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The detection of gravitational waves from compact binary coalescence mergers are likely when
the Advanced LIGO/Virgo detector network goes online as early as 2015. To maximize the science
returns and confirm gravitational wave detection, an electromagnetic counterpart must be detected.
I examine the ability of the Swift, Fermi, and SVOM telescopes to detect short gamma-ray bursts
in coincidence with gravitational wave signals.

I. INTRODUCTION

When a mass accelerates, it creates a ripple through
the fabric of space-time. These ripples are known as grav-
itational waves (GWs). The theory of general relativ-
ity predicts the existence of GWs, but they have never
been directly observed, only indirectly via electromag-
netic (EM) radiation. As ground-based gravitational-
wave detectors enter the advanced detector era, the
most promising source for detecting GWs is coalescing
neutron-star (NS) and black-hole (BH) binary systems
with an expected combined event rate of 50 per year for
the Advanced LIGO/Virgo detector network (hereafter
ALIGO/Virgo) [1]. The coalescence of two compact ob-
jects can be split into three stages. First, a relatively
long inspiral phase in which the compact objects emit
GWs causing their orbits to shrink. Next, a relatively
short merger phase when the two objects collide into
each other. Finally, a ringdown phase in which the sin-
gle newly-formed compact object, typically a black hole,
stabilizes into a stationary state [2]. The end of the inspi-
ral phase is expected to emit GW transients detectable
by ALIGO/Virgo, and seconds after merger is expected
to emit EM transients, namely short gamma ray bursts
(SGRBs), detectable by high-energy telescopes such as
the Fermi and Swift telescopes ([1],[3]). Detecting the
presence of SGRBs increases parameter estimation by
reducing parameter degeneracies and allows for a mea-
surement of the merger redshift [3].

II. SHORT GAMMA-RAY BURSTS

NS-NS and NS-BH binary systems are expected pro-
genitors of SGRBs. After the merger, an accretion disk
(blue in Figure 1) forms around the newly formed object,
creating collimated relativistic jets. The jets propagate
outward into the surrounding medium (pink in Figure 1),
producing a prompt SGRB. As the jet interacts with the
surrounding medium, it engenders EM radiation across
numerous energy bands, called an afterglow. This paper
focuses on the X-ray afterglow, which is observable sec-
onds after the prompt SGRB and can last for hours. [3]

SGRBs are characterized by two angles: the jet half-
opening angle θj , which is the angle between the center
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of the event (Phinney 2009; Mandel & O’Shaughnessy
2010), for example an association with specific stellar
populations (e.g., Fong et al. 2010).

Motivated by the importance of EM detections, in this
paper we address the critical question: What is the most
promising EM counterpart of a compact object binary
merger? The answer of course depends on the definition
of “most promising”. In our view, a promising coun-
terpart should exhibit four Cardinal Virtues, namely it
should:

1. Be detectable with present or upcoming telescope
facilities, provided a reasonable allocation of re-
sources.

2. Accompany a high fraction of GW events.

3. Be unambiguously identifiable (a “smoking gun”),
such that it can be distinguished from other astro-
physical transients.

4. Allow for a determination of ∼ arcsecond sky posi-
tions.

Virtue #1 is necessary to ensure that effective EM
searches indeed take place for a substantial number of
GW triggers. Virtue #2 is important because a large
number of events may be necessary to build up statis-
tical samples, particularly if GW detections are rare; in
this context, ALIGO/Virgo is predicted to detect NS-
NS mergers at a rate ranging from ∼ 0.4 to ∼ 400 yr−1,
with a “best-bet” rate of ∼ 40 yr−1 (Abadie et al. 2010b;
cf. Kopparapu et al. 2008), while the best-bet rate for
detection of NS-BH mergers is ∼ 10 yr−1. Virtue #3 is
necessary to make the association with high confidence
and hence to avoid contamination from more common
transient sources (e.g., supernovae). Finally, Virtue #4
is essential to identifying the host galaxy and hence the
redshift, as well as other relevant properties (e.g., asso-
ciation with specific stellar populations).

