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Cosmological simulations were performed in which the ghoatt 100 M;, black hole seeds as
well as the evolution of the host galaxy were followed in &-sehsistent way. Seeds grow
mainly by accretion of baryonic matter and by coalescen@esiroing after merger events.
The gravitational wave background resulting from thesdesm@nces (essentially the ring-down
emission) was estimated from the black hole coalescenegeatmass interval as a function of
the redshift, which was estimated for the first time basedermptesent cosmological simulations.
Our results indicate that such a background is a "shot-hdikee with frequencies covering a
range from 10 Hz up tomHz a region sensitive by LISA. Such a kind of background allows
one to individually detect the ringing-down SMBHSs. We thetiraate the expected detection rate
for LISA.
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1. Introduction

The presence of SMBHSs in the center of massive galaxies seéefins a well established
fact (see, e.g., Ref. [1]) supported by observations ofestgklocity profiles and shifted lines of
water masers detected in the core of the host galaxies. rRisedbe general belief is that these
objects have been formed by the growth of primordial seeasndtter accretion and coalescences
resulting from merger episodes involving their hosts. Hasvethe detection of bright SLOAN
quasars associated to SMBHs oM, atz~ 6.5 see, e.g., Ref. [2]), led some authors to propose
an alternative evolutionary scenario, in which these dbjamuld have been formed directly via
the gravitational collapse.

Processes leading to the formation of SMBHs release, icpéat when coalescences occur,
an important amount of gravitational radiation. The eviolutof primordial massive stars [3] may
lead to the formation of BH seeds having masses in the range 500 M. The newly formed
BHs are likely to be distorted with respect to the quiescesitr ijeometry, emitting gravitational
waves (GWSs), the so-called ring-down radiation.

More massive BHs in a process of merging emit GWs during tlspiial and the plunge
phases and lately, when the two horizons merge. In this tase&;W signal has frequencies that
are accessible by LISA.

Coalescences of SMBHs are certainly one of the primary ssuwsEGWs for LISA and many
investigations have been devoted to this subject aimingpamicular, to describe in detail the
inspiral phase as well as the plunge in order to obtain adedgeaplates for the waveform [4]
and to estimate the expected rate of events. These estiregtése not only a previous knowledge
of the merging rate at different redshifts, but also of theleon of the BH mass distribution.
Early studies considered that the coalescence rate of Batfibis related to the overall merger
rate of galaxies, displaying a broad maximum around z = 3d€rstimates based on this picture
indicate a total coalescence rate ranging from one up to drbdrevents per year [5, 6].

In the present study, cosmological simulations were pevéarin which the growth of 100,
BHSs seeds as well as the evolution of the host galaxy werafell in a self-consistent way. Seeds
grow mainly by accretion of baryonic matter and by coalesesroccurring after merger events,
forming as a result SMBHs of up 10....

We here focus essentially on the ring-down emission andstigate if a GW background is
formed by the SMBHs. Since this background is shot noisetlikeringing-down SMBHs can be
in principle individually detected. We then estimate thpanted detection rate for LISA.

This paper is organized as follows: in Section 2 the simotetiare briefly described, in
Sections 3 we study the putative background, the expectesgttamn rate for LISA is given in
Section 4, and finally, in Section 5 the conclusions are prtese

2. Thesimulationsand the SMBH merger rates

General aspects of the code and results concerning the roaelations between the BH
mass and the properties of the host galaxy were alreadytegpior Ref. [7]. Here, for the sake of
completeness, we give only the main characteristics ofdhe.c
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Simulations were performed by using the parallel TreePN#S¢dde GADGET-2 in a
formulation, despite the use of fully adaptive smoothedtigar hydrodynamics (SPM), that
conserves energy and entropy [8]. Different physical meidmas affecting the gas dynamics
were introduced, such as cooling free-free transitiondjate recombinationsH, molecular
transitions, atomic fine-structure level excitation, Coéompinteractions with CMB photons, local
heating by the UV-radiation of newly formed stars, mechanénergy injected by type Il and type
la supernovae as well as by AGNs and diffusion of heavy elésnen

