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This paper reviews gravitational wave sources and the@atieh. One of the most exciting potential sources of gadidihal waves
are coalescing binary black hole systems. They can occutl omaas scales and be formed in numerous ways, many of which
are not understood. They are generally invisible in elecagnetic waves, and they provide opportunities for deegsitigation

of Einstein's general theory of relativity. Sect. 1 of thigper considers ways that binary black holes can be creatdtein
universe, and includes the prediction that binary blaclk leolalescence events are likely to be the first gravitatioaak sources
to be detected. The next parts of this paper address thetidaetet chirp waveforms from coalescence events in noisy.dat
Such analysis is computationally intensive. Sect. 2 resiamew and powerful method of signal detection based on thé¢-GP
implemented summed parallel infinite impulse responsedilt8uch filters are intrinsically real time alorithms, thah be used
to rapidly detect and localise signals. Sect. 3 of the papaews the use of GPU processors for rapid searching foitgtanal
wave bursts that can arise from black hole births and coatess. In sect. 4 the use of GPU processors to enableffiast et
statistical significance testing of gravitational wavergveandidates is reviewed. Sect. 5 of this paper addressesigthod of
multimessenger astronomy where the discovery of electgoetic counterparts of gravitational wave events can be tasiglentify
sources, understand their nature and obtain much gre@ecswmutcomes from each identified event.
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1 Observation of gravitational wavesasadeep  been discovered so far. Based on the five systems whose
probe of general relativity merger time scales are shorter than the Hubble time, the ex-
pected rate of mergers of neutron star binaries in our Galaxy
Binaries composed of compact stars such as neutron starfas been estimated [1]. Assuming that the density of Milky
and black holes are prime targets for the ground detectorsway equivalent galaxy of 0.0116 Mpt; the expected merger
such as LIGO and Virgo. Such binaries are thought to haverate for the advanced detectors has been estimated ¢o be
formed through the evolution of binary stars with massive That gives the expected detection rate Qoa)eryear.
stars. However, dense stellar systems such as globular clus The estimation of black hole binary merger rate is much
ters and nuclei clusters in the central parts of galaxies can .o \ncertain because no such binaries have been discov-
also form cpmpact binaries through dynamical PIOCESSES.ared so far as the black holes do not emit electromagnetic
Recent studies show-ed that a few 'Fens. of black hole Merg&hdiation. Number of black hole binaries (BHB) and their or-
events due to dynamically formed binaries can be seen evenyi | parameters can be only estimated by the population syn
year by the advanced detectors. thesis models. Furthermore, the the mass of the black holes
) _ formed by the stellar evolution is not well known either. The
11 Therate of dynamical formation of compact black 546 of the BHB merger depends on the masses of the black
hole binary systemsin the universe holes in the binary, leading to further uncertainty in thé-es
Several binary pulsars composed of two neutron stars havenation of the event rates for the advanced detectors. Taking
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such uncertainties into account, the estimated event odites ~ Consider spherical systems composed of two components
black hole binaries lies between 0.4 to 1000 per year withof m; andmy(> ny). The massive component settle down
median value of 20 y* [2]. to the central parts by dynamical friction on a time scale of

Some binaries can be composed of a neutron star and @ /) trel Wheretye is the relaxation time [8]. Note that the
black hole. The merger rate of such binaries to be detectedingle-component cluster undergoes core collapse in @ever
by advanced detectors is estimated to lie between 0.2 to 30laxation time scales. Once the central parts are doninate
yr~t with the median value of about 10}i[2]. Either binary by the massive component, the subsystermglundergoes
neutron stars (BNS) or NS-BH merger will also accompanycore collapse on the subsytem’s own relaxation time scale,
with electromagnetic radiation. The short gamma-ray lurst which is shorter than average relaxation time of the entire
(SGRB) are thought to be due to merger involving at least onesystem.
neutron star. However, the rate of SGRB is much smallerthan As the density of the central parts becomes higher binaries
the estimated merger rates of BNS or NS-BH binaries. Sucltcan be formed by either tidal capture or three-body prosesse
a discrepancy can be understood by the fact that the GRBs aigince we will be assuming neutron stars or black holes as
highly beamed events so that the GW and SGRB will be seertigh mass components, we will only consider three-body pro-
at the same time only when the orbital planes of the mergingcesses and gravitational radiation capture.
binaries are almost perpendicular to the line of sight. Near ~ The formation rate of three-body binary withfBaiently
isotropic radiation is expected in the form of after glowk fo large binding energy for survival per volume for stars with
lowing the GW event, but the luminosity of such after glow massm and one-dimensional velocity dispersioncan be
is not very high. expressed as|[6]:

When making such estimates, most of the binary systems dng
are assumed to be originated by the evolution of binary stars — ~ G’n’o?, 1)

dt

composed of massive stars. However, the binaries can also be )
formed in dense stellar environment through dynamical pro-WhereG is the the Newton’s constant. On the other hand,
cesses such as tidal captdr&]3, 4], gravitational radiatip- gravitational _rad|at|on capture tak_es place when Mo sl&rs_
ture [5] or three-body processég [6]. Tidal capture reguire MasSMexperiences encounters with the largest pricenter dis-
at least one normal or giant star but the three-body prosessd@C€ Of
does not. The central parts of globular clusters or nucéei st 857 V2 G7/2 2821217’
clusters in the central parts of galaxies can provide slgitab I'pmax = 7 &
environments for the the dynamical formation of compact bi-
naries that can become GW sources. The GWs coming fronwherev,, is the relative velocity of two stars at infinity. The
dynamically formed binaries can be additional sourceseo th rate of capture per volume can then be obtained by applying
ones produced through the evolution of primordial binaries the capture cross secti@gap

: ()

V2,

1 Gn?
Enz(zcapvoo) ~ 9-6W0' 1, 3

dncap
1.1.1 Dynamical evolution of dense stellar systems and bi- a

nary formation where we used the following capture cross secfion [9]:

Dynamical evolution of dense stellar systems has been stud- 857 \2/7 G2WA0/ 7y
ied in great detail with various means. The course of evolu- Lcap = 27T( ) 10787
tion depends on the existence of the central black hole of sig 6v2 VT Ve
nificant mass. The globular clusters are generally regardedssuming that the binaies are formed in the core of the stel-
as the systems without a central black hole while the cendar systems, the ratio between the formation rates of binary
tral parts of the galaxies are known to harbor supermassivéormation via three-body processes and the gravitaticaal r
black holes (SMBH). There have been some reports on theliation capture can be expressed as|[8, 9]:
existence of the intermediate mass black holes (IMBH) in the d 10/7
. Nap/ dt 1 0\

center of the globular clusters|[7], but the dynamidééet ~ 40— (—)
of IMBHs to the globular cluster may not be significant. We dNap/ dit Ne ¢
simply assume no IMBH in the globular clusters. We con- where N. is the number of stars in the core, which varies
sider a central black hole only for the nuclear clusters & th significantly through the dynamical evolution but reaches a
galaxies. few tens during the core-collapse. Therefore, in most aircu

It has been known for a long time that the self-gravitating stances without a central black hole the three-body presess
systems (without a central black hole) evolve in such a wayare much morefécient than gravitational radiation capture.
that the central parts become denser while the outer parts ex An exception would be the vicinity of a supermassive
pands very slowly. The presence of the mass function leadblack hole in the galactic nuclei as the density and velocity
to the mass segregation because of the tendency to readhispersion can become very high. If there is a central black
equipartition among components withféirent masses. hole, the stellar system does not form a flat core, but cuspy

(4)

: (5)
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distribution ofn(r) o r="/4, wheren(r) is the number density The dense environment provides further evolution of the
of stars as a function of radial distancérom the SMBH is  binary orbits. The binaries have larger cross sectionsttian
expected[[10], while the velocity dispersion will followeh single stars for dynamical interactions since the sembmaj
Keplerian, i.e.o(r) « r~Y/2, Close to the central black hole, axis can be regarded as the size of the system. The close en-
the density and velocity dispersion can become very high ang¢ounters between binaries and singles leads to the formatio
the gravitational radiation capture becomes more impbrtanof temporary triple system and leaves a binary with higher
than three-body processes. hardness at the expense of higher relative velocity between
The binaries can be characterized by the semi-major axibinaries and the singles. Such a ‘hardening’ of the binaries
and the eccentricity. The semi-major axis can be translateg@ontinues until the recoil velocity of the binaries excets
into hardness as defined by escape speed from the cluster. If the potential of the aluste
Gmy2a is suficiently deep, some binaries can go into merger before

