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GRB 160625B was detected by both the Fermi Gamma-Ray Burst Monitor (GBM) and Large
Area Telescope (LAT) instruments on board the Fermi Gamma-Ray Space Telescope, launched in
June 2008. This event is associated with more than 300 high-energy photons above 100 MeV with
probabilities larger than 90%. The highest energy photon is detected at 346.2 seconds after the
Gamma-ray Burst Monitor (GBM) trigger with an energy of 15.3 GeV. The time-resolved spectral
analysis of bursts has been presented using both the GBM and LAT data. At early times 2.05
seconds from the LAT trigger, the spectral analysis reveals an extra black body component which
provides high-temperature kT = 92.03 + 3.31 keV. The highest peak energy measured during
this emission episode is 2201.0 £ 62.7 keV with the compatible fluence 8.38 + 0.05 x 1073
erg cm 2 in the 10 keV - 1 MeV energy range. The result of temporal analysis for the LAT
light curve coincident with the GBM and an optical afterglow of the Pi of the Sky has also been

presented.
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1. Introduction

Gamma-Ray Bursts (GRBs) are the most powerful electromagnetic events in the universe, but
most observations are limited to photons below a few MeV. High-energy emission above 100 MeV
from GRBs was first observed by the Energetic Gamma-Ray Experiment Telescope (EGRET, cov-
ering the energy range from 30 MeV to 30 GeV) onboard the Compton Gamma-Ray Observatory
(CGRO) satellite [1]. After 2008, the Fermi Gamma-Ray Space Telescope has increased the op-
portunity to study high-energy emission from GRBs by providing large aperture and wide field of
view instruments. Two onboard instruments, the GBM [2] and the LAT [3], overlap energy bands
to span from 8 keV to above 300 GeV. The GBM consists of 12 Sodium lodide (Nal) detectors
covering energies between 8 keV and 1 MeV. GBM also includes two Bismuth Germanate (BGO)
detectors (b0, b1) covering energies between 200 keV and 40 MeV, located on opposite sides of the
spacecraft. The LAT is a pair-conversion telescope sensitive to photons with energies from 20 MeV
to >300 GeV [3]. When a photon enters the LAT, it is converted into an electron-positron pair after
interacting in the conversion tungsten foils located between the tracker silicon strip detector planes.
Since the start of science operations in early August 2008, the LAT has detected 123 GRBs with
high-energy photon emission. These events, including 113 long-duration and 10 short-duration
bursts seems randomly distributed in the sky map as shown in Figure 1.
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Figure 1: Distribution of the Fermi-LLAT GRBs on the sky according to their best localizations on the ground.
The blue and magenta star symbols correspond to short (duration < 2 s) and long (duration > 2 s) bursts,
respectively. The black star is the long GRB 160625B.

To model the majority of GRB prompt emission spectra, an empirical model, a Band function
has been used since it was first proposed in 1993 [4]. However, recent observations with the Fermi
revealed deviations from the Band function (Band), sometimes in the form of an additional black-
body (BB) thermal component [5], while on other occasions in the form of an additional power
law (PL) component extending to high energies. In some bursts, a high energy cut-off in the MeV
regime [6] and an additional PL component [7] that model the lower energy was observed. In this
paper, we present the spectral analysis of GRB 160625B by performing a Band function, a Band
function with an extra black body (Band+BB) and Band function with two an additional extra
component of black body and power law (Band+BB+PL) models.
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2. Observations

At 22:40:16.28 UT on June 25, 2016 (hereafter Ty), the GBM triggered on and located the
bright burst GRB 160625B with the trigger number 160625945 and triggered again the same GRB
at 22:51:16.03 UT with the trigger number 160625952 [8], with emission evident between triggers,
including the time at which the Fermi-LAT triggered. The burst was within the LAT field-of-view
initially at an angle of 42° from the boresight at the time of GBM trigger. The GBM light curve
consists of multiple peaks over the duration of Tgy =460 s [8].