All simulations were performed in a cube with a size oh5b Mpc with two different
mass resolutions for the gas/stellar particles respégtagual to 535 x 10° M., (LR-runs) and
3.09x 10° M, (MR-runs). In all runs a flanCDM cosmology was adopted, characterized by a
Hubble parameteh = 0.7 in units of Hy = 100 km st Mpct, by a “vacuum" energy density
parameteQa = 0.7 and by a total matter energy density param@€gr= 0.3. The fraction of
baryonic matter was taken B&Qy, = 0.0224 and the normalization of the matter density fluctuation
spectrum was taken to begg = 0.9. Initial conditions were fixed according to the algorithm
COSMICS and all simulations were performed in the redshtérval 60> z > 0.

A total of eight runs were performéd The six LR-runs were performed to test feedback
parameters defining the fraction of the energy released pgraavae (SNe) injected into the
medium and the geometry of jets associated to the AGN phdseselruns are labeled LR1, LR2
and so on. In the two MR-runs (labeled MR1 and MR2), the igdanergy by SNe was fixed
respectively equal t0.8 x 10* erg for type la and 3 x 10*° erg for type Il and they differ only
in the adopted model for the injection energy in the “AGN" phia

As already mentioned the present paper focuses essertrallya) the ring-down emission
and if a GW background is formed by the SMBHSs, and b) the expkdetection rate of merging
SMBHs for LISA. The main ingredient here is the black holeleseence rate. In Fig. 1, the
coalescence rate per unit of volume and per mass int&t(sl, z) (in MpC‘3yr‘1M51) is shown
as a function of the resulting BH mass and for different rétsterived from our simulations. It
is worth noting that the maximum BH mass resulting from thalescence process is of the order
of 5x 10° M.

3. The background

Since there is a considerable amount of SMBH formed via meigiss worth investigating
if a background of GWSs, essentially via ring-down emissigngenerated. The coalescence rate
per unit of volume and per mass inter#{M, z) derived from our simulations permits to compute
such a putative background.

To proceed, the following ingredients are necessary toutatle the expected flux and the
equivalent density parameter.

The coalescence rate in a given interval of mass and redsift by an observer at= 0 is

WMV
~ (1+2 dz ’

(3.1)

1Computations were performed at ti@enter of Numerical Computation of the Céte d’Azur Obsemat
(SIGAMM).
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Figure 1: Coalescence rate per unit of volume and per mass intbt{ldl, z) as a function of the resulting
black hole mass. Curves are labeled for different redshits a better visibility in the plot, curves were
smoothed.

note that the factofl+ z) that appears in the denominator of the above equation atcénthe
time dilation. The comoving volume elemett¥ for a flat cosmology is given by

B c r’(z)dz
dv = 4n<Ho> oo (3.2)

and the comoving distance by

dx

C z
"= H_o/o VOA+Qm(1+x)3

(3.3)

The relation between the black hole mass and the observedhotb@astic “ring-down”
frequency is given by [10]

_ Vm _ F(@ (Mg
V=12 " +2 (V) Hz (3.4)

wherea = Jc/GM? is the spin parameter and the functiéta) is given approximately by [10]

B 100 63 0.30
F(a) =1.2x 10 [§—3—7(1—a) } Hz (3.5)

With the above above equations at hand, it is easy to shovittbatxpected flux is given by:

oy c\3 *Zmax dz
=" (2) F%a W(F(a)/(1+7Z : 3.6
w Ho <v) ( )/zmin (F@)/ )V)(1+z')4\/§2,\+§2m(1+z’)3 (3.6)
The equivalent density parameter reads
_1lve
Qqu(V) = PR (3.7)
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Figure 2: Background of gravitational waves for a ring-down signalde= 0.5 ande = 104

Fig. 2 shows the putative background spectrunefer0.5 ande = 10~. To assess the nature
of the background it is necessary to calculate the duty cydiech relates the time interval between
events with their characteristic times. In the present dasaluty cycle is<< 1, which implies
that the background is shot-noise like. Therefore, theimmpglown SMBHs can in principle be
individually detected. In the next section we consider sarclssue.