= they get ejected.
X 3022 (6) Yy gete)

whereais the semi-major axis. The binaries formed by three-q 1 o Gjobular clusters
body processes typically have ~ 3 but the hardness can
change as a result of the dynamical interaction with otherThere are about 150 known globular clusters in the Galaxy
stars. The distribution of the eccentricity is expected¢o b and a few tens of clusters are estimated to be hidden in the
that of thermal, i.e.f(e)de o e de. direction where we cannot observe because of high interstel
The orbital characteristics of the binaries formed by grav-lar extinction by dust[12] . The stellar density in the cahtr
itational radiation capture are quiteffdirent from those of parts can become #61(° pc so that the dynamical interac-
three-body ninaries. Typical values of the semi-major axistion among stars can be quite frequent. Most of the globular
and eccentricity of the binaries formed by gravitationaliva  clusters are as old as the Galaxy itself, implying that threy a
ation capture aré [11] one of the very first objects in the Galaxy.
. Current globular clusters are composed of only low mass
a~0.08 AU( M )( o ) (7y  stars since most of the high mass stars have been evolved
10 Mo /\ 75 knys) off. There are some indication of the remnant stars such as
white dwarfs and neutron stars in the form of low-mass X-
-2 ray binaries (LMXB) and millisecond pulsars. The existence
a .
) (8) of stellar mass black holes in the globular clusters has been
75 kmy/s suggested by recent observations| [13]. Such remnant stars
Therefore, the gravitational radiation capture leadsédd-  must have been formed in early life of the clusters through
mation of very eccentric binaries, butthe hardnessis mbt.hi  the evolution of high mass stars.
Since the gravitational radiation is verffieient for binaries The NSs (and some BHSs) are formed after the supernova
with small pericenter diStance, the orbit shrinks veryd@pi exp|osion_ Any deviation of Spherica| Symmetry of the ex-
Such binaries go into merger in a time much shorter than typplosion leads to the kick velocity of the remnant stars. In
ical time scales for dynamcal interactions with other stars fact many new born neutron stars are known to be moving at
Gravitationally captured binaries in the stellar systentsiw  |arge velocity (200-500 kys) relative to the progenitor stars.
velocity dispersion of about 100 Kmare expected to merge  Since the escape velocity from globular clusters is onlyabo
in a few hundreds of years or less[10]. 50 kmys, most of the NSs born in globular clusters would
On the other hand, the binaries formed by three-body prohave escaped almost immediately. However, many millisec-
cesses have moderate eccentricity and the time to becomgnd pulsars that are thought to be old NSs are present in glob-
merger is extremely long. The merger time scale can be exylar clusters. For example, Terezan 5 alone has 33 millisec-
pressed as: ond pulsars. Itis not clear how such NSs survived in globular
405 GmE clusters, but we may assume that there are sFiII large number
Tmerge = g(e)w92 . of neutron stars in current globular clusters since onlyesom
x* V3o fraction of NSs can become millisecond pulsars. The kick
~ 4 1018 yrs( )(3)4( o )8’ ©) velocity of BHs is not well known, but could be as high as

and

e~1—1(T4(

m
10 Mg,

X 10 kmy/s those of NSs[[14] . The presence of NSs and BHs in globu-
lar cluster may indicate at least some fraction, which remai
where to be uncertain, of remnant stars are formed with low kick
73 37 \1 velocity.
g(e) = (1-&)"? (1 + ﬁez + %84) : (10) Despite of such uncertainties, there have been several stud

ies regarding the BHBs from globular clusteis-body code
In order for the binaries merge in Hubble time, their hardnes has been used to study the dynamical evolution of globu-
should be significantly increased. lar clusters by varying the BH fractions and obtained BHB
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merger events to be observed by the advanced detectors of 0.20 T T T T T
31+ 7 yrt from globular clusters [15]. Downing et al. [16]

obtained the detection rate of 15 to 29ybased on the study

with Monte Carlo. More recently, Tanikawa[17] obtained the 0-15
detection rate of 0.5-20 y* based on théN-body simula-

£
tions assuming BH mass function that has a peat at around 5 r

. - . Zz 0.10
M. More recent study with careful statistical analysis of the >
N-body simulations with stellar mass BH[18] described be-
low also found that significant number of BH binary merger 0.05

events will be observed by the advanced detectors.
The course of the evolution of globular clusters depends on
the initial condition which is not well understood. The evo- 0.00
lution of massive stars leads to the rapid loss of mass from 15 20 25 30 35 40 45
the cluster. The stellar population should have changed in a Logio =
short time compared to the age in such a way that most of thé&igure 1 The hardness distribution of ejected BH-BH binaries from th
high mass stars quickly turned into remnant stars. Relgtive Slusters. Initial models of the clusters are King model$ip =6 and 9.
. . The hardness distribution is found to be nearly independéiy (Figure
lower mass stars evolve slowly, producing white dwarf stars . " [1E)).
The presence of the primordial binaries can make the dynam-
ical evolution more complex. However, one may simplify the
globular clusters in the following way: since the time scale 1.0 T T T T T T
for the stellar evolution is very sensitive function of el
mass, the formation of black holes and neutron stars takes o8k
place during the very early phase of the evolution, the globu
lar clusters are composed of ordinary stars whose mass is of
order of 0.7 M,, neutron stars, and black holes. We may as-
sume that the typical masses of neutron stars and black holes &
are 1.4 and 10 W, respectively. 0.4F
Dynamical friction of black holes due to other stars 4
quickly leads to the formation of sub_syst_em mai_nly com- 02k / —_— gg(-g%*)'_BH(zo)_
posed of black holes. Three-body binaries afiéciently £ Woe6
formed under the physical conditions of the globular clsste 00l g . ) VI'°=9 .
and th_ey undergo successive hardening through the encoun- 0 5 10 15 20 25 30 35
ters with other black holes. Most of the black holes are evap- o(0)(km/s)
orated as a result of the close encounters between binaries _ _ o ,
and singles as described in the previous subsection in verg'gur.e 2 The ratio of the total ejected binaries as a function of thera
i .~ velocity dispersion of globular clusters for models witly =6 and 9. Note
short time scale (much smaller than the half-mass relaxatio yat typical globular clusters have 3o < 15 kmys. Dotted lines assume
time). TheN-body simulation carried o showed that about that the mass of the black hole is 20,Mvhile solid lines assume 10 M
1/3 of the black holes are ejected in the form of binaries and(Figure from ref.[[18]).
remaining 23 get ejected in the form of singlés]18]. The dis-
tribution of hardness of the escaping binaries obtaineahfro function [19]. We have not considered any natal kick so that
the N-body simulation is shown in Figufd 1. The hardnessall black holes formed in the cluster are kept. We then as-
distribution of escaping binaries can be used to compute thgumed that all black holes are evaporated through binary for
what fraction of the evaporated binaries will undergo givi  mation and subsequent interactions. The number of evap-
tional wave merger within Hubble time as a function of cen- orated binaries is assumed to be 17% of the total number
tral velocity dispersiondyo), as shown in Figurel2. Because of black holes. We applied the fraction of merging binaries
of the steep dependence of the gravitational radiation emerg shown in Figuré& for each cluster with observed central ve-
time scale on the semi-major axis, the fraction of merging bi locity dispersion. We have not considered any possibilty o
naries depends sensitively on the velocity dispersioniCByp  variation of the velocity dispersion through dynamicallevo
globular cluster has & og < 15 knys, and less than half of  tion since the it vevolves rather slowly. We assigned exqubct
the escaped binaries will merge in Hubble time. number of merging binaries for 141 clusters whose parame-
The results obtained witN-body simulations can be used ters are compiled by Gnedin et &l. [20] and add them up to
to estimate the merger rates of the BHB systems for glob-obtain the merger rate within Hubble time in our Galaxy to
ular clusters in the Galaxy under a number of assumptionsderive 2.5 merger per globular clusters per Gyr. The aver-
First, the number of black holes in the early phase of the clusage number density of globular clusters in the local un&ers
ter evolution has been obtained by assuming Kroupa masis estimated to be about 2.9 Mpd21] and the horizon dis-

0.6f
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tances of advanced LIGO-Virgo network for BHB is 2187 could become higher, but still much less than the that from
Mpc. By multiplying the horizontal volume, we obtain the the evolution of primordial binaries. We thus conclude that
expected merger rate of BHB for the advanced detectors othe globular clusters could provide a only substantial nemb
15 yr. This is comparable to the estimated rate of aboutof BHB merger events but very little BNS events.

20 yr from binary evolution of primordial binaries][2] and The BHB events originating from globular clusters would
consistent with other estimates mentioned eatlief[I6-17] be preferentially found from the outer parts of the galakies

Our estimate also could have large amount of uncertaincontrast to the disk populations. Since there are more glob-
ties. First, large kick velocities at the birth of BH coulate  ular clusters in elliptical galaxies than in spiral galaxithe
to substantial reduction of BHB formation. Second, we as-occurrence of the BHB merger events could be more easily
sumed that all the BHs produced by supernova explosion unseen near the vicinity of the giant ellipticals that are more
derwent rapid evolution and therefore evaporated from theconcentrated in the center of cluster of galaxies since they
cluster in much shorter time than the current age. Howeverhave large number of globular clusters. However, since the
recent studies showed that the clusters with long relaxatio gravitational wave detectors have very poor angular resolu
time might still possess large fraction of the BHs. tion it may be very dficult to see such arffect.

