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The stochastic gravitational-wave background (SGWB) produced by merging neutron stars exhibits a
peak in the kHz band. In this paper, we develop a theoretical framework to exploit this distinctive feature
through a Markov Chain Monte Carlo analysis using a simulated dataset of SGWB measurements within
this frequency range. The aim is to use the SGWB peak as an observable to constrain a set of astrophysical
and cosmological parameters that accurately describe the sources of the SGWB. We examine how
variations in these parameters impact the morphology of the SGWB and investigate the necessary
sensitivity to effectively constrain them. Given our priors on astrophysical and cosmological parameters,
and assuming a power-law integrated sensitivity curve of the order of 10~!! between 1 kHz and 5 kHz, we
show that the values of the chirp mass and common envelope efficiency of the binary systems are retrieved
with percent accuracy. Furthermore, the method allows for the reconstruction of the cosmological
expansion history populated by these binaries, encompassing the Hubble constant, matter abundance, and

the effective equation of state of dark energy.
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I. INTRODUCTION

In the last years, the LIGO, Virgo, and KAGRA
collaboration (LVK) has reported the detection of 90
gravitational-wave (GW) events from merging compact-
object binaries, including binary black holes (BBH), binary
neutron stars (BNS), and neutron star-black hole binaries
(NSBH) [1,2]. According to most astrophysical models, a
few 10° BBH mergers are expected to occur annually in the
Universe, with BNS (and also NSBH) mergers being
possibly even more frequent, reaching up to 10—100 times
the BBH rate [3-7]. Hence, the detected events so far
represent only a tiny fraction of the total. The superposition
of all the numerous unresolved events results in the
stochastic gravitational-wave background (SGWB),
which is a diffuse signal coming from all directions in
the sky. If the sources responsible for the SGWB are
extragalactic, the resulting signal shows a nearly homo-
geneous distribution with minimal anisotropies caused
by the large-scale structure distribution of matter in the
Universe [8—17]. Stochastic backgrounds are indistin-
guishable from instrumental noise in a single detector,
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but are correlated between pairs of detectors in ways
that differ, in general, from instrumental noise [18-20].
As a consequence, extracting a SGWB signal requires
cross-correlating the outputs of two or more detectors.
Ultimately, a SGWB measurement can only be achieved
using a network of multiple GW interferometers [21,22].
The characterization of the SGWB usually relies on the
energy density parameter Q. (f) [23-25]:

1 dpgy,
ng(f) :pcfigln(-ff)’

where pg,, is the SGWB energy density observed at the

(1)

frequency f, and p. = 3H3c?/8zG is the critical energy
density of the Universe [25]. While there has been no
detection of the SGWB form ground-based interferome-
ters yet, the LVK collaboration established the upper
limit Q,,, (f =25 Hz) <3.4x 107 assuming a power-
law SGWB with a spectral index of 2/3, which is the
one expected for compact binary coalescences [26].
In June 2023, three major collaborations, the North
American Nanohertz Observatory for Gravitational
Waves (NANOGrav), the European Pulsar Timing Array
(EPTA), and the Parkes Pulsar Timing Array (PPTA),
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jointly announced the first-ever detection of a SGWB
through their pulsar timing array experiments [27-29].
The origin of this SGWB remains uncertain, but one of the
leading hypotheses points to the merging of supermassive
BBHs at the centers of distant galaxies. Indeed, there
are numerous potential origins for the SGWB. These
sources can be divided into two broad categories accord-
ing to their nature: cosmological (e.g., cosmic inflation
[30-32], cosmological phase transitions [33-36], cosmic
strings [37-39]) and astrophysical (e.g., compact binary
coalescences [40-53], rotating neutron stars [54,55],
exploding supernovae [56-58]).

