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ABSTRACT

One of the possible origins of short gamma-ray bursts (SGRBserging of compact binaries, and the effect
of large kick velocity is a signature that can be used as asrghonal test for this hypothesis. Intracluster
SGRBs that escaped from a host galaxy in a galaxy clustemggeesting in this context, since they would
escape more easily by cluster tidal force, and would haghbet afterglow luminosity by dense intracluster
gas, than those in general field galaxies. Here we calcuiategcape fraction of compact binaries from their
host galaxies in a galaxy cluster, and discuss some obaerabimplications. We found that the escape fraction
strongly depends on the nature of dark matter subhalosiagsdevith member galaxies. If the amount of dark
matter around member galaxies is not large and the gravitdtpotential for an escaping binary is determined
mostly by stellar mass, most of SGRBs should escape and leevelolsas hostless, which is a much higher
fraction than those in the field. Hence, statistics of iftrsier SGRBs could give important information about
the dark matter distribution in galaxy clusters, as well ias¢sfor the origin of SGRBs.

Subject headings: binaries: general — gamma rays: bursts — galaxies: clugjerseral

1. INTRODUCTION

Short gamma-ray bursts (SGRBs) occur not only in star

forming galaxies but also in early type galaxies, indicat-
ing a longer time scale of the delay from star formation
to the SGRB events _(Gehrels etlal. 2005; Villasenor et al.

2005;| Berger et all _2005) than that of the long gamma-ray

bursts (LGRBSs) that are associated with massive star cakap
[seelPiran [(2004); Nakar (2007) and Lee & Ramirez-Ruiz
(2007) for reviews]. A strong candidate for the origin of

SGRBs satisfying this nature is merging of compact object

binaries (e.g., double neutron star binaries or neutran-sta
black hole binaries).

Compact binaries are expected to have large systemic ve

locities by the kick given at the time of compact object forma
tion, as inferred from the large proper motion of pulsars: Be

cause of the long time scale and the large velocity, SGRBs are

expected to occur with a large offset from the centers ofigala

2003; Gerhard et al._2007). We expect that such intraclus-

ter SGRBs could have brighter afterglows because of the
denser environment of the intracluster gas than that inrthe i

tergalactic field, which would help the accurate determina-
tion of SGRB locations. A few SGRBs have already been

observed in galaxy clusters, though the sample is still kmal
(Berger et alll 2007; Shin & Berger 2007). The statistics of
such intracluster SGRBs in the future data would then give us
some information about the origin of SGRBs, and the gravi-

tational potential of galaxies in a cluster.

Here we calculate the expected event rate of such intraclus-
ter SGRBs, assuming that SGRBs are indeed the products of

compact binary mergers. We also discuss possible implica-

tions for future observations. We assur€DM cosmology
with Q, =0.7, Qv = 0.3, andHy = 70 km s* Mpc™.

2. FORMULATIONS

ies compared with stellar distribution. There are some hode 2.1. Models of a Galaxy Cluster and Its Member Galaxies at

calculations of this effect (Bulik, Belchgki, & Zbijewski
1999; Bloom, Sigurdsson, & Pols 1999; Fryer, Woosley,&

z=0
First we construct a model of a galaxy clusterzat 0O,

Hartmann 1999) and such an expectation is indeed consisand will consider its evolution in the next subsection. As a

tent with observations, though the statistics is still texi
(Lee et alil 2005; Fox et al. 2005; Bloom etlal. 2007). How-
ever, truly intergalactic SGRBs that are ejected from thest
galaxies would be difficult to identify, because of the diffiy
to identify their host galaxies. Furthermore, we do not expe
a strong afterglow emission in low density environment i th
intergalactic field, making the identification even mordidif
cult [see also Bloom et al. (2006); Nakar (2007)].

