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Correlation between gamma-ray bursts and gravitational waves
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The cosmological origin ofy-ray bursts(GRB’s) is now commonly accepted and, according to several
models for the central engine, GRB sources should also emit at the same time gravitational wave bursts
(GWB's). We have performed two correlation searches between the data of the resonant gravitational wave
detector AURIGA and GRB arrival times collected in the BATSE 4B catalogue. No correlation was found and
an upper limithgys=<1.5X 10718 on the averaged amplitude of gravitational waves associated ity
bursts has been set for the first time.
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l. INTRODUCTION release an energy of 19-10P* erg. On the other hand, this
implies that the GRB’s are rare events in a galaxy: in fact, as
Thirty years after their discovery, gamma-ray burststhe rate of GRB events is of the order 1/day, their rate
(GRB's) are still the most mysterious objects in the Uni- amounts to 1 event/£0/ears per galaxy7].
verse, as their properties have not yet been associated with The theoretical framework which gives a coherent expla-
any well-known object, while, for instance, pulsars havenation of the experimental data set of GRB's is the so-called
been almost immediately identified as final objects of the fireball” model: an “inner engine” produces a flux of rela-
evolution of stars, and quasars have been well framed amongyistic energy of the order P8 erg and it is extremely com-
galaxy nuclei in particular in the Seyfert class. Unfortunatelypact and clearly not visible; this relativistic flux of particles
“standard” astrophysical objects do not exist for GRB’s. is a kind of “fireball” able to produce electromagnetic ra-
The “nonstandard” compact astrophysical objects whichdiation in a optically thin shell of matter. The inner engine
might reproduce the experimental characteristics of GRB’svorks for 1-3 days, producing the afterglow, but the bulk of
involve black holesBH), neutron star§NS), and massive the explosion lasts typically 10(svith peaks around 0.5 and
stars. 30 s and a variation of six orders of magnitude; 3010 s)
The wide range of characteristics prevents the systematiwhen the major part of the energy is emitted.
classification of GRB'’s. Their energy spectrum is continuous The inner engine progenitors are likely to be coalescing
and nonthermal, and covers the range between 1 keV anddinary systems, such as NS-BH or NS-NS systems, or single
MeV; their emission lasts from 10 ms to*16. The burstand stars that collapse into BH in supernovalike eve(tit® so-
transient source experimefBATSE) has detected GRB’s called “collapsar’ models [8]). If this is the correct expla-
with an event rate of about one per day between the yeansation of the GRB'’s, then we would have compact astro-

1991 and 2000. physical systems for which gravity plays an important role,
One of the most important results of observations is thatind gravitational waves would be emittg@-11].
many GRB’s are at cosmological distanddg. This fact, This scenario has motivated us to investigate the behavior

recently confirmed also by the satellite BeppoSAZX], of the gravitational wave detector AURIGA during time
which has detected some optical counterpart with redshiftspans which include the arrival time of a GRB burst. The
close toz=1 [3-6], implies the emission of a huge amount AURIGA detector[12] is an Al5056 resonant bar of about
of electromagnetic radiation: in a few seconds the GRB'2.3 tons with a typical noise temperature of 7 mK and a
bandwidth of about 1 Hz. The detector is sensitive to gravi-
tational waves(g.w.) signals over 1-Hz bandwidth around
*Corresponding author. Email address: each one of its two resonant frequencies, i.e., 913 and 931
pasquale.tricarico@Inl.infn.it Hz. The sensitivity of a gravitational wave buf&WB) de-
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tector can be conveniently expressed by the quahtity,, A. Coincidence search

