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The cosmic string contributes to our understanding and revelation of the fundamental structure and
evolutionary patterns of the Universe, unifying our knowledge of the cosmos and unveiling new physical
laws and phenomena. Therefore, we anticipate the detection of stochastic gravitational wave background
(SGWB) signals generated by cosmic strings in space-based detectors. We have analyzed the detection
capabilities of individual space-based detectors, LISA and Taiji, as well as the joint space-based detector
network, LISA-Taiji, for SGWB signals produced by cosmic strings, taking into account other
astronomical noise sources. The results indicate that the LISA-Taiji network exhibits superior capabilities
in detecting SGWB signals generated by cosmic strings and can provide strong evidence. The LISA-Taiji
network can achieve an uncertainty estimation of ΔGμ=Gμ < 0.5 for cosmic string tension Gμ ∼ 10−18,
and can provide evidence for the presence of SGWB signals generated by cosmic strings at Gμ ≥ 10−17,
and strong evidence at Gμ ≥ 10−16. Even in the presence of only SGWB signals, it can achieve a relative
uncertainty of ΔGμ=Gμ < 0.5 for cosmic string tension Gμ < 10−18, and provide strong evidence at
Gμ ≥ 10−17.
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I. INTRODUCTION

Using space-based laser interferometers to explore gravi-
tational wave sources is currently a hot research topic. As
space detectors, The Laser Interferometer Space Antenna
(LISA) [1] and Taiji [2] are sensitive to gravitational waves
in the millihertz frequency range and can explore gravita-
tional wave signals emitted by independent sources from
astronomy and cosmology, as well as stochastic gravita-
tional wave background (SGWB) signals generated by a
large number of independent sources. Exploring cosmo-
logical SGWB is of great significance for studying the early
behavior of the Universe and important for testing the
Universe models. The SGWB may come from many differ-
ent processes in the early Universe such as phase transi-
tions [3–6] inflation models [7,8], and cosmic strings [9–11].
The corresponding frequency of gravitational wave (GW)
signal is in ð10−18 − 1010 HzÞ [12,13].
In practical detection, any cosmological gravitational

wave signal will be mixed with other foreground and back-
ground noise. Apart from cosmological SGWB, there is
astronomical SGWB originated from the superposition of

gravitational waves generated by a large number of celestial
bodies. In this paper, we need to separate the cosmological
SGWB from the noise to understand the behavior of the
Universe at that time. Here we are concerned with the
SGWB signal generated by cosmic strings and assume
that the mixed foreground noise consists of two parts; one is
the gravitational wave background (GWB) model [14,15],
generated by binary black holes (BBH)/binary neutron stars
(BNS) based on observations of the stellar mass black hole
from LIGO and Virgo, and the other is the SGWB from
unresolved White Dwarf Binaries in our galaxy, which is
observed as a modulated waveform due to LISA’s orbital
motion [16,17].
As one of the most prospective approach for detecting

SGWB, space detectors need to understand their sensitivity
to cosmological string GW signals and their ability to
separate them from confusing noise. Several teams have
now conducted detailed research on the capabilities of
LISA [18,19]. The results show that LISA has good
identification and estimation capabilities for SGWB signals
and their associated parameters generated by first-order
transitions and cosmic strings in the presence of contained
noise. Therefore, it is also important to understand the
corresponding capabilities of Taiji as a LISA-like detector.*cqujinli1983@cqu.edu.cn
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Taiji studies have shown that a single Taiji detector
has an order of magnitude improvement in detecting
SGWB signals generated by cosmic strings compared to
NANOGrav 15-year data [20]. Moreover, a single detector
is unable to locate space sources very well [21]. For this
point, the proposed joint LISA-Taiji observation can be
expected to significantly improve the accuracy of source
location [22,23] and detectability [24]. Consequently,
studying the sensitivity of joint space networks to detect
SGWB from cosmological strings and their ability to
separate it from confusing noise is also attractive. In this
paper, the structure of a joint-space network is constructed
by the three Taiji detector orbit designs mentioned in [25].
Cosmic strings are one-dimensional topological defects [26],
which may be produced by spontaneous symmetry break-
ing after a phase transition in the early Universe and are
expected to exist throughout cosmic history. Some results
have shown that the LISA detector can detect cosmic strings
with tension Gμ ≳Oð10−17Þ under any cosmic string
model [27–30]. In previous work, we also used Taiji and
LISA-Taiji joint networks to detect cosmic strings SGWB
in Model 2 [31] and the results showed that the joint
networks are also able to detect cosmic strings with tension
Gμ ≳Oð10−17Þ [32]. Therefore, we hope to further under-
stand the detectability of different space-based millihertz
GW detectors to cosmological string SGWB with confus-
ing foregrounds, such as, the superposition of GWs from
double white dwarfs and BBH/BNS (see Sec. IV), the use
of the Fisher matrix for parameter estimation and deviance
information criterion (DIC) method to more intuitively
demonstrate the detectability of the detectors for observing
the SGWB in different cosmic string models.
The structure of this paper is as follows. In Sec. II, we

describe the gravitational wave background from cosmic
strings, double white dwarfs, and stellar-mass black hole in
an inspiral stage based on LIGO and Virgo observations.
In Sec. III, we discuss the noise model of detectors, the
sensitivity curves of joint networks and single detectors to
cosmic strings, and analyze the possibility of identifying
cosmological string SGWB from foreground and back-
ground noise. In Sec. IV, we introduce how to use the
Fisher matrix and Bayesian factor DIC to calculate the
results of cosmic string parameter estimation through
the cosmic string SGWB detection. Finally, we summarize
the results and give conclusions in Sec. V.

II. COMPOSITION OF SGWB SOURCES
IN OUR WORK

The SGWB concerned in this paper consists of three
parts; the cosmic string stochastic gravitational wave signal
ΩGW, the double white dwarf foreground ΩDWD, and the
GW foregroundΩastro generated by the BBH/BNS based on
observations of the inspiral stellar mass black hole in LIGO
and Virgo. Among them, the stochastic gravitational wave

generated by cosmic strings ΩGW is the signal that we hope
to identify, and the other two parts ðΩDWD;ΩastroÞ are
considered as confusing foreground noise.

A. Gravitational wave from cosmic strings

The stochastic gravitational wave background of cosmic
strings is a noncoherent superposition of gravitationalwaves
emitted by oscillating cosmic string loops. There has been
extensive research on the stochastic gravitational wave
background generated by cosmic strings [10,28,33–54],
which includes two analytical methods and three cosmic
string models commonly used for calculating cosmic
strings.
We use the template mentioned in [31,33,53,54] to

represent the gravitational wave of cosmic strings, and
there are exact analytical approximation formulas for
Model 1, Model 2, and Model 3. All three cosmic string
models are fundamentally different, Model 1 is a purely
analytical model, a theoretical model is based on an
analytic approach, which was initially developed by
Kibble in [27] and later extended in [36–39]. The detailed
derivation process is described in the Ref. [54]. Model 2 is
the simulation-inferred model of Blanco-Pillado, Olum,
and Shlaer (BOS), and Model 3 is the simulation-inferred
model of Lorenz, Ringeval, and Sakellariadou (LRS). The
GW we study is a function of the cosmic string tensor Gμ,
which characterizes the size of the loop with a free constant
α that we consider as a constant value, i.e., α ¼ 0.1, and we
define the total power of cosmic string emission as Γ ¼ 50.
For the cosmic string GWs of Model 1 and Model 2 it can
be expressed as the same template mentioned in Ref. [53].
For their GW signals, there are a total of three periods of the
gravitational wave contribution of the cosmic string loop;
loops formed and decayed during the radiation period,
loops formed during the radiation period and decayed
during the matter period, and loops formed during the
matter period.
For loops formed and decayed in the radiation region,

the form of stochastic gravitational wave background is
given by

Ωr
GWðfÞ ¼

128

9
πArΩr

Gμ
ϵr

��
fð1þ ϵrÞ
BrΩm
Ωr

þ f

�3
2

− 1

�
; ð1Þ

where ϵr ¼ α
ΓGμ,Ωr is radiation energy density ratio,

Ar ¼ 0.54, and

Br ¼
2H0Ω

1
2
r

νrΓGμ
; ð2Þ

where νr ¼ 1
2
. For loops formed in the radiation region and

decayed in the matter region, their contribution to the
SGWB has the following form:
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Ωrm
GWðfÞ ¼ 32

ffiffiffi
3

p
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2
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>>:

�
Ωm
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�
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Ωm
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�1
2

2
642þ f

Bm

�
Ωm
Ωr
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2 þ f

3
75 −

1

ðBm þ fÞ12
�
2þ f

Bm þ f

�9>>=
>>;; ð3Þ

where Ωm is the matter energy-density ratio, and

Bm ¼ 2H0Ω
1
2
m

νmΓGμ
; ð4Þ

where νm ¼ 2=3. The contribution of loops generated in the
matter period to the SGWB generation by cosmic strings is
given by

