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Search for
Lorentz Invariance Violation Effects

with PKS 2155-304




Quantum Gravity

Time after Ener
Big Bang &Y

104 s 10! GeV

® Quantum Gravity :a single theory to describe
the microscopic and macroscopic worlds

S 10'* GeV

@® Two main approaches: 1035 s

® String Theories

® Loop Quantum Gravity
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Dispersion Relation




Dispersion Relation

@® Lorentz Invarience Violation effects should appear at E ~ O(Er = 1.2x10'° GeV)

® For E << Ep, a series expansion is expected to be possible, giving:

E
c=c|l1L¢ + (“—5 | atthe 2" order
Ep

Depending on their energies, photons travel at different speeds

Tiny modifications can add-up over very large propagation distances and lead to measurable
delays ! use of variable and distant sources (GRBs,AGN flares)




Dispersion Relation

@® Lorentz Invarience Violation effects should appear at E ~ O(Er = 1.2x10'° GeV)
® For E << Ep, a series expansion is expected to be possible, giving:
E2
c=c|l1L¢ =k C2ﬁ at the 2"4 order
P
® Depending on their energies, photons travel at different speeds

Tiny modifications can add-up over very large propagation distances and lead to measurable
delays ! use of variable and distant sources (GRBs,AGN flares)
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Dispersion Relation

@® Lorentz Invarience Violation effects should appear at E ~ O(Er = 1.2x10'° GeV)
® For E << Ep, a series expansion is expected to be possible, giving:
E2
c=c|l1L¢ =k C2ﬁ at the 2"4 order
P
® Depending on their energies, photons travel at different speeds

Tiny modifications can add-up over very large propagation distances and lead to measurable
delays ! use of variable and distant sources (GRBs,AGN flares)
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Dispersion Relation

@® Lorentz Invarience Violation effects should appear at E ~ O(Er = 1.2x10'° GeV)
® For E << Ep, a series expansion is expected to be possible, giving:
E E?
c=c|l1L¢ =k C2ﬁ at the 2"4 order
P
® Depending on their energies, photons travel at different speeds

@ Tiny modifications can add-up over very large propagation distances and lead to measurable
delays ! use of variable and distant sources (GRBs,AGN flares)
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Dispersion Relation

@® Lorentz Invarience Violation effects should appear at E ~ O(Er = 1.2x10'° GeV)
® For E << Ep, a series expansion is expected to be possible, giving:
E E?
c=c|l1L¢ =k C2ﬁ at the 2"4 order
P
® Depending on their energies, photons travel at different speeds
@ Tiny modifications can add-up over very large propagation distances and lead to measurable

delays ! use of variable and distant sources (GRBs,AGN flares)

We con5|der two photons W|th energle E| and Ez emltted at the same time and detected at
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QG Effects vs. Source Effects

SOURCE E: T -




QG Effects vs. Source Effects
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QG Effects vs. Source Effects

® BUT :Emission processes or the structure of the source can introduce a time lag too !

@® It is necessary to separate the two effects ! population studies

® E>E

SOURCE @t @Oc:-E

Time
Time

SOURCE

V| V2 < V| ‘ V2 = V|
E|




QG Effects vs. Source Effects

® BUT :Emission processes or the structure of the source can introduce a time lag too !

@® It is necessary to separate the two effects ! population studies

® E>E
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Some results

Source(s) Experiment Method Result Reference
Fit + average arrival time in 17 S.Boggs et al.,
GRB 021206 RHESSI 2 spike Eoc > 1.8x10'" GeV Ap) 611 (2004) L77
GRB 080916C Fermi tMax(E) - to Eqoc > 1.5x10'® GeV | TBD
. Ellis et al.
> 15 J ’
n ‘ 9 GRBs BATSE/OSSE Wavelets Eoc > 6x10'> GeV ASA 402 (2003) 409 ‘
a'd
. Bolmont et al.
- > 15 J )
|5 GRBs HETE-2 Wavelets Eoc > 4x10'> GeV Ap| 676 (2008) 532
17 GRBs INTEGRAL Likelihood Eoc > 1.5x101 Gey |L2men etal,

Gen. Rel. Grav. 40 (2008) 1731

J. Ellis et al.,
35 GRBs HaUBIn SN Wavelets Eoc > 1.4x10'® GeV |Astropart. Phys. 25 (2006) 402

SWIFT + Erratum arXiv:0712.2781

S.D. Biller et al.,
Phys. Rev. Lett. 83 (1999) 2108

tMax(E < | TeV) - tMax(E > 2TeV) Eqc > 6x10'® GeV

J.Albert et al,,
Phys. Lett. B 668 (2008) 253
+ arXiv:0803.2120

Eqc > 2.6x10'7 GeV

Mkn 501 ECF, Likelihood fos > 31017 GeV

INE\S
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GRBs

INE\S

Some results

Source(s) Experiment Method Result Reference

GRB 021206 RHESS! Fit + a"eraagi;'l'("e“’a' timein | e o> 1.8x10'7 GeV iszglgf ?ztoag:‘) -