It is important to distinguish two general strategies
for connecting EM and GW events. One approach is to
search for a GW signal following an EM trigger, either in
real time or at a post-processing stage (e.g., Finn et al.
1999; Mohanty et al. 2004). This is particularly promis-
ing for counterparts predicted to occur in temporal co-
incidence with the GW chirp, such as short-duration
gamma-ray bursts (SGRBs). Unfortunately, most other
promising counterparts (none of which have yet been in-
dependently identified) occur hours to months after co-
alescence6. Thus, the predicted arrival time of the GW
signal will remain uncertain, in which case the additional
sensitivity gained from this information is significantly
reduced. For instance, if the time of merger is known
only to within an uncertainty of ∼ hours(weeks), as we
will show is the case for optical(radio) counterparts, then
the number of trial GW templates that must be searched
is larger by a factor ∼ 104 − 106 than if the merger time
is known to within seconds, as in the case of SGRBs.

6 Predicted EM counterparts that may instead precede the
GW signal include emission powered by the magnetosphere of the
NS (e.g. Hansen & Lyutikov 2001; McWilliams & Levin 2011), or
cracking of the NS crust due to tidal interactions (e.g. Troja et al.
2010), during the final inspiral. However, given the current uncer-
tainties in these models, we do not discuss them further.
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Fig. 1.— Summary of potential electromagnetic counterparts
of NS-NS/NS-BH mergers discussed in this paper, as a function
of the observer angle, θobs. Following the merger a centrifugally
supported disk (blue) remains around the central compact object
(usually a BH). Rapid accretion lasting ! 1 s powers a collimated
relativistic jet, which produces a short-duration gamma-ray burst
(§2). Due to relativistic beaming, the gamma-ray emission is re-
stricted to observers with θobs ! θj , the half-opening angle of the
jet. Non-thermal afterglow emission results from the interaction of
the jet with the surrounding circumburst medium (red). Optical af-
terglow emission is observable on timescales up to∼ days−weeks by
observers with viewing angles of θobs ! 2θj (§3.1). Radio afterglow
emission is observable from all viewing angles (isotropic) once the
jet decelerates to mildly relativistic speeds on a timescale of weeks-
months, and can also be produced on timescales of years from sub-
relativistic ejecta (§3.2). Short-lived isotropic optical emission last-
ing ∼ few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in
the ejecta (§4).

A second approach, which is the primary focus of
this paper, is EM follow-up of GW triggers. A poten-
tial advantage in this case is that counterpart searches
are restricted to the nearby universe, as determined by
the ALIGO/Virgo sensitivity range (redshift z ! 0.05 −
0.1). On the other hand, a significant challenge are the
large error regions, which are estimated to be tens of
square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009;
Wen & Chen 2010; Nissanke et al. 2011). Although it
has been argued that this difficulty may be alleviated
if the search is restricted to galaxies within 200 Mpc
(Nuttall & Sutton 2010), we stress that the number of
galaxies with L " 0.1 L∗ (typical of SGRB host galax-
ies; Berger 2009, 2011b) within an expected GW error
region is ∼ 400, large enough to negate this advantage
for most search strategies. In principle the number of
candidate galaxies could be reduced if the distance can
be constrained from the GW signal; however, distance
estimates for individual events are rather uncertain, es-
pecially at that low SNRs that will characterize most de-
tections (Nissanke et al. 2010). Moreover, current galaxy
catalogs are incomplete within the ALIGO/Virgo volume
(e.g. Kulkarni & Kasliwal 2009), especially at lower lu-
minosities. Finally, some mergers may also occur outside
of their host galaxies (Berger 2010a; Kelley et al. 2010).

