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X-ray/γ-ray counterpart of GW	

•  Expected for NS-NS, NS-BH �
– not for BH-BH�

•  “Short GRB” has been the prime candidate for 
EM counterpart of promised GW source (i.e. DNS)�

•  But jet opening angle≈6–30°⇒ 4% seen on-axis �
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opening angle, θj, using (Sari et al. 1999; Frail et al. 2001)
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where tj,d is in days. The opening angle measurements for the
four short GRBs with jet break detections are listed in Table 5.
Using these four short GRB opening angle measurements
alone, taking into account the published range of angles for
individual bursts, the median is 6 1jqá ñ = (Figure 8).

However, the majority of short GRBs do not have detected
jet breaks and instead exhibit a single power-law decline as
long as they are detected. In these cases, the time of the last
observation (δtlast) can be used to place lower limits on the
opening angles. The inclusion of these bursts is essential in
understanding the true opening angle distribution. In most
cases, Swift/XRT observes short GRBs until they fade below
the detection threshhold at δt1 day, and enables relatively
shallow lower limits of θj2°–5° (Coward et al. 2012; Fong
et al. 2012b). The inclusion of such limits will not have a
significant effect on the opening angle distribution, as they
virtually span the entire range of allowable angles.

Therefore, in order to have a more complete understanding
of the opening angle distribution, we collect all existing
published lower limits of θj5°, and calculate lower limits for
GRBs 101219A, 120804A, 140903A, and 140903B using the
observations and physical parameters presented in this work.
The inferred lower limits, the band in which the jet break was
detected, and the value of δtlast used to compute the limits, are
listed in Table 5. These seven events demonstrate that multi-
wavelength afterglow observations to δtlast≈3–25 days enable
more meaningful lower limits on the opening angles of 5°–
25° (Table 5).

To calculate the opening angle distribution, we give each of
the 11 events equal weighting, where measurements are given
Gaussian probability distributions to represent their allowed
range of angles (Table 5), while lower limits are given

probability that is evenly distributed between the lower limit
and the maximum possible opening angle, θj,max=90°. The
resulting cumulative distribution for 11 short GRBs, including
measurements and lower limits, is shown in Figure 8.
Assuming an upper bound of θj,max=90°, the short GRB
population median is 33j 27

38qá ñ = -
+ deg (1σ). Motivated by

simulations of post-merger black hole accretion predict jets
with θj∼5°–30° (Ruffert & Janka 1999b; Rosswog &
Ramirez-Ruiz 2003; Aloy et al. 2005; Rosswog 2005; Rezzolla
et al. 2011), we also calculate the cumulative distribution
employing a more realistic maximum value of θj,max=30°,
and find a median of 16 10jqá ñ = deg (1σ).
To compare these distributions to those for long GRBs, we

collect opening angle measurements for 265 long GRBs,
including 17 events with limits (Frail et al. 2001; Berger et al.
2003; Bloom et al. 2003; Ghirlanda et al. 2004; Friedman &
Bloom 2005; Racusin et al. 2009; Cenko et al. 2010, 2011;
Filgas et al. 2011; Goldstein et al. 2011; Ryan et al. 2015) and
calculate the cumulative distributions in the same manner
(Figure 8). We find a median value for the 248 long GRBs with
measurements of 13j 9

5qá ñ = -
+ deg. Including the 17 events with

limits (θj,max=90°), the median becomes 14 10
9

-
+ deg.

The opening angle distribution of short GRBs impacts
the true energy scale, as the true energy is lower than the
isotropic-equivalent value by the beaming factor, fb, where
f 1 cosb j( )qº - and therefore Etrue=fbEiso. To calculate the
cumulative beaming factor distribution, we use the individual
opening angle probability distributions for each burst to convert
to individual distributions in beaming factor. We then sum the
individual distributions in a cumulative sense and calculate the
median and 1σ uncertainties about the median. Including all
short GRBs with opening angle measurements and limits and
assuming the more realistic scenario of θj,max=30°, the
median beaming factor is f 0.04 .b 0.03

0.07= -
+ The beaming

correction is less substantial if we assume θj,max=90°,
f 0.17 ,b 0.16

0.52= -
+ and is much more substantial if we only

include short GRBs with measurements, fb=0.005±0.002.
We find median isotropic-equivalent γ-ray and kinetic energy

scales of Eγ,iso≈2×1051 erg and EK,iso≈(1–3)× 1051 erg.
Applying the beaming correction for the most realistic scenario
gives median beaming-corrected γ-ray and kinetic energy scales
of E 0.8 100.6

