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ABSTRACT

Aims. The Fermi collaboration identified a possible electromagnetic cerpart of the gravitational wave event of September 14,
2015. Our goal is to provide an unsupervised data analygsitim to identify similar events ifermi’s Gamma-ray Burst Monitor
CTTE data stream.

Methods. We are looking for signals that are typically weak. Therefahey can only be found by a careful analysis of count rates
of all detectors and energy channels simultaneously. OtwrAatized Detector Weight Optimization (ADWO) method detssof a
search for the signal, and a test of its significance.

Results. We developed ADWO, a virtual detector analysis tool for faciftannel multi-detector signals, and performed sucoéssf
searches for short transients in the data-streams. We tlentfied GRB150522B, as well as possible electromagnatididates of
the transients GW150914 and LVT151012.

Conclusions. ADWO is an independently developed, unsupervised datgsisabol that only relies on the raw data of thermi
satellite. It can therefore provide a strong, independestt tb any electromagnetic signal accompanying futureitgtéonal wave
observations.
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< 1. Introduction of 0.0022|(Connaughton etlal. 2016). This weak transiertit, avi
) duration of~ 1 s, does not appear to be connected with any other
(O We present a new method to search for non-triggered, sh@jteviously known astrophysical, solar, terrestrial, orgmeto-
O duration transients in the data-set of feemi Gamma-ray Space gpheric activity. Its localization is ill-constrained huansistent
o Telescope’s Gamma-ray Burst Monitor (GBM)_(Carson 200yjith the direction of GW150914. The duration and spectrum of
S Meegan et al._2009). The method, called Automatized Detafie Fermi transient event suggest that the radiation was arriving
O tor Weight Optimization (ADWO), combines the data of alht a large angle relative to the direction where the Fermgé&ar
available detectors and energy channels, identifyingethath  Area Telescope (LAT) was pointing.
. . the strongest signal. This way, we are able to separate poten The electromagnetic transient was a result of a cus-
= tial events from the background noise and present the tstatigymy pipeline looking for prompt gamma-ray counterparts in
"~ cal probability of a false alarm. Although it is possible wpd GBM (Blackburn et al.[ 2015 Kelley etlal. 2013), optimized
.~ our ADWO method to look for non-triggered short gamma-regr | |GO/Virgo GW candidate events. The automatic GBM
(5 bursts (SGRBs), ADWO works the best if a potential event aigpelines (looking for GRBs) did not find any transients.
given time (and, if available, a given celestial positiospro- Neither theFermi LAT observation/(Ackermann et al. 2016)
vided as an input. Thus, ADWO is ideal to search for electrgp,ye 100 MeV nor the partial Swift follow-up_(Evans et al.
magnetic (EM) counterparts of gravitational wave (GW) @8en54716) i the X-ray, optical and UV bands, nor the INTEGRAL
when the time of the eventis well known from the GW-detectorg§yseyations (Savchenko etal. 2016) in the gamma-ray anid ha
observation. X-ray bands found any potential counterparts to GW150914,
On September 14, 2015 at 09:50:45.391 UTC the twhey only provide limits on the transient counterpart éttiv
detectors of the advanced _Lasel’ Interferometer Grawtat'lo- Howeven from a theoretical point of VieW, EM Counterparts
Wave Observatory (LIGO) simultaneously observed a tramsigych as short duration GRBs associated with GW events are
gravitational-wave signal GW150914 (Abbott et al. 2016¢)e not excluded. Recently, Perna et al. (2016) proposed a soena
signal is originated from the merger of a binary black holghere a double black hole merger is accompanied by a SGRB.
(BBH) system at low redshiftz(~ 0.1) (Abbott et all 2016a).  The evolution of the system starts with two low-metalligitgas-
GBM observations revealed a weak transient source ab@ise stars that are orbiting around each other (de Minklet al.
50 keV, 0.4 s after the GW event, with a false alarm probahili2009; Marchant et al. 2016; Mandel & de Mink 2016). Their or-
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bit is so tight initially that their rotational periods argnehro- ent trigger algorithms can be specified, from which usuali®b
nized with the orbital period. Due to the fast rotation, theperate simultaneously.

