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The recent Advanced LIGO and Advanced Virgo joint observing runs have not claimed a stochastic
gravitational-wave background detection, but one expects this to change as the sensitivity of the detectors
improves. The challenge of claiming a true detection will be immediately succeeded by the difficulty of
relating the signal to the sources that contribute to it. In this paper, we consider backgrounds that comprise
compact binary coalescences and additional cosmological sources, and we set simultaneous upper limits on
these backgrounds. We find that the Advanced LIGO/Advanced Virgo network, operating at design
sensitivity, will not allow for separation of the sources we consider. Third-generation detectors, sensitive to
most individual compact binary mergers, can reduce the astrophysical signal via subtraction of individual
sources, and potentially reveal a cosmological background. Our Bayesian analysis shows that, assuming a
detector network containing Cosmic Explorer and Einstein Telescope and reasonable levels of individual
source subtraction, we can detect cosmological signals Q¢g(25 Hz) = 4.5 x 10~'3 for cosmic strings, and

Qgp. (25 Hz) = 2.2 x 10713 for a broken power-law model of an early Universe phase transition.
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I. INTRODUCTION

A stochastic gravitational-wave background (SGWB) is a
random signal produced by many weak, independent and
unresolved sources; it can be of a cosmological or astro-
physical origin. A variety of early Universe processes, like
quantum vacuum fluctuations during inflation, post-
inflationary preheating, first-order phase transitions, or
topological defects (in particular cosmic strings) can lead
to a SGWB [1-3].

An astrophysical contribution to the SGWB comes from
the superposition of unresolved gravitational-wave (GW)
sources of stellar origin. This includes burst sources, like
core-collapse supernovae and the final stage of compact
binary coalescences (CBCs), together with quasiperiodic
long-lived sources like pulsars and the early inspiral phase
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of compact binaries [4,5]. A detection of a SGWB can
provide important astrophysical information about, for
instance, the mass range for neutron star and black hole
progenitors, or the rate of compact binaries [6]. It also sheds
light on particle physics models beyond the Standard
Model and the early stages of our Universe. Advanced
LIGO’s second observing run saw no SGWB, and placed
upper limits on frequency-independent and CBC back-
grounds, as well as additional GW polarizations [7].
Once a SGWB is successfully detected, there will be the
challenge of identifying the sources that contribute to it.
Untangling these signals will deepen our knowledge of
merger rates and population models [8—11], our under-
standing of exotic objects [12—15] and in particular early
Universe models [3,16—18]. Combining a stochastic analy-
sis with information from individual events may provide
the appropriate means to learn about GW sources [19].
We have recently developed a parameter estimation
analysis to distinguish between correlated magnetic noise
that contaminates terrestrial GW detectors and a real GW
signal [20]. The low-frequency resonances in the Earth’s
global electromagnetic field could couple to the mass
suspension system and electronics in the detectors, and
mimic a SGWB. The method presented in Ref. [20] helps to
minimize the possibility of a false detection. In this paper,
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we adapt that method, which is based on techniques already
present in the literature [21-23], to separate the astrophysi-
cal and cosmological contributions to the SGWB. We first
discuss second-generation detectors like Advanced LIGO
[24] and Advanced Virgo [25]. We then move to third-
generation GW detectors, namely Einstein Telescope [26]
and Cosmic Explorer [27,28], and comment on how the
study could be adapted to the space-based LISA detector.
The future detector networks require subtraction of the
known compact binaries background from the stochastic
signal, prior to the parameter estimation [29-33], to ensure
that the cosmological background is not obscured by the
astrophysical one.

In Sec. II we discuss the individual sources we choose
for this study. We describe the GW signals injected and the
analysis we perform in Sec. III. We summarize our results
in Sec. IV and make concluding remarks in Sec. V.

II. SGWB SOURCES

In this section, we discuss three different potential
contributions to a SGWB. We discuss the astrophysical
contribution from CBCs, and two cosmological sources
of GWs. We consider cosmic strings, which are one-
dimensional topological defects [34], and an early-
Universe first-order phase transition [35,36].