1.4 50á ñ = ´g -
+ erg and E 0.8 10K 0.7

2.5 50á ñ = ´-
+ erg,

resulting in a total beaming-corrected energy release of
E 1.6 10tot 1.3

3.9 50á ñ = ´-
+ erg. The inferred energy scales can be

used to constrain the mechanism of energy extraction to power
the relativistic jet: the thermal energy release from ¯nn
annihilation in a baryonic outflow (Jaroszynski 1993; Mochko-
vitch et al. 1993) and magnetohydrodynamic (MHD) processes
in the black hole’s accretion remnant (e.g., Blandford &
Znajek 1977; Rosswog et al. 2003). The general consensus is
that ¯nn annihilation can only produce beaming-corrected total
energy releases of 1048–1049 erg, while MHD processes can
more easily produce energy releases in excess of 1049erg
(Popham et al. 1999; Ruffert & Janka 1999a, 1999b; Rosswog
2005; Birkl et al. 2007; Lee & Ramirez-Ruiz 2007). Thus, if the
majority of short GRBs have wider opening angles than the four
short GRBs with measurements, and thus have a smaller overall
correction to the isotropic-equivalent energy scale, it will be
necessary to invoke MHD processes to explain the observed
energy releases.
The opening angles also impact the event rate, as the true

event rate is elevated compared to the observed rate by a factor

Figure 8. Cumulative histograms of 11 short GRBs (dark red dash–dotted) and
265 long GRBs (dark blue) with opening angle measurements or limits,
assuming a maximum opening angle of θj,max=90°. Also shown is the
distribution for 11 short GRBs assuming a more realistic maximum opening
angle of θj,max=30° (red). The distributions for the subset of 4 short GRBs
(light red dotted) and 248 long GRBs (light blue) with opening angle
measurements are also shown. Medians are denoted by color-coded arrows,
and listed with their 1σ uncertainties in units of degrees.
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Orphan afterglow for off-axis GRBs	
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Fig. 1.—B-band luminosity for models 1 (dashed lines) and 2 (solid lines)
for , , , , , ,v p 5! v p (0, 1, 2, 3, 5)v E p 80 n p 1 p p 2.5 e p 0.010 obs 0 52 0 B

and , where and are the fraction of the internal energy in thee p 0.1 e ee B e

magnetic field and electrons, respectively, and p is the power-law index of the
electron energy distribution. Note that model 1 is scaled down by a factor of
2.5 to help compare between the two models.

Fig. 2.—Light curves of model 3 for , ,v p 0.2 E p n p z p 1 p p0 52 0
, , , and Hz. The inset shows the same light142.5 e p 0.1 e p 0.01 n p 5# 10e B

curves for model 2, where the same traces correspond to the same viewing
angles .vobs

therefore, the dominant contribution to the emission is missing
until the time when . This problem is overcome byg ∼ 1/vobs
our next model.

2.2. Model 2: A Homogeneous Jet

This model is described in Kumar & Panaitescu (2000). The
Lorentz factor and energy per solid angle are considered in-
dependent of v within the jet aperture. The jet deceleration is
calculated from the mass and energy conservation equations,
and the jet expands laterally at the local sound speed. The
calculation of radiative losses includes synchrotron and inverse
Compton, and the synchrotron spectrum is taken to be a piece-
wise power law with the usual self-absorption, cooling, and
injection break frequencies, calculated from the cooled electron
distribution and magnetic field. The observed flux is obtained
by integrating the jet emission over the equal arrival time
surface.
The light curves of model 2 are shown with solid lines in

Figure 1. The flux density in the decaying stage (when the
entire jet is visible) increases slightly with vobs because, for a
given observer time, the emission received at larger vobs arises
at smaller radii, when the jet is intrinsically brighter. At a few
hundred days, the light curves begin to flatten owing to the
transition to the nonrelativistic regime.
The light curves for are very different from thosev ! vobs 0

of model 1 (and more realistic). Furthermore, the light curves
for are very similar to in this model. Sincev ≤ v v p 0obs 0 obs
the jet is homogeneous, the ratio of fluxes for andv ! vobs 0

is the ratio (1 ) of the areas within the jet opening1v p 0obs 2
that subtend an angle of 1/g around these directions.
We note that the light curves of model 1 for v /v pobs 0
are much closer to the light curves of model 2 for1, 2

, respectively, than to the model 2 light curvesv /v p 2, 3obs 0
for the same viewing angles, because the emission received at

is dominated by the region on the jet surface that isv 1 vobs 0
closest to the direction toward the observer. Therefore, model
1 becomes more accurate if is used in-v p max (0, v ! v )obs 0
stead of in equations (1) and (2).v p vobs
The main advantage of model 2 is that it provides more

realistic light curves with a very small computational effort,

making it convenient to use for data fitting (e.g., Panaitescu &
Kumar 2001). Its main drawback is the simplified treatment of
the dynamics, which leads to some differences relative to our
next model.

