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We investigate the ability of the Laser Interferometer Space Antenna (LISA) to detect a stochastic
gravitational-wave background (GWB) produced by cosmic strings, and to subsequently estimate the string
tension Gu in the presence of instrument noise, an astrophysical background from compact binaries, and
the galactic foreground from white dwarf binaries. Fisher Information and Markov Chain Monte Carlo
methods provide estimates of the LISA noise and the parameters for the different signal sources. We
demonstrate the importance of including the galactic foreground as well as the astrophysical background
for LISA to detect a cosmic string produced GWB and estimate the string tension. Considering the expected
astrophysical background and a galactic foreground, a cosmic string tension in the Gu ~ 107! to Gu ~
10715 range or bigger could be measured by LISA, with the galactic foreground affecting this limit more
than the astrophysical background. The parameter estimation methods presented here can be applied to
other cosmological backgrounds in the LISA observation band.
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I. INTRODUCTION

The Laser Interferometer Space Antenna (LISA) [1] will
be able to simultaneously observe a gravitational-wave
background (GWB) produced by the superposition of a
large number of independent sources of either cosmological
or astrophysical origin [2]. In the LISA frequency band,
[1073,1] Hz, we can distinguish different independent
sources. The first component is the galactic foreground,
from double white dwarf binaries (DWD) in our galaxy [3],
which will be observed as a modulated waveform [4]. The
second component is the astrophysical background pro-
duced by binary black holes (BBH) and binary neutron
stars (BNS), which can be predicted from the LIGO/Virgo
detections. The energy density of the astrophysical GWB
has some uncertainty; the estimation from the LIGO/Virgo
detections gives [5] Qgw(25Hz)~1.8x107°-2.5x 1077,
while simulations of BBH and BNS populations [6] lead to
Qaw(25 Hz) ~4.97 x 107°-2.58 x 1078, The third com-
ponent is the cosmological stochastic GWB. The band 1073
to 10~* Hz, if usable with LISA data, would be important
for the detection and separation of the GWB with A, E, T
channels. The galactic foreground dominates this low-
frequency band. The high frequency (up to 0.1 Hz) is
dominated by the LISA noise, so it is difficult to separate a
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GWB from this noise. However, the high-frequency data
does provide important information about the LISA noise.

Given the ability of LISA to simultaneously detect a
large number of galactic DWD and a large number of
compact binaries, one may question how these contribu-
tions may affect the detectability of a GWB of cosmologi-
cal origin. Here we consider cosmic strings. Cosmic strings
are one of the most promising ways of using gravitational-
wave observations to search for physics beyond the
standard model, and are thus one of the key cosmological
targets of LISA and other experiments. It is therefore vital
to understand LISA’s sensitivity to a cosmic string GWB
signal in the presence of other confusion signals. Our
method can be applied to other cosmological sources, for
instance first order phase transitions.

Cosmic strings [7] are one-dimensional topological
defects that may be formed in the early universe after a
phase transition followed by spontaneously broken sym-
metries. Such objects, relics of a previous more symmetric
phase of the universe, appear generically in the context of
grand unified theories [8]. The authors of [9] presented a
cosmic string stochastic GWB search by LISA in the
presence of detector noise. Considering different cosmic
string models for the loop distribution [10-13], it was
shown that LISA will be able to probe cosmic strings with
tensions Gu = O(107'7), improving by about 6 orders of
magnitude current pulsar timing arrays (PTA) constraints,
and potentially 3 orders of magnitude with respect to

© 2022 American Physical Society
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expected constraints from next generation PTA observato-
ries. Advanced LIGO and Advanced Virgo have recently
used the data from their first three observing runs to
constrain cosmic strings; in particular for one loop dis-
tribution model they set the most competitive constraints to
date, namely allowing Gu <4 x 1071 [14].