Ωm
GWðfÞ ¼ 54πH0Ω

3
2
m
Am

Γ
ϵm þ 1

ϵm

Bm

f

	
2Bm þ f

BmðBm þ fÞ

−
1

f
2ϵm þ 1

ϵmðϵm þ 1Þ þ
2

f
log

�
ϵm þ 1

ϵm

Bm

Bm þ f

�

:

ð5Þ

Therefore, for Model 1 and Model 2, the SGWB
generated by cosmic strings can be well approximated as

ΩGWðf;M1;2Þ ¼ Ωr
GWðfÞ þ Ωrm

GWðfÞ þ Ωm
GWðfÞ; ð6Þ

which can provide a good approximation for loops with
α ≥ ΓGμ [31,33,53]. For some small loops, i.e., those
whose size cannot support their survival from radiation to
matter-dominated era, the SGWB in Eq. (3) will not be
included in Eq. (6) [31,52]. Since Model 1 may be
calibrated to describe Model 2 and for α ≫ ΓGμ,
Models 1 and 2 are effectively identical in this regime [54],

and for simplicity we refer to Model 1 and Model 2
collectively as Model 2 in the following discussion.
For Model 3, we still use an analytical approximation

model, which was first summarized in [35]. The analytical
approximation model we used comes from [33,54]. Unlike
Model 1 and Model 2, Model 3 includes two additional
parts of loop contributions besides the three mentioned
above which two extra contributions are small loops that
exist and decayed during the radiation and matter periods.
That is to say, under this model, we need to consider loops
with length α ≥ ΓGμ and an extra population of small loops
with invariant lengths smaller than ΓGμt [33].Therefore,
for Model 3, the SGWB generated by cosmic strings
includes five parts of contributions.
The form of gravitational wave produced by loops

during the radiation period is given by

Ωr
GW ¼ 64πCrΩr

3Γð2 − 2χrÞ
ðΓGμÞ2χr

�
1þ 4Hrð1þ zeqÞ

fΓGμ

�
2χr−2

;

ð7Þ

where Cr ¼ 0.08, χr ¼ 0.2,Hr is the Hubble function
during radiation domination period, and zeq is the redshift
when the matter and radiation energy densities are equal;
here zeq ¼ 3400 [55]. For cosmic string loops formed
during radiation-domination period but existed during
matter-domination period, their contribution to the
SGWB is given by

Ωrm
GW ¼ 54πCrHmΩm

ΓfðΓGμÞ1−2χr ð1þ zeqÞ
3ð2χr−1Þ

2

�
x2−6χr

2 − 6χr
2F1

�
3 − 2χr; 2 − 6χr; 3 − 6χr;−

3Hmx
fΓGμ

�� ffiffiffiffiffiffiffiffiffi
1þzeq

p

1

: ð8Þ

The square bracket’s superscript and subscript represent the upper and lower limits of integration. 2F1ða; b; c; dÞ is the
Gaussian hypergeometric function,

2F1ða; b; c; dÞ ¼
X∞
n¼0

ðaÞnðbÞn
ðcÞn

dn

n!
; ð9aÞ

ðaÞn ¼ aðaþ 1Þðaþ 2Þ � � � ðaþ n − 1Þ ¼ Γðaþ nÞ
ΓðaÞ ; ð9bÞ

where ðaÞn is the Pochhammer symbol and ΓðxÞ is the gamma function. Hm is the Hubble function during matter
domination period, and for loops formed during matter domination period, their contribution to the SGWB is given by

Ωm
GW ¼ 2 × 32χmπCmΩm

H2−2χm
m Γf2χm−2

ðΓGμÞ2
�
x2χm−4

2χm − 42
F1

�
3 − 2χm4 − 2χm; 5 − 2χm;−

fΓGμ
3Hmx

�� ffiffiffiffiffiffiffiffiffi
1þzeq

p

1

; ð10Þ
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where χm ¼ 0.295, Cm ¼ 0.015. In addition to the stochastic gravitational wave signals generated by the three parts of
loops mentioned above, two additional sets of small loops still have a significant contribution to this model. However, the
sizes of these two groups of string loops are too small to survive from the radiation-dominated period to the matter-
dominated period. Therefore the population of additional small loops has only two contributions as follows: (1) Their
contribution during the radiation-dominated period is given by

Ωr;epsl
GW ¼ 64πCrΩrð1=2 − 2χrÞ

3ð1 − 2χrÞð2 − 2χrÞ
Gμγ2χr−1c

×

8>><
>>:

0 if f < 4ð1þ zeqÞHrðΓGμÞ−1
½4ð1þ zeqÞHr=ðγcfÞ�2χr−1 − ðΓGμ=γcÞ2χr−1 if f < 4ð1þ zeqÞHrγ

−1
c

ð2 − 2χrÞ − 4ð1þ zeqÞHrð1 − 2χrÞ=ðγcfÞ − ðΓGμ=γcÞ2χr−1 if f > 4ð1þ zeqÞHrγ
−1
c ;

: ð11Þ

(2) For small loops during the matter-dominated period, their contribution to the stochastic gravitational wave background
generated by cosmic strings also has a piecewise function form,

Ωm;epsl
GW ¼ 54πCmHmΩmð1 − 2χmÞ

ð3 − 2χmÞð2 − 2χmÞf
Gμγ2χm−2c

�
3Hm

γcf

�

×

8>>>>>>>>>>>><
>>>>>>>>>>>>:

0 if f < 4HmðΓGμÞ−1h
3Hm
γc

i
2χm−3�

1 − ½3Hm=ðΓGμfÞ�3−2χm
�

if f < 4Hm
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zeq

p ðΓGμÞ−1h
3Hm
γcf

i
2χm−3


1 − ð1þ zeqÞ−ð3−2χmÞ=2
�

if f < 4Hmγ
−1
c

ð3 − 2χmÞfγc=ð3HmÞ þ ð2χm − 2Þ −
�

fγc
3Hm

ffiffiffiffiffiffiffiffiffi
1þzeq

p
�
3−2χm if f < 4Hm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zeq

p
γ−1ch

3Hm
γcf

i
−1ð3 − 2χmÞ½1 − ð1þ zeqÞ−1=2� if f > 4Hm

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ zeq

p
γ−1c :

: ð12Þ

Therefore, for Model 3 the form of the stochastic gravi-
tational wave signal generated by cosmic strings should be

ΩGWðf;M3Þ ¼ Ωr
GWðfÞ þ Ωrm

GWðfÞ þ Ωm
GWðfÞ

þ Ωr;epsl
GW þ Ωm;epsl

GW : ð13Þ

B. Gravitational wave background

In actual detection, the data includes not only the
gravitational wave signals generated by cosmic strings
but also astronomical foreground noise. The foreground
noise include the superposition of GWs from double white
dwarf (DWD) and inspiraling BBH/BNS based on the
observations of LIGO and Virgo [14,18,56].
The model of GW from double white dwarf is a

modulated signal based on the LISA orbital motion, and its
energy spectral density can be approximated by the broken
power-law model proposed by Lambert et al. [18,19],
which is given by

ΩDWDðfÞ ¼
A1ð ff�Þ

α1

1þ A2ð ff�Þ
α2
; ð14Þ

it should be noted that for calculating the GW of double
white dwarf, we use the model based on the modulation
signal generated by LISA for different detectors. Therefore,
for this paper, at any detector the GW produced by
DWD is treated as Eq. (14), that is, f� ¼ c=2πL�,
L� ¼ 2.5 × 106 km. For the superposition of gravitational
wave background produced by inspiraling BBHs/BNS
observed by LIGO and Virgo, it can be modeled as a
power-law function based on the observation results. This
model is consistent with the one used in Refs. [18,19],
which is given by

ΩastroðfÞ ¼ Ωastro

�
f
f�

�
αastro

; ð15Þ

where f� ¼ 3 mHZ.
Therefore, the total energy spectrum related to gravita-

tional waves discussed in this paper is as follows:

ΩtotðfÞ ¼ ΩastroðfÞ þ ΩDWDðfÞ þ ΩGWðf;MxÞ: ð16Þ

Where Mx (x ¼ 1, 2, 3) represents the three different
gravitational wave models generated by cosmic string
loops, namely Model 1, Model 2, and Model 3. For the
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GW from double white dwarf and the superposition of
BBHs/BNS, we set the parameters as shown in Table I.
The energy density spectra for the above gravitational

wave sources are displayed in Fig. 1, including GWs from
double white dwarf and inspiraling BBHs/BNS and cosmic
string loops.