2.3. Model 3: Two-Dimensional Hydrodynamical Simulation

This model is described in Granot et al. (2001). The jet
dynamics is obtained with a two-dimensional hydrodynamical
simulation, with initial conditions of a wedge taken from the
spherical self-similar Blandford-McKee (1976) solution. The
afterglow light curves are calculated considering the emission
from all the shocked region, taking into account the relativistic
transformations of the radiation field, and the different photon
arrival times to the different observers.
Figure 2 shows the light curves of model 3, while the inset

provides the light curves of model 2 for the same set of pa-
rameters. In model 3, the peak of the light curves for v 1obs
is flatter compared to model 2 and occurs at a somewhatv0

later time. The rise before the peak is not as sharp as in models
1 or 2, since in model 3 there is some material at the sides of
the jet with a moderate Lorentz factor (Granot et al. 2001;
Piran & Granot 2001), whose emission dominates the observed
flux at early times for . The light curves forv 1 v v 1 vobs 0 obs 0
peak at a later time compared to model 2, and the flux during
the decay stage grows faster with , because in model 3 thevobs
curvature of the shock front is larger and the emission arises
within a shell of finite width, so that smaller radii contribute
to a given observer time. The light curves for models 2 and 3
are quantitatively similar for .v ! vobs 0
The main advantage of this model is a reliable and rigorous

treatment of the jet dynamics, which provides insight on the
behavior of the jet and the corresponding light curves. Its main
drawback is the long computational time it requires.

3. LINEAR POLARIZATION

While a spherical afterglow should exhibit little or no linear
polarization, as the polarizations from the different parts of the
afterglow image cancel out, a jetted afterglow breaks the circular
symmetry of the afterglow image for and may have av 1 0obs
polarization of !20% for (Ghisellini & Lazzati 1999;v ! vobs 0
Sari 1999). One might therefore expect an even larger polari-

Granot	et	al.	2002	

Predic)on	for	jeMed	GRBs:	
	Many	more	orphan	aRerglows,	
but	delayed	and	fainter	
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Possible soft X-ray production	
2 Kisaka, Ioka & Nakamura

macronova9 (or kilonova) powered by the plateau activ-
ity (KIT15).
Before going into the details, we estimate the lumi-

nosity of the scattered plateau emission. As a first
guess, we simply assume that the collimated emission
with the half opening angle θj ∼ 0.1 is scattered into
4π direction. Then the luminosity is about ∼ 1044 erg
s−1, which is as bright as the X-ray break luminosity
of the AGN luminosity function at redshift z ! 1 (e.g.,
Miyaji et al. 2015). This is also brighter than the pre-
vious models of isotropic X-ray counterparts at a follow-
up time ∼ 103–104 s, such as the ultrarelativistic shock
(Kyutoku, Ioka & Shibata 2014) and the merger ejecta
remnant (Takami, Kyutoku & Ioka 2014) (but see also
Zhang 2013 and Nakamura et al. 2014). The follow-
up observations in X-ray band are essential to localize
the GW sources because X-ray sources detected within
∼ 0.1◦ error box can make it possible to perform fur-
ther optical and infrared follow-ups to identify the host
galaxy. Planned ISS-Lobster Wide Field Imager (WFI)
can cover a wide field of 900 deg2 per pointing. This field
of view is larger than the localization error box of the GW
telescopes (10-100 deg2; e.g., Essick et al. 2015).
The activity of the central engine would inject energy

into the ejecta from the NS binary merger and produce
an engine-powered macronova with nearly isotropic emis-
sion (KIT15). In this Letter, we point out that the
long-lasting activity for the plateau emission is more im-
portant for the macronova brightness than that for the
prompt and extended emissions because the later energy
injection to the ejecta suffers from less adiabatic cooling.
We will show that the plateau activity can reproduce the
infrared excess following GRB 130603B, which is consid-
ered as a macronova candidate and is widely believed
to be powered by the radioactivity of r-process elements
synthesized in the NS merger ejecta (Tanvir et al. 2013;
Berger, Fong & Chornock 2013). Thus the central en-
gine activity may be the true energy source against the
radioactivity for the macronova. Note that the plateau
emission was actually detected in GRB 130603B with
isotropic luminosity ∼ 1047 erg s−1 and duration ∼ 104 s
(Fong et al. 2014; Lü et al. 2015), while the extended
emission was not detected.
The Letter is organized as follows: in Section 2 we es-

timate the luminosity of the scattered plateau emission,
and compare it with the sensitivity of X-ray observations.
In Section 3, we present the model of a macronova pow-
ered by the plateau activity, which explains the observa-
tions of GRB 130603B. Finally, we present discussions in
Section 4.

2. SCATTERED X-RAY EMISSION

Figure 1 shows a schematic picture for the scattering of
the emission from the jet (the thick arrow). A significant
fraction of photons which are emitted with angle" θj rel-
ative to the jet axis could be scattered at a large angle by
the surrounding ejecta if the optical depth for the Thom-
son scattering is larger than unity, τ ∼ nσTr ≫ 1, where
n is the electron number density, and σT is the Thom-
son cross section. Using the assumption of homologous
expansion for the ejecta (Hotokezaka et al. 2013), the

9 We use the term “macronova” as a transient with a NS binary
merger, especially thermal radiation from the merger ejecta.

