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Quantum Gravity

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

Two main approaches:

String Theories

Loop Quantum Gravity

The most active area of QG phenomenology:

‣ Departure from (or deformation of)    
Lorentz symmetry
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See e.g. L. Smolin, Three Roads to Quantum Gravity, Basic Books, 2001 - G. Amelino-Camelia, arXiv:0806.0339
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Dispersion Relation
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G. Amelino-Camelia et al., Nat. 395, 525 (1998) - U. Jacob & T. Piran, J. of Cosmology and Astropart. Phys. 1, 31 (2008)
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Lorentz Invarience Violation effects should appear at E ~ O(EP = 1.2x1019 GeV)

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

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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 at the 2nd order
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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
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Some results
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Source(s) Experiment Method Result Reference

GRB 021206 RHESSI Fit + average arrival time in 
a spike

EQG > 1.8x1017 GeV S. Boggs et al.,                      
ApJ 611 (2004) L77

GRB 080916C Fermi tMax(E) - t0 EQG > 1.5x1018 GeV TBD

9 GRBs BATSE/OSSE Wavelets EQG > 6x1015 GeV J. Ellis et al.,                        
A&A 402 (2003) 409

15 GRBs HETE-2 Wavelets EQG > 4x1015 GeV J. Bolmont et al.,                   
ApJ 676 (2008) 532

17 GRBs INTEGRAL Likelihood EQG > 1.5x1014 GeV Lamon et al.,                     
Gen. Rel. Grav. 40 (2008) 1731

35 GRBs BATSE/HETE-2/
SWIFT

Wavelets EQG > 1.4x1016 GeV
J. Ellis et al.,               
Astropart. Phys. 25 (2006) 402    
+ Erratum arXiv:0712.2781

Mkn  421 Whipple tMax(E < 1 TeV) - tMax(E > 2 TeV) EQG > 6x1016 GeV S.D. Biller et al.,                 
Phys. Rev. Lett. 83 (1999) 2108

Mkn 501 MAGIC ECF, Likelihood EQG > 2.6x1017 GeV  
EQG > 3x1017 GeV

J. Albert et al.,                           
Phys. Lett. B 668 (2008) 253    
+ arXiv:0803.2120
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The High Energy Stereoscopic System
(H.E.S.S.)

Located in Namibia

~1800 m a.s.l.

Energy range 0.1-100 TeV

Point Spread Function ~0.1°

Energy resolution ~15%

6
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An Exceptional VHE gamma-ray Flare
of PKS 2155-304

Very high flux !  ~14 Crab

High statistics !  ~10000 photons

z = 0.116 (~490 Mpc)

Broken power-law spectrum

High variability

Fourier Power ~600 s

Rise/fall times ~200s
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The goal

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

8

> 800 GeV

200-800 GeV

Light curves oversampled by a factor 24
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The goal

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

8

> 800 GeV

200-800 GeV

Lag(s) ?

Light curves oversampled by a factor 24
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Measuring the time lag

9

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

Use of two different methods:

Modified Cross Correlation Function 
(MCCF)

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

Use of two different methods:

Modified Cross Correlation Function 
(MCCF)

Wavelet Transform

MCCF :

200 < E < 800 GeV & E > 800 GeV

ΔE = 1 TeV

Fit with a gaussian + polynomial

τpeak = 20 s
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Measuring the time lag

Use of two different methods:

Modified Cross Correlation Function 
(MCCF)

Wavelet Transform

MCCF :

200 < E < 800 GeV & E > 800 GeV

ΔE = 1 TeV

Fit with a gaussian + polynomial

τpeak = 20 s

CWT :

210 < E < 250 GeV & E > 600 GeV

ΔE = 0.92 TeV

Two pairs of extrema identified

<τ> = 27 s

9

 [s]!
-600 -400 -200 0 200 400 600

M
C

C
F

0.5

0.6

0.7

0.8

0.9

"High energy lags 

 [s]peak!
-60 -40 -20 0 20 40 60 80 100120

E
nt

rie
s

100

200

300

400

500

600

T.-P. Li et al., Chinese J. of Astronomy and Astrophys. 4, 583 (2004) - S. Mallat, A Wavelet Tour of Signal Processing, Academic Press, 1999