The SGWB coming from compact binary coalescences is
one of the main targets of present and forthcoming GW
observatories. Indeed, such a signal (i) comes from all
merging binaries since the beginning of stellar activity,
and hence contains information about the entire population
of sources; (ii) it is a tracer of the large-scale structure,
as its anisotropies reflect those of the underlying dark
matter distribution; (iii) it is dominant within the frequency
band probed by ground-based interferometers [26].
Consequently, an effective modeling of this specific com-
ponent is needed to isolate other SGWB sources that might
be present in the signal. The amplitude and shape of the
energy density Q,,,(f) are primarily influenced by several
astrophysical factors. Furthermore, another intriguing
and largely unexplored characteristic of the SGWB from
compact binary coalescences is its sensitivity to a set of
cosmological parameters, including the Hubble parameter
H,. Therefore, relaying on a robust set of astrophysical and
cosmological parameters is fundamental to provide an
accurate description of the SGWB signal. The measure-
ment of SGWB amplitude across multiple frequencies
gives the opportunity to constrain the mentioned parame-
ters. However, the majority of the binary coalescences
building up the SGWB are in their inspiral phase between
10 Hz and a few hundred Hz. As a consequence, in this
frequency regime, the energy density parameter follows a
power-law behavior with a fixed slope, Qg (f) o f*/°.
Hence, in this regime, there is a strong degeneracy between
the astrophysical and cosmological parameters that char-
acterize the SGWB. Constraining the different parameters
separately is even more difficult because their complex
interplay shows up only as variations in the amplitude of
the power-law. In contrast, the scenario is different above a
few hundred Hz. In this high-frequency regime, an increas-
ingly larger portion of binaries evolves toward the merger
and ringdown phases. Thus, the energy density parameter
Q,(f) shows a distinctive peak, as shown in Fig. 1. The
shape of the peak is influenced by a combination of
astrophysical factors, such as the mass and redshift dis-
tribution of merging binaries, as well as cosmological
factors, including the value of the Hubble parameter H,
the matter content of the Universe, and the effective
equation of state of dark energy. Therefore, the kHz range
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FIG. 1. Typical frequency behavior of the energy density

parameter as a function of the observed frequency. The power-
law, peak and exponential cutoff regimes correspond to the
inspiral, merger and ringdown phases, as explained in the text.
This plot shows the SGWB produced by merging BNS, computed
as in [17,59,60] according to the astrophysical prescriptions
presented in [3.4].

might contain additional information to better constrain the
astrophysical and cosmological parameters describing the
SGWB signal.

The aim of this paper is to study the information
concealed in the peak of the SGWB. We will investigate
how different sets of astrophysical and cosmological
parameters affect the amplitude and shape of Q,,(f) in
the high-frequency regime. Furthermore, we will show how
a series of measurements within the kHz range can help to
constrain these parameters. Finally, we will give some
insights on the required sensitivity in the high-frequency
regime needed to measure the H( parameter and possibly
shed light on the Hubble tension [61]. There are alternative
methods to estimate the value of the Hubble constant using
GWs as, for example, with resolved signals. Each meas-
urement provides the luminosity distance to the source,
while the corresponding redshift can be obtained using
various approaches, including the redshifted masses and a
galaxy catalog [62-64]. The value of H, is then inferred
from the d; — z relation. The method presented in this
paper represents a completely independent approach.

This paper is organized as follows. In Sec. II, we briefly
recall the derivation of the SGWB energy density parameter
for binary coalescences. Then, we identify a set of
astrophysical and cosmological parameters suitable for
describing a specific family of coalescing binaries (i.e.,
BNSs) and study how different values of such parameters
affect Q,, (f). In Sec. III, we describe our methodology for
exploiting the high-frequency features of the SGWB
through a Markov Chain Monte Carlo (MCMC) analysis
using a simulated dataset of SGWB measurements. In
Sec. IV, we study how well different input values of the
astrophysical and cosmological parameters are retrieved
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with the MCMC analysis. Finally, we discuss our findings
and draw our conclusions in Sec. V.

