azimuthal fluctuations, νk – the frequency of angular rotation on circular
orbit. Detailed description of the way the equation 3 was derived can be found in Semena et.al
20175 .
It should be noted that the distribution of the accretion disk surface brightness depends
on it’s spectrum energy distribution in the local inertial frame. Here we assume that on each
radius all the energy, released due to the transportation of the angular momentum, is radiated
by the optically thin hot coronal flow and have a power-law shaped continuum P (ν) ∝ ν −1.5 .
The distribution of the disk elements brightness calculated for the black hole with the angular
momentum of a = 0.6, is presented in figure 2.
The shape of the driving perturbations along radial coordinate was described by different
authors (see, e.g., IVK13), but it is not applicable to the azimuthal perturbations. We use

azimuthal perturbations having a form of a single mode sinusoidal fluctuation (1 +  sin φ),
where φ is the disk azimuthal coordinate. Such a type of fluctuations bears the maximum signal
on the lowest frequencies and therefore is easiest to observe. We accept that the total power of
the azimuthal fluctuations is equal to the power of radial fluctuations on the same disk radius.
3

Results

We estimate the luminosity variability power spectrum of the 2-D accretion disk around the
rotating black hole taking into account all relativistic effects. Power spectra for different viscosity
parameters (α = 0.05 and α = 0.5) as well as the power spectrum of the classical α-disk6 in the
Minkowski space time are presented in figure 2. We have found that the luminosity variability
power spectrum is slightly dumped on the frequencies above ∼ 300 Hz due to the smearing on
the photons delay time-scale (similar result but with a slightly lower amplitude and on higher
frequencies is expected for the classical α-disk). We have found also that the azimuthal variations
introduce an additional variability power on the Fourier frequencies ≈ 250Hz. It is shown that in
contrary to the classical α-disk (green lines in figure 2) power spectrum of the Thorn & Novikov
α-disk is dumped on the frequencies slightly higher than the break frequency. The obtained
amplitude of the variations due to the azimuthal accretion rate fluctuations is much smaller
than the variability amplitude connected with radial fluctuations.
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