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M. Garczarczyk,6 M. Gaug,12 M. Giller,9 F. Goebel,6 D. Hakobyan,11 M. Hayashida,6 T. Hengstebeck,17
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We use the timing of photons observed by the MAGIC gamma-ray telescope during a flare of the
active galaxy Markarian 501 to probe a vacuum refractive index ≃ 1 − (E/MQGn)n, n = 1, 2, that
might be induced by quantum gravity. The peaking of the flare is found to maximize for quantum-
gravity mass scales MQG1 ∼ 0.4 × 1018 GeV or MQG2 ∼ 0.6 × 1011 GeV, and we establish lower
limits MQG1 > 0.26 × 1018 GeV or MQG2 > 0.39 × 1011 GeV at the 95% C.L. Monte Carlo studies
confirm the MAGIC sensitivity to propagation effects at these levels. Thermal plasma effects in the
source are negligible, but we cannot exclude the importance of some other source effect.
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It is widely speculated that space-time is a dynamical
medium, subject to quantum-gravitational (QG) effects
that cause the fabric of space-time to fluctuate on the
Planck time and distance scales [1]. It has also been
widely suggested that this ‘foaming’ of space-time might
be reflected in modifications of the propagation of ener-
getic particles, namely dispersive effects due to a non-
trivial refractive index induced by the QG fluctuations
in the space-time foam [2, 3, 4]. The calculation of such
effects is beyond the scope of current theoretical meth-
ods, but heuristic arguments have been given that the
velocities of energetic massless particles in vacuo might
deviate from the velocity of light by an amount that in-
creases with energy [2, 3, 4]. Various models suggest
that any such deviation should be subluminal [3] and
might be either linear: ∆c/c = −E/MQG1, or quadratic:
∆c/c = −E2/M2

QG2. One might guess that the QG scales

MQG1,QG2 ∼ M̂P, where M̂P = 2.4× 1018 GeV is the re-
duced Planck mass, but smaller values might be possible
in some string theories [3], or models with large extra
dimensions [5].

A favored way to search for such a non-trivial dis-
persion relation is to compare the arrival times of pho-
tons of different energies arriving on Earth from dis-
tant astrophysical sources [2]. If the time structure of
the emission is non-trivial and assumed independent of
energy, comparisons between the arrival times of pho-
tons of different energies are sensitive to QG parame-
ters such as MQG1,QG2. The greatest sensitivities may
be expected from high-statistics observations of sources
with fine time structures, at large distances or redshifts
z, of photons observed over a large range of energies
by a detector with good time resolution. In the past,
studies have been made of emissions from pulsars [6],
gamma-ray bursters (GRBs) [2, 5, 7, 8] and active galac-
tic nuclei (AGNs) [9, 10]. Pulsars offer the advantage of
well-defined fine time structures, but are detected only
at relatively short distances. One study indicated a
sensitivity to MQG1 ∼ 1.5 × 1015 GeV [6]. AGNs of-
fer photons in the TeV range, and occur at moderate
redshifts, but their time structures are usually not very
fine. A pioneering study of a flare of Mkn421 yielded a
sensitivity to MQG1 ∼ 4 × 1016 GeV [9]. However, as
we discuss later, it is difficult in such analyses to dis-
tinguish propagation effects from effects at the source.
GRBs are observed at very high redshifts, but there have
been no confirmed observations of high-energy emissions,
and the time structures are very irregular. Neverthe-
less, a combined analysis of many GRBs at different red-
shifts made possible some separation between energy-
and source-dependent effects, and yielded a robust lower
limit MQG1 > 0.9 × 1016 GeV [8].

