RAPID COMMUNICATIONS

Detecting an association between gamma ray and gravitational wave bursts

PHYSICAL REVIEW D, VOLUME 60, 121101

Lee Samuel Firnh and Soumya D. Mohanty
Center for Gravitational Physics and Geometry, The Pennsylvania State University, University Park, Pennsylvania 16802

Joseph D. Romario
Department of Physical Sciences, The University of Texas, Brownsville, Texas 78520
(Received 30 March 1999; published 29 November 1999

If y-ray bursts(GRBSg are accompanied by gravitational wave buf&¥VBs) the correlated output of two
gravitational wave detectors evaluated in the moments just prior to a GRB will differ from that evaluated at
other times. We can test for this difference without prior knowledge of either the GWB wave form or the
detector noise spectrum. With a model for the GRB source population and GWB spectrum we can put a limit
on the in-band rms GWB signal amplitude. Laser-Interferometer Gravitational Wave Observatory | detector
observations coincident with 1000 GRB observations could lead us to exclude with 95% confidence associated
GWBs with hgys=1.7x 10722 [S0556-282(199)50222-1

PACS numbdps): 04.80.Nn, 95.75-z, 98.70.Rz

Gamma ray burst§GRB9 are believed to arise from correlations would support a GWB-GRB association and
shocks in a relativistic fireball triggered by rapid accretion onrepresent a detection of gravitational waves by the detector
a newly formed black hol¢1]. In this scenario they-ray  Ppair. We can measure this difference using Studettest
production takes place some distance from the black holeVithout requiring any foreknowledge of the signal wave
making it difficult to test this model with conventional astro- f0rM, source or source populatigimough with such a model

nomical observations. The violent formation of a black holethe effectiveness of the test can be improvéthe measured

is likely to produce a substantial gravitational wave burstdlﬁcerence can be used to establish a confidence int¢Bial

‘ or upper limit(UL) on the rms amplitude of GWBs associ-
(GWB); thus, we expect GRBs to be preceded by GWBSqted with GRBs. The Cl and/or UL, in turn, constrains any
Observation of GWBs associated with GRBs, made by thgngdel for model for GRB-GWB pairs.

new detectors now under constructi@3], may be the only In the following analysis we restrict attention to the two
means of testing directly this GRB model. full-length LIGO detectorgdenotedD;, i=1,2). These de-
Proposed GRB progenitors include coalescing binary systectors are nearly identically oriented and ke3000 Km
tems, hypernovae or collapsafd]. Statistical evidence apart. We plac@o requirements on the detector noise except
points to at least three different subclasses of GRBsso, that it be quasi-stationary, exhibit no long-term trends, and
the actual progenitors may include these as well as othehat the cross-correlation is weak compared to the auto-
systems. Matched filteringlF) — the focus of most of the correlation. In particular, the noise may be non-Gaussian and
gravitational wave detection literature — requires detailednay exhibit small amplitude fluctuations, such as might be
knowledge of the actual GWB wave form: without that de- associated with alignment variations, on short or long time-
tailed knowledge it cannot be used to detect a distinct GWBscales. Finally, without loss of generality we assume the
associated with a GRB. Additionally, since GRBs occur atnoise has zero mean and denote its one-sided power spectral
cosmological distances the signal-to-noise ra®NR) of  density(PSD by S(f).
any individual GWB will likely be insufficient for a high (a) On-source and off-source distributiarSuppose that a
confidence detection With the new gravitational wave deteCG\WB, associated with a GRB, is incident from direction
tors. (Reference[5] described a MF analysis but made the, oy the GW detectod; at timet®). The lag t, equal to
now unlikely, assumption that GRBs all arise from doublet(z)_t(l) d ds onlv on. which we k from the GRB
neutron star mergepsDetection techniques other than MF "2 a_» AEPENAs only on, which we know from the
that aim to detect distinct GWBs will perform even worse. ob:?le)rvann. T!?)e lag is also the same as the differeffee
Here we suggest an alternative method for detecting & &, » Wheret)’ is the arrival time at detectdP; of the
GWB-GRBassociationlf GWBs are associated with GRBs, GRB ) .
the correlated output of two GW detectors will be different ASsuming that GWBs precede GRBs, focus attention on
in the moments immediately preceding a GRB1-source  the outpuix;(t) of detectorD;, for 0<t{)—t=<T. Choosing
than at other times not associated with a GRE-source.  the delayT as long, but no longer, than necessary to ensure
(While we focus on GRBs in this paper any plausible class ofhat X; includes the possible GWB signal, compute the
astronomical events can serve as a triggér.statistically ~ Weighted cross-correlation
significant difference between on- and off-source cross-

