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Revisiting tests of Lorentz invariance with gamma-ray bursts: Effects
of intrinsic lags
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Due to their cosmological distances high-energy astrophysical sources allow for unprecedented tests of
fundamental physics. Gamma-ray bursts (GRBs) comprise among the most sensitive laboratories for
exploring the violation of the central physics principle of Lorentz invariance (LIV), by exploiting the
spectral time lag of arriving photons. It has been believed that GRB spectral lags are inherently related with
their luminosities, and intrinsic source contributions, which remain poorly understood, could significantly
impact the LIV results. Using a combined sample of 49 long and short GRBs observed by the Swift
telescope, we perform a stacked spectral lag search for LIV effects. We set novel limits on LIV, including
limits on quadratic effects, and systematically explore for the first time the impacts of the intrinsic GRB lag-
luminosity relation. We find that source contributions can strongly impact resulting LIV tests, modifying

their limits by up to a factor of a few. We discuss constraints coming from GRB 221009A.
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I. INTRODUCTION

One of the fundamental pillars of relativity as well as
particle physics is the Lorentz invariance symmetry. While
extensively confirmed experimentally, speculations exist
regarding possible Lorentz invariance violation (LIV),
possibly due to certain more fundamental quantum gravity
(QG) effects associated with Planck-scale physics (e.g.,
[1]). Experimental verification of LIV constitutes an active
area of research [2,3], with diverse probes ranging from
atomic clocks [4] to atmospheric neutrino oscillations [5,6].
Due to its central role in modern physics as well as
implications for other fundamental themes, such as equiv-
alence principle, it is essential to further extensively explore
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potential limitations and confront Lorentz invariance with
experimental and observational data.

Distant and energetic astrophysical sources constitute
highly sensitive laboratories for exploration of Lorentz
invariance. In this regard gamma-ray bursts (GRBs) have
been suggested to be particularly useful, and subsequently
became a promising frontier; see Ref. [7] for the proposal and
e.g., [8,9] for reviews on the topic. This can be understood by
noticing that while the possible LIV effects appearing at a
typical QG energy scale Eqg (expected to be of the same
order as the Planck-scale Ep; = 1.22 x 10'° GeV) are highly
suppressed at conventional laboratory energies, they could
accumulate over cosmological distances due to photon
propagation. A particularly effective approach for con-
straining the LIV effects is the investigation of GRB spectral
lags, corresponding to different arrival times of photons with
different energies due to modified photon dispersion relation
in LIV scenarios. Spectral lags are naturally associated
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with GRB emission pulses (e.g., [10,11]). At cosmological
distances, the relatively short spectral lags of energetic GRBs
(reaching ~10°* erg in isotropic-equivalent y-ray energy
within a few seconds) can be used to probe the LIV-induced
photon dispersion [7,9]. The characteristic rest-frame photon
energies typically range from ~100 keV to ~1 MeV.

One of the central obstacles in such measurements is the
robust characterization of the intrinsic astrophysical spec-
tral lags of the sources. Often, simplifying intrinsic lag
models are employed, for example assuming that the
intrinsic effect is constant and independent of photon
energy, and are often generalized to the whole GRB sample
in consideration. Distinguishing the intrinsic effect from the
propagation effects is also challenging. Lacking a consis-
tent treatment of the intrinsic spectral lags could question
the robustness of LIV constraints presented in the literature,
and motivates for further studies in this direction.

As an improvement in the intrinsic lag modeling in the
context of LIV analyses, in this study, for the first time, we
examine systematic effects coming from correlations of
GRB lags with their astrophysical properties. Particularly,
increasing evidence points toward correlations between
intrinsic spectral lags and the GRB luminosities (see e.g.,
[12—-16]). We reanalyze LIV models using a combined
sample of 43 long and 6 short GRBs from Swift satellite,
and systematically explore how different intrinsic lag
prescriptions affect the resulting LIV constrains.

