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ABSTRACT

In this work we investigate the detectability of the gravitational stochastic background pro-
duced by cosmological sources in scenarios of structure formation. The calculation is per-
formed in the framework of hierarchical structure formation using a Press—Schechter-like
formalism. The model considers the coalescences of three kinds of binary systems. namely
double neutron stars (NS—NS), the neutron star—black hole (NS—BH) binaries and the black
hole-black hole (BH-BH) systems. We also included in the model the core-collapse super-
novae leaving black holes as compact remnants. In particular, we use two different dark energy
scenarios, specifically cosmological constant (A) and Chaplygin gas, in order to verify their
influence on the cosmic star formation rate. the coalescence rates and the gravitational wave
backgrounds. We calculate the gravitational wave signals separately for each kind of source
and also determine their collective contribution for the stochastic background of gravitational
waves. Concerning the compact binary systems, we verify that these sources produce stochastic
backgrounds with signal-to-noise ratio (S/N) values ~1.5 (~0.90) for NS-NS, ~0.50 (~0.30)
for NS-BH, ~0.20 (~0.10) for BH-BH and ~0.14 (~0.07) for core-collapse supernovae for
a pair of advanced LIGO detectors in the cosmological-constant (Chaplygin gas) cosmology.
Particularly, the sensitivity of the future third-generation detectors such as the Einstein Tele-
scope (ET). in the triangular configuration, could increase the present S/N values by a high
factor (~300-1000) when compared to the S/N calculated for advanced LIGO detectors. As
an example. the collective contribution of these sources can produce S/N ~ 3.3 (~1.8) for the
A (Chaplygin gas) cosmology for a pair of advanced LIGO interferometers and within the
frequency range ~10 Hz—1.5 kHz. Considering ET we have S/N ~ 2200 (~1300) for the A
(Chaplygin gas) cosmology. Thus, the third-generation gravitational wave detectors could be
used to reconstruct the history of star formation in the Universe and to contribute for the char-
acterization of the dark energy, for example, identifying if there is evidence for the evolution
of the dark energy equation-of-state parameter w(a).

Key words: gravitational waves — binaries: close — stars: neutron — cosmology: theory — dark
energy — large-scale structure of Universe.
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Figure 17. Possible CSFRs taking into account all the viable models studied
in this work. The black area represents the family of CSFRs for the ACDM
cosmology (models Al to A3), while the grey area shows the family of
CSFRs for the Chaplygin gas (models A4 to A6) as dark energy component
of the Universe. Note that there is no overlap at z > 2 between these two
dark fluids, with all the uncertainties in the parameters.
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Figure 15. Collective spectra of the three compact binaries taking into
account the uncertainties in the parameters. The black area describes all the
possible GW signals for the ACDM case. The grey area represents the GW
backgrounds for Chaplygin gas with @ = 0.2.
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Abstract. The spectrum and amplitude of the stochastic background of relic gravitons pro-
duced in a bouncing universe is calculated. The matter content of the model consists of dust
and radiation fluids, and the bounce occurs due to quantum cosmological effects when the
universe approaches the classical singularity in the contracting phase. The resulting ampli-
tude is very small and it cannot be observed by any present and near future gravitational
wave detector. Hence, as in the ekpyrotic model, any observation of these relic gravitons will
rule out this type of quantum cosmological bouncing model.

Keywords: gravitational waves / theorv. alternatives to inflation
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Figure 1. Energy density parameter as a function of frequency for the primordial gravitational waves

produced in our model. Each curve shows the results obtained for the indicated value of 7. The
dashed lines show for comparison two power laws proportional to n? and n*.
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Figure 3. Comparison of our results (blue curves at the bottom right) with experimental sensitivities
(red curves) and a prediction the upper limits on the spectrum of primordial gravitational waves
generated in inflationary models (black dashed curve). The red curves show the sensitivities achieved
by LIGO’s 5th run and the ones predicted for Advanced LIGO, the Einstein Telescope and LISA [21].3

See [22] and references therein.
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In this work we study the evolution of matter-density perturbations for an arbitrary A(f) model and
specialize our analysis to the particular phenomenological law A = A + 3BH”. We study the evolution
of the cosmic star formation rate in this particular dark energy scenario and, by constraining the
parameter using both the age of the Universe and the cosmic star formation rate curve, we show that 1t
leads to a reasonable physical model for § < 0.1.