At the present there are no optical or radio facilities
that can provide all-sky coverage at a cadence and depth
matched to the expected light curves of EM counter-

Jet 

FIG. 1: Illustration of the formation of a prompt SGRB. The
accretion disks (blue) around the newly formed compact ob-
ject (BH) cause collimated relativistic jets to form, produc-
ing a SGRB. The interaction of the jets with the surround-
ing medium (pink) engenders an afterglow across EM bands
ranging from X-ray to radio [3]. Note: Image adopted from
Metzger and Berger [3].

and edge of the collimated jet, and the observer angle
θo, which is the angle between the observer and the cen-
ter of the collimated jet. Typically, SGRBs are detected
only if the observer angle is within the half-opening an-
gle of the jet, for which an observer is expected to detect
the GW signal seconds before the EM signal from the
prompt SGRB [2]. There have been only four measured
jet half-opening angles: ∼6◦, ∼6◦, ∼7◦, and ∼22◦ [4].
Other parameters include the total energy released in
both jets, E, which typically ranges from 1048 – 1058

ergs [5], and the circumburst particle density, n, which
typically ranges from 10−5 – 1 cm−3 [5]. Figure 2 depicts
these parameters.

There are two approaches to detect SGRBs in coin-
cidence with GW signals. One approach is to detect a
SGRB with high energy telescopes and then check GW
data for a signal. The second approach is to detect a GW
signal and then search for EM counterparts with high en-
ergy telescopes. The beneficial aspect of the former ap-
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FIG. 2: Depiction of the parameters of a SGRB. θo is the
observer angle, θj is the jet half-opening angle, E is the total
energy released in both jets, and n is the circumburst particle
density.

proach is that SGRBs have a temporal coincidence with
GW chirp signals, however, no SGRB with an identified
redshift has ever been observed within the ALIGO/Virgo
sensitivity range for NS-NS binary systems and only two
within the NS-BH sensitivity range [3]. The beneficial
aspect of the latter approach is that GW detectors are
all-sky instruments, while telescopes are limited to de-
tecting sources within their field of views. However, the
source localization error region for ALIGO/Virgo is large
because the network consists of only a few detectors. In
this paper, I will focus on the latter approach, using GW
signals to search for SGRBs. I am consequently assuming
that GW chirp signals detected by ALIGO/Virgo are lo-
calized in real time. This makes it possible to direct high
energy telescopes at GW signal localization error regions
within minutes after the initial GW signal, allowing high
energy telescopes to search the localization error region
for the X-ray afterglow of the SGRB. The predicted error
regions for ALIGO/Virgo are as low as 20 square degrees
when ALIGO/Virgo reaches its designed sensitivity [6].
However, during the initial stages, or perhaps for weak
signals with low SNR (signal to noise ratio), the error
region could be as high as 100 square degrees [7].

ALIGO/Virgo expect to detect 40 NS-NS and 10 NS-
BH merger events per year, assuming a horizon distance
of 445 Mpc for NS-NS mergers and 927 Mpc for NS-BH
mergers, and a mass of 1.4 M� for a NS and 10 M�
for a BH [8]. The horizon distance is the distance to
which an optimally located and oriented system can be
detected with a SNR threshold of 8, while the range of
an object is the distance to which a system with sky
location and orientation averaged over the search volume
can be detected for a SNR threshold of 8. The range
for ALIGO/Virgo is ∼200 Mpc for NS-NS systems and

∼410 Mpc for NS-BH systems [8]. Scaling the expected
volumetric SGRB rate to the corresponding range yields
an event rate of 0.3 and 3 SGRBs per year in coincidence
with NS-NS and NS-BH mergers, respectively ([3], [9]).
The beaming of the collimated jets causes the detection
of prompt SGRBs to be significantly fewer than their GW
counterparts.

III. METHODS

The goal of my project was to determine the best tele-
scope at detecting X-ray afterglows of prompt SGRBs.
My figure of merit for the best telescope is the amount
of time that a telescope can wait to point at a SGRB-
producing source and still make a detection of the X-ray
afterglow. The telescope that can can afford the most
time is consequently the best telescope for detecting X-
ray afterglows of SGRBs. To investigate, I simulated a
prompt SGRB and its X-ray afterglow, and modeled the
detection of the X-ray afterglow by various telescopes. In
order to simulate a SGRB and its X-ray afterglow, I de-
fined the parameters of a typical SGRB to be those seen
in Table I; I chose the typical values to be approximately
the average of the minimum and maximum range.