Xi=(X1,X2)
= Td dt’ 1_ Y (2) _¢r
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The collection of X computed for each ofN,, GRBs The expectation value of, averaged over the source
forms the set¥,, of on-sourceevents. To complemerit,,, population and across the detector noise processes, is
construct a sefy; of Ny off-source evenjaising data seg- _
mentsx; corresponding to random sky directions and arrival S NorN ot
times not associated with any GRB. pe=E[t]= o V Ng+ Ny ®

The sample set&+ and X,,, are drawn from populations
whose distributions we denote,; and p,,. For T much  The relative orientation of the two Laser-Interferometer
greater than the detector noise auto- and cross-correlatidaravitational Wave Observator§t IGO) detectors guaran-
times, the central limit theorem implies thpgy is normal  tees thah,(t) andh,(t) are very nearly identical. For LIGO,

with mean and variance then, s is non-negative ang, is positive in presence of a
GWB-GRB association and zero otherwise.
mor=E[(N1,N2)], (2a) The t statistic depends only on the inter-detector cross-
) 5 correlation associated with GRBs. The expectation valye
o5 =EL((N1,N2) = pot) 1. (2b) s unaffected by any noise that is not correlated with GRBs.

) . Additionally, the entire effect of small variations in the de-
Heren;(t) denotes noise from detectoand B - ] represents  (actor noise, either on short or long timescales, is part of the
an e_ns_emble average across the detector output. Note N&ltimated variances?, ando2, and does not require special
Moff 1S just the detector noise cross-correlation evaluated afeatment.
the lagét.
Now suppose that GRBs are preceded by GWBs. Ele

ments ofX,, then take the form

The actual value df given observed set¥,, and X will
vary from w,. The distribution oft is normal for largeN
=Nyt Ny and for smallN is tabulated in most statistics
texts[7]. We can thus find &, such that, wherH, is true
(#:=0) t is greater thari in less than a fractiom (e.g.,
where hi(t) is detectori’s response to the incident Gws. 2% of all observations. This is our test: if we observe
Define P; by grgater thary we rejectH, and conplqde thgt we ha}\{e found

evidence of a GWB-GRB association with significance 1

X=(ng,nz)+(hy,nz)+(ny,hy)+(hy,hy), ©)

o —a (e.g., 95%.
Pi‘:4j df [hi(f)[%/S(f). (4) (c) The filter kernel Q The filter kernelQ [cf. Eq. (1)]

0 used to form the observations is at our disposal. If we
knew the signah;(t) corresponding to each GRB trigger we

When P;, the average oP; over the source population, is -q,1d construct @ that maximizes:

much less than unitp,, is also a normal distribution with

variances?,= o2 and mean B hy(F)R3 (f
e - Q(r)= f df @i (1|(f|)522((|f)|), E)
Pon= Mofi+ S, where (5a) o '
si=(hy,hy). (5b) whereh; is the Fourier transform ofi;. For the LIGO de-

tectors, theh; are identical and the optim&) depends only

. : _ B
(If P, is large then the individual GWBS are readily detect-©n their common functional forrh(t) through/h(f)|".
able through other means. Any knowledge we have of the signal’s expected charac-

(b) Detecting a GRB/GWB associatioose the null hy- ter can be put int_cQ. For L.IGO we can choos to match .
pothesis the signal model irrespective of the GWB wave form details

if |F1(f)|2 is independent of other signal parameters. This
Ho: Poit(X)=Pon(X). (6)  happens, for instance, in the case of an inspiraling binary.
For GWBs associated with GRBs there is no reason to be-
RejectingH, supports a GWB-GRB association. Singg,  lieve that|h(f)|? will be known a priori, let alone that it
andp. are normal and differ, if at all, only in their means, have this special property. Lacking detailed knowledge, we

we can tesH, using Student’s-test[6]. recommend adonti . 1T N2
0= ) ptin@ given by Eq.(9) with |h(f)|* as-
Thet statistic is defined frondt,, and Xy by sumed to be unity in the detector band.

