PHYSICAL REVIEW D 107, 103035 (2023)

Multimessenger observations of double neutron stars in the Galactic disk
with gravitational and radio waves

Wen-Fan Feng®, Jie-Wen Chen, and Yan Wang
MOE Key Laboratory of Fundamental Physical Quantities Measurements,
Hubei Key Laboratory of Gravitation and Quantum Physics,
PGMF, Department of Astronomy and School of Physics,
Huazhong University of Science and Technology, Wuhan 430074, China

Soumya D. Mohanty
Department of Physics and Astronomy, University of Texas Rio Grande Valley,
Brownsville, Texas 78520, USA
and Department of Physics, IIT Hyderabad, Kandai, Telangana-502284, India

Yong Shao

School of Astronomy and Space Science, Nanjing University, Nanjing, 210023, China
and Key Laboratory of Modern Astronomy and Astrophysics, Nanjing University,
Ministry of Education, Nanjing, 210023, China

® (Received 27 February 2023; accepted 8 May 2023; published 22 May 2023)

We evaluate the prospects for radio follow-up of the double neutron stars (DNSs) in the Galactic disk that
could be detected through future space-borne gravitational wave (GW) detectors. We first simulate the DNS
population in the Galactic disk that is accessible to space-borne GW detectors according to the merger rate
from recent LIGO results. Using the inspiraling waveform for the eccentric binary, the average number of
the DNSs detectable by TianQin (TQ), LISA, and TQ + LISA are 217, 368, and 429, respectively. For the
joint GW detection of TQ + LISA, the forecasted parameter estimation accuracies, based on the Fisher
information matrix, for the detectable sources can reach the levels of AP, /Py < 1076, AQ < 100 degz,
Ae/e < 0.3, and APb / Pb < 0.02. These estimation accuracies are fitted in the form of power-law function
of signal-to-noise ratio. Next, we simulate the radio pulse emission from the possible pulsars in these DNSs
according to pulsar beam geometry and the empirical distributions of spin period and luminosity. For the
DNSs detectable by TQ + LISA, the average number of DNSs detectable by the follow-up pulsar searches
using the Parkes, FAST, SKA1, and SKA are 8, 10, 43, and 87, respectively. Depending on the radio
telescope, the average distances of these GW-detectable pulsar binaries vary from 1 to 7 kpc. Considering
the dominant radiometer noise and phase jitter noise, the timing accuracy of these GW-detectable pulsars

can be as low as 70 ns while the most probable value is about 100 ps.
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I. INTRODUCTION

Binary pulsars are emitters of both radio and gravita-
tional waves (GWs) and, as has been the case since PSR
B1913 + 16 [1], short-period binary pulsars provide excel-
lent laboratories for constraining the theories of gravity [2].
An excellent example is the Double Pulsar PSR J0737-
3039A/B [3]. Due to various technical limitations described
below, current radio surveys for such systems can only
find orbital periods longer than about an hour. However,
upcoming space-borne GW detectors, i.e., LISA [4,5],
TianQin (TQ) [6], and Taiji [7], will be able to detect
systems with shorter orbital periods. It is therefore
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interesting to consider the prospects of radio follow-up
observations of short-period double neutron star (DNS)
systems detected using GWs.

Through radio surveys, a total of 20 DNS systems have
been discovered up to now [8,9], in which the shortest
orbital period is found in PSR J1946 + 2052 with a period
of 1.88 hr [10]. To detect pulsars in binary systems, pulsar
searching algorithms, in principle, need to consider the
Doppler smearing effect in arrival times of radio pulses due
to orbital motion in addition to the routine dedispersion,
folding, radio frequency interference removal, etc. When
integration time for pulsar searching, typically 10-30 min,
becomes a considerable fraction of the orbital period,
the Doppler smearing will be worsened and must be
corrected in a searching algorithm. Several methods, such
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as acceleration search [11] and jerk search [12], have been
proposed to compensate for the loss of search sensitivity
due to the binary motion, but they are only applicable for
integration times that are shorter than tens of percent of the
orbital period. The other methods, such as dynamic power
spectrum [13] and phase modulation search [14], have also
been developed to extend the applicability to the case that
the integration time can be approximately equal to or even
longer than the orbital period, however, with a cost of the
high demand of computational resources.

As a consequence of the above limitations, all 359 binary
pulsars found so far [15,16] have orbital periods longer than
1.2 hr. Tight Galactic DNS systems with orbital periods in the
3—60 min range will emit GWs with frequencies in the mHz
band accessible to space-borne GW detectors. From the
discoveries by LIGO [17] and Virgo [18] of GWs from two
DNS merger events, GW170817 [19] and GW 190425 [20],
the inferred merger rate density is 10-1700 Gpc=3 yr~! for a
90% credible interval [21]. Taking 920 Gpc~3 yr~! as the
fiducial point estimate, as in [22], we get a corresponding
DNS merger rate of 210 Myr~! for a typical Milky-Way type
galaxy. From this inferred merger rate, one expects ~2100
DNS systems with orbital periods range less than 1 hr in our
Galaxy [23]. Therefore, despite the challenges of detecting
DNSs directly by radio surveys, the space-borne GW
detectors can potentially detect DNS systems with orbital
periods less than 1 hr.

Several recent works have investigated the number of the
DNSs in our Galaxy (and possible nearby galaxies) that can
be detected by LISA. Seto estimated the frequency dis-
tribution of the DNSs in the Local Group of the galaxies
based on the higher merger rate 1540 Gpc=> yr~! derived
from the combination of GW170817 and the LIGO-Virgo
O1 data release [19]. This work shows that LISA can detect
about 5 DNSs in the Large Magellanic Cloud and
Andromeda with signal-to-noise ratios (SNRs) greater than
10 for a 10-year observation [24]. Lau et al. simulated a set
of DNSs in the LISA band using the population synthesis
code COMPAS [25] and found that for a 4-year observation
and the merger rate of 33 Myr~!, LISA can detect about
35 DNSs with SNRs greater than 8 (33 in our Galaxy, 2
in the Large Magellanic Cloud and Small Magellanic
Cloud) [26]. Andrews et al. used the merger rate of
210 Myr~! to obtain the number of the Galactic DNSs
in the mHz band. They found that, for an observation of 4
(8) years and the SNR threshold of 7, LISA can detect 240
(330) DNSs in our Galaxy, 1 (4) in Andromeda [23].

The above studies have focused on the detection of
DNSs using GWs alone. To mitigate the problems, outlined
earlier, associated with detecting short-period DNSs using
radio observations, Kyutoku er al. discussed a multimes-
senger strategy to detect Galactic pulsar-NS binaries with
orbital periods less than 10 min [27]. They showed that
LISA can detect these DNSs with SNRs greater than 100
and accurately determine their sky positions and orbital

parameters. In the scenario of synchronous observation of
LISA and Square Kilometre Array (SKA) [28] starting in
the mid-2030s, the information provided by LISA will
enable a reduction of 2 to 6 orders of magnitude in the
number of telescopes pointing comparing with the all-sky
search and a further reduction of 9 orders of magnitude in
the number of trials for orbital modulation in order to
correct the Doppler smearing. On the side of astrophysics,
Thrane et al. explored the prospect of using the Lense-
Thirring precession effect to constrain the equation of state
of NSs based on LISA 4+ SKA multi-messenger observa-
tions [29]. They showed that using 10-year observation of
SKA the measurement accuracy of the mass-radius relation
of NSs can reach 0.2%, which is an order of magnitude
better than the x-ray pulsation measurements [30] and the
GW observations [31].

Multimessenger observations, including GW and radio
(and possibly x-ray), can be highly complementary and
provide a more complete picture of the DNS population and
the structure of the NS. Regarding the DNS population,
ground-based GW detectors have currently detected coa-
lescing DNSs, while radio telescopes have detected DNSs
with orbital periods of more than an hour. There is a gap in
the detection of the DNSs with periods of a few minutes to
an hour. The orbital periods of the DNSs that can be
detected by space-borne GW detectors (e.g., LISA and TQ)
can fill this gap. Once the pulsar binaries are detected from
the GW-detectable DNSs, this will directly map the short-
period pulsar binaries, which will help to study the DNS
formation and population. Furthermore, with the detection
of such a system we can study one of the most important
problems of the NS, namely the equation of state. Although
both GW detection and radio pulse detection can constrain
the equation of state in separate ways and have their own
detection ranges and accuracies, the information obtained
from multi-messengers is expected to be able to constrain it
more tightly [29,32].

In this work, we study the detectability of Galactic disk
DNSs in mHz frequency band using a network of space-
borne GW detectors and the prospects for radio follow-up
of such detected systems. In addition to the number of
detectable sources, this work forecasts the accuracies of the
estimated parameters of the DNSs by taking into account
the antenna responses of space-borne GW detectors to the
inspiraling waveforms of these systems. The follow-up
search for the possible radio pulsar components in the DNS
systems is studied based on both the intrinsic properties of
the pulsars and the specifications of the large radio tele-
scopes including the Parkes radio telescope [33], the
Five-hundred-meter Aperture Spherical radio Telescope
(FAST) [34], SKA phase 1 (SKA1) [35], and SKA [36].
We estimate the timing precision of the detectable pulsars
by the radio telescopes, which are crucial for the further
investigations of the ultra-compact DNSs as laboratories for
astrophysics and fundamental physics.
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The rest of this paper is organized as follows. Section II
presents the simulation of the DNS population in the
Galactic disk. Section III A introduces the GW signal
model for the DNS in an eccentric orbit, the noise
characteristics for LISA and TQ, and the Fisher information
approach to obtain the parameter estimation accuracy. The
numbers of detectable DNSs and parameter estimation
accuracies expected for TQ, LISA, and TQ + LISA net-
work are discussed in Sec. III B. Section IV investigates the
follow-up searches of the pulsars based on the Parkes,
FAST, SKAL1, and SKA. The pulsar beam geometry and the
empirical distributions of the spin periods and luminosities
are given in Sec. IV A. The synergy for the multimessenger
observations with the GW detectors and the radio tele-
scopes is given in Sec. IV B. The paper concludes in Sec. V.

II. GALACTIC DNS POPULATION

In this work, we follow the method in Sec. 2.4 of [23]
to synthesize the Galactic population of tight DNSs.
We assume the component masses of all DNSs to be
my = m, = 1.4M 4. Hence, the chirp masses of the binaries
are M, = (mym,)33/(m; +m,)'/> = 1.22M .

Given the DNS merger rate and the Galactic disk model,
we obtain the number and locations of the DNSs at a
specific evolution time. Here, we focus on those DNSs that
will merge within 10 Myr. Note that there is no need to
extend to longer merger times because the sensitivity of
LISA or TQ is limited to DNSs that are expected to merge
within the next ~10 Myr (cf. Fig. 2). Using the merger rate
Ryw = 210 Myr‘1 [22,23], the expected number of DNSs
in our simulation is Npyg = Ryw X 10 Myr = 2100. We
assume that these DNSs are randomly distributed in the
Galactic disk with a number density profile [37]

fais(r.2) o e”sech(z/p)* pe~?, (1)

where the disk scale length L = 2.5 kpc, the scale height
p = 0.2 kpc. The distribution for the azimuthal angle
follows U[0,2z]. Here, U(a,b) denotes the continuous
uniform distribution within the interval [a, b].

The differential equations of the binary orbit due to GW
emission allow us to obtain the evolution of these param-
eters with time. For the binary in an eccentric orbit, the time
evolution of its orbital semimajor axis a and eccentricity e
due to GW emission can be expressed as [38]:

da 64 G3uM?
— ) =———7<—F(e), 2
<dt> 5 &da (¢) @)

d 304 Gium? 121
)= Baan—aw i d) O
dr 15 c2a*(1 - e*)%/ 304
where () denotes the average over one orbital period. M
and p are the total mass and reduced mass of the system.

Fle) = (1 +§e2 +3—2e4)/(1 —e22 (&)

is the enhancement factor. Combining Eqgs. (2) and (3), one
gets the evolution of the semimajor as a function of the orbit
eccentricity:

(5)

12/19 121
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Let g(e) = a(e)/cy, then ¢ satisfies a(eq) = cog(ep).

One can solve the evolution of e over time by inserting
Eq. (5) in Eq. (3) and numerically integrating the ordinary
differential equation. Since Eq. (5) contains ¢, the evolution
of e over time depends on the initial (or reference) values a,
and e, as well as the integration time. We take the orbital
parameters of PSR B1913 + 16 close to the merger as the
reference values: Ppy = 0.2 s, e9 = 5 x 1070 [23]. We draw
the merger time of the DNSs in our simulations from a
uniform distribution over the past 10 Myr. Combining
Kepler’s third law with Eq. (5), one can obtain the relation
between e and orbital period Py, then the evolution of Py
over time can also be obtained.

The DNS population is generated by assigning these
orbital parameters to the aforementioned simulated sources.

III. DETECTING GW OF DNS

A. DNS gravitational waveform, detector noise,
and parameter estimation accuracy

Under the transverse-traceless gauge and quadrupole
moment approximation, we can analytically deduce the
gravitational waveforms for two polarizations of an eccen-
tric binary [39]

h o0
h, = —?OZ{sinzan(ne) cos nM
n=1
c,-S
+ (1 4 cos?) [%cos(nMA +2®p)

S,+C
+ %cos(nMA - Zd)P)] }

> [s,—C
hX:—hOCOSlZ{ ~———Lsin(nM  + 2®p)

n=1 2
S,+C
+ Qsin(nMA - 2<I>P)] , (6)
with
4(GM,)Pa?
="y )
2(1—eX)'2dJ,(ne) 2n(1 —e2)32J,(ne
n:( ) (ne)  2n( )2 (),(8)
ne de e
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2(1 —e?)dJ,(ne)
C =— . 9
" e? + e de ©)

Here w, = 27/P,, is the orbital angular frequency, D is
the distance to the source, 1 is the inclination angle of the
orbit, J,(ne) is the Bessel function of the first kind
(n=1,2,3,...) with n as the harmonic number, M, =
27(t—tg)/Py is the mean anomaly, 7 is the time of
periastron passage, and ®p is the periastron phase. The
aforementioned waveforms can be transformed as follows
to include the effects of the orbital frequency derivative and
Doppler phase modulation in the GW phase:

P,
nMy = nMy —n—3(t - 1,)
Pb

R
+27z£—sin95008(27[fm[—¢s>, (10)
Pb C

where R is the distance between the Sun and Earth and
fm =1/(1 yr) is the modulation frequency due to the
annual revolution of the detector’s constellation (for either
LISA or TQ) around the Sun. (g, ¢b5) are the colatitude and
longitude of the source in the heliocentric ecliptic coor-
dinate system.

At the low frequency (i.e., long wavelength) limit, the
strain signal induced by GWs can be expressed as

hyn(t) = Fiy(t) - ho(t) + Fiy() - he(r), (11

where F/j is the antenna response functions of the
detector for the two polarizations (4, xX) and two indepen-
dent Michelson-type interferometers (I, II) in the helio-
centric ecliptic coordinates. See [40,41] for their explicit
expressions for LISA and TQ, respectively.

The non-sky-averaged sensitivity curves for LISA [42]
and TQ [43] can be obtained by

500 = g [rostr + Gt [ 45 ()
5,07, .
wﬂ—ékﬁyé+w?%+&]
" {1+0'6<fi$)2]' (13)

The arm length for LISA and TQ are L; = 2.5 x 10° m
and Ly =1.7x10% m, respectively. The associated
transfer frequency for them are fL = 19.09 mHz and
fT = 0.28 Hz. The detailed budgets for single-link optical
metrology noise Pgys and single test mass acceleration
noise P, for LISA and corresponding noise S, and S, for
TQ can be found in [42] and [41,43], respectively. S.. is the

PSD of the stochastic GW signal associated with the
unresolvable Galactic binary population as a whole
(dominated by WD binaries). Note that we do not include
S. for TQ since the instrumental noise for TQ is higher than
it in the concerned frequency range.

Assuming the noise of LISA and TQ are uncorrelated,
the joint sensitivity curve of LISA and TQ can be obtained
from the following expression [44]

5100 = SIS

=50+ S (14)

Given GW signal is sufficiently strong, the estimation
accuracies of unknown parameters in the GW signal can be
approximately calculated by using the Fisher information

matrix (FIM),
. oh oh
=—,— 1
(6&’6@)’ (13)

where (,) denotes the noise-weighted inner product that
contains both the GW signal and the detector noise [45].
Similarly, the optimal SNR for signal detection is defined
as SNR = (h, h)!/2. The root-mean-square (rms) error of
parameter A; is estimated as

Ak = /T, (16)

where the variance-covariance matrix X is the inverse of the
FIM, i.e., ¥ = I'"!. The correlation coefficient between Ai
and 4; can be calculated by

For a GW source with sky location (g, ¢g), its sky
localization error is defined as [46]

AQ =2z \/ZCOS 05 cos Os Zepgps 242{)5 cos O * (18)

B. Results on detectable DNSs

We assume the observation time 7, =4 yr. The
inclination angle cost~U(—1, 1), the polarization angle
yw ~U(0, ), and the periastron phase ®p ~U(0,27). We
draw Npyng random samples from the above distributions
and assign them to the simulated DNSs in the Galactic disk.
The assumed maximum unknown parameter space for FIM
is A = (In hg, cos 1, y, cos Os, s, In Py, ©p, Ine, In Pb). We
set the SNR threshold to be 7, above which we regard the
source as detectable. According to the chirp frequency

limit [37], i.e., [T > 1 /T ops» We get the frequency range

in which the chirp mass can be measured through GW
signals
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f chirp
mHz

M, =5/ [(T .\ -6/
> 1.7 = F(e)™/1. (1
5(1 22MO> <4 yr> (e) (19)

Note that chirp mass and eccentricity are degenerate in the
GWs of DNS when the eccentricity is non-negligible. In
this case, Eq. (19) is a necessary but not sufficient condition
for the measurement of chirp mass. However, as will
become clear later, in the current work, Eq. (19) only
serves as a criterion for selecting sources for subsequent
evaluation of the estimation accuracy of chirp mass.

For the DNSs with SNRs higher than the threshold but
the GW frequency lower than f ., their parameter space
is A with In P, eliminated.

For a quasi-monochromatic source with frequency f
and observation time 7,, the FIM can be simplified
as [47,48]

rii =

/ oe(£)0;ha()df

S” a III/

Here 7, (f) is the complex conjugate of the Fourier trans-
form of h,(t). Note that SNR? =T for the parameter
space we choose. We can replace the partial derivatives in
FIM with the central finite difference

0;h,(t)dt. (20)

oh _ h(t.J; +84) = h(1. 4 = 64)
oA 26%; ’

(21)

where 64;/4; <1078, and their values can be adjusted to
obtain stable results [48]. In addition, the time integral in
Eq. (20) is transformed into a summation in which the
sampling frequency is selected to be f; = 4f.

We perform 100 independent Monte Carlo simulations
of the DNSs in the Galactic disk and use Gaussian
distributions to fit the numbers of the DNSs detectable
by TQ, LISA, and TQ + LISA network (ideally this
indicates that TQ and LISA will be operated synchronously
and the data are analyzed jointly), respectively (Fig. 1). The
average numbers of detectable DNSs are 217, 368, and 429
for those three cases.

1. Characteristic strain

In Fig. 2, we plot the characteristic strains for signal
(h¢,) and noise (A ,) Which are defined by rewriting the
expression of SNR as follows,

= hZ,
ZSNR— R

n=1 noise,n

_an fomfn S IIn)dt’ (22)

SNR? =

0.030 TQ
LISA
0.025 TQ+LISA
> 0.020
£
e}
2 0.015 1
S
[« 8
0.010
0.005
0.000 T T T T T T T T
150 200 250 300 350 400 450 500
Detectable DNS Numbers
FIG. 1. The histograms for the number of detectable DNSs by

TQ, LISA, and TQ + LISA network from 100 independent
Monte Carlo simulations. Black curves are the best-fit Gaussian
distributions.

where the subscript n represents the nth harmonics of the
GW in Eq. (6). Each source includes the influence of the
antenna response functions. Similarly, the joint character-
istic strain of TQ and LISA can also be derived from the
combined SNR with the joint sensitivity in Eq. (14).
Given the orbital parameters of the reference source PSR
B1913 + 16 and merger time distribution /[0, 10] Myr),
the maximum eccentricity (~0.18) in our simulated DNSs

Eccentricity and Time before Merger

0.4 0.07 0.01 3e-04 4e-05
107% 5 : — : :
3 100 Myr 1 Myt 0.01 Myr lyr 1d
1017 o
E g
1 3 /
£ 10718 4 A
© E
b E
(2]
°Q ]
=
210719 5
9 E
g E
=
e
2 ]
6 10—20E
o 1 =+« chirp limit
1075 4 : ® TQDNSs
i = TQ = = TQ+LISA ® LISADNSs
{ = LISA B1913+16 TQ+LISA DNSs
1022 —— T — T — T T T T T T
10-5 1074 1073 1072 107! 100 10t

Frequency [Hz]

FIG. 2. The characteristic strain of the simulated DNSs from
one of the Monte Carlo simulations. The bottom abscissa is the
GW frequency of the 2nd harmonics f,_,, and the top abscissa is
the evolution of the orbital eccentricity of the DNSs and the
corresponding time before its merger based on the parameters of
the benchmark source PSR B1913 + 16. The red solid, blue solid
and green dashed curves represent the characteristic sensitivity of
TQ, LISA, and TQ + LISA, respectively. The red, blue, and
green dots represent the detectable DNSs by TQ, LISA, and
TQ + LISA. The blue vertical dotted line is the chirp frequency
limit for a circular orbit, above which the evolution of the
frequency is detectable.
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is relatively low. Thus, the GW signal from the 2nd
harmonic is dominant [39], so we only draw the character-
istic strain from the 2nd harmonic in Fig. 2. However, in our
calculation of the SNR and FIM, the first four harmonics
(n = 1,2, 3,4) are taken into account, while the cross terms
between different harmonics are neglected [49].

Since the benchmark used in the calculation of the
orbital parameters of the DNS comes from binary pulsar
PSR B1913 + 16 at merger (P, = 0.2s,¢y = 5 x 107%),
we add the characteristic strain from the 2nd harmonic of
this binary in Fig. 2 as a Ref. [23].

2. Parameter estimation accuracy

As shown in Fig. 3, the rms errors of all parameters in the
FIM decrease, in general, with the increase of SNR. Among
them, the relative estimation accuracy of the orbital period
(or frequency) is the highest, APy/Py < 1076, Tt is clear
that there are strong correlations between the amplitude and
the inclination angle as well as the polarization angle
and the periastron phase. For a source with SNR around
100, the sky localization AQ < 1 degz, the relative error
of orbital eccentricity Ae/e < 0.1, the relative error of the
orbital period derivative AP, /Py, < 0.004. As represented
by the orange dots, the orbital period derivative P, can be

2} 10' 41 10' 41
10 i i i
5
z i o 10741 L 10
3 10° i g i g i
S ! £ 0! S 10 1)
g i < | < Ed
| i i
-2 | I 20
107 -2 ] 107 4
! 107 4! 3
| i L]
—rrrr—rrr b 107 e
10' 10° 10° 10’ 10° 10° 10' 10° 10°
SNR SNR SNR
5 ]
Ii 10 T L
1 3i 10731
| 1l i
107 41 2107 i e 107!
TRl <Y £0'd)
1 a B - 3
R 3 s
1 107 1074
1 E E
T et T
| 1 i
- - r wr- - r 107° - = >
10 10 10 10 10 10 10 10 10
SNR SNR SNR
10" 44 10" 41
i i
o ] o 11
1073 10 1
i i
S 3 i
< 10 : a 1071_:
2 i
104! L1
i 10741
3 1! =
167 St e
10' 10° 10° 10’ 10° 10°
SNR SNR
FIG. 3. The rms errors of the parameters for the DNSs from one

of the Monte-Carlo simulations. All sources have an SNR of the
TQ + LISA network larger than the threshold (vertical dashed
lines near the left edges). The green dots correspond to relatively
low-frequency systems with Py, set to zero and excluded from the
parameter estimation space. Overall, the parameter estimation
accuracies improve as the SNR increases. There is a strong
anticorrelation between the amplitude and the inclination as well
as the polarization angle and the periastron phase, hence their
distributions show larger scattering.

measured in about 17% of all sources. As shown below, the

measurement of Py is critical for the subsequent determi-
nation of the chirp mass and source distance.

Following the analysis of the correlation between
parameters in [48], the strain waveforms in Eq. (11) with
inclination 0° < 1 < 45° have the same waveform structure,
so by changing the amplitude or the inclination, we can
obtain a very similar signal, i.e., there is a strong anti-
correlation between the A, and cos:. However, for incli-
nation 45° <1 <90° the magnitude and structure of the
signal change for different inclinations, so they are no
longer correlated. Second, the polarization angle y is
measured in the plane perpendicular to the GW propagation
direction, while the periastron phase angle @, is measured
in the orbital plane. When the sources are getting close to
being face-on to the detector, y and @, will appear to have
correlations due to partial overlap between those two
planes. This explains the poor parameter accuracy for
some detectable sources (see Fig. 3).

In the case that the electromagnetic observations can
provide an accurate measurement of the inclination angle
(so we remove the inclination angle ¢ from the FIM), the
amplitude /A, can then be well constrained through GW
observation (see Fig. 4). Likewise, this is also the case for
the periastron phase and polarization angle. By comparing
corresponding panels in Figs. 3 and 4, we can see that,
when one of a pair of strongly correlated parameters is
removed from the FIM, the error of the other parameter will
reduce to the lower boundary of its widely dispersed
distribution in Fig. 3.

The fitting result for the parameter estimation accuracy
that does not include the frequency derivative (see the green
dot in Fig. 4) is

10 \2
2
5 [ ) I}
1021 10741 |
| i i
1 41 1
T | 1 i
g 10”1 £ 1 o103
i< ! 107 4] 3 i
[e] ] < E < [
<) 1 J! 1}
L i i
T 1t |
-3

| 107 4] |

o sty AT

10’ 100 10° 10' 10° 10° 10' 10° 10°

) SNR SNR SNR

R 11 el
1 10’2-| 10 i
i i i
+ L +
107 4! i 1
< dl £ 107 g s
l\a I Q\.? I g 102 4!
S Ei | i
10744 10741 i
{} : 1
+ (} ]
I ] 1
14 e i S

o e mE T T B [

10’ 10° 10° 10’ 10° 10° 10' 10° 10°
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Ah 10
—~0.1 , 24
ho (SNR) (24)
Ae 10
= o - 2
e 0 (SNR) ' (25)
AP 1
APy 3x107(L0), (26)
P, SNR
10

When the orbital period (or frequency) derivative is
included in the FIM, except for the eccentricity, the other
parameters still maintain a power law of the SNR and hold
the same as before. For 30 < SNR < 100, the relative errors
of eccentricity and the orbital period derivative are roughly
inversely proportional to the SNR. But when SNR = 100,
their results tend to have larger dispersion. The significant
dispersion of the relative error of e is caused by the
interplay between the detector’s sensitivities at different
frequencies and the evolution of e, which results in a larger
dispersion of e and subsequently a larger dispersion of
Ae/e for larger SNRs than for lower SNRs.

Ae {0.08(%), SNR < 100 28)
e 10.04(29)%%,  SNR > 100
AP, {0.01(&—%), SNR < 100 (29)
Py, 10.001(29)%, SNR > 100

Using the standard deviation propagation similar to that
in [50], for the chirping sources, the relative error of the
chirp mass and the distance of the source can be derived by

AM, [(11AP, 2+ 3AP, 2+ 3dF(e) Ae \2]'?
M, |\5 P, 5P, 5 de F(e) '

(30)

and

AD  [(SAMN?  [2AP\\?  [Ahy\2]12
—=|(3=2) +(5352) + (= .31
D 3 M, 3 P, ho

The fitting equations for the above parameters are

AM, { 0.007(%). SNR <100 32)
M. 0.001(2%)?,  SNR > 100
AD _Ahy 10
—xn——~ 01 s ) 33
D " hy (SNR) (33)

With the small relative error in the estimation of chirp
mass (AM./M. < 1%), one may distinguish DNS (M, =
1.22M ) from typical WD-NS binary (M, = 0.78M ).

But for a few extremely WDs with M, < 1.2M4, as
discussed by [26], these WD binaries still cannot be
distinguished from DNSs. A general constraint can be
made from the binary evolution models, such as the
eccentric orbit and the disc binaries favor the DNSs. The
electromagnetic follow-up around the estimated sky locali-
zation can provide further evidence to discern these
binaries. As an example, we discuss the follow-up by
radio telescopes in the next section.

IV. RADIO FOLLOW-UP OF PULSARS

In this section, we evaluate the numbers and distances of
GW-detectable DNSs in Sec. III that can be detected as
radio pulsar binaries based on the pulsar beam geometry
and the detection conditions. The measurement accuracies
of the time of arrivals (TOAs) for the detectable pulsars are
estimated by considering the dominant sources of noise,
namely, radiometer noise and phase jitter noise.

A. Pulsar beam geometry and empirical distributions

The detectability of a pulsar depends on the orientation
of the pulsar’s spin axis, magnetic axis, and the observer’s
line of sight. In the pulsar beam geometry, the intrinsic
pulse width W measured in longitude of rotation satisfies
the following relationship [51,52]

() S lp/2) (¢~

4 sinarsin &

. (34)

where « is the angle between the spin axis and the magnetic
axis, ¢ is the angle between the spin axis and the line of
sight, and p is the angular radius of the cone-shaped beam
that is centered on the magnetic axis. Note that £ — a is
usually defined as the impact angle which is the closest
approach between the magnetic axis and the line of sight
when the former is rotating around the spin axis [53].

According to [54], the angle & follows a probability
distribution, cos £ ~ (0, 1), and @ ~ U(0, z/2). For a cone
in a circular shape, the condition under which the radio
beam can sweep across the line of sight is

§—al <p. (35)

Otherwise, the beam will miss the observer. In the case that
Eq. (35) is satisfied while the right-hand side of Eq. (34) is
in the range of [0, 1], the intrinsic pulse width W can be
obtained from Eq. (34).

It has been found that the distribution of p is strongly
correlated with pulsar’s spin period P, which follows an
empirical formula [55]

B {5.4°(P/s)“/2,
| 31.20,

P > 30 ms,

36
P <30 ms. (36)
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To account for the fluctuations in the actual situation, in
addition to the fiducial value p obtained from the above
equation, the observed value of p needs to add a random
component p,

logp =logp + p. (37)

Here, p ~U(-0.15,0.15) [56].

By fitting the pulsars found in the Parkes Multibeam
Pulsar Survey (PMPS) and the Parkes High-latitude Pulsar
Survey (PHPS), the probability distribution of the spin
periods for the isolated normal pulsars (NPs; P > 30 ms) in
our Galaxy can be expressed as a lognormal function [57],

log P —2.7)?

Jais(P) e exp {— %} : (38)

Here, log is the base 10 logarithm. In addition, based on the

current observations of about 20 DNSs [8,9], we assumed

that the distribution of the spin periods for the millisecond

pulsars (MSPs; P < 30 ms) in the DNS systems follows the
uniform distribution

P ~1(10,30) ms. (39)

The probability distribution of pulsar’s pseudo luminos-
ity at 1400 MHz L 4 can be fitted as follows [58]:

(log Lygeo + 1.1)?
2 x0.9?

Jais(L1400) x exp |— (40)

Note that this formula ignores geometric and beaming
factors of the radio beam, thus L4 is not the true physical
luminosity of the radio emission from the pulsar [59]. On
the other hand, although Eq. (40) is obtained from the data
of NPs, it has been shown that this relationship also holds
for MSPs [60]. Thus, in the following simulations, we
apply this luminosity distribution to both NPs and MSPs in
the DNS systems.

Given the pulsar distance D, the corresponding flux
density around 1400 MHz on the Earth is

L 400
S1400 = 2 (41)

B. SNR of integrated pulse profile

According to the standard evolution scenario of the
DNSs formed in isolated binaries, their progenitor systems
have experienced multiple stages of mass transfer and two
supernova explosions (e.g., [61,62]). It is believed that the
first-born NS can be recycled to be an MSP during mass-
transfer stages, while the second-born NS is expected to
appear as an NP. These are consistent with observed
features of pulsars in Galactic DNSs. Thus we assume

that each DNS in our simulation is composed of one NP
and one MSP. Their spin periods can be assigned according
to the distributions given in Egs. (38) and (39), respectively.
The angular radius of the radio beam p can be calculated
from Eqgs. (36) and (37). The flux density can be drawn
from Egs. (40) and (41).

Using the radiometer equation [53], the SNR of the
integrated pulse profile of a pulsar can be calculated
by [57]:

S1400G+/n,Avt [P — W
SNR — 2140 \/ 1y eff (42)
pT Wt

where Sy400 is in mJy, G is the effective telescope gain
(K/Jy), n, is the number of polarizations, Av is the
observation bandwidth (MHz), 7 is the integration time
(s), p is the SNR loss factor, T is the system temperature
(K), and P is the spin period (ms). The effective pulse width
W (ms) can be obtained by

Weff = \/Wz + t%am + Atz + T%, (43)

where 7, is the data sampling time in the telescope
backend system. The pulse profile broadening in a single
filter channel caused by interstellar medium dispersion At
and scattering 7, can be evaluated as follows [63,64]

A A
AT 3% 10 x DM x 2tz
ms fMHz

(44)

T
1 =) =-64 .1541log(DM
Og<ms> 6.46 + 0.154log(DM)

+1.07(logDM)? — 3.86 log far,.  (45)

Here, Afym, is the frequency channel width (MHz),
Swmuz = 1400 MHz, and fgy, = 1.4 GHz. DM is the
dispersion measure (pc/cm?) for which we adopt the
YMWI16 electron density model [65].

We set the SNR threshold of the integrated pulse profile
to be 9 as in [63], above which the pulsar is regarded as
detectable. Meanwhile, as one can see from Eq. (42), the
SNR is also determined by the technical specifications of
radio telescopes. In order to see the potential to detect the
pulsars in our simulations, in the following we consider
mock searches of these pulsars based on the Parkes [66],
FAST [56,67], SKA1-Mid [68,69], and SKA-Mid [70],
of which the necessary technical specifications and
observation parameters are listed in Table 1. Note that
the declination ranges of visible sky are [-90°,25° for
Parkes [71], [-14.4°,65.6°] for FAST [72], and [-90°, 45°
for SKA1-Mid and SKA-Mid [73].
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TABLE 1. The technical specifications and observation para-
meters for the pulsar searches based on the Parkes, FAST,
SKA1-Mid, and SKA-Mid. The SKA-Mid is assumed to have
the same parameters as the SKA1-Mid except for G=110KJy~'.

Parkes FAST SKA1-Mid

Correction factor 1.2 1.2 1.2
Gain G (KJy™") 0.7 16.5 15

Integration time 7 (s) 2100 600 2100
Sampling time Zg,, (ps) 250 50 64
System temperature 7' (K) 25 25 30
Bandwidth Av (MHz) 288 400 300

Channel width Af (MHz) 3 0.39 0.02
Number of polarizations n,, 2 2 2
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FIG.5. Histograms of the numbers of the pulsar binaries jointly

detectable by TQ and the radio telescopes (Parkes, FAST,
SKA1-Mid, and SKA-Mid). MSP + NS represents the DNSs
that contain an MSP and a NS with no visible radio pulses.

C. Number of detectable pulsar binaries

We obtain the numbers of the DNSs in Sec. III B that are
jointly detectable by the space-borne GW detectors and
the radio telescopes. The histograms of the numbers from
100 independent Monte Carlo simulations are shown in
Figs. 5 (for TQ), 6 (for LISA), and 7 (for TQ + LISA). The
corresponding mean values are listed in Table II.

Since LISA (red curve in Fig. 2) is more sensitive than
TQ (blue curve) around 0.1-10 mHz, the mean numbers of
jointly detectable pulsar binaries by LISA and each radio
telescope are larger than the corresponding ones for TQ
by 50-70% in most of the cases. When operating TQ and
LISA together (TQ + LISA), these numbers will be
increased by up to 17% than LISA alone.

In a similar fashion, the numbers of observed pulsar
binaries increase with improved sensitivity of the pulsar
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FIG. 6. Histograms as in Fig. 5, but for LISA.
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FIG. 7. Histograms as in Fig. 5, but for TQ + LISA.

searches based on the Parkes, FAST, SKAI1-Mid, and
SKA-Mid. Not surprisingly, due to lower sensitivity, the
possibility of detecting short-period double pulsars with an
MSP and a NP by the Parkes is quite low; While FAST and
SKA1-Mid will have good chances and SKA-Mid will

TABLE II. The mean numbers of the pulsar binaries from the
100 Monte Carlo simulations that can be jointly detectable by the
GW detectors and the radio telescopes with the specifications in
Table I. In each parenthesis, the numbers from left to right are for
TQ, LISA, TQ + LISA, respectively.

MSP-NP MSP-NS NP-NS
Parkes 0.2,03,03) (2.7,45,47) (1.5,23,2.6)
FAST 0.6,0.8,0.8) (4.1,6.0,6.6) (1.2,2.1,24)
SKA1-Mid (1.6, 2.7, 3.0) (14, 23, 26) (7.3, 12, 14)
SKA-Mid 4.4,7.1, 8.0 (28, 47, 55) (13, 21, 24)

guarantee the detection of several double pulsars. All radio
telescopes have the potential to detect, at least, several
MSP-NS and NP-NS systems jointly with the GW detec-
tors. The mean numbers for MSP-NS are larger than the
ones for NP-NS binaries in all cases, this is due to the fact
that the angular radius of the radio beam [cf., Eq. (36)]
for MSP is typically larger than NP. FAST is expected to
discover 5-10 pulsar binaries detected by TQ, LISA, and
TQ + LISA; While SKA1-Mid (SKA-Mid) will further
increase the numbers for FAST by a factor of 4 (8).

D. Distances of detectable pulsar binaries

For those DNSs in Sec. III B that are jointly detectable
by the space-borne GW detectors and the radio telescopes,
the histograms of their distances from 100 independent
Monte Carlo simulations are shown in Fig. 8, the corre-
sponding mean values are listed in Table III.

The average distances of pulsar binaries increase with the
increasing sensitivity of the radio telescopes. MSP-NP
binaries tend to be in the closer region of 1-5 kpc, while
NP-NS (MSP-NS) binaries are in the range of 3-7 kpc
(2-6 kpo).
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FIG. 8. Histograms of the distances for the pulsars in Sec. [V C
that are simultaneously detectable by the GW detectors and the
radio telescopes.
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TABLE III. The mean distances (in unit of kpc) of the pulsar
binaries from the 100 Monte Carlo simulations that can be jointly
detectable by the GW detectors and the radio telescopes. In each
parenthesis, the values from left to right are for TQ, LISA,
TQ + LISA, respectively.

MSP-NP MSP-NS NP-NS
Parkes 09, 1.1, 1.2)  (1.8,2.1,22) (34, 3.5, 3.6)
FAST (1.7,2.0,2.1)  (25,2.7,28) (44, 4.4, 45)
SKAI-Mid (2.8,28,3.0) (43,44,45) (58,538,5.9)
SKA-Mid (4.6, 4.6,47) (54,55,5.6) (6.6,6.7, 6.8)

E. Timing accuracies of detectable pulsars

The total rms error of TOA measurement (o;) is mainly
determined by the radiometer noise (o,) and the pulse phase
jitter noise (o) [74,75],

2 2
oy =\/0j + 0. (46)
Here,
TQ+Parkes LISA+Parkes TQ+LISA+Parkes
0.8 o 1 msp 1 MsP £ Msp
=1 0.8 = nr 0.8 =1
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FIG. 9. Histograms of the total rms errors of the TOA
measurements for the pulsars in Sec. IV C that are simultaneously
detectable by the GW detectors and the radio telescopes. In each
panel, the pulsars from 100 Monte-Carlo simulations are com-
bined. The red and blue histograms represent the results for the
MSPs and NPs, respectively.

(47)

P
0Oj ~ 0.28Weff \/—;,
T

G~ Weff T Weff
! S]4oog\/ 2Avt P - Weff

and

(48)

Based on the equations above, we calculate o, for the
detectable MSPs and NPs, respectively, combined from 100
Monte-Carlo simulations in Sec. IV C. Each column of the
histograms in Fig. 9 shows the o, for the corresponding
cases in Figs. 5-7. As one can see, the most probable values
of the total rms error distributions for the MSPs are a factor
of ~1.3-8.2 smaller than that for the NPs. This is mainly
due to the narrower pulse widths of the MSPs than that of
the NPs. In addition, for SKA-Mid with the highest
sensitivity, the total rms errors for the MSPs can be as
low as 70 ns with most ones concentrated around 100 ps;
while o, for NPs can be as low as 5 ps with most ones
concentrated around 130 ps.

V. CONCLUSIONS

In this work, we simulate the DNS population in the
Galactic disk that will merge within the next 10 Myr. The
DNS merger rate is adopted from the recent LIGO results.
The numbers of the detectable DNSs and the associated
parameter estimation accuracies obtained by TQ, LISA,
and TQ + LISA are estimated by FIM in 100 Monte Carlo
simulations. Based on the beam geometry and empirical
distributions of pulsar spin period and luminosity, we get
the numbers and distances of these DNSs comprising radio
pulsars that can be potentially detected by the Parkes,
FAST, SKA1-Mid, and SKA-Mid. In addition, we estimate
the timing accuracies of the TOAs for these pulsars by
evaluating their dominating radiometer and jitter noises.

There are caveats caused by the assumptions used in our
simulations. First, we follow [23] in setting the orbital
parameters of B1913 + 16 at the merger as the benchmark
(Py=0.2s, ey =5x107% in the calculation of the
orbital parameters of the simulated DNSs. However, when
we set JO737-3039 [76] as the benchmark, i.e., Py, =
0.18 sand e, = 1 x 107° at the merger, the eccentricities of
the simulated DNSs are generally smaller (e < 0.04) than
the ones in Sec. III, according to the orbital evolution
equations in Sec. II. By repeating the simulation procedure
in Sec. III, we find that the distributions of the estimated
parameters for the latter case remain unchanged except for
Ae/e, the overall amplitude of which increases by a factor
of 5 while the power law form in Eq. (28) holds the same.
Second, there are only five MSPs in DNSs are discovered to
date [8], due to the lack of prior knowledge, we assume that
the distribution of their spin periods obeys a uniform
distribution [cf. Eq. (39)]. This will be improved when
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more MSPs are discovered in future radio pulsar surveys.
We also assume that the luminosity distribution of the
pulsars in tight binaries is the same as that of the normal
pulsars. If a long period of time has elapsed from the wide
binaries (at the beginning of their formation) to the present
tight binaries, the luminosity of pulsars in the latter
population may be dimmer because of the decay of the
luminosity with time [63].

In this work, we only consider the SKA1-Mid and SKA-
Mid in pulsar observations. However, the SKA1-Low and
SKA-Low and their precursors or pathfinders working
mainly in 50-350 MHz may have an important contribution
in the search for pulsars in DNSs, especially when a
pulsar has a steep power spectrum in flux density [77].
Furthermore, observation of pulsars in low frequencies
can effectively improve the timing accuracy through the
measurement and mitigation of the dispersion effects, and
for the pulsars near the ecliptic plane, the solar wind
effects [78].

For the Galactic DNSs, both LISA and TQ have the
potential to detect their 3rd harmonic signals [cf. Eq. (6)].
Combining with the 2nd harmonic signals (cf. Fig. 2), we
can determine the total masses of these eccentric DNSs
through the GW frequency shift caused by the periastron

advance [79]. Thus, we can obtain the component masses
of the binary by their chirp mass and total mass. With the
aid of multimessenger observation realized by space-borne
GW detectors and radio telescopes, these ultracompact
binary systems with short orbital periods (<10 min) are
expected to probe the highly relativistic regime of astro-
physics, such as constrain the equation of state of NS with
remarkable fidelity [29] or tight constraint on the parameter
space for specific alternative theories of gravity [80]. These
considerations are currently under our investigation.
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