II. STUDY OF PHYSICAL DEPENDENCIES

In this section, we give an overview of the astrophysical
and cosmological dependencies of the SGWB energy
density parameter. Following Refs. [40—49], Q,,,(f) can
be rewritten as:

_ idpgw(f) _ f dzggw _ S d35gw (2)

Q = = =
aw(f) p. dinf  p.dvdf p.cdSdtdf’

where &, is the total energy carried by the stochastic
background, so that d35gw /dSdtdf is the total energy flux
per unit time and frequency in the observer frame. By
expanding Eq. (2), we get

dN

L [azavpeari.zion G @0 O

ng (f) =

In Eq. (3), p(0,,) is the probability distribution of the source
astrophysical parameters, 6,. F(f,z|0,) is the averaged
energy flux per unit observed frequency emitted by
coalescing binaries located at redshift z and characterized
by the astrophysical parameters 8,:

dE, dEg,

o) T (f10.)
drd?(z|0.)  4ar*(z|0.)(1 +2)’

F(f.zl6a)

(4)

where dE,,, /df is the emitted gravitational spectral energy
and f, = f(1 4+ z) is the frequency in the source frame.
d;(z]6.) and r(z|6,) are the luminosity distance and the
proper distance, respectively, and depend on the adopted
cosmology, defined by the cosmological parameters @,.
The last term of the integral in Eq. (3) is the rate of mergers
per redshift interval. This quantity can be expressed in
terms of the intrinsic merger rate per unit comoving
volume, R(z|0,), as follows:

T (0,) = R0 G (5

with

dV  4mcr’(z)6.)

" HEE) (6)

where H(z|0,.) = Hyh(z|6,) is the Hubble rate. By com-
bining everything together, we obtain the well-known
expression for the SGWB energy density parameter, as
reported in Refs. [40-49]:

872G f dE,,
Q =_—— [ dzd0,p(0,) —==(f,.z|0
ew (f) 3 zd0,p(0,) ar. (fs2104)
R(z]0,)

T+ (10" 7

The adopted cosmological model affects Qg (f)
through the H, parameter. Furthermore, the cosmology
influences the behavior of h(z|f.), which has distinct
functional forms depending on the adopted cosmological
scenario. In this study, we use a standard flat cosmology,
with the Hubble parameter H,, the matter density param-
eter Q,,, and the dark energy equation of state w as free

parameters. In this scenario, the expression for A(z|0.),
with 0, = {H, Qy, w}, is

B(l6.) = \/Qu(1+2) +Qu(1+2)00, (8)

where Q) = 1 — Q,, for the flatness requirement. The top
panels of Fig. 2 show the dependence of Q,,,(f) on the set
of cosmological parameters. From Fig. 2, it is apparent
that the SGWB energy density is most sensitive to H,, as
Q. x Hy 3. This means that higher values of H result in
a reduced SGWB amplitude because a faster cosmic
expansion leads to a more significant dilution of the
energy density. However, assessing the sensitivity
of a SGWB measurement to the Hubble parameter using
Q,,(f) may not be the most suitable approach. Notably,
a substantial dependence on H|, arises from the presence
of p. in the definition of Q,,(f). As a consequence,
instead of relying on Q,,(f), we will use the spectral
density S, (f), which is directly measured by GW detec-
tors. Indeed, a detector produces an output of the
measured GW strain, %(t). From the correlation of the
outputs of two detectors one can measure the root mean
square of the strain, A2, or, equivalently, the power
spectral density (PSD) S, (f), which is defined through
(see, e.g., [18,65]):

12, = <§ij:h,.jh,.j> - /0oo dfS,(f). 9)

The PSD and the energy density parameter are related
through

3H?
Sh(f) = 2

—2ﬂ2f3ggw(f)’ (10)

so that
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FIG.2. The energy density Q,, (f) of the SGWB produced by merging BNS systems exhibits different behaviors for various values of
the cosmological and astrophysical parameters considered in our analysis: 8. = {H, 2y, w} and 8, = {M_, a}. In each panel, we
explore the effect of varying a single parameter while keeping the others fixed at their reference values: HE' = 68 kms™! Mpc™!,

Qi = 0.315, w = -1, M = 1.2M, and o™ = 3.