A. CBC background

The CBC background is likely to be the largest con-
tribution to the SGWB [6]. Therefore, any attempt to
measure other contributions to the background should be
done in such a way as to simultaneously measure a CBC
background and other contributions. The analytic model
describing the CBC background depends on quantities such
as redshift and merger rates [4,6]; the inspiral phase can be
approximated as

fo\23
Qenclf) = (557 ) 0

In the case of second-generation detectors, we can use this
approximation freely [37,38]. When it comes to future GW
detectors, however, the approximation cannot be applied to
the entire frequency band. Instead, one must also include
the contributions from the merger and ringdown phases that
cause measurable deviations from this approximation
[30,38]. For the purpose of this study, we restrict ourselves
to the range (10—100) Hz, the frequency range over which
the approximation in Eq. (1) is valid, even after individual
source subtraction [30].

The current estimate of the amplitude of the CBC
spectrum from individual sources over the Advanced
LIGO and Advanced Virgo frequency range is Qcpc =
1.8727 x 107, with 90% confidence, at a reference fre-
quency of 25 Hz [6]. This estimate includes contributions

from binary black holes, binary neutron stars, and black
hole—neutron star systems.

There are numerous studies on subtracting resolvable
CBC signals from the data, and these can lead to a
reduction in their contribution to the SGWB by as much
as 2 orders of magnitude for binary black hole signals and 1
order of magnitude for binary neutron star signals [29-33].
When considering future detectors like Einstein Telescope
[26] and Cosmic Explorer [27,28], we assume a scenario
where such a subtraction has already been made, following
the results from Ref. [30].

B. Cosmic strings

A phase transition followed by a spontaneously broken
symmetry can leave behind topological defects as remnants
of a previous more symmetric phase. One particular class of
such defects is cosmic strings (CSs), line-like defects,
generically formed within the context of grand unified
theories [39].

A network of cosmic strings is mainly characterized by
the string tension Gu, where G is Newton’s constant, and y
is the mass per unit length. The dynamics of a string
network are driven by the formation of loops and the
emission of bursts of GWs, predominantly from cusps and
kinks. The superposition of these bursts leads to a SGWB
over a large range of frequencies, making it a target for GW
searches from pulsar timing arrays in the nHz band as well
as the ground-based detectors we consider here [40—42].

In the high-frequency regime we consider, (10-100) Hz,
the spectrum of the SGWB is flat, i.e., Qcg(f) = const
[43], and it only depends on the averaged total power
emitted by a loop, and the total number of loops. A SGWB
analysis can thus put a limit on the string tension, and
consequently on the energy scale of the phase transition
leading to the formation of these objects.

The 95% credible upper limit placed after the first two
LIGO observation runs, assuming a uniform prior, is
Qcs = 6.0 x 1078 [7]. This implies upper bounds to the
string tension, Gu < 1.1 x 107 and Gu < 2.1 x 10714, for
the loop distribution models in Refs. [44] and [45],
respectively.

C. First-order phase transitions

If a phase transition occurred at temperatures
(10*-10°) TeV, the corresponding GW spectrum would
be observed in the (10-100) Hz frequency range we
consider [46]. The phase transition associated with the
breaking of Peccei-Quinn symmetry, for instance, could
have happened at such high temperatures, leading to the
QCD axion, a well-motivated extension to the Standard
Model. In this scenario, the growth of the true vacuum
bubbles, and their subsequent collisions, give out GWs due
to several effects [47]. The strongest of those is most likely
due to sound waves from bubble growth in plasma.
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The turbulence of the plasma in which the bubbles grow
can also produce GWs. Finally, GWs are emitted due to
collision of the scalar wall profiles. There exist numerical
[48-50] and analytic [51,52] models for the shape of Qgw
as a function of frequency for each of these contributions.

