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A model of the time-delayed electromagnetic cascade “echo” is applied to the bright gamma-ray burst
GRB190114C—the first gamma-ray burst to be contemporaneously detected in high and very high-energy
gamma-ray bands. It is shown that the internal spread of the cascade in the absence of the intervening
magnetic fields dilutes the “echo” emission over 103~10° seconds depending on the energy. Accounting for
the measured source flux in the 0.3—1 TeV gamma-ray band, the prediction of the “echo’” model is shown to
match the detected lower-energy gamma-ray emission 10* seconds after the burst. However, the “echo”
emission remains indistinguishable from the intrinsic GRB190114C flux within the measurement
uncertainties. Implications of this in the context of the intergalactic magnetic field measurement

are discussed.
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I. INTRODUCTION

Propagation of the very-high-energy (VHE; 2100 GeV)
gamma rays over cosmological distances inevitably leads to
their partial absorption due to interaction with the extra-
galactic microwave and infrared/optical photon fields [1-3].
The power absorbed is transferred to the electromagnetic
cascades initiated in the process, eventually transforming the
initial multi-TeV photons into lower, GeV energy secondary
gamma-ray “pair echo” emission [4—-6]. Development of
these cascades, spanning over ~100 Mpc distances, is
sensitive to the intervening magnetic field, providing a
potential opportunity to measure the extremely weak mag-
netic field in the intergalactic space [6—8]. In the presence of
the non-negligible intergalactic magnetic field IGMF), the
cascade and the corresponding secondary gamma-ray emis-
sion are spread both in time and in angle, reducing the
observable secondary flux. Consequently, nondetection of
such secondary emission from several hard-spectrum blaz-
ars has been used to set a lower limit on the strength of
IGMF [9-17] at redshift z ~ 0.1. The nature of this IGMF
remains, however, uncertain.

An opportunity to distinguish the astrophysical and
cosmological origins of IGMF would open if its redshift
evolution is traced to the redshifts of z ~ 1-2, where the
field of an astrophysical origin should not have yet
developed [18]. Obtaining IGMF constraints at such red-
shifts is, however, challenging due to the progressively
increasing with redshift gamma-ray absorption, limiting
the number of detectable persistent gamma-ray emitters.
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Several transient sources, though—such as gamma-ray
bursts (GRB) and flaring active galactic nuclei (AGN)—
have been reported detected at TeV energies at redshifts
7~0.5-1 [19-22], potentially allowing to expand the
redshift range of IGMF measurements/constraints.
Indeed, HE (high-energy; 2100 MeV) and VHE obser-
vations of such transients have been discussed earlier as a
viable tool to constrain IGMF [23-27]. Detectability of
the secondary emission from such transients, required for
IGMF measurement, depends crucially on the intrinsic
time delay of the cascade emission, caused by its internal
scatter due to the angular spreads of the electron-positron
pair production and consequent inverse Compton (IC)
emission. Such effects can be accounted for with the
recently developed general-purpose Monte Carlo (MC)
codes ELMAG, CRPropa, and CRBeam [28-30], where the
time delay can estimated as a difference between the
propagation duration of the source primary and cascade
secondary photons. However, the required accuracy of € ~
cAt/d ~ 107" (for At = 10 s and d ~ 10°® cm at redshift
of z = 1) may be challenging to achieve with them,' calling
for specialized calculations of cascade light curves of
transients sources. Semianalytical models, neglecting the
exact angular dependencies of these processes, predict
that at GeV energies this time delay may be as large as
At ~10°-10* s [e.g., [6,26]], potentially exceeding the
duration of GRBs or even short AGN flares [e.g., [32,33]].

1E.g., the commonly used double-precision floating-point
format has the precision of € = 273 = 1071° [31].
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Perhaps, the first opportunity to search for such cascade
emission at redshifts larger than z ~ 0.1 has presented itself
with contemporaneous HE and VHE observations of a bright
GRB190114C at redshift z ~0.42 with Fermi/LAT and
MAGIC telescopes [22,34]. In this manuscript the measured
VHE light curve of GRB190114C is used to predict the
lower-energy cascade emission, that is then tested against
the HE measurements. To this end, a refined description of
the cascade time-delayed light curve, accounting for the
exact energy and angular dependencies of pair production
and IC emission, is developed and presented below.

