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Mergers of neutron stars are expected to 
produce detectable gravitational waves.  
These events are also believe to be the 

origin of short gamma-ray bursts 
(sGRBs).
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The Importance of Electromagnetic counterparts to 
Gravitational Wave detections

•  validate low significance detections,
•  refine localization and enable observations in other 

wavelengths,
•  astrophysical context,

•  confirm NS merger origin for short GRBs,
•  with many detections, determine beaming angle of short 

GRBs

Fermi GBM is the best current instrument due to its energy 
range and wide field of view,

•  it observes 70% of the sky with a 85% duty cycle.
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Short GRB / Merger Association 
           Merger = compact binary coalescence (CBC)

GW
•  In-spiral confirms progenitor model
•  Information about binary system parameters
•  precise merger time
•  standard candle -> luminosity distance

EM
•  Detection confidence
•  EM energetics
•  X-ray or optical afterglow gives precise location
•  Breaks degeneracy in binary parameter estimation
•  Host galaxy/redshift
•  Local environment information
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Fermi GBM
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GBM Detectors

•  GBM detectors are PMTs - scintillating crystals attached to photomultipliers
•  NaI: 8 - 1000 keV via Photoelectric absorption & Compton scattering
•  BGO: 200 keV - 40 MeV via Compton scattering & Pair production

NaI BGO
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What Does GBM See?

Lots of stuff

8



GBM Data

Data Type Time Resolution Energy Resolution
TRIGDAT 1024/256/64 ms 8 channels
CTIME 256/64 ms 8 channels
CSPEC 4096/1024 ms 128 channels
TTE 2 μs 128 channels

•  TRIGDAT used primarily for localization & quick look.
•  CTIME: temporal analysis
•  CSPEC: spectral analysis
•  Initially TTE was available ~30s pre-trigger - ~300 s post-trigger
•  Continuous TTE implemented on November 26, 2012
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•  Localization is performed by comparing the relative observed rates from the 
GRB in each detector to the expected rates on a 1 degree grid
•  This requires an assumption of the spectrum, and the sky grid limits to a 

statistical minimum uncertainty of 1 degree radius.

GBM Localization Method

NaI 0

High Expected Rates

Low Rates—
Spacecraft Blockage
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Follow-up of GBM GRBs

130702A -> Magellan z = 0.125
131011A -> VLT z = 1.87
131231A -> VLT/X-shooter z = 0.642
140508A -> VLA radio, NOT & WHT z=1.03
140606B -> Keck z=0.384
140620A -> Gemini z=2.04  
140623A -> Gemini z=1.92
140808A -> VLA & AMI radio, GTC z=3.29
140801A -> MASTER OT, NOT & BTA z=1.32

•  8 detections by iPTF from 35 follow-ups
•  130702A & 131231A were detected by iPTF independent of LAT position
•  140801A: 1st Master OT found from the ground automated location
•  All iPTF detections used the new GBM localization contours that are now 

available

Example: GRB 140620A
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Why GBM? Short GRBs, of course!

Short GRBs -> NS-NS, NS-BH
GBM: ~44 triggered short GRBs/year
(Swift: ~9 short GRBs/year)

~0.2-200 BNS/year within 200 Mpc
(unknown collimation)

~17% of GRBs 
detected by GBM
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GW150914
OUR LIGO OBSERVATIONS AND WHAT THEY MEAN

On September 14, 2015 at 09:50:45 Greenwich Mean Time the LIGO Hanford and Livingston Observatories both detected a signal from

GW150914. The signal was identified first by what we call low-latency search methods that are designed to analyse the detector data very

promptly, looking for evidence of a gravitational-wavelike pattern but without modeling the precise details of the waveform. These prompt

searches reported the candidate event within only three minutes of the signals arriving at the detectors. The gravitational-wave strain data

acquired by the LIGO interferometers was then compared with an extensive bank of theoretically predicted waveforms – a process known as

matched filtering – with the goal of finding the waveform that best matched the data.

