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Abstract Giant flares (GFs) are unusual bursts from soft gamma-ray repeaters (SGRs) that release an
enormous amount of energy in a fraction of a second. The afterglow emission of these SGR-GFs or GF
candidates is a highly beneficial means of discerning their composition, relativistic speed and emission
mechanisms. GRB 200415A is a recent GF candidate observed in a direction coincident with the nearby
Sculptor galaxy at 3.5 Mpc. In this work, we searched for transient gamma-ray emission in past observations
by Fermi-LAT in the direction of GRB 200415A. These observations confirm that GRB 200415A is
observed as a transient GeV source only once. A pure pair-plasma fireball cannot provide the required
energy for the interpretation of GeV afterglow emission and a baryonic poor outflow is additionally needed
to explain the afterglow emission. A baryonic rich outflow is also viable, as it can explain the variability and
observed quasi-thermal spectrum of the prompt emission if dissipation is happening below the photosphere
via internal shocks. Using the peak energy (F,) of the time-resolved prompt emission spectra and their
fluxes (£7,), we found a correlation between £, and F}, or isotropic luminosity Lis, for GRB 200415A.
This supports the intrinsic nature of F,-Lig, correlation found in SGRs-GFs, hence favoring a baryonic
poor outflow. Our results also indicate a different mechanism at work during the initial spike, and that
the evolution of the prompt emission spectral properties in this outflow would be intrinsically due to the
injection process.
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1 INTRODUCTION During their active outburst phases, the magnetars exhibit
strong flaring activities spanning a wide range of intensities
and durations '. Magnetar flare emission activities are
broadly classified into (i) short bursts (1036 —10%! erg s—1)
that last for a duration ranging from a few milliseconds to a
few seconds, (ii) intermediate bursts (10*' — 1043 erg s~ 1)

Soft gamma-ray repeaters (SGRs) are young, slow-
spinning magnetars, exhibiting tens to hundreds of short
(duration of ms to s) repetitive bursts in a soft gamma-ray
band (Duncan & Thompson 1992a; Thompson & Duncan
1995). Their spin periods range from 2 to 12 s and the U https://staff.fnwi.uva.nl/a.l.watts/magnetar/
corresponding spin-down ages vary between 10 — 10° yr.  mb.htm1



https://staff.fnwi.uva.nl/a.l.watts/magnetar/mb.html
https://staff.fnwi.uva.nl/a.l.watts/magnetar/mb.html

236-2

or (iii) giant flares (GFs) (10** — 10%7 erg s~ !) lasting for
several minutes (see, e.g., Kaspi & Beloborodov 2017).
The GFs of SGRs are typically characterized by a short
hard initial intensity spike followed by a gradual intensity
decay over hundreds of seconds, during which oscillations
corresponding to the spin period of the magnetar are
observed. The initial strong intensity spike corresponds
to a spectrally hard emission with energies greater than
60 keV (Palmer et al. 2005) lasting for typical duration
of ~ 0.1s. The GF events are extremely rare and, till
date, only three confirmed GFs have been discovered since
1979 from SGRs: SGR 0526-66 (Mazets et al. 1979,
1982), SGR 1900+14 (Cline et al. 1998; Hurley et al.
1999; Kouveliotou et al. 1999; Mazets et al. 1999b) and
SGR 180620 (Mereghetti et al. 2005; Palmer et al. 2005;
Hurley et al. 2005; Frederiks et al. 2007a), respectively.
Another possible candidate GF was detected, SGR 1627-
41 (Mazets et al. 1999a; Woods et al. 1999), but not
confirmed. Because of their intense gamma-ray luminosity
and spectral characteristics, distant (extragalactic) SGR-
GFs have long been proposed to contribute at least a subset
of the observed short Gamma-ray Bursts (sSGRBs) (Hurley
et al. 2005). GRB 051103 (Frederiks et al. 2007b; Ofek
et al. 2006) and GRB 070201 (Mazets et al. 2008; Ofek
et al. 2008) in the past have been proposed as candidates
of GF-sGRBs. GRB 200415A is the first extragalactic GF
candidate observed by the Fermi space observatory (Yang
et al. 2020; Zhang et al. 2020).

