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Abstract
Sterile neutrinos can influence the evolution of the Universe, and thus cosmological observations
can be used to detect them. Future gravitational-wave (GW) observations can precisely measure
absolute cosmological distances, helping to break parameter degeneracies generated by
traditional cosmological observations. This advancement can lead to much tighter constraints on
sterile neutrino parameters. This work provides a preliminary forecast for detecting sterile
neutrinos using third-generation GW detectors in combination with future short ~-ray burst
observations from a THESEUS-like telescope, an approach not previously explored in the
literature. Both massless and massive sterile neutrinos are considered within the ACDM
cosmology. We find that using GW data can greatly enhance the detection capability for
massless sterile neutrinos, reaching 3¢ level. For massive sterile neutrinos, GW data can also
greatly assist in improving the parameter constraints, but it seems that effective detection is still
not feasible.

Keywords: sterile neutrino, gravitational wave, standard siren, short gamma-ray burst,
cosmological observation

1. Introduction as the standard siren method, which is crucial for cosmolo-
gical studies. To date, only one bright siren, GW170817, has
On August 17" 2017, the first observation of gravitational ~been identified. This is insufficient to probe cosmological
waves (GW) from a binary neutron star (BNS) merger [1],  parameters using current standard sirens, necessitating the use
together with the first joint observation of GW from a BNS next-generation GW detectors.
merger and its electromagnetic (EM) counterpart [2, 3], In the future, third-generation (3G) ground-based GW
marked the beginning of a new era in multi-messenger detectors, such as the Einstein Telescope (ET) [4, 5] in
astronomy and cosmology. The measurement of the GW Europe and the Cosmic Explorer (CE) [6, 7] in the United
signal directly provides information on the absolute lumin-  gy,ieq will become operational, with sensitivities improved

081 tydd:jtap;e t,?f t.he s;)lur]caelz\,/lwhlle 1ts redslfnfltl Cgél“?e deter- one order of magnitude over the current detectors, and much
%llr.le t}‘;)ll inn ylngbt T . d'cz)unterpe(ljrth(')ftt 61: i iource. more BNS merger events will be observed at much deeper
15 establishes an absolute distance-Tedsiuit refation, Known redshifts. Recently, GW standard sirens have been widely

5 These authors contributed equally to this paper. dlscusseq in the literature [8—47]. It has been found that futu.re
* Author to whom any correspondence should be addressed. observations of GW standard sirens from the ET and CE will
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play a crucial role in the estimation of cosmological para-
meters [14, 16, 22, 25, 26, 28, 37, 38, 43, 46]. In particular,
the GW standard sirens can break the parameter degeneracies
generated by the current EM cosmological observations,
thereby improving constraints on neutrino mass, see [14, 37].

A recent forecast [46] demonstrated that joint observa-
tions of BNS by 3G GW detectors and short ~-ray burst
(GRB) observations by missions similar to the THESEUS
satellite project can improve the constraints on the total active
neutrino mass. Therefore, it is crucial to investigate how the
combined GW-GRB observations would affect constraints on
the sterile neutrino parameters.

The existence of light sterile neutrinos has been sug-
gested by anomalies in short-baseline (SBL) neutrino
experiments [48-57]. To explain the SBL neutrino oscillation
data, sterile neutrinos with eV-scale masses are required
[58-60]. Cosmological observations play a crucial role in
constraining the mass of active neutrinos (see [61-108]).
Since sterile neutrinos have implications for the evolution of
the Universe, cosmology can provide an independent test for
their existence. For related works on sterile neutrinos, see
[109-134].

Currently, one of the most significant challenges in
cosmology is the ‘Hubble tension’ [135], which refers to the
discrepancy between early and late Universe observations. In
the past few years, people often considered models that
include light sterile neutrinos to alleviate the Hubble constant
crisis. This is because when using the cosmic microwave
background data to constrain cosmological parameters, the
effective number of neutrino species (N.g) is positively cor-
related with the Hubble constant; if N is larger, the derived
Hubble constant will also be larger. See [118, 125-128, 130,
131, 134], for related studies. However, in recent years, the
results of cosmological observation fits have shown that the
effect of using this method to alleviate the Hubble crisis is no
longer significant. Nevertheless, due to the significant corre-
lation between N and H,, precise measurements of the
Hubble constant using gravitational wave standard sirens are
very helpful for determining the parameters of sterile
neutrinos.

