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Gravitational waves emitted by an ensemble of rotating neutron stars
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We study the possibility to detect the gravitational wave background generated by all the neutron stars in the
Galaxy withonly onegravitational wave interferometric detector. The proposed strategy consists in squaring
the detector’s output and searching for a sidereal modulation. The shape of the squared signal is computed for
a disk and a halo distribution of neutron stars. The required noise stability of the interferometric detector is
discussed. We argue that a possible population of old neutron stars, originating from a high stellar formation
rate at the birth of the Galaxy and not emitting as radio pulsars, could be detected by the proposed technique
in the low frequency range of interferometric experime80556-282(97)04704-9

PACS numbg(s): 04.30.Db, 97.60.Gb, 97.60.Jd

[. INTRODUCTION the NS rotation periodP, its distance to the Earth, its

Rotating neutron staréNSs are possible astrophysical moment of inertid about the rotation axis, and its ellipticity

sources of gravitational radiation in the frequency range O{trlamal deformation € as[cf. Eq. (A5) below]

the interferometric detectors such as the Laser Interferomet- ms) 2( kpc | ¢

ric Gravitational Wave Observatorft1GO), VIRGO, and ho=4.21X 1024<—) (—)( 5 ( 6). 1)
GEO600 currently under constructidd—3]. Indeed, pro- P rJ110%kg /110

vided it deviates from axisymmetry, a rotating NS emits con-

. o) o ; . The crucial parameter entering this formula is the ellipticity
tinuous wave(CW) gravitational radiation mainly at its rota- e. Its value depends on the physical mechanism that makes
tion frequency and twice this frequency4]. The X b bhy

nonaxisymmetric shape of an NS can be caused by anisg—1e star nonaxisymmetriccf. the references given abgve

tropic stresses from the nuclear interactions, irregularities ir"fmd_ is highly uncertain. Upper b(_)unds eman, however, be
the solid crust(“mountains”) [5,6], the internal magnetic derived from the observed slowing dowR) of pulsars by
field [7,8], some precessional moti¢@], or the development assuming that this Ie_ltte.r is entlrgly.due to the loss of angul_ar
of triaxial instabilities(for the most rapidly rotating NSthe ~ Momentum by gravitational radiation. Let us note that this
Chandrasekhar-Friedman-Schutz instabifitp,11] and the provides an absolute upper bound; most of Ehés usually
MacLaurin-Jacobi-type instability induced by viscosity thought to result instead from losses via electromagnetic ra-
[12,13. Estimates of upper bounds on the individual gravi-diation and/or magnetospheric acceleration of charged par-
tational wave amplitude from a sample of 334 observed NSicles, at least for Crab-like pulsars. The maximum values of
(radio pulsarshave been provided by Baroetal.[14] [see € obtained in this way, as well as the corresponding maxi-
Ref.[15] (Ref.[16]) for recent values based on a sample ofmum values ohg, are given in Table | for five pulsars. The
558 (706) pulsard. The amplitude of gravitational waves first three of them correspond to the three highest values of
(GWs) emitted by a rotating NS can be expressed in terms ofig nax@mong the 706 pulsars of the catalog by Tadbal.

TABLE |. Gravitational radiation data for five selected pulsars. The GW amplitudes on Eaete computed according to E@.) by
assuming that =10 kg n? (a representative value for a M4, neutron star e_q is the ellipticity in units of 10°. The maximum
ellipticity and maximum GW amplitudes are derived by attributing the totality of the observed pulsar spin-down rate to the emission of
gravitation radiation.

Pulsar Distance GW GW Maximum Maximum Ellipticity
name frequencies amplitude ellipticity ~ GW amplitude to gt 1028

r [kpc] f [Hz] 2f [Hz] ho €max hO,max €detect
Vela 0.5 11 22 1.X10%"e_q 1.8x10°° 1.9x 102 9.1x10 6=5X10"3 ey
Crab 2 30 60 1.810% e 7.5x1074 1.4x10°24 5.3X10 6=7x10"2 €y
Geminga 0.18 4.2 8.4 4K10 % ey 23x10°°3 1.1x10° 24 2.1X10°5=9X10"2 €z
B1957+20 15 621 1242 1410 %% ey  1.6x10°° 1.7x10° %7 9.1X 10" %> €5«
J0437-4718 0.14 174 348 9%10 P e 2.9x10°8 2.6x10°26 1.1X10 8=0.4 €y

&This is the recently determined distance from the measure of Geminga par]ax
b
Ref.[28].
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[17,18. The two remaining entries are two millisecond pul- sky is detailed in the Appendix. For the purpose of this sec-
sars: the second fastest one, PSR BH9Z0, and the nearby tion, let us consider tha(t) is the sum ofN elementary
pulsar PSR J0437-4715. The figureg, .~ 10 2* for the  periodic functionsh; with unknown frequenciess; and
Crab-like pulsargthree first entries in Table) lare almost  phases;, the precise form being given by Eq#2)—(A5)
certainly too optimistic because, as already said, electromagye|ow.

netic phenomena can be invoked to explain most of, if not  The time average value df(t), (h(t)) is zero, but the

all, the observed pulsar spin down. In addition, one may,yerage of its square is not. Therefore, the strategy to detect
notice, following Newet al. [19], that if the mean ellipticity  yhe gravitational emission of an ensemble of NSs, the fre-
of pulsars is taken to be of the order of thg,, of millisec- 4, oncies of which spread out from to v,, consists in mea-
ond pulsars, i.e.e~10 " (cf. Table ), then the Crab pulsar ring the square of the signaf(t). It is easy to see that

is revealed to be a much worse candidate than PSR B195¢, ; )
. . (h“(t)) is proportional to the sum of the squares of the shear
+20, as can be seen by settiag 10 ° in Eq. (1) for these from each NScf. Eq. (A13)]

objects:h§™"=2x 102 versush®" 2= 1x10"?".