II. CALCULATION OF THE PAIR
ECHO EMISSION

Here it is assumed that the cascade starts with the
absorption of the initial VHE gamma ray in interaction
with the extragalactic background light photon field (EBL),
modelled following [35]. Electrons and positrons, born in
the process, emit secondary photons in IC scattering of the
cosmic microwave background (CMB) (given that CMB
photon number density exceeds that of EBL by more than
two orders of magnitude, additional IC scattering on EBL
has a minor effect). Only the first generation of the pairs
and their IC emission is included in the calculations. For the
initial source spectra not exceeding few TeVs (case for the
measured VHE emission of GRB190114C), secondary
gamma rays of the first generation do not exceed few tens
of GeV in energy. The emission from the subsequent
generations thus falls to MeV energies, outside of the
energy range Fermi/LAT [36].

In the absence of IGMF, the angular distribution of the
pairs, responsible for internal cascade scatter, is set by the
corresponding pair production cross section, a backreaction
from inverse Compton emission [e.g., [24] ] and the angular
profile of the initial VHE emission. However, for TeV
energies considered here the pairs angular spread due to IC
backreaction is 1/ (0;¢) ~ 2 x IO‘Sygl/ ? rad [24] (where y¢
is the electron/positron Lorentz factor in units of 10°)—
much smaller than the typical ~10~®y7! rad spread of the
pair production or IC emission itself and may be neglected.
Therefore only angular (and energy) distributions of the
pair production and IC emission are considered here.

With a single cascade generation considered, the calcu-
lation of the secondary emission is performed in the hybrid
semianalytical/Monte Carlo manner in the following steps:
(a) calculation of the radial (redshift) distribution of the
e"/e™ pairs injected following the initial VHE photons
absorption, (b) calculation of their angular and energy
distributions, (c) random sampling of the pairs following
these distributions, (d) calculation of the secondary
gamma-ray emission via IC scattering, accounting for
the corresponding particle energy loss and (e) calculation
of the time delay for every point of the electron/positron
trajectories. These are outlined below.

A. Radial distribution of the electron-positron pairs

Radial distribution of the electron-positron pairs result-
ing from the initial gamma rays of energy E, emitted at the
redshift z, is set by the optical depth 7(E,,z,) to the
absorption of such photons on the extragalactic background
light, that in the differential form can be written as [35]

dn(e, z)

dt(E,, u) l—pdt [
i dz de M (1)

dudz =¢ 2 dz 2m2ct

Eye(l-p)(1+2)

where p = cos@ is the cosine of the angle between the
interacting gamma ray and background photons. The
cumulative probability of the electron-positron pair crea-
tion by the redshift z is thus simply

1 2e 5 dT(Ey.p)
P(Z,Ze) = e_f—]dﬂ\[; dz du;z , (2)

which gives the required distribution.

However, since the energy and angular distribution of the
generated pairs depends on p (see below), it is convenient
to consider the differential distribution P(z,z,,u) inte-
grated only over z when generating the pairs in the
Monte Carlo approach employed here.

B. Angular dependence of the photon-photon
pair production

Differential cross section of the photon-photon pair
production for two photons with energies E, and ¢ may
be written as [37]

do,,  3mic*[ x 1-x 1-p5%,
dx T4 s |1-x X x(1—x)
1-42,)?
_%’ (3)
4x*(1 —x)

where x = E,/E, and E, is the generated electron (or
positron) energy, s = 2E,e(l —cos#) is the squared

center of momentum energy and f,, = \/1 —4m2c*/s

is the velocity of the resulting electron in the CM
reference frame. The range of x is restricted to
(1 _ﬂcm)/2 <x< (1 +ﬂcm)/2

As both generated electron and positron in the CM
frame have equal oppositely directed velocities, their
angular distribution may be obtained from the Lorentz
transformations between the laboratory and CM frames
following [38,39]

M Be it P =
1+ﬁc,u/ /}c( — +ﬂcm_1)

| +wy

: (4)

where y = cos@ is the cosine of the electron (positron)
movement direction with respect to the direction of
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the CM frame movement in the laboratory frame, u' =
(2y/(wy +w,) = 1)/BPey is that in the CM frame,
y = E,/m,c®> = xw, is the electron (positron) Lorentz
factor in the laboratory frame, y,,, = \/s/4m2c*, that in
the CM frame, 8, = \/1 — 4y2,,/ (0, + @,)? is the velocity
of the CM frame in the laboratory one with the additional
notations w; = E,/m,c* and w, =e/m,c* introduced
for compactness. The pair production differential cross
section as a function of the generation angle can be then
expressed as

do,, do, dx du

duy  dx dudy
— dO'},}, ﬁc [2xa)1 + (ﬁcm B 1)(&)1 + a)2)]2 (5)
dx 2(1-p2) Bem®@1 (@1 + @) '

For an isotropic target photon distribution the cross
section dependency on electron energy can be found
integrating Eq. (5) over all the incident angles 6. An
example of such integration for the case E, =1 TeV
gamma ray interacting with EBL at redshift z = 0 is shown
in Fig. 1. One can see that for most of the generated particle
energy range, the particles are injected at the hollow cone
with the @ ~2/y opening with respect to the CM frame
direction as result of the both the particles and the CM
frame motions.