In this letter we analyze two flares of Mkn 501. The
AGN Mkn 501 at a redshift z = 0.034 was observed by
MAGIC for 30 nights during May to July 2005. After
applying standard quality checks, data covering a total

∗Deceased

observation time of 31.6h spread over 24 nights survived
and were analysed using the standard technique, as de-
scribed in [11]. The data were taken at zenith angles of
10◦−30◦, resulting in an energy threshold (defined as the
peak of the differential event-rate spectrum after cuts)
of ≈ 150 GeV. About 90−99% of hadronic showers are
rejected, while 50−60% of the γ-ray signals are retained,
resulting in an effective collection area exceeding 5× 104

m2 above 200 GeV. The initial energies of the γ-rays
are, in a first approximation, proportional to the total
amounts of light recorded in the event images; correc-
tions are applied according to other image parameters
obtained from the analysis, using large samples of Monte
Carlo events as a yardstick. The achieved energy reso-
lution is between 20% and 30%, slightly dependent on
energy, but reasonably constant at 23% over the range
170 GeV to 10 TeV. The arrival time of each event is
obtained with high precision by signal extraction from a
300 MHz FADC, using a sliding window of fixed length
(details can be found in [12]), and the absolute times are
given by a rubidium clock and cross-checked with GPS.

In the course of the 24 nights of observations, variabil-
ity of the Mkn 501 γ-ray flux by an order of magnitude
was observed, with a maximum integrated flux above
about 150 GeV exceeding (11.0± 0.3)× 10−10 cm−2s−1.
A clear correlation between flux and spectral index was
found, with the spectral index being softer during low
flux and harder for the highest fluxes. In the two nights
with the highest flux, June 30 and July 9, high-intensity
outbursts of short duration (flares) were recorded, with
characteristic rise and fall times of 1−2 minutes. While
the flare of July 9 was clearly visible over the full en-
ergy range 150 GeV − 10 TeV, and reached a peak flux
more than a factor two higher than before and after the
flare, that seen on June 30 was concentrated in the en-
ergy range 250 GeV − 1 TeV and was less significant.
X-ray observations performed during the same period
were not sensitive enough to identify a correlation with
the variability above 100 GeV, and neither was there a
strong indication for optical variability. In the analy-
sis below, additional quality cuts on the gamma energy
(E > 150 GeV) and the pointing parameter α (α < 10◦)
were applied. The data analyzed comprise the observed
energy E and time t for each event recorded during the
flaring night.

The spectral time properties of the most intense por-
tions of the flares were quantified in [11] using a binned
estimator applied in four different energy bands with
boundaries of 0.15, 0.25, 0.6 and 1.2 TeV. For the flare
of July 9, a time lag of about 4 minutes was found for
the maximum of the time profile envelope for photons
in the 1.2−10 TeV energy band relative to those in the
0.25−0.6 TeV. It was observed in [11] that this time lag
could be interpreted within QG models that postulate
a vacuum refraction effect. In the June 30 flare a signal
above a uniform background appeared only in the energy
band of 0.25 to 0.6 TeV, which did not permit any conclu-
sion on the time-spectral properties of the signal. Here we
improve on the binned estimator used in [11], by analyz-
ing the complete information encoded in the time-energy
distribution of individual photons in the flare, with the
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FIG. 1: The energy cost function (ECF) obtained from
one realization of the MAGIC measurements with photon
energies smeared by Monte Carlo, for the case of a vac-
uum refractive index that is linear in the photon energy.

aim of probing possible systematic time lags induced by
QG vacuum refraction during the propagation of the flare
to the Earth, or intrinsic to the source.

The true shape of the time profile at the source is not
known, so we choose the following analysis strategy. In
general, the fine time structure of any flare would be
blurred by an energy-dependent effect on photon propa-
gation. Conversely, one may correct for the effects of any
given parametric model of photon dispersion, e.g., the lin-
ear or quadratic vacuum refractive index, by applying to
each photon with energy E the appropriate time shift [7]
corresponding to its propagation in a spatially-flat uni-

verse: ∆t(E) = H−1
0 (E/MQG1)

z
∫

0

h−1(z)dz or similarly

for the quadratic case, where H0 is the Hubble expan-
sion rate and h(z) =

√

ΩΛ + ΩM (1 + z)3. If the correct
energy-dependent QG shift is applied, the fine time struc-
ture of the emission profile is restored.

