
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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Search for gravitational wave counterparts  
with Fermi GBM
C. M. Hui (NASA/MSFC)

on behalf of the Fermi GBM team
The progenitor of short gamma-ray bursts (GRBs) is believed to be the merger of two compact objects.  This type of events will also 
produce gravitational waves.  Since the gravitational waves discovery by LIGO, the search for a joint detection with an electromagnetic 
counterpart has been ongoing.  Fermi GBM detects ~40 short GRBs per year, and we have been expanding our search looking for faint 
events in the GBM data that did not trigger onboard.
• The targeted search is a dedicated search for following up gravitational wave events, and is also capable for other multi-messenger 
and multi-wavelength follow up such as neutrinos.  

• The untargeted search is a blind search aiming to double the detection rate of short GRBs by GBM.

Untargeted SearchTargeted Search

• Looks for signals in 2 NaI detectors with 
2.5σ and 1.25σ excess above background 
in the continuous time-tagged events  
(2μs resolution, 128 energy channels).

• The 2 signal detectors must have valid 
geometry for a point source.

• 18 timescales: 64ms to 32s.
• 4 energy ranges optimized for short GRBs.

• 27—539 keV
• 50—539 keV
• 102—539 keV
• 102—985 keV

• 1-day Poisson probability calculated for 
each event, threshold for notice is 1e-6.

Figure 4. Probability distribution of ≦2.8s 
candidates found by the search in 30 
months of data.  Negative candidates are 
l i ke ly fluc tua t ions and used fo r 
determining notice threshold.

Figure 5. Individual detector lightcurves 
of candidate event found by the 
untargeted search that is coincident with 
Swift GRB 140606A.

• GCN notice type Fermi-GBM SubThreshold now available. 
http://gcn.gsfc.nasa.gov/gcn/fermi.html 

• Localization FITS file, contour sky map, and lightcurve of each event are linked via 
the GCN notice.

• Expected rate of notice ~70/month, higher during active periods of galactic transients.
• Time delay for notice range from 0.5 to 6 hours, due to ground processing.
• List of candidates from older data (2013 and on) are available. 

http://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html

exposure of the rest of the localization region over the next 34
minutes.

There were no GBM on-board triggers within 12 hours of
GW151226, and no candidate counterparts found using the
blind-search pipeline within 5 days of tGW. There were also no
candidates found by lowering the threshold in a 10 minute
window around tGW. The seeded-search pipeline also found no
credible candidates in the±30 s Tseeded interval. The most
significant fluctuation identified has a FAR value of ´ -2.2 10 3

and occurred 2.0 s before GW151226. The post-trials false
alarm probability (FAP) is 20%; this event is insignificant. A
summed count rate light curve (ignoring the lowest and highest
energy standard CTIME channels) is shown in Figure 4.

We use the same method to calculate the upper bounds as for
LVT151012. The resulting upper bounds map is shown in
Figure 5. Using the EOT, we also searched for longer-lasting
emission: on timescales of 1 day before and 1 day after tGW, 1
month starting at tGW (2015 December 26–2016 January 25),
and 1 year around tGW (2015 April 28–2016 April 28—shifted
to start at tGW-242 days and end at tGW+124 days—given the
data available at the time of this analysis). No new sources
were detected on any of the searched timescales and energy
bands.

2.3. LAT

The LAT is a pair conversion telescope comprising a 4×4
array of silicon strip trackers and cesium iodide (CsI)
calorimeters covered by a segmented anti-coincidence detector
to reject charged-particle background events. The LAT covers
the energy range from 20MeV to more than 300 GeV with a
FOV of ∼2.4 sr, observing the entire sky every two orbits (∼3
hours) by rocking north and south about the orbital plane on
alternate orbits (Atwood et al. 2009).

sGRBs at LAT energies are often slightly delayed in their
onset, have substantially longer durations and appear to come
from a different emission component with respect to their keV–
MeV signals (Ackermann et al. 2013c, Fermi-LAT Collabora-
tion 2016, in preparation). The late-time γ-ray emission has
been shown to be consistent with originating from the same
emission component as broadband (radio to X-ray) afterglows