stars evolve homogeneously and never expand (as descgbed b

Szécsi et al. 2015, for single, homogeneously evolvingsktar . . o
This way, the stars avoid the supergiant phase and thus a cgrﬁi Automatized Detector Weight Optimization (ADWO)

mon envelope evolution, which reduces the theoretical Mnc&he basic problem of the event analysis is to find the parame-
tainties involved. Assuming that (at least) one of the supeérs of an event in multi-detector multi-channel time seviden
nova explosions leaves a long-lived disk behind. Perna etile approximate time and direction of the expected sigrel ar
(2016) predict that this scenario leads to a relativistictfe given. To calculate the significance of such an event as ibestr

be launched during the merger of the black holes. The bunsiy: PHA counts, one should take the typical background noise
duration timescale they derive from their models is in theeor and the spectral model into account. To obtain the backgroun
of 5 ms. In light of these theoretical models that predictordy induced PHA counts, the assumed synthetic spectrum is-multi
the existence of black hole mergers but even the subsequent plied by the DRM and binned. This is then compared to the PHA
duction of a SGRB, it is quite reasonable to look for EM trarcounts derived from the combination of the signal and théchac
sients of any possible gravitational wave detection. ground with tools such as XSPEC for fitting Gaussian signals

LVT151012, the second GW candidate transient event agsingy?, and C-Stat for Poisson signals (Arnaud 1996).
curred on October 12, 2015 at 09:54:43.555 UTC (Abbottiet al. Contrary to this detection method, here we do not assume
2016b] The LIGO Scientific Collaboration etial. 2016). They r the event time, only a possible time interval is given. Oualgo
port a false alarm probability of 0.02, and consider it nob& s to find the strongest weights and the best time positiohi t
low enough to confidently claim this event as a real GW signainterval using a weighted signal from the multi-detectortinu

This paper is organized as follows: in Section 2 we descrieRannel continuous data. The simplest method would be te com
our method, in Section 3 we test our ADWO method with theare the sum of the count rates within and outside the givea ti
short-duration GRB150522B and in Section 4 with the SGRihterval. This approach, however, is not the ma$eetive one
like signal that accompanied the GW150914 event. We find thata multi-channel multi-detector environment, since fonaxi-
our analysis of these signals are in accordance with thétseswum signal-to-noise ratio usually only those detectorsikhbe
of Connaughton et al. (2016). In Section 5 we apply ADWO teummed (selected for the analysis) which produce the stsing
look for a potential EM counterpart of the event LVT151012. signals. Noisy energy channels and not illuminated detscto

with very low DRM should either not be taken into account, or

only with a low weight. A further complication arises frometh
2. Input data and methods fact that we know neither the direction of the event (andrehe
fore, if a given detector is illuminated or not), nor the spac

Our solution for these problems is the following: we give
TheFermi GBM includes two sets of detectors: 12 thallium addifferent weights to dierent energy channelg) and detectors
tivated Sodium lodide (Nal(Tl)) and two Bismuth Germanatgl;), and optimize the Signal's Peak to Background's Peak Ratio
(BGO) scintillation detectors (Meegan etlal. 2009). The(NBI (SPBPR). The weights are positive and normalized¢ as =
detectors measure the low-energy spectrum (8 kevVidveV) 1,3 d; = 1. We do not restrict these weights any further, i.e. we
while the BGO detectors have an energy range d200 keV do notinclude any information about the DRM (which we do not
to ~ 40 MeV. The dfective area of the detectors varies with thknow anyway, without any spectral and directional inforima).
photon energy and the angle of incidence, with a maximum of If the background subtracted intensity in tfh detector's
~ 100 cnt (Nal(Tl)) and~ 120 cn? (BGO). ith energy channel i€;j(t), we define our composite signal as

Signals from the photomultipliers are analyzed on-boar8l(t) = 3’ ; &d;Cij(t). The Signal’s Peak is the maximum $t)
and the pulse height analysis (PHA) converts the peak reighithin the given time interval, and the Background’s Peathés
into 128 PHA channels. The signal distribution in these PH&aximum ofS(t) outside this interval. Our goal is to maximize
channels as a function of the incoming photon energy and glee ratio of these two maximums. The best weights will betbuil
ometry is described by the detector response matrix (DRKg. Tup by iteration, maximizing SPBPR as a functionepindd;.
DRMs contain the fective detection area as the function of th&heseg andd; weights create an optimal filter among the spec-
angular dependence of théfieiency, energy deposition and distra and detectors. The algorithm will provide not only mapim
persion, detector non-linearity, as well as the atmosphatil value of SPBPR, but will search the best weights and the exact
spacecraft scattering. The PHA distribution is usuallyevidr time of this maximum, within the pre-defined interval.
high-energy photons (especially abovel MeV), as some pho-  We call this algorithm the Automatized Detector Weight Op-
tons will scatter prior to detection. The DRMs are provided @imization. ADWO is similar to the GRB satellites’ triggag
a standard data product for each GBM trigger, but neither thechanism, but includes several improvements. For example
program nor the data are public. while Fermi’s trigger algorithm selects the andd; factors to

It is important to note that the 128 PHA channels have difie 0 or 1, here we allow intermediate values too. Additignall
ferent energy ranges from detector to detector, accordiniget the condition that at least two detectors exceed a thresirold-
detector’s actual setup. The PHA channels are aggregaied taneously, is not required anymore, since the ADWO algorith
different data products, e.g. CTIME data, which consist of acauil automatically produce the bedf weights. For a signal with
mulated spectra from each detector with a 8-channel enexd)y &me-evolving spectrum, ADWO will determine the best tiégg
64/265 ms time resolution. time position.