The detectability ofndividual NS by existing and future N 2

ravitational wave detectors has been discussed by various 2747\ i

egluthors, including Schut£20], Jotania and collabo)r/ators h (t)>_2’1 ai(t)riz’ @
[21,27], Suzuki[23], New et al.[19], and Dhurandhaet al.
[24]. For VIRGO:-like instruments, it can be hoped that anywherer; is the distance of théth NS, A, its gravitational
pulsar that produces a GW amplitude on Eanghgreater wave amplitude at one unit distance,(t) some factor in-
than 10 *° in the frequency bandwidth where the sensitivity volving the direction of the NS and the polarization of its
of the detector is better than 1& Hz 2, can be detected ragiation with respect to the detector arms. For the purpose

with three years of integratidii6]. The last column of Table f the present discussion, E(@) can be recast in the ap-
| gives the minimum value ofe required to produce proximate form

ho>10 2% Notice that for Crab-like pulsars this value is

below 1% of the maximum ellipticity allowed by the mea- A2
sured spin-down rate of the pulsar, whereas for millisecond (h%(1))=K(t)N =, (3
pulsars both values are of the same order. Dy

In the present article we study the possibility to detect the
total CW emission fronthe whole populatiorf NSs in our ~ WhereA? is the mean value oA?,
Galaxy by using only one LIGO- or VIRGO-type detector.
The proposed strategy consists in measuring the square of
the gravitational signah? and in detecting the sidereal Dg:=
modulation of this signal which results from the directivity
of the detector and the anisotropy of the NS distribution
.Th's techn[que(referred to heregfter e;wadratlc detection andK(t) is a time-varying factor, with the periodicity of one
IS very S|m|lar. to the one “S?d in radioastronomy when Onlys'dereal day. Its nonconstancy is induced by the directivity of
one antenna is used and differs from the strategy Propos&ffe getector and the anisotropy of the NS distribution.
by Schutz20] that consists in searching for NSs one by one The study of the efficiency of the quadratic technique is

within a four-dimensional spacérequency, phase, and po- made easy by the close analogy with the radioastronomy

zltltont_on ﬂ_}i sk)(/j(tecthnlque r((ejf%rredbto Eerefa{rt]ertbrseart ¢ observation technique. Radioastronomers measure the square
etection. The advantages and drawbacks of the two stra €of the electromagnetic field emitted by a large ensemble of

gies are _discusseq and it will be shown that if _the number o ollective modes of a plasma. They are confronted with the
fche emitting stars Is larger thar»_ﬁoﬁ, then the signal squar ,roblem of extracting some signal from the noise of the re-
Ny .techrrslqueh |s|.more convznlenh ancri] more cowp_uter UiMReiver. One possible technique consists in scanning the sky
saving tban the Imear one. Actually, the two techniques apz o ng the source, and in measuring the differences of the
pear to be complementary. atstal noise on or off of the source. In the case of gravitational

The paperis organized as follows. In' Sec. Il the statistic aves, the source is scanned by the interferometric detector
properties of the squared signal are briefly recalled. The ef

via th i f the Earth.
ficiency of the method as a function of the NS number and o%“a the rotation of the Eart

" Py ¢ which th d 1o radi Let us also notice that the problem of detection of the
the range of frequency at which Iney are supposed lo ra 'alﬁravitational wave emission from an ensemble of NSs is very
is computed, the comparison with the linear analysis fo

inale NS h bei ‘ din Sec. Ill. In Sec. IV th close to the search for a gravitational cosmological back-
singleé N> search being performed in Sec. 111 In Sec. 1V, M€y nq discussed in great detail by Flanag2§] (see also
constraints on the stability of the instrumental noise are com

4. In Sec. V I h b ; - [26]). The main and basic difference is the daily modulation
puted. In Sec. V, we try to evaluate the number of gravita-,¢ o signal from the NS ensemble, which allows the search
tionally emitting NSs in our Galaxy and the range of fre-

) hich th d i Seci \%E be performed wittonly onedetector instead of two detec-
quencies at which they are supposed to radiate. section \if, ¢ required for the cosmological background detection

-1/2

> =

1
Ni 1T (4)

Noq

is the inverse-square average distance of the NS population,

contains the conclusions. [25]
II. STATISTICAL PROPERTIES OF THE SQUARED Let s(t)=h(t) + n(t) be the output of the detectan(t)
SIGNAL being the gravitational radiation signal andt) the detec-

tor's noise. The frequency bandwidth of the detector is sup-
The responsén(t) of an interferometric detector to the posed to beAv=wv,—wv;. By squaring and by averaging
gravitational radiation emitted b NSs spread out on the s(t), we obtain
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(s2(1))=(h*(t)) +(n(1)) (5) o [T

because noise and signal are not correlated and, conse-

quently, the average of the cross prod(2h(t)h(t)) van-

ishes. Here, the average must be understood as the averal

on the outputs of an infinite number of detectors.
If the noise is stationaryn?(t)) is a constant, and its
value is

(n¥(t))= fVZG(V)ﬁZ(V)dv, (6)
1

wheren?(v) andG(v) are, respectively, the noise power per

Hz and the frequency response of the detector. For simplic-

ity, we shall assume the noise being whiteindependent of
v andG(v)=1 for vy<v=<w,|. The above expression then
reads

(n?(t))=n2Av. 7)
The quantity(h?(t)) is time dependent: there are high fre-
guency time variations with a typical frequency of NS rota-

tion, and a low frequency time variation due to the slow
change of the orientation of the interferometer arms with
respect to the Galaxy induced by the Earth rotation. This

latter frequencyvgy is equal to the inverse of one sidereal
day: 1by=86 164.092 055 s. It is this modulation that must
be searched for.