The CM frame movement direction in general does
not coincide with that of the most energetic of the
interacting photons. Assuming @; > @, and accounting
for the pair production threshold of w @, > 1, the corre-
sponding maximal offset angle can be estimated as
Ocm ~ 2w, /@, < 2w3. For the cosmic microwave radia-
tion and extragalactic background light target fields with
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FIG. 1. Differential pair production rate for E, =1 TeV

gamma ray as function of the generated electron (positron)
energy and motion direction offset angle with respect to that
of the gamma ray. Calculations performed for the EBL photon
field at redshift z = 0. Apparent layering at E, = 0.6 TeV is a
numerical artifact coming from the energy binning of the used
EBL model [35].

@, <1 eV the CM frame offset is Oy < 107!? rad, which
is several orders of magnitude smaller than the typical
1/y 2 1077 rad direction spread of the E, < 10 TeV elec-
trons, considered below. Due to this, the corresponding
coordinate frame rotation is neglected here.

C. Angular dependence of the inverse
Compton emission

Inverse Compton emissivity for a single electron or
positron on a monochromatic background photon distri-
bution with energy ¢, may be written following [40] as

ricn e e, km—1\"!
Q... ="l 1+—
]( sc €1) 2 2 Ll (6 )[( + C 7/L
e; km—1 km — 1?2
— 14+ ———— 6
mc*>  yL +( + y’LL, (6)

with L =1 — pke and L; = 1 — fme, where e, k and m
are the direction vectors of the electron, incoming and
scattered photons correspondingly. Directions of the
incoming background photons that may be scattered from
the energy € up to €;, are given by the relation

2
me
km =1+—_(e;yL, —eyL). (7)
€€

The angular distributions of the photons resulting from
the scattering a nonmonochromatic background distribu-
tion can be found integrating Eq. (6) over the corresponding
radiation spectrum. For the specific case of the thermal
background with the temperature 7 = 2.725 K, corre-
sponding to the cosmic microwave background (CMB)
at redshift z = 0, resulting distributions from an electron
with the Lorentz factor y = 10° at several energies are
shown in Fig. 2. As expected, most of the emitted energy
flux is concentrated within the narrow 1/y cone. The
emission spectra of the same electron in several directions
are shown in Fig. 3.

D. Time delay from the geometrical path difference

Geometry of the secondary-emission time-delay problem
is depicted in Fig. 4. The resulting time delay may be
written as a sum of the delays originating in the triangles
formed by the sides (ry, d,, r,) on one side and (r,, r,, ;)
on the other. For the first triangle the time delay is simply

ro 0;
=2, 8
de+ro 2) ( )

d
At} :te+(r0—re)/czte—ce(l -

where ¢, is the exact time the electron (positron) required to
travel over d, accounting for its gradual slowing down due
to cooling.
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FIG. 2. Inverse Compton emission profiles of a single

electron with the Lorentz factor y = 10°, scattering the isotropic
black body photon field with the temperature 7 = 2.725 K,
evaluated at multiples of the mean scattered photon energy
(€)) = 3.6y2kT ~ 0.85 GeV.
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FIG. 3. Inverse Compton emission spectra of a single electron

with the Lorentz factor y = 10°, scattering the isotropic black
body photon field with the temperature 7 = 2.725 K, evaluated
at several offset angles with respect to the electron motion
direction.

Observer r Source

s

FIG. 4. Sketch of the secondary emission problem. Observer
(on the left) is separated from the source (on the right) by the
distance r;. An photon emitted by the source at an angle « is
absorbed having traveled over the distance ry and generates an
electron (positron) at the relative angle 6,. The latter travels over
the distance d, before emitting the secondary photon reaching the
observer after crossing the distance of r,.