4G
it [ dzo,ple,)

. R(6,)
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dE,,
df's

Sh(f) =

(fs-2160,)

(11)

The astrophysical dependencies of Q,, (f) are embedded
within the merger rate and the GW spectral energy, and are
more complex than the cosmological ones. Indeed, the
intricate interplay of numerous processes, spanning from
the physics of stars and binary systems to that of the host
galaxies, decisively shapes the formation, evolution and
merger of compact binaries. As a consequence, capturing
all the involved processes with a limited set of parameters is
challenging. The difficulty is particularly pronounced in
the case of BBHs, as their mass and redshift distributions
show complex and distinctive features, heavily influenced
by a multitude of astrophysical factors, including the

evolution of massive stars (e.g. pair instability, core
collapse, natal kicks, etc.), different binary formation
channels (e.g. isolated, dynamical, etc.), binary evolution
processes (e.g. stable mass transfer, common envelope,
etc.), and the metallicity and star formation rate of the
galactic environment (see, e.g., Refs. [3-7,66] for a
comprehensive description of relevant physics at play).
For BNSs, the complexity level is significantly reduced.
First, uncertainties concerning the galactic environment are
smaller compared to the BBH case. Indeed, BNS systems
are minimally affected by metallicity variations, with their
evolution mainly depending on the galaxy main sequence
(i.e the relation between stellar mass and star formation
rate), which is empirically well-constrained [67,68].
Second, while there are larger uncertainties on the stellar
side, the mass spectrum of neutron stars sharply peaks
around 1.3M,, especially when considering the extensive
sample of electromagnetic observations of galactic neutron
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stars [69,70]. However, GW detections of neutron stars
appear to be compatible with a broader mass distribution,
possibly extending to higher masses [71]. Notably, the six
neutron stars observed through GW events so far seem to be
generally heavier than those observed through electromag-
netic radiation. For instance, GW 190425 likely involves a
neutron star of approximately 2M [72]. Nevertheless,
given the limited number of GW detections, we find it more
practical for our analysis to rely on the mass distri-
bution established through electromagnetic observations.
For these reasons, we have decided to work with the SGWB
produced by BNS systems, which can be described with
a reasonable number of astrophysical parameters.
Specifically, we focus on the stellar domain and character-
ize the BNS population through two key astrophysical
parameters, 0, = { M, a}, where M, represents the value
at which the chirp mass distribution peaks, and a denotes
the common envelope efficiency parameter [73,74]. The
common envelope phase occurs when the envelope of a
giant star engulfs the companion. This phase is crucial for
the evolution of the binary system and the subsequent GW
emission, as the friction between the companion star and
the giant’s envelope transforms orbital energy and angular
momentum into heat and angular momentum of the
common envelope, shrinking the binary orbit. The effi-
ciency of this transfer is encoded in the value of «, which,
along with the chirp mass, constitutes the parameter that
predominantly determines the merger rates of BNSs [5].
There are other physical mechanisms, described by addi-
tional parameters, that affects the merger rates. However,
either their impact is smaller in comparison to varying «
and M, or the range of values they can assume to maintain
compatibility with the LVK merger estimates is narrow
(see, e.g., Figs. 3-5 of Ref. [5]). Therefore, for many
purposes is reasonable to use only a and M, as free
parameters and assign fixed fiducial values to the other
ones, ensuring the retrieval of the local LVK merger rates.
This approach is also employed in Ref. [7], from which
we adopt the model for the merger rates. Notably, these
considerations specifically apply to BNSs. For BBHs, the
significant degeneracy among the parameters allow them
to vary within broad ranges of values while still yielding
merger rate predictions consistent with the local LVK
estimates. On the galactic side, instead, given the increasing
confidence in forthcoming observational constraints, we
rely on empirical, data-driven prescriptions, based on
multi-band measurements of the galaxy main sequence
and metallicity. In particular, we establish a fixed fiducial
scenario for metallicity and main sequence, the B18 FMR
model in Ref. [7]. In the lower panel of Fig. 2, we show
how Q,,(f) depends on the parameters 6,. Notably,
different values of M, cause a shift in the peak’s position,
as BNS populations with different masses merge at differ-
ent typical frequencies. Conversely, varying a leads to a
significant change in the amplitude of the SGWB, as it
directly affects the number of merging BNS binaries.

