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Log (distance / Mpc)

Neutrino Astronomy

Infra Red

— Photons

Photon:
Absorbed by interstellar medium and
extragalactic background light (y +y < e +e)

Proton:
Deflected by magnetic field (E<101° eV)
and interact with CMB (E>101° eV — 30 Mpc)

Neutrino:
Interact weak (travel cosmological distances)
Point back to source emission

21 24 Disadvantage — need large detector volume
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Cosmic “Neutrino” Acceleration

* Photon astronomy exists with sources with E > TeV
» Neutrinos possibly produced in interactions of
high energy nucleons with matter or radiation p

« If hadron acceleration:
high energy nucleons + hadrons —
mesons + hadrons — < > P, Ys ---
neutrinos and photons + hadrons

Photon energy
Photon flux

Neutrino energy
2 X Neutrino flux
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* Neutrino sky has so far only 2 objects (MeV):
1. Sun

2. SN1987A (few seconds) eVeVu




Neutrino Detection
Reconstruction of Detection |ineS

muon trajectory from with PMTs
timing and position
of PMT hits

from muon
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Cheap high quality sea water

Sea floor
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Earth sh|eld|ng rejects

atmospheric muons

Upward going muon

— neutrino candidate from
Southern hemisphere




ANTARES Detector

In Mediterranean Sea
40 km from Toulon
2.5 km under water
12 Lines (885 PMTSs)
Line length ~450 m

Optimized for muons
at TeV energies

Taking high quality
data since 2007




Detector Signhatures

-CSIC



Vertical Downgoing Track
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Reconstructed Downgoing Muon

Seen in all 12 detector lines
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Neutrino Candidate (Upgoing Track)

Seen in 6 of 12 detector lines

$00 Line 1 Line 2
B0, Hsof Run 34927 Frame 7155
7 B,
400 00t Wed Jun 18 00:08:10 2008
350 asof q .
Trigger bits 80002020
H . 3 et i . . .
Zenith : 34.8 - - Line 1-12 Physics Trigger (thi
Fit on 5 line(s) 200 200f
1501 150F
100} 100F
s sib 123456 photons
1 i L 1 O O
W ED O D T g E Ll - [ns]: -4s0.00
Line 5 Line 3 Line 4 Line &
£ E° £
250 5 B0E
E-J o E-J
Fi00) Sino| Jioof
350 50 3s0f
300 300 a00F
250 250 2508
200 200 2008
150F 150} 150F
1005 100} 100F
soF 50} soF
| PP SN B B e | |~ P SN S S e | |~ N I S S e |
Ao 50T 500 000 1s00 2000 | b0 500 0 00 000 1500 2000 Aoe 500 5007000 1500 2000 | b0 500 0 00 000 1500, 2000
time (nsac) time (nsec) time (nsac) time (nsec)
Line 9 o Lina 7 Line 8 - Line 10
2 2 &
B 0l B
100 00| 100
.
350 350} 350 »
300 300 300 = %
5 M
250] 250] 250] - :
200 200 200 M M
150 150] 150 : : F
100} 100| 100} W 2
4 5
50 50l 50 p )
=== = | o s ey s ey e ¥
om0 500 1000 1500 200e | o 500 0 00 1000 1500 3000 Ao Ee TS0 000 1m0 znee | fbod 500 0 00 1000 1500 3000 ™ .
time (nsac) time (nsec) time (nsac) time (nsec)
Line 11 Line 12
B E
%50 gm
R0 Eioa)
350} 350}
300} 300}
250} 250
200 200
150} 150}
100} 100}
50 saf
e e e e el
s e eee 1500 3000 B 5061000 1500, 2000

time (nsec) time (nsec)

10



Other Detector Signatures

Muons produce long range tracks Most neutrino interactions produce

with defined Cherenkov cone almost point like shower (few meters)
- Downgoing atmospheric muons - Electron or tau neutrino CC interaction
- Muon neutrino CC interaction - Neutrino NC interaction