At 22:43:24.82 UT the Fermi-LAT triggered on a bright pulse from the GRB 160625B [9].
From the LAT data, the burst was localized at RA, Dec (J2000) = 308.3°, 6.9° with an error radius
of 0.5° (90 % containment, systematic error only), enabling Target of Opportunity (ToO) observa-
tions to begin ~24 hr after the trigger with the narrow field instruments on Swift. The number of
LAT observed events are >300 photon candidates above 100 MeV, which is comparable to that of
the other bright LAT bursts, GRB 080916C, GRB 090510 and GRB 090902B. The LAT emission
became detectable and in coincidence with the second spiky bright pulse observed by GBM; how-
ever, a series of emission photon with high energy are clearly visible in the light curve just after Ty
as shown in Figure 2a, but not sufficient to alert the LAT. The most energetic photon was observed
346.2 seconds after To, had an energy of E = 15.3 GeV and was associated to the GRB with a high
(0.99 using the gtsrcprob Fermi Science tool) probability. The best LAT on-ground localization
is RA, Dec = 308.56°, 6.93° (J2000), with an error radius of 0.06° (90 % containment, statistical
error only) and fully compatible with the position of the afterglow detected by Swift/XRT [10].

Indeed, based upon the GCN report issued for the LAT detection, a Swift ToO observation was
performed, and the Swift-XRT an afterglow for GRB 160625B was detected with 9.6 ks and local-
ized at (RA, Dec) = 308.5969°, 6.9196°) with an uncertainty of 3.8° (radius, 90% confidence) [10].
This is 19.7° from the LAT position. VLT observations determined a redshift for GRB 160625B
of z = 1.406, using the X-shooter spectrograph [11], and the TNG equipped with DOLORES and
the LR-B grism also confirmed a redshift of z = 1.4140.01 for this burst. Cameras of the Pi of
the Sky North observatory observed optical emission of the GRB 160625B 48s after Fermi GBM
trigger and 140 seconds before the LAT 488587408 trigger [12]. Both cameras, 35 and 39, identi-
fied a new object on exposures starting just before the time of the trigger. Mini-MegaTORTORA
nine-channel wide-field monitoring system observed [13] a bright optical flash of GRB 160625B,
on a frame coincident with LAT trigger time (~Tp + 173.7 to ~Ty + 201.8) at position reported
by Troja et al. [14], with the magnitude of about V = 8.8 mag. The system started observing its
error box at Ty + 52 seconds after GBM and 136 seconds before the LAT trigger. The bright opti-
cal counterpart of this source is more consistent with GRB 120711A, which was also observed by
several ground-based telescopes that detected a powerful optical flash peaking at an R-band bright-
ness of ~11.5 mag [15]. RATIR Optical/NIR [14] and MITSuME/Ishigakijima Optical [16] also
detected an optical afterglow emission.

2.1 Light Curves

The Nal, BGO and LAT light curves of GRB 160625B are shown in Figure 2. Comparing to
all panels in Figure 2a, we see that the first short pulse, clearly visible in the Nal (n9) light curve,
are not seen in BGO and LAT data, while the second broader feature emission is in coincidence
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with the high energy count rate in the LAT data. An event with energy 0.2 GeV was observed at 10
s, after the first soft GBM emission has ended, consistent with a delayed arrival of the high-energy
emission which is similar to other bright LAT GRBs [17].
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Figure 2: GBM and LAT light curves of GRB 160625B. a) the blue lines indicate, the first GBM trigger time
at 488587220 MET, the LAT trigger time at 488587408 MET and the second GBM trigger time at 488587880
MET from left to right, respectively. The top two panels show the light curve of Nal(n9) detector and of the
BGO(b1) detector . The third panel indicates the LAT light curve for the “transient” event selection above
100 MeV and the fourth panel shows the LAT photons which passed the “transient” and “source” event
selection above 100 MeV. b) Zoom on the spiky light curve for which spectral analysis has been performed.
A blue line indicates the LAT trigger time.

3. Spectral Analyses

3.1 Data Selection

We use the data from the GBM Nal (n9) detector that have source angles less than 50°, the
data of BGO detector (bl) closer to the source and the LAT. The spectral analysis of GRB 160625B
is performed for the second broad emission part from ~Ty + 187.43 to ~Ty + 212.00 seconds,
around the spiky light curve of both the LAT and GBM events, (see Figure 2b) with the software
package Rmfit (version 4.3.2) using Castor Statistics (C-Stat) [18]. In order to subtract the GBM
background spectrum for the spectral analysis, we defined two background intervals before and
after the prompt emission for every energy channel. For each emission episode, we fitted with
a second-order polynomial function to a user defined background and interpolated this fit across
the source interval. We used the standard 128 energy bins of the CSPEC data-type, for Nal using
the channels from ~8 keV to ~905 keV cutting out the over-flow high-energy channels as well
as (corresponding to the Iodine K-edge from ~30 - ~40 keV, see [2]). For BGO (bl), we used
data from ~220 keV to ~9.5 MeV. For the analysis of LAT observations, the pass 8 Transient
class events (Transient20E) used for the event selection with a 10° radius of interest. The data
is binned in 30 logarithmically spaced energy steps between 100 MeV and 300 GeV. We derive
the observed spectrum and the detector response matrix using the Fermi Science Tools gtbin and
gtrspgen, respectively. To produce a background spectrum file, the background-estimation tool
so-called gtbkg was used.
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3.2 Joint LAT-GBM Spectral Analysis