The physical mechanism of GFs is still a puzzle
despite many investigations (Thompson & Duncan 1995;
Lyutikov 2003; Parfrey et al. 2013). The relation between
the time-integrated properties of GFs (Zhang et al. 2020)
and their evolution during a GF (this work) can provide
insights into these. Afterglow emissions are another
possible electromagnetic counterpart of GFs. Previously,
radio afterglow emissions have been detected from two GF
sources (Frail et al. 1999; Gaensler et al. 2005; Cameron
et al. 2005). For GRB 200415A, emission recorded by the
Fermi-Large Area Telescope (LAT) was reported (Omodei
et al. 2020). In the Fermi era, GRB 200415A is the first GF
candidate, and therefore the observed LAT emission would
be the first detection of GeV radiation from magnetars.
Prior to this source, GeV radiation was not detected from
magnetars, and only upper limits on flux ~ 10712 —
10~ erg cm—2 s~! were known (Li et al. 2017). Hence,
it forms an exquisite opportunity to examine the energetics
and origin of this emission also in conjunction with
observed prompt emission properties.

2 ANALYSIS
2.1 Prompt Emission

The isotropic equivalent energy of the GF and peak
luminosity, assuming its association with the Sculptor
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galaxy (NGC 253 at 3.5 Mpc), are estimated as E i, =
1.367013 x 10% erg and L., 550 = 1.627075 x 108
erg s~ !, respectively (Yang et al. 2020). Therefore, the
radiation luminosity for the time-integrated duration of
0.2sis ~ 7 x 10%6 erg s~!. In the time-dependent spectral
analysis by Yang et al. (2020), for interval -5 — 120 ms,
blackbody (BB), multicolor-blackbody (mBB) or a quasi-
thermal spectrum is a preferred fit. We further resolved
their second time-bin where the best fit was mBB based
on signal to noise ratio of ~ 20. The spectral parameters
of the modeled powerlaw with an exponential cutoff (CPL)
are presented in Table 1.

2.2 The Fermi-LAT Observation of GRB 200415A

We retrieved the photon event data files and the spacecraft
history files (pointing and livetime history) from the
LAT data server’ at the updated localization of the
LAT observations, J2000 RA, Dec = 11.07, -25.02
degrees (Omodei et al. 2020). The data are obtained
in a spatial radius of 40° and energy range of 100
MeV to 300 GeV. We selected a 12° region of interest
(ROI) centered at the burst location and also constrained
the zenith angle to 100° to avoid contamination from
the Earth’s limb. We selected the cleaner “Pass 8
source” class (evclass = 128 and evtype = 3) with
response function PSR3_SOURCE_V2. The corresponding
model for extragalactic diffuse gamma-ray background
1s0_P8R3_SOURCE._V2.txt is used and for the Galactic
contribution, diffuse gamma-ray emission is estimated
utilizing the official Galactic interstellar emission model
gll iem 07.fits.

The analyses are carried out with the following
objectives: (1) Ascertain the detection of a transient
emission, for this purpose we choose the data in a relatively
small interval of 10 000 s before the trigger-time, and from
the trigger-time to 1000 s. (2) Study the nature of the
transient emission, the data are analyzed between 5 d prior
to the trigger-time (¢p) to 5 d after. (3) After this analysis,
we aim to confirm if there is any other transient emission
before this emission in the past observations of Fermi-LAT.
A computationally less expensive approach is followed.
The data are first analyzed in an interval with a bin size
of six months, which is then used to extrapolate to set a
reference limit on flux, and the analysis is finally carried
out in an interval of bin size of 2 d for 11.5 yr of data.