In practice, observations are performed with only one de
tector; consequently, the ensemble aver8genust be re-

5x10

o

<h®> /N /18P
4x107°

3x107°

10 15
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FIG. 1. Variation during one day of the total squared signal
from an NS distribution concentrated in the galactic disk, according
to Egs. (A20) and (A21) with the parameterse’=(10 %),
12=(10% kg n?)2, P~*=(5 ms) %, R,=3.8 kpc, andz=0.5 kpc.
The localization and orientation of the detector are those of
VIRGO. t=0 corresponds to a zero local sidereal time.

R _HAZJAVT 11
quad— ﬁzDé\/E .

Note thatR,q4is magnified by the factoyA »T, well known
by radioastronomers.
If T is much longer than one sidereal day, we have to take

placed by an average on time. In what follows we shall coninto account the periodicity of the signal. Let us suppose for
sider a simplified case in order to allow the reader who is nosimplicity that the factorK (t) appearing in Eq(3) is har-
familiar with the radioastronomy technique to understand thénonic with periodP;y equal to one sidereal day and with a
basic ideas. The reader will find more details in the excellenknown phase{h?(t))= NAZCOS(ZTt/PSm)/D%. In this case

book by Kraus[27] and in the already quoted paper by
Flanagan 25]. Let T be the averaging time. We can write

1 (t+T
=] e =)+ peo,

)
where ¢(t) is a random function. Under the ergodicity hy-
pothesisiy(t) vanishes whe —o. WhenT is finite, (t)
has the statistical properties

(p(1))=0, (PA(1))=Cn*Aw/T. 9)

the best way to proceed is to make a Fourier transform of the
squared signal. The signal-to-noise raflg,,qis then

NA?
R J—
quad — '
Dg N ?(v) v

where sv=2/T is the width of a single bin of the Fourier
transform andy?(v) is the spectral power of the noise

#(t)2. At very low frequencyy?(v)=Cn*Av, so that Eq.
(12) becomes

(12

Here,C is a constant of the order of unity and depends on

G(v). For the rectangular filter considered ab@e 2. Val-
ues ofC for different filters can be found in Chap. 7 of Ref.
[27].

If T is much shorter than one sidereal déy?(t)) can be
considered as constant, and the signal-to-noise R}jQq
can be easily computed from Ed8) and(8):

5 N A2 _NA2 [T 10
M DE(vA)  Dgh? ¥ CAY

A2 T 1

unad: N Eg mﬁ . (13)

In the realistic casécf. the Appendiy, the signal is periodic
(period Py but not harmonic. Its shape depends on the
galactic NS distribution. Figures 1 and 2 show its variation
during one sidereal day for two different NS distributions.
These shapes can be used as templates to optimize the ex-
traction of the signal.

If H=N/Av is the number of the NSs per unit frequency, —

Rquad reads

The actual time variation ofh?(t)) is given in the Appendix.
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pc. Let us takeD;=100 pc. The two methods become then

o | equivalent forN=2.2x 10° NSs.
g However, in searching for a single NS, its position has to
« Nk be known with an accuracy high enough to compensate for
"n’o o the Doppler shift of the frequency induced by the rotation of
~ofr the Earth and its motion around the Sun. The last effect is the
; & most important one. The accuracy of the declinatend in
~ 7t the azimuth¢ is about§¢= dRgvaC Where Ry, viaxs
O "l’o I and c are, respectively, the radius of the Earth orbit
. (150x 10° km), the expected maximum frequency of the
e NSs, and the speed of light. A similar precision is needed on
the declination of the source. This means that the sky must
be divided in about & 10'° (/100 Hzy boxes and we have

to try to detect a periodic sourdby Fourier transformin
each box, after compensation of the variation of the fre-
quency of the source due to the Earth motion. In the above
rough analysis, we have neglected the less important Doppler
shift induced by the Earth rotation. In this section, we do not
Yiscuss the technical possibility of performing more than
10 Fourier transforms, each of them containing 80°
(Y100 HZ)(T/1 yr) bins. The detection will be consid-
ered as positive if the probability of a random fluctuation of
the signal inall the boxes times the number of bins is less
IIl. COMPARISON WITH THE LINEAR SEARCH than a prefixed value_. If we take the _probability to be lower
FOR A SINGLE NS than O.16(c<_3rrespond|ng to t.heaicnyenon.), the value of the
corresponding signal-to-noise ratiB;, is about 9.5 for

Let us compare the efficiency of the quadratic analysisy,,,=100 Hz and 10.5 fow,,,,=1kHz. Consequently, Eq.
with respect to the linear one proposed by ScHa@] for  (15) becomes
single NSs searches. If the frequency and the position of the

t [h]

FIG. 2. Variation during one day of the total squared signal
from a NS distribution corresponding to a galactic halo, accordin
to Egs. (A20) and (A22) with the parameterse’=(10 %)?,
12=(10%®kg m?)2, P~*=(5 ms) 4, anda,=10 kpc. The localiza-
tion and orientation of the detector are those of VIRGS0 cor-
responds to a zero local sidereal time.