Bremsstrahlung showers along muon track |

Cerenkov EM Cerenkov w 1t ~
photons shower photons i .
o 1l ® Data
-510
Muon- & na == — Simulation
direction 10 §
102 i
- - ]
Entries 10 ¢
- =
10° ®
105 Published in —
= NIM A675 (2012) 56
| | | | | | |

1079 1 2 3 4 5 6
Number of reconstructed showers

Z—axis



Atmospheric Muon wit
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n Two Electromagnetic Showers

ldea:
1. Reconstruct muon
trajectory
2. Project photons onto
muon track
3. Peak signals
shower position

Photon (+)
Muon track (black line)
Shower (red line)

Photon for track (m)
Photon for shower (©)

= Photons along track

(my own work) 4,

SE

Photon emission position [m]
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Results and Ongoing Analysis

Astroparticle physics:

Cosmic point sources

Gravitational lensing

Gravitational waves

Diffuse flux

Diffuse galactic plane neutrino flux

GRB / Fermi flares / bubbles / Microquasars

Searches:

Dark matter

Magnetic monopoles
Nuclearites

Multi messenger astronomy
Fermi Bubbles / Auger
Variation in muon arrival time

Particle physics:

Neutrino oscillation

Atmospheric neutrino flux
Atmospheric muon flux

Cosmic ray anisotropy / composition
Shower reconstruction
Electromagnetic showers

Detector related:

Timing / Positioning
Moon shadow

Water optical properties
Group velocity of light
Acoustic
Bioluminescence

For more information please ask ANTARES experts during skiing or dinlr?er



ANTARES Basics

108 atmospheric

Atmosphere
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Upward Going Muons from
Charged Current Neutrino Interactions

Tracks reconstructed by maximization of track likelihood
Likelihood = probability density of observed hit time residuals
Time residuals = difference between observed and expected time

events /0.1

T4

%5 3 55 5 4.5 4
quality variable A

Cumulative distribution of
reconstruction quality variable
for upgoing tracks (2007-2010)

events / 0.04
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Distribution of zenith angle with
guality variable > -5.2 .
— ~3000 neutrino candidates



Searches
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discovery probability
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0.2

Cosmic Point Source Search

ANTARES 2007 - 2010 MC, full sky search (& = -707),

For 50 discovery:
~9 events per source

—— 50 not using Nhhinfn
...... 5 using thinfn
...... 3o using thinfu
—— 3o not using Nhhinfn

v v
A/ /ST B R B R R A

5 10 15 20 25 30
mean number of signal events

Probability of discovering a source
as a function of signal events (E)

Algorithm for cluster search uses
unbinned maximum likelihood method

In neutrino sky distinguish:
- atmospheric neutrinos (background)

isotropic event distribution
- from cosmic neutrinos (signal)
event accumulation

Factor ~3 improved sensitivity
compared to previous result (2007+8 data)
ApJL 743 (2011) L14

Main criteria for improvement:

* More than twice the statistics
« Energy information (gain of 20%) 17



Full-Sky Point Source Search

Published in omr®
ApJ 760 (2012) 53 10"
102
-
S
10° &
wim-180° L amiao’
10"
10°
10°
ANTARES 2007-2010 data No statistical significant signal

~3000 neutrino candidates (85 % purity) Best cluster with 2.20
Angular resolution 0.5 +/- 0.1 degrees at (-46.5°, -65.0°) 18
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Most signal-like cluster
In full-sky search:

9 neutrino events in 3°
5 neutrino events in 1°

Likelihood fit assigns:
5.1 signal events

Pseudo-Experiments:
p-value 2.6%
significance = 2.20

19



Search from Selected Candidates

» Look at promising sources — Limit region of sky
- Less general than full-sky — Improve sensitivity

» Select galactic and extragalactic sources
- Consider strong gamma-ray fluxes

» Select neutrino sources behind powerful gravitational lens
- Consider strong lenses with large magnification (my own work)

Gravitational lensing

- Well-known prediction
of Einstein’s relativity
(with many observations)

- Magnification of cosmic
signals (higher fluxes)

- Same geodesic for
photons and neutrinos

Advantage:
Neutrinos not absorbed by lens

— Actual Quasar Light

— Image Light . -'"'\
ul Image of
Quasar

Quasar
Earth
. e
Massive Galaxy .\
[on-axis)
Image of
Quasar



Simulation of Gravitational Lensing
~

Animation taken
from Wikimedia

Simulation of
gravitational lensing
caused by massive
object going past
background galaxy

