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Detecting relic gravitational radiation from string cosmology with LIGO
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A characteristic spectrum of relic gravitational radiation is produced by a period of “stringy inflation” in the
early Universe. This spectrum is unusual, because the energy density rises rapidly with frequency. We show
that correlation experiments with the two gravitational-wave detectors being built for the Laser Interferometric
Gravitational Wave Observatory could detect this relic radiation for certain ranges of the parameters that
characterize the underlying string cosmology mof®0556-282(197)00706-§
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I. INTRODUCTION tional radiation produced by string cosmology, and discuss
Because the gravitational interaction is so weak, a sto'Ehe se pf gravitational wave antennae o _detect. this typg_o_f
. o e ! stochastic background. We use the specific design sensitivi-
chastic background of gravitational radlgtmﬁﬂne grgwton ties of the Laser Interferometric Gravitational Wave Obser-
backgrounal! decouples from the matter in the.Umverse atvatory (LIGO) [8] to determine by quantitative statistical
very early times. For this reason, the stochastic backgroungnawsis the region of parameter space for which this radia-

of gravitational radiation, which is in principle observable attjon would be observed at the 90% confidence level by the
the present time, carries with it a picture of the state of thgnitial and advanced LIGO detectors.

Universe at very early times, when energy densities and tem-
peratures were very large.

The most interesting features of string theory are associ-
ated with its behavior at very high energies, near the Planck
scale. Such high energies are unobtainable in present-day In models of string cosmolog§3], the Universe passes
laboratories, and are unlikely to be reached for quite somérough two early inflationary stages. The first of these is
time. They were, however, available during the very earlycalled the *“dilaton-driven” period and the second is the
history of the Universe, so string theory can be probed by théstring” phase. Each of these stages produces stochastic
predictions which it makes about that epoch. gravitational radiation; the contribution of the dilaton-driven

Recent work has shown how the early Universe mightPhase is currently better understood than that of the string
behave, if superstring theories are a correct description d?hase.
nature[1,2]. One of the robust predictions of this “string In order to describe the background of gravitational radia-

cosmology” is that our present-day Universe would containtion; it is conventional to use a spectral functiblpw(f)
a stochastic background of gravitational radiatig], with which is determined by the energy density of the stochastic

a spectrum which is quite different than that predicted bygravitational waves. This function of frequency is defined by

many other early-Universe cosmological modgls-7]. In

particular, the spectrum of gravitational waves predicted by Qo )= 1 dpew
string cosmology has rising amplitude with increasing fre- ow(f)= Periticat dINF
guency. This means that the radiation might have a large

enough amplitude to bg observable by ground—based graVitX-'Iere,dpGW is the (present-dayenergy density in stochastic
wave deteqtors, which operate at frequenugs abqvﬁravitational waves in the frequency randéf, and piica
~10 Hz. This also allows the spectrum to be consistent withs the critical energy density required to just close the Uni-
observational bounds arising at § Hz from observations verse. This is given by

of the cosmic background radiation and at $0Hz from

II. STOCHASTIC BACKGROUND
IN STRING COSMOLOGY

(2.0

observation of millisecond pulsar timing residuals. 2,42
In this short paper we review the spectrum of gravita- 3¢Ho 81,2 M
pcmica,zﬁwlﬁx 10" °hiy, ergs/cm, (2.2
*Electronic address: ballen@dirac.phys.uwm.edu where the Hubble expansion ratk is the rate at which our
"Electronic address: ramyb@bgumail.bgu.ac.il Universe is currently expanding,

0556-2821/97/5%)/32605)/$10.00 55 3260 © 1997 The American Physical Society



55 DETECTING RELIC GRAVITATIONAL RADIATION . .. 3261

10™ : : : : and

N
(fs > QGW)

Q™)

-10

H 2
slope P QZ=1x10"" hlozo( —5><1017r Gev) . (2.6
The ratios (3,/Q83) and (fs/f,) are determined by
the basic physical parameters of string cosmology models,
1 the values of the Hubble parameter, and the string coupling
parameter at the end of the dilaton-driven phase and the on-
set of the string phage,9,11].
i More complicated models and spectra were discussed in
[12-14. These models either treat the less-understood string
phase in a more detailed fashion by adding more parameters
10 l . . . and more assumptions about the evolution of the back-
N ’ ? 10* 10° 10° 10" ground, or attempt to compute the spectrum to a higher de-
frequency f (Hz) gree of accuracy, or include more intermediate stages of in-
) o flationary evolution in addition to the dilaton-dominated and
FIG. 1. A string cosmology gravitational wave power Spectrum. gtring phase. These details are not essential for the purpose
The part of the spectrum with slope 3 below frequefigys pro- st this paper and for the sake of simplicity and clarity we
duced during the dilaton-driven phase, and the part of the spectrug ot analyze them in detail. The resulting gravitational
above that frequency is produced during the string phase. wave (GW) spectra are similar to those we discuss and de-
pend in the same way on the parameters we use.