GRB 080916C Fermi tMax(E) - to Eqoc > 1.5x10'® GeV | TBD
9 GRBs BATSE/OSSE Wavelets Eoc > 6x105 GeV JAgjgsfgzal("zoon 405
15 GRBs HETE-2 Wavelets Eoc > 4x10'5 GeV k;°';;g?;ggg‘)"’532
17 GRBs INTEGRAL Heslithzas Eoc > 1.5x10 GeV I(_Eagclg\e(?télrav .
35 GRBs BATE\E//VI_IIIEIT 22 Wavelets Eoc > 1.4x10'® GeV {&Eil:ll:::r?.i’hys. 25 (2006) 402

+ Erratum arXiv:0712.278|

Mkn 42| Whipple tax(E < 1 TeV) - tMaxe>27ev) | B > 6x101° GeV ih?fglee\: I(_a:tz'lcl..’83 (1999) 2108
Mkn 501 MAGIC ECF Likelihood Eqs > 2.6x10'7 GeV JthAyI:e[;t:t B Ié;es (2008) 253

Eac > 3x10!7 GeV

+ arXiv:0803.2120

J. Bolmont - LPNHE/IN2P3/CNRS

XLIVth Rencontres de Moriond - 6/02/2009




The High Energy Stereoscopic System
(H.ES.S.)

Located in Namibia

~1800 m a.s.l.

Energy range 0.1-100 TeV
Point Spread Function ~0.1°

Energy resolution ~15%

b "v J“it"“'&:' - oy



An Exceptional VHE gamma-ray Flare
of PKS 2155-304

Very high flux I ~14 Crab
High statistics ! ~10000 photons
z=0.116 (~490 Mpc)

Broken power-law spectrum

® 0 O
1(>200 GeV) [ 10 *cm?s?]

"

"

High variability

120
Time - MJD53944.0 [min]

® Fourier Power ~600 s

® Rise/fall times ~200s

® MJD 53944 Data
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MJD 53944 Fit
.6x10-3 Hz (600 s)

2003 Fit (x48.7)

[ ~2.71
[, ~3.53
Eg ~ 430 GeV
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Aharonian et al. (HESS Collaboration), Ap) 664, L71 (2007)
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The goal

Looking for a time delay between light curves in two energy bands

. Light curves oversampled by a factor 24
10°

- 200-800 GeV

@ ® o
: ,,”.'” :_

> 800 GeV ]
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The goal

Looking for a time delay between light curves in two energy bands

. Light curves oversampled by a factor 24
10°

- 200-800 GeV
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> 800 GeV ]
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Measuring the time lag




Measuring the time lag

® Use of two different methods:

® Modified Cross Correlation Function
(MCCF)

® Woavelet Transform




Measuring the time lag

® Use of two different methods:

® Modified Cross Correlation Function
(MCCEF)

® Wavelet Transform
® MCCF:
® 200 < E <800 GeV & E > 800 GeV
® AE=1TeV
® Fit with a gaussian + polynomial
® Tpeak=20s

-600 -400 -200 O 200 400 600

| [S]

T.-P. Li et al., Chinese J. of Astronomy and Astrophys. 4, 583 (2004) - S. Mallat, AWavelet Tour of Signal ProceAsaagmic Press, 1999
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Measuring the time lag

® Use of two different methods:

® Modified Cross Correlation Function
(MCCEF)

® Wavelet Transform

® MCCF:
® 200 < E <800 GeV & E > 800 GeV
® AE=1TeV
® Fit with a gaussian + polynomial
® Tpeak=20s

® CWT:
® 2|0 <E<250 GeV & E > 600 GeV
® AE=0.92TeV
® Two pairs of extrema identified -600 -400 -200 O 200 400 600
® <>=27s S|

T.-P. Li et al., Chinese J. of Astronomy and Astrophys. 4, 583 (2004) - S. Mallat, AWavelet Tour of Signal ProceAsaagmic Press, 1999
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Error calibration (MCCF)




Error calibration (MCCF)

® Using a toy Monte Carlo
® 10000 simulated light curves for each energy band

® Flux varied within the measurement errors

® MCCF computed and Tpeak measured




Error calibration (MCCF)

® Using a toy Monte Carlo
® 10000 simulated light curves for each energy band
® Flux varied within the measurement errors
® MCCF computed and Tpeak measured

® Cross Correlation Peak Distribution

® Mean =255

® RMS =28s 60 -40 -20 0 20 40 60 80 %ozf]
S

" peak

® Tyeak < 0 for 21% of the simulations

® T,eak = 0 cannot be excluded
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Error calibration (MCCF)

® Using a toy Monte Carlo
® 10000 simulated light curves for each energy band
® Flux varied within the measurement errors
® MCCF computed and Tpeak measured

® Cross Correlation Peak Distribution

® Mean =255

® RMS =28s 60 -40 -20 0 20 40 60 80 %ozo

[s]

" peak

® Tyeak < 0 for 21% of the simulations
® T,eak = 0 cannot be excluded
@ Response to energy dispersion

® Injecting a dispersion in the data
® |At/AE| <90 s/TeV by steps of |5 s/TeV

0 50 100
Injected dispersion [s TeV']
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Error calibration (MCCF)