III. METHODS

In this work, we characterize the SGWB using its PSD,
Sn(f), which is linked to the energy density parameter,
Qo (f), through Eq. (10). As already mentioned, we
adopted this approach for two reasons: (i) Q,(f) intro-
duces a further dependence on H,, potentially affecting the
relationship between the SGWB amplitude and the Hubble
parameter, and (ii) the PSD is more directly related to the
GW strain, the quantity measured by detectors. However,
since the results about the SGWB are usually expressed
in terms of Q,(f), we also present our results in terms
of Q,(f) instead of S,(f). As a preliminary step, we
calculate the PSD at different frequencies in the range
[10 Hz-5.5 kHz], considering different sets of astrophysical
and cosmological parameters. The PSD values are our
mock measurements, and we also associate an error to each
of them. The error is calculated by computing the lo
power-law integrated sensitivity curve (PLS) [21] for a
specific network of detectors, assuming an observation
time 7 = 1 yr. The value of the 16-PLS at each frequency
represents the amplitude of a power-law SGWB with
a signal-to-noise ratio of 1, providing a reasonable esti-
mation of the error for our measurements. Once we have
our dataset with errors, we perform a Markov Chain
Monte Carlo (MCMC) analysis to retrieve the input values
of the astrophysical and cosmological parameters that we
used to generate the data. We use the code EMCEE, which is an
MIT licensed pure-Python implementation of Goodman and
Weare’s Affine Invariant MCMC Ensemble sampler [75].

In Fig. 3, we show a collection of mock data points along
with their corresponding errors, computed in the context of
a detection with three different networks: (i) the current
network of second-generation instruments, LIGO, Virgo,
and KAGRA (LVK) [76-78] at design sensitivity (post-
05), (ii) the third-generation detector Einstein Telescope
(ET) [63,64], and (iii) an extended network composed of
ET and two Cosmic Explorer (CE) detectors [79,80], one in
the US and one in Australia. The left panel of Fig. 3 shows
the expected Q,,,(f) based on our fiducial values of the
astrophysical and cosmological parameters, as reported in
Table I. We also show our mock data (red points), which
are given by the expected values of Q,,(f) at specific
frequencies where measurements are assumed to be taken
at: f=10Hz, 50 Hz, 1.5x10°Hz, 2.5 x10° Hz,
3.5 x 103 Hz, 4.5 x 10? Hz, and 5.5 x 10° Hz. The first
two frequencies are strategically chosen within the region
where LVK, ET, and CE have maximum sensitivity to
stochastic backgrounds. These data points are crucial for
constraining the amplitude of the SGWB. Instead, the five
data points in kHz range are essential to characterize
the peak of the SGWB, as it is shown in the zoomed-in
region in the left plot of Fig. 3. The errors of our
mock measurements (blue points) match the values of
the PLS of the considered detector network at the observed
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FIG. 3. The solid line in the left(right) panel represents our model of Q,,, (f) (S ]11/ %(f)) for the SGWB produced by coalescing BNSs.
As explained in the text, the model is based on empirical galactic prescriptions (B18 FMR model from [7]) and two set of parameters, 6,
and @... The colored lines are the power-law integrated sensitivity curves (PLS) of LVK, Einstein Telescope (ET), and ET in combination
with two Cosmic Explorers, one in the US and one in Australia. The red and blue points represent a hypothetical dataset with the

corresponding errors.

frequencies. In the right panel of Fig. 3, we present the
same quantities as in the left panel, but expressed in terms
of the PSD using Eq. (10). From Fig. 3, it is apparent that
LVK at design sensitivity will only marginally detect the
SGWB. In contrast, the improved sensitivity of ET will
allow an even better characterization of the SGWB in the
frequency range from a few Hz to a few hundred Hz.
Moreover, the PLS shown in the plot refers to the current
expectations for ET sensitivity. Once online, the detector
will undergo continuous upgrades, similar to LVK, that will

cosmological and astrophysical parameters. To accomplish
this goal, we manually fix the sensitivity in the kHz band
so to reach a good level of constraining power on the
astrophysical and cosmological parameters. Figure 4 shows
a typical dataset that we used for our theoretical analysis,
with manually fixed errors in the kHz band (green points).
For the first two data points, we use the errors associated