II. GAMMA-RAY BURST SPECTRAL LAGS

GRBs exhibit well-known bimodality in distribution of
their pulse duration, and can be broadly characterized as
“long” with duration of 22 s and “short” with duration of
<2 s[17]. This behavior could be attributed to their possibly
distinct origins; the long GRBs could be associated with
collapsar massive stars [18], while the short ones with
binary mergers including neutron stars (see, e.g., [19,20]).
The latter association is supported by the multi-messenger
observations of a binary neutron star (events GRB 170817A
and GW170817) [21-23]. Intriguingly, long GRBs often
exhibit positive spectral lags, i.e., the arrival times of emitted
high-energy photons precedes those of low-energy photons,
while short GRBs are generally consistent with a negligible
spectral lag (e.g., [12,15,24]). It should be noted, however,
that exceptions to this approximate classification have been
pointed out (e.g., [14]). Following the original analysis of
Ref. [12] that employed six BATSE GRBs, variety of
subsequent studies have provided further evidence that
spectral lags are anticorrelated with the isotropic-equivalent
peak luminosity (e.g., [13—15]).

GRB pulses are primarily observed with positive spectral
lags. However, GRBs with zero or even negative spectral
lags have also been detected (e.g., [15,16,25,26]). Variety
of mechanisms have been suggested to explain the positive
spectral lags, including curvature effects [27-29], the
intrinsic cooling of radiating electrons [30]. It is not

straightforward to explain the observed lags even with
detailed studies taking into account both hydrodynamical
and radiative effects [31,32], and accelerating outflows
with decreasing magnetic fields have also been suggested
[33-35]. While negative spectral lags are more challenging
to describe theoretically, a possible explanation includes
the up-scattering of soft radiation via inverse Compton
emission [36]. Many models for spectral lags involve
spectral evolution, and soft-to-hard spectral transitions of
a source could be responsible for the negative lags [37].

III. PHOTON VACUUM DISPERSION
AND LORENTZ INVARIANCE

Assuming the Lorentz invariance, special relativity
predicts the dispersion relation between photon energy E
and momentum p to be E? = p?c2. LIV would result in
energy-dependent speed of light in vacuum, leading to a
modified dispersion relation. In this work, instead of
focusing on a first-principle derivation of the dispersion
relation we consider a phenomenological parametrization
of the LIV effects. Particularly, we consider the following
modified photon dispersion relation

()] W

n=1 QG,]’]

E? ~ pc? [1

where Eqg, 1s the characteristic energy scale where QG
effects become relevant. For E < Egg lower order terms
dominate, and linear (n = 1) or quadratic (n =2) LIV
effects can be considered (e.g., [38—40]). The resulting
modified photon propagation speed (group velocity) is
given by

U(E)zﬁzc[l—sin;1< E H 2)

EQG.n

The coefficient s, represents the sign of LIV effects,
corresponding to the “subluminal” (s, = +1) scenario with
decreasing photon speed or the “superluminal” (s, = —1)
scenario with increasing photon speed as the photon energy
increases.

Because of the energy dependence of v(E), simulta-
neously emitted high- and low-energy photons with
observer-frame energies E;, and E; (E, > E;) reach the
observer at different times. The delay in photon arrival time
due to LIV is given by [41]

Aty =, — 1y

1+nE" / 1+z "dz 3)

where 7, and 7, are arrival times of the high- and low-
energy photons, respectively, z is the redshift of the source,
and cosmological parameters of the standard ACDM model

:si
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are fixed as Hy =70 kms™'Mpc~!, Q, =027 and
Q, = 0.73. We note that s, = +1 leads to LIV-induced
negative time lags.

As aresult, in the presence of LIV effects, the total delay
in photon arrival time between distinct energy bands is
given by

At = ATint + ATLI\J. (4)

Furthermore, additional contribution Arpy; could appear
due to arrival-time differences caused by from the
dispersion by the line-of-sight free electron distribution.
Additionally, other new-physics effects such as time delay
Az, due to non-zero photon mass and a delay Az, due to
violation of FEinstein’s equivalence principle could also
alter the interpretation of Az. However, recent analyses
suggest that these contributions do not significantly impact
GRB photons (see Refs. [42,43] for earlier analyses, and
Refs. [44-46] for cosmologically consistent treatments).
In this paper, we assume that Arz;,, and Az, are the
dominant contributions to Ar.