NSs one searches for are known, the signal-to-noise ratio of Dq (CA pT) V4
the linear technique is given by E= 10X3 SN (16)
I
A T
Rin=p5: PR (149 The two methods become then equivalentXor 2.2x 10°.
I
whereD; is the distance to the individual NS that is searched IV. STABILITY OF THE NOISE

for. The factor 4 in the denominator is due to the product of
the bandwidth times an extra-factor two coming from the
fact that the phase is not known. The above results hold under the hypothesis that the term

The ratioE= R,/ VRquaqiS @ good quantity to character- (n?(t)) in Eq.(8) is constant, i.e., that the noise is stationary.
ize the advantages and drawbacks of the two methods. Wdow, the actual noise is not stationary: low frequency fluc-
have, from Eqs(13) and (14), tuations are always present. Let us recall that the sources of
noise in interferometric detectors are the photon shot noise
(at high frequencyand the Brownian noise of the mirrofat
low frequency. There are at least two sources of low fre-
qguency fluctuations(i) the fluctuations of the optical power
Taking Av=1kHz, T=1 yr, C=2, andD;=Dg, the qua-  of the laser andii) the temperature fluctuations of the mir-
dratic technique appears to be more efficid#(1) than the  rors. When the interferometer is in lock, the fluctuations of
linear one if the number of NSs is larger tha @0*. The  the laser power can be taken under control within few
above result is based on the two underlying hypothe§es: 10 ° and are, therefore, not dangerous at all. However, the
the frequency and the position of the isolated NS are knowinterferometer may be falling out of lock occasionally or the
exactly, (i) the distanceD; of the isolated NS is equal to the laser may be shut down and switched on some time later. In
averaged distanc®q=(1/ri2>‘1’2 of the NSs of the en- either case, this will induce a temperature fluctuation in the
semble. mirrors. However, its amplitude will be at most 0.1[R9].

Let us consider now the cagg,=D;. D, depends on the This falls within the range of the required accuracy on the

distribution of NSs in the Galaxy. If their distribution corre- temperature measurement of nonperiodic fluctuations, as de-
sponds to the galactic dislsee Sec. Y, thenD4=5.1 kpc  rived in Sec. IV B below.
[value resulting from the distribution functiqA21) with the We shall thus consider only the mirror temperature fluc-
parameterf’;=3.8 kpc andz,=0.5 kpd. D; can be taken to tuations and estimate the constraints they impose. We will
be the distance of the closest NS. For example, for theliscuss the possibility of monitoring the temperature fluctua-
nearby millisecond pulsar, PSR J0437-4728], D;=140 tions to keep their effects under control.

A. Nonstationary noise

Dy (CAVT)Y
E=5, 29Nz - (19
I
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In what follows, we suppose that the fluctuations in thewherev=1/7. As already said, we do not have yet any real
term(n?(t)) of Eq. (8) have a small amplitude and that their measurements of the temperature variations of the detector’s
typical time scale is much longer tharnwl/ Let us introduce mirrors. Consequently, we shall proceed by guessing the

the new random variable(t) by temperature variations in the environment of the experiment.
It seems reasonable to assume that the temperature variation
(n?(1))=(n*())[1+ a(1)], (17)  on atime scale=1h cannot exceed 1 K, and 10 K on a time

— scaler=12 h. Settingvr=(1h)"1=1/3600 Hz in Eq.(22),
where the symboK means the average on tiniéit exists). e obtain theny=3 anda=1.41 K.
The hypothesis of small amplitude fluctuations implies that | et us now estimate the precision required in the tempera-
V(a?%(t))<1. As stated above, we consider only the contri-ture monitoring in order that the amplitude of the tempera-
bution to the noise due to the temperature. In this case, thgire noise be lower than the “ordinary” noisg(t). From

noisen?(v) is proportional to the temperatuf@ [30,31: Eq. (20), this requirement writeg*A v?a(v)%< §(v)?. Tak-
ing into account thax(v)?= 80 (v)%/02, J?(v)=Cn*Av

"2 —
n“(v)=po. (18) [Eg. (9)], andy=3, one obtains from Eg21) the condition

Under the above hypotheses, E8) reads (for C=2)

RS R — a2 _

?jt n2(t)dt = (MDY 1+ (] +p(t),  (19) a<\20, s m=48410 3(300 K)
wherey(t) has the same properties as those stated if%q. X( v )3’2( 100 Hi) 172 < 23
Within quadratic terms imx(t), Eq. (19 reads 10 5 Hz Ap

EJ”Tnz(tr)dt/:ﬁzA,,+;,zA,,a(t)+W)_ (20 For v=(12h)"%, Av=100 Hz, and®=300 K, we get

Tt a<1.7x10 2 K. This value is 100 times smaller than the
- actual value ofa obtained above from the expected daily