Energy density parameter

improve the detector’s sensitivity. Combining ET with other e ETPLS ;
third-generation detectors, such as CE, will further enhance 10-54 e kHz PLS /
the overall sensitivity, even though the characterization of errors [ET] 7
the high-frequency peak of the SGWB from BNSs is errors [PLS 1 x 10~11] /
unlikely for all ground-based interferometers. 1071 e errors [PLS 5 x 10-12] A
.The primary objective of this paper is to bulld.up a gg o errors [PLS 2.5 x 10-12] 1%
science case to assess whether the SGWB measured in the d '
kHz band can serve as a reliable observable to constrain 1072
TABLE 1. Fiducial values and prior intervals for our astro- 10-11
physical and cosmological parameters. All the priors are flat,
except from the one for M., which is assumed to be a Gaussian
with 6, = 0.2 centered around M, = 1.2. 100 10! 102 103 10*
f [Hz]
Parameter  Fiducial value(s)  Prior interval Units
FIG. 4. Example of the mock dataset that we use in our
M 1.25 [1,1.5] M P
a ¢ 3.8 [i 5] O analysis. Q,,,(f) is computed using a specific set of input values
) ’ _ _ for our parameters 8, and .. (see Table I). The data points, in red,
H 67.4 50,90 1 1 . La ¢ . .
0 73 [50.90] km s™" Mpe are obtained sampling €,,,(f) at seven distinct frequencies. The
Q 0315 [0.04, 0.5] associated errors are fixed to the ET 16-PLS in the 1-100 Hz
WM _15 [_2 Oj regime (blue points), and at progressively low arbitrary values in

the kHz regime (green points).
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Joint constraints (68% and 95% confidence regions) and marginalized posterior distributions on M., a and H, for two

sets of input values {1.25M,3.8,67.4 kms~™' Mpc~'} and {1.25M,3.8,73 kms~' Mpc~!}, and three different sensitivity levels in

the kHz range.

with ET. We generate different datasets using the fiducial
values of the parameters 0, and 6,, as reported in Table 1.
The real values M., @ and w are highly uncertain, thus we
randomly pick their fiducial values inside the prior ranges
typically used in the literature [73,74,81-84]. In contrast,
for Hy and Q;, we take the latest values obtained by
Planck [85]. For H,,, we also consider an additional fiducial
value, corresponding to the local measurement from
Cepheid variables and Type la supernovae [86]. All the
priors distributions are flat, except that of M., which is a
Gaussian with 6, = 0.2M, centered around 1.2M . We
then perform an MCMC to retrieve the input values of our
parameters. Finally, we study the amplitude of the posterior
contours for different choices of the kHz PLS, which give
an estimate of the constraining power of our observable.

Finally, we emphasize that following this preliminary
science case, we plan to apply our methodology to more
advanced scenarios. For example, the description of BNS
systems could be enhanced by including the dependence on
the neutron star equation of state. The equation of state
affects the masses of the binary components and the GW
waveforms, both of which contribute to the SGWB energy
density. We also plan to extend our study to BBHs, which
are expected to produce a SGWB with a peak at lower
frequencies (a few hundred Hz). As mentioned earlier, the
BBH case requires a larger number of parameters to be
described because the properties and evolution of such
systems heavily depend on the metallicity and various
formation channels. Furthermore, since the next-generation
GW detectors will resolve the majority of coalescing BBHs,

implementing our methodology for such systems will
involve considering the residual SGWB, obtained by exclud-
ing all resolved events from the energy density computation.