Additionally, the main advantage of the standard siren
method for measuring the Hubble constant is that it avoids
relying on the cosmic distance ladder. Therefore, in the
future, the GW standard sirens could become a promising
cosmological probe, playing a crucial role in measuring
cosmological parameters, including those related to sterile
neutrinos.

In this paper, we present a forecast for the search for
sterile neutrinos using joint GW-GRB observations. The
primary aim of this work is to investigate the impact of future
GW standard siren observations on the constraints of sterile
neutrino parameters.

This work is organized as follows. In section 2, we
introduce the methodology used in this work. In section 3, we
give the constraint results and make some relevant discus-
sions. The conclusion is given in section 4.

2. Methodology

2.1. Gravitational wave simulation

In this subsection, we introduce the method of simulating the
joint GW standard sirens and GRB events. We consider the
THESEUS-like GRB detector in synergy with the 3G GW
observation. We use the simulation method as prescribed in
[43, 46]. Here, we provide only a brief overview.

The BNS merger rate with redshift in the observer frame
is [136-138]

Rm(z) dV (2)

R, (2) =
m(@) 1+z dz

(D
where dV(z)/dz is the comoving volume element, the factor
1+ z)7l converts the merger rate in the source frame to the
observer frame, and R, (z) is the BNS merger rate in the
source frame, expressed as

tlnﬂx
Relt(z) — ta] P(tg)dty,

min

Rm(z) = 2)
which is commonly used in the literature [137-1471°. Here, tq
is the delay time between the formation of BNS system and
merger, tyi, = 20 Myr is the minimum delay time, #,,,x = g
is the maximum delay time, #(z) is the age of the Universe at
the time of merger, R¢ is the cosmic star formation rate in the
source frame for which we adopt the Madau—Dickinson
model [149], P(z4) is the time delay distribution of the 74, and
we adopt the exponential time delay model [136], which is
given by

Plts) = ~exp(~1a/7). 3)
with an e-fold time of 7=0.1 Gyr for t4 > fiin.

In our calculations, for BNS mergers, we consider the local
comoving merger rate to be R,(z = 0) = 920 Gpc=3 yr—!,
which is the estimated median from the O1 LIGO and the O2
LIGO/Virgo observation run [150] and is also consistent with
the O3 observation run [151]. We simulate a catalog of BNS
mergers for 10 years observation. For each source, the location
(0, ¢), the polarization angle v, the cosine of the inclination angle
L, and the coalescence phase v, are drawn from uniform dis-
tributions. Currently, there are multiple candidate models for the
neutron star (NS) mass distribution. However, different mass
distributions of NSs have less impact on the cosmological ana-
lysis [43]. For simplicity, we employ a Gaussian mass distribu-
tion. This distribution has a mean of 1.33M, for the NS mass and
a standard deviation of 0.09M,, where M, represents the solar
mass [152, 153].

Under the stationary phase approximation [154], the
Fourier transform of the frequency-domain GW waveform for
a detector network (with N detectors) is given by [155, 156]

h(f) = e ®h(f), “

6 Here, we take into account the time dilation factor (1+42)~' in
equation (1), which differs from the expression presented in [148]. In this
paper, we adopt the commonly used formula in the literature, which is
somewhat different from that given in [148].
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with the h(f) is given by

me)__h ()
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where @ is the N x N diagonal matrix with ®; = 27f5;(n - ry.),
n is the propagation direction of GW, and ry is the location of
the k-th detector. Here S, 4(f) is the one-side noise power
spectral density of the k-th detector, The Fourier transform of
the GW waveform of k-th detector is given by

he(f) = Aef =76 explil2nfic — /4 — 24 + 2U(f/2)]
- <Pk,(z,0))}»

h(f) = ®)