J. Bolmont - LPNHE/IN2P3/CNRS XLIVth Rencontres de Moriond - 6/02/2009

Error calibration (MCCF)

10
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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 τpeak measured

10
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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 τpeak measured

Cross Correlation Peak Distribution

Mean = 25 s

RMS = 28 s

τpeak < 0 for 21% of the simulations

τpeak = 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 τpeak measured

Cross Correlation Peak Distribution

Mean = 25 s

RMS = 28 s

τpeak < 0 for 21% of the simulations

τpeak = 0 cannot be excluded

Response to energy dispersion

Injecting a dispersion in the data

|Δt/ΔE| < 90 s/TeV by steps of 15 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 τpeak measured

Cross Correlation Peak Distribution

Mean = 25 s

RMS = 28 s

τpeak < 0 for 21% of the simulations

τpeak = 0 cannot be excluded

Response to energy dispersion

Injecting a dispersion in the data

|Δt/ΔE| < 90 s/TeV by steps of 15 s/TeV

Same kind of procedure for the WT-based method
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Results

Differences between the two methods:

mean energy gaps <ΔE>

larger Δt measured with CWT

Best limits obtained with a blazar

Low sensitivity to the quadratic term

11

Method <ΔE> 
(TeV)

Δt/ΔE 95% CL

(s/TeV)
ξ 95% CL

EQG 95% CL 

(GeV)
Δt/ΔE2

(s/TeV2)
ζ 95% CL

EQG 95% CL

(GeV)

MCCF 1.02  < 73 < 17 > 7.2x1017 < 41 < 7.3x1019 > 1.4

CWT 0.92 < 100 < 23 > 5.2x1017 - - -
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H.E.S.S.
Whipple

MAGIC

Other Results for AGNs

12

J. Albert et al. (MAGIC Collaboration) and J. 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 = 0.116) 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 (> 3σ) with two different methods

The most constraining limits on the Quantum Gravity scale found with Blazars, assuming 

no source effect :

13

EQG > 0.7x1018 GeV
ξ < 17 

at 95% CL
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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-II (+ 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

Necessity to divide the energy range in bands

A new analysis is being carried-out with a likelihood method

Un-binned analysis

No energy bands needed

A good understanding of emission mechanisms is mandatory !

14
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Necessity of multi-wavelength campaigns and/or fast reactivity

HESS-II (+ 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

Necessity to divide the energy range in bands

A new analysis is being carried-out with a likelihood method

Un-binned analysis

No energy bands needed

A good understanding of emission mechanisms is mandatory !

14

Any answer on LIV for the LIV th Rencontres de Moriond ?
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Source(s) Experiment Method Result Reference

GRB 021206 RHESSI Fit + average arrival time in 
a spike

EQG > 1.8x1017 GeV S. Boggs et al.,                          
ApJ 611 (2004) L77

GRB 080916C Fermi tMax(E) - t0 EQG > 1.5x1018 GeV TBD

9 GRBs BATSE/OSSE Wavelets EQG > 6x1015 GeV J. Ellis et al.,                            
A&A 402 (2003) 409

15 GRBs HETE-2 Wavelets EQG > 4x1015 GeV J. Bolmont et al.,                      
ApJ 676 (2008) 532

17 GRBs INTEGRAL Likelihood EQG > 1.5x1014 GeV Lamon et al.,                         
Gen. Rel. Grav. 40 (2008) 1731

35 GRBs
BATSE/HETE-2/

SWIFT Wavelets EQG > 1.4x1016 GeV
J. Ellis et al.,                   
Astropart. Phys. 25 (2006) 402    
+ Erratum arXiv:0712.2781

Mkn  421 Whipple tMax(E < 1 TeV) - tMax(E > 2 TeV) EQG > 0.6x1017 GeV S.D. Biller et al.,                    
Phys. Rev. Lett. 83 (1999) 2108

Mkn 501 MAGIC ECF, Likelihood
EQG > 2.6x1017 GeV  
EQG > 3x1017 GeV

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

PKS 2155 -304 HESS CCF, Wavelets EQG > 7x1017 GeV Aharonian et al.,                    
Phys. Rev. Lett. 101 (2008) 170402

G
R

Bs
A

G
N

s
The Results So Far
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The (1+z) Factor Problem
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