The random variable(t) has a zero mean value(t)=0,  temperature variationa=1.41 K). Since at this frequency
and its variancer’(t) is proportional to the temperature fluc- [(12h)" 1], the amplitude of the temperature variation is
tuations of the mirrors. Consequently, the typical time scaleabout 10 K, this means that the temperature fluctuations have
for a(t) is of the order of 1 h, much longer tharwl/~0.1s.  to be monitored with a precision of 16x 10 K=0.1 K for
The typical amplitude of the temperature variation is a fewthe extra noise to be extracted from the *“ordinary” noise
kelvins, much smaller than the room temperat(360 K); ().
therefore, the above hypotheses are satisfied. It is worth not-
ing that in definingx(t) and its statistical properties we have
averaged on time, instead of averaging on an infinite en-
semble of identical detectors. The reason is thatdentical A periodic modulation due to the variation of the solar
detectors in the same environment, the daily variation of thélux might be present in the power spectrum of the mirror
temperature and, consequently, the amplitude of the therméémperature fluctuations. Maybe, this will not be the case,

C. Periodic temperature fluctuations

noise, are the same faitl the detectors. given the amount of shielding the vacuum system and sus-
pension will provide to the mirrors. We, however, consider
B. Nonperiodic temperature fluctuations temperature fluctuations correlated with the solar flux be-

cause they represent the most dangerous obstacle to the pro-

osed method of detection. Indeed, the solar flux spectrum
i . . i , contains, in addition to the solar day frequency, the sidereal
the detector will be operational, will provide us with the day one, which may pollute the GW signal from galactic
statistical properties ai(t). H_owever, let us try to guess the NSs. Table Il shows the Fourier spectrum of the solar flux at
temperature trends of the mirrors, in order to see if the preg . | titude of PisdVIRGO site computed by taking a pe-
cision needed on the temperature control can be ac'h|e:-v d of four years. There are important lines at frequencies
with the present technology. One reasonable hypothesis is {Q, .o ghonding to multiples of the inverse of one solar day
take a power law for the Fourier spectrum of the temperatur?v =1.157407 & 10°° Hz), as well as important lines at

SO . ’

fluctuationsé® (v)?: frequencies that are multiple of the inverse of one sidereal
day (vsq=1.160576 X 10 ° Hz). These latter lines can be
21) explained by looking at the expression giving the solar flux
as a function of time: the daily solar flux is modulated by the
annual variation of the declination of the Sun. Consequently,
wherea, y, andvy are some constants. These parameters Caghere exists a line resulting from the beating of the solar
be estimated in the following way. According to §@1), the  frequencyw,, with the frequency corresponding to the in-
temperature variation on a time scalés given by verse of the tropical year vf,=3.168876%10 ° Hz).
1-y Therefore, around the solar frequency, the two frequencies
1) (22 Vst vy are present and, in particular, the sidereal day fre-
vt qQUeNCYvsig= Vsoit Viy -

The fluctuations of the mirrors temperature are not know
today. Onlyin situ measurements of the temperature, onc

-7

2
5®(V)2:a—<1

v\ T

502 L V= G
{ >_V-|— » \vT v Cy—1
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TABLE Il. Fourier spectrum of the solar flux at the latitude of Pisa.

Frequency Period Identification Spectral component
v [Hz] v 1[h] (arbitrary unit$
3.168808% 10 8 8766.000 lyr 0.6391195
6.337617% 108 4383.000 6 months 1.43786820 2
1.151069% 10 ° 24.13214 Vo~ 2Vyy 4.033365K 10 2
1.1542386¢ 10 ° 24.06589 VoI~ Viy 0.4005030
1.1574074 10 ° 24.00000 Vo) (SOlar day 1.836788
1.160576X 10 ° 23.93447 vsort vy (Sidereal day 0.4006524
1.163745x 10 ° 23.86930 Vot 2vyy 3.9582606< 10 2
2.308477% 10 ° 12.03294 Do~ 21y 5.257574& 10 2
2.311645% 10 ° 12.01645 Do~ vy 1.2078404 10 2
2.314814% 10°° 12.00000 Dy 0.7087801
2.317983% 10°° 11.98359 Dot vy 1.417807% 10 2
2.321152410°° 11.96724 Dot 20y 5.26610X 10 2

The possible temperature fluctuation spectrum induced by To conclude, we recommend that all the detector param-

the solar flux can be written eters(temperature of the mirrors, power of the laser, and so
on) be monitored. In fact, as already said, we do not need
5(:)(1/)2: 2 bf&(v— V), (24) any regulation of the temperature, but only to know, with the

J

accuracy discussed abovew the temperature varies.

where thev; are the solar flux frequencies displayed in Table V. NUMBER OF NEUTRON STARS AND THEIR
. , GALACTIC DISTRIBUTION

Let us compute the level at which the temperature of the
mirrors has to be taken under control, in order to have the
amplitude of this extra noise lower than the “ordinary”
noise (t). Taking into account Eq(20), the relationship 1. General considerations
between the coefficients; [Eq. (24)] and the periodic com-
ponentsa; of the noisea(t) reads