21
If background source, massive lensing object and observer aligned — Einstein ring



Galaxy and Quasar Lensed by Galaxy Cluster

: e Multiple images
Galaxy Cluster SDSS J1004+4112

HST ACS/WFC_ w5 g | R - Magnification for light

Lensed ‘ | g between 1 and 100

Galax
|\ 4 e Lens z= 0.68

» Lens mass ~ 1014 M,

@

CF W « Gravitational light

deflection order of
tenth of arcsec

® |}
* Field of view: arcmin

@s T afisad Angular resolution
Supernova Quasar - ren i — Point like for us
' e — No multiple images,

but magnification

R

22



Neutrino Sky Map in Galactic Coordinates
51 strong gamma-ray sources and 11 strong lenses

Data unblinding — no significant excess — set upper limits
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(GeV cm?s™)

0% CL
v

E%0

10°®

10

10°

Upper Limits on Neutrino Flux

llllllllllll

ANTARES gravitational lensing (813 days)
ANTARES selected sources (813 days)
ANTARES sensitivity (813 days)

MACRO (2300 days)

Super-K (2623 days)

IceCube 59+40 sensitivity (348+376 days)
IceCube 59+40 (348+376 days)

Limits of ANTARES compared with other experiments

24



ANTARES vs. IceCube

Full ANTARES (2007+2008) .. |—s=  Northem

A ............ Se +g°

hern

E? d®/dE [TeV cm™s]

-
o
o

1040

"-.....5 -----

L]
LI at : et :
L ] H FL M
N T L L H

RXJ1713.7

‘Supernova Remnant ~ Dashed: IceCube (1C22)

10.11 1 1 1 1 I< 1 1 1 1 I 1 1 1 1 >i 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
2

3 4 5 6 7 B o
From J. Brunner °g,, =ite

lceCube energy threshold ( > PeV) for Southern Sky sources, whereas
ANTARES sensitive at few TeV (more relevant for galactic sources) 2°



Gravitational Waves & High Energy Neutrinos

Scientific Motivation:

1. Sources invisible in photons may emit:
dark bursts = hidden sources
(optically thick media, no or weak y-ray emission)

2. Coincident detection (time+space) validates
gravitational wave & high energy neutrino detections

.

3. Unique information on internal processes: Binary mergers
accretion, ejection, ... strong sources of
gravitational waves
Multi-messenger astronomy: WA BT R .
ANTARES and ashe e P
gravitational wave detectors (Virgo and LIGO) 2 300
Neutrino trigger could reveal gravitational waves =,
5 200
ANTARES/LIGO/Virgo data unblinding: N
- No significant coincident event ol
- Limits on distance of occurrence b A L
of NS-NS mergers of ~10 Mpc o e L |
- arXiv:1205.3018 S

exclusion distance

10
. C (Mpe)
exclusion distance 10 Mpc



Gamma Ray Bursts and Neutrinos

T 1ol ™1 e Use coincidence (time/location)
5 = ANTARES Limits " 3« Huge background reduction due
E 1} ‘ to coincidence requirement
= -~ — few neutrinos could already
5107 | e ~ :
= [ Cuettamodel~ \ be discovery
o2l //// \ N (1 event/GRB is 30 discovery)

10° // //I\IeuCosmA model \ 3 e« Search for upgoing neutrinos

10% L ) AN in coincidence with GRBs

: / \ 2 in2008-2011 data

10° 104' 10° 10° 107 m1|03| 10° _
E,[GeV] ¢ 297 selected GRB with

total prompt emission

30 limit of most promising GRB AETErR B8 e e

More information given by Julia Schmid

(Session tomorrow afternoon) . No event found within

search period and

Analysis with 37 GRBs and total prompt emission
y promp 10° around GRBs

duration of 1882s published in JCAPO3 (2013) 006.