IV. DATASET

In our analysis we employ a dataset of 50 long and 6
short bright GRBs detected by Swift/BAT instrument and
compiled in Bernardini et al. [47], which also provides the
redshifts and spectral lags of the sources. The sample
covers GRBs across broad redshift range from 0.35 to 5.47.
Furthermore, we utilize the bolometric isotropic-equivalent
luminosity L;,, measurements provided in Nava et al. [48]
(for long GRBs) and D’ Avanzo et al. [49] (for short GRBs).
In order to make our paper self-contained, we provide the
combined data in Table I. Out of the 50 long GRBs in the
original catalogue we only use the 43 sources described in
Table I, since only those sources have unique redshifts and
luminosity measurements. Therefore, our final sample
includes 49 sources in total. Table I specifies the GRB
ID, redshift z, spectral lag 7 between two energy bands, left-
sided and right-sided measurement errors on the spectral
lag 6, /g, GRB isotropic-equivalent luminosity L;, and its
uncertainty ;. as well as a flag specifying whether the
GRB is classified as long or short.

The source rest-frame energy E’ is related to observer-
frame energy E through E' = E(1 + z). Using the appro-
priate observer-frame energy bands based on the redshift
of each GRB, Ref. [47] extracted time lags between
characteristic rest-frame energy bands of 100 — 150 and
200 — 250 keV. In our analysis the energy gap between
midpoints of rest-frame bands is therefore fixed for each
source to be AE’ = 100 keV, while the observer-frame
energy gaps vary depending on the source redshift.
Constant observer-frame energy gaps have been employed
in, e.g., [25].

V. ANALYSIS AND RESULTS

Correct modeling of intrinsic GRB time-lags is important
for reliably inferring constraints on LIV physics. In order to
account for unknown intrinsic lag Af;,, most previous
studies have assumed a constant rest-frame value b, universal
for all GRBs; Afy, = b(1+2z) (see e.g., [50-52]). An
improved and more general analysis has been carried out
in [53], where the intrinsic lags are described with a Gaussian
mixture model. Alternative ad hoc models included assum-
ing a power-law energy dependence for the time-lag between
the lowest energy band and any other higher energy bands
[54]. Treatment of source effects based on just random
number statistics have also been proposed [55].

In this paper, we take into account the correlations
between the time-lag and peak GRB Iuminosities. Such
a correlation has been found empirically for long GRBs
(e.g., [12,15,24]), and is predicted by theoretical models
(e.g., [27,30,31,33]). GRB luminosities are primary physi-
cal observables, and they can be indispensable for separating
source-specific, intrinsic time-lags and lags originating due
to photon propagation. This provides a physically motivated
model of the intrinsic time-lag, therefore allowing us to
derive more robust constraints on the LIV parameters than
what has been previously obtained. Here, for the first time,
we implement and explore lag-luminosity relation for
intrinsic lag in the context of LIV constraints. As discussed
in Sec. II, lag-luminosity correlations are primarily expected
for long GRB populations.

For our LIV analysis, for the long GRBs we model the
intrinsic rest-frame lag as

int,i L i

int,i Tobs is0 !
TRr — 1+z2 = ﬁlong L* s (5)

where i labels the long GRBs in our catalog, f3;,,, and y are
free parameters, and L, is an arbitrary normalization scale.
In our analysis, we also include the short GRBs. For this
population, however, lacking empirical and theoretical
motivations for the intrinsic lag-luminosity correlations,
we have assumed a uniform constant rest-frame time-lag:
tar’ = Penor» Where j labels the individual short GRBs in
our catalog and S, is a free constant parameter.

For the LIV contribution, we find that the optimal
quantity to constrain is the combination

1 En—En
aA=S5y —% . (6)
HO EQG.n

We note that for a fixed AE™, AE" = E
depending on the source redshift.

