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A cosmological origin of magnetic fields in large scale structures of the Universe would require a non-
negligible magnetic field in cosmic voids, which, however, remains undetected. Gamma-ray emission from
gamma-ray bursts (GRBs) offers the opportunity to indirectly probe such an intergalactic magnetic field
(IGMF), as γ rays interact with cosmic radiation fields, producing electron-positron pairs, and initiate an
electromagnetic cascade. The deflection of the pairs in the IGMF results in a time-delayed signal at GeV
energies. Using observations with the Fermi Large Area Telescope of the GRB 221009A, we are able to
derive the most stringent constraints to date from the nonobservation of the cascade and rule out magnetic
fields B < 2.5 × 10−17 G at 95% confidence level for a coherence length larger than 1 Mpc. Our results are
comparable to limits obtained from blazar observations but do not suffer from assumptions on the duty
cycle of the γ-ray source or whether inverse-Compton scattering losses dominate over the development of
plasma instabilities.

DOI: 10.1103/g8rr-g7p4

I. INTRODUCTION

The origin of the magnetic fields in the large-scale
Universe is one of the long-standing problems in cosmol-
ogy. Magnetic fields with strengths of the order of 1–10 μG
are usually measured in galaxies via observations of
Faraday rotation and Zeeman splitting of atomic lines in
the radio band. There is general agreement that these
magnetic fields can be sourced via amplification mecha-
nisms, such as the α − ω dynamo of weak-seed fields [1].

However, the origin of these weak seeds is largely
unknown. Two main hypotheses are usually considered:
the cosmological and the astrophysical origin [2,3], or a
mixture of the two [4]. The main difference between these
scenarios is that, in the case of cosmological origin, non-
negligible magnetic fields are expected in cosmic voids.
Such an intergalactic magnetic field (IGMF) has never been
measured and Faraday rotation measurements limit the
IGMF strength to be below 10−9 G [5].
A powerful indirect probe to constrain or measure weak

magnetic fields makes use of γ-ray observations of extra-
galactic sources (see, e.g., Ref. [6] for a review). Very-high
energy (VHE, E > 100 GeV) γ-ray photons can be
absorbed during their propagation by the extragalactic
background light (EBL) via the γ − γ pair production
process (γ þ γ → eþ þ e−) [7,8]. The created pairs inverse
Compton (IC) scatter photons from the cosmic microwave
background (CMB) up to γ-ray energies, initiating an
electromagnetic cascade. If an IGMF is present, the pairs
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are deflected, which induces several observational signa-
tures of the cascade emission, such as an additional spectral
component and a γ-ray halo around otherwise pointlike
sources. The absence of these features in γ-ray observations
of active galactic nuclei (AGNs) with their jets closely
aligned to the line of sight (so-called blazars) has led to
lower limits on the IGMF in the range of 10−15–10−17 G,
e.g., [9–14]. The results depend on various assumptions
such as the intrinsic VHE spectral shape, the AGN duty
cycle, as well as the coherence length of the IGMF.
Recently, a lower bound of the order of ∼10−17 G on
IGMF strength was derived, which took into account the
variability pattern of the source in the VHE band [15].
The discovery of the VHE emission from gamma-ray

bursts (GRBs) [16,17] offers a unique opportunity to con-
strain the IGMF. A nonzero IGMF would cause a time delay
of the cascade emissions, producing observable γ-ray emis-
sion even after the GRB afterglow has ceased [18–22]. This
approach has the advantage that it does not require assump-
tions on the source’s duty cycle or variability pattern as these
quantities are directly determined for GRBs. Several
attempts have been made to measure the IGMF using this
pair-echo emission using the first GRB detected in the VHE
band, GRB 190114C [23–26]. The authors of Ref. [23]
excluded IGMF strengths lower than ∼10−19.5 G for a
coherence length ≤ 1 Mpc, which was, however, not con-
firmed in other studies [24,25]. Instead, no limits could be
derived. These discrepancies can be explained with the
different assumptions made for the intrinsic VHE spectral
shape of the GRB and shifting from semianalytical to
cosmic-ray propagation codes for the calculation of the
cascade spectral energy distributions (SEDs). Therefore no
IGMF constraint can be inferred from this GRB.
Similar studies have been performed using observations