We performed unbinned likelihood analysis and have
displayed the residual TS map in Figure 1 without
contribution from this source. In a short duration of 500 s
and 1000 s, the analyses indicate that the GRB is detected
with test statistic (TS) values of 27 and 26, respectively. We
plotted the TS map in a 16° x 16° region at 0.2° resolution

2 https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/
LATDataQuery.cgil
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Fig.1 The TS map in a 16° x 16° region at 0.2° resolution
(zoomed for better visualization). The color-bars on each
image represent the TS values. The IPN triangulation
localization-region of the GRB is bounded by red lines
centered at the cross. The GRB is associated with the
Sculptor Galaxy (NGC 253) marked with a plus sign. Top:
The TS map from —10000 to O s. There is no significant
emission within the IPN triangulation region during this
interval. Middle: TS map from 0 — 1000 s. A maximum TS
value of 26 is obtained at the GRB location, signaling a
~bo detection. The 68% and 90% confidence levels are
plotted in red contours. Other known sources from the
Fermi-LAT Fourth Source Catalog are marked by open
circles. A bigger circle with a 3° radius centered on the
updated LAT localization is drawn for reference. Bottom:
The location of the many transient detections. The signal
with significance of ~ 15 is depicted.
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(zoomed for better visualization). The color-bars on each
image represent the TS values. The GRB is associated with
the Sculptor Galaxy (NGC 253). A maximum TS value
of 26 is obtained at the GRB location from 0 — 1000
s duration, signaling a ~50 detection. Confidence levels
(68% and 90%) are plotted. Other known sources from
the Fermi-LAT Fourth Source Catalog are marked by open
circles.

On a scale of 1 d, the photons are still sparsely
distributed and thus unbinned likelihood analysis is
performed using gt 1ike. The GRB contribution to the
observed statistics is evaluated applying a powerlaw2?
model, and flux (photon and energy flux) is calculated
in the energy range 0.1 — 10 GeV. The upper limits are
obtained by assuming a spectral shape with an index
equal to —2. LAT detected high energy photons in the first
temporal bin (firebrick colored datapoint in Figure 2(a))
after the trigger-time. To set a reference limit on flux
from the direction of the observed LAT emission, we
also analyzed the 11.5 yr of Fermi-data employing binned
likelihood analysis in bin-sizes of six months. The spectral
parameters of the models for the sources within 3° centered
on the GRB position (as marked by the yellow circle in
Figure 1) are kept free for the likelihood analysis. The flux
upper limits and corresponding luminosity are plotted in
Figure 2 (b).

We binned the data since 2009-01-01 UTC in a
bin size of 2 d. Known point sources in the ROI are
also included* and spectral parameters are fixed to the
values reported in the Fermi-LAT Fourth Source Catalog
(Abdollahi et al. 2020). The significance of the emission
~+/TS is plotted in Figure 2(c). The flux averaged over
the six month upper limits (blue dashed line in Fig. 2(b))
is extrapolated (e.g. as in Yang et al. 2019a) to a bin size
of 2 d and displayed as a in red line in Fig. 2(d)). We also
feature the TS map at the location of the many detections
in the bottom panel of Figure 1. Other detections with TS
> 16 represented in Figure 2 in firebrick color are also
at this location and therefore only one with the largest
significance (significance ~ 15) is shown for a reference.
Here, the IPN localization area is not encircled by the
confidence contours as in the case of the emission observed
~ 19 s after the Fermi trigger.

3 RESULTS

An injected GF gamma-ray luminosity of L, ~ 7 X
1046 erg s~! near the neutron star (radius Ry, ~ 106
cm) produces a fireball, which expands due to its own
radiation pressure. The optical depth for v—y interaction is
Tyy Z EUT/(47T€7RQCt> ~ 1.36 x 1011E46.13R077ét:é.7.