III. THE SPACE DETECTORS MODEL

The LISA and three Taiji orbits we use are as follows
[25,32]:
(a) LISA, trailing the Earth by ∼20° and its formation

plane has an inclination angle respect to the ecliptic
plane about ∼þ 60°;

(b) Taijim, leading the Earth by ∼20°, with a ∼ − 60°
inclination;

(c) Taijip, leading the Earth by ∼20°, with a ∼þ 60°
inclination;

(d) Taijic, trailing the Earth by ∼20°, is coplanar with
LISA.

A. Noise models for LISA and Taiji

Using the time-delay interferometry (TDI) technique, the
laser frequency noise of LISA and Taiji can be suppressed
[19,25,56–73]. For LISA-like detectors, three suitable
gravitational wave measurement channels, namely X, Y,
and Z channels [63], can be constructed through the TDI

technique. Here we assume that the SGWB is stationary
and uncorrelated with the instrument noise. We also assume
that the instrument noise is only acceleration noise and
optical path perturbation noise, and that these instrument
noises are the same for each spacecraft with the same arm
lengths, so that the LISA-like instruments form an equi-
lateral triangle. Under these assumptions, the cross-spectra
and response functions of the X, Y, Z channel combinations
are identical [67].
For convenience, a linear combinations of these channels

can be used. For LISA-like instruments, two “noise-
orthogonal” channels A and E, and a “null” channel T
are usually selected, which are defined as

8>>><
>>>:

A ¼ 1ffiffi
2

p ðZ − XÞ;
E ¼ 1ffiffi

6
p ðX − 2Y þ ZÞ;

T ¼ 1ffiffi
3

p ðX þ Y þ ZÞ:
ð17Þ

These combinations can lead a reduced sensitivity to GWs
in the “null” channel T.
Assuming that the arm length of the LISA-like detector

is stable and the responses in A, E, and T channels are
stable and uncorrelated. We consider only the responses in
the A and E channels, as there is no response in the T
channel and only instrument noise is present in this “null”
channel [18,19]. At the same time, since the effect of the T
channel is not significant in the range of our concern
frequency band [32,58,74–76], in the following calcula-
tions we only consider the responses of the A, E channels.
The gravitational wave signal response in the A and E
channels of the LISA-like detector is given by [76]

Ri
AðfÞ ¼ Ri

EðfÞ ¼
9

20
jWiðfÞj2

�
1þ

�
f
4fi
3

�
2
�
−1
; ð18Þ

where i ¼ Lisa;Taiji, WiðfÞ ¼ 1 − e−2if=fi , and for the
LISA-like detector, fi ¼ c=2πLi, with LLisa¼2.5×106 km
and LTaiji ¼ 3 × 106 km.
Based on the noise model given in the LISA Science

Requirement Document [19,77], LISA noise consists of
acceleration and optical path disturbance noise. Similarly,
for the LISA-like detector Taiji, the model we use is similar
to that of LISA, which has the same acceleration noise and
slightly different optical path noise [1,2,25]. For LISA, its
acceleration and optical path disturbance are given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδaLisaÞ2

q
¼ 3 × 10−15 m=s2; ð19aÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδxLisaÞ2

q
¼ 1.5 × 10−11 m: ð19bÞ

While for Taiji they are [22]

TABLE I. Parameter values for astronomical foreground noise
in data simulation.

Parameter Value Parameter Value

A1 7.44 × 10−14 A2 2.96 × 10−7

α1 −1.98 α2 −2.6
Ωastro 4.44 × 10−12 αastro 2=3

FIG. 1. The orange solid line represents the GW from double
white dwarf, the red solid line represents the gravitational wave
superposition background during the black hole inspiralling of
stellar-mass black holes, the blue solid line represents the
gravitational wave generated by cosmic strings with string
tension Gμ ¼ 10−15 in Model 2, and the black solid line
represents the total energy spectrum of the gravitational waves
generated by the three sources mentioned above.
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδaTaijiÞ2

q
¼ 3 × 10−15 m=s2; ð20aÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδxTaijiÞ2

q
¼ 8 × 10−12 m: ð20bÞ

The acceleration and optical path disturbance noise are

Ni
accðfÞ ¼

Ni
a

ð2πfÞ4
�
1þ

�
f1
f

�
2
�

¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffi
ðδaiÞ2

p
=LiÞ2

ð2πfÞ4
�
1þ

�
f1
f

�
2
�
Hz−1; ð21aÞ

Ni
opðfÞ ¼ Ni

o ¼ ð
ffiffiffiffiffiffiffiffiffiffiffiffi
ðδxiÞ2

q
=LiÞ2 Hz−1; ð21bÞ

where i ¼ Lisa;Taiji, f1 ¼ 0.4 Hz. These noise models
can be transformed into interferometer noise through the
spectral density of the X channel and the cross spectral
density of the channel X and Y, which are

Ni
XðfÞ ¼ ½4Ni

opðfÞ þ 8½1þ cos2ðf=fiÞ�Ni
accðfÞ�jWiðfÞj2;

ð22Þ

Ni
XYðfÞ ¼ −½2Ni

opðfÞ þ 8Ni
accðfÞ� cosðf=fiÞjWiðfÞj2:

ð23Þ

We can construct the noise power spectral density of the
A and E channels of the detector through

Ni
AðfÞ ¼ Ni

EðfÞ ¼ Ni
XðfÞ − Ni

XYðfÞ: ð24Þ

The noise spectral density formula for different channels
can be constructed from the noise power spectral density
and response function

SiAðfÞ ¼ SiEðfÞ ¼
Ni

A;E

Ri
A;EðfÞ

: ð25Þ

To describe the sensitivity to gravitational waves, we can
construct an equivalent energy density spectrum related to
these channels [19,25],

Ωi
AðfÞ ¼ Ωi

EðfÞ ¼ SiAðfÞ
4π2f3

3H2
0

; ð26Þ

where H0 is the current Hubble constant. For a single
LISA-like detector considering only A and E channels, the
total equivalent energy density is [76]

ΩiðfÞ ¼ 4π2f3

3H2
0

�X
j¼A;E

Ri
jðfÞ

Ni
jðfÞ

�−1
: ð27Þ

B. Sensitivity for LISA-Taiji networks

To calculate the energy density for LISA-Taiji network,
we only consider the mutually orthogonal A and E
channels, similar to the computation of a single LISA-like
detector. The equivalent energy density formula for the
LISA-Taiji network is given by [74]

ΩcrossðfÞ ¼ 4π2f3

3H2
0

�X
a¼A;E;D¼A0;E0

jγabðfÞj2
SLisaa ðfÞSTaljib ðfÞ

�−1
2

;

ð28Þ

here, SLisaa ðfÞ,STaijib are the noise power spectral density of a
single detector, which are given by Eq. (25), H0 is the
current value of the Hubble parameter, and γabðfÞ is the
overlap reduction function between two different channels
of the two triangular detectors. The expression for γabðfÞ
for the LISA-Taiji network can be obtained using the
ground-based laser interferometer network [78] as

γab ¼ Θ1ðy; βÞ cosð4δÞ þ Θ2ðy; βÞ cosð4ΔÞ; ð29Þ

where

Δ≡ σ1 þ σ2
2

; δ≡ σ1 − σ2
2

; ð30Þ

σ1, σ2 are the angles between the bisector of the L-shaped
interferometer on each detector and the tangent to the great
circle linking the two detectors, calculated counterclock-
wise. The specific orbit and interferometer positions can be
found in Refs. [21,25,74,78]. The function Θ1ðy; βÞ and
Θ2ðy; βÞ are defined as

Θ1ðy;βÞ¼
�
j0ðyÞþ

5

7
j2ðyÞþ

3

112
j4ðyÞ

�
cos4

�
β

2

�
; ð31Þ

Θ2ðy; βÞ ¼
�
−
3

8
j0ðyÞ þ

45

56
j2ðyÞ −

169

896
j4ðyÞ

�

þ
�
1

2
j0ðyÞ −

5

7
j2ðyÞ −

27

224
j4ðyÞ

�
cos β

þ
�
−
1

8
j0ðyÞ −

5

56
j2ðyÞ −

3

896
j4ðyÞ

�
cos 2β;

ð32Þ

where jn is the nth order spherical Bessel function, β is the
angle between the information planes of the two detectors,
which can be obtained directly by computing their normal
vectors. The detector normal vectors can be found in
Refs. [32,74], and y ¼ 2πdf=c is a parameter of the
spherical Bessel function, where d is the distance between
the two detectors. For the LISA-Taiji network, due to the
mirror symmetry, γAE0 ¼ γAE0 ¼ 0, so we only need to
calculate γAA0 and γEE0 . for the three different Taiji orbit
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designs. The m, p, c orbit model mentioned in paper [25] is
used for the design of Taiji’s orbit in the joint network. The
parameter values related to the overlap reduction function
for the three different designs are shown in Table II.
The sensitivity curves for the three different networks

and the sensitivity curve for a single detector are summa-
rized in Fig. 2. It can be found that LISA-Taijic network has
the optimal sensitivity curve among the three different
network models. To demonstrate the detection capability
of a gravitational wave detector for a power-law ran-
dom gravitational wave signal with a form similar to
Ωh ¼ Ωiðf=frefÞαi , a power-law integrated sensitivity
(PLS) was proposed [79]. Based on a given observation
time Tob and signal-to-noise ratio (SNR) threshold ρm,the
PLS of the detector is given by [25,32,79]

