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detector is that the ftequency of detection of any scalar com-
ponent is limited to the monopole modes of the sphere which
are differetrt to the frequebcy of the spberical quadrupole
modes. Thus to determine the quadrupole and scalar content,
the radiation itseu must be sufnciently broadband to cover
borh frequencies, which necessarily limits the detection to
burst wave forms. AIso, a different set of resonant tansduc-
ers is required at the monopole frequency, and would add to
the complexity of the detector.

In this paper the antenna beam Imtterns were calculated
for both the common mode and differential motion of the
interferometer test masses. Be€m trDttems were calculated for
the six possible polarizations available in metic theories of
gravitatioD. We show from the calculated beam panerns tbat
important information is acquired that can discriminate the
direction of the source and between the metic tbeories of
gravitation. Specifically we h;ghlight rhe example of dis-
criminating between Brans-Dicke scalar waves and Einstein
quadrupole radiation. Following this we present a pmctical
scheme based on a Fox-Smith interfemmeter that mav be
confgured to measure the common-mode response of gravi-
tational radiation at a similar sensitivity and bandwidth to the
conventional differential interferometer schemes. The Fox-
Smith configuration is not limited to detecting burst sources
and is generally broadband. Also, .it could be added as one of
the beams in the LIGO detector so a simultaneous detection
of the differential and common-mode response to gravita-
tional radiation can be achieved.

IL INTERFEROMETER RESPONSE I1o INCIDENT
CRAVITAIIONAL WAVES

Incident gravitational mdiation will cause relative motion
of the two mirror test masses with respe.ct to the beam split-
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L INTRODUCTION

Interferometdc gravitational wave deteciors are now
poised to detect gravitation waves fiom astrophysical sources
over a large detection bandwidth. Large detectors of a few
kilometets are cunently under conshuction in Europe and
the USA (VIRGO aud LIGO) [l-3]. Other cu.rent trojerts
include detectors of order a few hundred meten (GEO.
TAMA, ani ACIGA) [4] as well as cryogenicalJy cooled
detectors (LCGT) [5]. Stadard confgurations of these de-
tectors will be sensitive to the quadrupole component of ra_
diation predicted by Einstein,s theory of geneial relativity
(GR). Much work has been done in regards ro these types of
detectors, and for a good description see [6] and references
therein,

It is widely acknowledged that GR may not necessarily
describe gravity in the strong-field regime, and alternative
scalar-tensor theories exist that cannot be disomved from
experimental evidence t'o date. Also, it has been sbown fhat
these tbeories may be important in describing iniation mod-
els of the universe p] as well as unified thec,ries such as
string theory [8-10]. In particular, it has been shown that
Brans-Dicke theory [11] will produce significant amounts of
scalar radiation in collapsing astrophysical systems [12_16],
especially in spherical symnetric collapse.

It is well known that spherica.l resonant-mass detectorc
can determine the direction of the inconing signal; this prin_
ciple was first shown in 1971 by Forward [17] and later
revived by Merkowitz and Johnson in 1993 [lg]. Also, it has
been known since 1971 that a spherical antenna could be
used to distinguish between different polarizations and met-
ric theories of gravitation [17] Rec;ntly a more detailed
analysis was performed which has flrlly revived tlte concept
of the spherical detector U9]. A disadvantage of a spherical
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ter of the interferometer. Ia general this notion will have a
differential and com.mon-mode comPonent Michelson type
interferometers are only sensitive to the differential compo-
nent so past analysis of int€rferometer response has mainly
dealt with the quadnpole radiation of general relativity caus'
ing differential motion of the two test masses [20,21]. Ir this
section we assume both fte common-rrode and differential
responses may be detected and we calculate the ante ra pat-
terns with rcspect to the six independent possible polariza-
tions [22].