A GBM trigger occurs when the count rates of two or We applied Matlab®ctave’sfminsearch routine to find the
more detectors exceed the background with a given threshoidximum via the Nelder & Mead Simplex algorithm. The al-
(4.5 - 7.50). The trigger algorithms include four energy rangegorithm always started from an equal weights position. The
(25 - 50 keV, 50- 300 keV, 100- 300 keV, and> 300 keV) analysis of~ 100 signal data points against tke 10* back-
and ten timescales (from 16 ms to 8.192 s). A total of 1Z@di ground data points with 80 dimensional data took severat min

2.1. Fermi GBM overview
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utes on a 4-core Intel i7 processor with 8GB memory, de-% 3> ‘ ‘ ‘ ‘ ‘

pending on the linear algebra packages used by the program3. 3| ﬂ 1
After the search converged, theffdrences of the weights on g 25

the final simplex were below 16 (the sum of the weights
is 1). The sample MatlgBctave code is available on GitHub
(https://github.com/zbagoly/ADWO).
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2.3. Analysis of the Fermi GBM data
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Since November 2012, th&ermi GBM continuous time- 3 > n o " 5 3
tagged event (CTTE) data is present for each detector with seconds since May 22, 2015 22:38:44.068 UTC

a time precision of 2us, in all the 128 PHA energy chan-

nels (Mgegan et al. 22509)_ Here we use the Samegé/TlME &h9. 1. ADWO light curve of GRB150522B in the 27-2000keV range.
ergy channels of _Connaughton et &l. (2016), with limits .

4.4,12, 27, 50, 100, 290, 540, 980 and 2000 keV (denoted witfP'e 1- Channel weights

e;...eg, resp.). Since we look for spectrally hard events, we :

use only the upper 6 energy channels in the 27-2000 keV ran%zrésllggézm eg 990 e40 557 eso 31566 5 188e7 ) 00068 0110
(e3...eg). The exclusion of the low energy channels also reduceé‘w150914 0'203 0'050 0'056 0'559 0'110 0'022
the background contamination from soft particle eventshsas LVT151012 0-260 0'212 0'010 0'113 0'000 0.406
Cygnus X-1 and other weak variable X-ray sources, since thei : : : : : :
flux is usually small above 27 keV.

All the 12 Nal(Tl) and both BGO detectors were included i- GRB150522B

the analysis. Since the BGO detectors’ low energy PHA chafy test ADWO, we analyze the short GRB150522B gamma-ray
nels start above 100 keV, the corresponding 27-100 keV gnefrst, with Top = 1.02+ 0.58s and 213+ 0.12 x 10~’erglcn?
channels are empty. Overall, we havelBl-2x2 = 80 non-zero flyence. These parameters are comparable to the EM companion
time series. values of GW150914, as reportedby Connaughtonl€et al. (2016)

For each detector and for each channel, the CTTE @vent Fermi triggered on May 22, 2015 at 22:38:44.068 UTC, and full
data is filtered with a 64 ms wide moving average filter at 1 n¢sT TE data of £137,476)s interval relative to the trigger is an-
steps, producing th&;(t) light curve. This filtering is important @lyzed, using a 6 s long signal window centered on the trigger
as the photon event data are quite sparse (the intensityites qlihe ADWO obtains a maximal SPBPR of 3.12, and reveals the
low; for the GW150914 event there is, on averages.8 ms double pulse shown in théermi GBM quicklook data (Figll1).
between photons in a given detector and energy channel). ®0€ detector and energy channel weights are given in Talfes 1
64 ms window contains 12 photons on average, while this win- 10 determine the significance we generated a Poisson-

dow size corresponds to the typical triggered CTIME lighteu distributed synthetic signal, using the background phatata
resolution. of the interval, and repeated ADWO for“Monte-Carlo (MC)