(De Pasquale et al. 2010; Ackermann et al. 2013b; Kouveliotou
et al. 2013). This warrants the search for a high-energy γ-ray
counterpart for GW events on timescales typical of these
afterglows (few ks), longer than the prompt emission of an
sGRB. Thanks to its survey capabilities, the LAT is well suited
to look for such signals. In addition, given the great uncertainty
on the nature of EM signals from BBH mergers, we also search
the LAT data over intervals that are much longer than the
timescales associated with the afterglow emission of sGRBs,
similar to the LAT analysis performed for GW150914
(Ackermann et al. 2016).
We searched the LAT data for evidence of new transient

sources. Since we did not find any evidence of new sources
coincident with the LIGO detections, we set flux upper bound
(at 95% c.l.) on the γ-ray emission in the energy range
100MeV–1 GeV.
Our analysis is based on the standard unbinned maximum

likelihood technique used for LAT data analysis.77 We include
in our baseline likelihood model all sources (point-like and
extended) from the LAT source catalog (3FGL, Acero
et al. 2015), as well as the Galactic and isotropic diffuse
templates provided by the Fermi-LAT Collaboration (Acero
et al. 2016). We employ a likelihood-ratio test (Neyman &
Pearson 1928) to quantify whether the existence of a new
source is statistically warranted. In doing so, we form a test
statistic (TS) that is two times the logarithm of the ratio of the
likelihood evaluated at the best-fit model parameters when
including a candidate point source at a given position
(alternative hypothesis), to the likelihood evaluated at the
best-fit parameters under the baseline model (null hypothesis).
As is standard for LAT analysis, we choose to reject the null
hypothesis when the TS is greater than 25, roughly equivalent
to a s5 rejection criterion for a single search.
In the following, unless stated otherwise, a point in the sky is

considered observable by the LAT if it is within 65°of the LAT
boresight (or z-axis) and has an angle with respect to the local
zenith smaller than 100°. The latter requirement is used to
exclude contamination from terrestrial γ-rays produced by
interactions of cosmic rays with the Earth’s atmosphere.
We now describe briefly the different searches we have

performed. First our Fixed Time Window search is used to

Figure 4. There is no evidence that the GBM detected any significant emission
during GW151226, demonstrated by the summed count rate light curve over all
GBM detectors (NaI from ∼10 to 1000 keV, BGO from 0.4 to 40 MeV) during
the Tseeded interval: - < < +t30 30 sGW . The blue curve shows CTTE data
rebinned into 1.024 s bins, the green curve is standard CTIME data with 0.256
s bins, and the red curve is a sum of a non-parametric fit of the background of
each detector and CTIME energy channel. There are no statistically significant
fluctuations within this interval.

Figure 5. The area within the GW151226 LIGO localization contour is shaded
to indicate the GBM 10–1000 keV flux upper bounds during the the Tseeded
interval: - < < +t30 30 sGW . The purple shaded region indicates where the
sky was occulted by the Earth for Fermi. The Galactic plane is the gray curve,
and the Sun is indicated by the yellow disk.

77 http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone
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Figure 1. GBM 3σ flux upper limit to GW151226 at energies 10—1000keV, 
calculated from count rate integrated from +/-30s of the GW trigger time [4].  The 
spectrum is assumed to be a cutoff power-law fit with Epeak at 566 keV and a 
photon index of 0.42.

[3] Connaughton et al. ApJ 826, L6 (2016)
[4] Racusin et al. ApJ 835, 82 (2017)

Figure 2. Right: Candidate gamma-ray event 
0.4s after GW150914, with a duration of 1s and 
the hard spectral template is preferred. 
Localization with large contours but consistent 
with LIGO sky map.  Signals were present in 
many GBM detectors and weak, consistent 
with a source underneath the spacecraft.  After 
accounting for trials, the false alarm probability 
of this event being associated with GW150914 
is 0.0022 (~3σ) [3].

• Automated pipeline development for joint signals in GBM and LIGO.  For observing 
run 1 [1], and updated for observing run 2 [2].

• Looks for coherent signals in all 14 detectors when given an input time and an 
optional sky map by calculating likelihood ratio of source and background.

• Search time window +/-30s of input event time, timescales from 0.256s to 8s 
(capable down to 0.064s).

• 3 source spectra using Band function: soft, normal, and hard.
• Upper bounds on impulsive gamma-ray emission can be calculated based on count 

rates in regions of the provided location probability map.  See Figure 1 for example.

Figure 3. A targeted search candidate 
likely associated with Swift GRB 
140606A, found at timescale 0.256s.  
Above: light curve with T0 as Swift 
trigger time. Right: localization of the 
candidate in equatorial coordinates.  
The black line and dot show the 
Galactic plane and center, blue 
shaded region is occulted by the 
Earth, yellow denotes the Sun.  The 
FOV of each GBM detectors are also 
plotted in grey.

[1] Blackburn et al. ApJS 217, 8 (2015)
[2] Goldstein et al. arXiv:1612.02395

http://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html
http://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html