The frequency spectrum of the SGWB produced by most
models can be captured by a smoothed broken power law
(BPL):

a A (ap—ay)/A
o (7)1 ()] e

For example, numerical simulations find the GW spectrum
due to the sound waves in the plasma [53]

(f/fow)’
[1+0.75(f/ £ )17

(3)

hZQSW(f) = F(ﬁ9H*vK5W9aag*a Uw)

where £ is the transition strength, H, is the Hubble constant
at the time of GW production, k., is the efficiency factor, a
is the ratio of latent heat released in the phase transition to
the heat of the radiation bath, g, is the number of relativistic
degrees of freedom, v,, is the bubble wall velocity, and
fsw = fow(f, H,) is the peak frequency.

If we use Eq. (2) to approximate Eq. (3), then we have
a; =3,y = —4and A = 2. Relating 2, and f, to the long
list of physical parameters that control the phase transition
is beyond the scope of this study.

III. MODEL SELECTION AND PARAMETER
ESTIMATION

We undertake a Bayesian parameter estimation and
model selection study. For a single GW detector pair, ij,
the log-likelihood is

log P(éij(f)\er) ==

where Qg (f) is the model spectrum and fgy are the
parameters that define the model. The cross-correlation
estimator, C; ;(f), is calculated from detector data and was
discussed in detail in Refs. [7,20,54]. We extend this
analysis to include three GW detectors by adding log
likelihoods for the individual pairs to construct a multiple-
baseline log likelihood.

To compare two models, M; and M,, and make
statements about which is more favored by the data, we
utilize Bayes factors,

M _ fdap(gz:]:(f)aMl)p(li) (5)

M2 140 p(Cii(f)]0. My) p(BIM,)

where p(@|-) is the prior probability of our parameters
given a choice of model. The integrand in Eq. (5) is the joint
posterior distribution of the model parameters, which is
evaluated as part of the evaluation of the Bayes factors.

For large and positive values of In Bﬁ;, there is strong
evidence for M; over M,. Likewise, large and negative
values show preference for M,. Relating this quantity to a
frequentist signal-to-noise ratio (SNR) statistic [1], we have
In B « SNR? [54]. We use the nested sampler DYNESTY
through the front-end package BILBY to evaluate Bayes
factors for our models, as well as posterior distributions on
the parameters.

While the posterior distribution of Oy is evaluated in
conjunction with Bayes factors, we can also analytically
calculate a bound on covariance between model parameters
using the information matrix. This has been used for
estimating parameter covariance for SGWB models in
other studies as well [38,55,56]. For the case of a
Gaussian likelihood with uncorrelated measurements (fre-
quency bins) with an unbiased estimator, the information
matrix is given by

7,0) = ot 7 (P2 ) (P2 2). o)

f J

The covariance between model parameters is theoretically
bounded below by the inverse of the information matrix

covy(60,.0)) > [T7(6)]- (7)
This bound, known as the Cramér-Rao lower bound, can be
exceeded by including, e.g., informative prior information.
However, the structure of the information matrix can still
offer valuable insight into the degeneracy of certain model
parameters with one another and offer an intuitive picture of
the parameter estimation problem.

A. Injected signal

We consider two types of injections: one containing a
CBC and a cosmic string, and another one containing a
CBC and a background due to phase transitions; see
Table I. The background labeled here as CBC refers to
what is left once we subtract the known CBC contribution,

TABLEI. GW spectra injected, and the parameters estimated in
the analysis.

Qaw (/)

Qcpe(f) + Qcs(f)
Qcpe(f) + QLppL(f)

GW parameters, Ogw

(23, Qcs)
(92/37 Q*vf*)

Injection 1
Injection 2
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i.e., it is the unresolved astrophysical background. For the
second injection, we choose a broken power law with
exponents a; =3, a, =—4, and A =2 which best
describes Qqyw, the sound-wave contribution to Qgw. In
this case our Bayesian search estimates the peak frequency,
[+, as well as the amplitude of the smooth broken power
law, Q..

The injection strengths we choose vary from one detector
network to another. The instrumental noise is included at the
level of the design sensitivity curves of the detectors. We
consider O4 sensitivity for Advanced LIGO and Advanced
Virgo [57], ET-D for the Einstein Telescope [58] and CE
Wideband for the Cosmic Explorer [59]. The same prior is
used for the recovered amplitudes, Q, /3, Qcg, ., all of them
log uniformly distributed between 10~'> and 1078. All
results are presented for 1 year observation time.