TABLE I: Parameters of SGRB

Parameter Minimum Maximum Typical

E 1048 ergs 1050 ergs 1049 ergs

n 10−5 cm−3 1 cm−3 10−3 cm−3

θjet 6◦ 22◦ 11◦

θobs 0◦ ∼ θjet 5.5◦

To simulate a SGRB and its X-ray afterglow, I used
the code Boxfit developed by van Eerten et al. [10], which
uses relativistic adaptive mesh refinement hydrodynam-
ics to compute the evolution of the collimated jets that
produce the SGRB and its X-ray afterglow. Boxfit pro-
duces the energy flux density of a SGRB as it evolves in
time at a single photon frequency given various input pa-
rameters. I performed simulations for the specified typi-
cal parameters in Table I over numerous photon frequen-
cies in the X-ray range. In my simulations, I assumed a
synchrotron slope of p=2.5, a magnetic field energy frac-
tion of εB=0.01, an accelerated particle energy density
fraction of εE=0.1, an accelerated particle number den-
sity fraction of ξN=1.0, and a redshift of z=0.05.

I performed each simulation for a 20 minute period
following the prompt SGRB. To determine the number
of photons a telescope detects for a starting observation
time after the prompt SGRB, tobs, and an ending obser-
vation time of 20 minutes after the initial prompt SGRB,
I related the total number of photons detected, N , to en-
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ergy flux density, S(t, Ephot):

N =

∫ 20 min

tobs

∫ E2

E1

S(t, Ephot) ·Aeff (Ephot)

Ephot
· dEphot · dt

(3.1)
where E2 and E1 are the maximum and minimum energy
range of the telescope respectively, Aeff is the effective
area of the telescope, Ephot is the photon energy, and
t is time. Hence, l determined N for a telescope using
the simulated energy flux density within the telescope’s
sensitive energy range and its effective area.

I assumed a telescope made a detection when the tele-
scope’s SNR equaled 5 or greater. Following Poisson
statistics, I defined the SNR, σ, as:

σ =
N√

N +N2
BG

(3.2)

where N is the number of detected photons and NBG

is the diffuse background noise as determined by Gru-
ber [11]. The numerator is thus the number of photons
detected by the telescope from the signal, and the denom-
inator is the number of photons detected by the telescope
as noise. Note that if NBG is negligible, N=25 photons
corresponds to a detection.

IV. TELESCOPES

I compared the performance of gamma-ray and X-ray
telescopes onboard the Swift, Fermi, and SVOM tele-
scopes for the range of parameters previously specified.
The characteristics of the telescopes are outlined in Ta-
ble II.

A. Swift

The Swift telescope, launched in 2004, uses the Burst
Alert Telescope (BAT) to detect prompt SGRBs and ini-
tially localize the source, and then slews the X-ray Tele-
scope (XRT) to search for X-ray afterglows. BAT has
a sensitive energy range primarily between 15–150 keV
that can extend up to 500 keV [12], which is technically
in the hard X-ray spectrum. BAT has a ∼4600 square de-
gree FOV and effective area of ∼1,400 cm2 at 60 keV [12].
BAT’s primary objective is detecting prompt SGRBs; it
performs an all-sky hard X-ray survey and monitors for
hard X-ray transients to search for bursts [13]. XRT is
sensitive in the energy range of 0.2 - 10 keV with a ∼0.16
square degree FOV and effective area of 110 cm2 at 1.5
keV [12].

B. Fermi

The Fermi telescope, launched in 2008, uses the
Gamma-ray Burst Monitor (GBM) to detect both

prompt SGRBs and their X-ray afterglows. The GBM
covers the energy range from ∼8 keV to ∼1 MeV [14],
and has a monstrous FOV of ∼31,000 square degrees but
comparatively small effective area of ∼100 cm2 at 100
keV [14].