Figure 3 presents key results of these detailed

analyses – all of which firmly point to

GW150914 being produced by the

coalescence of two black holes. The middle

part of the figure shows our reconstruction of

the gravitational-wave strain, as seen by the

Hanford detector. Note, in particular, the

impressive agreement between this pattern

(shown in grey) and (shown in red) a

waveform for two coalescing black holes

consistent with our data, computed using

general relativity.

Images of the black hole horizons at various

stages of this computation are shown at the

top of the figure: the inspiral, as the two

black holes approach each other; the merger
as the black holes join together and the

subsequent ringdown, as the single black

hole that has newly formed briefly oscillates

before settling down.

Comparing the strain data with theoretical

predictions allows us to test whether general

relativity is able to fully describe the event. It

passes this test with flying colors: all of our

observations are consistent with the

predictions of general relativity.

We can also use the data to estimate the

specific physical characteristics of the system

that produced GW150914, including the

masses of its two black holes before the

merger, the mass of the single post-merger

black hole, and the distance of the event.

Our results indicate that GW150914 was produced by the merger of two black holes with masses of about 36 times and 29 times the mass of

the Sun respectively, and that the post-merger black hole had a mass of about 62 times the Sun’s mass. Moreover, we infer that the final

black hole is spinning – such rotating black holes were first predicted theoretically in 1963 by mathematician Roy Kerr. Finally, our results

indicate that the GW150914 occurred at a distance of more than one billion light years. So the LIGO detectors have observed a truly

remarkable event that happened a long time ago in a galaxy far, far away!

If we compare the masses of the pre- and post-merger black holes, we see that the coalescence converted about three times the mass of the
Sun (or nearly six million trillion trillion kilograms) into gravitational-wave energy, most of it emitted in a fraction of a second. By contrast

the Sun converts a mere two billionths of one trillionth of its mass into electromagnetic radiation every second. In fact, the gravitational-

wave power radiated by GW150914 was more than ten times greater than the combined luminosity (i.e. the light power) of every star and
galaxy in the observable Universe.

HOW DOWE KNOW GW150914WAS A BLACK HOLEMERGER?

Our estimated pre-merger masses of the two components in GW150914 make a very strong argument that they are both black holes –

particularly when we also consider the enormous velocity and tiny separation of the two components, as shown in the lower part of figure 3.

In this figure indicative velocities of the two components are seen to be significant fractions of the speed of light. Similarly their approximate

separation is shown to be just a few times the characteristic size of a black hole, known as its Schwarzschild radius.

These graphs imply that the two components were only a few hundred kilometers apart just before they merged, ie. when the gravitational-

wave frequency was about 150 Hz. Black holes are the only known objects compact enough to get this close together without merging.

Based on our estimated total mass for the two components, a pair of neutron stars would not be massive enough, and a black hole-neutron

star pair would have already merged at a lower frequency than 150 Hz.

Figure 3. Some key results of our analysis of GW150914, comparing the reconstructed
gravitational-wave strain (as seen by H1 at Hanford) with the predictions of the best-
matching waveform computed from general relativity, over the three stages of the event:
inspiral, merger and ringdown. Also shown are the separation and velocity of the black holes,
and how they change as the merger event unfolds.

13



Broadband EM Follow-Up of GW150914
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GW150914-GBM

V. Connaughton, E. Burns, A. Goldstein, L. Blackburn, M. S. Briggs, et al.
24 other GBM Team Members
LIGO members: J. Camp, N. Christensen, T. Littenberg, P. Shawhan, L.P. Singer, J. 
Veitch
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•  0.4 s after the GW signal, did not trigger GBM
•  Was found using an archival search seeded with 

the LIGO event time and optionally a LIGO sky 
map (developed during S6)

•  Raw summed lightcurve SNR ~8 sigma
•  Circular was sent to LV-EM list announcing 

detection
•  GBM team originally did not think it could be 

related to GW150914

GW150914-GBM
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NaI 0 NaI 1 NaI 2 NaI 3 NaI 4 NaI 4
1.31 1.81 0.64 1.05 2.42 1.68