To calculate the output respons€ we follow closely the
method used by Forward wherc a tensor format for the com-
bined response of the two i.nterferometer arms was assumed

[20]. Forward showed the response could be wdtten as

I
^€-;h"/"s. (4)

where A"f is the tensor format of the response of the two
arms. Assurring that the arms of the interferometer are along
the x and y axis and I is equal to the arm length, the differ-
ential format can be written as

and the common-mode format may be written as

PHTSICALREVIEWD5DI020n2

Gravitational waves are believed to propagate as a temor
wave given by

ozh.e I dh"B ^-----"'n-- --t -:-_t- = u.
dx'o c' dt'

The general form of a gravitational wave in the z direction
can be written as

To calculate the sensitivity pattem we assume tle gravita-

tional wave is incident on the interferometer fro'm an arbi-
nary direction defned by angles d and d but with the po-

lariiation angle ry' assumed to be zero, as shown in Fig' 1'
Before the response gtven by Eq. (a) can be calculated hup
must be converted io the coordinate system of tle interfer-
ometer given that A'F is in the interferometer ftame. To do

/K\ FlG. L Co-ordinate system where the r and y aris rcpresent the

directions of the itrterferomercr arms, and the dashed system rcpre-

se s the coordi[ates of the gavitatioml mdiation'

n20a-2
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Here rhe subscripts follow the Newman-Pe ose paramete$; R{qa] is the plus (c,r in phase) quadrupole polarization: Im[Vl]

is the 6oss (or quadrature) quadrupole polarization; Re[9:] is the in phase vertor polarizatiou Im[V3] is th€ quadranre vector

polarizationj A2 is the hansverse-scalir polarization; V, is tte tongituainal scalar polarization. Each polarization in Eq' (2)

L representeO bl a scalm amplitude, l;, ana pnase shift-di, followed by a second order tensor that describes the pattern of

the polarization. The pafiem t€nsors bave the form
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TABLE I. Normalized differential and common mode response of a ftee-mass intrrferometer detector pe!
uft afm lengh to the six possible metric poladzatioos.

Radiation type NP palameter Atid diffcrential Af6, common mode

tbis we use the general form of the rotation matrix, fi fi , with
rhe Euler angle {' equal to zero [23]:
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"blessing and a curse." This is because it is very nondirec-
tional and behaves more like an ear on the ground than a
telesco'pe pointed towards the sky. The blessing is that it is
very easy to survey the sky, the curse is that it is vexy hard to
determine the position in the sky without an extreme amount
of effort If only the differential motion is monittre4 rle
direction can be determined from difference in arival tines
of signals ftom detectors at widely separated locations. To
uniquely define the positiot four detectors are needed.

The com.mon-mode rcsponse to the plus quadrupole po-
larizatiol is shown in Fig. 2(b). The r€sponse to the cross
polarization is zero, thus tle response to unpolarized quad-
rupole radiation will be the sane as Fig. 2(b). The sriking
feature of the antenna pattern of the common-rnode response
is that it is very directional and mainly responds ro signals in
the .r-y plane of the interferometer. Thus, if the comnon-
mode rcsponse can be detected a comparison with the differ-
ential response will give information on the direction of the
gravitational wave source.

There is no definite experimental proof that quadrupole
radiation is the only type of gravitation radiation. In particu-
lar Brans-Dicke theory predicts the existence of a ransverse
scalar wave. The comnon-node response to lle bansverse
scalar wave is shown in Fig. 2O. The response is very broad,
and thus a sensitive detection scheme fot scalar waves can be
seated by monitoring tle common-mode motion. Compar-
ing the differential response of the transvese scalar wave,
we note that it is very directional and information regarding
the direction of a scalar wave could be determined by moni-
toring both the com.mon-mode and differcntial responses.