In what follows we investigate whether the conclusions
of [9] are affected by considering the contribution from the
astrophysical background and the galactic foreground. We
introduce the energy spectral density Qqw g, (Gu, M, f)
from cosmic string loop distributions M; (with i = 1 for
model [10], i =2 for model [11], and { = 3 for model
[12,13]), at frequency f. The total GWB is the sum:

.
Qew(f)

f >a35[r0
=——F—+ Qas o <_
T+ Ay(f)™ L
+ Qaw.6u (G, M, f), (1)

A"

In Eq. (1) above we model the DWD foreground as a
broken power law, with parameters A;, A,, a;, @,, since
at high-frequencies (~0.1 Hz) the number of DWDs
decreases [15]. We use a model for the BBH/BNS produced
GWRB based on the stellar mass black hole observations of
LIGO and Virgo [5]. We simulate an astronomical GWB
with Q.0 = 4.4 x 1072, o = 2/3 (the predicted slope
[16]) and f, = 3 mHz [5]. We also simulate galactic DWD
gravitational-wave emission based on different distribu-
tions [3,17,18], and we account for a modulated DWD
signal due to the LISA orbital motion [4].

II. SIMULATION AND ESTIMATION

We employ the same parameter estimation methods as in
[15]. However, instead of a power law representation for
the cosmological GWB, we use the cosmic string generated
GWB studied in [9]. The galactic DWD foreground is
approximated by an analytic model, namely the galactic
confusion noise; we refer the reader to Eq. (14) of [17],
based on model [18]. In addition, we study the galactic
DWD model of [3] and use the corresponding estimated
GWB parameters [15].

We use the LISA time delay interferometry (TDI) T
channel to help estimate the LISA noise parameters, while
the gravitational-wave signals are in the A and E channels
[19]. The LISA noise spectrum is modeled in terms of the
acceleration noise, N,,. = 1.44 x 1078 s™* Hz™!, and the
optical metrology system noise, N, = 3.6 x 107! Hz™!
[1]; we refer the reader to [15] for details. We simulta-
neously fit the LISA noise parameters in channels A, E, T,
and we assume that the 7" channel contains only noise. The
low frequency band (10~ Hz to 10™* Hz) helps to improve
our estimation of the galactic foreground. We use a LISA
observation time of four years of continuous data [20].

For the cosmic string generated GWB we create a
discrete library of dimensionless energy densities
Qcw.cu(Gu, M;, f) [21]; this GWB must be calculated
numerically, and is computationally expensive as a part of
the MCMC. We generate 1000 Qg 6, (Gu. M,, f) for Gu
between 1 x 10722 and 1 x 1078 for each model M. The
MCMC calls on this library as the tension parameter Gy is
varied. For the size of our library the minimal resolution for
the string tension is A(Gu)/(Gu) = 0.033.

We consider three cases for the constituents that make up
the observed LISA signal. Case (I): LISA noise and a cosmic
string generated GWB (Models M; with i = 1,2, 3). There
are three parameters 6 = [N, Npos. Gu], and corresponds
to [9]. Case (I): LISA noise, the galactic foreground, and the
astrophysical GWB. There are eight parameters
0= {NaCC’ Nposv Qastro’ Xastro> Gﬂs A] » a1, AZv a2]- Case (IH):
same as case (II) but with the addition of a cosmic string
produced GWB, again for the three cosmic string models. In
this case there are nine parameters 6 = [N, N poss Qastros
Xastro» G/,l, Al s A1y AZ» aZ]'

The log-likelihood function (d = frequency domain data
for the LISA A, E, T TDI channels, 6 = parameters,
frequency bin k) is given by

1Z di di,

L(d|9) = _§Z|:SA(fk) + Nu(f) +SE(fk) + Ng(fr)

k=0

2

dT.k 3
iy T INEE A + NAG) S5 ()

; NE<fk>>NT<fk>>} @)

The noise components N, (f) = Ng(f) and Nz(f) can be
written as [19]:

{NA =N, —N,, o)

Ny = N, + 2N,
with
{Nl (f) = (4S,(f) +8(1 +cos?(:5)) S (/) IW(f)
Ny (f) == (28,(f)+8S4(f))cos(Z) W (/)

_2if
W(f)=1—eTer, frp= % with LISA arms L =

2.5 x 10° m, and

Ss(f) = Npos 5
Sulf) = e (1 4 (), )

We use log uniform priors between —5 and 5 for the
two LISA noise magnitudes, the three GWB amplitude
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parameters, and the string tension, (N,e,Npos. A, Az,
Q.0 Gp).  Uniform priors are used for the slopes
(ay, oy, Aagro)> Detween —1 and 1. Using Bayes’ theorem,
we then obtain the posterior distribution of the parameters
p(0|d) « p(0)L(d|0) and use a sampling-based approach
to posterior computation. See [15] for a comprehensive
description of these parameter estimation methods and the
LISA data.