SGRBs in galaxy clusters are particularly interesting ia th

context, since compact binaries would be more efficiently

typical galaxy cluster, we consider a spherically symrmetri
cluster with a total cluster mass of M., a virial radius of

Riir =1 Mpc, and the Navarro-Frenk-White (NFW, Navarro,
Frenk, & White 1995) density profile for dark matter (DM)
with a concentration parameter ofyo = 5. All these pa-
rameters are typical for a rich cluster [elg., Schmidt & Alle
(2006)]. We assume the Schechter function for the lumigosit
function of member galaxies, with the shape parameters (i.e
L. anda) independent of radius from the cluster ceneiyWe

use the estimate of the Schechter parameters by the Sloan Dig

stripped away from their host galaxies and become intraclus ji5 Sky Survey data for galaxy clustefs (Hansen i al. 2005,

ter SGRBs, because of the strong tidal force in the cluster

gravity field. The idea of tidal stripping is consistent with-
servations of intracluster stans (Vilchez-Gomez et al. 4199
Okamura et al. | 2002; Durrell et all 2002; Gal-Yam et al.
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Table 2). TheR-dependence of the normalization of the lu-
minosity functiong., is assumed to be the NFW profile, but
with the concentration paramet®g i, = 1.2 that is different
from that for the dark matter (Hansen etial. 2005).