(6)

where the Fourier amplitude can be written as

A= dL\/(F+,k(l + cos?1))? + (2F x cosi)?
L

X J57/96 7 /O ML (7

Here, the detailed forms of ¥(f/2) and ¢y 2,9y can be found in
[155, 157], dy is the luminosity distance of the GW source,
Mepip = (1 + Z)773/5M is the observed chirp mass,
n=mmy /M2 is the symmetric mass ratio, and M =m; + m,
is the total mass of the binary system with component masses
my and my, F, ; and F ; are the antenna response functions
of the k-th GW detector, we adopt the GW waveform in the
frequency-domain, in which the time f is replaced by
tr = 1o — (5/256) Mol (nf)~8/3 [155, 157], where . is the
coalescence time.

In this work, we consider the waveform in the inspiral-
ling stage for the non-spinning BNS system. Here we adopt
the restricted Post-Newtonian approximation and calculate the
waveform to the 3.5 PN order [157, 158].

After simulating the GW catalog, we need to calculate
the signal-to-noise ratio (SNR) for each GW event. The SNR
for the detection network of N independent interferometers
can be calculated by

p = (hl)"/2. ®)
The inner product is defined as
fupper

(a|b):2fl

Jlower

{a(Hb*(f) + a*(Hb(H)}df, 9

where " represents conjugate transpose, @ and b are column
matrices of the same dimension, the lower cutoff frequency is
set t0 fiower =1 Hz for ET and fiower =5 Hz for CE, and
Jupper =2 / (63/ 2271'M0bs) is the frequency at the last stable orbit
with Mo,s = (mq + my)(1 +z). In this work, we adopt the
SNR threshold to be 12 in our simulation.

For the short GRB model, we adopt the model of
Gaussian structured jet profile based on the GW170817/
GRB170817A [159] observation,

&
LlSO(HV) L()n eXp ( 263 )9 (10)
where 0, is the viewing angle, L;,(6,) is the isotropically
equivalent luminosity of short GRB observed at different 6,,
Lo, = Liso(0) is the on-axis isotropic luminosity, 6. = 4. 7° is

the characteristic angle of the core, and the direction of the jet
is assumed to align with the binary orbital angular momen-
tum, namely v = 6,.
For the distribution of the short GRB, we assume the
empirical broken-power-law luminosity function’
o
S o {(L/L*) , L <Ly, (an
(L/L)", L > Ly,
which is commonly used in the literature [38, 42, 43, 46, 137,
138, 146, 148]. Here, L is the isotropic rest frame luminosity in
the 1 — 10000 keV energy range, L, is the characteristic
luminosity that separates the low and high end of the luminosity
function, and the slopes describing these regimes are given by «
and 0, respectively. Following [146], we adopt L, =2 x 10
erg sec_l, a=—1.95, and 8= — 3. We assume a standard low
end cutoff in luminosity of L, = 10% erg sec”', and we also
term the on-axis isotropic luminosity L, as the peak luminosity
L [43, 137, 138, 160]. For the THESEUS mission [161], a GRB
detection is recorded if the value of observed flux is greater than
the flux threshold Py = 0.2phs™'cm ™ in the 50-300 keV band.
For the GRB detection, we assume a duty cycle of 80% and a
sky coverage fraction of 0.5. From the GW catalogue which has
passed the threshold 12, we can select the GW-GRB events
according to the probability distribution ®(L)dL.
For a network with N independent interferometers, the
Fisher information matrix is given by

F; = (% %),
06; | 09,
where 0; denotes nine GW parameters (dr, Mchirp, 7, 0, ¢, L,
t., Yo, 1Y) for a GW event.

For the total uncertainty of the luminosity distance d, we
first consider the instrumental error oi}‘f‘. The covariance
matrix is equal to the inverse of the Fisher information matrix,
thus the instrumental error of GW parameter 6; is

AG; = J(F N,

where Fj; is the total Fisher information matrix for the net-
work of N interferometers.

