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Robust constraints on Quantum Gravity energy scale with PKS 2155-304 H.E.S.S. data with a
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Abstract: The high flux and variability of the blazar PKS 2155-304 as observed by H.E.S.S. during the night of 28
July 2006 allow a very high precision search for energy-dependent time lags. This effect would appear in the case of
a breakdown of Lorentz symmetry, a violation predicted by different theories of Quantum Gravity. Using a likelihood
fit to study individual photon data, a very high precision measurement was achieved leading to robust constraints on the
linear and quadratic terms of the dispersion relations. After a brief description of the method and of the error calibration
procedure, these results will be given and discussed.
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1 Introduction

Quantum Gravity phenomenology [1] has experienced a
growing interest in the past decade, especially since the
possibility arose that the quantum nature of space-time
could have measurable effects on photon propagation over
large distances. In other words, the quantum nature of
space-time at the Planck scale could induce a dependance
of the group velocity of light versus the energy of the pho-
tons [2, 3, 4].
Two main paths are followed to provide a theoretical
scheme for Quantum Gravity: String Theory [5] and Loop
Quantum Gravity [6, 7]. In some models of String The-
ory, the vacuum may exhibit a non-negligible refractive in-
dex due to its foamy structure on a characteristic scale ap-
proaching the Planck length or equivalently the Planck en-
ergy EP = 1.22 × 1019 GeV. For Loop Quantum Gravity
models, space-time is considered as discrete and fluctua-
tions at the Planck scale would introduce perturbations to
the propagation of photons.
In both approaches it is expected that a spontaneous viola-
tion of the Lorentz Symmetry at high energies could be ob-
served. In other words, photons of different energies would
propagate with different speeds folloing the dispersion re-
lation

c2p2 = E2
(
1 + ξ(E/M) + ζ(E/M)2 + ...

)
. (1)

where M is the characteristic energy of Quantum Gravity
and where ξ and ζ are model parameters. It can be noted
that tachyonic solutions exist but the limit estimation will
not differ a lot from a sub-luminal case as the measured
delay is almost zero.
The speed-of-light can then be written as:

v = c (1− ξ(E/M)) (2)

considering only the linear term in the expansion and
assuming the linear correction being equal to zero, the
quadratic term leads to:

v = c
(
1− ζ(E/M)2

)
. (3)

For sources located at a cosmological distance, the time lag
can be expressed as

Δt

ΔE
≈ ξ

EPH0

∫ z

0

(1 + z′) dz′√
Ωm(1 + z′)3 +ΩΛ

(4)

for a linear effect, and by

Δt

ΔE2
≈ 3ζ

2E2PH0

∫ z

0

(1 + z′)2 dz′√
Ωm(1 + z′)3 +ΩΛ

(5)

for a quadratic effect. In the present study, the cosmolog-
ical parameters were set to Ωm = 0.3, ΩΛ = 0.7 and
H0 = 2.3× 10−18 s−1. ΔE and ΔE2 represent the linear
and quadratic energy ranges respectively.
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Figure 1: Spectrum of PKS 2155-304 flare on MJD 53944,
taking into account the cut on the off-axis angle mentioned
in the text. Points are fitted with a power law E−Γ.

In the following, the analysis of the PKS 2155-304 flare in
the search for energy dependant time-lags is described. The
data are presented in §2. A likelihood fit is used to measure
the time lags. This procedure is explained in §3. Then the
calibration of the errors and systematics study are given in
§4. Finally the results are presented and discussed in §5.
Details on the analysis can be found in [8].

2 H.E.S.S. data and PKS 2155-304 flare of
July 2006

On July 28, 2006, H.E.S.S. observed an extreme flare of
the BL Lac object PKS 2155-304 [11]. More than 8000
photons were detected above ∼120 GeV in ∼85 minutes
of data taking and with an average zenith angle of ∼11o.
This high statistics allowed the observation of variability at
the minute time scale.
To improve the signal-to-background ratio, a cut θ2 <
0.005 deg.2 was applied, reducing the number of photons
to 5974 in the first 4000 s of data.

3 The likelihood fit procedure

The likelihood fit procedure described in [9] was used to
measure the energy dependent time-lag in the selected data
set. The probability density function (pdf) is defined as
follows:

P (t, E) = N

∫ ∞

0

A(ES)Λ(ES)G(E − ES , σ(ES))

FS(t− τlES)dES , (6)

whereΛ(ES) is the emission spectrum,G(E−ES , σ(ES))
is the smearing function in energy (taking into account an
energy resolution of 10%), A(ES) is the acceptance of the
H.E.S.S. array, FS is a parameterization of the emission
time distribution (or light curve) and N is a normalization
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Figure 2: Light curve of PKS 2155-304 flare of MJD 53944
in the range 0.25–0.28 TeV, with a bin width of 61 s and
taking into account the cut on θ2 described in the text.
Black points show the positions of the extrema as deter-
mined by the peak-finding procedure of Morhac et al. [10].
The light curve is fitted with the sum of five functions as
defined by Eq. 8. The zero of the time axis corresponds to
MJD 53944.024.

factor. The likelihood is then computed with a product of
the pdf for all photons:

L =
∏

i

Pi(t, E). (7)

The maximum of L provides the time-lag parameter τl and
τq for linear and quadratic models respectively, expressed
in s TeV−1 and s TeV−2.
Λ is obtained by parameterizing the energy spectrum on
the energy range 0.25–4 TeV (Fig. 1) with a power law.
The spectral index is found to be Γ =3.46±0.04, a value
compatible with the one found for 2005–2007 data [12].
FS is a parametrization of the light curve at low energies
(0.25–0.28 TeV, 561 events), where the time lag is assumed
to be negligible. FS is defined as the sum of five asymetric
Gaussian functions and a constant. The asymetric Gaussian
pulse is defined as:

f(t, A, μ, α, β) =

⎧
⎨
⎩

y = A e−
(t−μ)2

2α2 , if t < μ

y = A e
− (t−μ)2

2β2 , if t ≥ μ,
(8)

whereA and μ are the normalization factor and the position
of the pulse and α and β are the left-hand and right-hand
widths of the pulse respectively. Fig. 2 shows the result of
the fit, leading to χ2/dof = 48.8/38. The initial values of the
parameters (peak poisition and amplitude) were set using a
peak-finding algorithm as described in [10].