IV. RESULTS

In Fig. 5, we show the joint constraints (68% and
95% confidence regions) and marginalized posterior dis-
tributions on M, a and H, for two sets of input values,
{1.25M,3.8,67.4 kms~' Mpc™!} and {1.25M,3.8,
73 kms~! Mpc~!}. In Table II, we report the associated
marginalized percentage constraints at the 68% confidence
level. The input values for H, are chosen to match the most
recent Planck [85] and local [86] estimates, respectively.
For both sets of input parameters, we explore the con-
straining power of our mock dataset for different kHz
sensitivities. We find that a PLS = 1 x 10~!! is the poorest
sensitivity for which the data have some constraining power
on the three considered parameters. For higher values of the
PLS, the posteriors are dominated by the priors and thus

TABLEII. Marginalized percentage constraints at the 68% con-
fidence level on M, a and H,, with input values {1.25M, 3.8,
73 kms~! Mpc~'}, for the three different kHz sensitivity levels.

PLS 1 x 1071 PLS 5 x 10712 PLS 2.5 x 10712
M, 0.2% 0.1% 0.1%
a 4.2% 2.1% 1.0%
H, 6.5% 3.2% 1.6%
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FIG. 6. Comparison of various posterior constraints on H,. The
green and blue shaded regions represent the constraints from
Planck data [85] and local Cepheids and Type Ia supernovae [86],
respectively. The orange and green lines are the constraints
obtained using the “reduced” parameter space {M.,a, Hy} at
two different kHz sensitivity levels.

become uninformative. At PLS = 1 x 107!, instead, the
astrophysical parameters are retrieved quite well, so as the
Hubble parameter. At this sensitivity level, however, it is
not possible to distinguish between the two H, input values
with enough significance. The determination of H, is
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B PLS 5x10712
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FIG. 7. Joint constraints (68% and 95% confidence regions)

and marginalized posterior distributions on all the considered
parameters, M., a, Hy, ) and w, for three different
sensitivity levels in the kHz range. The input values for the
parameters are {1.25M,3.8,73 kms~! Mpc~!,0.315, —1.5}.

TABLE 1III. Marginalized percentage constraints at the
68% confidence level on all the considered parameters, with
input values {1.25M,3.8,73 kms~' Mpc~!,0.315,-1.5}, for
the three different kHz sensitivity levels.

PLS 1 x 107! PLS 5 x 10712 PLS 2.5 x 10712
M, 0.4% 0.3% 0.3%
a 8.7% 7.5% 6.2%
H, 11% 9.7% 8.2%
Quy 9.4% 1.1% 6.5%
w 25% 21% 17%

further complicated by the significant degeneracy with a,
given that both parameters impact the amplitude of the
SGWB, while leaving its shape mostly unvaried (refer to
Fig. 2). Nevertheless, any degeneracy among the param-
eters is comprehensively accounted for within our Bayesian
approach, and is reflected in the dispersion of the associated
posterior constraints. As expected, the constraining power
increases for lower values of the PLS. In particular, with a
PLS = 5 x 10712 (2.5 x 107!2) it is possible to distinguish
the two conflicting values of the Hubble parameter at
1(2)c. As shown in Fig. 6, the posterior constraints on H,
obtained with the lowest PLS have widths comparable to
existing constraints from Planck data [85] and local
Cepheids and Type la supernovae [86]. Therefore, an H,,
estimate of such precision could potentially rule out one of
the two existing constraints.

We also investigate the constraining power of our mock
dataset when incorporating the other cosmological param-
eters, ), and w. In Fig. 7, we show the joint constraints
(68% and 95% confidence regions) and marginalized
posterior distributions on our full set of parameters 0,
and 6.. We also report the associated marginalized per-
centage constraints at the 68% confidence level in Table III.
As expected, including a larger number of parameters
in our model leads to broader posterior constraints. The
increased complexity of the parameter space results in
multimodal posterior distributions with several secondary
peaks and introduces a higher level of degeneracy, espe-
cially for the parameters a and H,. Nevertheless, the
constraining power of our dataset remains significant, as
the posteriors add information with respect to the priors for
all parameters and at all kHz sensitivity levels. Specifically,
the primary peak of the marginalized posterior constraint
on H, despite its asymmetry, has a FWHM of approx-
imately 10 for PLS = 2.5 x 1072, Therefore, such a
measurement could potentially exclude one of the existing
estimates at a 68% confidence level.