It is eyident that the scalar p6li61i61 mainly induces a
common-mode signal while the quadrupole radiation mainly
induces a differential signal. Thus, by monitoring the relative
amounts of each, a t€st of gravitational theories could be
undertaken. There are mauy combinations of different polar-
izations that could be looked aL It is not our intentionio go
through all these possibilities. In the next section we will
restrict ourself to Brans-Dicke theory which includes the
quadrupole and transverse scalar polarizations.
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Thus, Eq. (4) can be rewritten h the interferometer frame as

M^:f,n'"-'nrgdpA,"o. (8)

We implement this equation by considering the six polariza-
tions of Eqs. (2) and (3) independently, i.e., by assuming the
amplitudes of all the polarizations except for tle one under
consideration are zero. Tbe normalized (assuning the ampli-
tude is unity) common-mode and differential response per
unit arm length of the six polarizations are sumnrized in
Table I, and plotted rn Figs. 2(a)-2(l).

In the past oDly the differential response to tle quadrupole
radiation has been considered. In general quadrupole radia-
tion can consist of two prrclarizations. In our calculations it
was assumed that the polarization angle (or Euler angle) was
zero. There is no particular angle that is special, as the con-
vention for choosing the zero of the polarization angle is
arbitrary. Thus, a polarized gra.vitational wave will be in fact
a linear combination of the plus and cross polarizations and
the antenna pattem will depend on the angle of potarization.
However, if we assume the radiation is unoolarized and con-
sists of many gravitons of random polariiation. the anienna
pattem may be calculated by taking the square root of the
sum of the squares of Re{ry'al and Imfry'al. Figure 2(d) shows
the rcsponse to the unpolarized case; this is the same re-
sponse calculated by Saulson [6].

The broad angular response of the interferomeler to dif-
ferential motion has been described by Saulson as both a
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IIL DETERMINING DIRECTION AND TEE SCALAR
CONTENI IN ETNSTEIN AND BRANS.DICKE THEORY

First we assume the theory of general relativity is correct'
alrd th?d 1O0{o unpolarized quadrupole radiation is incident
on the detertor. The ratio of the differential to common-
mode response is given by

/(f cos2/(1+cosz 0))2+ (- cos 0 sit24)2
- ,  / o l

Y (+ f I - coszl))z

This function is plotted as a two-dimensional contour plot in

Fig. 3, with d as the vertical axis aud / as tbe horizontal. The
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(b)(a)

FIG. 2. (a) Antenna seDsitivity patt€m for the differential response to the plus quadrupole polarization Rd{a], with the.r-axis labeled on

the bottom aDd the raxis labeled on the top. (b) Altcnna seNitivity pattern for the common-node tesPoDse to the plus quadrupole

polarization Re[ifa], with the t-axis labeled on lhe bottom and the 1'axis labeled on tne top' (c) Anteua s€Dsitivity pattem for tbe

dinercntiat response to the cross quadrupole polarization Im[Va], with the x-axis labeled on the boltom and thc ]axis labeled on tbe !op' Tbe

comDotr-modc rcq)onse to rhis polarization is zero for all g and {, (d) AnteDoa s€nsitivity patlerD for the differ€otial re$poDse to uopoldzed

quaclrupole radiati;n (Rdilr4lr;Ret'{rf)t4 with the r-aris labeted on the bottom and tbe y-axis labsled oD the top. Tbe common'mode

,esponse o unpota.iod raaiation is the same as in (b) because the commoFmode respoDs€ to tbe cross polarization is zero' (e) Anteona

sersitivity panim for the differential rcspolse to the in phase vector polarization RdV3], with the x-axis labeled on the bottom and the Paxis

laleted oa the top. Tte commou-mode response to this polarization is zero for all a atrd d' (0 AnteDDa sensitivity pattern for the differential

rcsponse to the {uadrature vector polarization Im[V3], ;ith the r-axiE labeled on tle bottom and the )'axis labeled on the 0op. G) Anteona

sensitivity pattem for Oe common-mode rcrponr" to tl" quudrotuo vecaor poladzation Im[V3], with the J-axis labeled otr the botom ard

the y-axis labeled on the top. (h) Alteo; sensitivity iattrrn for the differential ,"rpo-otJ to unpolarized vectol Ediation (Re{V3P

in4Vr-1tytr, *i n tfte r-axis iabeled on the tottom and trc y-*is labeled on the top. The coEmon-mode rcsl)onse o unpolarized radiation

is ttre .#" a$ in (g) because the common-mode response to the in-phase polarizatioa is zero. (i) AnteDna seositivity Pattern for the

differcntial response to the transve$e scalar polarization @22 , with the .r-aris labeled on tbe bottom and tbe y-axis labeled on the top (i)