In addition, the weak-lensing error a'deL“S and the peculiar
velocity error O’SZ are also considered. The error caused by
weak lensing is adopted from [162, 163],

ol (2) = [1 - %arctan(z/0.0B)] X dp(2)

x 0.066[ L0 E222 ]1'8

12)

(13)

0.25 (14)

For the error caused by the peculiar velocity of the GW
source is given by [164]

; 15)

2
o7 () = du.(2) X [1 L ed 4+ ] )

H(z)dL(2)
where c is the speed of light in vacuum, H(z) is the Hubble
parameter, and ./(v?) is the peculiar velocity of the GW

c

7 There are several realistic candidates for the luminosity function of short
GRB in recent studies, see [160] for more detailed discussions.
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source with respect to the Hubble flow is roughly set

to \/(v?) =500 kms~L

Hence, the total error of d; can be written as

0, = (@I + (057 + (o). (16)

2.2. Other cosmological observations

For comparison, we also employ three current EM cosmolo-
gical observations, i.e., the cosmic microwave background
(CMB) data, the baryon acoustic oscillation (BAO) data, and
the type la supernova (SN) data. The details of these data are
listed as follows.

The CMB data: the CMB likelihood including the TT,
TE, EE spectra at [ > 30, the low-/ temperature commander
likelihood, and the low-I SimAll EE likelihood, from the
Planck 2018 data release [165].

The BAO data: the measurements from 6dFGs at
Zegr = 0.106 [166], the SDSS-MGS at zesr = 0.15 [167], and
BOSS-DR12 at zes=0.38, zoss=10.51, and z.;=0.61 [168].

The SN data: the Pantheon sample comprised of 1048
data points from the Pantheon compilation [169].

2.3. Methods of constraining cosmological parameters

In this paper, we will consider both cases of massless and
massive sterile neutrinos in the framework of standard model
(ACDM) of cosmology. For the ACDM model, the base
parameter set (including six free parameters) is

P={wp, w, 1000mc, 7, In(10"%,), ng},

where w;, = Q,h* and w, = Qh* are the physical densities of
baryon and cold dark matter, respectively, fyc is the ratio
(multiplied by 100) between the sound horizon and the
angular diameter distance at the time of last-scattering, 7 is the
optical depth to the reionization, A4 is the amplitude of the
primordial curvature perturbation, and r is the scalar spectral
index.

When we consider massless sterile neutrinos (as the dark
radiation) in the ACDM model, an additional parameter N
(the effective number of relativistic species) need to be added
in the model, and this case is called ACDM+N.g model in
this paper. When the massive sterile neutrinos are considered
in the ACDM model, two extra free parameters, the N and
mfi,fterﬂe (the effective sterile neutrino mass) need to be added

in the model, and this case is called ACDM+Neg+mSh .
model in this paper. Thus, the ACDM+N,; model has seven
independent parameters, and the ACDM+Ne+m St . has
eight independent parameters. Note that in both the massless
and massive sterile neutrino cases the total mass of active
neutrinos is fixed at >_m, = 0.06 eV.

For the GW standard siren observation with N data point,

the * function is defined as

A 2
N dl - du )
Xow =2 |———F |-

izl

l )
UdL
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Figure 1. Sensitivity curves of the 3G GW detectors considered in
this work.

Table 1. The specific coordinate parameters considered in this work.

GW detector p(deg) A(deg) Y(deg)  ((deg)

Einstein Telescope, 40.443 9.457 0.000 60
Europe

Cosmic 43.827  —112.825 45.000 90
Explorer, USA

Cosmic Explorer, —34.000 145.000  90.000 90

Australia

where z;, dﬁ, and aiIL are the i-th GW redshift, luminosity
distance, and the measurement error of the luminosity dis-

tance, respectively, ﬁ denotes the set of cosmological
parameters.

