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Abstract. We consider a model in which massive stars form in a selfitating accretion disk
around an active galactic nucleus. These stars may evolve@tapse to form compact objects
on a time scale shorter than the accretion time, thus pradui important family of sources for
LISA. Assuming the compact object formation/inspiral ret@roportional to the steady-state gas
accretion rate, we use the observed extra-galactic X-naynlasity function to estimate expected
event rates and signal strengths. We find that these souiltesosuce a continuous low-frequency
background detectable by LISA if more thanl% of the accreted matter is in the form of compact
objects. For compact objects with > 10M, the last stages of the inspiral events should be
resolvable above a few mHz, at a rate~ol0— 100 per year.

INTRODUCTION

One of the major challenges that will face gravitational &é&W) astronomers is the
successful discrimination between instrumental noiselststic GW backgrounds, and
individual, resolvable GW sources. For example, the pdmraf galactic white dwarf
binaries in close orbits will provide a major contributiam the LISA noise curve in
the Q1 — 1 mHz band|[1]. At the same time, this confusion “noise” casodle treated
as a signal, and its shape and amplitude will provide impoitaformation about the
distribution and properties of white dwarf binaries in thaaxy.

It has recently been proposed that, in the self-gravitasiogretion disks of active
galactic nuclei (AGN), massive stars could form and evodwentually collapsing into
compact objects and merging with the central black hale/J[2A8Bdifferent stages in
the inspiral evolution, this population will contribute tiee GW background confusion
or alternatively produce individual, resolvable chirpreats. It is therefore a matter of
theoretical and practical interest to understand the aattisuch a population.

In this paper we derive a relationship between the obsez\ebttro-magnetic (EM)
emission and the predicted GW emission from AGN, followihg procedures and
summarizing the results outlined in our longer papar [4panticular, we use the hard
X-ray luminosity function of Ueda et al.|[5] to infer the aetion history of supermassive
black holes (SMBHSs) out to redshifts af~ 3. Then we assume a few simple scaling
factors, such as the average (Eddington-scaled) accredtenand the efficiency of
converting accretion energy to X-rays, and derive the GV¢tspm that might be seen
by LISA.

Depending on the specific model parameters, we find this bagkd could be an
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TABLE 1. Glossary of dimensionless parameters, with allowable aeféped values

symbol min max preferred description

facc 0 1 1 fraction of SMBH mass due to accreted gas

feo 0 1 0.01 fraction of SMBH mass due to accreted compact objects
fx 0 1 0.03 fraction of EM radiation in X-rays

fEdd 0o >1 0.1 typical fraction of Eddington luminosity/accreticate
Nem 0 1 0.2 efficiency of converting accreting gas to EM radiation
Ngw 0 1 0.2 efficiency of converting compact objects to GW radiati

important class of LISA sources, similar in strength anchévates to extreme mass-ratio
inspirals from captured compact objects [6]. As in thoseses) here too it is a matter
of preference as to whether the background should be thadigistsignal or noise. But
for higher masses (perhaps as largenas 10°M, [2]), disk-embedded compact objects
should produce individual, resolvable inspiral eventshwiigh signal-to-noise over a
wide band of frequencies.

THE HARD X-RAY LUMINOSITY FUNCTION OF AGN

We begin with a short discussion of notation. The resultvddibelow include a number
of dimensionless parameters, most of which can take valeeseen 0 and 1. We
divide these parameters into two general classes: effieigand fractions. Efficiencies,
denoted byy, are believed to be determined by more fundamental phyaicktypically
have more stringent lower- and upper-limits. Fractionsiodied byf, are more model-
dependent parameters and less-well known than the efficgarameters, and thus have
a larger range of acceptable values. A summary of these npadaimeters appears in
Table[1.

A growing consensus has been forming that SMBHs grow almeodusively by
accretion, suggestinfycc~ 1 (see, e.g.7]). A corollary of this assumption is that most
AGN should be rapidly spinning, with dimensionless spinapagters of/M ~ 0.9 —
0.998, giving EM efficiencies for a radiative disk gty ~ 0.15— 0.32 [8]. Similarly,
assuming the compact objects are on circular, adiabatitspive setngy = Nem,
ignoring any EM or GW emission from the plunging region.

We write the X-ray luminosity.x as a fractionfx of the bolometric luminosity, which
in turn is a fractionfggq of the Eddington luminositygqgq:

Lx = fx feddledd(M) = fx NemMacC?. (1)

The Eddington limit is a function only of the SMBH maskggg(M) = 1.3 x
10%(M/M.). Over the range of redshifts and luminosities we are prabippgical
accretion rates are estimated to fagq ~ 0.1, but could conceivably be even greater
than unity [9]. Since the energy density in the cosmic irddabackground (also
dominated by AGN) is about 30 times greater than the X-rayk¢pamind, we set
fx = 0.03 |10]. Lastly, the parametef, is the fraction of total mass accreted in the
form of compact objects. Since the astrophysical mechanitiat actually determine



this fraction are not yet well understood, we set it to a coregere value of Q1. If it
were much higher, the disk would be entirely fragmented &uog tot efficiently emit
EM radiation. And as we will see below, a value much belo@10vould result in a GW
signal undetectable by LISA.