representing the minimum g.w. amplitude detectable at The coincidence method has been successfully applied to
signal-to-noise (SN) ratie 1, which for the AURIGA detec-  the search of coincident excitations of different g.w. detec-
tor is hpin~2-5x10"*°. The AURIGA sensitivity is tors[20,21; much work has been devoted to exploit its po-
enough to detect NS-NS, BH-NS, and BH-BH mergerstentialities and to develop robust estimates of the background
which take place within the Galaxy. of accidental, even in the presence of nonstationary event
Previous work on GRB-GWB association appeared in theates[17,21]. A g.w. candidate event is a local maximum of
literature, specifically about a single GRB trigdé3], and the filtered data corresponding to any excitation of the detec-
about a set of GRB triggefd4—-16,33; here we present an tor. From the AURIGA filtered output we extract a list of
experimental upper limit on such an association obtained¢andidate events setting an adaptive threshold in their signal-
with the AURIGA-BATSE data. to-noise ratio (SN ratie5). The event lists used in this
The plan of the paper is as follows: in Sec. Il we discussanalysis belong to periods of satisfactory performance of
the two methods, coincidence and statistical searches, whichURIGA as described in Ref22]. It is worth noticing that
we use for the association of the GRB’s in the BATSE catathe AURIGA event search checks each event against the ex-
log with GWB's. The results obtained with the two methodspected signal template by means of‘atest[23]. The event

are presented in Sec. lll. In Sec. IV we analyze our result§sts contain the information needed to describé&-lke sig-
and discuss the possibilities opened by our methods for fural, namely, its time of arrivalin Coordinated Universal
ture searches. Time (UTC) units], the amplitude of the Fourier transform,

and the detector noise level at that time. The BATSE data are
taken from the 4B catalog by Meegahal.,, available on the
Il. SEARCH METHODS Internet[24] and includes trigger timén UTC units, right
ascension and declination, error box, and other information
The aim of our analysis is the search of an associatiombout every GRB triggered.
between GRB and GWB arrival times within a time window  \we label with tﬂ) the estimate arrival time of thih

W. The analysis has been carried out by means of two difzangidate g.w. event detected by AURIGA and w@ﬂ the
ferent procedures which have been already discussed in ”ﬂﬁgger time of thekth GRB detected by BATSE. A coinci-

Iiteratu.re:'(i) the correlation meth'oﬁl7;| which is based ON  dence between thiéh AURIGA event and théth GRB trig-
the coincidence between the arrival time of candidate gravi- er time is observed ifﬁﬂ)—t(yk)lsw, whereW is the coin-

tational events selected over a given threshold and the GR dence window.

trigger and(ii) a statistic.allmetho.(ﬂ16] which reli_es on a The coincidences found have to be compared with the

hypothesis test on a s_tat|st|cal variable representmg the Me3cidental coincidence background due to chance. Two stan-

energy Of.the grawtaqonal detector at the GRB trigger. dard methods to evaluate the probability of accidentals have
The coincidence Wlndow plgys an important role in bo.thbeen applied to the pair BATSE-AURIGAI) performing

the anﬁlytsesh. Ilr:j f?ﬁt' tgel CO'%@'??SC? W|nt§10tw shou(l;leBe Widéhousands time-shifts of the arrival time of one detector with

enough 1o no € delay distribution between an espect to the other and looking for accidental coincidences

GWB. We notice that its “optimal” value depends on .the each shif{20]; (i) assuming independent Poisson distri-
astrophysical sources and on the g.w. detectqr properties. f iion of event times and using the mean measured rates to
we assume that the GRB'’s are generated by internal Shoc'ésstimate the accidental ratg

in the fireball, the delay between GRB and GWB is less than
1 sec[10] but there are still some uncertainties. Moreover, AT

the delay is widened by the cosmological redshift. To be as Na=NaN, =, 1)
much conservative as possible on the distribution of the de-

consistent with the requirements of the fitering procedure iereNa is the number of AURIGA events in the peridd
q gp N, the number of GRB events in the same period, Afd

of the AURIGA detector. In fact, the search for g.w. bursts _%,y, is the total amplitude of the coincidence windésee
requires a filtering of the data by a Wiener-Kolmogorov f"terAppendix A for a proof of this basic relationTo avoid the

matched tos-like signals[18] and its characteristic ime is  pjem of multiple coincidence within the same window we
the inverse of the detector bandwidth, i.€.1 s. This ime, ~ refer to estimate the background witit=1 s and to scale

as we s_haII see be_low, establishes the time scale of the noi i results with the help of Eq1) to W=5 s. The consis-
correlation of the filtered data. tency of the two estimates ensures that the arrival times of