IV. RESULTS

We present results on source separation for a SGWB
detection with different sets of GW detector networks.

A. Advanced LIGO and Advanced Virgo

In this section we consider the separation of a CS signal
from a CBC signal with the current detector network
operating at design sensitivity. We vary injection strengths,
with 25 injections log-uniformly distributed between
Q3 € (107%4,10784). These values were chosen by using
90% limits on CBC background from Ref. [6]. We explore
the flat cosmic string spectrum with 35 injections log-
uniformly distributed between Q¢g € (10774, 10774). The
upper limit of the injection range is consistent with
constraints placed on a cosmic string SGWB spectrum
from data in the first two observational runs [7]. The Bayes
factors we find are too low to differentiate between the
signals, with values ranging between —0.1 and 0.1,
indicating that one cannot distinguish models that include
both spectra from models that include only a CBC back-
ground. Other methods, which seek to model the contri-
bution from individual CBCs on shorter time scales, along
with an isotropic, flat background propose ways of over-
coming these obstacles [60,61].

B. Third-generation detectors

Operating at their design sensitivity, the Advanced
LIGO/Advanced Virgo network cannot achieve source
separation of a detected stochastic signal. We therefore
pursue studies in future detectors. As was done in Ref. [30],
we consider a network of Cosmic Explorer detectors at the
Hanford and Livingston locations, and Einstein Telescope
at the Virgo site. Figure 1 in Ref. [30] estimates that
after individual source subtraction, the residual CBC
contribution to the SGWB is dominated by unresolved
binary neutron star mergers at the level of ~10~'" at 10 Hz.
We therefore use a log-uniformly distributed range of
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FIG. 1. Variation of log Bayes factor with the injected power

laws for cosmic strings (top panel) and a first-order phase
transition (bottom panel) for third-generation detectors. The
residual CBC amplitude for the bottom panel is €,/; =1 x
10~ for all of the injections. The contour plots show values of
log B =4 or log B = 8, which is roughly when we start to see
significant preference for one of the models, since log B =8
corresponds to approximately SNR = 4.

Q3 € (10711%,107108) at 25 Hz in the top panel of
Fig. 1, and fix Q,,3 = 1 X 10~"" for all the injections in
the bottom panel. We then use comparable signal strengths
for the cosmological contributions, in particular Qcg €
(10—12.8’ 10—11.8) and Q* c (10—1146’ 10—1046)‘

The GW selection effect could favor the detection of the
best oriented and located sources, especially at larger
redshift, disqualifying the assumption of an isotropic
SGWB in the standard cross-correlation statistic. This
leads to a systematic bias in the residual background
and hence to a correction for the overlap reduction function
[62,63]. This could provide another way of discriminating
between an astrophysical and a cosmological background
which we will investigate in a future study.

From the top panel of Fig. 1, we see that we start to
confidently separate a flat spectrum from the residual CBC
signal for Qg = 4.5 x 10713, Cosmic string backgrounds
lower than this get lost in the unrecovered CBCs and cannot
be singled out. Our sensitivity allows constraints to be
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placed on the string tension as low as Gu < 3.0 x 107"
and Gu < 4.0 x 1071, for the cosmic string loop distribu-
tion models in Refs. [44] and [45], respectively. Similar
sensitivity to a cosmic string spectrum is expected from the
space-based LISA detector, whereas the Square Kilometer
Array is expected to at most probe Gu values 3 or 4 orders
of magnitude less sensitive [64].

As for a broken power law background due to an early
Universe phase transition, we find that the Cosmic Explorer
and Einstein Telescope network’s sensitivity is highly
dependent on the break frequency of the spectrum; see
bottom panel of Fig. 1. The most conservative estimate we
find of a detectable BPL signal (i.e., with log 3 = 8), is the
one associated with f, =100 Hz, Q, = 1.8 x 107!,

1071

T T >
~1069 | ! 10
| 1
~1084 | | .
X = 10! N
c g = O ¢
S -11.04 S S <
P = g S
— - — c(\l
~1129 | : 10°
| 1
|
1144 |
L T — T 101
20 40 60 80 100
fx

FIG. 2. Precision with which we can measure f, Q,, and €, 3
for the broken power law model, where ¢ for each parameter is
estimated using the bound in Eq. (7). The model parameter used
for f, and Q, is given by the value of the x and y axes
respectively. The residual CBC injection is €23 = 1 x 10~
for all simulations.