We approximate the intrinsic (i.e. directly produced by Hueretion process, and
before reprocessing and/or partial absorption within thet lgalaxy) X-ray luminosity
function per comoving volume after Refl [5], roughly giviagoroken power-law dis-
tribution with higher average luminosities at higher raftsithe fiducial values for the
model parameters and the observed range of luminositiesspond to SMBH masses
in the range 1M, < M < 10'%M., consistent with the masses inferred from observa-
tions of velocity dispersions.

THE GRAVITATIONAL WAVE SPECTRUM

We begin by considering the inspiral of a single compactalgémassnonto a SMBH

of massM > m and specific angular momentusn Using geometrized units such that
G = c =1, a particle on a circular, equatorial orbit around a Keacklhole has an
orbital frequency (as measured by an observer at infinity) of
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and specific energy
E(r)  r2—2Mr+avMr 3)

m  r(r2—3Mr +2ay/Mr)1/2’

Thus the total energy emitted in gravitational waves dowa t@diusr is Egy(r) =
m—E(r). The GW energy emitted between frequerignd f +df for such an eventis

dEgw  dEgw (df)_l

df — dr

dr “)
Here, we restrict the GW emission to the quadrupole formaraifcular geodesic orbits,
thus we consider only GW frequencies at twice the orbitajdencieq f = 2fyp).

We will generally want to restrict equatioll (4) to a rangereffjuenciesyi, < f <
fmax Wherefnin is determined by the LISA sensitivity arfghax is the GW frequency at
the inner-most stable circular orbit (ISCO). The ISCO frexgey in turn is determined
solely by the SMBH mass and spin, givirfgiax ~ 4 — 30 mHz forM = 10°M.... In
Figure[1 we show the characteristic strain spectrum for glsimspiral event for a
range of black hole masses and spins.

Integrated over redshift the observed GW energy density per logarithmic frequency
is given by (e.g.l[11])

ﬁ
dz

dln fz(fZ), (5)
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FIGURE 1. Characteristic GW strain amplitudes for individual ingpevents, where a black hole with
m= 10M., merges with a SMBH of madd = 10°, 107, 1(BM,, at a redshift oz = 1. For each value d¥l,
we show the spectra for two spin valuagM = 0 (solid) and Q95 (dashed). The dot-dashed anddotted
lines are the sky-averaged LISA noise curves with and witltteel contributions from galactic binaries,
respectively.

where f, = (1+2)f, and R(z) is the rate of inspiral events per comoving volume.
Cosmology enters with the terfdt /dz| = [(1+2)H(2)] 1, where for a flat geometry,

H(2) = Ho [Qm(1+ 2%+ Q] 2. 6)

Throughout this paper we will assume a standA@DM universe withQy = 0.3,
Qa =0.7, andHg = 72 km st Mpc™2.

The event rate for a single AGN is simply the X-ray luminogityided by the total
X-ray energy emitted between inspiral everi. = Eqw fx / fco. Integrating over the
luminosity distribution function, we get

fco dn |—X7

where dn(Lx,z)/dInLy is the intrinsic luminosity distribution function in unitsf
Mpc~3. Combining equationgX5) anfl(7), the total (time-averjggdvitational wave
spectrum is

dpgw“)_@/m
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dz /'—max dn 1 dEgW( )
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The GW spectrunigy( f) from each individual AGN is a function of the SMBH mass,
which in turn is determined by the X-ray luminosity througjuation [1). Note that the
integrated spectrum is independentofas long asnis small enough so that the inspiral
waveform cannot be individually resolved. One measureisfrésolvability is theduty
cycle, described in the next section.



107" 10719 ¢

L Lo Lo L Lo L M| L MR V| L Lo
107 1073 1077 107! 1074 1073 107% 107!
f (Hz) f (Hz)

FIGURE 2. Dependence of the GW background on the model paramé&igi¢left) and fe, (right).
The fiducial values for the model give a background signalgamable to the LISA noise curve, including
unresolved galactic white dwarf binaries.

Following Refs. [6, 12], we will want to compare directly thackground defined
in equation [(B) to the spectral density of the detector n&jgé), which has units of

inverse frequency. In this casg,fS,(f) will be a dimensionless strain. Averaging over
the entire sky, weighted by the LISA antenna pattern, gives

4 1 dpgw(f)
T3 dinf ©)

Throughout the paper we use the so-called sky and detectwaged instrumental
spectral density for LISA, augmented by the white-dwarfagat confusion noise, as
given in [6].