A. Number of rapidly rotating neutron stars in the Galaxy

From the star formation rate and the outcome of super-
nova explosions, the total number of NSs in the Galaxy is
(b?)=B2O2A v¥(a;)?. (25  estimated to be about 1032]. The number obbserved\Ss
is much lower:~700 NSs are observed as radio pulsars
For a given multiple of the sidereal frequenjoy,iq we have [17,18, ~150 as x-ray binarie§33,34 (among which
thus to compare the contribution of the extra noise~30 are x-ray pulsajsand a few as isolated NSs, through
a;n?(v)Avcos(2rjvgdt+ ¢) with the term y(t) [Eqgs. (8),  their x-ray emission3s]. o
(9), and(19)]. Taking into account that the thickness of the FOr our purpose, the relevant number is given by the frac-
bin of a Fourier transform of a signal of lengthis 2/T, we  tion of these~10° NSs which rotates sufficiently rapidly to
have ajg\/m; the corresponding periodic tempera- emit gra_wtatlonal waves in the frequency b_andW|dth_ of
ture variation \/<5—®2§ must be less than 16 VIRGO-like detectors. Th_e upper bound of this bandwidth
(Av/100 HZ)—l/ZT—1/2 K (C=2). (Vmax— @ feW.kHz), is §uff|0|ently high to encompass even
w the most rapidly rotating NSs, at the centrifugal breakup
limit, which, depending on the nuclear matter equation of
state and on the NS mass, ranges from 1 kHz to 2 [36%
From the above analysis it appears that the nonperiodi©n the other hand, the lower bound of the interferometer
temperature fluctuations of the mirrors are not very dangerbandwidth @¢,,,~10 H2 is a sensitive parameter for in-
ous, because an accuracy of 0.1 K in the mirror temperaturereasing the number of accessible NSs. If the observed radio
measurement seems easily reachable. On the contrary, thelsars are representative of the population of rotating NSs,
periodic fluctuations must be kept under control within a fewlowering v,,;, from 10 Hz to 5 Hz would increase the number
10 3 K for observation times longer than one year. Thisof observable NSs by a factor 2.3.
seems to be a challenging task. However, it must be noticed In the following, we set the low frequency threshold of
that the periodic temperature fluctuations can be measurédiRGO to the valuer,,;;=5 Hz, which may be reachable in
on time intervals of the order of one year and, therefore, ara second stage of the experiment. Using the fact that the
easier to control. Note also that measures of the noise dtighest gravitational frequency of a star which rotates at the
frequenciesyg, and vg— vy, allow one to deduce the noise frequencyv is 2v, this means that the rotation period of a
at the sidereal frequenay;y= v+ vy, for the spectral com-  detectable NS must be lower th&p,,,=0.4 s. The NSs that
ponents at the frequencieg,— vy, and v¢,+ vy, are almost  satisfy to this criterion can be divided into three clas$€d)
identical (cf. Table Il). The required accuracy of these mea-young pulsars which are still rapidly rotatir{g.g., Crab or
surements is about 18. Vela pulsarg (C2) millisecond pulsars, which are thought to

D. Conclusions
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have been spun up by accretion when member of a close TABLE Ill. Fourier spectrum of the total squared signal
binary system(during this phase the system may appear as éhz(t)) corresponding to a disk distribution of NSs and depicted in
low-mass x-ray binary (C3) NSs with P<<0.4 s but which  Fig. 1.

do not exhibit the pulsar phenomenon.

In the examples given in Table I, the first three entriesFrequency Cosine coeff. Sine coeff.
belong to clas$éC1), while the other two ones belong to class (arbitrary unit3 (arbitrary units
(C2. 0 7.895 0

The number of millisecond pulsars in the Galaxy is esti-

i 0.923 0.593
mated to be of the orded,~10° [37]. The number ofbb- Vsid
o . . 2vgq ~0.738 —0.065
servedmillisecond pulsarsP<10 9 is about 50 and is con-
tinuously increasin 3vsig —0.079 0.124
y 9. 4vgy 0.005 0.087

The number of youngnonrecycled rapidly rotating NSs
is more difficult to evaluate. An estimate can be obtained
from the fact that the observed nonmillisecond pulsars with An easy calculation shows that wit=10° and in 10
P<0.4 s represent 28% of the number of cataloged pulsar& yr, the emission of gravitational radiation has slowed
and that the total number of active pulsars in the Galaxy iglown these NSs to rotational period Bf=0.075 s, quite
around 5< 10° [38]. The number of rapidly rotating nonre- independently of their initial period. This corresponds to a
cycled pulsars obtained in this way N~ 1.4X 10°. frequency of 13 Hz, which fits in the low frequency part of

Adding N; andN, gives a number of-2x 10° NSs be- interferometric detectorgcontrary to the population sug-
longing to the populationéC1) and(C2) defined above. This gested by Newet al. [19]). The present gravitational wave
number can be considered as a lower bound for the totamplitude emitted by such an NS at one distance unit is
number of NSs withP<0.4 s. The final figure depends on given by Eqg. (A5 below and amounts to
the amount of members of the populatié®3). This latter ~A=7.5xX10 28kpc . Inserting this value into Eq13) and
number is(almost by definitiomunknown. We present below taking the inverse-square average distance of this NS popu-
a scenario leading to a large and potentially detectable popuation to beD =5 kpc (cf. Sec. Il) leads to the following
lation (C3). signal-to-noise ratio for the quadratic detection of these NSs,

the number of which iN:

2. The specific case of NS relics of the Galaxy formation 5

It seems now well established that the birth of galaxies R _3 l
quad— Y- Av ~

T
has been accompanied by a burst of massive-star formation. 10" (3_)”
This took place at a cosmological redshaft 2 [39,40, i.e.,

i 0, i -
when the Universe was 20% of its present age. The rem vhere 102 Hz 2 is the (present day expected VIRGO

nant of these first generations of massive stars could contrig? €€ ! 0
ute significantly to the populatio(C3), as we are going to S?ns't'V'ty at the frequency of 10 HA?’] and 16°is a pos-
see 9 y Pop €3 going sible value for the total number of relic NSs. Note that since