With our primary interest being the relationship between
the LIV time-lag contributions and the intrinsic astrophysi-
cally-induced time-lags, it is important to note that long
GRB luminosities vary with redshift as it is demonstrated in

n n 1
n — k7 varies
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TABLEI. The combined dataset used in this work. The most left column indicates the GRB’s unique identifier, followed by the GRB’s
redshift estimate. The next column shows the observed spectral lag between two energy bands, where o, 1 /g are the left and right-sided
measurement errors. Liy, and o7, indicate the GRBs’ bolometric isotropic-equivalent luminosity and its 1o uncertainty. The most left
column indicates if the GRB was a long or short pulse.

GRB ID Z 7 (ms) o, (ms) o, (ms) Lis, (109! erg/s) o1, (10°" erg/s) Type
050318 1.44 —13.66 184.88 218.76 4.76 0.37 Long
050401 2.9 285.19 59.05 59.14 201.0 9.85 Long
050525A 0.61 54.72 25.42 25.59 7.23 0.18 Long
050922C 2.2 162.52 74.74 79.5 184.0 28.7 Long
060206 4.05 252.4 85.65 88.18 49.6 3.24 Long
060210 3.91 349.99 233.64 237.12 52.8 5.66 Long
060306 1.55 42.56 51.17 53.73 83.0 4.9 Long
060814 1.92 —100.01 138.04 138.73 70.9 11.7 Long
060908 1.88 230.04 169.95 175.42 12.7 1.04 Long
060927 5.47 14.26 111.9 111.69 108.0 7.6 Long
061007 1.26 27.05 25.42 26.88 109.0 9.1 Long
061021 0.35 —603.94 416.22 403.94 1.73 0.43 Long
061121 1.31 28.36 20.02 20.25 142.0 18.9 Long
061222A 2.09 6.07 145.67 139.01 140.0 38.0 Long
070521 1.35 40.2 39.51 39.07 49.3 10.9 Long
071020 2.15 48.47 10.7 10.24 213.0 73.0 Long
071117 1.33 258.54 41.21 42.58 95.3 26.2 Long
080319B 0.94 30.29 21.67 19.18 102.0 9.4 Long
080319C 1.95 217.82 168.48 171.2 96.1 21.2 Long
080413B 1.1 96.0 61.91 59.56 14.9 0.62 Long
080603B 2.69 —43.59 67.38 63.01 116.0 30.0 Long
080605 1.64 53.65 36.46 37.38 308.0 64.0 Long
080607 3.04 90.99 91.44 101.78 2259.0 453.0 Long
080721 2.59 —158.16 162.73 149.69 1038.0 172.0 Long
080804 2.2 —347.4 618.25 623.99 27.0 3.3 Long
080916A 0.69 599.82 288.57 290.73 1.08 0.06 Long
081121 2.51 —-10.41 245.62 266.41 195.0 31.0 Long
081203A 2.1 -39.23 198.37 175.09 28.2 1.9 Long
081221 2.26 99.44 77.55 80.56 100.0 2.0 Long
081222 2.77 129.02 81.04 86.36 94.9 3.1 Long
090102 1.55 522.53 278.44 304.17 45.7 1.4 Long
090424 0.54 18.62 47.22 50.44 11.2 0.17 Long
090715B 3.0 70.66 304.24 385.39 82.6 22.9 Long
090812 2.45 168.71 338.84 343.29 96.2 9.7 Long
090926B 1.24 1031.73 861.13 887.57 4.28 0.25 Long
091018 0.97 163.65 147.37 149.05 4.73 1.04 Long
091020 1.71 —78.58 282.06 290.03 32.7 4.6 Long
091127 0.49 157.64 194.65 192.49 9.08 0.22 Long
091208B 1.06 84.2 31.61 31.6 17.4 0.7 Long
100621A 0.54 924.74 727.39 677.68 3.17 0.24 Long
100728B 2.11 —115.0 456.44 406.26 18.7 1.2 Long
110205A 2.22 —125.63 136.21 144.66 25.1 34 Long
110503A 1.61 46.77 82.15 85.65 181.0 18.0 Long
051221A 0.55 —1.85 2.32 2.47 58.4 8.9 Short
070714B 0.92 5.58 35.01 31.56 13.0 1.4 Short
090510 0.9 —-7.99 8.4 8.63 178.0 11.7 Short
101219A 0.72 -0.02 21.77 22.42 65.0 18.6 Short
111117A 1.3 3.24 10.7 10.1 40.4 12.8 Short
130603B 0.36 —-3.44 5.58 7.27 43.5 8.7 Short
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Relationship between spectral time-lag and luminosity of 43 long and 6 short GRBs detected by Swift. Left: redshift evolution