Transient Sources: Time-Dependent Search

» Select high state periods from official FERMI light curve
o If all neutrino emission occurs during high-state, need ~2 times fewer
events to discover than in time-integrated search (due to reduced background)

:.: 250 [~ Published in Blazar 3C279 2 é

E [ APP36(2012) 204 [ [ 3

@E 200 - T | VI | é

; 150 [Jﬂ{ [ g}

% O B = E

Z 50 ﬂﬁ%hw- h{h{ﬂjy 1 ! ﬂ&llﬁ 3
ﬁil : P it

ﬂ | |

\ . ; 7 : : \ : : | 0
54720 54740 54800 24820 54840

MJD

24780

24760

No significant excess in 2008 data with 61 days live time

More information in Damien Dornic presentation (This session) 28



Search for Neutrinos from Fermi Bubbles

Fermi Bubbles:

» Excess of y-rays in
extended pair of bubbles e e
above and below galaxy center _ | _— oo
(each ~ 25000 light-years) T A B e

« Homogenous intensity o .

» Sharp edges

 Flat E-2 spectrum
(between 1 and 100 GeV)

Galactic coordinates

Analysis: -
» Background estimated from i y
average of 3 data regions i S e e S N
« Data background regions . e e e e G o W

. . - o i I R T it AE
distinct from Bubbles region, it i Koo — 05
o o 4 : - I—.':."-\',_' ; \ \ ; _. r " —0.4
but same in size and B R R 17

N .l.-.'..CI"i. ] -\..:'u.e_';.l"‘. ] \ 03
average detector efficiency e - ; 02
 Event selection optimzed for RS e I0.1
) 0

best model rejection factor
Good visibility for ANTARES



Limits from Fermi Bubbles Search

ANTARES preliminary 50 TeV cutoff

100 TeV cutoff

500 TeV cutoff
No cutoff

NS~

Solid: 90% CL limits
Dotted: model prediction

-
| IIIIIII| IIIIIII| | IIIIIII|: 1

Unblinding results: e
S 10
Data 2008-2011 T Of
=
h -
Fermi Bubbles zone: .? -
|\Iobs =16 E
T 1
Excluding Bubbles zone: “E -
<Np,> =11=(9+12+12)/3 Z
No significant excess -
— set upper limits 101
10?

3 4 5 = &
10 10 10 £ Gef

Upper limits more than 2 times above expected signal for optimistic models

30



Dark Matter Search

s Data2007-2008 1 Search for neutrino events coming
Background (scrambled data { from Sun with 2007 and 2008 data

43 4 - If neutrinos from Sun
i - = — clean indication of exotic physics
- ] - Number of observed events agrees

with expected background
- No signal from DM annihilation from Sun
- Set limits on WIMP-proton cross-section
- Improve limits with 2007-2012 data
Details were given by Vincent Bersn

(Session yesterday afternoon)

Nevents
1]
I
I




Measurements

-CSIC



Measurement of Velocity of Light in Sea Water

1. Flash light with fixed A from a given position

2. Measure time when light reaches PMT
— group velocity of light, refractive index (my own work)

x -
§ 1-43:— Data 2010 - 2011 ANTARES
‘© 1 422_ ® Data 2008 - 2010 ANTARES
g F 4 Data 2000 ANTARES
Floor 13 S 1 [___| Systematic uncertainty
4 - —— Parametrisation of n,
14—
Flo 1-39; +
1.33?—
1.3?2—
Floor 2 -
1.36—
— | aﬁlﬁ | | | 1 4{!":] | | | | 4;{] | | | 1 55[] | | | | 5éﬁ |
A [nm]
Published in Group velocity of light measured at eight different 4,

AP 35 (2012) 9 wavelengths in Mediterranean Sea at a depth of 2.2 km



E2® [GeV cm? s sr-1]

Atmospheric Neutrino Energy Spectrum
and Search for Diffuse Cosmic Neutrinos

10-55_ |||||! T T T 11110 |_:._
F MACRO =
10° ...Itn.?.sfz g <1 -
10.7__ IIIIIIIIIIIIIIII B.I'.INTEUCII “} _|
fANTAREs oa 08 o N : =
- ANTARES 08-11 o -
---------------p------------------- -----------.'p---------------i---------------;-----------:I 11
i IceCibe §9 it © WB/2, e\ralutlon I
10-3 = Icqu:.Jbe 40 prmn 5 : =
R T wmn“mmn:
107 =
— IIIII| 1 1 IIIIII| 1 1 11 III| 1 1 IIIIII| 1 1 IIIIIT
104 10° 108 107 108 10°