Fig. 1.— Schematic picture for the scattering of plateau emission
and the engine-powered macronova. X-ray photons emitted from
the inside of the jet (light blue region) are scattered by the optically
thick ejecta (thick arrow). The grey region is effectively thin and
the red region is effectively thick.
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Fig. 2.— Light curves of the plateau (the black dashed curve)
and its scattered emissions (ϵ = 10−3; the red solid curve). The
data points are the flux of the plateau emission if GRB 130603
occurs at 100 Mpc (red crosses). Observational data is obtained
from UK Swift Science Data Centre. Blue dotted lines show the
sensitivity limits for the soft X-ray detectors of ISS-Lobster/WTI,
eROSITA and Swift/XRT. The scattered emission is detectable for
these X-ray detectors.

radius of the ejecta r is described by the velocity v and
time since the merger t as r ∼ vt. The number density10

is described by n ∼ Mej/(Āmpv3t3), where Ā is the aver-
age mass number of the nuclei in the ejecta and mp is the
proton mass. If the ejecta mainly consist of the r-process
elements, we have Ā ∼ 100 (e.g., Lattimer & Schramm
1974). Then a typical value of the optical depth is

τ ∼ 102
!

t

104 s

"−2 ! Ā

102

"−1 !
Mej

10−2M⊙

"

# v

0.1 c

$−2
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where c is the speed of the light. Therefore, the surround-
ing ejecta are optically thick to the Thomson scattering
during the plateau activity timescale (∼ 104 s).
Another condition to scatter a significant fraction of

the plateau emission is that the radius of the plateau
emission region is smaller than that of the expanding

10 Typically the nuclei are weakly ionized.
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and its scattered emissions (ϵ = 10−3; the red solid curve). The
data points are the flux of the plateau emission if GRB 130603
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where c is the speed of the light. Therefore, the surround-
ing ejecta are optically thick to the Thomson scattering
during the plateau activity timescale (∼ 104 s).
Another condition to scatter a significant fraction of

the plateau emission is that the radius of the plateau
emission region is smaller than that of the expanding

10 Typically the nuclei are weakly ionized.

(scattered) plateau emission from jet
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Short GRB 050709�
The only short GRB observed in soft X-ray�
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MAXI GRBs and short transients	
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“MUSST” �
GRB 150428C  (l, b) = (139.1,  +11.3)  	

GCN		#17772	
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GW 150914 	

09:50:45	
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Radia)on	
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At 2015-09-14 9:50:45 
the ISS was about to 
leave the region with 
a high particle flux	

MAXI resumed 
observation 4 min 
later	



0 1 2 5 10 21 42 85 171 341 680

GW150914 (T0+4~92 min)	

(Serino	et	al.	GCN		19013)	

Sun	

2-20 keV 3-σ upper limit: 0.1 counts s–1 cm-2  ≈ 30 mCrab �
 ≈ 1 × 10–9 	erg s–1 cm-2	



0 11 31 74 157 326 659 1323 2663 5312 10588

GW150914 (T0+0~1 day)	

2-20 keV 3-σ upper limit:  8 mCrab ≈ 3 × 10–10 	erg s–1 cm-2	



MAXI  on GW150914	
1	scan	(≤	92	min)	

1	day	

5	min		~	



MAXI observations for GW150914 
Timescale

(s)
Flux

(erg s–1 cm-2)
Luminosity*

(erg s–1)
Radiated 

Energy (erg) EX/EGW

1 orbit 1000 < 9.5 × 10–10 < 1.9 × 1046 < 1.9 × 1049 < 3.5 × 10–6

1 day 8.6 × 104 < 2.3 × 10–10 < 4.6 × 1045 < 4.0 × 1050 < 7.4 × 10–5

10 days 8.6 × 105 < 0.8 × 10–10 < 1.6 × 1045 < 1.4 × 1051 < 2.6 × 10–4

* Distance 410 Mpc assumed

•  Eddington luminosity for 62 M☉ BH ≈1040 erg s–1

•  Radiated energy in GW: EGW = ΔMc2 ≈ 5.4 × 1054 erg
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Possible detection of gamma-ray 
emission by Fermi GBM�

et al. 1995; Burlon et al. 2009; Troja et al. 2010), and may
originate from a less collimated emission region that is
observable even when the GRB jet is not along the line of
sight to the detector.

An all-sky search of the GBM data revealed two candidates
below a threshold of 10−4 Hz chance probability. One transient,
occurring at 09:50:56.8 (11 s after GW150914), was visible
only below 50 keV, favored the soft model spectrum, and
lasted 2 s. Using the standard GBM localization procedure, we
found a source position of R.A., decl. = 267°.7, −22°.4 with a
68% statistical uncertainty region of radius 15° and a
systematic error of around 3°, as described in Connaughton
et al. (2015). At a position in Galactic coordinates of l, b = 6°.2,
2°.4, the event is compatible with an origin near the galactic
center, well separated from and incompatible with the LIGO
localization region. It is typical of the type of soft X-ray
transient activity seen regularly in the GBM background data,
particularly from the galactic center region. We do not view
this transient event as being possibly related to GW150914 and
we will not discuss it further.