Antenna sensitivity pattem for the common-mode respoose to the transverse scalar polarization <D22, with the x-axis labeled oo the bottom

-a O" y-ra" f"U"i.a on the top. G) Antenna sensitivity pattem for the differential respc,nse to th€ totrgitudiDzl scalar polarization V22 ' with

the r-axis labeled on the bottom and the y-axis label€d on the top. (l) Anterma seositivity pafiem fof the commoo-mode resPoDse 'o tbe

loryitudinal scalar polarization 922, with the x-axis labeled on the bottom and the yaxis labelcd on the top.

distinguishing feanrrc is that most of the time the differential

response is greater lFn the comnon-node respome (7rro2

> 0 dB) ; the exception is at the bisectors of the interferom-

eter amfms in the x-y phe at 0=ttl2 and. 4='t-,14 *
a3nl4. At these points the differential response is zero. The

common-mode signal remains greater than the differential at
all angles in tbe r-y platrle (o=nD) except along the inter-
ferometer arms where the response is equal (70",3=0 dB).
If the diffrrential rcsponse is greater than the cornmon mode
response by at least 10 dB this means th e<fiA or 0
>3ztl4, nd as 0--+0 or 0-+t, the comnon mode response
decreases very rapidly to zero. Clearly if we klow that the
radiation is quadrupole we can determine informalion about
the direction- For example, if 7*6 was measured.to be. 10
dB, ftom Fig. 3 it could be deteririned tlat d must be z'l4 or

rc2m24
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(0

FIG. 2. (Continued).

3r/4. Thts will describe two circles in the celestial sphere
and will reduce the number of necessary detectors to pin-
point the position. If a second detector that uses both com-
mon mode and differential detection was used, tbe intersec-
tion of the four circles on the celestial sphere could be used
to pin point at most 8 possible patches on the sky (could be
less depending on the orientation of the two detectors with

respect to the gravitational wave). If we then used the tirne
difference of arrival between the fwo detectors, the patcb
ftom which the radiation came fton could be determined as
long as the time difference circle on the celestial sphere lined
up with only one of the patches. Thus to determine the di-
rection only two detectors are necessary ratler than four. In
effect still four detectors are being used, i.e., two cotrImon

102002-5
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0)

FlG. 2. (Continuzd).

mode and two differential. For more details on determining tor, the ratio of the differential to comnon-mode reqronse is

direction and waveform using the conventional interferom- then given by

eter, see Saulson (p. 255 of [6) and Giirsel and Tinto [24].
In Brans-Dicke theory a large amount of hansverse scalar

radiation can exist as well as the quadrupole component,
especially in the case of symmetrical collapse- Suppose now
that a Dure [ansverse scalat wave was incident on the detec'

(| cos2g snz ol2

(+ ( l+cos2d) )2
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0)

FlG.2. (Co/.tinacd).

A contour plot of this function is shown in Fig. 4. For this
case ttre common-mode response is always greater than the
differential response, except for when the radiation is inci.
dent along the x or y axis of the interferometer, at these
points they are equal.

For a specifrc value of Tscal four possible contous must be
considered. In general the contom plot is diffefent to the

quadrupole plot of Fig. 3. The only plare where they are
equal is in the r-y plane. Thus, if the direction of the gravi-
tational wave source can be determined using the time dif-
ference technique of four detectors, then the amount of dif-
ferential to comnon-mode response could uniquely de-
termine the scalar and quadrupole content of the radiation.
Tbe exception is in the l-y plane where a hansverse unpo-
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