For the second triangle the delay is

Mz:rs;re [\/1+

2
Nl Isle O

2rr,(1 —cosay)

(rs _re)z

-1

©)

~ Zs
crg—r, 2

with a, ~ a® + a2 + 2aa, cos ¢,, where ¢, is the posi-
tional angle of the electron (positron) motion direction
and a, ~ %06.

The total time delay thus is

At = (1 + z)(Af, + A7)

d, o 93 1 rer, a?
~ (1 t,——=(1- = |+- 1.
(+Z){e c( de+r02>+crs—re2}

(10)

Neglecting the difference between 7, and % and assuming
that the electron cooling distance is much smaller than the
initial photon mean free path (i.e., d, < ry) while the
source distance is much larger than it (i.e., ry > ro~r,),
one finds

1 0> a2
At~ (1 - - =, 11
(a5 en).

The suitable range of 6, <2/y here is defined by the
electron/positron pair production angular scatter (see
Sec. I B), whereas for a; it is set by the requirement that
the corresponding scattering angle with respect to the
electron direction of motion is 8,. < 1/y. This angle can
be found from the same triangles

2 2 _
0% ~ %az + waﬁe cos ¢,
2
ry—r
+¥Qg’ (12)

R

where R = r; — (rg + d.,). It defines the scalar product me,
required to evaluate the inverse Compton emissivity
in Eq. (6).

E. Total light curve and spectral energy distribution

To get the resulting light curve and spectrum of the
secondary emission, the IC emissivity in Eq. (6) needs to be
integrated over the spatial and energy distribution of the
generated electron-positron pairs. A Monte Carlo approach
is used for this purpose, where 10° source photons are
generated in the energy range 0.01-10 TeV. Since most of
the astrophysical sources of gamma-ray emission are likely
much smaller than the D, ~ 800(E,/1 TeV)™' Mpc mean
free path of the initial gamma rays [6], the emitting source
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is assumed to be pointlike. The generated photons are taken
uniformly distributed within the cone with half-opening
angle a,,,, = 107 rad, chosen to adequately cover the
angular spread of the electrons with the Lorentz factor
¥ 2 10°, mostly responsible for the emission in the target
0.1-1 GeV energy range.

For each photon, an absorption probability on EBL is
evaluated from Eq. (2). In case of absorption, the corre-
sponding absorption redshift, EBL photon energy and
interaction angle, randomly sampled from Eq. (1), are used
to calculate the energy and propagation direction of the
created electron and positron using Egs. (3) and (4). For
each of those, the generated IC emission is calculated
integrating Eq. (6) over the isotropic thermal distribution of
the CMB photons with the temperature 7=2.725(1+z) K,
where the scattering angle is defined by Eq. (12). At every
point of their respective trajectories, the particle energies
are adjusted according to the total energy loss due to IC
emission. Finally, the corresponding emission time delay is
evaluated using Eq. (10) for every point of the particle
trajectory.

The obtained this way cascade emission kernel
K(e),E,, At) relates primary source emission at energy
E, to the generated secondary flux at energy €, arriving
with the time delay Ar. The total secondary emission flux at
an arbitrary moment 7 is straightforwardly obtained as

t
Fpo(er 1) = / F(E,.!)K(e1.E,.t )¢, (13)

inf

where F(E,,t') is the assumed intrinsic light curve of the
source.

The energy and time dependence of cascade emission
kernel is illustrated in Figs. 5 and 6 and can be understood
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FIG. 5. Time dependency of the cascade kernel K (e, E,, At),
integrated over the initial photon energy E,, evaluated at
several emission energies ¢;. Calculation was performed
for a putative source at the redshift of GRB190114C
(z =0.42) with an exponentially cutoff power law spectrum
with the index I' = —2, normalization at Ey = 100 GeV of
N =107221/(cm? seV) and the cut off energy E, = 5 TeV.
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FIG. 6. Energy dependency of the cascade kernel K (e;, E,, At),
integrated over the initial photon energy E, and evaluated at
several values of time delay Az. The assumed emission source is
the same as in Fig. 5.

from the relations outlines in Sec. II. The smallest time
delays correspond to the smallest electron direction offsets
0,, that during the pair production are achieved for the
highest-energy electrons (see Fig. 1). This results in the
hard emission spectrum peaking above few GeVs. With
the increase of the time delay a larger part of the initial
emission cone becomes visible—though at a cost of a larger
offset angle 8, and/or scattering angle .. As efficient IC
emission takes place only within 8,. < 1/y, the required
increase in the offset angle 6, lowers the maximal energy of
the emitting particles, leading to an eventual gradual
decrease of the generated energy flux starting from the
highest energies.