On the other hand, there are various possibilities that our We also found that the dynamical formation of BH-NS bi-
estimate is rather low. The total number of globular cluster naries is very unlikely because of the strong segregation of
we observe today might not represent the initial population the BH and NS. Inside the BH subsystem, the density of NS
if large number of clusters have been completely disrupteds much lower than that of BH. After the depletion of the BHs,
due to tidal evaporation or tidal shodk [22]. In fact the de- NSs cannot find BHs nearby.
tailed studies with Fokker-Planck code showed that evapora
tion alone could have destroyed more than _50% of the initialll2 Nuclear star clusters
population of globular cluster§ [22]. The disrupted cluste
should have left many compact BHBs since the rapid dynam{Nuclear clusters are flierent from globular clusters in many
ical evolution leading to rapid evaporation is a necessany ¢ aspects. The velocity dispersion of the typical NCs is about
dition for efficient BHB formation Even for the present day 100 knys which is much larger than that of GCs. Most of the
globular clusters, number of BHs in the the early phase mayNCs are thought to have a supermassive black hole (SMBH)
have been significantly undersestimated. When we computeih the center so that the stellar density profile can be cuspy.
the number of BHs we used the present mass of the cluster§.he NC is also surrounded by the bulge and therefore the es-
However, the clusters lose mass continuously, and some clugape velocity could be very large (L000 knmis). There is no
ters have lost large fraction of the initial mass. If thatiet retention problem for the remnant stars in the NCs.
case, the number of BHs per cluster could have been signif- The binary formation by gravitational radiation capture in
icantly larger. With all these possibilities, our estinsatge  NCs has been considered previous$ly [9, 24]. Similar to the
rather conservative. When all uncertainties are takendnto case of globular clusters, individual mass of BHs is much
count, the detection rate could be as high as 68 yr larger than that of ordinary stars. BHs inevitably expereen

BNS or binaries composed of a NS and a BH are also ofdynamical friction that leads to the segregation of BHs and
great interest to the advanced detectors as they can be accotower mass components. However, the velocity dispersion
panied by the electromagnetic radiation in the form of SGRBwould be the same for all components regardless of the mass
or optical and radio afterglows. If large number of BNS are in the regime where the potential is dominated by the SMBH.
formed from globular clusters, they can explain the occur- O’Leary et al.[24] used the density profiles of black holes
rence of the SGRBs in the outer parts (or even outside) [23]n the vicinity of the SMBH obtained by Hopman & Alexan-
of the galaxies since the globular clusters reside in the hal der [25] and claimed that the rate of the formation of BHBs
and the binaries are ejected with velocities higher than thevia gravitational radiation capture would be 5—20%within
escape velocity from the cluster. the horizon of advanced detectors. As discussed earligh, su

Neutron stars (NS) can also form a subsystem in the centrabinaries immediate merge since thepericenter distanaes ar
parts after the black holes are completely depleted. Similasmall and eccentricities are very large. Therefore the form
to the BHs, NSs can form binaries via three-body processe$ion rate is identical to the merger rate. These binariesdcou
in the dense core and these binaries undergo hardening prepossess significant amount of eccentricity when they enter
cess. However, the time scale for the formation of centralinto the advanced LIG®irgo band. Such an eccentric bina-
subsystem of NSs and subsequent evolution is much longeties could be distinguished from the circular binaries tirat
than the case of BHs. Only clusters with short relaxatioetim formed by three-body processes or primordial binaries.
would be able to eject most of the NSs via binary-single in-  Recently, Hong & Le€[11] visited this problem with care-
teractions. Our estimation of rate of BNS merger events withful N-body simulations. The NCs are modeled by evolving a
advanced detectors give very small numbers: between 0.01 tspherical systems embedded by a surrounding potential well
0.1 yr1, assuming 10% for the retention of NSs in clusters. represented by a Plummer potential. The central SMBH was
If the retention rate is higher, the expected BNS merger ratelso taken into account by growing the mass of the BH adia-
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10° BH=0.1 N 20.000 ' mass from 1® M, to 1 M., eq. [IB) gives us the merger
108« T N= 501000 rate density

_ . N=100,000

é’ 107F E Rmerger ¥ (2 = 5 mermwézo MDC_s, (14)

N

=

; 10%- o . - where I'mermw _is the merger rate for a Milky-Way-Iike

. $ S .7 g galaxy, andésg is the rescale factor for the variance of the

s 10°- < /{',;:- 7 number density of stars normalized by 30 (i.6.3 K &9 <

%ﬂ 10+~ //*//}/. i 3)-

E /; *;_*/' Using this result, we can estimate the detection rates by ad-
10°15 ¢ - vanced detectors: Hong & Lee (2015) found that the expected

. deteciton rate of 0.05 to 4 y¥, much smaller than previous

l?ooo 10(')00 estimates. Thus we conclude that the eccentric binariés wil

velocity dispersion [km/s] be very rare with the advanced detectors.

Figure3 Merger rates as a function of velocity dispersiopn for meaéth i i i
MswmeH = 0.1My; (Figure from ref.[T1]). 2 GPU acceleration for gravitational-wave

burst searches
batically from small mass. Eventually a stellar system with
nearly Bahcall-Wolf cusp in the center and nearly isothérma WWe demonstrate that the current main gravitational-wave
outer parts, mimicking the NC of the Galactic Center. burst pipeline, Coherent WaveBurst, can be accelerated in
The rate of gravitational radiation capture is computed bysome conditions by porting its CPU code to GPU. We em-
using the criterion of eq. (2) and integrated over the entirePhasize the main principles that lead to the good GPU per-
cluster using the density and velocity profiles of théody formance that we obtained. This work opens the possibility

model. The integrated merger rate becomes of implementing an improved burst detection algorithm that
combine the signals from available gravitational-wavernt
Cmerger m-N-f-o 27 ~ ML g3Y7 (11) ferometers in a fully coherent way, thereby leading to advett

- . . rejection of noise.
whereri, o. and M are mean number density, velocity dis-

persion of the ststem and the total mass of the cluster, cespe

tively. Virial theorem has been used to eliminatén favor 2.1 Introduction

of total mass and velocity dispersion. Such a dependence

has been verified by the numerical simulations as shown in>0me expected sources of gravitational waves produce waves
Figure[3. By extrapolating the simulation results to remlis With @ shape that is not easily modeled, like supernovae and

parameters for NC, we obtain gamma ray burst events. In order to detect such typically
short gravitational wavesijnmodeledburst” searches must
Mswen \ [ o. VY7 be performed—this is one of the main types of gravitational
Imerger= C (3'5 % 107 M@) (75 km/s) ’ (12) wave searches, along with searches for Compact Binary Coa-

lescences, and continuous and stochastic gravitationasya
where the constant depends on the total mass of the clussych searches typically look for excess energy in the signal
ter: C = 858x 10°° Myr* for Mswen/M = 0.1 and  measured by gravitational-wave interferometers.
C =2.06x 107 Myr™* for Msyg/M = 0.2. Coherent WaveBurst is currently the main gravitational-

The merger rate per volume is obtained by integrating theyaye burst detection pipeline [27]. It gathers together the
rate over the SMBH distribution, i.e., signal from multiple gravitational-wave interferometéear-

My dnsyien rently the two LIGO ones, along with Virg@pherently(like
Rmer = f Fmerge(MSMBH)WdMSMBH, (13)  some older methods based on a maximum likelihGod [28] or
M SMBH on theF-statistics[[28], and in non real-time Compact Binary

where M, and M, are the upper and lower limits for inte- Coalescence searches).

gration, and mergeris the merger rate per galaxy as a func-  Such a coherent burst search is, however, computationally
tion of the mass of MBH. The upper limit can be fixed to intensive. The production version of Coherent WaveBurst
Mswen ~ 10”7 M, by the time scale requirement: if the pipeline therefore uses SSE CPU instructions, which psces
SMBH mass is too high, the relaxation time of the NC is multiple data in parallel. However, the level of paralledis

so long that the stellar cusp cannot form. However, we stillof SSE instructions is restricted to a few floating-pointmepe
do not have the exact lower limit of the SMBH mass, which ations. We thus explored the possibility of porting the most
is currently about 1M, from the observation of Barth et time consuming part of the pipeline, the subNetCut function
al. [26]. With the uncertainty of the lower limit of the MBH (see Figur€l4), to the GPU.
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Figure4 (Color online) Various parts of the Coherent WaveBurst foige Figure 5 (Color online) Timing results for the function ported to GPU

along with their fraction of the time spent during a typicatal analysis (subNetCut), with production parameters (setTDFilter d BIEALPIX 4).
run. The subNetCut function (called multiple times) takeslibngest, andis  The GPU performs at about the same speed as the CPU.
therefore the one that was ported to GPU.

This function essentially performs a loop over all the pos-
sible locations of the gravitational-wave source in the sky .
as to find its most likely position and, importantly, checétth ok ek
all the detectors coherently detect some signal (consistently .
with their relative sensitivities). This function is thusstru- sfEREREEEbEE - REEER LR
mental in eliminating spurious excess energy detecteden th :
signal of only some of the interferometers (glitches).

subNetCut run times (smaller is better)
12 —_—r——T——T—TTTTTTTTTTTT

Run time (s)
o

2.2 Results

Our results show that such a partial GPU port of the Coherent
WaveBurst gravitational-wave detection pipeline is &t o
. . . 012345678 91011121314151617181920

and potentially very useful: running with the current produ Time lag number (arbitrary)
tion parameters of the pipeline takes essentially the semee t _ . _

] - . " Figure 6  (Color online) Timing results for the function ported to GPU
(see Figur€ls), but running a realistic and more refined anal- i . ;

) . . . subNetCut), with parameters for a more refined analysi3 B¥eilter 4 and

ysis showed a 8-fold improvementin the computing speed O | pix 7). The GPU is about 8 times faster than the CPU.
the calculation (see Figuié 6).