C. SVOM

The SVOM telescope, expected to launch in 2017, will
use ECLAIR for detecting prompt SGRBs and initially
localizing sources. The Microchannel X-ray Telescope
(MXT) will then inspect the localization region for X-
ray afterglows. ECLAIR has a sensitive energy range
between 4–250 keV and is expected to be more sensitive
to soft gamma-ray bursts (∼4-20 keV) than BAT and
GBM [15]. ECLAIR will have a ∼6,500 square degree
FOV and effective area of ∼1,000 cm2 at 60 keV [15].
MXT will have a ∼0.2 square degree FOV, covering the
entire localization error region of ECLAIR, and a 50 cm2

effective area at 1 keV [16].

V. RESULTS AND DISCUSSION

Figure 3 shows the number flux density in time of
the simulated typical SGRB for photon energies ranging
from 0.2 keV to 1000 keV. Labels to the right of the plot
indicate the corresponding photon energies and sensitive
energy ranges of XRT, BAT, GBM, ECLAIR and MXT.
The number flux density increases as photon energy de-
creases, indicating there are more photons to detect at
low energies (&10 keV) than at high energies (.100 keV).
Thus, XRT and MXT are quality candidates for detect-
ing X-ray afterglows; however, the effective area and field
of vision of the telescope also play a crucial role in the ac-
tual number of photons that a telescope detects. Figures
4 and 5 compare the actual number of photons the tele-
scopes would detect for a typical SGRB as determined by
Equation 3.1. The telescope starting observation time,
tobs, is indicated as “Time after prompt SGRB” and the
ending observation time is 20 minutes.

Figure 4 shows the number of photons detected by the
telescopes for a source distance of d=200 Mpc, the range
of ALIGO/Virgo for NS-NS binary systems. In order
for a telescope to make a detection, it must detect more
photons than the dotted black line indicating an SNR
threshold of 5 (the brown dotted line incorporates an ap-
proximated average of the background noise, while the
black line assumes the background noise is negligible).
The plot illustrates that for d=200 Mpc, ECLAIR, XRT,
and BAT would make a detection of the X-ray afterglow
while MXT and GBM would not. To make a detection for
an ending observation time 20 minutes after the prompt
SGRB, ECLAIR must start its observation within 750
seconds, XRT within 86 seconds, and BAT within 55 sec-
onds after the initial prompt SGRB. ECLAIR performs
significantly better than the other telescopes because it
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TABLE II: Telescope Overview

Telescope Energy (keV) FOV (degrees2) Effective Area (cm2) Detection Purpose

BAT (Swift) 15–150 2,600 1,400 at 60 keV Prompt SGRB

XRT (Swift) 0.2–10 0.16 110 at 1.5 keV X-ray afterglow

GBM (Fermi) 8–1000 31,000 100 at 100 keV Prompt SGRB / X-ray afterglow

ECLAIR (SVOM) 4–250 6,500 1,000 at 60 keV Prompt SGRB

MXT (SVOM) 0.3–6 0.2 50 at 1 keV X-ray afterglow

Time after prompt SGRB (seconds) 
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FIG. 3: Plot of the number flux density for various photon
frequencies ranging from 0.2 keV to 1000 keV. Each line cor-
responds to the number flux density for the photon energy on
the right. The sensitive energy ranges for the Swift, Fermi,
and SVOM telescopes are outlined on the right.

has a relatively large effective area and is sensitive to
photon energies down to 4 keV. It is surprising that BAT
performs almost as well as XRT, since the Swift tele-
scope typically uses BAT to detect prompt SGRB and
then employs XRT to detect X-ray afterglows.