For parameter estimation, we generate results by two
methods. First, we use an adaptive Markov chain
Monte Carlo (MCMC) [22] following a Metropolis-
Hastings algorithm [23,24]. The proposal density Q,(x)
is used to draw candidate parameters. We use this proposal
distribution to increase the acceptance rate:

0,(x) = (1 = B)N(x,(2.28)%%,/d) + BN(x, (0.1)%1,/d).

(6)

It depends on the number of parameters, d, with X, the
current empirical estimate of the covariance matrix from
samples of the Markov chains, f = 0.25, N a multinormal
distribution, and [, the identity metric; we refer the reader
to [15,25].

Alternatively, we use the Fisher Information F,, to

estimate the parameter uncertainties, \/F;} = o,, as

ac
06,

1
Fab = 5TI‘<C_

oC
99,
051(fx)+N1(f1<) IS, (f)+N;(fi)

N om
Tsz 51 fk + Ni(fi)?

(7)

with M = Df, where D is the time duration of the LISA
mission and f;, the highest frequency of interest in the
LISA band [19]. The correlation matrix is

Sy + N,y 0 0
Cc.f) = 0 Sg+Ng 0 |, (8)
0 0 NT?

where N;, with I = [A, E, T|, are the noise power spectral
densities for the different TDI channels. The signal chan-
nels (A, E) power spectral densities in (7) are

3I_IO Z QGWt
RN

We compare signals with and without a cosmic string
produced GWB to study detectability and parameter
estimation accuracy in the presence of a galactic foreground
and the astrophysical GWB. We do not do model com-
parison between the different cosmic string models; this

5i(f) = ©)

L L -17
10-5- Gu=1x10
— Gu=1x10"10
— Gu=1x10"1
10-74 —— LISA noise Q4(f) = Qr(f)
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=
o ) _ i f \2/3
Ci 10-°1 T Astrophysical SGWB Qsro(f) = 4.4 x 10 (m>
£
IS
[}
<
ERUREE
g
&
&
s 10—13_
=
[2a]
10715 i
107 . . . .
102 1074 1073 1072 1071
frequencies
FIG. 1. Dimensionless energy densities Qaw g, (f) for cosmic string models M; with i = 1, 2, 3 [9], displayed respectively with

lines, long dashes and short dashes. The red, blue and green colors correspond to the cosmic sting GWBs for three inputs, respectively,

Gu=1x10"",1x 107" and 1 x 10~'°. We include LISA noise [19] for four years of observation: Q,(f) =

a galactic confusion noise [17]
4.4 x 1072 (-L)?3 (purple line).

Qr(f) (black line),

Q.(f) (orange line), and an astrophysical compact binary background [5], Qo (f) =
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FIG. 2. Model comparison between cases (II) and (IIT) using the Deviance information criterion. Strong evidence for the presence of
the cosmic string signal begins in the Gu ~ 10~'° (M) to Gu = 10™> (M, and M) range for the cosmic string models.
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FIG. 3. Cosmic string tension Gu uncertainty estimates from the Fisher information study for the three models M. Solid lines present
the results for case (I). The dot-dashed lines are the results considering case (III). The horizontal gray line represents AGu/Gu = 0.5. A
MCMC study gives equivalent results.
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will be the subject of a future study. With the output chains
from the MCMC analyses we use the deviance information
criterion for model comparison [26-28]. Note that the use
of improper priors precludes the use of Bayes factors for
model comparison.

III. RESULTS

We display in Fig. 1 the dimensionless GWB energy
density for the three cosmic string models, and for string
tension values around the level of LISA detectability [21].
We also show the LISA noise [19], a galactic confusion
noise model [17], and an astrophysical compact binary
background [5].