In what follows, “d-like signal” means any g.w. signal o AURIGA-BATSE pair are distributed as Poisson random

which shows a nearly flat Fourier transform at the resonancsoints even if the AURIGA event rate has been found to be
frequencies of the detect¢®13 and 931 Hgover a~1-Hz not stationanyf17,21].

bandwidth. Therefore the metric perturbatiom@) sensed

by the AURIGA detector can be a large class of short signals
(of millisecond duratiohincluding the latest stable orbits of
inspiralling NS-NS or NS-BH, the subsequent merging and The method of the statistical search has been proposed for
the final ringdown[19] and the collapsar bursfd1] which  a pair of interferometric detectors by Finn and co-workers
could be expected signals associated with GRB’s. [16]; here we slightly modify their approach to the case of a

B. Statistical search
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single resonant detector. The data we use are the AURIGAver the source populatipis smaller than one, thep,, is
filtered data obtained by means of the Wiener filter matche@lso a normal distribution with mean
to a é-like signal, without setting any threshold on their am-
plitudes. If a signal enters the detector at titgeits output 1 (w 2
— dt|hf(t—t.,)]|
2WJ _w v
)E[hz] (W>ty,), (6)

. — +
can be written as Mon= Mottt E

y(t)=hf(t—to) + n(t), )
= Hofft

w
: . : 8W
where f(t—ty) is the normalized signal template of the
Wiener filter, h its amplitude[i.e., f(0)=1], t, its arrival  where E[-] is the average over the astrophysical source
time and#(t) is a stochastic process with zero mean andyopulation of GRB's.

correlation The basic idea behind the statistical approach is a hypoth-
, ) ) esis testing where the null hypothestg, to test is the
(n(0), n(t"))=opf(t—t"). (3 equivalence of theff-sourceand on-sourcedistributions:
Here oﬁ is the variance of the filter output in the absence of Ho:  Pofi(X)=pPon(X) (7)

any signal and (t) is a superposition of two exponentially o )
damped oscillating function25] which can be approxi- The rejection ofH, clearly supports a GWB-GRB associa-

mately expressed as tion. Sincep,,, andpy¢; are normal and could differ only in

their mean values, we can t€s} by the Student’s test[26].
f(t)~e "wcog wot)cog wgt) (woty>1),  (4) Thet statistic is defined frony,, and xo; by

wheret,, is the Wiener filter decaying time.e., the inverse B ;Lon_;Loff [ NonNot

of the detector bandwidihwq a center carrier frequency and t= S Non+ Nogs ®

wg IS an amplitude modulation frequency. Typical values for

the AURIGA detector ard,=1 s, wg=920 Hz, andwg N — 102 4 (Neee— 1) o2

~20 Hz. 22=( on ) on ( off ) off (9)

Let us define now the random variab¥e which repre- Non+ Nofr—2 ,

sents an averaged measure of the energy released by a g.w. -~ A "5 ~y

signal impinging on the detector at ting v\%e.re/,eon and uors (0gy and o) are the sample means
(variance$ of y,n and xof;, respectively.

The expected value afaveraged on the source population

w
X(tg) = %\/J Wdt|y(t—t0)|2, (5 and on the filtered output of the detector is

. ) ) L. tw E[hz] NonNoff
wheret, is the center of the time window. If an association m=Elt=|gw| —& NN (10
between GRB and gravitational waves exists, the filtered out- on® Toff
put of the gravitational waves detector, in periods just priofyhere o= E[3 ].
the GRB(" on-sourcé population) will differ (statistically Let us consider the upper limit oB[h?] in the assump-
from the output at other time off-source population). tion H, is true: in this case the most probable valud&ph?]