Figure 5 shows the number of photons detected by the
telescopes for a source distance of d=20 Mpc. At such a
small astronomical distance, all of the telescopes should
observe the X-ray afterglow. This is indeed what the plot
illustrates: ECLAIR, XRT, and BAT can wait to the last
second of the 20 minute observation time and still detect
the X-ray afterglow, while MXT must start its observa-
tion within 1115 seconds following the prompt SGRB,
and GBM within 1040 seconds. Again, BAT surprisingly
performs almost as well XRT.

To compare the performance of BAT and XRT more
closely, Figure 6 shows the number of photons detected
by BAT and XRT for source distances of d=20, 80, 140,
and 200 Mpc. For d=200 Mpc, XRT only has an extra 31
seconds before it must start its observation (86 s / 55 s);
for d= 140 Mpc, XRT has an extra 64 seconds (304 s /
240 s); and for d=80 Mpc, XRT has an extra 60 seconds
(740 s / 680 s). Since BAT is typically used solely for de-

FIG. 4: Photons detected by XRT, BAT, GBM, ECLAIR,
and MXT for d=200 Mpc and ending observation time of 20
minutes after the initial prompt SGRB. As indicated by the
small dots, ECLAIR must start its observation within 750
seconds after the prompt SGRB, XRT within 86 seconds, and
BAT within 55 seconds; MXT and GBM would not make a
detection regardless of when they start observing. The black
dotted line is the SNR threshold of 5 assuming the back-
ground is negligible, while the brown dotted line incorporates
an approximated average of the background noise for all of
the telescopes.

tecting prompt SGRBs and initially localizing the source
instead of X-ray afterglows, it is surprising the BAT per-
forms comparable to XRT at detecting X-ray afterglows.
This suggests that BAT may be more versatile than ex-
pected, as it can detect prompt SGRBs at its peak energy
sensitivity around 150 keV as well as X-ray afterglows at
its minimum energy sensitivity around 15 keV. Unfortu-
nately, there have been no observed SGRBs with identi-
fied redshifts within d=200 Mpc for which BAT data can
be examined to directly verify the findings of my simula-
tions. However, BAT detections of other kinds of bursts
have occurred within d=200 Mpc and could reveal more
details on whether BAT truly could detect X-ray after-
glows to similar sensitivities of XRT for source distances
within 200 Mpc. Examining gamma-ray bursts detected
by BAT within a few hundred Mpc and performing more
and longer duration simulations over the entire parame-
ter space of SGRBs will help determine BAT’s true po-
tential for detecting X-ray afterglows of prompt SGRBs.
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FIG. 5: Photons detected by XRT, BAT, GBM, ECLAIR,
and MXT for d=20 Mpc. ECLAIR, XRT, and BAT can start
their observations at 1199 seconds after the prompt SGRB,
while MXT must start within 1115 seconds and GBM within
1040 seconds, as indicated by the small dots.

FIG. 6: Comparison of photons detected by XRT and BAT
for d=20, 80, 140 and 200 Mpc. XRT / BAT must start
observing within 86 s / 55s, 304 s / 240 s, 740 s / 680 s, 1199
s / 1199 for d= 200, 140, 80, and 20 Mpc respectively, after
the initial prompt SGRB.

VI. CONCLUSION

Gamma-ray and/or X-ray telescopes are crucial to
maximize the science return of detecting a GW signal,
as ALIGO/Virgo expects to do in the coming years. The
Swift telescope is better than the Fermi telescope at de-
tecting X-ray afterglows, and thus seems to be the best
current option at detecting X-ray afterglows of prompt
SGRBS. the future SVOM telescope would be even more
sensitive to prompt SGRB bursts and X-ray afterglows
than Swift or Fermi due to ECLAIR’s large effective
area and sensitivity to low photon energies. Addition-
ally, BAT onboard the Swift telescope may be able to
detect X-ray afterglows with similar sensitivity to XRT,
providing another energy range to measure the X-ray af-
terglows of prompt SGRBs. Verifying BAT’s detection of
gamma-ray bursts besides SGRB within ALIGO/Virgo’s
sensitivity range to NS-NS mergers may reveal more clues
to BAT’s full capabilities.
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