of the exceptionally bright GRB 221009A up to 90 days
after the GRB trigger [27–29]. Importantly, this GRB has
been detected at energies larger than 10 TeV with the Large
High Altitude Air Shower Observatory (LHAASO) at high
significance [30,31]. In this paper, we report on improved
constraints on the IGMF strength from γ-ray observations
with the Fermi Large Area Telescope (LAT) of GRB
221009A during both the afterglow and up to one year
after the event. We use the Monte Carlo code CRPropa 3 [32]
to simulate the pair-echo SEDs in different time windows
and for different IGMF strengths and derive lower bounds
on the IGMF employing the full Poissonian likelihood
information in the Fermi-LAT energy band. Throughout
the paper, we assume a flat ΛCDM cosmology with
H0 ¼ 70 km s−1Mpc−1, ΩΛ ¼ 0.7, and ΩM ¼ 0.3.

II. THE VHE INTRINSIC SPECTRUM
OF GRB 221009A

The GRB 221009A was an extremely energetic (Eiso
γ ∼

1055 erg) event detected with the Fermi gamma-ray burst

monitor (GBM) on 2022 October 9 at T0 ¼ 13∶16∶59.99
UT [33]. With a redshift z ¼ 0.151, corresponding to a
luminosity distance DL ∼ 720 Mpc, its isotropic luminos-
ity is estimated to be Liso

γ ≃ 1053 erg s−1 [34]. The event has
been subsequently detected with the Fermi LAT in the GeV
domain [35], and by the Swift-BAT and XRT instruments in
x-rays [36]. Observations started 53 and 55 min after T0,
respectively.
At the trigger time T0, the event was in the field of view

of LHAASO, which detected more than 6.4 × 104 photons
within the first 3000 seconds at Eγ > 200 GeV [30].
LHAASO is a hybrid array of VHE detectors, composed
of both water Cherenkov photomultipliers (WCDA) and
solid-state scintillators (KM2A) that are sensitive to γ rays
above a few TeV [37,38]. The intrinsic differential spectra
in the range 200 GeV–7 TeV, derived within five temporal
bins ranging from T0 þ 5 to T0 þ 1774 s, do not show any
evidence of energy cutoff up to 5 TeV [30]. The spectra are
compatible with power laws (PLs) with indexes in the
range 2.1–2.5. The KM2A observations reveal γ rays with
energies up to 13 TeV [31].
In order to predict the correct amount of cascade

emission in the GeV energy range, the choice of the
VHE intrinsic spectrum is crucial. We follow the approach
of Ref. [25] and use the physically motivated synchrotron
self-Compton (SSC) model fitted to the LHAASO WCDA
observations (see Fig. 2 in Ref. [30]). In each time bin, the
SED E2

γFðEγÞ of the SSC model is well approximated by a
log parabola (LP),

E2
γFðEγÞ ¼ S0

�
Eγ

E0

�
−α−η log ðEγ=E0Þ ð1Þ

with E0 the pivot energy, S0 the SED normalization at
Eγ ¼ E0, α the PL index, and η the curvature. Fixing
E0 ¼ 1 TeV, we derive the LP parameters that approximate
the SSC model in each time bin. We then compute the time-
weighted averaged VHE spectrum by taking the geometric
mean of the normalization factors and the arithmeticmean of
both the spectral index and curvature, weighted by the
duration of each time bin. The average intrinsic SEDderived
in this way has parameters S0 ¼ 6.8 × 10−7 erg s−1 cm−2,
α ¼ 0.38, and η ¼ 0.10. For the subsequent calculations of
the expected pair-echo emission, we conservatively incor-
porate an additional term for an exponential high-energy
cutoff expð−E=EcutÞ. We explore the following cases: no
cutoff, Ecut ¼ 7 TeV (limit of the WCDA sensitivity),
and 13 TeV (highest energy photon detected with
KM2A). For all spectra, we set a maximum energy of
30 TeV. We assume that the average emission is well
represented by this spectrum over the assumed activity time
ofΔTactivity ¼ 1774 s, which is the timewindow over which
the SSC modeling has been performed by the LHAASO
collaboration.
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III. SIMULATION OF THE PAIR-ECHO EMISSION