e
o
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S

Q,.(f (typical)
3

km 1
Ho= thOwOW; 3.2x10° 18h100§C. (2.3
Ill. DETECTING A STOCHASTIC BACKGROUND

BecauseH, is not known exactly, it is defined in terms of a A number of author§15—17,7 have shown how one can
dimensionless parametaiq, which is believed to lie in the  yse a network of two or more gravitational wave antennae to
range 1/2<h;oo<1. detect a stochastic background of gravitational radiation. The

The spectrum of gravitational radiation produced in thepasic idea is to correlate the signals from separated detectors,
dilaton-driven and string phase was discussefBinin the  and to search for a correlated strain produced by the gravi-
simplest model, which we will use in this paper, it dependstational wave background, which is buried in the intrinsic
upon four parameters. The first pair of these is the frequencihstrumental noise. It has been shown by these authors that
fs and the fractional energy densify3,, produced at the after correlating signals for time T (we take
end of the dilaton-driven phase. The second pair of paramf=10" sec=3 months), the ratio of “signal” to “noise”

eters is the maximal frequendy above which gravitational (squaredlis given by an integral over frequendy
radiation is not produced and the maximum fractional energy

densityﬂg)a}\}‘ which occurs at that frequency. This is illus- (S)Z OHL (= yAHQEF)
trated in Fig. 1. —| =—— f 5 o - (3.2
An approximate form for the spectrum i8] N 50m o FPP1(T)P,(f)
Q2w(fltg)®,  f<fs, In order to detect a stochastic background with 90% confi-
_ S B dence the rati®/N needs to be at least 1.65. In this equation,
Qo 1) Qewlflfe)” Te=t<ty, (2.4 several different functions appear, which we now define. The
0, fi<f, instrument noise in the detectors is described by the one-
sided noise power spectral densitg$f). The LIGO project
where is building two identical detectors, one in Hanford, Washing-
ton and the other in Livingston, Louisiana, which we will
IN[QI2903,] refer to as the “initial” detectors. After several years of

operation, these detectors will be upgraded to so-called “ad-
vanced” detectors. Since the two detectors are identical in
edesign,Pl(f)sz(f). The design goals for the detectors
specify these functiong3]. They are shown in Fig. 2. The
gext guantity which appears is the overlap reduction function

f). This function is determined by the relative locations
and orientations of the arms of the two detectors, and is
identical for both the initial and advanced LIGO detectors.
For the pair of LIGO detectors

T n[f, /g

is the logarithmic slope of the spectrum produced in th
string phase.

If we assume that there is no late entropy production an
make reasonable choices for the number of effective degre
of freedom, then two of the four parameters may be deter
mined in terms of the Hubble parametdy at the onset of
radiation domination immediately following the string phase
of expansior10],

j1(X jo(X
H 12 y(f)=—0.1248424(x) — 2.900142% ¢ 3.00837JL2) ,
f,=1.3x 101 Hz v) X X

5x 10 Ge @9 (3.2
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is greater than 1.65 then with at least 90% confidence, the
background can be detected by LIGO. The regions of detect-
ability in parameter space are shown in Fig. 4 for the initial
LIGO detectors, and in Fig. 5 for the advanced LIGO detec-
tors. For these figures we have assunigg,=0.65 and
H,=5x 10 GeV. The observable regions for different val-
ues of these parameters can be obtained by simple scaling of
the presented results.

At the moment, the most restrictive observational con-
straint on the spectral parameters comes from the standard
model of big-bang nucleosynthedidS) [18]. This restricts
the total energy density in gravitons to less than that of ap-
proximately one massless degree of freedom in thermal equi-
librium. This bound implies that

FIG. 2. The predicted noise power spectra of the initial and

advanced LIGO detectors. The horizontal axis is dag frequency 3 1 1
f, in Hz. The vertical axis shows lgg[ P(f)/sed*?, or strain per f Qew(f)dIn =08 §+ E
root Hz. These noise power spectra are the published design goals.