The massive stars formed in the infancy of the Galaxy,;fhe cons!dered NS p?pll;llatlon IS sugpo(sje(imtt?‘:rilglate.at low
somer~10 G yr ago, should have given birth to a large redquetnc_les, one (;gn axe ?tnarrqw art1_ WN te al Ztl‘|1nt'
population of rapidly rotating B~'>20 Hz NSs. Let us order to increase the signal-to-noise ratio. Note also that im-

assume that these NSs have a mean ellipticitg-efl0~® proving the low frequency detector sensitivity at from

—21 -1/2 22 -1/2 i _
which amounts to only one-thousandth of the maximum eI-10 Hz to, say, 10" Hz ™, would lead to a signal

lipticity permitted for the Crab pulsafcf. Table ). Let us to-noise .rat_lq of~30 '2; there areN~10'° relic NSs with a
consider the fraction of these stars for which the spin down ignean ellipticity of 10°.

driven by gravitational radiation and not by electromagnetic
processes. This may happen in the following casgsthe
magnetic field is quite lowB<10'° G) either because the The observedpulsars are concentrated toward the galactic
NSs have been formed with such a field, given our pooiplane, with a scale height above that plane of about 0.5 kpc
knowledge of magnetohydrodynamical processes during stei38]. This latter value is almost an order of magnitude
lar collapse and the protoneutron star phase this cannot gFeater than the scale height of their progenitorassive
excluded, or because it has been destroyed during an accreiars, reflecting the high “kick” velocities that pulsars ac-
tion phase in a close binary systddil], (i) the magnetic ~quire at their birth(see, e.g.[44] and references therginif

field configuration is such that the energy losses are smathe rapidly rotating NSs considered in Sec. VA follow this
(for a review of the possible magnetic field structure of NSsdistribution, their distribution function can be represented by
and their evolution see, e.g., Rg42]). Under these assump- EQ. (A21) and the corresponding time variation of the
tions, the considered NSs do not show up at present as radfsiuared GW signalh?(t)) is shown in Fig. 1. The Fourier
pulsars, i.e., they belong to populatiéB3). Note that New spectrum of this signal is given in Table Ill. In addition to
et al. [19] have also suggested that there could exist a largéhe constant part, it involves four frequencies, which are the
population of NSs whose spin down is driven by gravita-first four harmonics of the sidereal day frequengy. The
tional radiation. The differences with our hypothesis are thagmplitude of the GW signal read in Fig. 1 is

(i) they consider these NSs to be presently rapidly rotating

(millisecond periodsand (ii) they do not provide any spe- (hZ(1))=2x 102 /%‘ 27)

cific scenario to create this population.

10 Hz) 1’2( 1072 Hz 12

n

B. Galactic distribution
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This value can be compared with the GW amplitude of an ACKNOWLEDGMENTS
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kpc APPENDIX: SQUARED SIGNAL
ho=2X 1027< T) (28) FROM THE NS ENSEMBLE

The detector output is
Because of the important kick velocities mentioned above, it
cannot be excluded that the actual distribution of NSs con- s(t)=h(t)+n(1), (A1)

stitute; a halo arolund. our Galaxy, inst(_ead c.’f b_eing CONCeNs here n(t) is the detector's noise ankl(t) the detector's
t_rateq in the g_alactlc disk. A corresponding d|s_tr|buyon fu.nc'response to the gravitational radiation from tNegalactic
tion is then given by Eq(A22) and the resulting signal is NSs:

shown in Fig. 2.
From Figs. 1 and 2, it appears that, from the detection N
point of view, the disk distribution is more favorable than the h(t)= 2 [Fu(t)hu(t)ju FiX(t)hiX(t)]. (A2)
halo one. Indeed, the relative variation(bf(t)) during one i=1
day is 100% in the case of the disk, but ori15% for the

halo. This is due to the fact that the halo distribution is morel the above equatiorhy’, (t) and hi,(t) are the two polar-
isotropic than the disk one. ization modes of the gravitational waves emitted by ittie

NS and F', (t) and Fl (t) are the (time-varying beam-
pattern factors taking into account the direction and polariza-
tion of the radiation from thath NS with respect to the

The detection of the gravitational waves emitted by rotat-detector's armgcf. Sec. 5.1 of Ref{8]). h', andh), can be
ing NSs is a difficult task, but a positive result will give expressed in terms of thi¢h NS’s angular velocity};, el-
important information on the evolution of massive stars. Twalipticity ¢;, distancer;, inclination of the rotation axis with
strategies are conceivable: the detection of the coherent sigespect to the line of sighy, and distortion angle;, ac-
nal from some isolated NS$inear detectionand the detec- cording to[cf. Egs.(20), (21), and(25) of Ref.[8]]
tion of the incoherent signal emitted by a large ensemble of
NSs (quadratic detection The two strategies are comple-
mentary. The first one is well suited to detect the gravita-
tional radiation emitted by a few very close NSs, whereas the

VI. CONCLUSION

1
Eco%simico&icos(ﬂiw bi)

oy B
h (t)= r SIny;
i

second one allows us to detect the gravitational radiation i _1+C°52Li _ )
emitted byall the NSs of the Galaxy. We have shown that if Sify; ——5——cosAt+ ), (A3)
the distance of the closest NS is about 100 pc, the two meth-
ods give the same probability of detection if the number of i A |1 L
radiating NSs in the Galaxy is about®10 h(t)= Ik 5C0s(isinysin(€dit+ i)
The two strategies have their own drawbacks. Searching
for individual radiating NSs requires an extraordinary . .
amount of computational time. It is possible that the overall ~Sinxicos;Sin2(Qit+ i) |, (A4)
sensitivity of this method will be limited by the power of
future computers. The second method needs a high noise 167°G ;€
stability if it is to be used bynly one detectorMoreover, Ai:T Pz’ (A5)

this method has more chances to succeed if the number of !