While the more refined analysis takes longer than the cur- .
rent production analysis, it gives an estimate of the tina th idle. We thus had to completely rewrite the structure of the
an improved, “fully coherent” gravitational-wave detexti CPU version (of the subNetCut function) so as to achieve this

algorithm would take. Such an algorithm has not yet been'€Ve! of paralielism.

implemented in Coherent WaveBurst, but could replace the Concretely, the CPU version uses SSE instructions that
current subNetCut function, if it runs iiciently fast: the im-  Perform calculations in parallel over four pixels of a time-
pact of such an improved a|g0rithm on the downstream Com_frequency transform of the graVitational'Wave interfesten
putations of the pipeline is expected to be a drastic redncti Signal. The rewritten GPU version performs instead a com-
in data size and computing time. Our results demonstrat@'etely diferent parallel calculation, over 4096ferent po-
that implementing a fully coherent algorithm in cWB is an tential gravitational-wave source locations.

improvement that can be reasonably considered; this would Another important principle offéciently porting to cur-

improve the sensitivity of the gravitational-wave bursteie ~ rent GPUs is that data transfers must be performed between
tion. the CPU and the GPU before calculations can be run on

it. Such memory transfers can limit the overall performance
of the calculation. Part of the rewritingfert thus also fo-
cused on minimizing the amount of data exchanged between
An important principle behind GPU acceleration is natyrall the CPU and the GPU (typically by defining where in the
the need to express the code to be ported a parallel calcwcode the CPU should hand over calculations to the GPU, and
lations. Because of synchronization constraints, it i® als where the GPU could stop its calculations and send the re-
important that all the calculations performed in paralide  sults back). We observed substantial speed gains after this
about the same time—otherwise some GPU cores remaidata optimization.

2.3 Portingto GPU: key principles
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2.4 Conclusion method is that it operates completely in time domain, and in
principle it has zero latency.

Another natural advantage of using a parallel bank of
single-pole IR filters is that they can be easily be execirted
parallel. The essential parallel feature of SPIIR makesiit p
fect to be implemented on modern multi-core or many-core
processors such as GPU[3T], 32].

We have demonstrated the feasibility of porting to GPU a
computationally critical function of the Coherent WaveBur
gravitational-wave detection pipeline. These resultsdhe
possibility of implementing a more powerful algorithm for
detecting gravitational-wave signals coherently betwaah
tiple interferometers, that would lead to much smaller atitp
(gravitational-wave trigger) files and smaller overallgdipe

run times. 3.2 GPU Computing
Graphics Processing Unit (GPU) is originally designed to
2.5 Appendix: technical details address the demands of real-time high-resolution compute-
The timings reported here were obtained with the following iNtensive tasks. Since its first introduction in 1999 [33R\G
hardware: has been evolving fast that many believe that GPU’s power
« GPU: NVIDIA GF100 (GeForce GTX 480) has not been fully exploited and its massive parallel nature
_ Compute capability: 2.0 can be leveraged for general purpose parallel computation.
_ CUDA Cores: 480 In late 2006, NVIDIA released its general purpose graphics
— Processor Clock: 1401 MHz processing unit (GPGPU) solution, the compute unified de-
_ Memory Clock: 1848 MHz vice architecture (CUDA)[34], providing a general-purpos
_ Memory Size: 1536 MB parallel computing platform and programming model for its
— Memory Bandwidth: 177.4 GBec GPUs. i )
_ Warp Size: 32 GPGPU technology evolves fast and it can provide very
« CPU: Intel Core i3-2100 CPU, 3.10 GHz high performance mainly lies in that it can provide many par-
allel hardware threads. In hardware level, CUDA employs an
3 GPU accderated SPIIR method SIMT (Single-Instruction, Multiple-Threads) architecgu A

CUDA capable GPU consists of several SMs, each SM cre-

Summed Parallel Infinite Impulse Response (SPIIR) filtering?t€S: manages, schedules, and executes threads in groups of
technigue is unique because it directly employs paralleico 52 Parallel threads called warps. A group of warps aggregate
puting idea into solving a physical problem. The essentialt® @ block, which is the basic and independent execution unit

parallelism explored by this method makes it match with the{0f @1 SM, all blocks launched by the user form a grid. This is
powerful parallel computing resource GPU well to signif- the CUDA threads hierarchy and a typical CUDA application
icantly improve the the performance of GW data process-Usually launches thousands of threads.

ing. After analyzing the execution and data access pattern At the grid level, all the threads can share the global mem-
of SPIIR, we design a novel method which can map the cal®"y which is the largest but slowest memory of GPU. At the
culations of SPIIR onto the threads of GPU well. At the sameb!ock level, all the threads of the same block can share the
time, we take advantage of the memory hierarchy and overShared memory which is much faster than global memory.
lapping technology of GPU to improve the data access per_At t_he thread level, earch thread can only access its registe
formance. Our optimized implementation of SPIIR on GPuWhich are the fastest memory of GPU. But the latest warp-
can achieve about 120 times speedup compared with a singlghufle technology allows threads of the same warp to share
Intel i7 3770 CPU. The newly developed GPU SPIIR pipelinetheir registers.

is capable of processing up to 21000 templates per GPU The key to achieve high performance on GPU is exploiting
in real time. The experimental results indicate that thé ful more parallelism in applications and accessing data in more
search for gravitational waves from compact binary coales- €fficiently way.

cence in real time is possible with a fairly small number of

desktop GPUs for the advanced LIGO detectors. 3.3 Optimized GPU implementation of SPIIR

The optimization method is very critical for GPU to achieve
high performance[[35, 36]. Figufd 7 shows the framwork
Summed Parallel Infinite Impulse Response (SPIIR) methodf the SPIIR method and its optimized implementation on
[30] is a time-domain low latency algorithm for identifying Maxwell GPU. Our GPU implementation method can map
the presence of gravitational waves produced by compact bithe SPIIR filters onto the GPU thread hierarctiiagently
nary coalescence events in noisy detection data. Throughnd take advantage of the GPU memory hierarchy to improve
the use a parallel bank of single pole IIR filters, it is possi- our method’s performance.

ble to approximate the SNR derived from the matched filter For one typical SPIIR template witK filters, to calculate
with greater than 99% overlap. The main advantage of SPIIRhe SNR at given time point, it will need the corresponding

3.1 SPIIR method



LeeHM,etal. Sci China-Phys Mech Astron December (2015) Vol. X No. X X-10

parameter array and the detection data within given time win calculate the result easily with very low cost.
dow. How to access those datfii@ently is one important How SPIIR filters are executed in the GPU thread hierar-
aspect to achieve low latency. Because the parameter arraghy is shown in the bottom part of Figurk 7. In the middle, a
only need once to calculate one SNR, we organize them intaypical SPIIR template is given.
aligned and continuous way to take advantage of coalesed
memory access to load them from global memory with as34 Experimental results
few memory transactions as possible.
Because the time window of flierent filters in one tem- QUr experiments are conducted on a machine with [Deeé

plate are often overlapped, we take advantage of the regid oni /3770 3.40 GH CPU and 8 GB DDR3 memory. The oper-
data cache of Maxwell GPU to reuse the data féiedent fil-  ation system is Fedora 20 64-bit and the host compiler is gcc
ters. In this way, the threads of the same block can share th&-8-3. This machine is equipped with NVIDIBeForceGTX
input data in read only data cache. Loading data from cach@80 GPU with CUDA Version 6.5. o

is much faster than from global memory, so reusing the data Experimental results show that for the real pipeline data

in cache can significantly improve the perpormance of datd€St: our GPU accelerated method is capable of handling
access. 21000 templates in real time (one second). Compared with

We put the output data of each filter which is the input datath® CPU implementation, our GPU accelarated method can

in the next iteration into register to significantly redube t ~achieve more than 120X speedup. _ _
data access delay. The SNR of one template needs the out- We also check the presion of our GPU implementation
puts of all its filters. We take advantage of the warf4leu and find that the maximum error is less than 0.1% which is
feature of Maxwell GPU to enable fiiirent threads of the €nough for the SPIIR method.

same warp to share the register data to improve the data ac-

cess performance. 3.5 Conclusion

How SPIIR ‘input and output_ data are organi_zed andThis work shows that optimizing design is very critical for
mapped onto the GPU memory hierarchy is shown in the upyg 14 achieve high performance on GPU. The exciting per-

per part of.FigurE!7. , formance lies in the following factors: (1) the SPIIR method
~We design a size-aware template-warp mapping mecha haaiiel in essential so it is easy to explore fine-grain pa

nism to eficiently map all the SPIIR filters onto GPU thread 5j6jism and implement the method on GPU: (2) the latest

hierarchy. Our mechanism can not only avoid branch exezp\y hardware provides additional computing power; (3) we

cution paths in one warp which will significantly reduce the e, /610p a framework which can match the algorithm with the
parallel performance of GPU, but also improve the utili@ati | .. qvare features well.

of GPU resources.

For a given template, if it has more than 32 filters, it will be 4 GPU acceleration revisited ian discrimina-

mapped onto a CUDA block. Otherwise, it will be mapped tor computation in compact binary coalescence
onto a CUDA warp. In this way, we can avoid idle threads gegr ches

efficiently when a template has few filters.