V. DISCUSSION AND CONCLUSIONS

In this paper, we delve into the insights that the high-
frequency features of the SGWB produced by coalescing
BNSs can offer in wunderstanding the underlying
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astrophysics and cosmology. Specifically, we studied the
constraining capabilities of mock SGWB measurements in
the kHz regime. In the high-frequency range, the SGWB
energy density shows a distinctive peak that contains most
of the physical information. There are several stellar,
galactic, and cosmological processes that affect the ampli-
tude and shape of the SGWB. However, within the
frequency range explored by ground-based interferometers,
the SGWB from merging BNSs follows a power-law
behavior with a fixed f*3 slope. As a result, SGWB
measurements in this region only allow for the determination
of the signal’s amplitude, leading to considerable degeneracy
among the physical factors responsible for its production. In
contrast, the frequency band above a few hundred Hz offers a
unique opportunity to probe the distinct peak of the SGWB,
allowing us to constrain the astrophysical and cosmological
processes that generate the signal.

As a first step, we identified a set of astrophysical and
cosmological parameters that effectively characterize the
SGWB sources. We focused our analysis on the SGWB
generated by coalescing BNSs, instead of BBHs and
NSBHs, because they are minimally affected by metallicity
and mainly depend the redshift evolution of the galaxy
main sequence, which is well constrained. We adopt
empirical, data-driven prescriptions for the galactic envi-
ronment and restrict our selection of astrophysical param-
eters to the stellar domain. We use only two astrophysical
parameters to describe the BNS population, 8, = { M, a},
where M, is the chirp mass at which the BNS mass
distribution peaks, and « is the common envelope effi-
ciency parameter. On the cosmological side, both ampli-
tude and shape of the SGWB depend on the adopted
scenario. Each cosmology is defined by specific
parameters, either directly or indirectly influencing the
expression for the energy density of the SGWB, as given
in Eq. (7). Specifically, we work with the parameters
0. = {Hy,Qy,w}, where H, is the Hubble parameter,
Q,, the matter density parameter, and w the dark energy
equation of state parameter. We first investigated how
varying these parameters affects the SGWB energy density.
Notably, we found that both astrophysical and cosmologi-
cal factors have similar order-of-magnitude effects on the
SGWB energy density. Then, we performed an MCMC
analysis using a set of mock data covering a frequency
range between a few tens of Hz and a few kHz. The main
goal was to evaluate the constraining power of these data on
our set of astrophysical and cosmological parameters. For
the data points in the ~10 Hz range, we set the errors to
match the PLS of ET. In the kHz range, instead, we
assumed progressively lower errors to investigate the
minimum sensitivity requirements in this frequency band
that would enable effective constraints on all the selected
astrophysical and cosmological parameters. Restricting the

analysis only to the parameters { M., a, Hy}, we discov-
ered that our mock data had constraining power for PLSs
lower than 10" in the kHz frequency band. With a PLS of
5% 107!2 and 2.5 x 1072, we could retrieve the Hubble
parameter with a precision that has the potential to solve the
Hubble tension at 1o and 2o, respectively. Including also
the remaining parameters, €2, and w, we observed a decay
in the constraining power. The increased complexity of the
parameter space leads to the emergence of several secon-
dary peaks in the posterior distributions. Despite this, the
data still add valuable information to the priors, offering
potential insights into the values of our astrophysical and
cosmological parameters.

In conclusion, our science case establishes the relevance
of the SGWB generated by BNSs as a robust observational
tool within the kHz frequency range. Its characteristic peak
contains a significant amount of physical information,
enabling effective constraints on many astrophysical and
cosmological processes involved in the production of the
SGWB. Despite the complex interplay among numerous
parameters, this observable remains effective in providing
valuable insights, when measured with sufficient precision.
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