NaI 6 NaI 7 NaI 8 NaI 9 NaI 10 NaI 11
1.31 1.64 1.45 2.20 1.61 0.66

BGO 0 BGO 1
2.25 2.56
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•  Weak signal that is temporally coincident with GW150914,  
and other properties of the GBM event indicates that it could 
be a short GRB
•  GBM localization area is large, but consistent with LIGO, and 

potentially reduces sky area for follow-up observers by ⅔

GW150914-GBM
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Lightning Origin?

Duration Localization
Energy 
Spectrum


Lightcurve 
Shape


Fermi Orbit 
Position


Origin?

Lightning
(TGFs/TEBs)

NoNo No No No?
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Galactic Source Origin?

Duration Localization
Energy 
Spectrum


Lightcurve 
Shape


Fermi Orbit 
Position


Origin?

Galactic 
Sources N/A

No No? ? No
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Earth Magnetospheric Origin?

Duration Localization
Energy 
Spectrum


Lightcurve 
Shape


Fermi Orbit 
Position


Origin?

Magneto-
spheric

No No No? ? No
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Solar Activity Origin?

Duration Localization
Energy 
Spectrum


Lightcurve 
Shape


Fermi Orbit 
Position


Origin?

Solar 
Activity N/A

No No No? No
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Short GRB Origin?

Duration Localization
Energy 
Spectrum


Lightcurve 
Shape


Fermi Orbit 
Position


Origin?

Short GRB N/A
Yes YesYesYes consistent
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What Could It Be?

Duration Localization
Energy 
Spectrum


Lightcurve 
Shape


Fermi Orbit 
Position


Origin?

Lightning
(TGFs/TEBs) No No ? No No No

Galactic 
Sources ? No No ? N/A No

Solar 
Activity ? No No No N/A No

Magneto-
spheric No ? ? No No No

Short GRB Yes Yes Yes Yes N/A Consistent

The most likely explanation is a short GRB…
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…but is it related to GW150914?

P = 2 x (4.79e-4) x (0.4 s) x (1 + ln(30 s / 0.256 s)) = 0.0022

False alarm rate

Factor for
direction of delay

Delay between GW 
and EM signal

Effective trials factor

False Alarm Rate
•  27 spectrally hard events in 218821.1 s of GBM live time
•  Multiply by trials factor of 3 for number of spectral templates
•  90% confidence
•  Caveat: These include events that are known to be unlike the candidate

•  Makes the FAR and significance conservative

The false alarm probability assumes that the GW and EM signal should be close in time
Note: If the candidate is assumed to be a short GRB, then FAP > 4 sigma
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False Alarm Rate

•  27 hard events in 218,822 s of local data w/ greater significance
•  90% UL of 35 events (x3 spectral templates) = 4.8e-4 Hz 90% UL FAR
•  Note: most of the 27 events are not observationally consistent with candidate

•  background-fitting artifacts near SAA
•  inconsistent spectra and/or detector geometry
•  4 are similar in quality to the candidate (1 was a triggered short GRB)
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FAP	  =	  0.0022	  
	  

Not	  proof.	  
	  

Addi1onal	  observa1ons	  will	  confirm	  –	  
It	  might	  take	  many:	  
distance,	  beaming,	  …	  



One or both are black holes and are charged
Bing Zhang (arXiv: 1602.04542)
Collapse of massive star into two black holes
Abraham Loeb (arXiv: 1602.04735)
Difficulty explaining signal from a binary merger or single massive star
S. E. Woosley (arXiv: 1603.00511)
Require strong astrophysical magnetic field for gamma-ray counterpart
Maxim Lyutikov (arXiv: 1602.07352)
Predicted afterglow observations if signal is real
Ryo Yamazaki, et al. (arXiv:1602.05050)
Both have magnetic fields leading to magnetic reconnection
F. Fraschetti (arXiv: 1603.01950)
Short-lived naked singularity
Daniele Malafarina, Pankaj S. Joshi (arXiv: 1603.02848)
Fossil accretion disk re-activation during merger
Rosalba Perna, Davide Lazzati, Bruno Giacomazzo (arXiv: 1602.05140)