Energy [GeV]

J-neutrino energy spectrum shown
by Simone Biagi (This session)

Reconstruct atmospheric
U-neutrino energy spectrum
with unfolding procedure
using 4 years of data

Need reliable energy estimator

Search for diffuse cosmic
u-neutrino flux at

high energies (E>30 TeV)
— NO excess

— Near Waxman-Bahcall limit

Improves published results from

PLB 696 (2011) 16
34



Neutrino Osclillations with atmospheric neutrinos

Oscillation maximal P(v, —v,)=0 at24 GeV * X2 fitting procedure to
— reconstruct low energy neutrinos reconstruct track (Og)

Neutrinos with 24 GeV « O,—neutrino flight distance
— Muons travel around 120 m * Neutrino/muon energy
from muon range (ER)

E 200 : ; : :
2 450— — ........................................... ........................................... S - ........................................... ...........................................
2400~ ___________________________________________ ___________________________________________ _________________________________________ A A— +.

350 Seen0n|y|n0ne|lne ......
300 [ storeys hit

250 ___________________________________________ _______________________________________ ______________________ 1 00m= _____ 5 OGeV+ _________
200 TOt&lSIgn'a|17 _____ p @b

150 ................................... ......................................... ........................................... ........................................... ........................................... ...........................................

ool S S S S S
so Lo T WO F: N

| | | : | | | | | | | | | | | |
fooo 500 0 500

35

| | | |
1500 2000
time (nsec)

| | |
1000



Neutrino Oscillations

» Cutoff at 20 GeV Assuming maximal mixing —
« E > 20 GeV corresponds to 8 storeys

2 -3 72
» Clear event deficit for Ep/cos@g < 60 GeV ~ Am3z = (3.1 £0.9)-107eV

Event ratio

Event ratio = 7

Sl SRR RRARE RRARN RARAN MRS RS LS LARANLARAN LR

14 Fraction of measured E © 68%CL contours :
12 and simulated events | S §& ANTARES Bk

1: Fut | il < 5:— K2K —:5

: '|' -"H’} TI1 - Super-K T
08F- _Hf"_r + * £ MINOS :
0.6— .
o4k 2007-2010 data (863 days) 13
025_ Non-oscillation Monte Carlo 2_ Published in

T Oscillation with best fit results - PLB 714 (2012) 224

20 20 e B0 00 120 140 LR B B Y R R TR Y A T R e

Ep/cos®, (GeV) sin’20,,

Oscillation parameter of atmospheric neutrinos

in agreement with world average value ele



Conclusions

* Neutrino telescopes explore new territory
« ANTARES takes high quality data since 2007

e Broad physics program with competitive results
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Neutrino flux on Earth

105 Cosmological v

= measured

, Lods] Salar v

Supernova burst | (SN 1987A)

Tarrestrial ¢

. censiary | (other components are

Beckaround fram

o8 BU PO N — hypOthe“ Cal)

"Atmospheric” y

Flux {cm 2 = Lhe¥-L)
= ~
o =
'F.‘.‘.
" \
o

10-2 from AGHN
|||||
L1012
||||||||||||||||||||||||||
do-a 1 1 104 il 108 ol dnds ot
He¥ me¥ ey ke hle¥ Ce¥ Te¥ Fe¥ Ee¥

Neutrino Enecgy (£V)

Energy range of

Neutrino telescopes . 39
<+ Alternative techniques



Search Method

Maximum likelihood search method:

Ns

logL = ZZOQ[(%) X S; X Nisg + (1 — F) X Bi x Ni g

Search method uses:

T TP irecti
1 —Lhimesl 1. event direction
— 20’2 . . .
S(x7) = 53¢ i 2. number of hits in track fit
nao; 3. angular error estimate

