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The time delayed electromagnetic cascade “echo” model is applied to the gamma-ray burst
GRB190114C, the first one observed simultaneously in high- and very high-energy gamma-
ray bands. It is shown that even without intervening magnetic fields, the intrinsic cascade spread
stretches the “echo” emission over a time span of 103 — 107 seconds, depending on the energy.
Considering the measured source flux in the 0.3 — 1 TeV gamma-ray range, the predicted “echo”
flux matches the lower-energy gamma-ray emission detected 10* seconds after the burst. How-
ever, within the measurement uncertainties, the “echo” emission remain indistinguishable from
the intrinsic gamma-ray burst flux. Implications of these findings for intergalactic magnetic fields
measurements with GRB190114C are discussed.
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1. Introduction

Very-high-energy (VHE; > 100 GeV) gamma rays traveling across vast cosmological distances
are subject to partial absorption when interacting with extragalactic microwave and infrared/optical
photon fields [1-3]. This absorption leads to the initiation of electromagnetic cascades, converting
multi-TeV photons into lower-energy secondary gamma-ray “pair echo” emission [4-6]. In the
presence of a significant intergalactic magnetic field (IGMF), the cascade and its associated sec-
ondary gamma-ray emission are spread out in time and angle, resulting in a reduction of observable
secondary flux. Non-detection of such secondary emission from several hard-spectrum blazars has
been earlier utilized to establish a lower limit on IGMF strength at redshift z ~ 0.1 [e.g. 7-12].

The presently uncertain nature of IGMF may be clarified if its evolution is traced to the redshifts
z ~ 1-2, where fields of astrophysical origin would not have developed yet [13]. However, obtaining
IGMF constraints at such redshifts is challenging due to the increased gamma-ray absorption on
low-energy photon fields, which limits the number of detectable persistent gamma-ray emitters.
Nonetheless, transient VHE sources such as gamma-ray bursts (GRBs) and flaring active galactic
nuclei (AGN) have been detected at redshifts of approximately z ~ 0.5 — 1 [e.g. 14—16], potentially
allowing for an expansion of the redshift range for IGMF measurements.

Possibility to detect the secondary emission from such transients, which is necessary for IGMF
measurements, depends significantly on the intrinsic time delay of the cascade emission, caused
by the angular spreads of electron-positron pair production and subsequent inverse Compton (IC)
emission. Though the recently developed Monte Carlo codes ELMAG, CRPropa and CRBeam [17—
19] can account for it when estimating the time delay, achieving the required accuracy of € =~
cAt/d ~ 107'7 may be challenging with them (e.g. given the € = 273 ~ 107!¢ accuracy of
the commonly used double-precision floating-point format). At the same time, semi-analytical
estimates neglecting the exact angular dependencies of these processes suggest that intrinsic time
delay at GeV energies may reach At ~ 10? — 10* s [e.g. 6], potentially exceeding the duration of
transients like GRBs or short AGN flares.

An opportunity to search for cascade emission at redshifts z > 0.1 has arisen with the simulta-
neous observation of a bright GRB190114C at redshift z ~ 0.42 with the Fermi/LAT and MAGIC
telescopes [16, 20]. In this study, the measured VHE light curve of GRB190114C is used to predict
the cascade emission at lower energies, which is then compared to the GeV band data. For this
a detailed description of the cascade time-delayed light curve is developed here, considering the
precise energy and angular characteristics of pair production and IC emission.

2. Calculation of the GRB190114C pair echo

In this analysis it is assumed that the cascade begins with the absorption of the initial VHE
gamma ray through interactions with the extragalactic background light (EBL) photon field, mod-
eled following [21]. Secondary photons are emitted through inverse Compton (IC) scattering of the
cosmic microwave background (CMB) by electrons and positrons produced in the process. In the
absence of intergalactic magnetic field, the angular distribution of the electron-positron pairs, which
causes internal cascade scatter, is determined by the pair production cross section and the angular
profile of the initial VHE emission (the back-reaction from inverse Compton emission [e.g. 22] is
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Figure 1: Predicted GRB190114C pair echo compared to the actual measurements in TeV and GeV
bands [20]. “Echo” signal is estimated from the initial source emission in the 7 — Ty = [68;2400] s
time window, where the VHE measurements of this burst emission are available. Gray dash-dotted line
depicts extrapolation of the initial source flux following the F(¢) o t~! scaling [20]. Pair echo signal
resulting from this extrapolation down to 7 — Ty = 5 s is shown with the dashed orange line.