Ωκ ¼
ρmffiffiffiffiffiffiffiffiffiffi
2Tob

p
�Z

fmax

fmin
df

ðf=frefÞ2κ
ΩmissionsðfÞ2

�
−1
2

; ð33Þ

ΩPLSðfÞ ¼ max
κ

Ωκ

�
f
fref

�
κ

; ð34Þ

where the subscript “missions” denotes the joint detector
network “cross” or a single LISA-like detector, fref can be
freely chosen without affecting the PLS result [79], and the
index κ∈ ½−8; 8�. Based on previous studies of SNR for
gravitational wave detectors [32], we assume ρm ¼ 10
and Tob ¼ 4 years.
We integrate the PLS plots for a single LISA-like

detector, the three different joint network configurations,
as well as GWs from cosmic strings, DWD, and inspiraling
BBHs/BNS in Fig. 3. It can be seen that for LISA, Taiji, and
LISA-Taijic network, they can all detect the cosmic string
signal in Model 2 with Gμ ¼ 10−17. However, the sensi-
tivity of Taiji is better than that of the LISA-Taijic network
over the full frequency range of the detectors, while the
sensitivity of LISA-Taijic is better than that of LISA and the
other detector networks.

IV. ESTIMATION AND MODELING

It can be concluded from Figs. 2 and 3 that LISA-Taijic
is the optimal choice in the joint networks. LISA, Taiji and
LISA-Taijic are capable for detecting SGWB with cosmic
string tensions Gμ > 10−17 under all the cosmic string
models considered in this paper. The sensitivity of LISA-
Taijip and LISA-Taijim is significantly weaker than that of
LISA-Taijic, LISA, and Taiji. Therefore, when performing
parameter estimation, we only consider the LISA-Taijic
network for the joint detection network, and we only
consider the A and E channels for TDI.
In this section, we adopt the Fisher information matrix

(FIM) to calculate the ability of LISA, Taiji, and LISA-
Taijic, for estimating the cosmic string tension Gμ in
different data cases, and the DIC method is used to
calculate when the cosmic string tension Gμ reaches the
point where LISA, Taiji, and LISA-Taijic can provide
evidence of a cosmic string signal in the detection data
if the detection data contain confusion noise.

FIG. 2. Sensitivity curves for three different LISA-Taiji net-
works and a single detector LISA, Taiji.

FIG. 3. Gravitational wave from cosmic strings with different
parameters and different models, foreground noise of gravita-
tional wave, and PLS plots from different GW detectors for the
case ρm ¼ 10 and Tob ¼ 4 years.

TABLE II. Parameter values of the overlap reduction function in three different detector networks.

LISA-Taijip LISA-Taijim LISA-Taijic

γAA0 γEE0 γAA0 γEE0 γAA0 γEE0

d ¼ 1.0 × 1011 m d ¼ 1.0 × 1011 m d ¼ 1.0 × 1011 m d ¼ 1.0 × 1011 m d ¼ 0 m d ¼ 0 m
β ¼ 34.46° β ¼ 34.46° β ¼ 71.06° β ¼ 71.06° β ¼ 0° β ¼ 0°
δ ¼ 0° δ ¼ 0° δ ¼ 0° δ ¼ 0° δ ¼ 0° δ ¼ 0°
Δ ¼ 45° Δ ¼ 0° Δ ¼ 45° Δ ¼ 0° Δ ¼ 45° Δ ¼ 0°
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A. Fisher information matrix

We considered three data cases for the data di in a single
GW detector:
(1) di ¼ Ωi

A;EðfÞ þ ΩGWðf;MxÞ, with parameter space
θi ¼ fNi

a; Ni
o; Gμg, i.e., detector noise mixed with

GW signals generated by different cosmic strings;
(2) di ¼ Ωi

A;EðfÞ þ ΩastroðfÞ þΩDWDðfÞ, with para-
meter space θi¼fNi

a;Ni
o;A1;α1;A2;α2;Ωastro;αastrog,

i.e., detector noise, double white dwarf foreground
noise, and gravitational wave background of inspir-
alling BBHs/BNS;

(3) di¼Ωi
A;EðfÞþΩastroðfÞþΩDWDðfÞþΩGWðf;MxÞ,

with parameter space θi ¼ fNi
a; Ni

o; A1; α1; A2;
α2;Ωastro; αastro; Gμg, i.e., detector noise, double
white dwarf foreground noise, gravitational wave
background of inspiraling BBHs/BNS, and SGWB
generated by cosmic strings.

For LISA-Taijic, we also consider the above three data
and the corresponding parameter space is as follows:

(1) θ ¼ fNLisa
a ; NLisa

o ; NTaiji
a ; NTaiji

o ; Gμg;
(2) θ ¼ fNLisa

a ;NLisa
o ;NTaiji

a ;NTaiji
o ; A1;α1; A2;α2;Ωastro;fαastrog;

(3) θ ¼ fNLisa
a ; NLisa

o ; NTaiji
a ; NTaiji

o ; A1; α1; A2; α2;Ωastro;
αastro; Gμg.

The likelihood function for a single LISA-like detector
can be constructed from the frequency domain data ðdi ¼
fdiA; diEgÞ and the given model parameters θ [19,80,81],

LiðdjθiÞ ¼
YN
α¼0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detð2πCiðθi; fαÞÞ

p e−
1
2
diα�TCi−1ðθ;fαÞdiα : ð35Þ

For the joint network, the likelihood function has the
following form:

LðdjθÞ ¼
YN
α¼0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
detð2πCðθ; fαÞÞ

p e−
1
2
dl �Tα C−1ðθ;fαÞdrα ; ð36Þ

where α represents the frequency point. In the joint network

dlα ¼
�
dlisaA ; dlisaE ; dTaijiA ; dTaijiE ; dlisaA ; dlisaE

� ð37Þ

and

drα ¼
�
dlisaA ; dlisaE ; dTaijiA ; dTaijiE ; dTaijiA ; dTaijiE

�
: ð38Þ

The data composition and parameter space for different
data case can be found in the first and second paragraphs of
this section. Ciðθi; fαÞ is the power spectral covariance
matrix of a single LISA-like detector at frequency point α.
Its form is

Ciðθi;fαÞ¼
 
Sih;AðfαÞþNi

AðfαÞ 0

0 Sih;EðfαÞþNi
EðfαÞ

!
:

ð39Þ
For simplicity, we omit fα in the covariance matrix of the

joint detector and write LISA-Taijic as LTc, which is

Cðθ;fαÞ¼

0
B@
Clisaðθlisa;fαÞ 0 0

0 CTaijiðθTaiji;fαÞ 0

0 0 CLTcðθ;fαÞ

1
CA:

ð40Þ
Ni

IðfαÞ is the noise power spectral density of different
TDI channels, where I ¼ A;E. The power spectral density
of signals in different channels of a single detector is
given by

Sih;lðfαÞ ¼
3H2

0ΩtotðfαÞ
4π2fα3

Ri
lðfαÞ; ð41Þ

the signal power spectral density for the joint detector is

Sih;II0 ðfαÞ ¼
3H2

0ΩtotðfαÞ
4π2f3α

γII0 ðfαÞ; ð42Þ

where Ωtot is the total energy density of the GW in the data
case. Due to mirror symmetry, γAE0 ¼ γEA0 ¼ 0, Eq. (40)
can be expanded as

Cðθ; fαÞ ¼ diag
�
Slisah;A þ Nlisa

A ; Slisah;E þ Nlisa
E ; STaijih;A þ NTaiji

A ;

Slisah;E þ Nlisa
E ; Sh;AA0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nlisa

A � NTaiji
A

q
;

Sh;EE þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nlisa

E � NTaiji
E

q �
: ð43Þ

The FIM is commonly used to estimate the uncertainty of
gravitational wave parameters [25,76,80,82–84]. We use
data cases 1) and 3) as observation data to calculate the
Fisher matrix. For a parameter a in the parameter space of a
specific data, its uncertainty is expressed by the standard
deviation of that parameter

ffiffiffiffiffiffiffiffi
F−1
aa

p
. The Fisher matrix can be

constructed from the covariance matrix [18,19], and the
result is similar to the literature [25,76,80,82]. For a single
detector, the uncertainty estimation of the cosmic string
tension Gμ using the Fisher matrix is shown in Figs. 4
and 5. The form of the Fisher matrix is given by