We then determine the stellar mass and density profile
within a member galaxy as follows. It is well known that
early-type galaxies are the dominant population in riclaggl
clusters [(Oemler _1974; Thomas & Katgerd 2006), and we
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assume all cluster galaxies to be elliptical galaxies feisim- 1993). It predicts that about half of mass of &%\, clus-
plicity. The observed luminosity functionisintinéband,and ter atz= 0 is already included in the largest progenitor at
we translate it into th® band by a typical color of elliptical z ~ 0.45. Therefore we assume that the tidal force by the
galaxiesB-r’' =-1.4. We assume the ratio of the stellar mass cluster potential starts to affect member galaxies at #is r
to light to be 98M, /L in the B band. These quantities are shift. We do not take into account the evolution of the clus-
from the model used by Totani & Yoshil (2000), which can ter potential at < zg, and this is a reasonable approximation
reproduce the observed galaxy properties well. Stellasithien  because the time scale of cluster potential evolution ishmuc
profile within member galaxies is assumed to be the Hern-larger than the orbital period of compact binaries in member
quist profile (Hernquist _1990), with the characteristicivdd  galaxies. The evolution of DM subhalos is difficult to predic
parameter chosen so that a half of the total mass is includedvithout detailed numerical simulations, and we simply ap-
within the observed half-light radiug,g, which is calculated  ply the above two extreme models with no evolution, which
by the power-law relation t® luminosity fitted to observa-  would cover the realistic evolution.
tions (Totani & Yoshill 2000).
On the other hand, the density profile of dark matter as- . P
sociated with the cluster member galaxies as substruature i 2:3. E_szcape _Of Compgct iject Binaries
the whole cluster is uncertain and poorly known. Espegially In agalaxy with a given luminosity, we can calculate the or-
the dark matter subhalos extending to the outer region ofbit of compact object binaries in the gravitational potaiis
member galaxies are expected to be vulnerable to the tidamodeled in E2I1, if the initial location and velocity are gjiv
forces by galaxy interactions and/or the overall clustewgr ~ We calculate the initial velocity by the sum of the original
tational potential. Here we consider the two extreme cgdes:  Stellar velocityverg at the location and the kick velocityicx
there is no significant DM substructure or subhalos assatiat  given when the compact objects are formed. The Maxwell
with member galaxies, and the gravitational potential wéll ~ distribution having the 1-dimensional velocity dispersig,
galaxies is determined simply by the stellar mass profile (th defined in the previous section is assumedvigg. The di-
no subhalo case), and (i) the DM subhalos are associatad wit rection of bothveg andviick are assumed to be isotropic and
member galaxies with a similar amount to the field galaxies random. o )
(the preserved subhalo case). The amount and nature of sub- Although the velocity distribution of observed single pul-
halos depend on the cluster forming processes, and probablgars is well fitted by a Gaussian (Hobbs etial. 2005), that for
the reality is between these two extreme cases. compact object binaries is not well known. A few observed
For the preserved subhalo case, we calculate the virial mas®inary pulsars have bulk motion velocities &f 100-200
(Myir) of the subhalos from the stellar mass of a galaxy and Km/s (Wex, Kalogera, & Kramer_2000; Ransom et al. 2004;
the universal ratio of the dark-to-baryonic matfey /Q, =  Willems, Kalogera, & Henninger 2004). Bulik et/al. (1999),
5.9 (Spergeletal.[ 2003). The virial radius,() of the  Bloometal.(1999)and Fryer et al. (1999) theoretically-est
subhalo is calculated frorl,; and the 1-dimensional cen- Mated the velocities of compact binaries that remain gravit
tral velocity dispersiond,) of the galaxy, aGMy /2ryi = tionally bound after supernova explosions, to be severat hu
302. Here, the velocity dispersion is that for stars calculated dreds km/s. We assume the distributionvggy to be a sin-
from the galaxy luminosity using the Faber-Jackson refatio 9!€ isotropic Gaussian, i.e., each 1-dimensional compmfen
(de Vaucouleurs & Olson_1982). An almost similar velocity Viick IS @ Gaussian with the standard deviatign We cal-
dispersion is obtained also from the stellar massraggdcal- culate the cases of two different valuesogf= 100 and 300
culated above and assuming the virial relation, giving & con KM/s. The mean (the standard deviation) of the correspgndin
sistency check for our treatment. We assume the NFW profile|Vkick| distribution then becomes 160 (66) and 480 (200) km/s
for the DM subhalos, and the concentration parameter is cal-for ok = 100 and 300 kiys, respectively. .
culated by the formula given by Bullock et Al (2001) for sub- e solve the motion of binaries until their merger time (the
halos included in larger virialized halos, which are based o ﬂ;ntﬁ)Lrglmvvgvceo?;?j?;[tiobr:?atlyhf&:r;ﬁttﬁen :r?e;:;g:?irr%:rgbgngrrg\l/l_
X . Ny ' T _ i
\(,:V%Serpeoclog“;alpl\l:ti%dg 2?dﬂatlgnlss_xcié%ﬁ[{m -) atz=0 ranges more than three orders of magnitudé;®2gr (e.g.,
o - T © Tutukov & Yungelson 1994; Bulik et al. 1999), we are inter-
, ested in SGRBs in galaxy clusters. Most of galaxies in clus-
2.2. Cluster and Galaxy Evolution ters have formed their stars at high redshifi(2), and ob-
It is well known that most stars in elliptical galaxies forthe ~ served SGRBs are typically at- 0.2. Therefore, the time be-
at high redshift £ > 1) and they evolved passively to the tween these epochs, i.e.,10% is appropriate for the merger
present time (e.g., Yamada et al. 2005). Major mergers couldtime in this work.
change drastically the stellar mass distribution and tgavi We consider that a binary has escaped from its host galaxy
tional potential of member galaxies, but a recent numerical once its distance from the host galaxy center becomes larger
simulations by Murante et al.. (2007) indicates that the ma- than the tidal radius;qe Of the host galaxy after the forma-
jority of member galaxies in a cluster do not undergo ma- tion of the galaxy cluster, i.ez < z-. Here, the tidal radius
jor mergers, except for the brightest central galaxy which i is defined as the radius where the tidal force by the overall
formed in the collision of many galaxies. Therefore we make cluster potential is the same as the binding force in the host
areasonable assumption that the stellar mass distribddiess  galaxy. The tidal radius is numerically calculated for aegiv
not evolve in cluster member galaxies. set of galaxy luminosity and location in the cluster. We then
Though galaxies form at the early epocleof 1, the estab-  calculate the mean escape fraction as a functioR, aéking
lishment of the overall cluster potential should be sigatifitty a weighted average over the host galaxy luminosity, inlitial
later according to the standard picture of hierarchicalkstre cation in the host, and kick velocity.
formation. We estimate the epoch of cluster formation using It should be noted that some fraction of stars are distribute
the extended Press-Schechter approximation (Lacey & Coleatr > rijge With the assumed stellar mass profile in host galax-
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ies. Such stars would be stripped from host galaxies and befrequency ofv asF, ~ 1.5 Eg(/,s nféz VIS/ 3(t /103 syt udy,
come intracluster stars. Compact object binaries in suh st \whereEgy = E, /(10°° erg),n_3 = n/(1073 cm®) anduvs =
lar populations would all contribute to the intracluste gz, v/(10' Hz). In the X-ray band (1 keV), the typical flux is
We find that this fraction is about 2 % in the preserved sub- 0 F 93, 10714 erg cmi?s? att = 10 s, which can
halo case and 10 % in the no subhalo case. It seems that thg, deté/cted .by existing X-ray satellites (e g, Gehreld et a
no subhalo case is preferred (€€ 4.2), from a comparison 0bgg5y quift XRT can locate afterglows with an accuracy of
these values with the various observational estimateseof th 5 o\ ‘arcsec, and this is reasonably accurate to discuss the
abundance of intracluster stars in galaxy clusters. association o,f an afterglow with a galaxyzt 0.2. In the

3. RESULTS optical (R) band, this flux corresponds ta26 mag (AB) at =
10* s. Most afterglows with this level of brightness have been
missed in the past and current GRB follow up observations.
' However, afterglows of brightest SGRBEg, ~ 10°') may
pe detectable.