In Figure[2 we plot the nominal GW background from equatldnwih the model
parameters listed in Table 1. Also shown are the effects ofimg the accretion rate
feqq (Fig. [@a) and the fraction of accreted mass in compact abjeet(Fig. [Ab). By
increasingfegqq, the effect is to reduce the AGN mass inferred from equafi)ratd
thus increase the GW frequency of the signal, shifting thrgezuto the right. From the
leading term in equatioml(8), it is clear that the total GW povwe simply proportional
to fco, SO increasing this parameter linearly increases the gotgdlitude of the GW
spectrum.

S()

EVENT RATESAND RESOLVABLE SIGNALS

The GW spectra calculated from equati@h (8) representitheaveraged signal from
all the AGN in the universe, but at any single time, there maly be a few sources that
are emitting at a given frequency. This can be seen from cangp&iguredl andl?2:
while the signal-to-noise ratio of a single inspiral can beparge around + 10 mHz,
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FIGURE 3. Duty cycleD(f) for the nominal parameter values and a range of compacttobjgsses
m. WhenD(f) < 1, the inspiral signals should be individually resolvable.

a relatively small fraction of the inspiral time is spentiat band, significantly reducing
the time-averaged strain amplitude.

One way of estimating the number of individual signals at\egifrequency is by
calculating the duty cycl®(f):

e dV [lmec  dn
D(f) = o / dz— /L g e ) (10)

where the cosmological volume elementlié/dz = 4rr?(z) /H(z) and the “coherence
time” teon(f) is approximated by the Newtonian limit of the radiation té&at formula
(e.g. [13)]):

f 5

df/dt ~ 144

In Figure[3 we show the duty cycle for the fiducial model parerseand a range of
compact object masses The sharp cutoff around 40 mHz is not physical, but rather
due to the somewhat artificial low-end cutoff in the luming$unction, corresponding
to a minimum value foM and thus maximum attainable frequency. Note thaf)
is proportional tom~2, since smallem means more compact objects, and also slower
inspiral rates, thus each source spends more time arounemfgi

It is important to understand thax( ) represents the total number of sources in the
observable universe, not all of which would be individuatdgolvable with LISA. To
estimate the subtractable portion of the signal, we integlee total signal-to-noise ratio
(SNR) for a three-year mission lifetime (see, e.g.} [12Pr & givenm, M, and source
distanced, we can calculate the minimum frequency above which thecgowould be
detectable with SNR above a certain threshold (here we useAhy contribution to
equation[(B) above that frequency is ignored, resultingninr@esolvable GW spectrum,

teon(f) = m~tM~2/3(rf)~8/3, (11)
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FIGURE 4. The fiducial time-averaged signabp curve), along with the unresolvable portions of the
GW spectra, after subtracting out individual events witkegnated SNR above a threshold of 15.

plotted in Figurd¥. As expected, with increasimgmore inspiral events are detectable
and the remaining background confusion noise is diminished

ACKNOWLEDGMENTS

We thank Curt Cutler and Joe Silk for useful discussions.

REFERENCES

P.L. Bender and D. Hils, Classical Quantum Graty1439 (1997).

J. Goodman and J. C. Tan, Astrophy$QB, 108 (2004).

Y. Levin, Mon. Not. Royal Acad. Sci. submitted (2006) [arastro-ph/0603583].
G. Sigl, J. D. Schnittman, and A. Buonanno, Phys. Rev. Dniidd (2006).

Y. Ueda, M. Akiyama, K. Ohta, and T. Miyaji, Astrophys5%8, 886 (2003).

L. Barrack and C. Cutler, Phys. Rev.7D, 122002 (2004).

. Q.]. Yuand S. Tremaine, Mon. Not. Roy. Astron. S885, 965 (2002).

K. S. Thorne, Astrophys. 191, 507 (1974).

A. Marconi, G. Risaliti, R. Gilli, L. K. Hunt, R. Maiolinord M. Salvati, Mon. Not. Roy. Astron. Soc.
351, 169 (2004).

10. M. T. Ressell and M. S. Turner, Comments Astropfiyis323 (1990).

11. E. S. Phinney, [astro-ph/0108028].

12. L. S. Finn and K. S. Thorne, Phys. Rev6® 124021 (2000).

13. P. C. Peters, Phys. Ré&6, B1224 (1964).

CoNoOr~wWNE


http://arxiv.org/abs/astro-ph/0603583
http://arxiv.org/abs/astro-ph/0108028

	INTRODUCTION
	The hard X-ray luminosity function of AGN
	The gravitational wave spectrum
	EVENT RATES AND RESOLVABLE SIGNALS