- - (d) Setting upper limitsHaving specifiedQ we can test
t::'“on_ ot | NonNot (73 H, [cf. Eqg. (6)] to rule on a GWB-GRB association. Alter-
p3 Nont Nog’ natively, we can use the observieth determine a confidence
interval (Cl) or upper limit(UL) on u,, and hences, which

2z_z}gn(Non— 1)+ 024(Nog— 1) is related to the GWB wave strengfibf. Egs. (8), (5b)]. If

- Nont Nog— 2 ’ D e specify a model fofh(f)|? and the spatial distribution of
GRB sources, this becomes a constraint on the model.

where 1o, and g ((}gn and (}f)ﬁ) are thesamplemeans To measure the effectiveness (ithe proposed test consider

(variance$ of X, and Xy, respectively. the UL most likelyto be placed ors if Hy is, in fact, true.
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WhenHy is true the most likelyobserved ts zero. Denoting s |2\2A%B,| 242 FB(,

the corresponding UL o, as it max the most likely UL on e = : (14
— ' VTB VTB

s is thus @0 @0

where we have replaced? by its mean over the source
population(a good approximation whef is sharply peaked

Non+ Noff
= Mt max\| NorNo (103 about its mean From Eqs.(10) and(14) and assuming that
Hy is true we find

Slo|

B :th,max\IZ/Ny (Non= NOﬁ:NV)’ B 1/250
= ,ut’max/ —Non (Ngg>Ny). AziAﬁan: :U“t,max[ d} > (15)
(10b) 2\/5 Non Bd

Since the duty cycle of GRBs is oW, can be made much  With No>No, and iy, may Obtained([8], from Table X with
larger thanN,,,. Even if both sample sets are the same sizex=0 (corresponding ta=0).

however, the limit obtained will be weaker by only a factor ~We expect that different GWBs will have different wave
of 212 forms and durations. Define the rms signal power in the de-

The upper limitg, . corresponding to an observeaf  tector band by
zero and different degrees of confidence is given[8ih
Table X. For reference we note that nax is 1.96 for 95%
and 2.58 for 99% confidence; correspondingly, if the ob- héMg:
servedt is zero then a 95% UL op, is 1.96.

A derived Cl and/or UL ors implies, within the context
of a GWB-GRB source model, a Cl and/or UL on the rms
GWB signal amplitude in the detector band. As an example
suppose that each GRB is accompanied by the formation of

several solar mass black hole and a corresponding millise : -
ond timescale GWB in the source rest frame. Assume furthe\c%eetii(:r]tgrtgsngzvgjrfd .:omblnmg Eqs(16), (19, and(13
RMS -

that |"ﬁ(f)|2 is approximately constant in the corresponding

2
—f df|ﬁ<f>|2}, (16)
T fEBd

where h(t) is the GWB wave form,r its duration in the
detector band, and the average is over the source population.
In our example—broadband bursts whose bandwidth in-
Audes the detector band—we can approximate ly the

KHz bandwidthBg. (This is consistent with numerical mod- " T 1000, 2

els of supernova core collapE 10] and with the formation h3us<[1.7X10 23] 13?( 0E s N d)

or ring-down of all but the most rapidly rotating solar mass ' > S Non

black holes[11].) At the detector, the signal power from a Sy B 312

source at redshift lies in the bandwidttBg/z’, wherez' is ( d Z) (17
equal to 1+ z. (3x1072% Hz 221100 H