® Using a toy Monte Carlo
® 10000 simulated light curves for each energy band
® Flux varied within the measurement errors
® MCCF computed and Tpeak measured

® Cross Correlation Peak Distribution

® Mean =255

® RMS =28s 60 -40 -20 0 20 40 60 80 %ozf]
S

" peak

® Tpeak < 0 for 21% of the simulations
® Tk = 0 cannot be excluded
@ Response to energy dispersion
® Injecting a dispersion in the data
® |At/AE| <90 s/TeV by steps of |5 s/TeV
@ Same kind of procedure for the WT-based method

0 50 100
Injected dispersion [s TeV']
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Results

<AE>

At/AE 955 cL

EoG 95% cL

EoG 95% cL

Method | vy | (sTev) | S| (Gev) | (siTev?) | &Pt | (GeV)
MCCF .02 <73 <17 > 7.2x10" <4] < 7.3x10" > | .4
CWT 0.92 < 100 <23 > 5.2x10'7 - - <




Results

<AE>

At/AE 955 cL

Eoc 95% cL

Eoc 95% cL

getics (TeV) (s/TeV) § oL (GeV) G osxcL (GeV)
MCCF .02 <73 < |7 > 7.2x10!7 < 7.3x10'" > |4
CWT 0.92 <100 <23 - -




Other Results for AGNs

\)
&)
o

At/ AE [s TeV]
N
o
o

MAGIC
Mkn 501

PKS 2155-304
H.E.S.S.

J.Albert et al. (MAGIC Collaboration) and |. Ellis et al., Phys. Lett. B 668,253 (2008)
Biller et al. (Whipple Collaboration), Phys. Rev. Lett. 83,2108 (1999)
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Other Results for AGNs

\)
&)
o

At/ AE [s TeV]
N
o
o

MAGIC
Mkn-501

PKS 2155-304
H.E.S.S.

J.Albert et al. (MAGIC Collaboration) and |. Ellis et al., Phys. Lett. B 668,253 (2008)
Biller et al. (Whipple Collaboration), Phys. Rev. Lett. 83,2108 (1999)
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Summary

Analysis of an exceptional flare of PKS 2155-304 (z = 0.1 16) with H.E.S.S.

Study of fundamental physics with an astrophysical source with unprecedented precision
Aharonian et al. (HESS Collaboration) PRL, 101, 170402 (2008)

No significant time-lag detected (> 30) with two different methods

The most constraining limits on the Quantum Gravity scale found with Blazars, assuming
no source effect :
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Prospects

® AGN and GRB studies are complementary
@® Population studies are needed for AGNs

® More flares observed at TeV energies

® Necessity of multi-wavelength campaigns and/or fast reactivity

® HESS-Il (+ CTA, ...) will greatly improve the sensitivity to QG effects
® Both CWT and MCCF methods have drawbacks

® They both use binned data! limited time resolution

. They need good StatIStICS




Prospects

® AGN and GRB studies are complementary
@® Population studies are needed for AGNs

® More flares observed at TeV energies

® Necessity of multi-wavelength campaigns and/or fast reactivity

® HESS-Il (+ CTA, ...) will greatly improve the sensitivity to QG effects
® Both CWT and MCCF methods have drawbacks

® They both use binned data! limited time resolution

® They need good statistics
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The Results So Far

Source(s) Experiment Method Result Reference
Fit + average arrival time in 17 S.Boggs et al.,
>
GRB 021206 RHESSI 2 spike Eqc > 1.8x10" GeV Ap| 611 (2004) L77
GRB 080916C Fermi tMax(E) - to Eqoc > 1.5x10'® GeV |TBD
. Ellis et al.
9 GRB BATSE/OSSE Wavel Eoc > 6x10'5 GeV |/ ’
N | GRBs N TLONN avelets QG > 6x10" Ge ASA 402 (2003) 409 |
2 |5 GRBs HETE-2 Wavelets Eag > 4x105 Gey | Bolmont et al.
T Q6 Ap) 676 (2008) 532
Lamon et al.
- . S |4 ’
|7 GRBs INTEGRAL Likelihood Eqc > 1.5x10' GeV Gen. Rel. Grav. 40 (2008) 1731
J. Ellis et al.,
35 GRBs BATSE/HETE-2/ Wavelets Eoc > 1.4x10'¢ GeV |Astropart. Phys. 25 (2006) 402

Mkn 421

SWIFT

TMax(E < | TeV) = TMax(E > 2 TeV)

Eqc > 0.6x10'7 GeV

+ Erratum arXiv:0712.278 1

S.D. Biller et al.,
Phys. Rev. Lett. 83 (1999) 2108

Mkn 501

ECEF Likelihood

Eoc > 2.6x10!7 GeV

Eoc > 3x10!'7 GeV

J.Albert et al.,
Phys. Lett. B 668 (2008) 253
+ arXiv:0803.2120

AGNs

PKS 2155 -304

CCF Wavelets

Eoc > 7x10'7 GeV

Aharonian et al.,
Phys. Rev. Lett. 101 (2008) 170402
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The (1+z) Factor Problem

05 1 15 2 25 3 35 4 45 5
Y4
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