4 Calibration of the method and systematics

In order to check the accuracy of the likelihood fit and to
evaluate the effect of different factors on the results, a toy
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Figure 3: Reconstructed lag (68% CL range) as a function of the injected lag for a light curve generated randomly from
real data (Fig. 1) and for a linear (left) and a quadratic (right) effect. The dashed line shows the linear response function.

Monte Carlo simulation software was developed. This tool
allows to generate populations of photons with given en-
ergy and time distributions. It is also possible to introduce
an energy-dependent time-lag and the likelihood fit is then
applied to reconstruct it.
For each simulation run, 500 realization of the lightcurve
are simulated with ∼2000 photons after selections in each
realization. The injected lag (τ0) range was chosen be-
tween -100 and 100 s TeV−1 (respectively s TeV−2 for the
quadratic case) with steps of 10 s TeV−1 (s TeV−2). The
results of the simulations can be summarized by studying
the variation of the reconstructed lag τ as a function of the
injected lag. The dispersion of the reconstructed lag values
for a given injected lag is noted στ .
The plots of Fig. 3 were obtained with light curves gen-
erated from real data in the range 0.25–0.28 TeV for the
linear and quadratic modelling. The error values were
taken in the vicinity of the injected time-lag τ0 = 0, lead-
ing to 10.9 s TeV−1 for the linear and 6.3 s TeV−2 for the
quadratic case respectively.
The toy Monte Carlo was also used to evaluate the impact
of pulse shape (including the asymmetry), the superposi-
tion of several pulses, spectral index variations and back-
ground contribution. These systematics are given in Ta-
ble 1. In order to get a precise estimation of the error
introduced by the parameterization of the lightcurve, the
covariance matrix of the fit presented in Figure 2 was stud-
ied. The values of the fit parameters were varied following
to the Gaussian distributions with parameters derived from
the covariance matrix after its diagonalization. The values
in Table 1 were obtained with this procedure for the linear
and the quadratic case separately, leading to overall sys-
tematic errors of <10.3 s TeV−1 and <6.6 s TeV−2.

5 Results and conclusions

The lag was measured from the data using the parameteri-
zations of the spectrum and the lightcurve shown in Fig. 1

and 2 and with the photons in the energy range 0.3–4.0 TeV.
Fig. 4 shows the -2Δln(L) curves for linear (left) and
quadratic (right) cases. The maximum likelihood gives the
following values for the reconstructed lags:

τ0l = −5.5± 10.9(stat) ± 10.3(sys) sTeV
−1

for the linear and

τ0q = 1.7± 6.3(stat) ± 6.6(sys) sTeV
−2

for the quadratic effect. The errors are those obtained in the
previous section.
As no significant time-lag is measured, the 95% CL limits
on the Quantum Gravity energy scales are derived:

Ml
QG > 2.1× 1018 GeV (ξ < 5.7)

and

Mq
QG > 6.4× 1010 GeV (ζ < 3.6× 1016).

The limits obtained in this study are the most constrain-
ing ever obtained with an AGN. They are almost ten times
higher than those obtained by Martinez and Errando [9]
with the same method for the Mrk 501 flare recorded by
MAGIC, and consistent with their rough estimate for the
PKS 2155-304 flare observed by H.E.S.S. They are also a
factor of ∼3 higher than the previous H.E.S.S. result [13].
The increase in sensitivity as compared to the MAGIC re-
sult is mainly due to excellent parameters of the data taken
on July 28, 2006: low zenith angle (∼ 10◦) which leads to a
low energy threshold and high statistics with high variabil-
ity. On the other hand, the steepness of the PKS 2155-304
energy spectrum was one of the penalizing factors in this
study.
More and more results on Lorentz symmetry breaking are
being published which give limits for the linear correction
that are very close to the Planck energy scale. In particular,
the latest results from Fermi observations of distant GRB
provide exclusion limits for a large class of linear models
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Estimated Change in Change in
error estimated τl (s TeV−1) estimated τq (s TeV−2)

Selection cuts < 5 < 5
Background contribution 1% < 1 < 1
Acceptance factors 2% < 1 < 1
Energy resolution 1% < 1 < 1
Energy calibration 10% < 2 < 2
Spectral index 1% < 1 < 1
Calibration systematics (constant, shift) 10% < 5 < 1
FS(t) parameterization ≈7 ≈3
Total < 10.3 < 6.6

Table 1: Systematic uncertainties of the event-by-event likelihood
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Figure 4: −2Δ ln(L) as a function of τ when the measured light curve is fitted in 0.25–0.28 TeV and the likelihood is
computed in 0.3–4.0 TeV for a linear (left) and quadratic (right) correction. Points are fitted with a third-degree polynomial
with a minimum at τl0 = −5.5 ± 7.1 s TeV−1 and τq0 = 1.7 ± 3.5 s TeV−2. The errors on these values are obtained
requesting −2Δ ln(L) = 1.

above the Planck energy [14, 15]. However, further studies
will be needed in the future to give more robust results and
to be able to definitively reject or validate proposed models.
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