To produce the pair-echo SEDs in different time win-
dows, we employ the Monte Carlo code CRPropa 3 (version
3.2), which simulates the development of the pair-echo
emission given a primary VHE photon spectrum injected in
the intergalactic medium [32]. The source is located at the
center of a sphere with radius D equal to the comoving
distance to the source.1 We assume that the source emits
VHE photons in the range 0.1–30 TeVaccording to Eq. (1),
and reweight the SED accordingly when a cutoff is
adopted. These photons are injected considering an aper-
ture cone of 1.6°, as inferred from the break in the
LHAASO light curve [30]. The choice of the cone aperture

is based on the GRB emission model adopted by the
LHAASO collaboration. We note that a larger opening
angle could affect the cascade flux only for large time
delays. However, for the time delays considered in this
work, this parameter does not significantly impact the
results.
Examples of the derived pair-echo light curves and SEDs

are shown in Figs. 1 and 2. In Fig. 1, we show the cascade
flux for E > 100 MeV as a function of time for different
IGMF strengths for a cutoff in the intrinsic spectrum of
7 TeV. The left panel of Fig. 2 shows the SED averaged
between 3.3 and 365 days. The lower value of 3.3 days
corresponds to the last detection from the GRB as reported
by Fermi LAT [40]. As expected, both figures show that the
cascade flux drops with increasing magnetic field, since the
time delay of the cascade photons increases with increasing
IGMF strength. Furthermore, the peak of the cascade flux

FIG. 1. Predicted light curves from the pair-echo emission for E > 100 MeV using different magnetic fields, set in context with the
LAT fluxes derived in [40]. Note that the presumed GeV afterglow component lasts until ∼T0 þ 2.8 × 105 s. The vertical dashed line
represents the arrival time of the 400 GeVevent not accounted for in standard afterglow emission models. The results were derived with
CRPropa simulations employing the log-parabola model of Eq. (1) multiplied by an exponential cutoff at 7 TeV as the injected VHE
spectrum.

FIG. 2. Left: simulated SEDs of the pair-echo emission expected between 3.3 and 365 days after T0 with the same injection spectrum
as in Fig. 1 compared with the Fermi-LAT upper limits. Right: likelihood profiles sampling the magnetic field for different time
intervals. The astrophysical GRB afterglow model assumes an ad hoc power-law spectrum with Γ ¼ 2. Solid lines represent cubic spline
interpolations between the derived likelihood values. The results were derived using the same set of simulations as in Fig. 1.

1A redshift z ¼ 0.151 is sufficiently nearby for a reliable EBL
implementation within CRPropa3, see Fig. B.1 in [39].
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moves towards higher energies with increasing IGMF.
This is caused by the energy dependence of the deflection
angle of the pairs: for the same magnetic field B, the
deflection angle is proportional to E−2 for large correlation
lengths [41].
This is due to the longer time delay of low energy

photons as low energy pairs have a larger Larmor radius for
higher IGMF values. We provide further details on the
CRPropa simulations in Appendix A.

IV. FERMI-LAT LIMITS ON THE PAIR
ECHO EMISSION

The Fermi LAT is a pair-conversion telescope that
detects γ rays from 20 MeV to beyond 300 GeV [42].
We select events between 100 MeV and 1 TeV, within a
10° × 10° region centered on GRB 221009A, with a zenith
angle cut at 90°. We divide the dataset in several time
bins following the main analysis of the Fermi-LAT col-
laboration [40], expanding it up to one year after T0

(Appendix B).
The likelihood of observing the data Dij in the ith time

bin and jth energy bin follows a Poisson likelihood
LðB; θijDijÞ. This assumes an IGMF strength B and
spectral parameters θ for both the background sources
and potential GRB afterglow emission. Background
sources can be nearby point sources or diffuse back-
grounds. The log-likelihood ratio test can then be written as

λðBÞ ¼ −2
X
i;j

ln

�
LðB; ˆ̂θijDijÞ
LðB̂; θ̂ijDiÞ

�
; ð2Þ

where ˆ̂θi denotes the spectral parametersmaximizingLi for a
fixed IGMF field strength in the ith time bin, whereas θ̂i and
B̂ are the parameters that maximizeLi unconditionally. Note
that, for time bins earlier thanT0 þ 3.3 days,we additionally
included a point source with a power-law spectrum with
index Γ ¼ 2 and free normalization to account for the GRB
afterglow emission (see Appendixes B and C).
We show the results of the log-likelihood ratio test in the

right panel of Fig. 2. No IMGF strength is preferred. Instead,
we are able to rule out IGMF strengths at 95% confidence for
which λ > 2.71. Combining all time and energy bins, this
excludes B < 2.5 × 10−17 G. The most stringent constraint
comes from the latest time bin (up to T0 þ 1 yr), which rules
outB < 2.2 × 10−17 G.Constraints from the individual time
bins are reported in Appendix B.