3 https://fermi.gsfc.nasa.gov/ssc/data/

analysis/scitools/source_models.html#PowerLaw2

4 user contributed software ht tps://fermi.gsfc.nasa.gov/

ssc/data/analysis/user/python3/maked4FGLxml.py
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Fig.2 (a) Photon fluxes for GRB 200415A from tp-5 d to t+5 d with bin size 1-d. The horizontal blue dashed lines
correspond to the total flux limit for combined bins from 1 to 5 d before and after the trigger-time. (b) The photon fluxes
(blue) and corresponding luminosities (red) upper limits from LAT observations of GRB 200415A location with a half-
year bin. The blue and red horizontal dashed lines show the averaged values of the 11.5 yr upper limits of photon fluxes
and luminosities, respectively. (c) Distribution of significance with 2 d temporal binning. The solid red line signifies the
TS equal to 16 and the dashed line indicates TS of the source during bin after trigger-time. (d) Fermi-LAT flux light curve
for 11.5 yr of observations in the direction of GRB 200415A. Blue circles mark the upper limits (TS < 16) and firebrick
circles show the detection of high energy photons (TS > 16). Open and filled firebrick circles signify the TS values 16 <
TS < 25 and TS > 25, respectively. The red solid line represents the 2 d photon flux upper limit extrapolated from the
average value of the 11.5 yr upper limits (Yang et al. 2019b). The vertical black dashed lines in (b), (c) and (d) indicate

Fermi GBM trigger-time.

Here, we used notation X = 10"X,,, and o is the
Thompson cross-section, ¢t ~ 0.2¢_g 7 s is the duration of
the prompt emission, and e, ~ 900 keV is the mean energy
obtained from time-integrated spectral fit. This huge
optical depth creates a radiation and e® pair dominated
plasma, with initial temperature Ty ~ (E /4w R%ot)'/* ~
270,45 Ry.¢ 1 Z0/s keV (Paczynski 1986; Nakar et al.
2005). The Lorentz factor of this plasma increases with
radius I' o< R and comoving temperature decreases as
inversely proportional to radius T o R~! (Goodman
1986; Paczynski 1986; Shemi & Piran 1990; Duncan &
Thompson 1992b; Piran et al. 1993; Meszaros et al. 1993;
Katz 1996). During this evolution, at some stage, pair
production is negligible and we can estimate number of

pairs Np ~ 4 x 1044Ej:’é413R0 2 (Nakar et al.
2005). Even after this stage, photons are coupled to
the pairs through scattering, which accelerate the pair
plasma to a bulk Lorentz factor I'y . The bulk Lorentz
factor and kinetic energy of the pair plasma are given by
Ty = (Eop/4nc¥tm.Ro)'/* ~ 620E,%, Ry o/ 25/
and Ex = Nilim.c® ~ 1.9 x 10%erg, respectlvely
(Nakar et al. 2005).

For the afterglow observed by Fermi-LAT in the
energy range 0.1-10 GeV, for 0-1000 s, we calculate energy
flux, which is ~ (3.78 £ 2.24) x 107% ergcm=2s7 1.
This component has total energy E; 47 ~ 5.53 x 10%° erg,
however, the kinetic energy left in pair plasma is ~ 107°

of the energy of GeV emission. This also infers that the
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observed LAT afterglow cannot be powered by ejecta with
pure pair fireball composition.
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Fig.3 Top panel: Time-dependent E, — F}, correlation
for GRB 200415A. The red line represents the best fit.
Bottom panel: Corner plot features the results obtained
from a Markov Chain Monte Carlo (MCMC) simulation
for a simple powerlaw model. a and k represent the index
and norm of the powerlaw relation, respectively.

In addition to radiation and e* pairs, the fireball can
also be loaded with baryons, having baryon injection rate
M and total burst luminosity Lo = L/, where &,
is the conversion efficiency of total burst luminosity into
gamma rays, and the outflow evolution is parameterized in
terms of the dimensionless entropy n = Lg/ Mc? (Shemi
& Piran 1990; Ioka et al. 2005b). We will consider two
possible loading cases, (i) baryonic poor (BP) outflow,
when n > 7,, where 7, = (LOJT/47Tmpc3R0)1/4 =
91L57/ fﬁgR& (13/ % is the critical entropy (Mészdros & Rees
2000). In the BP case, the photosphere is in an accelerating
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phase and photospheric radius is below the saturation
radius (Mészaros & Rees 2000). The observed temperature
is Tpn, = Tp ~ 270 keV and quasi-thermal emission
has peak at ~900 keV. The emission is radiated away
from the photospheric radius and the final Lorentz factor
would be I'y = 7, = 90. From the observed afterglow
and the energy remaining in the baryons, we have
n = EL(E/Epar) X n., where £ is the efficiency
of conversion of the kinetic energy (Fx) into the GeV
afterglow.