The soft peak precursor episode that initially triggered GBM was about 1 second long from
To as shown in Figure 2a and well fit by compotonized model with peak energy E ,¢qx = 69.9 &= 1.5
keV and power law index is -0.27 + 0.07. The energy flux (10 - 1000 keV) in this time interval is
1.534+0.03x10 % ergcm™2 s~ 1.

We have also performed time-resolved spectral analysis of the combined GBM and LAT data
over a period corresponding to the most intense part of the prompt emission (i.e., To + 187.43 - T
+ 212.00 s), where 158 LAT photons above 100 MeV with probability greater than 90% of being
associated with the burst are detected. For spectral analysis, different empirical models are consid-
ered: a smoothly broken power law, a Band function (Band) [4] with peak energy (E,..) which
smoothly connects two power laws, a Band function with an additional power law (Band+PL) and
Band function with black body (Band+BB) component. Results of our combined GBM and LAT
time-resolved spectral analysis are given in Table 1.
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Figure 3: Results of the spectral fit of the first time bin, To + 187.43 - T + 189.48 s, using a Band function
with an additional black body function (left) and the fifth time bin, T¢ + 201.76 - Ty + 212.00, performing a
Band function with an additional two components black body and power law functions (right). Top panels
show counts spectrum with folded model and the bottom panels indicate the counts spectrum with folded
model and residuals.

At early times (first 2.05 s), adding thermal component to a Band model provide the tempera-
ture kT = 92.03 £ 3.31 keV while the peak energy is shifted from 1441 £ 30.2 keV to 2201 £+ 62.7
keV. This improves the fit about 178 in AC-Stat. This fit is shown in Figure 3 (left). Moreover, fine
time-resolved spectral analysis may constrain the emission of this burst, since there is a continuous
change in shape of spectra with time evolution.

We analyzed the time-resolved spectra of GRB 160625B. This procedure divides the bursts
into 5 time intervals which are indicated in Table 1. We fitted all the intervals from (a) to (e) by
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Band function and the spectral evolution is evident in this function component from changing E ¢«
values throughout the burst but the fits are not well constraint the emission. The addition of a black
body component to the Band model improves the fit from interval (a to e) significantly in AC-Stat
(corresponding to >50 significance). The peak energy E .. shifted to high values from (a) to (c)
interval, while the power law indices are harder than the Band function alone. In interval (e), the
emission can be fitted by a Band function with two extra components BB and PL with photon
spectral index (y) = -1.88 &£ 0.09. This fit is shown in Figure 3 (right). An additional BB and
BB+PL an extra component provides a better fit, as its inclusion causes an improvement of 46 and
53 in AC-Stat, respectively over the Band function alone.

Table 1: The result of time-resolved spectral parameters. For the first four bins, Band+BB model constrain
the emission while the fifth bin can be modelled with a Band+BB+PL.

Time range* a B Epear (keV) kT (keV) b4 C-Stat/dof**  Model

(a) 187.43-189.48 -0.734+0.01 -2.784+0.05 1441.0+30.2 596.2/203  Band
-0.85+£0.01 -3.11 £0.07 2201.0+62.7 92.03 + 3.31 417.9/ 201 Band+BB

(b) 189.48-191.52 -0.72+0.01 -2.58+0.03 789.3+184 388.7/205 Band
-0.69 £0.02 -2.61 £0.03 843.04+24.0 25.03+2.75 352.8/203 Band+BB

(¢) 191.52-195.62 -0.70 £0.01 -2.70+0.03 583.9 +10.2 397.3/210 Band
-0.65 £0.02 -2.71+£0.03 5947+ 125 17.52+1.71 370.91/208 Band+BB

(d) 195.62-201.76 -0.70 £0.01 -2.79 +£0.03 715.7 +£9.98 406.7/204 Band
-0.62 £0.02 -2.794+0.03 707.3+11.3 15.53 +0.90 361.2/202 Band+BB

(e) 201.76-212.00 -0.82+0.01 -2.66=+0.03 540.3 +10.7 359.3/203 Band
-0.71 £0.03 -2.67+£0.03 540.3+12.6  13.90 & 0.82 313.6/201 Band+BB

-0.65 £0.07 -2.85+0.09 543.6+14.6 14.89+0.95 -1.88+0.09 306.6/199 Band+BB+PL

Notes. *Measured in seconds since trigger time Tg. o and f3 are the low and high energy spectral index for Band
function. ** the ratio of the value of the C-stat resulting from the fit and the associated degrees of freedom (dof). This
results cannot be used to estimate goodness of fit nevertheless compare to C-stat for models [18, 19].