4. The expected detection ratefor L1SA

Performing a change of variable in Eq. (3.1), i.e., expregshe BH mass in terms of the
observed “ring-down" frequency, the expected coalesceategoer logarithm interval of frequency
is

Zmax(V)
dR _/ WY,z dM dV 4.1)

Gn(V) ~ Jawy Ax2) | din(w) | a2

The lower limitzyin(v) appearing in the integral defined by Eq. (4.1) is fixed by th&imam
BH masaVpn(max present in our simulations. For a given frequency, usind&4), the minimum
redshift is given by the condition

(4.2)

Zmin(V) = Max [O, M}

VMpn(max)

The upper limitzhax(V) represents the redshift below which a gravitational sigraal be
detected at a given signal-to-noise ratio. The optimalaigmnoise ratio derived from a matched

filtering technique is
s\*_, [ 1hw) 2
(N) _4/0 SO 4.3)

where| h(v) |2 is the spectral density of the signal averaged over bothrigations states arh(v)
is the effective one-sided spectral density of the noisbédetector [9].
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The “ring-down" waveform is modelled here by a simple damgiedsoidal, i.e.,
h(t) = hoe™"/™ cog wmt) (4.4)
where the amplitudéyg of the signal is related to the total energycarried out from the source
under the form of gravitational waves by

, 16GE Ty

"o 1148 *.5)

whereG is the gravitational constard, is the luminosity distance ar@y, = MVnTm = WnTm/2 IS
the quality factor of the oscillation, given approximatély [10]

Qm=K(a) ~2(1—a)¥?® (4.6)

The Fourier transform of the signal is

[1+ (0— )27

h(w) = = hoTmf (@, Tm) (4.7)
Notice thatﬁ(v) has a Lorentz profile, indicating that the spectral densitpaaked around the
characteristic frequenay,.

Using the above equations and assuming that the total ergepsed under the form of GWs
is given byE = eMpnc?, one obtains for th&/N ratio

<§>_2.83x10‘17<ﬂ>1/2 Qm(a) 1 4.8)
NS oA WM 14 AQ% @) VS (V)| '

In Eq. (4.8) the luminosity distance is givenNpcand we have assumed that in the evaluation
of the integral in EqQ. (4.3), the noise spectral density dagsary considerably near the frequency
defining the maximum of the spectral density of the signal.e Ting-down" efficiencye was
estimated in Ref. [11] to be about87x 10~* from fully relativistic calculations of head-on
collisions between a black hole and a neutron star. In ouranigal estimates, a more conservative
value equal t& = 10~4 was also considered.

Integration of the coalescence ratB/dIn(v) gives the total expected rate of events. Table
1 shows the results for different values of the signal-ts@aatio, the spin parameter and the
“ring-down" efficiency.

Table 1 indicates that the predicted rates are in a very waramge of values despite the
different values of the spin parameter, gravitational wawéssion efficiency and S/N ratios. In fact,
increasing the efficiency or decreasing the S/N rate petmtsobe effectively a higher volume of
the universe.

5. Conclusions

Cosmological simulations were performed in which the ghowaft 100 M., BHs hole seeds as
well as the evolution of the host galaxy were followed in d-sehsistent way. Seeds grow mainly
by accretion of baryonic matter and by coalescences oocuafter merger events.
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SIN a £ R (yr 1)
5 0.50 10x 104 15.9
5 0.50 78x 1074 18.0
5 0.01 10x 104 16.7
10 0.50 10x 104 14.4
10 0.01 10x 104 14.8
10 0.50 78x 1074 16.3

Table 1: Coalescence Rates: columns give respectively: (1pfiheratio, (2) the spin parametar (3) the
gravitational wave radiation efficieneyand (4) the coalescence rate R.

The GW background resulting from these coalescences (edlethe ring-down emission)
was estimated from the BHs coalescence rate, which wasagstinfor the first time based on the
present cosmological simulations.

Our results indicate that such a background is shot-nokeewiith frequencies covering a
region sensitive by LISA. This kind of background allows inngiple to individually detect the
ring-down SMBHSs. For LISA, for example, a total rate of aba6tyr! is predicted for events
having S/R = 10.
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