For simplicity, assume that the detector noise PS[D§)
are identical and equal to a const&gtin the detector band- The reference values &y and S, are characteristic of the
width B4, which we take to be approximately 100 Hz aboutinitial LIGO detectors[12]. For T [cf. Eq. (1)] we assume
a central frequency of 150 Hz. Outside the detector band w&RBs are generated by internal shocks in the fireball; then,
setS; equal to infinity.(This is a rough approximation to the the GRB-GWB delay is approximately 0.1 sec in the source
actual shape of the noise PSD of LIG@2].) Finally, note  rest framg13]. To accommodate GRBs at redshifts 4 we
that B is much larger tharB4, so thatB./z' completely takeT~0.5 sec. Finallyu maxequal to 1.96 corresponds to

overlapsB4 for some large range af . a 95% confidence ULS8].
With these assumptions, If, on the other hand, GRBs are generated when the fire-
ball is incident on an external medium, thga4], Eq. (3.6)]
© - 2A%By with n;=1, a=1, E5;=10, and['=100 gives a source
s= f wdf|h(f)|2Q(f) s and (1) rest-frame delay=100 sec, in which cas€ should be 500 s

and the corresponding UL dmgys is 9.4x 10 22
From Eq.(17) we see that the shorter we can mdakée
TBy (12  Stricter the limit we can set. Our uncertainty Thcan be
253’ approached either by choosing the longest lik&lyr by
evaluating the test statistic for several differé&fg. We have
whereA is defined by described the first possibility here, which has the disadvan-
tage that the sensitivity of the test is weakened over the ideal
" 2AZB if the actual delay is much shorter th&@nThe analysis in the
f df|ﬁ(f)|2:_5_ (13) second case is only slightly different than that presented
— z' here, since we must take into account an appropriate trials
factor when evaluating the probability of detection or the
From Egs.(11), (12), and(19) it follows that magnitude of the upper limit ohgys.

T * ~
=7 atss.iRe=
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Two final notes are in order. To calculate thgcf. Eq.  or determine a confidence intervéCl) on the rms GWB
(1)], which are at the heart of our analysis, we must knowamplitude in the detector waveband, averaged over the
accurately the GRB source direction. Bright bursts in thesource population. This CI and/or UL constrains any GRB-
BATSE3B catalog have positional accuracies&<1.5° GWB model we do invoke.

[15]. The corresponding uncertainty mis <5%, which This analysis has several important advantages over
does not affect significantly the UL & matched filtering, the method at the focus of most of the

Finally, the proposed BATSE follow-on—SWIFT—is not gravitational wave _detection literature. In particular, it be_—
an all-sky GRB detector. It will have greater sensitivity thanCOmes more sensitive as the number of observed GRBs in-
BATSE, but observe only a fraction of the sky at any oneCréases, does not require any knowledge of the GWB wave
time. If SWIFT pointing favors the sky normal to the LIGO forms, is insensitive to the presence of non-Gaussian detector

detector plane, LIGO’s sensitivity to GWBs from observed noise, and does not require _statistical independe_nce of the
GRBs will be maximized, increasing the sensitivity of the detectors or knowledge of their correlated noise. It is also the

test described here. first example of a robust analysis that does not require de-

(e) Conclusionslf gamma-ray burst§GRBS are associ- tailed knowledge of either the source wave form or its sta-
ated with the violent formation of a stellar mass black holefistical character. It is thus a powerful addition to the grow-
they are likely preceded by a gravitational wave burstng arsenal of analysis techniques aimed at making
(GWB). Observing the associated GWB may be the On|ygraV|tat|0naI wave detection an astronomical tool.
way to test directly this GRB model.

The GWB wave form is not knowa priori, owing both We gratefully acknowledge the hospitality of the LIGO
to the violent nature of the event and the uncertainty in thd.aboratory at Caltech. L.S.F. is glad to acknowledge discus-
GRB progenitor. Nevertheless, we can still detect an associaions with B. Barish, who drew attention to the subtleties of
tion between GWBs and GRBs by comparing the correlatedipper limit analyses. S.D.M. acknowledges a fruitful discus-
output of two gravitational wave detectors immediately pre-sion with E. S. Phinney regarding GRBs. This work was
ceding a GRB to the correlation at other times. From thesupported by National Science Foundation grants PHY93-
magnitude of the difference we can set an upper liftdit) 08728, PHY95-03084, PHY98-00111, and PHY99-96213.
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