The ability to observe a cosmic string produced GWB is
displayed in Fig. 2 using the Deviance information cri-
terion. For each cosmic string model M; we compare
cases (II) and (III).

Similar to the Jeffreys’ scale, the difference in the
Deviance information criterion (ADIC) starts to give
evidence for a particular model for ADIC > 2, is substan-
tial for ADIC between 5 and 10, and becomes decisive for
ADIC > 10 [29,30]; see [31] for another use of the DIC in
physics. Hence, the ability for LISA to detect a cosmic
string produced GWB begins in the Gu ~ 10716 (M) to
Gu ~ 10715 (M, and M) range for all three cosmic string
models.

We present in Fig. 3 the Gu uncertainty estimates
following the Fisher information analysis. The adaptive
MCMC produces equivalent results, as was the case in
[15,25], but for simplicity in Fig. 3 we only show the Fisher
information results. We conduct the study with different
cosmic string generated GWBs by changing the string
tension Gu.

The horizontal dashed line represents the accuracy level
of 50%; above this limit we cannot separate the cosmic
strings GWB. We display the results for cases (I) and (III),

TABLE 1. Table summarizing the results of the ability to
observe a GWB from cosmic strings (the three models M;) in
the presence of just LISA noise, or with LISA noise, the DWD
produced galactic foreground and a compact binary astrophysical
background. We report the values where the uncertainty in the
estimation of the string tension is A(Gu)/(Gu) =0.5. We
display in Fig. 3 the way the uncertainty diminishes as Gu
increases.

LISA noise + Cosmic strings

Ml M2 M'&
1x 10717 3x 10717 3x 10717

G,ulim

LISA noise + DWD + BBH/BNS —+ Cosmic strings

Ml Mz M3
3x 10717 1 x 10716 2 x 10716

G:ulim

showing that the inclusion of the galactic foreground and
astrophysical background has an important effect on the
parameter estimation for the cosmic string tension. We
summarize the ability to conduct parameter estimation on
the cosmic string tension for cases (I) and (IIT) in Table I.
We also performed a study following the method [3] as in
[15]. We obtained similar results to the ones presented in
Table I. In addition, we have repeated the Fisher informa-
tion study presented in Fig. 3 but with the reduced
bandwidth of 10~* Hz to 0.1 Hz, and the conclusions do
not change.

The sum of galactic foreground and astrophysical back-
ground have an effect on the detection of a cosmic string
produced GWB and the estimation of the string tension Gu.
In fact, the galactic foreground is the most important for
limiting the cosmic string measurement as it is dominant at
low frequencies; see Fig. 1.

IV. CONCLUSION

We have studied the LISA measurement limit of a
cosmological GWB from cosmic strings. This cosmic
string GWB is in the presence of a compact binary
produced astrophysical background, a galactic foreground,
and LISA noise for four years of data. The detection limit
for the three loop distribution models (studied in [9]) is in
the Gu ~ 1071% (M) to Gu ~ 10~ (M, and M3) range
for four years of LISA observations. The ability to conduct
parameter estimation and resolve the value of the cosmic
string tension begins around Gu ~ 107'°. Certainly if other
cosmological GWBs are present, for example first order
phase transitions or inflation [32], then even more sophis-
ticated parameter estimation methods will be needed.
Principal component analysis has been proposed for mak-
ing such a cosmological GWB detection, but does not
address parameter estimation [33]. Note too that for the
LISA GWB search to be most effective a more compre-
hensive description will need to be made for the LISA
noise, plus the incorporation of methods that can observe
and parameterize individually resolvable binary systems in
the galaxy [4,34], as well as other expected, overlapping
signals in the LISA band (massive black hole binaries,
extreme mass ratio inspirals, etc.) [1]. It is important to note
that the results presented here are obtained with a simple
LISA noise model generated with two parameters [19].
Additional low frequency noise would make the detection
less efficient. More complex LISA noise models will
certainly need to be investigated. These issues will be
addressed in future studies.
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