The search also identified a hard transient which began at
09:50:45.8, about 0.4 s after the reported LIGO burst trigger
time of 09:50:45.4, and lasted for about 1 s. The temporal offset
of 0.4 s is much longer than the light travel time of 2−45 ms
between Fermi and the LIGO detectors. The detector counts
best matched those predicted from a hard model spectrum. We
reported this event in Blackburn et al. (2015b); henceforth, we
call it GW150914-GBM. Figure 2 shows the model-dependent
light curve of GW150914-GBM, where the detector data have
been summed using weights that maximize the signal to noise

for a given source model, and the unknown source model itself
is weighted according to its likelihood in the data.

2.2. The Rate of Detection of Short Hard Transients
in the GBM Data

The association of a likelihood value with a FAR is based on
an analysis of two months of GBM data from 2009–2010
(Blackburn et al. 2015a). The FAR for GW150914-GBM,
10−4 Hz, is very close to the reporting threshold for the search.
The likelihood value for GW150914-GBM is much lower than
those obtained for two weak short GRBs detected by Swift that
did not cause an on board GBM trigger but were found in a
targeted search, and much higher than three weak short GRBs
that were undistinguishable above the background in the GBM
data using our targeted search (Blackburn et al. 2015a).
Because the likelihood value was so close to our reporting
threshold, we considered the possibility that the background
count rates might be higher in 2015 than when the search
criteria and FAR were evaluated, implying a higher FAR than
10−4 Hz for GW150914-GBM. We used our targeted search to
examine 240 ks of GBM data from 2015 September with
218822.1 s of GBM livetime, excluding passages of Fermi
through or close to the SAA where the detectors are turned off
or count rate increases overwhelm any attempt to fit a
reasonable background model. We find 27 events above our
threshold, for a FAR of ´ -1.2 10 4 Hz, in agreement with the
previously estimated value. The distribution of events found in
the 240 ks interval is shown in Figure 3. This gives a 90%
upper limit on the expected background of hard transients of 35
in this much livetime, or ´ -1.60 10 4 Hz.
We determine the significance of a GBM counterpart

candidate by considering both its frequency of occurrence
and its proximity to the GW trigger time. Our method,
described in Blackburn (2015) and attached as Appendix B to
this work, allows us to account for all of the search windows in

Figure 2. Model-dependent count rates detected as a function of time relative
to the start of GW150914-GBM, ∼0.4 s after the GW event. The raw count
rates are weighted and summed to maximize the signal to noise for a modeled
source. CTIME time bins are 0.256 s wide. The green data points are used in
the background fit. The gold points are the counts in the time period that shows
significant emission, the gray points are outside this time period, and the blue
point shows the 1.024 s average over the gold points. For a single spectrum and
sky location, detector counts for each energy channel are weighted according to
the modeled rate and inverse noise variance due to background. The weighted
counts from all NaI and BGO detectors are then summed to obtain a signal-to-
noise optimized light curve for that model. Each model is also assigned a
likelihood by the targeted search based on the foreground counts (in the region
of time spanned by the gold points), and this is used to marginalize the light
curve over the unknown source location and spectrum.

Figure 3. Distribution of transients identified by the targeted search pipeline in
±120 ks of GBM data surrounding GW150914. The events are between 0.256
and 8.192 s in duration and sorted by best-fit spectral type. The dotted blue line
marks the likelihood ratio assigned to nearby candidate GW150914-GBM,
while the long-tail in the blue curve (hard spectrum) represents the single on
board triggered GRB in the data sample. The green and gold curves show the
candidates that favor the other template spectra used in the search.
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equal count rates are expected in most of the NaI detectors if
the event is bright enough.

We find that the localization of GW150914-GBM is
consistent with part of the LIGO localization annulus. If the
transient event uncovered in the GBM data is associated with
GW150914, then the GBM probability map can be combined
with the LIGO annulus to shrink the 90% confidence level
LIGO localization by 2/3, as shown in Figure 4.