III. GRB190114C DELAYED-EMISSION
MODELING

HE and VHE gamma-ray emission from GB190114C
has been contemporaneously measured in the 0.1-1 GeV
and 0.3—1 TeV energy ranges [34]. Though it is possible
that VHE emission is of the secondary origin, cascading
down from E 2 20 TeV energies, the mean free path of
such energetic primary photons with respect to pair
production on EBL is at least 20 times shorter than that
of the VHE photons in question [6]. The additional time
delay associated with such high-energy secondaries does
not exceed few seconds [6,26]. The possible secondary
origin of the VHE emission thus does not substantially
modify the spatial structure of the cascade and has a minor
impact on the secondary emission in the HE band, where
time delays of the order of Ar~ 10°-10° s are expected
(see Fig. 5). Due to this an assumption, that the measured
VHE emission represents the intrinsic source radiation,
does not have a notable impact on the conclusions regard-
ing the delayed emission in HE band. The model of the
GRB190114C delayed emission used here thus constituted
a prediction of the secondary flux in the 0.1-1 GeV energy
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range given the measured flux in the 0.3—1 TeV range as if
it was of an intrinsic origin.

Worthy to note that, assuming that initial photon energy
is distributed equally between the generated electron and
positron, the energies of the primary E, and secondary ¢,
gamma-ray photons are related as ¢, ~1(E,/1TeV)? GeV,
implying that the HE and VHE windows used for
GB190114C observations are well-suited for the secondary
emission search.

Time-delayed cascade emission from GRB190114C was
modelled using the procedure outlined in Sec. ITE. As the
VHE spectrum of the source is consistent with the power law
model, it was chosen as the intrinsic spectral shape in
the model. The model parameters and their uncertainties
were found from a y fit to the reported spectral points in
each of the 5 time bins spanning from 7' = T, + 68 s to
T = Ty + 2400 s, where such points were reported [34].
The uncertainties were further propagated to the delayed
flux estimate using a toy MC, where the cascade flux was re-
calculated for 100 random realizations of the spectral
parameters, sampled from the multivariate normal distribu-
tion with the mean values and covariance matrix taken from
the spectral fit. The resulting total time-delayed cascade flux
is shown in Fig. 7 along with the corresponding HE/VHE
measurements from [34].

Though the maximal energy of GRB190114C VHE
emission is not constrained by VHE data, an artificial
limit of the initial photon energy of E}** = 10 TeV was
assumed here for numerical reasons. At the same time,
relation between the primary and secondary photon
energies, mentioned above, suggest the bulk of the
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CT % ----- Cascade 0.1-1 GeV, extrapolation
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o0 \*t # MAGIC0.3-1TeV
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é _k'\
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FIG. 7. Expected secondary (cascade) flux from GRB190114C
compared to the actual measurements in TeV and GeV bands [34].
Cascade flux is estimated from the power law primary source
emission in the T — Ty = [68;2400] s time window, where the
VHE emission was measured. An estimate assuming an
exponential energy cutoff at £, =1 TeV is shown with the
dashed orange line. Extrapolation of the initial source flux
assuming the F(f) o 7' scaling found in [34] is shown
with the gray dash-dotted line. Cascade resulting from this
extrapolation down to 7 — Ty = 5 s is depicted with the dotted
orange line.

cascade emission, resulting from primary photons with
E, > 1 TeV, will have energy ¢; 2 1 GeV and thus would
not contribute to the flux in the 0.1-1 GeV window
considered here. To verify this assumption directly, the
time-delayed cascade emission was recalculated for a
power law spectrum with a exponential cutoff at 1 TeV
(also displayed in Fig. 7). The resulting <30% flux
decrease at T — T, = 10° s supports the assumption of
the subdominant contribution of intrinsic E, 2 1 TeV
emission to the predicted cascade.

It should be noted that the cascade flux estimate shown in
Fig. 7 is conservative in the sense that it does not include any
potential “echo” flux from T — T, < 68 s when MAGIC
observations have started. Contribution of this early-time
emission, however, is not decisive. Assuming the source flux
evolves as F(7) « 17 with a ~ 1.5-1.6 [22,34] while the
spectral shape is the same as in the T — T, = [68;110] s
interval (the earliest for which VHE measurement
were published), relative contribution from interval
T —Ty=[25;68] s, starting at the approximate end of
the GRB prompt emission phase, is around ~20% from
the estimated cascade flux; extrapolation of the VHE
emission to the prompt phase down to 7 — Ty = 5 s leads
to ~80% larger cascade flux, which is still within the
uncertainties of the Fermi/LAT measurement.