Fi
ab ¼ 2

X
I¼A;E

Tob

Z
fmax

0

∂ ln CiIIðfαÞ
∂θa

∂ ln CiIIðfαÞ
∂θb

dfα: ð44Þ

For the LTc network, the Fisher matrix for estimating the
uncertainty of the cosmic string tension Gμ is shown in
Fig. 6, and its form is
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Fab ¼ 2
X6
l¼1

Tob

Z
fmax

0

∂ ln CllðfαÞ
∂θa

∂ ln CllðfαÞ
∂θb

dfα: ð45Þ

Neglect the detector noise and assume that the signal
Sh ≪ N, then the FIM of LTc network can be simplified to
the results in literature [25,82]. When the SGWB of cosmic
strings is in M3 form, we can make the most accurate

estimate of the cosmic string tension Gμ through analysing
the detector data. This means that if the SGWB from
cosmic strings follows M3, the string tension Gμ can be
estimated accurately. Even when considering data of M3,
which includes foreground noise from DWD and inspiral-
ing BBHs/BNS, the detector’s constraint on the string
tension inM3 will still be better than that inM2 by an order
of magnitude. We use the same level line ΔGμ=Gμ ¼ 0.5
as in literature [18] to illustrate the estimation capability of
a single detector and LTc network for cosmic string tension
under different observation scenarios.
It can be seen that for a single detector Taiji has a better

restriction ability for cosmic string tension than LISA. The
estimation of relative uncertainty on cosmic string tension
in LISA-Taiji network is significantly better than that in a
single detector. To compare the uncertainty estimation of
cosmic string tensionGμ for different data case between the
single detectors and joint network, we show the results of
detector under data case (3) in Fig. 7 and data case (1) in
Fig. 8. The results show that LISA-Taijic network has a
better restriction ability for cosmic string tension Gμ than a

0.100

0.010

0.001

FIG. 7. Fisher matrix estimation of the uncertainty of cosmic
string tension Gμ for gravitational wave detectors under different
models in data case 3). The dark green and orange solid lines
represent LISA, the blue and teal solid lines represent Taiji,
the pink and purple solid lines represent LISA-Taijic network,
and the horizontal black solid line represents uncertainty
ΔGμ=Gμ ¼ 0.5.

0.100

0.010

0.001

FIG. 6. Fisher matrix estimation of the uncertainty of cosmic
string tension Gμ for LISA-Taiji network under different models.
The purple horizontal line represents uncertaintyΔGμ=Gμ ¼ 0.5.
The blue and orange solid lines represent data case 1); the green
and red solid lines represent data case 2).

0.100

0.010

0.001

FIG. 5. Fisher matrix estimation of the uncertainty of cosmic
string tension Gμ for Taiji detector under different models. The
purple horizontal line represents uncertainty ΔGμ=Gμ ¼ 0.5. The
blue and orange solid lines represent data case 1); the green and
red solid lines represent data case 2).

0.100

0.010

0.001

FIG. 4. Fisher matrix estimation of the uncertainty of cosmic
string tension Gμ for LISA detector under different models. The
purple horizontal line represents uncertainty ΔGμ=Gμ ¼ 0.5. The
blue and orange solid lines represent data case 1); the green and
red solid lines represent data case 2).

0.100

0.010

0.001

FIG. 8. Fisher matrix estimation of the uncertainty of cosmic
string tension Gμ for gravitational wave detectors under different
models in data case 1). The dark green and orange solid lines
represent LISA, the blue and teal solid lines represent Taiji, the
pink and purple solid lines represent LISA-Taijic network,
and the horizontal black solid line represents uncertainty
ΔGμ=Gμ ¼ 0.5.
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single detector in any model and data case, and its
uncertainty estimation ability for cosmic string tension
can be improved by about one order of magnitude in some
range of Gμ like Gμ∈ f10−18–10−16g.

B. Deviance information criterion

We compare the data produced by a single detector as
well as the LTc network for data case (1) and data case (3)
to investigate the detectability of SGWB from cosmic
strings in the presence of DWD foreground and a back-
ground of inspiraling BBHs/BNS, as well as the accuracy
of the estimation of the cosmic string tension Gμ. In order
to investigate whether the detector provides a better fit to a
data case that includes cosmic strings or does not, as
well as to the detectability of SGWB from cosmic strings,
we use the DIC for model comparison, which can be
used even with inappropriate or vague priors [18,19,85,86].
The calculation of DIC requires Markov chain Monte Carlo
(MCMC) sampling firstly, where the variance of the
posterior samples DðθÞ and the penalty term pD¼ D̄−
Dðθ̄Þ are calculated after MCMC sampling, then the
Bayesian factor DIC is obtained as

DIC ¼ Dðθ̄Þ þ 2pD; ð46Þ

where θ is the posterior sample mean of the parameter θ,
DðθÞ is defined as DðθÞ ¼ −2 logLðdjθÞ, and D̄ is the
posterior mean of the variance. In calculating DIC, data
case 2) and 3) were used as observed results. Whether the
detector can provide evidence for data containing cosmic
strings can be determined by calculating the difference in
DIC between the DIC of detector for the case of data with
cosmic strings and the case of data without cosmic strings
[18,87,88]. An adaptive Markov chain Monte Carlo [89]
was used for sampling, based on the Metropolis-Hastings
algorithm. For MCMC, a prior distribution and a posterior
distribution constructed from a likelihood function are
needed. The likelihood functions for different detectors
are given by Eqs. (35) and (36), and the prior distribution is
assumed to be an independent Gaussian distribution as
shown,

pðθÞ ¼
Y
n

Exp

�
−
ðθn − μnÞ2

2σ2n

�
; ð47Þ

where for data case 3), μn represents the true values of
detector noise, DWD foregrounds, background of inspiral-
ling BBHs/BNS, and cosmic string parameters, and σn is
the variance assume σn ¼ 1. Similar to Ref. [19], loga-
rithmic parameter sampling was used for Ni

a, Ni
o,

A1; A2;Ωastro, and Gμ. While direct sampling was used
for α1, α2, αastro. In the detectable frequency range, the
likelihood function was constructed by equally dividing
each unit logarithmic frequency range into ten parts.

Therefore, the posterior distribution of the joint LTc
network for data case 3) can be obtained by combining
Eq. (36) and Eq. (47) as shown,

pðθjdÞ ∝ pðθÞLðdjθÞ: ð48Þ

An adaptive Metropolis-Hastings algorithm [89] was
used in MCMC sampling to improve acceptance rates by
using a proposal distribution QmðθÞ, and the proposed
distribution for the mth iteration is in the form,

QmðθÞ¼ð1−βÞN ðθ;ð2.28Þ2Σm=dÞþβN ðθ;ð0.1Þ2Id=dÞ;
ð49Þ

where β ¼ 0.01, N is a multivariate normal distribution,
Σm is the current empirical estimation of the covariance
matrix of the parameter vector θ at themth iteration, d is the
number of parameters, Id is a d-dimensional identity
matrix. The number of parameters varies depending on
the data case and detector.
MCMC sampling is performed for different detectors

under data case 2) and 3) with a sampling iteration of
m ¼ 200, 000, and the covariance matrix is estimated
empirically based on 2000 samples. Since there is random-
ness in sampling, there is also randomness in DIC results.
To reduce the impact of randomness, we perform ten
separate samplings with different cosmic string tensions
Gμ for each data case and detector, and calculate the DIC
value using the posterior samples from ten separate
samplings, and take their average as the final result.
The DIC values for different detectors under data case 3)

and the difference in DIC values for different detectors
under data case 2) are shown in Fig. 9. Following the
general empirical rule, when ΔDIC > 2, evidence for data
case with cosmic strings begins to be provided, when
ΔDIC > 5, there is sufficient evidence to prove the
presence of cosmic strings in the data case, and when
ΔDIC > 10, there is strong and decisive evidence
[18,19,87,88]. It can be seen that the DIC results show a
similar trend as the FIM results, and LTc network has
significantly improved detectability compared to a single
detector for SGWB in both cosmic string models. For the
cosmic string model in M3, all detectors provide sufficient
evidence for the presence of SGWB from cosmic string in
the data case with Gμ ∼ 10−16 and Gμ > 10−16, while the
LTc network provides decisive evidence with Gμ ∼ 10−17

and Gμ > 10−17. For the cosmic string modelM2, only the
LTc network provides evidence from Gμ ∼ 10−17, while a
single detector can only provide evidence at Gμ ∼ 10−16

and cannot provide sufficient evidence at other positions.
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V. CONCLUSION