A statistically significant difference betweem- andoff- s zer0. From Eq(10) we get

source populations clearly supports a GWB-GRB associa-
tion. For each of th\,,, GRB trigger we comput&(t{9), t,, | E[h?] INgn+ Nois
k=1, ... Ny, which forms they,, set ofon-sourceevents, (WV) T$Mt,max W

and construct a complementary sgk; with N, off-source
events using windows before and after the trigger. The sets emaxV2IN,  (Non=Norr=N,)
Xon @nd x,¢ are samples drawn from the populations whose = ;
distributions we denote,,, and p . #max! N (Notr>Non)
The off-sourceevents are taken in periods not correlated (11
with the trigger time, at a distance in time greater thaf 10 ) o )
sec from GRB the trigger, both before and after it; thisWhere wmax is the upper limit. Assumingi{, true and
should be sufficient to have a fair sample of tiésource  Notr>Non, we have
events as any GRB-GWB association is reasonably ex-
cluded. 2 _(ﬂv) Pmax |
For windowsW greater than the Wiener filter characteris- max— | t N 7
tic time, the central limit theorem implies thpt;¢ is a nor-
mal distribution. the value ofu max Can be deduced by the selected confi-
Now suppose that the GWB's fall within the window  dence level. In this way we are able to set an upper limit on
opened around the GRB trigger time and that the SN ratio ofhe average amplitude of gravitational signals associated
the gravitational signal associated with the GR®eraged with GRB'’s:

E[h?]<h (12
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10%c TABLE I. Results of a Monte Carlo simulation of the statistical
b search. The columi®P(t) is the probability that the estimateds
due to chance.
103L SN ratio of the generated signals N, t P(t)
3 120 8.1 <10°°
- 2 120 34 410"
E 2 1 120 04 10t
2107 4
o 1 1000 3.6 10
10 - B. Statistical search
‘ We have first tested the method using a Monte Carlo
simulation by adding\,, signals at fixed SN ratio over a
Gaussian noise generated by means of a noise model with
1 0 ' ‘ ‘ n the same parameters of the AURIGA detector. The simulated

Numl1)er of aczc:identaFcoincidences > detector output is then fed to the same data filtering proce-
dures used for the AURIGA experimental data. We have
generated 12@-like signals with SN ratio 3, 2, and 1 and
., 1000 with SN ratio 1 storing their true arrival timgs The
h2, <[1.4X 10" 18]2ﬂ(t_w) signals have been superimposed to stationary Gaussian noise
RMS =L 5s|1s and we have then formed then and off populations and
calculated the value. The probabilityP(t) that thet value
Mt,max| Non e o 13 obtained is due to chance is reported in Table I. For signal
1.96 | 100 [5x10 12" (13 with SN ratio=3 and SN ratie=2 this probability is very
small and the value dfis statistically significant, showing a
GRB-GWB association. On the other hand, for signals with
. RESULTS SN ratio=1, we have to increase the number of GRB’s to

. . 1000 to get a statistical significance.
The AURIGA data used in the two analyses are relative to 1 Yors and xon Sets relative to the AURIGA-BATSE

the years 1997 and 1998, and the number of GRB’s which . . )
fall into the AURIGA data taking periods is 120. data between 1997 and 1998 are given in the histograms of

Figs. 2 and 3, where the non-Gaussian tails are due to the
nonstationarity of the AURIGA noise. The value of the Stu-
A. Coincidence search dent’st test obtained is=0.58 (see Table I, which corre-

Within the window of 5 sec we have found two events in SPONds to a probability of 0.28 that it is due to chance.
coincidence. This experimental result has to be compared As we conclude that there is no evidence of an association

FIG. 1. Poisson fit of the data obtained with the shifts method.