We select suitable size of one CUDA block dynamically We demonstrate the speed-up that can be achieved by com-
based on the template size and the number of registers of onguting they? discriminator in compact binary coalescence
thread to achieve approximate 100% occupancy of GPU re¢CBC) searches on Graphics Processing Units (GPUs) rather
sources. than Central Processing Units (CPUs). One of the most de-

To calculate the SNR of a given template wihfilters, manding gravitational-wave searches in high-performance
we need to sum all the output offtérent fileters in the tem- and high-throughput computing is that of CBC signals in
plate. Parallel sum reduction can reduce the number of sunmultiple detectors. This is especially true for those CBGs t
operations from N — 1) to log, N with N parallel threads. have the potential to produce an electromagnetic (EM) coun-
On one side, the parallel method is helpful to improve per-terpart. Such a binary system will involve at least one rautr
foramce. On the other side, it will also introduce synchro- star. The second object can be another neutron star or a rel-
nization operations among the parallel threads which imhar atively small stellar-mass black hole. These systems gt on
ful for performance. Fortunately, the synchronizationrape have long-duration signals but can require a large paramete
tion among all threads of the same warp can be guaranteesbace to define them. Multiple detectors are needed to local-
by hardware implicitely. So no explicit synchronization is ize them in the sky for ease of EM follow-ups. Finally, since
needed. We take advantage of implicit synchronization feathe EM counterparts may fade quickly, the searches need to
ture of a CUDA warp to improve the performance. be near-real-time so as to enhance the chances of GW-EM

The atomic operation is often expensive for old verion coincidences. These various factors require that the campu
GPUs, but the latest GPU improve the performance of atomidng involved in analyzing the GW data to find them be quick
operation significantly. So when we have to sum the partialand inexpensive. We corroborate past findings, but now with
SNRs from diferent warps, we can use atomic operation tomore modern hardware, that GPUs can provide significant
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Figure7 (Color online) SPIIR method and its optimized implemeitaton GPU. The middle part shows how the SPIIR method cakuldie SNRs from
given parameter array and input data. The schematic diagfame typical SPIIR template is described in detail. The ag phows we take advantage of
the GPU’s memory hierarchy to improve the performance offSBata access. The bottom part shows hoffiedént SPIIR templates are implemented with
CUDA on GPU to achieve low latency.

speed-ups in the computation of the gfediscriminator in ing to the strong possibility of their being associated with
CBC searches, in comparison to not just single CPUs but alseelectromagnetic (EM) counterparts. Unfortunately, the es
multiple MPI processes running on a CPU cluster. timated rate of coincidences of GW detection of CBCs and
their EM counterparts is not projected to be very high with
networks of limited number of detectors. Nonetheless,esinc
coincident observations can teach us much more about these
The Laser Interferometer Gravitational-wave Observatorysources, their origins, and their environments than whgat an
(LIGO) and the Virgo detector have shown that large scaleindividual channel of observation can, it is all the more im-
interferometers can be used to search for gravitationaksav portant to explore ways of increasing the number of such co-
(GWs) that are expected to change their arm-lengths at subncidences.
nuclear scales. With the next generation of gravitatiorzalev The primary objective of this paper is to revisit a solution
interferometers, with roughly ten times increased stram-s that was proposed by Chung et al. in réf.][40] for speed-
sitivity, coming online soon the projected event rate wil i ing up the computation of the the signal-glitgh discrim-
crease multi-fold relative to what was expected in theahiti inator, as defined by Allen in ref_[41], on Graphics Pro-
versions. These interferometers include the Advanced LIGQzessing Units (GPUs). This is just one of several algorith-
[37] and the Advanced Virgd [38] detectors, the Japanese demic and hardware optimization ideas that will be required
tector KAGRA [39], and possibly a LIGO detector in India. to attain real-time implementation of CBC searches, desir-
One of the primary sources of GWs that these detectorably in the data of multiple detectors. A network of GW
will target is the coalescence of a binary composed of nautro detectors is essential for localizing CBC sources in the sky
stars (NS) or black holes (BH). Compact binary coalescenceso that EM observatories and particle detectors can look for
(CBCs) are the most promising sources for detection withtheir counterparts in non-GW windows of Astronomy. How-
GW interferometric detectors. Not only are the estimatedever, since some of these counterparts (e.g., kilonovae and
rates of CBCs in the search volumes of advanced detectorX-ray or optical afterglows) may not last very long after the
appreciable but also their signals are theoretically wallm  GW trigger, it is crucial to be able to search for GW candi-
eled. The coalescences of compact binaries involving NSglates in the data of multiple detectors quickly enough. In-
(heretofore termed as CBCNSSs) are especially attractive owdeed, the PyCBC software package (hffjfasvw.lsc-group.

4.1 Introduction
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phys.uwm.ed@aswgprojectgpycbc.html) allows users to non-spinning NS-NS and NS-BH waveforms.
run various analyses in a CBC search pipeline on CPUs and
GPUs in a transparent way. As observed in fefl [32] compu-42 Teging infrastructure
tation in a CBC search is dominated by Fourier transforms,
primarily in computing the signal-to-noise ratio and te ~ 1he primary testing machine had two “Intel(R) Xeon(R) CPU
discriminator for CBC waveforms drawn from a large tem- E52650 @ 2.00 GHz" processors, each with 8 cores. Each
plate bank. In this work, we study the computational speed-core is capable of a parallel execution of 2 threads, thereby
up achieved from running one specific analysis, namely, thdeading to a possible £ 8 x 2 = 32 parallel threads. How-
x2 discriminator, on GPUs compared to CPUs. A clear draw-€Ver, the CPUs on this machine were used to run in a “single-
back of our study stems from the fact that here we computéfocess, single-thread” mode alone. The same machine also
this discriminator not as a part of a CBC search pipeline buthad 128 GB RAM and an Nvidia Tesla K20c GPU. The de-
in isolation. Therefore, the actual speed-up realizabiebea tailed configuration of the GPU card can be obtained from the
less owing to overheads arising from the integration of thisNVvidia website.
analysis with the rest of the pipeline (which may involvenslo ~ Additional testing was done on thieerseuscomputing
processes, e.g., additional transfers of data from hoséto d cluster, whose configuration is described in Table 1. A salie
vice across a PCle bus). In that light, the utility of our stisd point to consider is that due to the lack of immediate avail-
that it explores the limit on the speed-up that may be achiev2Dbility of GPU clusters and very large CPU clusters testing
able for this analysis when it gets run on GPUs. That, in turn,Was restricted to a single run. In a future work we plan to use
can influence hardware choices for future GW data analysignultiple runs and use their average execution time for com-
clusters. parisons.

Since the work of Chung et al._[40], which is of 2010
vintage, several significant developements have takerplac 4.3 Parallelization strategy
The list includes an increase in the total number of process- == . 2 .
ing elements (namely, threads), clock speed, and memory owe limited oury* computations to 8000 templates, of non-
GPU$. Further progress has also taken place in the Nvidia
CUDA framework in the form of additional libraries and al- Table1 The specifications of the compute nodes of the Perseus Cemput
gorithmic improvements in existing Iibrar?e‘s In light of ing Cluster at the Inter-University Centre for Astronomydakstrophysics,

these developments, we are able to benefit from the follow"Une: India are described here

ing improvements: Number of compute nodes Configuration on each compute node
1. In ref. [40], they? discriminator was tested on a 2.5 Two Intel(R) Xeon(R)

GHz Intel Q9300 CPU and an Nvidia GeForce 8800 Ultra CPU E5-2670 2.60 GHz,

GPU. This paper uses more modern, albeit not the most mod- 94 with 8 cores each.

ern, hardware. 128 GB RAM. QDR Infiniband
2. While performance comparisons between an applica- interconnect.

tion parallelized to run on multiple threads on a GPU, on
one hand, and a single-process, single-threaded verstba of
same application running on a CPU, on the other hand, can 200
yield very large speed ups, in favor of the former, nonettgele 180k
this is not a fair comparison, some may argue. Therefore, we
perform comparisons of the former with the same application
running on aclusterof CPUs, which may be termed some-
what more fair.

3. We use Advanced LIGO (as opposed to Initial LIGO)
noise PSD for computing the? discriminator, and the sim-
ulated signals and templates employed have a low-frequency 601
cut-of of 20 Hz. The CBCs studied have their component 40 ¢
mass rangesy € [1.0,3.0] Mg andnmy, € [3.0, 20.0] Mg, (al- 20}
though it is more likely that to produce an EM counterpayt
should have an upper limit closer to.0My,).

4. This work uses up to 8000 GW templates, which is 8
times more than that used in réf. [40], that are selected #om Figure8 (Color online) Diterences in thg? values between the CPU and
much larger representative bank (with0000 templates) of =~ GPU runs for non-spinning CBC templates.
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1) http7/www.karlrupp.ne01306/cpu-gpu-and-mic-hardware-characteristics-over-time
2) httpy/developer.download.nvidia.cgaomput¢cuda6_5/rel/docgCUDA _Toolkit_ReleaseNotes.pdf, CUDA Release Notes for versions since 2010 are
available online
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—e— Execution Time on a K20
—a—_ Execution Time on a Xeon E5/Core i7
—s=— Execution Time on Perseus MPI O2, 100 processors

spinning CBC signals, because theyffmed to extract a
large enough performance gap between GPUs and CPUs.
Their single-process and single-thread CPU implememtatio
is straightforward[[40]. For the GPU parallelization, we
adopted the simple strategy of computing fRéor each tem-
plate on a separate thread. This is a viable strategy because
(a) the computation for one template is independent of that
for the other templaté!sand (b) the total amount of memory
required is less than 70 MB.