V. DISCUSSION AND CONCLUSIONS

Our results depend on the chosen high-energy cutoff of
the injection spectrum of VHE γ rays as well as the
assumed GRB afterglow emission in the early time bins.
Increasing the cutoff energy to 13 TeV, corresponding to
the highest energy reported with the LHAASO KM2A

detectors rules out B < 3.5 × 10−17 G. This is expected, as
photons injected at even higher energies will increase the
amount of pair-echo photons in the Fermi-LAT energy
band. If no cutoff is applied to the log-parabola spectrum,
the constraints further improve and rule out an IGMF with
B < 5 × 10−17 G. These results assume that an afterglow
component can account for the GeV signal, fitting a power
law with Γ ¼ 2 to the flux observed by the LAT in each
time bin. To estimate the impact of assuming such an
ad hoc component, we alternatively test a scenario where
we replace the simple power-law model with a physically
motivated SSC model. This model is set to reproduce the
LHAASO data, and only employed to predict the GeV flux
in the ith time bin (Appendix C). The limits weaken
marginally, and an IGMF with B < 1.4 × 10−17 G is ruled
out for a high-energy cutoff at 7 TeV. Finally, we also
considered the scenario of no astrophysical afterglow. In
this case, a preference for the cascade is found in the early
time bins in order to explain the Fermi-LAT detection.
However, different time bins prefer different values of the
IGMF, which are all incompatible with the constraints from
the latest time bin extending up to T0 þ 1 yr. Therefore, we
do not regard this as evidence for an IGMF.
In principle, the choice of the EBL model could affect

the amount of cascade flux. In this work, we used the EBL
model by [43]. However, as we show in Appendix A, the
cascade flux level does not vary significantly across
different EBL models, so the IGMF limit is not sensitive
to the particular choice of model.
Interestingly, the LAT detected a 400 GeV photon at

T0 þ 33 ks, whose detection is inconsistent with a syn-
chrotron origin [40]. While it has been suggested that it
could be attributed to the cascade emission (see, e.g., [44]),
our results indicate otherwise. The 400 GeV flux cascade at
33 ks is predicted to be extremely low, with probabilities of
detecting a single photon above 100 GeV of less than 3σ.
Our results are significantly more constraining (by more

than an order of magnitude) than previous analyses also
using Fermi-LAT observations of GRB 221009A [27–29];
see Fig. 3. The most significant factor concerns the time
window considered for searching the pair echo. Previously,
the cascade signal was searched for up to 20 days [29],
90 days [28] or eight months [27] after T0. Furthermore, in
our analysis we make full use of both spectral and temporal
information given the chosen time binning.
Given the exceptionally high flux in the VHE band, it is

plausible that Fermi-LAT observations could still be
sensitive to the pair-echo emission at later times of more
than one year. We assess this possibility by extending our
simulations and extrapolating the LAT exposure up to five
years. Given the energy-dependent dilution in time of the
signal, we find that the average flux expected within the
3–15 GeV band will tighten the constraints if several years
of exposure are added, despite not reaching an additional
order of magnitude (see Appendix B).
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The lower bound on the IGMF strength derived in this
work holds as long as the correlation length lB of the IGMF
is larger than the cooling distance of the electron-positron
pairs for IC scattering, lIC ≃ 0.7ðEγ=TeVÞ−1 for primary γ
rays with energy Eγ. Considering Eγ ∼ 10 TeV, we find
lB < lIC for lB ∼ 0.1 Mpc, under the assumption that
the electron and positron have both half the energy of
the γ ray. For lower values of the coherence length, the
lower bound on the IGMF strength should scale as l−1=2

B for
a Kolmogorov turbulence spectrum [41], as electron-
positron stochastic deflections can be described as diffusion
in angle (see Ref. [45] for the scaling with different
turbulence spectra). Our result represents the best constraint
so far on the IGMF employing the pair-echo technique,
comparable to those obtained by studying blazars [15]. This
opens the door for IGMF studies by means of TeV-detected
GRBs to be as competitive as those done on persistent
extragalactic VHE sources, while not suffering from
assumptions on the duty cycles [14]. Moreover, our results
are not affected by the possible development of plasma

instabilities in the electron-positron beam in voids [46]. It
has been argued that such instabilities could lead to an
energy loss of the pairs on timescales shorter than the IC
cooling time. However, the time required for such insta-
bilities to grow is 1 order of magnitude larger than the time
activity of the GRB 221009A, even with its large TeV
luminosity [30,46].
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DATA AVAILABILITY

The products resulting from the analysis of Fermi-LAT
data and CRPropa simulations are available from the
authors upon reasonable request.