3.2. Energy Spectrum of GW150914-GBM

The data for GW150914-GBM imply a weak but significant
hard X-ray source with a spectrum that extends into the MeV
range and a location that is consistent with an arrival direction
along the southern lobe of the sky map for GW150914.
Converting the observed counts in the GBM detectors to a
source flux requires a deconvolution of the instrumental
response with an assumed spectral model. We sample a range
of arrival directions along the observed LIGO location arc,
using the data and associated responses for the detectors at each
location that are most favorably oriented to the arrival
direction. Table 2 suggests that NaI 5 and BGO 0 are the most
suitable detector set for all of the locations along the arc. We
use the rmfit spectral fitting package28, which takes a forward
folding approach to determine the parameters that best fit the

data for any model, given the instrumental response. The
minimization routine producing the best-fit parameters uses a
likelihood-based fitting statistic, CSTAT.
Because the event is very weak, we do not attempt to fit the

full-resolution data (128 energy channels). Instead, we bin the

Figure 4. The LIGO localization map (top left) can be combined with the GBM localization map for GW150914-GBM (top right) assuming GW150914-GBM is
associated with GW150914. The combined map is shown (bottom left) with the sky region that is occulted to Fermi removed in the bottom right plot. The constraint
from Fermi shrinks the 90% confidence region for the LIGO localization from 601 to 199 square degrees.

Figure 5. Power-law fit to the data from 0.384 to 1.408 s relative to the time of
GW150914, from NaI 5 (blue) and BGO 0 (red), corresponding to the high
time bin in Figure 7. The symbols show the data. The solid line shows the best-
fit power-law model. Residuals on the bottom panel show scatter but no
systematic deviation. We cannot use the first and last energy channels in either
detector data type (there are threshold effects and electronic overflow events),
leaving the data from 12 energy channels included in the fit.

28 http://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/
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CTTE data into the eight native CTIME energy bins, and use the
CTIME energy responses in our fits. In principle, binning in
energy is unnecessary because a likelihood-based statistic
correctly accounts for low count rates in individual energy
channels. In practice, the implementation of CSTAT in our
spectral fitting software neglects background fluctuations as a
separate contribution to the uncertainty in the total count rates in
the GBM data, an effect that is mitigated by rebinning the data
prior to fitting. A consequence of this limitation of CSTAT is
that the uncertainties on the parameters returned by the fits are
almost certainly underestimated. In the analysis that follows, we
report 68% statistical uncertainties, with the caveat that the true
uncertainties are probably higher. GRB spectra are well
represented by empirical functions with power-law components
around a peak energy in the spectral energy distribution, Epeak.
The Band function is used when there are enough counts to
constrain all parameters, particularly the high-energy power-law
index, β. If β is not constrained, a power-law fit with an
exponential cut-off above Epeak, called the Comptonized model,
generally works well. For the weakest bursts, or when Epeak lies
outside the energy range of the instrument, a power-law fit is
adequate and serves to provide an estimate of the flux and
fluence of the burst as long as the energy range over which the
flux and fluence are calculated is not extended outside the
observation range. We find that for all 11 positions along the
LIGO arc, a power-law fit to the data from GW150914-GBM
can be constrained. For one of the positions, we can also provide
weak constraints for a fit to the Comptonized model. Figure 5
shows a representative count spectrum and power-law model fit
to the data from 0.384 to 1.408 s relative to the time of
GW150914, with a deconvolution assuming the source lies near
the central position of the southern arc. For each of the 11
positions along the arc, we find the best-fit power-law index and
associated amplitude. We use these parameters to simulate each
spectrum 104 times, using the resulting distribution to estimate
the uncertainties on the parameter values (68% confidence level).
We also sample the parameter distributions to calculate the
fluence and its confidence region, weighting the sampling along
the arc according to the LIGO localization probability contained
near each point on the arc. We obtain a best-fit power-law index
- -

+1.40 0.24
0.18 and amplitude -

+0.002 0.001
0.002 photons s−1 cm−2 keV−1

over the LIGO localization arc, yielding a fluence between 10
and 1000 keV of ´-

+ -2.4 101.0
1.7 7 erg cm−2.

For a deconvolution assuming a source position at the
northeastern tip of the southern lobe (entry 10 in Table 2), the
Comptonized model converges to find a best-fit Epeak of -

+3.5 1.1
2.3

MeV with a power-law index below Epeak of - -
+0.16 0.50

0.57,
although this fit is not statistically preferred over the power-law
fit. When simulating iterations of the burst to obtain 68%
confidence level uncertainties on the parameters, the fit failed
about 50% of the time. The fluence between 10 and 1000 keV
obtained assuming a Comptonized model for a source from this
position is ´-

+ -2.8 100.9
1.0 7 erg cm−2.

The fit parameter values are typical for short GRBs, with
power-law indices of about −1.4 found in cases where the
GRB is too weak to constrain Epeak, and values for the
Comptonized fit parameters that are not unusual for short
GRBs (Gruber et al. 2014). A fluence of ´ -2.4 10 7 erg cm−2

is nearly average for short GRBs, with 40% of short GRBs
detected by GBM weaker than this value.29 The least energetic

short GRBs detected by GBM have a fluence an order of
magnitude smaller than GW150914-GBM, implying that if
GW150914-GBM is a short GRB, then with a more favorable
arrival direction, it would have caused an on board trigger. If
GW150914-GBM is part of the short GRB population, then its
fluence is not atypical but its unfortunate arrival direction
yields only a weak signal in GBM. Figure 5 shows that the
model is a reasonable fit to the count spectrum even at low
energies, implying no paucity of counts at low energies in NaI
5, which is the only detector with a small enough viewing angle
to the source position to have any sensitivity below 50 keV.
At a distance of -