Another aspect of the GPU parallelization, specifically in
the case of the Nvidia GPUs, concerns the CUDA framework.
It specifies a thread as the principal unit for achieving comp Figure9 (Color online) Comparison of execution times on variousckes,
tation. However, groups of collaborating threadsywarps
as they are known in the CUDA framework, are logical parts
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4.4 Results 2
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4.4.1 Correctness ° 14 . . . . .
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The foremost result to be determined is how accurately the Number of Templates

)(2 values are computed on the GPUs. To test this we comgigure 10  (Color online) Comparison of execution time on the K20 and
pare them with values obtained on CPUs for each of the sam#hat on the Perseus computing cluster with MP1 O2 and 10dIpbpaoces-
CBC mass pairs for the non-spinning binaries. The resudts arsors.
shown in Figur€B, which shows that the fractiondletiences

in the y? values computed by the GPU and CPU are within

0% | ithi imi © Speedup K20 to single thread Xeon core i7 CPU
3 /01 I.e., within acceptable limits. : Sgeedug K20 to Pe?seus MPI O2, 100 processors

4.4.2 Performance results

The CPU results, while having the execution-time scaling li
early with the problem size (which in our case is the number
of templates), have taken several hours for certain problem
sizes, as shown in Figuké 9. In order to save time, the tests A//d
for the single-process, single-threaded CPU were done star ° 1 . . . .
ing with a problem size of 100 templates, in steps of 100, and 0 2000 4000 6000 8000
Number of Templates

up to 2000 templates.

Itis also seen in Figudﬂ.o that the GPU and MPI, with an Figure11l (Color online) Execution time speed-ups on various devices
02 optimization, and starting with a problem size of 100, in
steps of 100, and up to 8000 templates for the non-spinningvhich is sub-optimal. The Nvidia documentation recom-
binaries, both finished significantly quicker than the CPU,  mends keeping the number of threads per block to multiples

As shown in Figurél1 the K20 predictably outperforms of the warp size, which is 32. This is a potential future opti-
the single-process, single-threaded CPU by at least arfactanization of the code.
of ~10 and as much as a factor ©60. What is also inter-
esting is that the K20 beats 100 parallel MPI processes o 5 Discussion
Perseus. We also find that the speedup against the 100 paral-
lel MPI processes is close to linear, albeit with a few inflec- There is a need for exploring additional aspects of low-
tion points. At these points the performance of the exeautio latency searches than what was done here. First, in adtiition
time degrades for 1000 templates in the reference code singaroviding computational speed-ups for certain applicetjo
it uses the number of threads per block in multiples of 10,GPUs can also be mordhigient in power consumptiovis a

Execution Time Speed Up
0

3) This is also referred to in computer science parlance &srdrarrassingly parallel problem
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vis CPUs. Drawing up a fair comparison of power require- be expected 2], the most likely electromagnetic (EM) coun-
ments for any application of interest, however, is somewhaterparts that will accompany thern _[45] and th@&atency
non-trivial. Second, CBCs with EM counterparts may not be with which those EM counterparts could be detected [46,47].
limited to binary neutron-star systems. Indeed, NS-BH bina What is clear from this work is that significant benefits will
ries may also produce EM counterparts. If so, non-spinningderive fromjoint observations of both GW signals and their
templates will not sfiice in ensuring the detection of GWs EM counterparts—giving rise to a new observational field
from such binaries. This is because back holes, more thathat has been termed ‘multi-messenger’ astronomy.

neutron stars, can retain large spins allthe way uptothélr G The benefits of a multi-messenger approach are manifest
emission driven merger with their binary companions. There for both the detection and characterisation of GW sources.
fore, matched-filtering searches of GW signals from NSBH Perhaps the most immediate benefit is a precise identifica-
systems must involve templates parameterized not justeby thtion of the source sky location—alleviating the relativebor
component masses but also by an additional set of paramesky localisation that is possible from ground-based GW ob-
ters that describe the black hole spin. The resulting tetapla servations aloné [48=53]. Another clear benefit derivesifro
bank can be orders of magnitude larger than a non-spinninghe potential identification of an EM ‘trigger’, or assoeidt
template bank (of the type employed in this work). Searchingemission, that may streamline and enhance GW searches by
CBC signals with these templates may also benefit from thaeducing the number of free parameters, or at least signif-
use of GPUs in both computational speed up and mfire e icantly restrict the range of their values that must be ex-
cient power usage, compared to CPUs. Third, there are alsplored [54/55]. Equally, a multi-messenger approach may
algorithmic tricks that can be explored to speed up computainvolve using GW ‘triggers’ to prompt targetted EM searches
tion; see, e.g., ref_[42] for one such insight in regard$® t  for the counterpart of the GW sourde [56] 57]—a success-
x? discriminator. We plan to explore these ideas in a futureful outcome of which would indeed both identify a precise

work. sky location and permit follow-up observation of the solgce
host galaxy, allowing for example measurement of its red-
5 Multimessenger astronomy shift. More generally, joint GW-EM observations may in turn

lead to a better and more robust inference of the source pa-
In this section we provide a short overview of the scoperameters, thus opening the way to using GW sources more
and strong future potential of a multi-messenger approach t effectively as astrophysical probes.
gravitational-wave astronomy, that seeks to optimally com  There are very significant observational and computa-
bine gravitational wave and electromagnetic observations tional challenges associated with these multi-messermer a
We highlight the importance of a multi-messenger approachproaches, however. From a GW point of view, there is the
for detecting gravitational wave sources, and also describ challenge of carrying out a ficiently rapid real-time anal-
some ways in which joint gravitational wave and electromag-ysis of the interferometer data—thus allowing meaningful
netic observations can improve the estimation of source painformation to be supplied to the EM community quickly
rameters and better inform our understanding of the sourcessnough to permit follow-up observations of any prompt EM
themselves—thus enhancing their potential as probes of agemission associated with the GW event [56-59]. To act upon
trophysics and cosmology. the results of such an analysis then presents major challeng
from an EM point of view: e.g. understanding wlaae the
EM counterparts themselves, and what are their signatures
across the EM spectrum, and then searchifigiently for
As we mark the centenary of General Relativity, the rapidly those signatures—the latter task renderefiadilt in view of
emerging field of gravitational wave astronomy stands on thethe poor sky localisation provided by the GW triggers, par-
threshold of a new era, with the global network of so-calledticularly during the first few years of operation of the seton
‘second generation’ ground-based interferometers piegar generation network [60].
to begin operation$ [38,43]. The approximately ten-fold im  In this paper we will consider some of these multi-
provementin sensitivity of these detectors compared Wght messenger issues in more detail for the particular case of
first generation LIGO and Virgo detectofs [44] means thatNS-NS or NS-BH compact binary coalescences (CBCs). We
the first direct detections of gravitational waves (GWSs) arewill very briefly summarise our current understanding of
eagerly anticipated within the next few years—with the mostthe expected EM counterparts of these sources and highlight
likely sources expected to be the inspiral and merger of comsome of the observational issues this raises for their tietec
pact binary systems: neutron star-neutron star (NS-N$)-bin through rapid follow-up observations across the EM spec-
ries; black hole-black hole (BH-BH) binaries or NS-BH bina- trum. We will also briefly discuss how GW searches can
ries. The challenges associated with detecting such ssurceprovide suitable triggers to the EM community on an appro-
and exploiting them as probes of astrophysics and cosmplogyriately short timescale. Finally, we consider the astysph
have attracted considerablfat in recent years—including ical potential for multi-messenger observations of CBCs—
thorough investigations of the GW detection rates that carhighlighting one specific cosmological question that may be

5.1 Introduction
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addressed in the fairly near future with these data. ejecta as it interacts with the surrounding environmerd,ian

Of course a multi-messenger approach is potentially crureferred to as a ‘kilonoval[[69=72]. We will see in the next
cial for all GW sources—not just CBCs—and may become section that kilonovae may be key to the successful identifi-
increasingly important as the ‘detection era’ of gravéaél-  cation of an EM counterpart for many CBC events.
wave astronomy unfolds. For example, looking ahead to Thus, as is summarised in e.g. refs.][60, 73], the nature
possible third generation ground-based detectors sudieas t of the EM counterparts of a NS-NS or NS-BH merger, and
proposed European Einstein Telescdpé [61] there are excetheir rapid evolution in time, requires that the GW trigger b
lent prospects for multi-messenger science (involvingusit ~ generated as quickly as possible—and ideally on a timescale
GW and EM observations but also cosmic rays and neutrinospf seconds to (at most) hours—particularly if the eventrafte
see for example refl_[62]) with a wide range of astrophysicalglow is to be observed in X-rays.
sources. The interested reader can find more details in e.g. Such aow latency template-based data analysis pipeline
refs. [63[64] but we do not consider the broader context forhas been developed for searching for CBC signals with the
future multi-messenger astronomy any further in this paper ground-based interferometer network—and the need for a

very rapid trigger generation is one of several key factors

5.2 Joint detection of GW and EM emission: constraints ~ driving this search. (For more details see ref/[74]). In the
from the event timescale sixth LIGO science run and third Virgo science run, the inspi

. ral search pipeline Multi-Band Template Analysis (MBTA)

To make best use of a multi-messenger approach to observm[m was able to achieve trigger-generation latencies & 2—
GW sources requires both a solid theoretical understarding in, (See e.g. ref[[56]). Interesting co-incident triggielen-

the signatures produced by the EM counterpart of the SourCgifieq by the MBTA were submitted to the Gravitational-wave
together with th_e ability to observe these signaturesgiitai  ~andidate Event Database (GraCEBb)However, with the
forwardly. Consider the example of a NS-NS or NS-BH CBC ,qyanced detector network, given that sources will spend up

merger event, for which the likely counterpart is thought 10 1 10 times longer within the detection band, the low-laenc
be a short-duration gamma ray burst (SGRB) [65, 66]. Met-yigqer generation of inspiral signals will become even enor
zger & Berger[[45] have addressed in detail the question Ofchallenging.
what might be the most promising electromagnetic counter- The siow evolution in frequency of an inspiral signal al-
part of an SGRB, and they identify four key features (which s one 1o reduce the sampling rate of both the data and
they term ‘cardinal virtues’) that such a counterpart sdoul templates. The highly similarity between neighbouring-tem
possess. Itshould: _ _plates in the filter banks allows onéectively to reduce the

1. be detectable with present or upcoming telescope facilyymper of filters or to use so-called ‘parallel infinite imgeil

ities, provided a reasonable allocation of resources; response’ filters. We refer the reader to the LLOID (Low
2. accompany a high fraction of GW events; ~ Latency Online Inspiral Detectior) [V4] and SPIIR (Summed
3. be unambiguously identifiable, such that it can be dis-parallel Infinite Impulse Respons&) [30176, 77] pipelires f
tinguished from other astrophysical transients; details of the implementation of thes@icets.