APPENDIX A: CRPropa SIMULATION DETAILS

As explained in the main body of the paper, in the
simulation setup, the source is positioned at the center of a
sphere with a radius equal to the comoving source distance.
Very-high-energy (VHE) photons are injected within a
cone, and all relevant energy-loss mechanisms are
accounted for, including pair production and IC scattering
on the cosmic microwave background CMB. The EBL
model from [43] is used in the simulations. A pair-echo
photon with energy larger than 10 MeV that hits the sphere
is considered as detected.
We assume an IGMF with a turbulent zero-mean

Gaussian random field and a Kolmogorov spectrum. It is
defined in Fourier space, transformed into real space, and
then projected onto a uniformly spaced cubic grid with

FIG. 3. The IGMF parameter space (B, lB). Theoretically
preferred regions by electroweak (EWPT) or QCD phase tran-
sitions (QCDPT), or by galactic winds and induced by cosmic-
ray (CR) streaming are shown in blue [3]. Previous constraints
using LAT observations of GRB 221009A, as well as constraints
from γ-ray observations of blazars, are shown as gray lines and
gray shaded regions with arrows. Our constraints at the 95% con-
fidence level are shown in orange.
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N ¼ 1003 cells of 50 Mpc size. The minimum and
maximum scale lengths in which the magnetic field are
defined are 1 Mpc and 25 Mpc, respectively, resulting in a
correlation length of lB ∼ 5 Mpc. The cubic cell is then
periodically repeated to cover the distance between the
source and Earth. We conduct the simulations for different
values of the root mean square of the IGMF field strength
between 10−20 and 10−15 G. For each tested field and
VHE spectrum with different cutoff energies, we inject
2 × 105 photons. For the two strongest IGMF strengths
[log10ðB=GÞ ¼ −15.5 and −15], we inject 4 × 105 and
8 × 105 photons, respectively, due to the strong time dilution
of the pair-echo signal. All particles are traced with a step
size of at least 10−5 pc which enables us to reproduce time
delays with an accuracy better than 20 minutes.
To evaluate the pair-echo SED within a certain time

interval ΔT, we consider an observer perfectly aligned
with the jet axis2 and select all cascade photons arriving
with a time delay < ΔT [25]. In the left panel of Fig. 4, we
show an example of the SED derived in the time interval
3.3–365 days for the three different VHE intrinsic spectra
tested; a log parabola and a log parabola multiplied with
two different exponential cutoff energies.
In principle, we also need to consider the spatial

extension of the cascade. However, we have verified that,
for all of the tested IGMF strengths and time delays (up to
one year), the cascade signal is well within the point spread
function (PSF) of the Fermi LAT (see right panel of Fig. 4),
so that we can consider the cascade emission as pointlike.
To quantify the impact of the EBL choice we also ran

simulations using the models by Domínguez et al. [49],
Finke et al. [50], and Saldana-Lopez et al. [51]. Figure 5

shows a comparison of the cascade SEDs obtained with
each model, assuming a log-parabola VHE intrinsic
spectrum without a cutoff and an IGMF strength of
log10ðB=GÞ ¼ −20. The differences found among models
are minimal and do not affect the determination of the
IGMF constraint.

APPENDIX B: FERMI-LAT ANALYSIS DETAILS

The analysis for the present work is done using Fermitools

(version v2.2.0) and FERMIPY (version v1.2.2). We include
LAT observations taken from T0 þ 9630 s to a year after
the GRB, selecting P8R3 SOURCE events (evclass ¼ 128,
evtype ¼ 3) with energies between 100 MeV and 1 TeV.
We apply a maximum zenith angle cut at 90° to
prevent Earth limb contamination, and employ five bins
in azimuth to reduce its impact on the exposure for short

FIG. 5. Comparison of pair-echo SEDs for log10ðB=GÞ ¼ −20
and a log-parabola VHE intrinsic spectrum, using different EBL
models (see text for details).