with the number of coincidences due to chance. of GRB-GWB, we can put a constraint on gravitational ra-
The shifts method consists of 4@me shifts of the coin-
cidence window; for each one we compute the number of 1401

coincidences; if the candidate GWB arrival times and the i
GRB triggers can both be modeled as Poisson random points 120
[27], the number of accidental coincidences is fitted to a
Poisson curve; from the fit we get the expected number of 100F
coincidences due to chance. The results are summarized in [
Fig. 1. From the fit we obtain a value of mean expected

[2]

accidental coincidences of,=2.57+0.04. E

Another approach to evaluate the number of accidental 8§ _ |
coincidences is given by Ed1), which holds in case of sor
Poisson random poin{®7]. The total number of AURIGA
events and GRB triggers are, respectivéiy=26816,N., 40
=120, assumingh T=2W=10 s andT=1.32< 10’ s we get r
n,=2.4+x0.2. The error om, can be easily estimated as- 201
suming the Poisson statistics for the fluctuations\ppand i
N,, i.e., VN4 and {N,, respectively. The two estimates of 0 : s 'I3

the accidental number of coincidences are in good agreement
and demonstrate that the two event rates are uncorrelated.
We conclude that the two coincidences found are due to FIG. 2. Gaussian fit of theoff-source set of the statistical
chance. search.

Square strain amplitude (h*x10%)
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vetoing procedure of data dominated by non-Gaussian noise
has been set by the AURIGA data analyg28] and the
resulting duty cycle is about 40% of the total operating time.
Care was also taken to cope with nonstationarities of the
AURIGA noise that give rise to the non-Gaussian tails in
Figs. 2 and 3 excluding such tails from the fits we used to
estimate the statistical variableHowever, it is important to
notice that even with the above limitations the analysis has
reached a level of sensitivity which is astrophysically of
some interest. In order to get better upper limits we have also
5r explored the possibility of using in our analysis the incoming
direction of GRB’s but we have found no significant im-
provementgsee Appendix B

To increase the confidence in our results we have applied

the nonparametric Mann-Whitnay test[29] to the sample

| ]—‘ sets of the statistical search, obtaining a second confirmation

10

Counts

% 1I ) 2, of the null hypothesis. Ranking the elements of the union set
Square strain amplitude (h°x10™) Xoft® Xon IN iNCreasing order, we get a statistical parameter

z=1.59, smaller than the critic value=1.95 imposed by the

fixed CL of 95%.

diation emitted from GRB’s averaged over the source popu- 1h€ Upper limit we have set can be improved in the future

lation, heys. The value ofu; nay can be found setting a simply by the ipcreasing of common data tgking periods of
confidence level CL and solving the equation AURIGA (N, increasesand the new experiment HETE-II

(High Energy Transient Exploref30]) which is going to
t,max substitute by now the wasted BATSE satellite in the GRB
f_w fq(t)dt=CL, (14 search. Another possibility to reach more astrophysically in-
teresting sensitivities is the upgrade of the AURIGA detector

where f4(t) is the distribution function for the studentts ~Which is now in progresg31]. The predicted sensitivity and

with d degrees of freedom. Notice that for high f4(t) bandwidth of the AURIGA detector equipped with the new

tends to a normal curve with zero mean and unitary variancé@ad out system would be, respectivefy,,~8x 10~*° and
If we choose Cl=95% and setd=N,,+Ny¢;—2, we get t@lm 10 Hz. This sensitivity, together with an enhancement
Ke.max=1.65. Using Eq.(13), we set the following upper of noise stationarity and duty cycle of the detector, would

limit on the averaged g.w. amplitude associated with GRB’scorrespond to the lowering of the upper linhikys of about
two orders of magnitude in one year of correlation analysis.