4. allow for a determination ofarcsecond sky position.

We WiI_I return to virtues 2, 3 and 4 in the next _sec_tion, put 5.3 Joint detection of GW and EM emission: identifying
the physical nature of a sGRB event makes sqtlsfylng vwFue[he source location
1 already a challenge—particularly when one is considering
EM searches prompted by a GW trigger—due to the veryFrom analysis of the GW interferometer network data alone,
short timescales involved. According to the standard pé&gtu  an approximate sky position for a CBC source can be ob-
in the first one or two seconds immediately after the mergettained by exploiting the dlierence in arrival times of the GW
the sGRB results from rapid accretion onto a centrifugallysignals at the dierent detector location5[78]. In the first
supported disk that surrounds the merged object; this accrefew years of operation of the advanced detectors the typical
tion powers a highly relativistic jet that, due to beamirgy, i ‘error box’ derived in this manner will, unfortunately, heav
only seen as a sGRB within a narrow half-opening angle of aan area of several hundred square degre€s [60]. The situ-
few degree< [67,68]. Interaction of the jet with the intekst  ation will improve substantially in later years as more in-
lar medium produces prompt afterglow emission that is visi-terferometers are added to the global network, and by the
ble in X-rays on a timescale of seconds to minutes after theearly 2020s—with the anticipated inclusion of the proposed
merger, and in the optical on a timescale of hours to days—LIGO India detector—almost 50% of binary NS merger sys-
but again only within a narrow solid angle around the jet. tems detected by the network are expected to be localised
On the other hand it is believed that the event will also emitto within 20 square degrees on the sky. Looking even fur-
fainter isotropic radiation, in the optical and infra-redh a  ther ahead, recent work[[79,]80] investigating the optimal
timescale of days after the merger; this emission is causedites of future, third generation, detectors has applied va
by the decay of heavy elements synthesised by the mergeyus metrics to define and quantify the performance of a given

4) httpsf/gracedb.ligo.org
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network configuration—including the ability of the network (~20 ded), up to range of 200 Mpc. The authors then found
to localise the position of a typical CBC source on the sky.that the use of a complete reference galaxy catalog could im-
However, a fundamental limitation is set by the scale of theprove the probability of successful identification of thesho
Earth, and the maximumfiérence which this imposes onthe galaxy by~ 10%—-300% (depending on the telescope field of
time of arrival of GWs at well separated detectors. Thus, forview) relative to follow-up strategies that do not utiliaech
any ground-based detector network, present or planned, wa catalog.
can expect that GW data alone will locate many sources to Of course a more complete treatment ideally should in-
a precision of only tens or even hundreds of square degreesolve a comprehensive end-to-end simulation that takéyg ful
Clearly, then, identifying a unique EM counterpart would be into account the characteristics of the global GW network,
a crucial benefit of a multi-messenger approach as it can prothe spatial distribution and event rate of CBC events, the
vide a much more precise sky location for the GW source. multi-wavelength light curves of their EM counterparts-(to
So how might such an EM counterpart be identified, givengether with the event rate and lightcurves of a range of pos-
such relatively poor sky localisation information, in thene  sible ‘false positives’ with which these counterparts nigé
text of the ‘cardinal virtues’ highlighted above? As dis- confused, bearing in mind virtue 3 above) and the sensitivie
cussed in ref[[45], sGRBs are not in themselves likely can-and observing strategies adopted by the multi-wavelenth EM
didates since the beaming of their relativistic jets willane telescopes used to search for them. Much work remains to
that most merger events will not be seen as a SGRB at thée done in this area, both on more detailed theoretical mod-
Earth—even if a SGRB does indeed ‘accompany a high fracelling of the EM counterparts themselves (e.g. kilonovae) a
tion of events’. Similarly the prompt X-ray and optical af- on investigating the impact andfeacy of diferent follow-
terglow emission associated with the sGRB may also notup observing strategies. Some excellent progress hasiglrea
be seen at the Earth—although if such an afterglsere  been made, however, particularly in ref.[46] where the au-
observed through rapid follow-up observations with a high-thors point out that:
energy burst monitor satellite such as Swift, then this cani e dedicated 1 m class optical and near infra-red telescopes
principle determine a very precise (0 arcseconds) sky lo- with very wide-field cameras are well-positioned for theleha
cation for the GW source [59]. As concluded in réf.][45], lenge of finding EM counterparts
therefore, kilonovae are perhaps the most promising candi- e a comprehensive catalog, outzo- 0.1, of foreground
dates for the EM counterpart of a NS-NS or NS-BH mergerstellar sources, background active galactic nuclei andrpot
event since their isotropic emission gives them the padénti tial host galaxies in the local universe—and probing deeply
to satisfy all four cardinal virtues. On the other hand their (i.e. approximately 2 magnitudes deeper than the expected
comparative faintness and their limited duration stillgests  magnitudes of the EM counterparts)—is needed to assist

that their detection will be very challenging, involvingoid, identification of the EM counterparts amidst the larger num-
wide-field EM follow-up campaigns. In fact only three can- bers of false positives.
didate kilonovae events have been observed [81-83]. To date no such all sky galaxy catalog is available. Among

Whatever the nature of its EM counterpart, a key step to-the many existing galaxy catalogs, the Gravitational Wave
wards its study is the (hopefully unique) identificationloét  Galaxy Catalog[[87] (GWGC; (White et al. 2011)) has been
host galaxy of the GW source. To this end we can develop apecifically compiled for current follow-up searches of op-
general framework for combining GW and EM information tical counterparts from GW triggers—although the authors
under the straightforward assumption that there are commoacknowledged that the catalog is increasingly incomplete a
parameters—such as sky location and distance—among thiarger distances. Nuttall & Suttoh [88] proposed a ranking
observations made of a GW source, its EM counterpart andtatistic to identify the most likely GW host galaxy (drawn
their host galaxy. Such a multi-messenger approach has afrom the GWGC) based on galaxy distance and luminos-
ready proven fruitful even in theabsenceof any observed ity and the sky position error box. This ranking method
GWs. For example, searches for GWs associated with théas been adopted in the design of an EM follow-up pipeline
gamma-ray bursts GRB070201[84] and GRB051103 [85](such as ref[[89]) and follow-up observations (such as refs
have ruled out the possibility that their progenitors weire b [57,90[91]).
nary neutron stars (NS) sources in Andromeda galaxy (M31) A novel Bayesian approach to identifying the GW host
and M81, respectively. galaxy, incorporating astrophysical information has bgen

One can consider the question, then, of how the detecposed in ref.[[92]. A merit of this approach is that both the
tion eficiency of an EM counterpart might be improved by rank and the posterior probability of a galaxy hosting the
conducting wide-field EM follow-ups that make use of pre- GW source are estimated with the help of GW-EM relation
existing galaxy catalogs. This issue has been investigated models. Using a simulated population of CBCs the authors
ref. [86]; by taking into account the GW measurement er-found that (i) about 8%, 4%, and 3% of injections had 50%,
ror in both distance and sky location they estimated that arB0%, and 99% respectively of the probability to be included
average of~ 500 galaxies are located in a typical GW sky in the top 10 ranked galaxies in the GWGC, and (ii) the first
location error box for NS-NS mergers with Advanced LIGO ranked galaxy had a 50% probability of being the true GW
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host galaxy in about 4% of injections. These results are domthe GW source, such as that between distance and inclination
inated by the GWGC distance cut of 100 Mpc, compared withangle [94].

the expected reach 8200 Mpc for Advanced LIGO and Ad- More generally, joint GW-EM observations should allow
vanced Virgo at design sensitivity. The method could easilyfor petter characterization of the signal progenitor, and a
be extended and applied to deeper galaxy catalogs, howeveficher interpretation of the results of GW searchesfering,

A comprehensive, complete all sky catalogadif objects  for example, greater insight at the population level in®ri
(galaxies, stellar sources and so on) may not be essential fqationship between the GW source, its EM counterpart(s) and
a single GW-EM joint observation, since the GW sky map their progenitor environment. An excellent example of such
will only cover a small fraction of the whole sky. A “galaxy an approach is the relationship between CBCs and sGRBs
survey on the fly” approach has been proposed to reduce thgyat we have discussed in detail in this paper, but as the-dete
required éort and thus enhance the immediate availability tion era unfolds no doubt other similar examples will emerge
of useful catalogs [93]; in this approach a rapid galaxy sur-The insights derived from these joint analyses may improve
vey using 1-2 m class telescopes céitiently catalog those  our understanding of the evolutionary processes that led to
galaxies covered by one GW detection volume within a shorthe GW event, and thus perhaps provide better prior infor-
period of time. This rapidly compiled galaxy catalog could mation about the likely sites (e.g. in terms of host galaxy
then very quickly be provided to other telescopes, to aid fur morphology, colour, metallicity etc) of future events. Mer
ther electromagnetic follow-up observations of e.g. kilon over, as our understanding of these deep, underlying astro-
vae, as well as other sources. physical relationships improves, new data analysis method