Likelihood function is numerical maximised with respect to n, using TMinuit

A likelihood ratio is used as test statistics (A ):

TS =log|L™""] = log|L(ns =0)

40




Upper Limits for Selected Sources

Source Name o5 dg P qb%%m‘ Source Name Ot ds P qﬁ%% CL
() (%) (*) (%)
HESS J11023—-575 155.83 —57.76 0.41 6.0 58433 —72.04 4.98 4.6
3C 279 —165.95 —3.79 0.48 10.1 HESS J1614—518 —116.42 —51.82 2.0
GX 339—4 —104.30 —48.79 0.72 3.8 EX J1713.7—3946 —101.75 —39.75 2.9
Cir X-1 —129.83 —57.17 0.79 5.8 304543 —16.50 16.15 5.5
MGRO J1908+06 —T73.01 6.27 0.82 10.1 W28 —89.57 —23.34 34
ESO 139-G12 —95.39 —359.94 0.94 3.4 HESS J0632+037 98.24 3.81 4.6
HESS J1356—645 —151.00 —64.50 0.98 5.1 PKS 2155—304 —30.28 —30.22 2.9
PES 0548—-322 27.67 —32.27 0.99 7.1 HESS J1741-302 —94.75 —30.20 2.9
HESS 11837 —069 —80.59 —6.95 0.99 8.0 Centanrus A —158.64 —43.02 2.1
FES 0454—234 74.27 —23.43 7.0 EX J0852.0—4622 133.00 —46.37 1.5
IceCube hotspot 75.45 —18.15 7.0 IES 1101-232 165.91 —23.49 2.8
PES 1454—354 —135.64 —35.67 5.0 Vela X 128.75 —45.60 1.5
RGE J01524+017 28.17 1.79 6.3 WiIC —69.25 14.19 36
Geminga 98.31 17.01 7.3 FPKS 0426—380 67.17 —37.93 1.4
PSR B1259—63 —164.30 —63.83 3.0 LS 5039 —83.44 —14.83 2.9
PES 2005—489 —57.63 —48.82 2.8 W44 —75.96 1.38 31
HESS J1616—308 —116.03 —50.97 2.7 RCW 86 —139.32 —62.48 1.1
HESS 11503 —382 —133.54 —538.74 2.8 Crab 23.63 22.01 4.1
HESS 11632—478 —111.96 —47.82 2.6 HESS J1507—622 —133.28 —62.34 1.1
H 2356-—309 —0.22 —30.63 3.9 1ES 0347—121 57.35 —11.99 1.9
MSH 15—52 —131.47 —39.16 2.6 VEE. J0648+152 102.20 15.27 2.8
Galactic Center —93.38 —29.01 3.8 PKS 0537—441 B34.71 —44.08 1.3
HESS 11303 —631 —164.23 —63.20 2.4 HESS J1912+101 —71.79 10.15 2.5
HESS J1834—087 —81.31 —8.76 4.3 PES 0235+164 39.606 16.61 2.8
FES 15024106 —133.90 10.52 3.2 IC443 9421 22.51 2.8
FES 0727—11 112.58 11.70 1.9

Notes. The equatorial coordinates (o, 8;) in degrees, p-value (p) probability and the 90% CL upper

1078 Gev~! em™2s~! are given (sorted in order of increasing p-value) for the 51 selected sources.

limit on the E,T‘1 flux intensity »™%L in units of



Upper Limits for Gravitational Lens Sources

Lens name 4[°] al’]  p-value A ng @PCE
SDSS 100444112 | 41.21  151.15 0.49 035 0.63 1569
RXJ0911+0551 585 137.86 0.65 009 041 5.61
A370 -1.59  39.96 0.73 0.02 0.1s 7.57
A1689 -1.37  197.89 1.00  0.00 0.00 4.41
B1422+4231 2293  216.16 1.00  0.00 0.00 6.97
SDSS 102942623 | 26.39 157.31 1.00  0.00 0.00 6.56
B1030+4+074 7.19 158.39 1.00  0.00 0.00 5.63
SDSS 092440219 2.32  141.23 - 1.00  0.00 0.00 4.64
PKS 1830-211 -21.06  278.42 1.00  0.00 0.00 3.82
JVAS B0218 35.94  35.27 1.00  0.00 0.00 5.19
RXJ1131-1231 -12.53 172.97 1.00  0.00 0.00 4.60