FIG. 4. Left: pair-echo SEDs comparison for log10ðB=GÞ ¼ −18 and the three different VHE intrinsic spectra used in the simulations.
Right: 2D pair-echo distribution for log10ðB=GÞ ¼ −15 (the strongest magnetic field strength tested) and E > 10 MeV. As a reference,
for average reconstruction quality events the smallest LAT PSF is above 10 GeV, with a 68% containment within 0.1° [48].

2The assumption was justified by existing estimates, see
Table 3 in [47].

LEA BURMEISTER et al. PHYS. REV. D 113, 043041 (2026)

043041-6



timescales [52]. To adequately consider the detected
emission at GeV energies, we bin the data following
Table III in [40]. We complete it with a single bin from
T0 þ 3.3 d to one year.
Each time bin is independently analyzed with a binned

maximum-likelihood framework [53]. The region of interest
(RoI) is defined as a 10° × 10° square centered at the GRB’s
nominal position (RA ¼ 288.21, DEC¼19.73; [35]), with
0.1°-width spatial bins and eight bins per logarithmic energy
decade. As our background, we include the standard

Galactic and isotropic diffuse components (gll_iem_v07
and iso_P8R3_SOURCE_V3_v1, respectively), and a
component for each source in the latest catalog (4FGL-DR4
v34; [48,54]) within a region of 15° × 15°. We employ
the instrument response function P8R3_SOURCE_V3,
although we note that energy dispersion is not applied to
the isotropic component. The significance of each source is
assessed through the test statistic TS ¼ −2 lnðL0=L1Þ,
where L0 is the log-likelihood of the null hypothesis and
L1 the log-likelihood of the complete model.

FIG. 6. Likelihood profiles for further cases. The top panels display the likelihood profiles obtained by not extracting any signal (left)
and by subtracting an afterglow component according to the physical model in Appendix C (right). Both cases assume an exponential
cutoff at 7 TeV. The bottom panels display the profiles derived assuming an ad hoc afterglow emission with Γ ¼ 2, but with the cutoff at
13 TeV (left) or without it (right). Solid lines represent cubic spline interpolations between the derived likelihood values.

TABLE I. The lower bounds on the IGMF strength, expressed in G at the 95% confidence level, are presented for all of the tested time
intervals. These results assume the power-law and GRB physically motivated models as spectral models for the GRB in the Fermi-LAT
analysis. The results were obtained using the log-parabola model, Eq. (1). Exponential cutoffs are considered by including an additional
term to the equation.

Cutoff at 7 TeV Cutoff at 13 TeV No cutoff

T0 − Tf Power law GRB model Power law GRB model Power law GRB model

9630–15870 s 1.4 × 10−19 1.4 × 10−19 1.8 × 10−19 1.8 × 10−19 2.2 × 10−19 2.5 × 10−19

15870–27810 s 2.5 × 10−19 5.6 × 10−20 3.2 × 10−19 7.1 × 10−20 5.6 × 10−19 1.1 × 10−19

27810–51090 s 7.1 × 10−19 3.5 × 10−19 9.0 × 10−19 5.6 × 10−19 1.3 × 10−18 7.9 × 10−19

51090–90570 s 9.0 × 10−19 2.8 × 10−19 1.3 × 10−18 4.0 × 10−19 1.8 × 10−18 7.1 × 10−19

90570–164130 s 7.9 × 10−19 1.8 × 10−19 1.1 × 10−18 2.5 × 10−19 1.8 × 10−18 4.0 × 10−19

164130–284490 s 1.3 × 10−18 2.2 × 10−19 1.8 × 10−18 3.2 × 10−19 2.8 × 10−18 5.0 × 10−19

3.3–365 days 2.2 × 10−17 2.2 × 10−17 3.2 × 10−17 3.2 × 10−17 5.0 × 10−17 5.0 × 10−17

Combined 2.5 × 10−17 1.4 × 10−17 3.5 × 10−17 1.8 × 10−17 5.0 × 10−17 2.5 × 10−17
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FIG. 7. Left: SED cascades for the different time bins considered, in comparison with the LAT observations during the corresponding
time window. Right: same SED cascades in comparison with the upper limits derived from LAT observations once the afterglow
emission was subtracted with a power-law component during the corresponding time window.
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The background is fitted by (1) optimizing the RoI by
means of a standard iterative process,3 (2) removing those
components with a preliminary detection TS < 4 or a
predicted number of counts lower than 3, and (3) refitting
the normalization of all sources within 3° of GRB
221009A. For the time bin from T0 þ 3.3 d to one year,
the final likelihood (for each IGMF strength) is obtained by
including an additional pointlike source whose spectrum is
described with results from the CRPropa cascade simula-
tions. For the other time bins we consider three distinct
scenarios:
(1) Cascade only. A single source with the simulated

cascade spectrum is added to the RoI. The spectrum
is fixed to that obtained in the simulations (both
normalization and shape).