4. Temporally Extended High-Energy Emission

We might understand the features of the gamma-ray bursts from a pattern emerge when the
temporal structure of their emission are analyzed by considering the overall time scales of the
burst. Observations of extended, high-energy emission are, however, scarce. To characterize the
temporally extended high-energy emission of GRB 160625B, the beginning of the LAT data has
been chosen at 187.43 s from Ty for energy E > 100 MeV. This observation was divided in time
bins, in all of them, unbinned maximum likelihood analysis was performed. We modeled the LAT
photon spectrum as a power law with a spectral index [i.e., the spectrum N(E) o< E%]. We found
evidence of spectral evolution during the high energy emission. The temporal decay is very steep,
with a photon index of -2.35 4 0.13, which is unusual. The reduced x? for this power law fit is
0.44. The LAT flux density also fitted by a broken power law (BPL) with an initial shallow decay
o) =-2.23 £ 0.12, the time break at 205.5 is followed by rise and a steep late decay o =-7.12 £
1.73 as shown by cyan bend line in Figure 4. The PL fit of LAT flux density is softer and steeper
than the BPL. In our analysis, we used also an optical afterglow data from the Pi of the Sky with
two camera Id = 35 and 39 [12]. The telescope observed at the position of GBM 40 s after trigger
and 148 s before the LAT trigger of GRB 160625B. The two camera Id = 35 and 39 light curves
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Figure 4: The fluxes observed by the Fermi-LAT/GBM and Pi of the Sky telescopes. A blue filled circles
show the data of GBM. The red broken and magenta lines depict the PL fit of data of Pi of the Sky camera Id
35 and 39, respectively. The optical afterglow data is shifted by ~153 seconds from the LAT trigger towards
the GBM trigger time. Afterwards the data that coincide with the LAT is fitted by a power law. A green line
is a PL fit of LAT data while a cyan line is a broken power law obtained from the LAT fit.

are best fit by a power law with the data coinciding of LAT, index -1.74 + 0.16 (the reduced x>
=0.83) and -1.64 + 0.20 (the reduced 2 = 0.75), respectively. Their power law index are harder
than the LAT.

5. Summary

The time-resolved spectrum of GRB 160625B are presented using both the GBM and LAT
instruments on Fermi. At early times (first 2.05 s from the LAT trigger), the spectral analysis
reveals an extra black body component which provides the temperature kT = 92.03 £ 3.31 keV.
The highest peak energy measured during this emission episode is 2201.0 + 62.7 keV, and the
corresponding fluence is 8.38 & 0.05 x 107> erg cm ™2 in the 10 keV - 1 MeV energy range. The
preliminary analysis showed that from the interval (a - d), the time-resolved spectral analysis is
modelled by a Band plus black body function, while the last interval (e) is fitted by a band function
with two extra components black body and power law function. Thus, further detailed spectral
analysis and additional models for comparison have to be carried out to study the spectra emission
of GRB 160625B. The temperature of the BB falls exponentially similar to the E .. except in
interval (d). In the first two time intervals of spectral analysis, the spectral energy indices are less
than -2/3 expected from optically thin synchrotron emission [20]. We find that GRB 160625B
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is more similar to GRB 080825C and GRB 081006A with comparable appearances of late high-
energy photon emission. The time-resolved spectra of the main episode (~ Tg + 180 - ~ T + 200
seconds) have been also done by Lii et al. [21] at different time bins. A function composing of
a multi-color black body component plus a cutoff power-law component (CPL), can be fitted the
spectra of the burst, however; the photon index and the cutoff energy of the CPL component does
not show a clear evolution trend. The brightest peak in the LAT light curve is coincident with the
GBM and an optical afterglow data from the Pi of the Sky. The LAT energy flux light curve is well
described by a broken power law with the first steep index o = -7.12 + 1.73, which appears to be
softer than the second index o =-2.23 £ 0.12.
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