We mainly focus on the constraints on the cosmic string
tensionGμ in different observation data cases using a single
mHz detector and the joint networks. We specifically
calculate the detectability of SGWB from cosmic string
in different models and different data cases. We compared
the equivalent energy density curve and PLS curve of a
single detector and three different Taiji orbits combined
with LISA. The SGWB from cosmic string with tension
Gμ ¼ 10−17 can be detected by a single detector and the
LTc network.
Furthermore, we calculate the uncertainty in the param-

eter estimation of the cosmic string tension when the
observation data case is a combination of SGWB from
cosmic string and the foreground noise. We use the Fisher
information matrix for parameter estimation and the
DIC method for detectability analysis. The results suggest
that the LTc network has better performance than a
single detector in terms of parameter estimation and
detectability of cosmic strings. According to the results
from Fisher information matrix, for observation data case
with foreground noise, the LTc network shows the best
performance in different cosmic string models. The

uncertainty of cosmic string tension is ΔGμ=Gμ < 0.5
since Gμ ∼ 10−18. For data case only containing SGWB
from cosmic strings, it can achieve ΔGμ=Gμ < 0.5 in
lower tension regions even Gμ < 10−18. According to the
DIC results, the LTc network also exhibits better properties
than a single detector. It provides evidence for the existence
of M3 from Gμ ∼ 10−17 and evidence for M2 from
Gμ ∼ 10−16. Therefore, using a joint LISA-Taiji network
to observe the SGWB from cosmic string may be a good
choice in practical applications.
In this paper, we only consider foreground including

modulated DWD and GWB model generated by BBHs/
BNS from on LIGO and Virgo. In actual observations,
more confusion gravitational waves need to be considered.
For the cosmological SGWB, we only consider the one
from cosmic strings. However, in reality, there will be more
scientific requirements, such as searching for cosmological
stochastic gravitational wave generated by first-order phase
transitions [90] or inflation [91]. Therefore, our next step is
to consider the estimation of parameters related to first-
order phase transitions using joint detectors. At the same
time, we are aware of another space-based detector called
TianQin [92], which plays a unique role in the high-
frequency region through its own joint observations or joint
observations with LISA and Taiji [74]. The TianQin
research team has conducted a calculation of the SNR of
the SGWB produced by the cosmic strings by a single
TianQin detector and TianQinþ LISA with a operation
time of 1-year. The results show that under certain con-
ditions, the SNR of the two schemes can reach more than
100 [93]. So in our subsequent studies, we will also
consider more details of TianQin detectors for joint
observations to search for cosmological stochastic gravi-
tational wave.
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[15] C. Périgois, C. Belczynski, T. Bulik, and T. Regimbau, star
track predictions of the stochastic gravitational-wave back-
ground from compact binary mergers, Phys. Rev. D 103,
043002 (2021).

[16] M. R. Adams and N. J. Cornish, Detecting a stochastic gravi-
tational wave background in the presence of a galactic fore-
ground and instrument noise, Phys. Rev. D 89, 022001 (2014).

[17] A. Lamberts, S. Blunt, T. B. Littenberg, S. Garrison-
Kimmel, T. Kupfer, and R. E. Sanderson, Predicting the
LISAwhite dwarf binary population in the Milky Way with
cosmological simulations, Mon. Not. R. Astron. Soc. 490,
5888 (2019).

[18] G. Boileau, A. C. Jenkins, M. Sakellariadou, R. Meyer, and
N. Christensen, Ability of LISA to detect a gravitational-
wave background of cosmological origin: The cosmic string
case, Phys. Rev. D 105, 023510 (2022).

[19] G. Boileau, N. Christensen, C. Gowling, M. Hindmarsh, and
R. Meyer, Prospects for LISA to detect a gravitational-wave
background from first order phase transitions, J. Cosmol.
Astropart. Phys. 02 (2023) 056.

[20] Z.-C. Chen, Q.-G. Huang, C. Liu, L. Liu, X.-J. Liu, Y. Wu,
Y.-M. Wu, Z. Yi, and Z.-Q. You, Prospects for Taiji to detect
a gravitational-wave background from cosmic strings,
arXiv:2310.00411.

[21] R.-G. Cai, Z.-K. Guo, B. Hu, C. Liu, Y. Lu, W.-T. Ni, W.-H.
Ruan, N. Seto, G.Wang, andY.-L.Wu,On networks of space-
based gravitational-wave detectors, arXiv:2305.04551.

[22] W.-H. Ruan, C. Liu, Z.-K. Guo, Y.-L. Wu, and
R.-G. Cai, The LISA–Taiji network, Nat. Astron. 4, 108
(2020).

[23] W.-H. Ruan, C. Liu, Z.-K. Guo, Y.-L. Wu, and R.-G.
Cai, The LISA-Taiji network: Precision localization of

coalescing massive black hole binaries, Research 2021,
6014164 (2021).

[24] B. F. Schutz, Networks of gravitational wave detectors and
three figures of merit, Classical Quantum Gravity 28,
125023 (2011).

[25] G. Wang and W.-B. Han, Alternative LISA-Taiji networks:
Detectability of the isotropic stochastic gravitational wave
background, Phys. Rev. D 104, 104015 (2021).

[26] J. Preskill, Reaching farther in physics: Cosmic strings and
other topological defects (1996), a. Vilenkin and EPS
Shellard. Cambridge University Press, New York, 1995.
xx, 517 pp., illus. 100 or £ 60. Cambridge Monographs on
Mathematical Physics.

[27] T. Kibble, Evolution of a system of cosmic strings, Nucl.
Phys. B252, 227 (1985).

[28] J. J. Blanco-Pillado, K. D. Olum, and B. Shlaer, Number of
cosmic string loops, Phys. Rev. D 89, 023512 (2014).

[29] K. Takahashi, A. Naruko, Y. Sendouda, D. Yamauchi,
C.-M. Yoo, and M. Sasaki, Non-gaussianity in the cosmic
microwave background temperature fluctuations from
cosmic (super-) strings, J. Cosmol. Astropart. Phys. 10
(2009) 003.

[30] L. Lorenz, C. Ringeval, and M. Sakellariadou, Cosmic
string loop distribution on all length scales and at any
redshift, J. Cosmol. Astropart. Phys. 10 (2010) 003.

[31] L. Sousa, P. P. Avelino, and G. S. Guedes, Full analytical
approximation to the stochastic gravitational wave back-
ground generated by cosmic string networks, Phys. Rev. D
101, 103508 (2020).

[32] B.-R. Wang, J. Li, and H. Wang, Probing the gravitational
wave background from cosmic strings with alternative
LISA-Taiji network, Eur. Phys. J. C 83, 1010 (2023).

[33] P. Auclair, D. Bacon, T. Baker, T. Barreiro, N. Bartolo, E.
Belgacem, N. Bellomo, I. Ben-Dayan, D. Bertacca, M.
Besancon et al., Cosmology with the laser interferometer
space antenna, Living Rev. Relativity 26, 5 (2023).

[34] J. J. Blanco-Pillado, K. D. Olum, and X. Siemens, New
limits on cosmic strings from gravitational wave observa-
tion, Phys. Lett. B 778, 392 (2018).

[35] C. Ringeval and T. Suyama, Stochastic gravitational waves
from cosmic string loops in scaling, J. Cosmol. Astropart.
Phys. 12 (2017) 027.

[36] R. Caldwell and B. Allen, Cosmological constraints on
cosmic-string gravitational radiation, Phys. Rev. D 45, 3447
(1992).

[37] M. R. DePies and C. J. Hogan, Stochastic gravitational wave
background from light cosmic strings, Phys. Rev. D 75,
125006 (2007).

[38] S. A. Sanidas, R. A. Battye, and B.W. Stappers, Constraints
on cosmic string tension imposed by the limit on the
stochastic gravitational wave background from the Euro-
pean pulsar timing array, Phys. Rev. D 85, 122003 (2012).

[39] L. Sousa and P. Avelino, Stochastic gravitational wave
background generated by cosmic string networks: Velocity-
dependent one-scale model versus scale-invariant evolution,
Phys. Rev. D 88, 023516 (2013).

[40] J. J. Blanco-Pillado and K. D. Olum, Stochastic gravita-
tional wave background from smoothed cosmic string loops,
Phys. Rev. D 96, 104046 (2017).