TABLE . The results for the CSFR as a function of the
parameter. In column 2 is presented the redshift (z,) where the
CSFR peaks, and finally, in column 3, we have the age of the

Universe (1,).

B 2 t, (Gyr)
0 355 13.70
0.025 378 13.95
0.050 40 14.22
0.075 428 14.50
0.10 4,54 14.79

PROBING A COSMOLOGICAL MODEL WITHA ...

2
Qo+ Q= iA (18)
where
Ay 87Gpmp
O, = , Q, = = 19
A 3H3 m 3H% ( )

hence, it follows from expression (16) that

=120 (420 20
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For a universe dominated by dust and the cosmological
constant, that is, A =3/2, Eq. (20) reduces to the
well-known formula for the ACDM model

E(a) = 4/ Q,0(1 +2° + Q4 2n

as expected.

B. The equation for matter-density perturbations

Following Ref. [19], the hydrodynamical equations that
describe the dynamics of the perfect fluid are given, re-
spectively, by the Euler, continuity, and Poisson equations:

N wVu= Vo Lwvow @
it Do
J
P +V-(pyu) =F, (23)
V20 = 47Gp — A, (24)

where u and V are, respectively, the velocity of a fluid
volume element and of the created particles, p,, is the fluid
mass density, ® is the Newtonian gravitational potential,
and F is the source term responsible for the matter creation
due to the vacuum decay, given in Eq. (10).

We introduce next a comoving coordinate related to the
proper coordinate r as

r
X =- (25)

a

and expand the velocity u and the matter density p,, to first
order:

u = aHx + v(x, 1), (26)

P = D1+ B(x,1)] )

where 0, is the matter-density contrast; hence,
Eqs. (22)-(24) become

il |
—v+ Hv+ax = —-Vo, (28)
at a

V.v= *a( O T Qé,n) (29)

PHYSICAL REVIEW D 88, 083530 (2013)
V2 = 47Ga’p,,(1 + 8,) — A*d%, (30)

where we have used Eq. (9) to zeroth order and defined

on="" (1)
Po

Next, by expanding & as
27
O(x, 1) = d(x, 1) + Gpma X - 3 1\02\2 (32)

and using the background equation (I1) with w =0,
expressions (28) and (30) turn into

9 I
N Hy=--V¢, (33)
Jt a
V2 = 47Ga’p,, 0, (34)

Taking the divergence of (33) and using (29) and (34),
we find
5, + QH+ )8, — (4mwGp,, — 2HQ — 0)8,, = 0.
35)

Next we change the cosmic time variable 7 into the scale
factor, so that Eq. (35) becomes

3
5+ I:i E’ AN ]55,*[39/”‘0* f’
a E ’;HZ(ZMO 2[15E2 BH(A)(ZM,O

A
X (6—+ — AN+ ;\”)]5,,, =0. (36)
a E

It is important to stress that Eq. (36) is quite general,
holding for any cosmological model with A(z), thus
generalizing the approach developed in [17]. In particular,
it reduces to the ACDM matter-density contrast when
A =0

3 3 Q
S+ g ——Imls 37
m (a ) m 5E2 m ( )

[see Eq. (19) in Ref. [17]].

III. THE HIERARCHICAL STRUCTURE
FORMATION SCENARIO

A. The halo mass function

Press and Schechter (hereafter PS) heuristically derived
a mass function for bounded virialized objects in 1974
[20]. The basic idea of the PS approach is to define halos
as concentrations of mass that have already left the linear
regime by crossing the threshold o, for nonlinear collapse.
Thus, given a power spectrum and a window function, it
should then be relatively straightforward to calculate the
halo mass function as a function of the mass and redshift.
In particular, the scale differential mass function f(c, z)
[217, defined as a fraction of the total mass per In o~ that
belongs to halos, is
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