In this work, we present the first forecast for the search
for sterile neutrinos using joint GW-GRB observation. We
use the public Markov-chain Monte Carlo MCMC) package
CosmoMC [170] to constrain sterile neutrino and other
cosmological parameters. To demonstrate the impact of
simulated GW data on constraining sterile neutrino para-
meters, we will consider all the different cases of 3G GW
observations, the single ET, the single CE, the CE-CE net-
work (one CE in the United States with 40-km arm length
and another one in Australia with 20-km arm length,
abbreviated as 2CE hereafter), and the ET-CE-CE network
(one ET detector and two CE-like detectors, abbreviated as
ET2CE hereafter) to analysis. We utilize the sensitivity
curves of ET from [171] and for CE from [172], as shown in
figure 1. For the GW detector, in view of the high uncer-
tainty of the duty cycle, we only calculate the ideal scenario
assuming a 100% duty cycle for all detectors, as discussed in
[173]. The specific parameters characterizing the geometry
of GW detector (latitude ¢, longitude A, opening angle ¢,
and arm bisector angle ) are detailed in table 1. The number
of GW standard sirens in the subsequent cosmological
analysis are shown in table 2 and their redshift distributions
are shown in figure 2.
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Figure 2. Redshift distributions of BNS detected by THESEUS in
synergy with ET, CE, 2CE, and ET2CE for a 10-year observation.

Table 2. Numbers of GW standard sirens in cosmological analysis,
triggered by THESEUS in synergy with ET, CE, 2CE, and ET2CE,
respectively.

Detection strategy ET CE 2CE ET2CE

Number of GW standard sirens 400 538 600 640

The primary goal of this work is to assess the influence of
joint observations between 3G GW detectors and future GRB
detectors on the cosmological measurement of sterile neutrino
parameters. Such observations are crucial for alleviating the
degeneracies in cosmological parameters that are commonly
observed in traditional EM data. To elucidate this, we have
conducted simulations to generate mock GW data, which we
have subsequently integrated with the mainstream EM obser-
vations, i.e., CMB+BAO-+SN data. Our analysis specifically
focuses on the estimation errors and precision of sterile neu-
trino parameters derived from this combined dataset.

To avoid any inconsistencies in the cosmological para-
meters constrained by combining CMB+BAO+SN with GW
mock data, we have adopted a strategic approach. This
approach is designed to thoroughly investigate the capacity of
GW mock data to break the parameter degeneracies present in
conventional EM observations. For this purpose, we have
utilized the best-fit values of the cosmological parameters
derived from the CMB+BAO+SN dataset as the reference
values for simulating the GW mock data corresponding to
each cosmological model. This methodology enables a more
accurate assessment of the role of GW data in enhancing the
precision of parameter estimation and resolving the degen-
eracies encountered in traditional EM observations.

For simplicity, we use ‘CBS’ to denote the joint CMB
+BAO+SN data combination. Thus, in our analysis, we use
five data combinations: (1) CBS, (2) CBS+ET, (3) CBS+CE,
(4) CBS+2CE, and (5) CBS+ET2CE. We will report the
constraint results in the next section.

3. Results and discussion

In this section, we report the constraint results for the
ACDM+N,g and ACDM+Neff+m;2ﬂeri,e models using the
CBS, CBS+ET, CBS+CE, CBS+2CE, and CBS+ET2CE
data combinations and analyze how the GW standard sirens
affect the cosmological constraints on the sterile neutrino
parameters. The fitting results are shown in figures 3 and 4
and in tables 3 and 4. In the tables, we quote =+ 1o errors for
the parameters, but for the parameters that cannot be well
constrained, e.g., the sterile neutrino parameters N and
m,iifterile, we quote the 20 upper limits. For a parameter £, we
use o(&) and (&) = o(£)/£ to represent its absolute error and
relative error, respectively.

In accordance with the cosmological parameter con-
straints obtained from the CBS data, the central values and
uncertainties of the cosmological parameters from the com-
bined CBS and GW observations are detailed in tables 3 and
4. Given that the CBS data is real, whereas the GW data is
simulated, the constraints from the joint CBS and GW ana-
lysis represent a mixture of real and simulated data. Conse-
quently, the central values should not be interpreted as from
actual observational data. As such, this work emphasizes the
significance of the uncertainties and precision in the derived

cosmological constraints.