The results are shown in Figuté 1, where the mean es-
cape fraction within a given radius from the cluster center
fesd < R), is plotted. We find that the escape fraction largely

depends on the existence of the DM substructure; the escap . :
fraction is modest withfesc~ 0.2 in the preserved subhalo . On the other hand, SGRBs ejected far from their host galax-
ies in the normal field would occur in much lower-density

case, while most binaries will be ejected in the no subhalo™>> | ; oo ; )
case. The dependence on the radius from the cluster centéfnvironment. The typical density in general intergalactic

{ hce dius. i i 7 o3

or on the kick velocity is not as significant as the effect of Medium would be estimated @s~ pc§2p/mp ~ 107" cmi™,

subhalos within the parameter ranges investigated. wherep andm, are the critical density of the universe and
For comparison, we calculate the case of field galaxies notth€ proton mass, respectively. The expected afterglow flux o

in clusters. Again, we only consider elliptical galaxiesda  an intergalactic SGRB is then more than one order of magni-
their properties are calculated in the same way for a giventUde fainter than those of the faintest SGRB afterglows ever

luminosity. [Bullock et all [(2001) found that isolated halos ©bserved, such as GRB 0505098 (Gehrels et al. 12005) and
have a different relation between the virial mass and the con GRB 050911/(Page etal. 2006, upper limit only). Therefore
centration parameter from that for subhalos, and we adoptt Seems difficult to detect an afterglow of such an event.

¢, =9 andl’ = -0.13 here based on their results. The escape . . .
fraction averaged over galaxy luminosity is simply caltedh 4.2. Comparison with Observations

without taking into account the tidal force by external dgrav Berger et al. [(2007) examined all 16 SGRBs that were fol-
field. Here we use the luminosity function shape parameterslowed up by X-ray observations with XRT &wift or Chan-

of Blanton et all [(2001) for field galaxies; though these are dra, and found that three SGRBs are likely to be associated
derived for all types of field galaxies, the luminosity funat with galaxy clusters, suggesting that the fraction of SGRBs
for each galaxy type is rather uncertain. The results aresho  in galaxy clusters is about 20 %. Considering the statistica
in Table 1, and we found that the escape fraction in the field uncertainty, it is consistent with the fraction of all stelmass

is not much different from that in galaxy clusters in the pre- in the universe bound in galaxy clusters {0 %, Fukugita,
served subhalo case, while a large enhancement of therclusteHogen, & Peebles 1998).

fescis predicted in the case of no subhalos. Among the three SGRBs in galaxy clusters discussed in
Berger et al. [(2007), GRB 050509B is apparently associ-

4. DISCUSSION ated with the likely host galaxy at the cluster redshift of

4.1. Detectability of SGRB Afterglowsin Clusters z=0.226. The offset of GRB 050509B from its host is 21—

56 kpc, corresponding to 6—8;. The galaxy cluster that

Detection of afterglows is necessary to locate a GRB ac- . .
curately enough with respect to a host galaxy. We discusscontains the host is composed of two subclusters, and the hos

here the detectability of a typical SGRB afterglow in the in- 312X is located at the center of the minor subcluster that
tracluster medium following the standard afterglow model o is about 270 kpc away from the center of the major subclus-

5 . i - ter (Gehrels et all 2005; Bloom et al. 2006). The location of
Sari, Piran, & Narayan| (1998). We simply use this isotropic . < ; ;
model without jet structure by using the isotropic equinale  CRB 950911 isin a cluster af=0.165, but its afterglow was

; foo faint to associate it with any particular galaxy (Pagal et
total energy. The jet break may reduce the expected flux at & - : O .
later time compared with the calculation here, but this erud 2006). GRB 050813 has three candidate host galaxies near its

estimate is sufficient here for our purpose. Swift XRT location, and the galaxies belong to two different

The isotropic-equivalent total energy in gamma-rays of galaxy clusters at=0.72 andz = 1.8 (Berger| 2005, 2006).