Theoretical Speculation/Discussion
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GBM and LIGO teams have been working together to develop automated pipelines to search for 
sub-threshold signals

In all cases, the presence of a signal in GBM or LIGO, can raise the significance of the signal in 
the other instrument.

A confident gamma-ray signal allowing a fainter gravitational wave signal, would push the LIGO 
detection distance limit further, in turn increasing the event rate by a factor of distance cubed.

Joint Sub-threshold Searches

Ideal Scenario Bright GBM Bright LIGO

GW150914 
Scenario

Sub-threshold 
GBM

Bright LIGO

Typical more 
distant short GRB

Bright GBM Sub-threshold LIGO

Both Sources Faint Sub-threshold 
GBM

Sub-threshold LIGO

       GBM                        LIGO
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•  Fermi GBM detects more short GRBs than any other current instrument
•  40 triggered short GRBs/year
•  Possibly ≳40 additional un-triggered sub-threshold short GRBs/year
•  GBM localization can dramatically improve the LIGO localization
•  Opportunity to see if other binary black hole mergers have coincident gamma-

ray signals

Implications for Future Gamma-ray/GW Searches

~17% of GRBs 
detected by GBM
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INTEGRAL SPI-ACS

•  SPI-ACS is the anti-coincidence shield for the SPI instrument
•  Observes (almost) the entire sky
•  No spatial resolution
•  No energy resolution  (everything >80 keV)

•  There is a significant fraction of GBM-triggered short GRBs 
not seen in the SPI-ACS
•  Not clear why — spectrum, noise?
•  GBM and SPI-ACS are working together to better 

understand the systematics between the two instruments
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(Non)Detection of GBM SGRBs in 
the INTEGRAL SPI-ACS

Detection: GRB121112806 Non-detection: GRB150214293

GBM

SPI-ACS
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Detection rate of GBM triggered short GRBs 
in the INTEGRAL SPI-ACS

The SPI-ACS data was 
tested for excesses ≥ 4.5 
sigma in intervals of the 
duration of each GBM 
SGRB. The plot shows the 
dependence of detection 
rate on fluence.

The shaded region 
indicates the GBM fluence 
(±1 sigma) for GW-150914-
GBM
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•  GRB 140606A detected by Swift is not triggered in GBM but 
identified by this un-triggered search
•  Optimization on search algorithms and thresholds are ongoing
•  Eventual GCN notices of a distinct type
•  sGRC candidates currently posted to a webpage: 

h t t p : / / g a m m a r a y. n s s t c . n a s a . g o v / g b m / s c i e n c e /
sgrb_search.html

Undirected search for  
GBM Short GRB candidates
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GBM Background
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Difficulties in implementing an 
automatic search for short 
GRBs are robustly fitting the 
background and identifying 
candidates with a reasonably 
low false positive rate.



Un-triggered Short GRB candidates
http://gammaray.nsstc.nasa.gov/gbm/science/sgrb_search.html
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7.44σ

4.60σ

4.31σ

3.18σ

2014-07-09 08:49:56.600
Found in 1.40s time binning
25 - 494 keV energy range
P=7.75e-14

GBM Un-triggered Short GRB candidate

INTEGRAL ACS lightcurves

ACS native 
time bins

GBM 
timescale
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LIGO detection of gravitational waves: 
http://arxiv.org/abs/1602.03837

Possible GBM gamma-ray counterpart: 
Connaughton et al.:

 https://arxiv.org/abs/1602.03920

GBM short GRBs: 
http://gammaray.nsstc.nasa.gov/gbm/

science/sgrb_search.html
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