Whatever detailed strategies are employed in the future, itwill be built to explore them—combining not just GW and
is clear that to identify the common GW and EM source oneEM observations but also data from neutrino and cosmic-ray
needs multi-wavelength observations capable of rapidty an telescopes [62.95].
efficiently targeting multiple objects. A community of ‘multi- Underpinning this joint approach at all stages is the fun-

messenger’ astronomers—including the LIGO and Virgo col- 44 mental assumption that these multi-messenger phenomena
laborations and a significant and growing number of tele-5| emanate from the same object, and obey physical refation
Scopes across the world—is now being assembled for exactlghipS that share some common parameters. Bayesian infer-
this purpose]. ence then provides a natural framework in which to incor-
porate multi-messenger astrophysical information and opt
5.4 Beyond detection mally estimate those parameters. The method introduced in

. . . . refs. explores some specific examples of this frame-
The promise of multi-messenger astronomy—and in particu- [92(96] exp P b

. . . work in action; these include reducing the area of sky over
lar of joint GW and EM observations of CBCs and their EM : . g y
. T . which astronomical telescopes must search for an EM coun-
counterparts—Ilies not just in enhancing the prospectsder d . . . L
. L : T fterpart, improving the inference on the inclination andgla o
tecting these events but also in improving the estimation o

their parameters, and ultimately their use as astrophlyesich NS-NS bmary -and estlmatl.ng the Iumlnosn-y of a SGRB. .
cosmological probes. What specific astrophysical questions will be tackled via a

Consider again, for example, the case of a CBC event. ifnulti-messenger approach in the future? We end by briefly

the absence of any spin, the inspiral phase of a CBC in a;:onsidering one such example that is anticipated for the ad-
circular orbit has a gravitational waveform that depends Onvanced detector era.

the following nine parameters: four intrinsic parameters— It was recognised nearly thirty years ago by Schufz [97]
the two masses and two intrinsic constants of integrationthat CBCs have the potential to be precise luminosity destan
which define the phase evolution of the waveform:; five extrin-indicators via measurement of the time-evolution of their a

sic parameters—luminosity distance, sky location, irelin  Plitude, frequency and frequency derivative during th@ins
tion angle (the angle between the orbital angular momentuni@l and merger phase. This has given rise to the idea of so-
and the line of sight) and GW polarization. All nine parame- called gravitational-wavstandard sirensby analogy with

ters govern the amplitude of the signal that each GW detectothe standard candlesf EM astronomy—although the CBCs
should ‘see’. So we see immediately that the identification o do not require any assumption to be made about their intrin-
a unique EM counterpart will begin to reduce the dimension-sic ‘luminosity’ (which essentially depends on the masdes o
a||ty and Comp|exity of this parameter space, prov|d|ngmg the binary StarS) as this can be inferred direCtly from the ob
constraints on the sky location and the luminosity distanceserved data at the same time as the luminosity distance. In
(e.g. via a measured redshift for the host galaxy—althoughnore recent years there has, therefore, been much interest i
deriving a luminosity distance directly from this will berme  the potential use of standard sirens as cosmological probes
plicated by the fiects of galaxy peculiar velocities). Knowl- Vvia calibration of the luminosity distance redshift reeti

edge of the luminosity distance from an EM counterpart will  The expected reach of advanced detectors will be too shal-
also help to break parameter degneracies that may exist fdow to permit exploration of dark energy models and the ac-

5) https{/gw-astronomy.orfviki/viewauthLV _EM/
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celerated expansion of the Universe—although such models In a similar manner, various authofs [107,1108] have pro-
could certainly be investigated by third generation detexct posed that the identification of the host galaxy—and thus the
such as the Einstein Telescopel[98, 99] or spaceborne migdetermination of its redshift—may be carried statistically,
sions such as eLISA[100-102]. However, a realistic tar-using prior information about the spatial distribution bét
get for the upcoming global network of advanced detectorsgalaxies in the sky localisation error box provided by the GW
is measurement of the Hubble constadg, using standard data alone. Using this formalism del Pozzo [109] suggests
sirens. Recently Nissanke et dl. [103] have investigated th that the Hubble constant could be determined to a few per-
efficacy of such a measurement, and conclude that a prezent from observations of about 50 sirens with the advanced
cision of about 1% orHy is possible from observations of detector network.
about 30 NS-NS mergers within a few hundred Mpc—using A third, highly promising, possibility for constraining se
the anticipated future global intereferometer network tha  mological models using GW observations alone has been pro-
cludes KAGRA and LIGO India. Such a precise value would posed by Messenger & Redd [110], exploiting thkeet of
certainly be competitive with the EM results expected on atidal deformations on NS-NS binary systems during the in-
similar timescale from e.g. the James Webb Space Telespiral that provide additional contributions to the phase-e
scope [[104], and in any case would be an extremely usefulution of their gravitational waveforms. Recently their-ap
adjoint to a purely EM determination ¢fo using the tradi-  proach has been studied further, and is predicted to be capa-
tional cosmic distance ladder since it would be subject to able of determining redshifts to a precision of 10%—-20% for
completely diferent set of systematic uncertainties. GW sources in the local Universe observed with the Einstein
A standard siren measurementtd§ will present a ma-  Telescope[111]. The potential of this approach for detefmi
jor multi-messenger challenge for several reasons. fitstl  ing cosmological parameters with Einstein Telescope ebser
estimate the Hubble constant of course requires comparisowvations has been further explored in réf. [112].
of distance with redshift, and the latter will not generddly While these various methods suggests the intriguing possi-
measurable from GW data alone (but see also below for disbility, therefore, of measuringlo—and indeed other cosmo-
cussion of some interesting alternative approaches).ebhde logical parameters—without usirany EM observations di-
the luminosity distance estimates for the sirens will in anyrectly, the generally lower precision of these estimatessgdo
case be degenerate with redshift because of the massftedshinonetheless, underline that a multi-messenger approdch wi
degeneracy in post-Newtonian CBC waveforms. By mea-usually be morefective than a GW-only analysis.
suring the redshift of the siren’s host galaxy the degernerac
can immediately be broken. However, this measurement og 5 Summar
course first requires the prompt observation of an EM coun-— y
terpartand the unique identification of the host galaxy-pste In this paper we have discussed some of the advantages—
which will be subject to all of the multi-messengerissues di - both for the detection of GW sources and also for the estima-
cussed in the previous section. tion of their parameters and their astrophysical explioitat
Notwithstanding these potentialfficulties, and their re- of a multi-messenger approach that seeks to combine opti-
sulting impact on the final error budget féty (for which mally GW and EM observations. Focussing mainly on the
the the estimate of 1% in ref[[[I03] may therefore be inspiral and merger of NS-NS and NS-BH binaries, which
somewhat too optimistic), the prospect of a gravitatiorall are believed to be the progenitors of short duration GRBs,
calibrated value of the Hubble constant is nevertheless exwe have also highlighted some of the important observationa
tremely exciting—and is likely to be one of the main targets challenges that need to be overcome in order that a multi-
for gravitational-wave astronomy over the next decade. messenger approach may be fully exploited. These chal-
It is interesting to note that some other approaches tdenges present significant logistical and computational co
breaking the mass-redshift degeneracy,/andetermining  straints for the analysis of data from the ground-based net-
redshifts (and hence cosmological parameters) from GW dataork of advanced GW interferometers. This is because of the
alone, have been proposed. For example Taylor et all [105}ery short timescale (from seconds to hours to days at most)
assume that there exists a universal (rest frame) mass distrassociated with the EM counterparts of these events and the
bution for NSs at dferent redshifts and by comparing the relatively poor sky localisation provided by the GW data
measured (redshifted) mass distribution of NSs with thalloc alone—which will significantly complicate the search for a
mass distribution show that one could infer statisticallg t unique EM counterpart. Nevertheless substantial progress
redshifts of the sources and hence derive indirectly theeval has already been made towards establishing a community of
of Ho. Their results show that, in this way, second generation'multi-messenger’ astronomers, working closely togetber
interferometers should be able to infer the Hubble constantvards the goal of making joint GW-EM observations, and
with ~ 10% accuracy from about 100 events. Their analysisthere are excellent prospects for this emerging new field ove
is extended in ref[J106] to consider the cosmological poten the next decade.
tial of GW-only observations with third generation ground-  Looking further ahead, the potential of multi-messenger
based detectors. astronomy would appear to grow even stronger with the pos-
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sible advent of third generation ground-based interfetense 12
such as the Einstein Telescope and the possible launch of a
spaceborne GW detector such as eLISA. Although we did not 13
discuss these future missions and projects in this papsy, th
should dfer exciting science possibilities such as probing the
equation of state and internal structure of neutron stars; ¢
straining models of core-collapse supernovae and mapping 15
the detailed structure of spacetime around black holes. As
general relativity enters its second century, the prospect
testing Einstein’s theory under extreme cosmic conditigsis 16
ing multi-messenger data look very bright.
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