3.1. The case of massless sterile neutrino

The massless sterile neutrinos serve as the dark radiation, and
thus in this case N is treated as a free parameter, the total
relativistic energy density of radiation is given by

4
7(4\3
1+ Neffg(_)3

Pr= 11

Py (18)

where p., is the photon energy density. In the ACDM model,
Negr=3.046, and S0 ANy = Nogr — 3.046 > 0 indicates the
presence of extra relativistic particle species in the early
universe, and in this paper we take the fit results of ANg >0
as evidence of the existence of massless sterile neutrinos.

In table 3, we find that the CBS data provides only
an upper limit, Neg < 3.464, indicating that the existence of
massless sterile neutrinos is not favored by the CBS data.
However, when GW standard sirens are included in the data
combination, the results change significantly. After considering
the GW data, we obtain N.;=3.209 4+ 0.060 for CBS+ET,
Negr=3.209 £0.056 for CBS+CE, Ny = 3.2107003 for
CBS+2CE, and N. = 3.2081393% for CBS+ET2CE, which
indicates a detection of AN.s>0 at the 2.7170, 29110,
2.9290, and 2.9450 significance levels, respectively. Obviously,
the GW data can indeed effectively improve the constraints on
the massless sterile neutrino parameter N

Note that here CBS refers to current real observational
data, while GW denotes simulated data. When we use the
actual CBS data to conduct constraints, we can only obtain an
upper limit for Ny and not a definitive detection result.
However, when simulated GW data is included, the errors in
the parameter constraints are significantly reduced. With the
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Figure 3. Constraint results for the ACDM+N,¢ model from the CBS, CBS+ET, CBS+CE, CBS+2CE, and CBS+ET2CE data
combinations. One-dimensional marginalized posterior distribution for N (left panel), and two-dimensional marginalized posterior contours
(1o and 20) in the Hy—Negr and €2,,—~Negr planes (right panel).
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Figure 4. Two-dimensional marginalized posterior contours (1o and 20) in the chf—m,ifsfterile, Ho—m,f,‘;fterﬂe, Qm—m,f”fsflerﬂe planes for the

ACDM+Nefrkm,ifsfterile model from the constraints of the CBS, CBS+ET, CBS+CE, CBS+2CE, and CBS+ET2CE data combinations.

Table 3. Fitting results of the ACDM+N,¢; model by using the CBS, CBS+ET, CBS+CE, CBS+2CE, and CBS+ET2CE data combinations.
We quote =+ 1o errors for the parameters, but for the parameters that cannot be well constrained, we quote the 2o upper limits. Here, H is in
units of kms™' Mpc ™.

Model CBS CBS+ET CBS+CE CBS+2CE CBS+ET2CE
Q,h? 0.02247 + 0.00015  0.02248 4+ 0.00011  0.02248 + 0.00011  0.02248 4 0.00011  0.02248 + 0.00011
Q. 0.1220* 59937 0.1217 + 0.0017 0.1217 + 0.0016 0.1217 + 0.0016 0.1217 + 0.0016
1000,¢ 1040461599043 1.04050 + 0.00036 1.04050* 53903 1.04049 + 0.00035  1.04050 + 0.00034
T 0.055810:907% 0.0558+0:9973 0.0559+3:0073 0.0559+:9073 0.0558+:9072

ng 0.9697+3:904¢ 0.9696 =+ 0.0030 0.9696+3:3039 0.9697 + 0.0030 0.9697 + 0.0029
In(10104;) 3.051509018 3.050 + 0.016 3.050 4+ 0.016 3.050 4+ 0.016 3.050 & 0.016
o3 0.8177+:9983 0.8170+0:5082 0.8169 + 0.0078 0.8171 + 0.0079 0.8169 + 0.0077
Qn 030773508 0.3071 + 0.0038 0.30715:9%32 0.3071 + 0.0035 0.307043:003¢
Ho 68.670 10640 68.67179.957 68.67170.936 68.67170932 68.672+0032
Nege < 3.464 3.209 + 0.060 3.209 + 0.056 3.21040:93 3.20810.03¢
AN > 0 e 27170 29110 2.9290 2.9450
o(,) 0.00605 0.00380 0.00355 0.00350 0.00345
o(Ho) 0.8300 0.0560 0.0565 0.0530 0.0510
() 1.966% 1.237% 1.156% 1.140% 1.124%
e(Ho) 1.209% 0.082% 0.082% 0.077% 0.074%