considered negligible for TeV-energy electron-positron pairs). The calculation of the secondary
emission follows a hybrid semi-analytical/Monte Carlo approach in the following steps: (a) deter-
mine the radial (redshift) distribution of the injected electron-positron pairs following the absorption
of the initial VHE photons, (b) calculate their angular and energy distributions, (c) randomly sample
the pairs based on these distributions, (d) calculate the secondary gamma-ray emission through IC
scattering, accounting for e*/e™ energy loss, and (e) determine the time delay for each point along
the electron/positron trajectories.

Time-delayed cascade emission from GRB190114C was calculated from the VHE spectra in
the time intervals of the MAGIC measurements [20], with the uncertainties propagated via a toy MC.
The obtained total time-delayed cascade flux is presented in Fig. 1 together with the corresponding
measurements from [20]. The flux estimate shown there is conservative as it does not include any
potential “echo” signal from before the start of MAGIC observations at T — Ty = 68 s. However, the
contribution of this early-time emission is not decisive — assuming the observed F () o t~% source
flux evolution and extrapolating the earliest measured VHE spectrum [16, 20] downto T —Ty =5's
leads to =~ 80% larger cascade flux, which still falls within the uncertainties of the Fermi/LAT

measurements.
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3. Discussion

The cascade flux predicted from GRB190114C, as shown in Fig. 1, is consistent with the
Fermi/LAT measurement at 7 — Ty ~ 10* s, suggesting that the observed flux could potentially
be entirely attributed to the “echo” emission. However, it is important to note that the temporal
behavior of the pair echo flux differs significantly from that of the intrinsic GRB emission. This
provides an opportunity to distinguish the echo emission if the HE gamma-ray light curve of
GRB190114C would have been measured continuously for at least 10* s or if theoretical justifications
for extrapolating the intrinsic GRB flux from 7 ~ Ty + 10 s to later times would be found.
Extrapolation of the GRB190114C GeV band flux after the prompt phase using the power law
scaling F(t) oc t~¢ falls below the late-time Fermi/LAT measurement, suggesting a detection of
the pair “echo” emission at 7 — Ty ~ 10* s.

Such a detection is only possible if IGMF-induced deflections of the electron-positron pairs
do not exceed their intrinsic scatter [6], implying a weak IGMF with B < 1072! G at the gamma-
ray burst redshift of z ~ 0.42. As constraints at z ~ 0.1 suggest B > 1077 G [e.g. 7-12],
such a detection would indicate a rapid evolution of IGMF with redshift, strongly disfavoring the
cosmological origin of IGMF. It could also pose challenges for galactic-origin models of IGMF
predicting the field to reach its present value at z ~ 1 [13]. The latter tension could be alleviated
considering the inhomogeneous structure of IGMF, expected for both its the primordial [e.g. 23]
and galactic [24] origins.

It should be noted that the afterglow emission of GRBs itself may include time-delayed
components, e.g. originating from their structured jets [e.g. 25, 26]. The collected data on
GRB190114C are insufficient to distinguish them from the “echo” signal. If afterglow intrinsic
emission constitutes more than 80% of the measured flux at 7 — Ty ~ 10* s, the predicted “echo”
signal would be excluded, imposing a B 2 1072! G limit on IGMF at z ~ 0.4.

Since GRB190114C detection, several other gamma-ray bursts have been announced in VHE
band at redshifts z ~ 0.1 — 1.1 [27-30]. Though their measured VHE fluxes were mostly much
lower than in the case of GRB190114C, these detections demonstrate that a substantial number of
gamma-ray bursts may present hard VHE spectra and emission longer than few hundred seconds —
key ingredients for a detectable pair echo signal in the absence of IGMF. The emerging population
of such sources could play a vital role in measuring the intergalactic magnetic field at redshift z > 1.
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