Taking into account injected values for a;, a,, A, f,, we
estimate a stochastic signal of amplitude Qgp; = 2.2 X
10~13 at 25 Hz.

We also look at the precision with which we can measure
Q,, f, and €, 3 using the covariance bound in Eq. (7). We
use f,/o; as a proxy for the precision of our f,
measurement, with ¢, = [cov(f.. f.)]"/? estimated from
Eg. (7) (and analogous expressions for €, and €, /3). In
Fig. 2, we show the theoretical bound on this precision
for Q,, f, /3 as a function of the strength and shape of
the broken power law background. In all three panels, the
horizontal axis is f, and the vertical axis is log;(€,. The
color is the precision statistic discussed above. For all three
panels, we have fixed Q,/3 = 1 x 107'". The broken power
law model parameters are best estimated when f, ~ 20 Hz
and are improved as €, increases. Interestingly, the
theoretical precision with which we measure Q)3 is
independent of Q,, but is dependent upon the shape, which
is governed by f,. This is because elements of the
information matrix in Eq. (6) that involve derivatives of
Q, and €, 3 are independent of both €, and €2, 3 because
these variables appear linearly in separate terms of the
combined model Qgpy (f) + Qcpc(f). This means that the
variances of Q, and Q, /3> and the covariance between them
are independent of these amplitudes. These variables are
still correlated with each other, but the covariance between
them is independent of the values themselves.

V. DISCUSSION

We have looked at current, and future, terrestrial GW
detectors to see if we can successfully perform source
separation of a detected SGWB signal. This is an important
task, since it allows us to relate a detection to physical
theories underlying it and perhaps give us a hint of
beyond-Standard-Model physics. Although Advanced
LIGO and Advanced Virgo sensitivity is not sufficient to
separate sources, we found promising results for the third-
generation of detectors such as the Einstein Telescope [26]
and Cosmic Explorer [27,28].

Our study concerned the frequency range for ground-
based detectors. However, our methods will certainly be
applicable for the future space-based detector, LISA [65].
The LISA observational band offers an exciting possibility
to observe GWs from phase transitions [47]. Much work
has been done to develop methods to characterize an
arbitrary SGWB spectrum [66], as well as techniques to
distinguish a cosmologically produced SGWB from galac-
tic binaries [67], a binary black hole produced background
[60], and instrumental noise [67,68]. A similar spectral
separation study for LISA would be more complicated due
to the nature of the time delay interferometry [69] and
the necessity to simultaneously estimate the LISA noise.
As such, we will apply the methods we have developed to
LISA in a future study.
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This analysis can be additionally extended by consider-
ing other cosmological sources of a SGWB. One can for
instance consider the minimal pre-big-bang model for
which Qgw(f) today scales as f° at the low-frequency
end of the spectrum, whereas in the high-frequency range
its behavior depends on a dimensionless free parameter of
the model [70]. Furthermore, one can consider the full
analytical model for a CBC background, thereby expanding
the studied frequency range.

Let us note that we have not considered Schumann noise,
which could contaminate the stochastic background lead-
ing to a false detection [71]. This issue may be of concern
for LIGO/Virgo, but as discussed above, there can be no
source separation for current detectors. Einstein Telescope
is expected to have weaker coupling to Schumann noise
due to heavier test masses, and the predicted magnetic
budget is well below the sensitivity curves for post-Wiener
filtering [72]. Investigation of the magnetic budget for the
Cosmic Explorer has not been undertaken, and there is
uncertainty over what the magnetic contamination will look
like. As studies on third-generation detectors advance, we
plan to extend our work with a detailed treatment of
correlated magnetic noise.
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