FIG. 3. Gaussian fit of then-source set of the statistical search.

hrus=<1.5x 1018 (15

IV. DISCUSSION APPENDIX A

The two search methods reported in this paper show no To derive Eq.(1) let us considen points random distrib-
evidence of a correlation betweenray bursts and gravita- Uted in a time intervall0,T]. The probabilityP ({k, ,ta}) that

tional waves. First, the two coincidences found with the co-lg‘?‘ ponjtls g?st !B tthe t[lrzng W'.?ﬁowagté.l. ttl 'S:%'Vf_lf] tt;]y tthe
incidence search have no statistical significance and can panomial distribution With probability p=1a at a
reconduced to chance. Next, the statistical method does n {ngle point lie int, . If n>1 andt,<T, using the Poisson
lead to a statistically significative value of the studerit’s eorem we get
However we were able to put an upper limit on gravitational
signals associated to the GRB’s averaged over the source B /T(nta/T)ka
population,hgys<1.5x 10" 8. P({ka,ta}) =€ "a SRR (A1)
The existence of burstlike excitatiofigsually referred as &
non-Gaussian noi$én the AURIGA data is well known, and
here we deal with this noise selecting the periods of timg=or m not overlapping windows, it can be demonstrated that
when the detector was operating in a satisfactory way. Thé the limit of n—oc, T—cc, andn/T constant, the probabil-
ity of {k, points int,}, ... {k,, points int,} is [27]
TABLE II. Results of the fits on the,¢; and x,, sets with a tap o thn P !
Gaussian distribution.

m ki
(nt, /T)"
N P - P({kasteh ki tmh) = [ e T
Off 2206  (0.97:0.02)x10 *¢  (0.37+0.02)x10 3¢ m
On 120 (0.990.06)x107%®  (0.33+0.06)x 10 36 =[] Pk .t} (A2)

=1
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showing that the even{k; points int;} and{k; points int;}
are independent for everyand j. Substitutingm=N,,, t;
=2W=AT, andn=N, we get
NAAT\ KNy 1
P({kl,AT}, . ,{kNy,AT}):eNYNAAT/T( A ) H k_
(A3)

We can now evaluate the probabiliB(k) to havek co-

PHYSICAL REVIEW D 63 082002

AURIGA antenna pattern, averaged on the unknown polar-
izations of the GWB, could increase the sensitivity of our
analysis.
The antenna pattern of a resonant bar detector is given by
F(0)=1—(k-2)2=sir’(0), (B1)

wherek andz are unitary vectors parallel to the GRB direc-
tion and the antenna bar axis afds the angle betweek

incidences, that can be obtained taking into account, at fixed,,q 2 Sources that fall outside the two cones, which are

k, all the possible sefk;]=1{ky, . .
I=lkizk, we get

Ky } with the constrain

P(k)={% P({ky, AT}, ... fky AT}

1

Sl

NAAT)"N_‘;

:eNyNAAT/T< NAAT)

=e (A4)

~N NAAT/T
T k!~

Rearranging the factors in EGA4) we get a Poisson distri-

bution as in Eq(1). The last equality can be easily demon- GRB: Non

strated using the multinomial expansion relatjG2]

3

k N X-ki
Xi) :klz H k_l
[ki] 1=1 Ki

(A5)

and substituting=1,i=1---N.

APPENDIX B

defined by the equatlok~z>cos@), have a figure pattern
F(6)=sir(¢) and therefore the average energy associated
with these g.w. sources is

15 dQ
B 12| P0G
3

sin( &)+ 15|r|(3§)+ S|n(5§) (B2)

5
“ 64

where the solid angl€), is defined byF(6)=F(£). More-
over, as GRB’s are isotropically distributed over the sky, the
cutoff on the figure pattern decreases the number of available
Ny Sin(é). Therefore the net effect of this cutoff
on the expected value ofin Eq. (10) is

sm(5§)}sm(§)1’2
(B3)

75 1
me =Higg sin(§) + = Sln(3§)

The function,ut‘-f/,ut is a continuously increasing function in
the rangeée[0,7/2], and u; =1 at é=7/2 (ie., the
whole solid angle We must conclude that a cutoff on the

As the incoming direction of GRB'’s is known, one may GRB direction does not enhance the sensitivity of the statis-
wonder if a selection of the GRB’s based on a cutoff on thetical search.
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