. o o simulations with the same window width. There was no sim-
Without filtering, the photon-photon correlation in timeth yjation with bigger SPBPR value than 3.12, therefore we es-
we search for would disappear. Very narrow filters are wes$ll timate the false alarm rate to be belowk2105 Hz, and the
because of the sparsity constraint, while much wider fikghs f5)se alarm probability to be belows210-5 Hz x 0.125 sx (1 +

smooth and filter out short transients, lowering ADWO's $engn(6 s/64 ms))= 2.8 x 1075, analogously to_Connaughton et al.
tivity. As a byproduct, the smoothing also acts as a low-fiikss (2016). -

ter which reduces the Poisson noise. The moving averagsddilte
the simplest choice here: e.g. using some prior knowledgatab
the signal’s shape, a matching filter tuned to the signal wouf- The GW150914 event

improve the sensitivity at the expense of generality. We apply the ADWO method on tHeermi CTTE data set cov-
Fermi operates in survey mode most of the time, with slevering the event of GW150914: the 6 s long signal window was

ing at~ 4 degrees per minute. This creates a continuously chaggntered on September 14, 2015 09:50:45 UTC (391ms before

ing background, which should be accounted for, since ADWDgger). Here we investigate a (6906) s time background in-

would be optimal without directional changes (as it uses tirval that adds up as 195 s before and 495 s after the time of

correlation between the detectors and channels). Onehjilessthe possible event. The ADWO has converged (Eig. 2) and the

ity would be to take the detailed satellite positional imi@tion obtained maximal SPBPR is 1.911, 474 ms after the GW trigger.

into account and create a physical model to determine the-bac We repeated ADWO for YOMC simulations using this data:

ground for a hundreds of seconfs (Szécsi &t al.|12013). Hawe®® cases had bigger SPBPR than 1.911. The false alarm rate is

we expect that the slow slew will not suppress the sensittoit 0.0014 Hz, giving a false alarm probability of@x 10-3 Hz x

the kind of short {sec) transients that we are looking for. Theré).474 sx (1 + In(6 s/64 ms)) = 0.0075, which is higher than

fore, a much simpler, 6th order polynomial background fit w&s0022, the value given by Connaughton et al. (2016).

subtracted for each channel and detector, similar to théadet

ofIConnaughton et al. (2016). We chose the typical backgto

window to be~ (-200 500) s around the search window, dgg' LVT151012

pending on the CTTE data availability: this window can camtaConsidering the positional errors of GW150914 on the sky, it

the majority of GBM’s GRB ligtcurves and covers approx7® can be easily shown that there’s a high {0 — 75%) proba-

of Fermi’s orbit. bility that a similar error ring will intersect witfrermi GBM's
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Table 2. Detector weights for tha0. . . n9, na andnb Nal(Tl) andb0 andbl BGO detectors (as listedlin Meegan etlal. (2009))

transient no nl n2 n3 n4 n5 n6 n7 ns n9 na nb b0 bl

GRB150522B 0.105 0.106 0.100 0.078 0.146 0.073 0.001 0.03D000 0.021 0.009 0.050 0.113 0.167
GW150914 0.000 0.044 0.028 0.151 0.000 0.000 0.035 0.045280.20.090 0.138 0.162 0.000 0.077
LVT151012 0.034 0.062 0.000 0.127 0.073 0.125 0.151 0.0000000. 0.010 0.234 0.162 0.000 0.022
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Fig. 2. ADWO light curve of GW150914 in the 27-2000keV range.

-1

0 1

2

seconds since September 14, 2015 09:50:45 UTC

3

to use this unsupervised data analysis method for a general
search for non-triggered, short-duratiGermi GBM events.
Automatized search processes are important, as the total
data-set collected by th&ermi’'s 8-years operation is sig-
nificantly larger than the triggered data-set. It is likehat
there are several potential EM events observed but not trig-
gered. For example, based on the CTIME 256ms data product,
Gruber & FermiGBM Caollaborationl(2012) estimates1.6 un-
triggered SGRBnonth in theFermi observations. It is thus a
worthwhile future task to identify potential SGRB candiegain

the non-triggeredrermi GBM data-set using ADWO. Alterna-
tively, we can cross-check those already found by other-algo
rithms.

As our ADWO method is independently developed, and only

The inset shows the whole time interval where the ADWO sea@h relies on the raw data of the satellite, it can provide a gfrom

performed.
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dependent test to any future signal. In regard of the cusent
pectation that LIGO will detect several GW events in the riear
ture, many of which may have a weak EM transient counterpart
such as a SGRB, it is of crucial importance to identify those p
tential EM signals. We therefore expect that ADWO will be-suc
cessfully applied in the future to find SGRB counterpartsef t
GW events observed by LIGO. The analysis of the GW151226
event as well as the improvement of ADWO is the topic of a
forthcoming paper.
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Fig. 3. ADWO light curve of LVT151012 in the 27-2000keV range.