Since &7, < 1, we find < 227. Using this 1, we can
constrain the baryonic load, and obtain a value of M >
E/nc? ~ 6.65 x 10?2 gm. Utilizing n > 1., we also have
an upper limit on baryonic load M < 1.66 x 10** gm. In
the BP case, therefore, considering the observed afterglow
we constrain the baryonic load to be 6.65 x 10?2 gm <
M < 1.66 x 10?3 gm.

The afterglow discussed here is produced in a forward
shock when the ejecta inevitably penetrates through the
circumburst medium. At the deceleration time of the
external forward shock, the Lorentz factor is one half of
the initial Lorentz factor, assuming that the peak time is
the observed time when the first photon (probability > 0.9)
from the source is received. Using the initial Lorentz factor
we can constrain the density of the ambient medium (Sari
& Piran 1999). For Ty ~ 45E} 5 ng /*17%/% and . =
91, ty ~ tstart =tions ~ 19 (tirﬁe when first photon with
probability > 0.9 is received) and implementing Fx =
(Me/1M)E+.iso» To = 1, we found n < 4 x 10~%cm 3.
Here we have assumed peak time to be the start of the LAT
emission. The density would be lower, if peak occurs later
than this.

The other case is (ii) baryonic rich (BR) ejecta, here
the photosphere is in a coasting phase (Nakar et al. 2005).
The emission observed in Fermi-GBM has a minimum
variability timescale (~ 2ms, Yang et al. 2020), which is
one of the extreme values when compared to a sample of
GRBs (Yang et al. 2020). Thermal emission from internal
shocks can arise if it occurs below the photosphere (Rees
& Mészaros 2005). In such a case, the kinetic energy left in
the ejecta can be ~10 times the radiation energy and a jet
configuration or atypical parameters are required to explain
the afterglows (e.g., as in the case of SGR 1806-20, Ioka
et al. (2005a)). The temperature/peak energy tracks the
photon flux (Yang et al. 2020). Such an evolution can be
a result of many multiple superimposed pulse evaluations
(e.g., as discussed in reference to GRBs by Preece et al.
2016).

We note that very recently Zhang et al. (2020)
discussed the magnetar GF origin of the emission in
GRB 200415A. For the magnetar GF candidates, they
found a correlation similar to the Amati correlation in
GRBs. Further, they discussed the outflow composition
and energetics following the standard analysis (e.g., in



2366

V. Chand et al.: Magnetar Giant Flare Originating from GRB 200415A

Table 1 Time-dependent Spectral Analysis Results Based on GBM Observations, Using CPL Model

Sr. no. Intervals I ph Ep, Flux
(s) (keV) (10~* ergem—2 s~ 1)

+0.29 +72.77 +0.50

2| oomoomn | st | reeriil e
3a (_0'002;; 0 001) 0‘16;8%5 726 '844-71247682% 3'931(1)132
4 (0001, 0.001) 0.00+058 1688, 27+ 10476 661218
5 (0,001, 0.005) 0.6070.46 85735+ L3061 2067065
6 (0,005, 0.010) 167Ho88 847,03 16513 Lo +0:d8
7 (0,010, 0.020) 0.5370:30 007 19+90-50 |16 r0:36
8 (0,020, 0.040) 0,63 038 743,53 1467 0.557001
9 (0.040, 0.080) 0317025 676,90+ 00.68 038007
10 (0.080, 0.120) 065035 37423 +0354 0.00-0-03
. [ o~ —0.35 S~ —46.83 7 —0.02

a: newer bins.

reference to GFs Nakar et al. 2005; Ioka et al. 2005a; Dai
et al. 2005; Wang et al. 2005). They ruled out BR outflow
based on the relation between the observed temperature
and isotropic energy.