(2) Phenomenological afterglow with cascade. In addi-
tion to the simulated cascade, an additional compo-
nent for a pointlike source is added to account for the
GeV emission from the GRB. Its spectrum is
described with a power law with Γ ¼ 2 [40] and,
in contrast to the cascade component, its normali-
zation is left free in the fit.

(3) Physical afterglow with cascade. In addition to the
simulated cascade, an additional component for a
pointlike source is added to account for the GeV
emission, whose normalization and spectral shape is

also fixed to that predicted by the afterglow model
during the corresponding time interval.

The likelihood profiles for different scenarios are pre-
sented in Fig. 6, with the complete list of limits derived for
each scenario summarized in Table I. Additionally, we
present the SEDs for a pointlike source at the position of
GRB 221009A with and without a power-law component
extracting the GeV signal (Fig. 7). Fluxes for the afterglow
component are fully consistent with those derived in [40].
To estimate if similar studies would further improve the

constraints by increasing the exposure time, we extrapolate
the derived exposure map of the RoI up to five years. A 2σ
confidence level sensitivity curve is derived, requiring at
least three counts from the echo emission and considering
the impact of diffuse components. We derive such sensi-
tivity curves for narrow energy bands, with four bins per
energy decade and assuming a flat spectrum with Γ ¼ 2
within each energy bin. We note that these narrow bands are
required to account for the energy-dependent time evolu-
tion of the cascade. Additional CRPropa simulations up to
T0 þ 5 yr predict a measurable (yet moderate) improve-
ment in the sensitivity from 3 to 15 GeV (Fig. 8), the most
favorable energy range for the Fermi LAT.

APPENDIX C: SSC AFTERGLOW MODEL AT
GEV ENERGIES

Wemodel the afterglow as leptonic synchrotron and SSC
emission from the forward shock. Semianalytical approx-
imations for SSC were calculated by [55,56]. Here we

FIG. 8. Fermi-LAT sensitivity (95% confidence level) as a function of observation time compared with the average photon flux
expected from the echo emission for the same integration times. The results are shown for three narrow energy bands only.

3https://fermipy.readthedocs.io/en/latest/fitting.html#id2
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follow the treatment of [57] and numerically calculate the
spectral energy distribution at the time of the LHAASO and
Fermi-LAT observations.
We numerically solve for the bulk Lorentz factor of the

blast wave, Γ, as a function of radius and follow the
distribution of the electrons’ random Lorentz factor, γe,

through the continuity equation. We assume the electrons
develop a power-law distribution as they are injected into
the blast wave from the interstellar medium. We take into
account radiative and adiabatic cooling.
To obtain the spectral energy distribution, at each time

we convolve the synchrotron and SSC emissivity with the
electron distribution. To compare the model with the
LHAASO measurements, we integrate the flux over their
reported time range. We vary the free parameters of the
model (total energy E0, initial Lorentz factor Γ0, electron
distribution index s, electron ξe, and magnetic field ξB
equipartition parameter) to match the observed LHAASO
light curve (Table II). We do not perform a fit. Once we
achieve an acceptable match to the LHAASO light
curve, we integrate the model over the required time bin
and derive the expected SED for the LAT energy
range (Fig. 9).

FIG. 9. SEDs for the SSC model during the time bins defined in Table 3 of [40]. Each color represents a different time bin. The two
components correspond to synchrotron and SSC emission (dotted and dash-dotted lines, respectively). Dashed lines represent the total
emission once EBL absorption is considered. The LAT energy range, in green, is used in our likelihood analysis for the physical
afterglow with cascade scenario.

TABLE II. Parameters used in the leptonic model to account for
the afterglow component at GeV energies.

Parameter Value

E0 2.45 × 1055 erg
Γ0 530
s 2.05
ξe 2.5 × 10−2

ξB 6.0 × 10−4

next 0.4 cm−3
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