The inset shows the whole time interval where the ADWO sewa@h

performed.

References

field of view in the case of LVT151012 too. Therefore, we aphbbott, B. P., Abbott, R., Abbott, T. D., et al. 2016a, ApJB8L22

ply ADWO on theFermi GBM CTTE data around the event o

fAbbott, B. P., Abbott, R., Abbott, T. D., et al. 2016b, PhysvRD, 93, 122003

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016c, PhydiReview Letters,

LVT151012, covering {195 495) s, centered on October 12, 116 061102
2015 at 09:54:43 UTC. We find a relatively strong signal a@ckermann, M., Ajello, M., Albert, A., et al. 2016, ApJ, 823
09:54:44.207 UTC in the 6 s signal window, with a SPBPR dfnaud, K. A. 1996, in Astronomical Society of the Pacific @mence Series,

1.805 (Fig[B). The sum of the 27290 keV weights is higher

Vol. 101, Astronomical Data Analysis Software and Systemed/ G. H.
Jacoby & J. Barnes, 17

than in the case of GW150914, i.e. here the signal is soft@ckbum, L., Briggs, M. S., Camp, J., et al. 2015, ApJS, BL7

than GW150914 at the peak{ = 3.5 MeV), but harder than Carson, J. 2007, Journal of Physics Conference Series160, 1

GRB15522 at the pealE(, ~ 130 keV).
We made 1OMC simulations: 308 cases had bigger SPBPR wink s. E.. Cantiello, M., Langer, N., et al. 2009, A&A, A@43

than the original observation. hence the false alarm rateeigns, P. A., Kennea, J. A., Barthelmy, S. D., et al. 2016, MN-

0.0051 Hz, and the false alarm probability is estimated to beRAS[arXiv:1602.03868]

0.01 Hzx 0.652 sx (1 + In(6 /64 ms))= 0.037.

When cross-checking the lightning detections made by

Connaughton, V., Burns, E., Goldstein, A., et al. 2016, Axtee for publication
in ApJL, ArXiv e-prints [arXiv:16602.83920]

Gruber, D. & FermiGBM Collaboration. 2012, in Proc. of the Gamma-Ray
Bursts 2012 Conference (GRB 2012). May 7-11, 2012. Municérn@ny.,
36

WWLLN (Rodger et al| 2009) with thé&ermi’s positions and Kelley, L. Z., Mandel, I., & Ramirez-Ruiz, E. 2013, Phys. RBy 87, 123004
times, we find no TGF candidates (storm activity) within 500k Mandel, I. & de Mink, S. E. 2016, MNRAS, 458, 2634
of the spacecraft position ar®00 s around the peak.

6. Discussion

Marchant, P., Langer, N., Podsiadlowski, P., Tauris, T.&Moriya, T. J. 2016,
A&A, 588, A50

Meegan, C., Lichti, G., Bhat, P. N., et al. 2009, ApJ, 702, 791

Perna, R., Lazzati, D., & Giacomazzo, B. 2016, ApJ, 821, L18

Rodger, C., Brundell, J., Holzworth, R., & Lay, E. 2009, in Ainst. Phys.
Conf. Proc., Coupling of thunderstorms and lightning désges to near-

Alth_OUgh here we appliepl our ADWO_ methoq to look TOI’ Earth space: Proceedings of the Workshop, Corte (Fran8ed7 2une 2008,
particular events, we point out that it is entirely possible vol. 1118, 15-20

Article number, page 4 ¢fi5


http://wwlln.net

Zsolt Bagoly et al.: Searching for electromagnetic coyrdgrof LIGO gravitational waves in tHeermi GBM data with ADWO

Savchenko, V., Ferrigno, C., Mereghetti, S., et al. 2016],/820, L36

Szécsi, D., Bagoly, Z., Kébori, J., Horvath, I., & Balazs,G&..2013, A&A, 557,
A8

Szécsi, D., Langer, N., Yoon, S.-C., et al. 2015, A&A, 5815A1

The LIGO Scientific Collaboration, the Virgo Collaboratjohbbott, B. P., et al.
2016, ArXiv e-prints prXiv: 1606.04856]

Article number, page 5 ¢fi5



	1 Introduction
	2 Input data and methods
	2.1 Fermi GBM overview
	2.2 Automatized Detector Weight Optimization (ADWO)
	2.3 Analysis of the Fermi GBM data

	3 GRB150522B
	4 The GW150914 event
	5 LVT151012
	6 Discussion