+410 180
160 Mpc implied by the GW

observations (Abbott et al. 2016b), we obtain a source
luminosity of ´-

+1.8 101.0
1.5 49 erg s−1 in the 1 keV–10MeV

energy range that is standard for reporting such bolometric
luminosities. The uncertainties reflect the range of possible
distances to the progenitor, uncertainties in the spectral fit
parameters (using the power-law fits), and the range of arrival
directions along the arc. This luminosity is an order of
magnitude dimmer than the peak luminosities of the dimmest
short GRBs in the sample analyzed by Wanderman &
Piran (2015).

3.3. Other Observations of GW150914-GBM

Instruments other than GBM can also detect impulsive
events in the hard X-ray energy range. No pointed instruments
reported observations of GW150914, suggesting that they were
not looking in that direction at the time of the GW event.
Upper limits to the emission from GW150914 from the non-

detection by instruments on board the Astrorivelatore Gamma a
Immagini Leggero (AGILE) close in time to the GW event are
reported by Tavani et al. (2016). The MicroCalorimeter had
non-optimal exposure to the GW event, from which upper
limits to GW150914-GBM are calculated that are compatible
with the GBM fluence. The other instruments on board AGILE
observed most of the LIGO annulus hundreds of seconds on
either side of the GW event, but not at the time of the event.
The anti-coincidence shield (ACS) of the Spectrometer on

board INTEGRAL (SPI) has a large collection area above
80 keV with an all-sky response that is not hindered by Earth
occultation (von Kienlin et al. 2003). We looked for a signal in
SPI-ACS at the time of GW150914-GBM and found no excess
above background.30 The SPI-ACS team reported a fluence
limit of ´ -1.3 10 7 erg cm−2 in the 100 keV–100MeV energy
range based on a null detection over a 1 s period (Ferrigno
et al. 2015). Further analysis of the SPI-ACS data is reported in
Savchenko et al. (2016). They estimate a source signal between
5 and 15σ above background should have been seen in the SPI-
ACS data if the source were represented by the Comptonized
spectrum found in a fit to the GBM data assuming one position
on the LIGO arc but applied to source positions along the
LIGO arc. We note that this spectrum was fit to the GBM data
(but not statistically favored) only for a source position that is
excluded by the GBM localization and is thus not reliable. A
power law in energy with an index of about −1.4 was the only
fit we could constrain for a source at any position on the LIGO
arc. Because power-law fits without a break are generally not
physical representations of a source spectrum, a fluence
calculation for the expected response in a detector with a
different energy-dependent response than the instrument in

29 http://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html 30 http://isdc.unige.ch/~savchenk/spiacs-online/spiacs-ipnlc.pl
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CTTE data into the eight native CTIME energy bins, and use the
CTIME energy responses in our fits. In principle, binning in
energy is unnecessary because a likelihood-based statistic
correctly accounts for low count rates in individual energy
channels. In practice, the implementation of CSTAT in our
spectral fitting software neglects background fluctuations as a
separate contribution to the uncertainty in the total count rates in
the GBM data, an effect that is mitigated by rebinning the data
prior to fitting. A consequence of this limitation of CSTAT is
that the uncertainties on the parameters returned by the fits are
almost certainly underestimated. In the analysis that follows, we
report 68% statistical uncertainties, with the caveat that the true
uncertainties are probably higher. GRB spectra are well
represented by empirical functions with power-law components
around a peak energy in the spectral energy distribution, Epeak.
The Band function is used when there are enough counts to
constrain all parameters, particularly the high-energy power-law
index, β. If β is not constrained, a power-law fit with an
exponential cut-off above Epeak, called the Comptonized model,
generally works well. For the weakest bursts, or when Epeak lies
outside the energy range of the instrument, a power-law fit is
adequate and serves to provide an estimate of the flux and
fluence of the burst as long as the energy range over which the
flux and fluence are calculated is not extended outside the
observation range. We find that for all 11 positions along the
LIGO arc, a power-law fit to the data from GW150914-GBM
can be constrained. For one of the positions, we can also provide
weak constraints for a fit to the Comptonized model. Figure 5
shows a representative count spectrum and power-law model fit
to the data from 0.384 to 1.408 s relative to the time of
GW150914, with a deconvolution assuming the source lies near
the central position of the southern arc. For each of the 11
positions along the arc, we find the best-fit power-law index and
associated amplitude. We use these parameters to simulate each
spectrum 104 times, using the resulting distribution to estimate
the uncertainties on the parameter values (68% confidence level).
We also sample the parameter distributions to calculate the
fluence and its confidence region, weighting the sampling along
the arc according to the LIGO localization probability contained
near each point on the arc. We obtain a best-fit power-law index
- -

+1.40 0.24
0.18 and amplitude -

+0.002 0.001
0.002 photons s−1 cm−2 keV−1

over the LIGO localization arc, yielding a fluence between 10
and 1000 keV of ´-

+ -2.4 101.0
1.7 7 erg cm−2.