central value of N.g remaining essentially unchanged and massless sterile neutrinos, with a significance level reaching
AN, substantially decreased, we can achieve a result of up to 30. Of course, we must remember that our findings are
AN > 0. Our results indicate that future GW observations  based on simulated outcomes, and the central value of Ny is
can greatly assist in improving the cosmological detection of set to be consistent with the result from CBS.
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Table 4. Fitting results of the ACDM+N,¢ + mS

v, slenle

model by using the CBS, CBS+ET, CBS+CE, CBS+2CE, and CBS+ET2CE data

combinations. We quote =+ 1o errors for the parameters but for the parameters that cannot be well constrained, we quote the 20 upper limits.

Here, Hy is in units of kms™'Mpc™" and m,, f sile 1S in units of eV.
Model CBS CBS+ET CBS+CE CBS+2CE CBS+ET2CE
Quh* 0.02247+330013 0.02249 + 0.00012  0.02249 4+ 0.00012 0.02249 4+ 0.00012  0.02249 + 0.00012
Qn’ 0.1198*0003¢ 0.1193* 30034 0119315003 0119540007 0119470039
1000,,¢ 1.04059*5:99047 104071150041 104071490040 1.040707 99949 1.04071+3:50039
T 0.056 100053 0.056670,00%3 00566700043 0.0568* 00034 0.056970.00%3
ng 0.9681-93%¢1 0.9684 + 0.0033 0.9684 + 0.0033 0.9684 + 0.0033 0.9684+0:5033
In(10'04,) 3.04879018 3.04870918 3.04810018 3.048 + 0.016 3.048 + 0.016
oy 0.796-0024 0.795+0:922 0.795+0:922 0.796 9321 0.796793%2
Q 03114 + 0.0064 0.3096750932 0.30960:0933 0.3097+3:5933 0.309675 003
H, 68.150793%0 68.1567003 68.1567003% 68.1567003% 68.1567003
Nege < 3.446 31481003 3.14870:040 3.150°00% 3.15010:043
M ite < 0.5789 < 0.4842 < 04772 < 04321 < 0.4226
ANy > 0 1.0850 1.1330 1.1690 1.1690
o(,) 0.00640 0.00420 0.00410 0.00410 0.00405
o(Ho) 0.7500 0.0540 0.0535 0.0535 0.0520
() 2.055% 1.357% 1.324% 1.324% 1.308%
(Ho) 1.101% 0.079% 0.078% 0.078% 0.076%

In the right panel of figure 3, we show the two-dimen-
sional posterior distribution contours (1o and 2¢) in the
Nesr—Ho and N2, planes for the ACDM+N,¢ model using
CBS, CBS+ET, CBS+CE, CBS+2CE, and CBS+ET2CE
data combinations. We can see that N is in positive corre-
lation with H, by using the CBS data combination. However,
after adding the GW data, this correlation becomes negligible,
indicating that the degeneracy between N and H, is effec-
tively broken by the GW observations. In addition, we can
also clearly see that when considering the GW data, the
parameter space is greatly shrunk in each plane and the
constraints on cosmological parameters of Hy and (2, become
much tighter.

In table 3, we also show absolute and relative errors of
H, and €, from the CBS, CBS+ET, CBS+CE, CBS+2CE,
and CBS+ET2CE data combinations. Compared to the CBS
data, we find that the accuracy of the H, constraint improves
by 93.253% for CBS+ET, 93.193% for CBS+CE, 93.614%
for CBS+2CE, and 93.855% for CBS+ET2CE, respectively.
Similarly, the accuracy of the (2,, constraint improves by
37.190% for CBS+ET, 41.322% for CBS+CE, 42.149% for
CBS+2CE, and 42.975% for CBS+ET2CE, respectively.
Obviously, the GW data can indeed effectively improve the
constraints on the parameters H, and €2,

3.2. The case of massive sterile neutrino

In this subsection, we investigated how GW standard sirens
constrain the massive sterile neutrino parameters. Hence, the
requirement of Neg > 3.046 still holds.