Such a correlation, if intrinsic, should also be present
between the considered observables in the time-dependent
data (in case of GRBs, e.g., Frontera et al. 2012). We find
that hints of such a correlation between the peak energy
L, and isotropic luminosity Lig, are present with Pearson
linear correlation coefficient » = 0.67 and p-value = 0.03;

E Lis 0.2340.10
P ) 619792 ( o D)
1keV 10%7erg s—1

In another form, we have log(E, ) ~ 2.8 + (0.23 +
0.10)log(Liso,a7) Which is consistent with their results
(Ep ~ Eils/o4
flux F}, is

0.23£0.10
B ) o 676795 Fy :
1keV 10~%erg cm—2s—1

2
For a BP outflow, the temperature observed is the
photospheric temperature (7' ~ 1p). This implies the
observed evolution in the case of this source is intrinsic
to the injection process rather than the dynamics of the
outflow. Alternatively, multiple thermal shells with varying
temperatures might be injected from the central source.
This is also evident from the observed BB spectrum in
bins of size ~ 4 ms or quasi-thermal spectrum in larger
bins. The dispersion in the correlation can arise in such
a case from other parameters, which may vary within
injections, such as radius Ry at which injection occurs.
The first three points in the time-dependent spectra during
—0.005 to —0.001 s are farther from the fitted correlation
(assuming an uptrend is more evident). If we exclude these
three datapoints, both the correlation and significance are
strengthened. The Pearson linear correlation coefficient is
r =0.96 (p = 0.0008), and linear correlation between the
logarithmic values of the E, and L, is 0.97 (0.0003). The

on i ~ 7E9+3570.314:0.04
new relation is (B0 ~ 752755 Li 5y ).

). The scaling relation between E, and peak

4 DISCUSSION

We have systematically studied the afterglow emission
in the case of the GF candidate GRB 200415A. No
other transient emission in the direction of the GRB was
detected in the past 11.5 yr of Fermi observations than
the one detected ~ 19 s after the GBM trigger. We
also systematically arrive at the conclusions that the high
energy emission as observed in Fermi-LAT is produced in a
BP fireball when the ejecta runs into the ambient medium.
In this scenario, we have constrained the baryonic load
in the ejecta. We assumed that the ejecta expands into
a constant density medium and, using the initial Lorentz
factor of the ejecta, onset time of the GeV afterglow and
energy of the ejecta, we have constrained the density of
the ambient medium.

The time-averaged peak energy ([,) and isotropic
equivalent energy Fi., in a sample of SGR-GF candidates,
are correlated (Zhang et al. 2020). We found a time-
dependent correlation between £, and isotropic luminos-
ity (Liso) for GRB 200415A (Eq. 1). The existence of the
time-dependent relation between the F, and L, emitted
by the source similar to the time-averaged correlation
found for the GF candidates favors a BP outflow over
a BR outflow (Zhang et al. 2020). Moreover, this also
implies that the observed evolution in the peak energy is
intrinsic to the injection process. Finally, our results show
that the correlation is tighter if we exclude the initial 4 ms
(first three time intervals in Table 1), implying a different
emission mechanism is at work during this period.

The physical mechanisms responsible for the GFs
have eluded a complete understanding despite many
investigations (Thompson & Duncan 1995, 2001; Lyutikov
2003; Parfrey et al. 2013; Takamoto et al. 2014). The
spectral evolution and the variability during a GF indicate
the complex nature of the central source. This can be
probed by a search for other observed features, e.g. QPOs
that originate in a magnetic reconnection scenario and
seismic modes in the magnetar crust which developed
during the GF and which are aided by the intense magnetic
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field (Strohmayer & Watts 2006). Finally, we note that for
nearby GF-candidate GRBs with unknown distance, the
power of the scaling (Eq. (2)) relation discussed in this
article is that one can utilize the relation between the peak
energy and flux for distinguishing it from sGRBs.
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