Nt . ; Clearly, the current sample is too small to derive any inglic
L 10M9— , ' > .
SGRBs is distributed in a wide range &, ~ 10° tions from a comparison with our results. Future satelfites

10°* erg, and the total initial kinetic energy of the exter- GRB study might detect SGRBs more efficiently leading to a
nal shock Eiso) is expected to be similar (Foxetal. 2005; much larger sample of SGRBs.

Soderberg et all_2006). Accordinglto Panaitescu & KUmar  opservations of intracluster diffuse light, stars, type la
(2001), we adopt the following parameters: the fraction of gynermovae, and planetary nebulae indicate that some stars
energy density in magnetic fielg = 10> and that in non-  in a galaxy cluster are in intracluster medium, perhaps re-
thermal electrons, = 10°*2; although these are for LGRBsS, moved from member galaxies (Vilchez-Gémez et/al. _1994;
the values inferred for available SGRBs are not much differ-[Okamura et al. [ 2002; Durrell et &l 2002: Gal-Yam et al.
ent. We also assume the power index of the luminosity decay2003; Gerhard et al._2007). The fraction of intraclusterssta
o =-1 whereF, «x t*. The typical particle density of intra-  in all stars in a cluster is uncertain, but observationafrestes
cluster medium is1 ~ 1072 cm™3 within a few hundreds kpc  are typically~ 5-20 %. These fractions are consistent with
from the cluster center (e.g., Lewis, Buote, & Stocke 2003). our estimate of stars outside the tidal radius (§e€ §2.3}h&n
We assume a typical distance for SGRBs,0.2. other hand fesc of SGRBs could be much higher than these,
Then the model predicts the expected flux at the observedup to~ 80 % depending on the model parameters. If such a
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higher fraction of intracluster SGRBs than that of intratdu intracluster SGRBs. On the other hand, if the DM subha-

stars is observed in the future, it would indicate the eftdct los are associated to member galaxies with a similar amount
kick velocities on compact binaries, giving a further suppo to field galaxies, the enhancement of escape fraction is only
for the compact binary hypothesis of SGRBs. Note that this modest compared with field galaxies: about 20 % for clusters
test is difficult in the intergalactic field, since we do nobkn ~ while ~ 10 % for field galaxies.

the fraction of intergalactic stars and afterglows of igtdac- Though the current observed data set is not sufficient to be
tic SGRBs are difficult to detect. compared quantitatively with our results, statistics ofREBG
association with cluster galaxies in the future data willegi
5. CONCLUSIONS us important information for the dark matter distribution i

We investigated the escape of compact binaries from theirclusters, intracluster stars in clusters, as well as thgiroaf
host galaxies in galaxy clusters, which is enhanced by theSGRBs.
tidal force of the cluster gravity compared with generabféel
We found that the escape probability heavily depends on the
uncertain distribution of subhalos associated with member We would like to thank an anonymous referee for useful
galaxies. If the DM substructure has been destroyed by in-comments. This work was supported by the Grant-in-Aid for
teractions in a galaxy cluster and the escape of a binaryis dethe 21st Century COE "Center for Diversity and Universality
termined mainly by gravity of stellar mass, most of compact in Physics" from the Ministry of Education, Culture, Sports
binaries in galaxy clusters should escape and become s®stle Science and Technology (MEXT) of Japan.
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TABLE 1
ESCAPE FRACTIONS IN GALAXY CLUSTERfesd < Ryir) AND IN FIELD

ok (km/s) Cluster (1) Cluster (1) Field
300 0.79 020 0.10
100 0.69 0.16 0.09

NoOTE. — The columns labeled as Cluster (i) and (ii) give the esdegmtions corresponding to (i) the no DM subhalo case andh@ preserved DM subhalo
case discussed il §2.1.
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—— presumed DM subhalo, 0,=300 km/s
— - presumed DM subhalo, o,=100 km/s
1 —— o DM subhalo, 01=300 km/s
— - no DM subhalo, oy=100 km/s

-
-~ —— o

0 560 1000
R [kpc]

FIG. 1.— The escape fraction of compact binaries from host geddr a galaxy cluster averaged wittthwhereRis the distance from the center of the galaxy
cluster. (The virial radius of the cluster is 1 Mpc.) The misdeith no dark matter subhalos is shown by thin lines, whike mnodels with preserved subhalos

are shown by thick lines. The solid and dashed lines are ffardnt values of the standard deviation of the kick velpodiistribution, ox = 300 and 100 km/s,
respectively.