<0.7x10"%h; 3, (4.2)

[(f1/f9f-1]

The bumps appearing in the low-frequency part of the advanced
LIGO noise curve are obtained by folding measured seismic noise
data with the predicted transfer function of the seismic isolationwhere we have assumed an allowdg=4 at NS, and have
(stack system. substituted in the spectrurf2.4). This bound is shown on

Figs. 4 and 5. We also show the weaker “dilaton only”
where thej; are spherical Bessel functions. The dimension-bound, assuming NO stochastic background is produced dur-
less frequency variable is=27f 7 with 7=10.00 msec be- ing the (more poorly understogdstring phase of expansion:
ing the light travel time between the two LIGO detector sites.
This function is shown in Fig. 3.

Equation(3.1) allows us to assess the detectabiliging
initial or advanced LIGQ of any particular stochastic back- This is obtained by settin§); = f5 in the previous equation,
groundQaw(f). i.e., assuming tha sy vanishes foif << f <f,. We note that
if the “dilaton + string” spectrum is correct, then the NS
bounds rule out any hopes of observation by initial LIGO.
On the other hand, in the “dilaton only” case, a detectable
background is not ruled out by NS bounds; it would be ob-

Making use of the prediction from string cosmology, we servable if the spectral peak falls into the detection bandpass
may use Eq(3.1) to assess the detectability of this stochasticbetween 50 and 200 HFig. 7 of [7]).
background. For any given set of parameters we may nu- Because the functiofry(f)/P(f)]? decays rapidly at high
merically evaluate the signal-to-noise ra8tN; if this value  and low frequencies, the asymptotic behavior of the 90%

Q2,<2.1X10 °hys. (4.2

IV. DETECTING A STRING COSMOLOGY STOCHASTIC
BACKGROUND

0.2 Y 0.2[ Y
/\ T — Av’\v‘
50/ 100 380 200 250 1 2V 3 4
Frequency f (Hz Frequency f (H
-0.2 quency ) 0.2 q y £ (Hz)
-0.4 -0.4
-0.6 -0.6
-0.8 -0.8
_1 _1

FIG. 3. The overlap reduction functiop(f) for the two LIGO detector sitegThe horizontal axis of the left-hand graph is linear, while
that of the right-hand graph is lgg) The overlap reduction function shows how the correlation of the detector pair to an unpolarized
stochastic background falls off with frequency. The overlap reduction function has its first zero at 64 Hz, and falls off rapidly at higher
frequencies.



55 DETECTING RELIC GRAVITATIONAL RADIATION. .. 3263
Initial LIGO Sensitivity Advanced LIGO Sensitivity
107 NS bound //
) . /
10 10 4
“@y . . NS bound ~
& 107
. g (o]
% Di : +String .5 107 = Dilaton+String /
B | oy : — Diaemoay
£ NS bound z 107
z -
4 = 3 10° '/
£ 10° — / ;:?10_10 //
¥ 10-11 /
3 NS bound
—12
50 80 100120 150 200 10 1 10 100 1000
frequency f; (Hz) frequency f, (Hz)

FIG. 4. Shown is the region in parameter space for which the FIG. 5. This graph is identical to the previous one, but for the

gravitational wave stochastic background is observable by the iniadvanced LIGO detector. The observable region of parameter space
tial LIGO detector. The region above and to the left of the curves iSs above and to the left of the curves. The two curves are indistin-
where the signal-to-noise ratio exceeds 1.65 and the background fiishable abovés=50 Hz.

observable with 90% confidence. The two curves are indistinguish-

able abovefs=200 Hz. The two lines labeled “NS bound” are . . .
nucleosynthesis bounds. The allowed region is below each lin€GOnstrain string cosmology models of the early Universe.

Note that the dilatofrstring line lies below the 90% confidence N principle, this might also constrain the fundamental pa-

curve.

rameters of superstring theory. The initial LIGO is sensitive
only to a narrow region of parameter space and is only mar-

confidence contours for the advanced LIGO detector in theginally above the required sensitivity, while the advanced

high and lowf g regions can be estimated analytically as

(Q3w) o0%="T7.4X10" 1% 4 f4100 H2®, fs=100 Hz,
(4.3
(Q3w)a0%=2.6x10"1h & (f420 H2%4 fg=20 Hz.
(4.4

Similar estimates may be obtained for the initial LIGO de-
tector.

V. CONCLUSION

LIGO detector has far better detection possibilities. The si-

multaneous operation of other types of gravitational-wave

detectors which operate at higher frequencies, such as bar
and resonant designs, ought to provide additional increase in
sensitivity and, therefore, further constrain the parameter

space.
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