of GRB luminosities. The dashed gray line roughly depicts the median of the data points, and shows that luminosities are correlated with
redshift. Right: lag-luminosity correlations similar to the results presented in Ref. [47]. The dashed gray line roughly depicts the median
of positive-lag GRBs. The red points depict the arbitrarily rescaled contributions from LIV physics at the redshift of the particular
positive-lag GRB. The red, dashed line roughly corresponds to the median of the red points. See text for more details.

the left panel of Fig. 1. On the other hand, since in our
model the intrinsic time-lags are tightly connected to
luminosities, the rest-frame intrinsic time-lags also vary
with redshift. This redshift dependence partly degenerates
with the redshift dependence of the LIV prediction. Indeed,
because of its redshift dependence, the LIV contributions
are indirectly correlated with GRB luminosities. As we
demonstrate in the right panel of Fig. 1, this correlation
cannot account for the entire observed lag-luminosity
correlation, therefore suggesting the usefulness of using
the luminosity information in our analysis. This conclusion
is supported by noting that the red-dashed line, roughly
corresponding to the median of contributions from LIV
physics at the redshifts of the positive-lag GRBs, differs
noticeably from the median of the observed positive-lag
data points (roughly depicted by the gray-dashed line in the
same figure). Here, we conservatively assume that possible
additional sources of uncertainties do not significantly
affect these results.

Our objective is to estimate the effect of the y parameter
on the inference of the quantum gravity scale Egg. In
practice, we explore the a parameter alongside the f,,, and
Panort parameters for a selection of fixed values of y. We
assume all the time-lag measurement errors to be indepen-
dent, and construct a Gaussian likelihood of the form

L: = He_(‘[{heor_rf)bs)z/zaiz’ (7)

where i is the data index, subscript “theor” denotes the
theoretical prediction, including both the intrinsic and LIV
contributions, subscript “obs” denotes the data, o' is
approximated by the average of o, and o,x in Table L.

We have checked that taking into account the luminosity
uncertainties does not noticeably alter our inference.

The posterior distribution is sampled using EMCEE [56],
and the statistical summaries are calculated using GETDIST
[57]. Since s is a discreet parameter, we perform inference
for s, £ 1 cases separately. Our results are summarized in
Fig. 2 for the case of n = 1 and s = —1 (left panel), and
s+ = +1 (right panel). From Eq. (6) it should be noted that
for s, = —1, the parameter a can only take negative values,
hence, its prior should be bounded from above by zero.
Similarly, for s, = +1, the parameter « can only take
positive values. The results for n = 2 look very similar, and
we choose not to show the full posteriors for this case. This
similarity is expected since n only mildly changes the
redshift integrand in Eq. (3).

Previously, the dataset of Ref. [47] was already
employed for LIV analysis by Ref. [58], without taking
into account lag-luminosity relation and assuming constant
intrinsic lag. By considering y = 0 and s = —1 case in our
analysis, our resulting limits are compatible with results
presented in Ref. [58]. Figure 2 demonstrates the impact of
intrinsic modeling on the inferred constraints. These results
particularly emphasize that the choice of the astrophysical
model can change the conclusions about the LIV physics,
ranging from stringently constraining it, all the way to
detecting hints of its presence. While not our main objective
in this work, clearly, when marginalizing over y, one would
obtain the most conservative constraints, corresponding to
broader a distributions compatible with 0.