BO-RUI WANG and JIN LI PHYS. REV. D 109, 063520 (2024)

063520-12

https://doi.org/10.1007/JHEP04(2020)195
https://doi.org/10.1007/JHEP04(2020)195
https://doi.org/10.1103/PhysRevD.55.R435
https://doi.org/10.1393/ncr/i2016-10127-1
https://doi.org/10.1393/ncr/i2016-10127-1
https://doi.org/10.1016/S0370-2693(02)01824-5
https://doi.org/10.1016/S0370-2693(02)01824-5
https://doi.org/10.1103/PhysRevLett.85.3761
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1088/0264-9381/26/4/045004
https://doi.org/10.1088/0264-9381/26/4/045004
https://doi.org/10.1103/PhysRevD.67.104008
https://doi.org/10.3847/1538-4357/aaf581
https://doi.org/10.3847/1538-4357/aaf581
https://doi.org/10.1103/PhysRevD.103.043002
https://doi.org/10.1103/PhysRevD.103.043002
https://doi.org/10.1103/PhysRevD.89.022001
https://doi.org/10.1093/mnras/stz2834
https://doi.org/10.1093/mnras/stz2834
https://doi.org/10.1103/PhysRevD.105.023510
https://doi.org/10.1088/1475-7516/2023/02/056
https://doi.org/10.1088/1475-7516/2023/02/056
https://arXiv.org/abs/2310.00411
https://arXiv.org/abs/2305.04551
https://doi.org/10.1038/s41550-019-1008-4
https://doi.org/10.1038/s41550-019-1008-4
https://doi.org/10.34133/2021/6014164
https://doi.org/10.34133/2021/6014164
https://doi.org/10.1088/0264-9381/28/12/125023
https://doi.org/10.1088/0264-9381/28/12/125023
https://doi.org/10.1103/PhysRevD.104.104015
https://doi.org/10.1016/0550-3213(85)90439-0
https://doi.org/10.1016/0550-3213(85)90439-0
https://doi.org/10.1103/PhysRevD.89.023512
https://doi.org/10.1088/1475-7516/2009/10/003
https://doi.org/10.1088/1475-7516/2009/10/003
https://doi.org/10.1088/1475-7516/2010/10/003
https://doi.org/10.1103/PhysRevD.101.103508
https://doi.org/10.1103/PhysRevD.101.103508
https://doi.org/10.1140/epjc/s10052-023-12129-y
https://doi.org/10.1007/s41114-023-00045-2
https://doi.org/10.1016/j.physletb.2018.01.050
https://doi.org/10.1088/1475-7516/2017/12/027
https://doi.org/10.1088/1475-7516/2017/12/027
https://doi.org/10.1103/PhysRevD.45.3447
https://doi.org/10.1103/PhysRevD.45.3447
https://doi.org/10.1103/PhysRevD.75.125006
https://doi.org/10.1103/PhysRevD.75.125006
https://doi.org/10.1103/PhysRevD.85.122003
https://doi.org/10.1103/PhysRevD.88.023516
https://doi.org/10.1103/PhysRevD.96.104046


[41] C. Hogan and M. Rees, Gravitational interactions of cosmic
strings, Nature (London) 311, 109 (1984).

[42] S. A. Sanidas, R. A. Battye, and B.W. Stappers, Projected
constraints on the cosmic (super) string tension with future
gravitational wave detection experiments, Astrophys. J. 764,
108 (2013).

[43] S. Ölmez, V. Mandic, and X. Siemens, Gravitational-wave
stochastic background from kinks and cusps on cosmic
strings, Phys. Rev. D 81, 104028 (2010).

[44] X. Siemens, V. Mandic, and J. Creighton, Gravitational-
wave stochastic background from cosmic strings, Phys. Rev.
Lett. 98, 111101 (2007).

[45] S. Kuroyanagi, K. Miyamoto, T. Sekiguchi, K. Takahashi,
and J. Silk, Forecast constraints on cosmic string parameters
from gravitational wave direct detection experiments, Phys.
Rev. D 86, 023503 (2012).

[46] P. Binetruy, A. Bohe, C. Caprini, and J.-F. Dufaux,
Cosmological backgrounds of gravitational waves and
eLISA/NGO: Phase transitions, cosmic strings and other
sources, J. Cosmol. Astropart. Phys. 06 (2012) 027.

[47] D. P. Bennett and F. R. Bouchet, Constraints on the gravity-
wave background generated by cosmic strings, Phys. Rev. D
43, 2733 (1991).

[48] Y. Gouttenoire, G. Servant, and P. Simakachorn, Beyond the
standard models with cosmic strings, J. Cosmol. Astropart.
Phys. 07 (2020) 032.

[49] A. C. Jenkins and M. Sakellariadou, Anisotropies in the
stochastic gravitational-wave background: Formalism and
the cosmic string case, Phys. Rev. D 98, 063509 (2018).

[50] C.-F. Chang and Y. Cui, Stochastic gravitational wave
background from global cosmic strings, Phys. Dark
Universe 29, 100604 (2020).

[51] Y. Cui, M. Lewicki, D. E. Morrissey, and J. D. Wells,
Probing the pre-BBN universe with gravitational waves
from cosmic strings, J. High Energy Phys. 01 (2019) 08.

[52] L. Sousa and P. Avelino, Stochastic gravitational wave
background generated by cosmic string networks: The
small-loop regime, Phys. Rev. D 89, 083503 (2014).

[53] P. Auclair, D. Bacon, T. Baker, T. Barreiro, N. Bartolo, E.
Belgacem, N. Bellomo, I. Ben-Dayan, D. Bertacca, M.
Besancon, J. J. Blanco-Pillado, D. Blas, G. Boileau,
G. Calcagni, R. Caldwell, C. Caprini et al., Cosmology
with the laser interferometer space antenna, Living Rev.
Relativity 26, 5 (2023).

[54] P. Auclair, J. J. Blanco-Pillado, D. G. Figueroa, A. C.
Jenkins, M. Lewicki, M. Sakellariadou, S. Sanidas, L.
Sousa, D. A. Steer, J. M. Wachter et al., Probing the
gravitational wave background from cosmic strings with
LISA, J. Cosmol. Astropart. Phys. 04 (2020) 034.

[55] H. Velten, I. Costa, and W. Zimdahl, Early-time therma-
lization of cosmic components? A hint for solving cosmic
tensions, Phys. Rev. D 104, 063507 (2021).

[56] G. Wang, W.-T. Ni, W.-B. Han, and C.-F. Qiao, Algorithm
for time-delay interferometry numerical simulation and
sensitivity investigation, Phys. Rev. D 103, 122006 (2021).

[57] Z. Luo, Z. Guo, G. Jin, Y. Wu, and W. Hu, A brief analysis
to Taiji: Science and technology, Results Phys. 16, 102918
(2020).

[58] T. A. Prince, M. Tinto, S. L. Larson, and J. Armstrong, LISA
optimal sensitivity, Phys. Rev. D 66, 122002 (2002).

[59] M. Tinto and O. Hartwig, Time-delay interferometry and
clock-noise calibration, Phys. Rev. D 98, 042003 (2018).

[60] M. Otto, G. Heinzel, and K. Danzmann, TDI and clock
noise removal for the split interferometry configuration of
LISA, Classical Quantum Gravity 29, 205003 (2012).

[61] H. Wahlquist, The doppler response to gravitational waves
from a binary star source, Gen. Relativ. Gravit. 19, 1101
(1987).

[62] M. Tinto and M. E. da Silva Alves, LISA sensitivities to
gravitational waves from relativistic metric theories of
gravity, Phys. Rev. D 82, 122003 (2010).

[63] M. Vallisneri and C. R. Galley, Non-sky-averaged sensiti-
vity curves for space-based gravitational-wave observato-
ries, Classical Quantum Gravity 29, 124015 (2012).

[64] M. Vallisneri, J. Crowder, and M. Tinto, Sensitivity and
parameter-estimation precision for alternate LISA configu-
rations, Classical Quantum Gravity 25, 065005 (2008).

[65] F. B. Estabrook and H. D. Wahlquist, Response of doppler
spacecraft tracking to gravitational radiation, Gen. Relativ.
Gravit. 6, 439 (1975).

[66] C. Nelson, Stochastic gravitational wave backgrounds, Rep.
Prog. Phys. 82, 016903 (2019).

[67] R. Flauger, N. Karnesis, G. Nardini, M. Pieroni, A.
Ricciardone, and J. Torrado, Improved reconstruction of a
stochastic gravitational wave background with LISA,
J. Cosmol. Astropart. Phys. 01 (2021) 059.

[68] C. Caprini, D. G. Figueroa, R. Flauger, G. Nardini, M.
Peloso, M. Pieroni, A. Ricciardone, and G. Tasinato,
Reconstructing the spectral shape of a stochastic gravita-
tional wave background with LISA, J. Cosmol. Astropart.
Phys. 11 (2019) 017.

[69] C. Caprini, M. Chala, G. C. Dorsch, M. Hindmarsh, S. J.
Huber, T. Konstandin, J. Kozaczuk, G. Nardini, J. M. No, K.
Rummukainen et al., Detecting gravitational waves from
cosmological phase transitions with LISA: An update,
J. Cosmol. Astropart. Phys. 03 (2020) 024.

[70] N. Bartolo, C. Caprini, V. Domcke, D. G. Figueroa, J.
Garcia-Bellido, M. C. Guzzetti, M. Liguori, S. Matarrese,
M. Peloso, A. Petiteau et al., Science with the space-based
interferometer LISA. IV: Probing inflation with gravita-
tional waves, J. Cosmol. Astropart. Phys. 12 (2016) 026.