IV. DISCUSSION

As one can see from Fig. 7, the expected cascade flux from
GRB190114C is compatible with the Fermi/LAT measure-
ment at T — T,y ~ 10* s, so that, in principle, the registered
flux may be composed of the “echo” entirely. Though
afterglow origin of this emission is possible [34], this
demonstrates that in the absence of IGMF the cascade
emission from bright GRBs similar to GRB190114C is
detectable with the current generation of gamma-ray tele-
scopes despite the strong dilution of the “echo” flux in time—
in contrast with earlier findings [41], focusing on the
GRB190114C HE emission at later times 7— T > 2x 10*s.

Temporal evolution of the pair echo flux, however, is
distinctly different from that of the intrinsic GRB emission
(see Fig. 7). This opens a possibility to distinguish the echo
emission if the GRB light curve in the HE gamma-ray band
would be measured for at least 10* s without interruptions
and/or theoretical arguments can be given for extrapolation
of the intrinsic GRB flux from 7 ~ T, + 10 s on to later
times. In a particular case of GRB190114C, extrapolation
of the GeV band flux after the prompt GRB phase using the
power law scaling F(1) o =% with a &~ 1.5-1.6 measured in
VHE band [22,34] suggests the intrinsic source flux is
below the Fermi/LAT measurement, indicating the detec-
tion of the “echo” emission at T — T ~ 10* s.

Such a detection would imply a low IGMF with
B <1072' G at the GRB190114C redshift of z=0.42,
due to the requirement that IGMF-induced deflections of
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the electron-positron pairs do not exceed their intrinsic
scatter [6]. With measurement using hard-spectrum
gamma-ray loud AGNs suggesting B> 1077 G at z ~
0.1 [9-17], such a detection would indicate a fast evolution
of IGMF with redshift, thus strongly disfavoring the
cosmological origin of IGMF, where the field strength
scales with redshift as B(z) « (1 4 z)?. It may, however,
also present challenges for galactic-origin models of IGMF,
where the field is expected to reach its present value around
z~1 [18]. The latter tension may be, in principle, alle-
viated accounting for the highly inhomogeneous structure
of IGMF, expected both for the primordial field, frozen into
the plasma and following the matter density fluctuations
[e.g., [42] ], and that originating from the galactic outflows
[43] (though a small effect from the outflow-driven
magnetic field bubbles was reported on average [44]).

A detection of the secondary emission would be also
indicative of the subdominant role of the plasma instabil-
ities in cooling the injected electrons and positrons, that
presently remains uncertain [45-50].

It is interesting to note that if the detected emission at
T — Ty~ 10* s indeed comes from the delayed cascade
“echo”, the VHE flux from GRB190114C during the prompt
phase can not exceed much the prediction from the F()
=1 extrapolation to avoid tension with the measurements.

Worthy to note, that the GRB afterglow emission itself
may contain time-delayed components mimicking the
cascade “echo”. Structured GRB jets may result in flares
and plateaus in the light curves, that are sometimes
observed in X-ray band [e.g., [51,52] ]; the evolving ratio
between the different spectral components of the GRB
emission may lead to a change in the light curve slope,

similar to that from the “echo” onset [34]. Though temporal
evolution of these phenomena in general differs from that
of the “echo”, the available data on GRB190114C are
insufficient to tell them apart. If more than 80% of the
measured flux at this time is indeed due to the afterglow, the
predicted cascade emission would be excluded, imposing a
B> 107! G limit on IGMF strength at z ~ 0.4.

Clearly, a more careful assessment of the possible
intrinsic GRB190114C emission contribution to the mea-
sured flux at T — Ty~ 10* s is required to assess the
reliability of the “echo” emission detection assumption.

Such an “echo” emission can be as well searched for
from other flaring gamma-ray sources at z 2 0.1. Several
other GRBs have also been detected in VHE band at
redshifts ranging from z ~ 0.08 to 1.1 [53-55]. With the
measured VHE fluxes much lower than in the case of
GRB190114C, the expected pair echo flux for these GRBs
would fall below the Fermi/LAT detection limit. However
these detections demonstrate that a substantial number of
GRBs may feature hard VHE spectra with the power law
index I' > —2 and emission longer than 10>~103 s, required
for a detectable pair echo in the absence of IGMF. The
emerging population of such sources may be crucial for
IGMF measurements at redshift z > 1.
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