From table 4, we obtain Ny < 3.446 by using CBS
data. After adding the GW data, the constraint results
become Ny = 3.14870937 for CBS+ET, Ny = 3.14870930
for CBS+CE, Ny = 3.150700¢ for CBS+2CE, and

Nigr = 3.15070:943 for CBS+ET2CE, respectively. We find
that N cannot be well constrained using the CBS data, but
the addition of GW data can significantly improve the con-
straint on Ny, favoring ANz >0 at 1.0850 (CBS+ET),
1.1330 (CBS+CE), 1.1690 (CBS+2CE), and 1.1690 (CBS
+ET2CE) statistical significance, respectively For the mass
of sterile neutrino, the CBS data give m,, leritle < 0.5789 eV
and further including the GW data leads to results of

me e < 04842 eV (CBSHET), mff . < 04772 eV
(CBS+CE), m:M .. < 04321 eV (CBS+2CE), and
m e < 04226 eV (CBS+ET2CE), respectively. Evi-

dently, adding GW data tightens the constraint on ml,fsfleme
significantly, which is in accordance with the conclusions in
previous studies' active neutrinos mass by using the GW data
[14, 37, 46]. Therefore, the GW data also plays an important
role in constraining the mass of sterile neutrinos.

In figure 4, we show two-dimensional marginalized

posterior contours (1o and 20) in the Negp—m T Hoy—

v,sterile®
eff
My teriles $om m,, sten]e planes for the ACDM+Neff+m,, sterile

model. We can clearly see that when further considering the
GW data, the parameter space is also greatly shrunk and the
constraints on Hy and €2, also become much tighter. From
table 4, we find that the constraints on H, and (2, could be
improved by 92.800% and 34.375%, respectively, when
adding the ET data to the CBS data, 92.867% and 35.938%
for the case of CE, 92.867% and 35.938% for the case of
2CE, and 93.067% and 36.719% for the case of ET2CE,
respectively. These results are in accordance with the con-
clusions for both the case of massless sterile neutrinos in this
study and active neutrinos mass in previous studies [14, 37,
46]. Therefore, the inclusion of GW data can significantly
improve constraints on most cosmological parameters, parti-
cularly Hy and €,
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4. Conclusion

This work aims to forecast the search for sterile neutrinos
using joint GW-GRB observations. We consider two cases of
massless and massive sterile neutrinos, corresponding to the
ACDM+N.; and ACDM+Negr+m S ;. models, respec-
tively. We consider four GW detection observation strategies,
i.e., ET, CE, the 2CE network, and the ET2CE network, to
perform cosmological analysis. To evaluate the impact of GW
data on the constraints of sterile neutrino parameters, we also
considered existing CMB+BAO+SN data for comparison
and combination.

For the ACDM+N,g model, in the case of using CMB
+BAO-+SN, only upper limits on N, can be obtained. Fur-
ther adding the GW data tightens the N significantly, and in
this case the preference of AN.;>0 at about 30 level.
Therefore, GW standard siren observations can greatly assist
in the detection of massless sterile neutrinos.

For the ACDM+Neg+m 5. model, only upper limits
on Nggr and m,it;fter“e can be derived by using the CMB+BAO
+SN data. Further including GW data significantly improves
the constraints, and we find that the GW data gives a rather
tight upper limit on m % ;.. and favor AN > 0 at about 1.1
level. These results also seem to favor massless sterile
neutrinos.

Furthermore, we find that the GW data can significantly
enhance the accuracy of constraints on the derived parameters
Hy and §2,,. The accuracy of H, improves by approximately
93% and the accuracy of §2,, increases by about 37% to 42%,

when the GW data is included in the cosmological fit.
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