[71] C. Caprini, M. Hindmarsh, S. Huber, T. Konstandin, J.
Kozaczuk, G. Nardini, J. M. No, A. Petiteau, P. Schwaller,
G. Servant et al., Sciencewith the space-based interferometer
eLISA. II: Gravitational waves from cosmological phase
transitions, J. Cosmol. Astropart. Phys. 04 (2016) 001.

[72] M. Tinto, F. B. Estabrook, and J. Armstrong, Time-delay
interferometry for LISA, Phys. Rev. D 65, 082003 (2002).

[73] M. Tinto, J. Armstrong, and F. Estabrook, Discriminating a
gravitational wave background from instrumental noise in
the LISA detector, Phys. Rev. D 63, 021101 (2000).

[74] N. Seto, Gravitational wave background search by correlat-
ing multiple triangular detectors in the mHz band, Phys.
Rev. D 102, 123547 (2020).

[75] H. Omiya and N. Seto, Searching for anomalous polariza-
tion modes of the stochastic gravitational wave background
with LISA and Taiji, Phys. Rev. D 102, 084053 (2020).

[76] T. L. Smith and R. R. Caldwell, LISA for cosmologists:
Calculating the signal-to-noise ratio for stochastic and
deterministic sources, Phys. Rev. D 100, 104055 (2019).

ABILITY OF LISA, TAIJI, AND THEIR NETWORKS TO … PHYS. REV. D 109, 063520 (2024)

063520-13

https://doi.org/10.1038/311109a0
https://doi.org/10.1088/0004-637X/764/1/108
https://doi.org/10.1088/0004-637X/764/1/108
https://doi.org/10.1103/PhysRevD.81.104028
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1103/PhysRevD.86.023503
https://doi.org/10.1103/PhysRevD.86.023503
https://doi.org/10.1088/1475-7516/2012/06/027
https://doi.org/10.1103/PhysRevD.43.2733
https://doi.org/10.1103/PhysRevD.43.2733
https://doi.org/10.1088/1475-7516/2020/07/032
https://doi.org/10.1088/1475-7516/2020/07/032
https://doi.org/10.1103/PhysRevD.98.063509
https://doi.org/10.1016/j.dark.2020.100604
https://doi.org/10.1016/j.dark.2020.100604
https://doi.org/10.1007/JHEP01(2019)008
https://doi.org/10.1103/PhysRevD.89.083503
https://doi.org/10.1007/s41114-023-00045-2
https://doi.org/10.1007/s41114-023-00045-2
https://doi.org/10.1088/1475-7516/2020/04/034
https://doi.org/10.1103/PhysRevD.104.063507
https://doi.org/10.1103/PhysRevD.103.122006
https://doi.org/10.1016/j.rinp.2019.102918
https://doi.org/10.1016/j.rinp.2019.102918
https://doi.org/10.1103/PhysRevD.66.122002
https://doi.org/10.1103/PhysRevD.98.042003
https://doi.org/10.1088/0264-9381/29/20/205003
https://doi.org/10.1007/BF00759146
https://doi.org/10.1007/BF00759146
https://doi.org/10.1103/PhysRevD.82.122003
https://doi.org/10.1088/0264-9381/29/12/124015
https://doi.org/10.1088/0264-9381/25/6/065005
https://doi.org/10.1007/BF00762449
https://doi.org/10.1007/BF00762449
https://doi.org/10.1088/1361-6633/aae6b5
https://doi.org/10.1088/1361-6633/aae6b5
https://doi.org/10.1088/1475-7516/2021/01/059
https://doi.org/10.1088/1475-7516/2019/11/017
https://doi.org/10.1088/1475-7516/2019/11/017
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1088/1475-7516/2016/12/026
https://doi.org/10.1088/1475-7516/2016/04/001
https://doi.org/10.1103/PhysRevD.65.082003
https://doi.org/10.1103/PhysRevD.63.021101
https://doi.org/10.1103/PhysRevD.102.123547
https://doi.org/10.1103/PhysRevD.102.123547
https://doi.org/10.1103/PhysRevD.102.084053
https://doi.org/10.1103/PhysRevD.100.104055


[77] J. Baker, J. Bellovary, P. L. Bender, E. Berti, R. Caldwell, J.
Camp, J. W. Conklin, N. Cornish, C. Cutler, R. DeRosa
et al., The laser interferometer space antenna: Unveiling the
millihertz gravitational wave sky, arXiv:1907.06482.

[78] N. Seto and A. Taruya, Measuring a parity-violation
signature in the early universe via ground-based laser
interferometers, Phys. Rev. Lett. 99, 121101 (2007).

[79] E. Thrane and J. D. Romano, Sensitivity curves for searches
for gravitational-wave backgrounds, Phys. Rev. D 88,
124032 (2013).

[80] G. Boileau, A. Lamberts, N. Christensen, N. J. Cornish, and R.
Meyer, Spectral separation of the stochastic gravitational-wave
background for LISA in the context of a modulated galactic
foreground, Mon. Not. R. Astron. Soc. 508, 803 (2021).

[81] J. D. Romano and N. J. Cornish, Detection methods for
stochastic gravitational-wave backgrounds: A unified treat-
ment, Living Rev. Relativity 20, 1 (2017).

[82] S. Kuroyanagi, T. Chiba, and T. Takahashi, Probing the
universe through the stochastic gravitational wave back-
ground, J. Cosmol. Astropart. Phys. 11 (2018) 038.

[83] K. Martinovic, P. M. Meyers, M. Sakellariadou, and N.
Christensen, Simultaneous estimation of astrophysical
and cosmological stochastic gravitational-wave backgrounds
with terrestrial detectors, Phys. Rev. D 103, 043023 (2021).

[84] A. Saffer and K. Yagi, Parameter estimation for tests of
general relativity with the astrophysical stochastic gravita-
tional wave background, Phys. Rev. D 102, 024001 (2020).

[85] D. J. Spiegelhalter, N. G. Best, B. P. Carlin, and A. Van Der
Linde, Bayesian measures of model complexity and fit,
J. R. Stat. Soc. Ser. B 64, 583 (2002).

[86] R. Meyer, Deviance information criterion (DIC), Wiley
StatsRef: Statistics Reference Online, 1 (2014).

[87] R. E. Kass and A. E. Raftery, Bayes factors, J. Am. Stat.
Assoc. 90, 773 (1995).

[88] D. Lunn, C. Jackson, N. Best, A. Thomas, and D.
Spiegelhalter, The BUGS Book: A Practical Introduction
to Bayesian Analysis (CRC Press, New York, 2012).

[89] G. O. Roberts and J. S. Rosenthal, Examples of adaptive
MCMC, J. Comput. Graph. Stat. 18, 349 (2009).

[90] M. Hindmarsh and M. Hijazi, Gravitational waves from first
order cosmological phase transitions in the sound shell
model, J. Cosmol. Astropart. Phys. 12 (2019) 062.

[91] C. Caprini and D. G. Figueroa, Cosmological backgrounds
of gravitational waves, Classical Quantum Gravity 35,
163001 (2018).

[92] J. Luo, L.-S. Chen, H.-Z. Duan, Y.-G. Gong, S. Hu, J. Ji,
Q. Liu, J. Mei, V. Milyukov, M. Sazhin et al., Tianqin: A
space-borne gravitational wave detector, Classical Quantum
Gravity 33, 035010 (2016).

[93] Z.-C. Liang, Y.-M. Hu, Y. Jiang, J. Cheng, J.-d. Zhang, and
J. Mei, Science with the Tianqin observatory: Preliminary
results on stochastic gravitational-wave background, Phys.
Rev. D 105, 022001 (2022).

BO-RUI WANG and JIN LI PHYS. REV. D 109, 063520 (2024)

063520-14

https://arXiv.org/abs/1907.06482
https://doi.org/10.1103/PhysRevLett.99.121101
https://doi.org/10.1103/PhysRevD.88.124032
https://doi.org/10.1103/PhysRevD.88.124032
https://doi.org/10.1093/mnras/stab2575
https://doi.org/10.1007/s41114-017-0003-2
https://doi.org/10.1088/1475-7516/2018/11/038
https://doi.org/10.1103/PhysRevD.103.043023
https://doi.org/10.1103/PhysRevD.102.024001
https://doi.org/10.1111/1467-9868.00353
https://doi.org/10.1080/01621459.1995.10476572
https://doi.org/10.1080/01621459.1995.10476572
https://doi.org/10.1198/jcgs.2009.06134
https://doi.org/10.1088/1475-7516/2019/12/062
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/1361-6382/aac608
https://doi.org/10.1088/0264-9381/33/3/035010
https://doi.org/10.1088/0264-9381/33/3/035010
https://doi.org/10.1103/PhysRevD.105.022001
https://doi.org/10.1103/PhysRevD.105.022001