We implement this analysis strategy in two ways that
yield similar results. In one analysis, the QG shift is
varied so as to maximize the total energy in the most
active part of the flare, and in the other analysis we use
the shape of the flare as extracted from the original (un-
transformed) data. As we show below, these indepen-
dent analyses yield similar sensitivities to the possible
QG scale.

It is well known [14] that a pulse of electromagnetic ra-
diation propagating through a dispersive media becomes
diluted so that its power (the energy per unit time) de-
creases, whereas the opposite effect is also possible in
a medium with strongly nonlinear dispersive properties.
Any transform of a signal to the undispersed signal tends
to recover the original power of the pulse. Hence, if the
parameter MQG1 or MQG2 is chosen correctly, the power
of the recovered pulse is maximized.

We implement this observation as follows. First, we
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FIG. 2: The τl distribution from fits to the ECFs of
1000 realizations of the July 9 flare with photon energies
smeared by Monte Carlo.

choose a time interval (t1; t2) containing the most ac-
tive part of the flare, as determined using a Kolmogorov-
Smirnov (KS) statistic [15]. The KS statistic is calculated
from the difference between the cumulative distribution
function (c.d.f.) estimated from the unbinned data and
the c.d.f. of a uniform distribution. The interval (t1; t2)
covers the range where the value of the KS difference
varies from its maximum over the whole time support
of the signal down to almost zero. This procedure en-
sures that the most active (transient) part of the flare
is captured. Once the proper time window is chosen,
the above-mentioned time shift is applied to obtain the
undispersed signal. For convenience, we re-parametrize
the time-shift as ∆t = ±τlE or ∆t = ±τqE

2 respec-
tively, with τl and τq having units s/GeV and s/GeV2.
The transformation is repeated for many values of τl and
τq, chosen such that the shifts ∆t match precision of the
arrival-time measurements made by MAGIC. We then
calculate the ‘energy cost function’ (ECF) by summing,
for each given τl or τq, the energies of the photons in
the interval (t1; t2) [13]. The position of the maximum
of the ECF indicates the value of τl or τq which recov-
ers correctly the signal, in the sense of maximizing its
power. The procedure is repeated for 1000 Monte-Carlo
(MC) data samples generated by applying to the mea-
sured photon energies the (energy-dependent) Gaussian
measurement errors.

Fig. 1 shows the ECF for one such energy-smeared
MC sample. It exhibits a clear maximum, whose po-
sition may be estimated by fitting it with a Gaussian
profile in the vicinity of the peak. The results of such
Gaussian fits to the ECFs constructed with τl for the
1000 energy-smeared realizations of the July 9 flare are
shown in Fig. 2. From this distribution we can derive
the value of τl = (0.030 ± 0.012) s/GeV. We there-
fore find a preferred range for the linear QG mass scale:
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FIG. 3: The χ2 function for the July 9 flare, which ex-
hibits a quite symmetric parabolic minimum as a function
of 1/MQG1.

MQG1 = 1.398 × 1016(1 s/τl) = (0.47+0.31
−0.13) × 1018 GeV,

and a lower limit MQG1 > 0.26 × 1018 GeV at the 95%
C.L. [16]. The same procedure applied to the ECF ob-
tained using τq leads to τq = (3.71±2.57)×10−6 s/GeV2,

corresponding to MQG2 = 1.182 × 108(1 s/τq)
1/2 =

(0.61+0.49
−0.14)× 1011 GeV (MQG2 > 0.27× 1011 GeV at the

95% C.L.). We have found similar sensitivities in an ECF
analysis of the June 30 flare but, since this flare is not
very significant, it cannot be used to strengthen our re-
sults, although the results are compatible. We note that
the effect found would correspond to subluminal propa-
gation, as suggested by QG models [2, 3].