Precise determination of photon spectra time-dependence
could further help distinguish source and LIV effects [7].
Future surveys and observations, such as by the proposed
THESEUS satellite [59], will be able to probe LIV effects
near the Planck scale.
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FIG. 2. Posterior distributions of intrinsic model parameters f3on, and fgnor, and the LIV parameter a defined in Eq. (6). Left: the case
of s, = —1. The 95% limits on a are > —1.49, > —0.72,> —0.11 for y = 0, —0.3 and —0.6, respectively. Right: the case of s, = +1.
The 95% limits on a are < 0.98, < 0.49,0.51%030 for y = 0,—0.3 and —0.6, respectively.

VI. CONCLUSIONS

Energetic and distant astrophysical sources make it
possible to test fundamental physics at energies far exceeding
the capabilities of terrestrial laboratories. GRBs constitute
excellent sources to explore the possible violations of
fundamental principle of Lorentz invariance. However, the
inferred LIV limits could be significantly affected by poorly
understood intrinsic source effects that are often modeled
inconsistently. In this work, using long and short GRB
samples from the Swift telescope, we explored the impacts of
the source luminosities and their correlations with intrinsic
spectral lags on LIV measurements. We have demonstrated
the effect of intrinsic lag modeling on the derived constraints,
and have shown that incorrect intrinsic models can lead to
qualitatively incorrect or aggressive conclusions regarding
the LIV physics. Additionally, we have derived the first limits
on quadratic LIV effects using the Swift dataset.

The LIV limits from MeV y-rays, on which we focused
in this work, are complementary to those from higher-
energy y-rays. GRBs are known to be not only MeV
emitters but also GeV-TeV emitters that can also be used as
a probe of higher scales of LIV effects, and even ultrahigh-
energy y-rays have been proposed as a test of the LIV
effects [60]. In particular, one of the short GRBs, GRB
090510, detected by Fermi-Large Area Telescope (LAT)
placed a stringent LIV limit, Eqg > 9.3 x 10" GeV
[61,62]. The recently detected unusually bright burst
event GRB 221009A, registered on October 9, 2022 at
redshift z = 0.151 [63]. The event has been detected by
Swift-BAT as an unknown-type transient [64] with Fermi-
GBM observing it an hour before the BAT trigger [65].

The detection of a ~100 GeV photon may provide a
weaker constraint via the LIV-induced time delay [66].
The detection of very high-energy photons up to ~18 TeV
by LHAASO [67] has also been of interest, because LIV
effects could significantly modify photon dispersion rela-
tions and propagation opacity [68—72]. The scale of LIV
effects, Eqg <1 X 10%° GeV (assuming n = 1) is allowed
by the limits from our Swift data analysis (see Table II).

TABLE II. Summary of 95% confidence intervals for the LIV
parameter Eqg for the considered models. Note that for most of
the models, data can only provide lower bounds. In some cases,
however, both lower and upper confidence intervals can be
identified. This emphasizes the importance of detailed modeling
of intrinsic lags.

95% C.L. limit on

LIV model Lag-luminosity y Eqg [GeV]
n=1,s; =+1 0.0 >4.47 x 1014
-0.3 >8.95 x 10
-0.6 EoG/10' = 8.6134
n=1s.=-1 0.0 >2.95 x 101
-0.3 >6.10 x 10
—0.6 >4.01 x 109
n=2ys.=+I1 0.0 >4.14 x 10
-0.3 >5.75 x 10
-0.6 Eqc/10° = 5.6133
n=2ys,=-1 0.0 >3.46 x 10
-0.3 >4.03 x 10
-0.6 >1.13 x 10°
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On the other hand, such effects are already under mild
pressure from limits of Eqg 2 1 x 10 GeV obtained by
stacking analysis of GRB spectra using datsets from HEGRA,
HESS, VERITAS, TACTIC, ARGO-YBJ, Whipple obser-
vations [73]. However, we caution that the LIV limits relying
on the absorption effect requires details of not only the very
high-energy photon data but also the GRB modeling [74,75].
In addition, GeV-TeV y-rays do not have to share the origin
with MeV y-rays. Rather, they may be produced by after-
glows, in which the constraints are subject to different
systematics. Our limits using the MeV y-ray data are
important as conservative and complementary constraints.
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