Gravitational Lens List

Lens name o [7] d 7] | Vis. Ze 7 Iy Hint
PKS 1830-211 27842 | -21.06 | 0.61 | 2251 | 0.89 | 1.0 5
JVAS BO2184+357 | 35.27 | +35.94 | 0.26 | 0.96 | 0.68 | 0.3 21
B1422+231 216.16 | +22.93 | 0.38 | 3.62 | 0.34 | 1.7 S T5
B10304+074 15859 | +07.19 | 0.46 | .54 | 0.60 | 1.7 -

RX J1131-1231 17297 | -12.53 | 0.56 | 0.66 | 0.30 | 5.8 | 50, 112
SDSS 100444112 | 151.15 | +41.21 | 0.20 | 1.73 | 0.68 | 16.0 | 40, 70
SDSS 092440219 | 141.23 | 402,32 | 0.50 | 1.52 | 0.39 | 1.8 28
RX JO911+0551 13786 | +05.85 | 046 | 2,800 | 077 | 2.5 -

SDSS 102942623 | 15731 | +26.39 | 0.35 | 2.20 | 0.55 | 22.5 | 30, 180

AlGRYH 197.89 | -01.37 | 0.51 - .15 | 53 -
AJT0 4996 | -11.59 | 0.51 - .35 | A7 -
Table 1

List of selected grovitational lensing systems. We list the equatorial coordinates, the
ANTARES visibility, the sowrce redshift (if applicable ), the lens redshift, the Einstein
angle and the minimal and moarimal estimated total magnification. The first nine
objects are gravitational lensed quosars. PRKS 1850 and BO218 are grvitationally
lensed quasars with bright flat mdio spectrum and compact jefs and have gomma
emission. B1422 and B1050 are BL Lac objects. J1151, Ji004, JO924 and J0911
have quadruple images with large magnifications and with X-ray emission. J1029 is
the lorgest separation dmage quasar with X-ray emission. The galary chisters A 1689
and AS70 are well known gravitational lenses with lorge Einstein angles and large
estimated masses.
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Skymap in Equatorial Coordinates of
Selected Sources
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Gravitational Lens: Best Cluster

Large separation quasar

3 SDSS J1004+4112 is lensed by
jz: a galaxy cluster (see first slide)
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P-value Calculation for Most Significant Event

3
o
1[}‘1 )“nhsanrad =0.35
102 "
J. dP/dA = 0.49
10° Hebsarvs

Unblind => A obs
Compare A obs with A distribution of only background case
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Osclllations
Multiline versus Single Line
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Number of Events

Oscillations Event Numbers
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All 297 GRBs
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Lensing geometry and Lens equation

ACI NI £ _ _
Deflection angle: a&) = 4G *'U(%) Deflection proportional to mass and
' o inverse proportional to min. distance

(for spheric sym. ’ c2€
Mass distribution) \
From Figure: 0los = 3Dos + & DL::}'H-________ Lens equation:

(small angles) ™ 3=0-nq

] = DLF,’ /
Reduced deflection angle: v = ﬂ-D

S




Einstein angle and Magnitication

Einstein angle:
(derived from lens equation)

o _ [AGM Dis _ /"4(;: [Drs | M
FNTE DosDor V& VDos \ Do

Const, UnKnown  Lens

Magnification:
(for near perfect alignment)

_ —— :
0 1 _mu DisDos _ [ 1 ———— [T
L~ — — W L5085 [~
Constant UnKnown Lens dependent

Both Einstein angle and Magnification are proportional to M/D_OL



Three different Gravitational lensing regimes

1. Microlensing
(change in brightness of
observed lensed object)

2.Weak lensing
(distortion of

Cluster of galavries

observed lensed objects) [suser

3. Strong lensing
(multiple images and
high flux magnification of
observed lensed object)

Select strong lensing objects

Legend:  {  wewvelrant

li ght ray
""" strong distortion limits
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