We have confirmed this result using another technique
to optimize the sharpness of the transformed signal, moti-
vated by the initial time and energy-binned analysis per-
formed in [11], which showed that the intrinsic light-curve
is described well by a Gaussian flare superimposed on a
time-independent background with a softer spectral in-
dex. Using a likelihood method, we fit the data to a prob-
ability density function (p.d.f.) P (E, t) of the observed
energy E and arrival time t, using variables describing the
energy spectrum Γ(Es) at the source, and the time distri-
bution Fs(ts, MQGn) at emission obtained from the mea-
sured arrival times of the photons assuming a non-trivial
refractive index. We compute the likelihood function
L for dP

dE dt = k
∫

∞

0
Γ(Es)G(E − Es, σE(Es))Fs(ts) dEs,

where k is a normalization factor and G(E −Es, σE(Es))
is the photon-energy smearing produced by the instru-
ment, which is modelled as a Gaussian distribution with
width σE(Es) in the range mentioned above. In order
to model the photon energy at the source, a power law
Γ(Es) ∼ E−β

s is taken, with β = 2.7 for the time-uniform
part of the flare and 2.4 for the flaring part. The time dis-
tribution is parameterized as a Gaussian flare of width
tW and position t0 relative to the first photon arrival
time, on top of a flat background distribution.

The likelihood function L is fitted to the July 9
MAGIC data minimizing − logL as a function of four
parameters, namely (i) M̂P /MQG1, (ii) the position of
the intrinsic maximum of the flare t0, (iii) its width
tW , and (iv) the normalization of the time-independent
background component xB in arbitrary units. The
best four-parameter overall fit to the July 9 data
yields M̂P/MQG1 = 8.2+3.7

−3.4, corresponding to MQG1 =

0.30+0.24
−0.10 × 1018 GeV [16]. The shape of the function

χ2
≡ −2 logL+const around the minimum in these vari-

ables is quite parabolic almost up to the 2-σ level. In
view of the correlations with these parameters, the sen-
sitivity to MQG1 would be improved if they were known
more precisely. Fig. 3 shows the behavior of the χ2 func-
tion around its minimum; the single-parameter 1-σ un-
certainties are estimated by ∆χ2 = 1. A similar pro-
cedure in the case of quadratic vacuum refraction gives
MQG2 = 0.57+0.75

−0.19 × 1011 GeV.

In order to check the robustness of the ECF and like-
lihood analyses, we have applied them blindly to a set of
1000 artificial MC samples resembling the July 9 flare,
but with different types of energy-dependent dispersion
encoded artificially. The encoded effects have been suc-
cessfully recovered by the two estimators within the ex-
pected uncertainties. In addition, the analysis tech-
niques have been applied to MC samples with no energy-
dependent dispersive signal, where no effect has been
found, and both techniques also returned null results
when applied to a set of Mkn 501 data from outside a
flare. The outcome of these MC tests confirm the nu-
merical sensitivities of the analyses and the estimates of
the uncertainties given above.

The results of the two independent analyses of the
July 9 flare of Mkn 501 are quite consistent within the er-
rors. Their results exhibit, assuming energy-independent
emission at the source, a sensitivity to MQG1 ∼ 0.4 ×

1018 GeV (> 0.17 × 1018 GeV at the 95% C.L.), prob-
ing the Planck mass range for the first time. The findings
also demonstrate a sensitivity to MQG2 ∼ 0.6×1011 GeV
(> 0.27×1011 GeV at the 95% C.L.), far beyond previous
limits on quadratic effect on photon propagation [5, 7, 9].
We cannot exclude the possibility that the delay we find,
which is significant beyond the 95% C.L., may be due
to some energy-dependent effect at the source. However,
we can exclude the possibility that the observed time de-
lay may be due to a conventional QED plasma refraction
effect induced as photons propagate through the source.
This would induce [17] ∆t = D(α2T 2/6q2) ln2(qT/m2

e),
where α is the fine-structure constant, q is the photon
momentum, T is the plasma temperature, me is the
mass of electron, D is the size of the plasma, and we
use natural units: c, ~ = 1. Plausible numbers such as
T ∼ 10−2 MeV and D ∼ 109 km (as estimated from
the extension of the magnetic field [18]) yield a negligi-
ble effect for q ∼ 1 TeV. Exclusion of other source ef-
fects, such as time evolution in the mean emitted photon
energy, might be possible with the observation of more
flares, preferably of different AGNs at varying redshifts.
This pioneering study demonstrates clearly the potential
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scientific value of such an analysis.
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