emitters in the frequency bandwidth of the detector is largewhere P,=24/Q; is the rotation period of the stat; its

which motivates the attempts to keep the low frequencymoment of inertia, ands; some phase angle.

threshold of interferometric detectors as low as possible. In [ et us consider the mean value

addition, we have argued that a possible first generation of

NSs originating from an important stellar formation rate at ) 1(ter o

the birth of the Galaxy should have been spun down in 10 (h*(t)):= ;ﬁ h=(t")dt (A6)

G yr to periods of the order 0.1 s by the gravitational radia-

tion reaction. This population could be detected by the quapf h2(t) on a timer such that

dratic method provided that the sensitivity of interferometric

detectors is sufficiently good, around 5 to 10 Hz. It should be O l<r<1day, (A7)

noticed that since the wavelengths corresponding to these

frequencies are betweerx@0* km and 6< 10 km, detec- Where( is a typical NS rotation frequency2 ~*<1 s (for

tors at different locations onto the Earth can be employed fothstancer=10 9. From Egs.(A3) and (A4), and using Eq.

a search in cross correlation. (A7) [=>Q ! implies that integrals of products such as
Finally, let us note that the quadratic technique presente@os{t)xcos{);t) are negligibly small wheni=j and

in this article can also be applied to detect a single strong<1lday implies thaf', andF\, are approximatively con-

source of continuous wave gravitational radiation. stant on a timer], one obtains
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(h2(1)=11(t) +15(t) +15(t), (A8)
with
N 2
14(t) Z +)J (h',)2dt’, (A9)
“Thon dt, (A10)
N 2
I5(t) =Z (F f hi)2dt’. (A1)

It can be seen easily thai(t) =15(t) and, by virtue of Eq.
(A7), |1,]<14. Hence,

2
(h3(t))= 222 F *()] f [hl.(t")]2dt’.  (A12)
t

Using Eq.(A3) for h‘+ and performing the time integration
leads to

N

AZ
(h%(1))= %21 r—;[F'+(t)]zsinzxi[coszxisinznicosZLi

+sirfy;(1+co;)?]. (A13)

For a given NS distribution, the expressiohl3) can be
computed step by step, using the property that for itwde-
pendent random variablesu and v, and for large N,
>N up;=uZ=N jv;, whereu denotes the mean value of
u=3,_,Nu;/N. The variablesA, y, and: being indepen-
dent, Eq.(A13) results in

AZ
(h%(t))= T[sinzxcoszxsin%coszwrsin“x

[F +( )]2

X (1+ o<y, )Z]E (A14)

Taking for ¥ and . distributions that correspond, respec-

tively, to the probability lawP( )= 1/7 (uniform distribu-
tion in[0,77]) andP(¢) = 1/2sin (uniform distribution on the
celestial sphepe results in

4323, [FL (077

ri

(A15)

F'.(t) depends orfi) the orientation of the detector’s arms,

which varies with time due to the Earth motiaii,) the di-
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FlL(O=F (@, .¢.b). (A16)
The exact dependence is quite complicated and can be found
in Sec. 5.1 of Ref[8]. Let us first take the mean value of
F' (t) with respect to the polarization angke, which is
uniformly distributed in[0,27]. Let us denote the result by

YE

FJr(a'i15i1':):<|:+(a’i!‘Sivlzb!t)>t/1' (A17)
Equation(A15) then becomes
432N [7F (45,501
0= was)

Let f(r,a,d) be the spatial distribution function of NSs in
the Galaxy, normalized so th&f(r,«,8) is the number
density of NSs:

S=ml2 a=2m
f f f f(r,a,d)r’cossdrdéda=1.
=—m/2J) a=0

(A19)
Equation(A18) becomes
688 T'GZ—
2 - 7 7Zp-4
(h%(t))= 15 8 [“e“P~°N
S=ml2 a=2T —
f f f [YF .(a,8,t)]%f(r,a,d)
=—7/2J =0
X cosddrddde, (A20)

where use has been made of E45) to express?.
A galactic disk distribution of NSs can be modeled by the
choice

exp(—R/Ry)
4R35z,

0 if |Z|>Zo,

if |z|<z,,

f(r,a,6)= (A21)

whereR=R(r,a, ) is the distance to the galactic rotation
axis andz=z(r,«, 6) is the height above the galactic plane.
Figure 1 shows the value ¢h?(t)) computed according to
this distribution withRy=3.8 kpc andzy=0.5 kpc.

On the opposite, an NS distribution corresponding to a
galactic halo can be modeled by the choice

. 64 (alag)? -
(r'a’é)_63772a3 \/mu (A )

rection of theith NS, which can be represented by its equa-
torial coordinates on the celestial sphere, namely, the righvherea=a(r,«,8) is the distance from the galactic center

ascensiony; and the declinatio; , and(iii) the polarization

anda, is the radius of the halo. Figure 2 shows the value of

angley; of the gravitational wave with respect to the equa-(h%(t)) computed according to this distribution with

torial coordinates:

ao=10 kpc.
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