For a deconvolution assuming a source position at the
northeastern tip of the southern lobe (entry 10 in Table 2), the
Comptonized model converges to find a best-fit Epeak of -

+3.5 1.1
2.3

MeV with a power-law index below Epeak of - -
+0.16 0.50

0.57,
although this fit is not statistically preferred over the power-law
fit. When simulating iterations of the burst to obtain 68%
confidence level uncertainties on the parameters, the fit failed
about 50% of the time. The fluence between 10 and 1000 keV
obtained assuming a Comptonized model for a source from this
position is ´-

+ -2.8 100.9
1.0 7 erg cm−2.

The fit parameter values are typical for short GRBs, with
power-law indices of about −1.4 found in cases where the
GRB is too weak to constrain Epeak, and values for the
Comptonized fit parameters that are not unusual for short
GRBs (Gruber et al. 2014). A fluence of ´ -2.4 10 7 erg cm−2

is nearly average for short GRBs, with 40% of short GRBs
detected by GBM weaker than this value.29 The least energetic

short GRBs detected by GBM have a fluence an order of
magnitude smaller than GW150914-GBM, implying that if
GW150914-GBM is a short GRB, then with a more favorable
arrival direction, it would have caused an on board trigger. If
GW150914-GBM is part of the short GRB population, then its
fluence is not atypical but its unfortunate arrival direction
yields only a weak signal in GBM. Figure 5 shows that the
model is a reasonable fit to the count spectrum even at low
energies, implying no paucity of counts at low energies in NaI
5, which is the only detector with a small enough viewing angle
to the source position to have any sensitivity below 50 keV.
At a distance of -

+410 180
160 Mpc implied by the GW

observations (Abbott et al. 2016b), we obtain a source
luminosity of ´-

+1.8 101.0
1.5 49 erg s−1 in the 1 keV–10MeV

energy range that is standard for reporting such bolometric
luminosities. The uncertainties reflect the range of possible
distances to the progenitor, uncertainties in the spectral fit
parameters (using the power-law fits), and the range of arrival
directions along the arc. This luminosity is an order of
magnitude dimmer than the peak luminosities of the dimmest
short GRBs in the sample analyzed by Wanderman &
Piran (2015).

3.3. Other Observations of GW150914-GBM

Instruments other than GBM can also detect impulsive
events in the hard X-ray energy range. No pointed instruments
reported observations of GW150914, suggesting that they were
not looking in that direction at the time of the GW event.
Upper limits to the emission from GW150914 from the non-

detection by instruments on board the Astrorivelatore Gamma a
Immagini Leggero (AGILE) close in time to the GW event are
reported by Tavani et al. (2016). The MicroCalorimeter had
non-optimal exposure to the GW event, from which upper
limits to GW150914-GBM are calculated that are compatible
with the GBM fluence. The other instruments on board AGILE
observed most of the LIGO annulus hundreds of seconds on
either side of the GW event, but not at the time of the event.
The anti-coincidence shield (ACS) of the Spectrometer on

board INTEGRAL (SPI) has a large collection area above
80 keV with an all-sky response that is not hindered by Earth
occultation (von Kienlin et al. 2003). We looked for a signal in
SPI-ACS at the time of GW150914-GBM and found no excess
above background.30 The SPI-ACS team reported a fluence
limit of ´ -1.3 10 7 erg cm−2 in the 100 keV–100MeV energy
range based on a null detection over a 1 s period (Ferrigno
et al. 2015). Further analysis of the SPI-ACS data is reported in
Savchenko et al. (2016). They estimate a source signal between
5 and 15σ above background should have been seen in the SPI-
ACS data if the source were represented by the Comptonized
spectrum found in a fit to the GBM data assuming one position
on the LIGO arc but applied to source positions along the
LIGO arc. We note that this spectrum was fit to the GBM data
(but not statistically favored) only for a source position that is
excluded by the GBM localization and is thus not reliable. A
power law in energy with an index of about −1.4 was the only
fit we could constrain for a source at any position on the LIGO
arc. Because power-law fits without a break are generally not
physical representations of a source spectrum, a fluence
calculation for the expected response in a detector with a
different energy-dependent response than the instrument in
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Summary	
•  Soft X-ray band is unexplored for rapid transients, 

including possible counterparts of GW events.�

•  A large fraction of GW150914 region was covered in 
1000s, yielding a flux upper limit ~10–10  erg s–1 cm–

2.�

•  MAXI can constrain the short GRB scenarios for 
DNS merger at <100 Mpc (O2 range)�

•  Instantaneous field of view of MAXI is 2% of the 
sky. iWF-MAXI (FoV >10% sky) has been proposed.�


