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Inferring binary parameters with dual-line gravitational
wave detection from tight inspiraling double neutron stars

Wen-Fan Feng®,' Jie-Wen Chen 2 Tan Liu®,"*>" Yan Wang®,"" and Soumya D. Mohanty 6.7
'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
*National Time Service Center, Chinese Academy of Sciences, Xi’an 710600, China
3Key Laboratory of Time and Frequency Primary Standards, Chinese Academy of Sciences,
Xi’an 710600, China
*School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study,

UCAS, Hangzhou 310024, China

5University of Chinese Academy of Sciences, 100049/100190 Beijing, China

6Department of Physics and Astronomy, University of Texas Rio Grande Valley,

Brownsville, Texas 78520, USA

7Department of Physics, IIT Hyderabad, Kandai, Telangana-502284, India

® (Received 27 November 2023; accepted 19 January 2024; published 21 February 2024)

Neutron star (NS) binaries can be potentially intriguing gravitational wave sources, with both high- and
low-frequency radiation from the possibly aspherical individual stars and the binary orbit, respectively. The
successful detection of such a dual-line source could provide fresh insights into binary geometry and NS
physics. In the absence of electromagnetic observations, we develop a strategy for inferring the spin-orbit
misalignment angle using the tight dual-line double NS system under the spin-orbit coupling. Based on the
four-year joint detection of a typical dual-line system with the Laser Interferometer Space Antenna and
Cosmic Explorer, we find that the misalignment angle and the NS moment of inertia can be measured with

subpercentage and 5% accuracy, respectively.
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I. INTRODUCTION

Future space-borne detectors aimed at low-frequency
gravitational wave (GW) signals, such as the Laser
Interferometer Space Antenna (LISA) [1] and TianQin
[2], are expected to be operational in the 2030s, almost
simultaneously with the next generation of ground-based
GW observatories targeting high-frequency GWs, such as
Einstein Telescope (ET) [3] and Cosmic Explorer (CE) [4].
This opens up the exciting possibility of successful syner-
gistic observations of sources that emit both low- and high-
frequency GWs. One such promising class of sources is
binary systems containing at least one aspherical neutron
star (NS). Such a system would radiate nearly monochro-
matic GWs both at low frequencies due to orbital motion as
well as at high frequencies due to the spins of the NS
components.

Previous studies about dual-line systems have focused
on the ultracompact x-ray binaries (UCXBs), specializing
in the NS—white dwarf (WD) binaries [5-7]. The numerical
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simulation of binary stellar evolution has shown that the
low-frequency GWs emitted by the binary system consisting
ofal.6MyNSanda0.16M  helium WD can enter the LISA
band [5]. Because of the narrow mass range of the WD, this
allows the precise measurements of the NS mass to the
percent level. By measuring the dual-line strain amplitudes,
the combination of NS moment of inertia and the equatorial
ellipticity can be constrained [5]. Furthermore, with the help
of the pulsar timing observations of the binary pulsar, the NS
moment of inertia and the equatorial ellipticity can be derived
separately, assuming that the spin-down effect is dominated
by gravitational radiation rather than electromagnetic radi-
ation [6]. From a practical detection point of view, the dual-
line detectability of 12 known UCXBs with subhour orbital
periods was evaluated based on the GW strains from different
radiation mechanisms [7].

In this work, we focus on tight double NS (DNS) systems
in the millihertz band for LISA or TianQin. In a previous
paper [8], we have improved the modeling of the dual-line
GW radiation, especially for high-frequency GW radiation
from a triaxial nonaligned NS in the binary, by incorporating
the spin-orbit coupling effect. These waveforms contain
information about binary geometry and NS physics. Using

© 2024 American Physical Society
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only the joint dual-line GW detection without the aid of
electromagnetic observations, we develop a strategy to
measure the spin-orbit misalignment angle' (or its supple-
mentary angle) and the NS moment of inertia with subper-
centage and percentage accuracy, respectively.

Our work is expected to have significant implications for
the astrophysical results of the inspiraling DNSs. From the
perspective of compact binary star evolution, the spin-
orbit misalignment angle may carry crucial information
for constraining various supernova formation channels
[10-13], since this misalignment can arise from the kick
velocity imparted to the neutron star at birth as a result of
asymmetry in the associated supernova explosion [14,15].
However, LISA or TianQin cannot strictly constrain this
angle, since the spin-orbit coupling effect is better measured
during binary merging [16]. Besides, this misalignment
angle suffers from considerable uncertainties from radio
observations [17]. For NS moment of inertia, PSR J0737-
3039A is anticipated to reach the accuracy of ~10% only by
measuring the periastron advance through long-term timing
observation [18,19]. Although the GW observation of the
merging DNS [20] and its combination with the mass-radius
determination from the x-ray emission at the NS surface [21]
have been used to infer the moment of inertia, it is still subject
to large uncertainties [22]. Here, we propose a complemen-
tary method to infer these two parameters with higher
measurement accuracy using only the GW observation.

II. NUMBER OF TIGHT GALACTIC DNSS

Binary population synthesis simulations [23-28] (or
simplified backward evolution simulations [29,30]) for
Galactic DNSs have made predictions for the number of
DNSs detectable by either LISA or TianQin. These detect-
able DNSs are generally spread over a relatively wide GW
frequency band, ie., ~0.1-10 mHz. At frequencies of
<3 mHz, detections of these DNSs are limited by test mass
acceleration noise and Galactic confusion noise [31].
However, at frequencies of 23 mHz, these sources show
ahigher signal-to-noise ratio p, because the strain amplitude

x fé/ 3 with [ the GW frequency. Therefore, the number in
the frequency band of 23 mHz can be approximated as a
detectable number. The eccentricities of these DNSs are
assumed to be neglected, since the most probable eccen-
tricity of tight LISA DNSs is about 0.01 for orbital periods
shorter than 10 min according to binary population simu-
lations [28].

The number density distribution over the frequency bin
for compact binary systems can be calculated with GW
frequency derivative fg =df,/dt and merger rate R as
dN/df, =R/ f ¢ [32]. The detectable number of the tight

'Since the orbital angular momentum L is approximately
aligned with J with a negligible deviation of ~10~* rad for a
DNS in the millihertz band, we directly take 6 [8] between the
spin S and J as the spin-orbit misalignment angle [9].

Galactic DNSs for LISA or TianQin can be obtained by
integrating the above number density as [32]

 [12Mg\3 (33 mHzZ\33 [ Rg
N(>fg)‘6< M) < 7, ) (100/Myr>'

(1)

The fiducial value of chirp mass M = (m;m,)>3/(m; +
m,)'/> = 1.2My corresponds to component masses of
my = my = 1.4My. The GW frequency of f, = 3.3 mHz
corresponds to a circular binary orbital period of
P, = 10 min. The local volumetric merger rate of the
DNS varies from 10 Gpc2yr™' up to 10* Gpc™ yr~!
according to different methods and models (see [33] for a
review and references therein). We take the volumetric merger
rate for Galactic DNSs to be 1000 Gpc™ yr~! (corresponding
to Rg ~ 100 Myr~!) [34]. In this sense, there are about six
detectable tight DNSs with P, < 10 min in the Milky Way.

III. MODULATED DUAL-LINE GW ENVELOPES
BY SPIN-ORBIT COUPLING

We consider a DNS consisting of a spinning NS and a
nonspinning companion as in [8]. For the case of equal
mass and ignoring the spin-spin terms, the inspiral and
precession equations can be expressed in a simple form
[cf. Egs. (40) in [35] ]. Let S, L, and J denote spin, orbital,
and total angular momentum, respectively. For simple
precession, the unit vector S and L both precess around
the unit vector J with an angular velocity

o <2+%). 2)

Pre 243 2m,

Although the radiation-reaction-induced orbital shrinkage
causes the magnitude L (or J) of L (or J) to decrease, for a
typical tight DNS with a merger time ~O(10* yr) and a
four-year observation time (see Sec. IVA), the relative
variations of L, J, and Q. are all <1073, so we can assume
that they remain approximately constant in the analysis.
Since L is associated with low-frequency GWs from the
orbital motion of the DNS and S is related to high-
frequency GWs from the spinning NS, the spin-orbit
coupling strengthens the link between the dual-line GWs
(see Fig. 1). In the J-aligned coordinate system [8],
constructed with Z; axis aligned with J, we assume that
0; (fy) is the angle between L (S) and J and 1 is the binary
inclination with respect to J. The precession equation of the
binary orbit di,/ dt = Qe X L can be solved with the
initial condition L(r = 0) = (0, —sinf,,cosf;) as L =
(sin @y sin(1Qy. ), —sin O cos(1Q,.),cos ;). And since
the unit vector pointing toward the Solar System barycenter
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FIG. 1. Schematic of a dual-line GW source and its detection.

isD = (0, sin, cost), it follows that L-D = cos0, cosi—
c0s(1Qpe) sin @y sinz. The low-frequency GW amplitude
envelopes radiated by the binary orbital motion under the
spin-orbit coupling are [we take only positive values;
cf. Egs. (18) in [35]]

h
agt = 70 [1+ (cosB cost —cos(1Q,,) sinf sint)?],  (3a)
ad® = hy[cos Oy, cos 1 — cos(1Qe) sin 6, sin], (3b)

where hg = and D is the distance from the
Solar System barycenter to the binary barycenter. The high-
frequency GW amplitude envelopes of the triaxial non-
aligned NS in the binary under the spin-orbit coupling are
[we take only positive values; cf. Egs. (30) in [8] ]

4UGM)*P (af 1
D

h
al = % [(4 cos(265) cos(1€y) sin(2:)
+ sin(265) [6sin’s — (3 + cos(21)) cos(2:Qe)])?
+ 4(=2 cos O sin(2¢) sin (1. )
+ (3 4 cos(21)) sin O sin (219, ) )?] /2, (4a)
w Moo 20) sin(1Q
ap, = > [(2sinzcos(26;) sin(1€. )
— cos15in(26s) sin(21Qy. ))?
+ 4(sinzcos O cos(1y. )
— cos 1cos(219Q,,. ) sin 05)?]'/2, (4b)

; h
ay, = % {(—2 sin @ sin(21) sin(1Qy )
— cos 05(3 + cos(2:)) sin(2Q, ) )?

O 405
X <<sin4 > + cos* 5 ) (3 + cos(21)) cos (21 )

12
+ 3sin?Ogsin’ + cos(1Qpy ) sin(26) sin(21))? |

(4¢)

ay = h% [(=2sinzsin(260) s1n(t§2pre)
—cos (3 + cos(20s)) sin(2t£2p,e))2
+ 16(cos 1 cos 05 cos (2182, )
+ sin 1 cos(1Q. ) sin 05)?]1/2, (4d)

2szl';€}’ h

where hy = = 68 5>, b is the initial angular

frequency of the splnnm g NS along one of the principal axes
of inertia (corresponding to the principal moment of inertia
I3) in the body frame, and parameters ¢, y, and k characterize
the oblateness, wobble angle, and nonaxisymmetry of the
NS, respectively [36,37]. The amplitude envelopes of a3,

Sp

are similar to a,, , except that h,, is replaced by

2 . . .
“Gb% We have neglected the variation in the

frequency of the NS spin over several years of observations
due to the long spin-down timescale (~500-1000 Myr)
[13,38,39].

IV. INFERRING BINARY PARAMETERS

Observations of continuous wave signals from the dual-
line GW source span months or years, resulting in the
accumulation of substantial datasets. However, since these
signals are confined to an extremely narrow frequency
band, the application of the complex heterodyne technique
allows us to significantly reduce the size of the dataset by
incorporating precise phase details obtained from obser-
vations in radio or x-ray [40,41]. In this case, the ampli-
tudes of the GW polarizations can be reconstructed from
the heterodyned and down-sampled noisy detector strain
data B(t;) by minimizing the y* of the system [42]. For
template T'(z;), that is

_ 1:_; {B(tk) -

B = TP, 5)

where o, is the measurement uncertainty of the kth data point
at time f;. General relativity predicts only two states of
polarization p = +, X, and the relative amplitude @, and
phase ¢, coefficients in B(t;) are determined by the physical
model. Choose the antenna pattern functions F,(¢) as
the basis functions and polarization prefactors H, =
a,exp(i¢,) as the coefficients those are fitted for, and then
the template can be constructed as T(1;) = $ >, H, F (1)
The signal-to-noise ratio of the resulting ﬁt is [42]

p=VHCH, (6)

where f denotes Hermitian conjugation, the vector H =
{H,,H,} is the solution by minimizing Eq. (5), the
covariance matrix C = (ATA)~! can be computed by the
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design matrix Ay, = F,(t;)/0y, and the variance of
the estimated H; can be found as AZH]- = Cj; [43].

In the absence of electromagnetic observations, to know
the phase, we can perform the following strategy of joint
detection: LISA first measures the parameters of the
tight DNS with high accuracies of sky localization
AQ ~ 1073 deg?, distance AD/D ~ 1073, and orbital period
APy/ Py ~ 107 for p ~ O(10%) [30]; then CE or ET con-
ducts a directed search for continuous GWs from the NS in
the binary [44,45].

We first derive the relative reconstruction error for the case
of constant polarization amplitude. For the general case,
Dk Ajy 2o Afy and Zk Ajy YA > (A A’
so that A°H, ~ 1/ Y7, A7, where )=, stands for Y 37
Ifa, = ay, then the relative 16 uncertainties of the recovered
polarization amplitudes are

(7)

We shall justify that this relationship also holds approx-
imately for time-varying amplitude envelopes [cf. Egs. (3)
and (4)]. Based on the low-frequency radiation from the
binary inspiral, LISA can measure the chirp mass [30] and
the total mass [46] to an accuracy of ~107* for p ~ O(10%),
which derives the measurement accuracies of the compo-
nent masses and the relativistic precession velocity Q.
[cf. Eq. (2)] to be ~107*. As we will see below, all
quantities of interest have a measurement accuracy greater
than 21072, so we ignore the accuracy of ~107*. Once Q.
has been accurately measured, the modulated envelopes
under the spin-orbit coupling can be expanded as
a,(t) = > _E=) a} cos(nQt), where E is the order of
trigonometric expansion. The new set of basis formed by
combining this basis {1,cos(n€,.t)} with the sidereal
basis {1, cos(mQgt),sin(mQgt)} in F,(t) [47] can be
approximated as an orthogonal basis. In this case, aj, is
the coefficient that is fitted for by the above data processing
procedure, and its variance A’a’ ~ (a/p)?. Finally,
the error propagation shows that AZa,(r)/a%(r) =

E=) A2alcos? (nQyet)/az (1) = 1/p?. Therefore, we can
reasonably anticipate that the polarization amplitude enve-
lopes can be extracted from the dual-line GW signals, and
the relative error in their reconstruction is approximately
inversely proportional to the signal-to-noise ratio.

A. Spin-orbit misalignment angle

By utilizing these reconstructed amplitude envelopes, we
can employ them to infer the binary parameters according
to Egs. (3) and (4). To avoid possible large errors at a single
reconstruction point [48], we average the amplitude enve-
lopes over a precession period as follows:

(a) = Tl ATW adt. (8)

pre

The error introduced by the precession period T, =
21 /€ With an accuracy of ~107* [cf. the discussion below
Eq. (7)] is also ignored, assuming the reconstructed (a) lies
within the range of true value 410 uncertainty.

For a typical DNS with parameters as in [8],
my =my=14Mg, P, =10 min, D=1kpc, and : = z/4.
The spinning NS in the DNS is parametrized by P, = 10 ms,
I;=20x10% kgm?, e =3.6x107%, x = 1.75 x 1074,
y =5.0x 1072, and g = 5x/12. Then one can obtain
Qe =2.52x 107" Hz, T e = 2.50 x 107 s, and 6, = 3.7x
10~* rad. Given the source location and polarization angle
(0,¢,w) =(0.5,1.5,1.0) rad as well as the observation
time Tops = 5Tpe = 1.25 x 10% s, LISA can detect the
DNS with p, = 2682, while CE can detect the NS with
p1 = 283, p, = 23, and p3 = 21 for waveform components
with 7y, hyg, and hsg, respectively.

The normalized low- and high-frequency polarization
amplitude envelopes from this DNS system are shown in
Figs. 2(a) and 2(b), with relative changes of ~10~3 and
100%, respectively.

An example of inferring : and A, from low-frequency
detection using the average envelopes (a3") and (a3)”) with
410 uncertainty is shown in Fig. 2(c). In such a system,
L>S,J~L,and cos260; ~cos0; ~ 1 with relative errors
<1077; then (a$?) ~ ho(1 + cos? 1) /2 and (a®) =~ hy cost
with negligible error. The two blue (or green) contours
correspond to boundaries of +1¢ uncertainty, (a3?)(1 +
pol) Tor (aS®)(1 £ py')]. The overlapped region of these
lines gives the inferred ranges for 4, and 1 with an accuracy
of 0.3% and 0.5%, respectively.

The parameter inference by combining dual-line detection
from low and high frequency is shown in Fig. 2(d). The
relative errors of (a}’.)/(al,) and (a3, )/(a3) are ~1/p,
and ~1/p,, respectively. Also plotted are the contours with
+16 uncertainty, (1=+p7")(a}’)/(al) and (1 +p3')x
(a,)/(a3). The overlapped regions of these lines (i.e.,
the regions enclosed by the blue lines) give the inferred
ranges for fg and 1, whose accuracies are poor. When
combined with the inferred ¢ (red dashed line) from the
low-frequency detection, #5 can be significantly constrained
to an accuracy of 0.8%. Values other than the ¢ and 7 — 6
can be excluded from the amplitude envelopes of the
spinning NS [cf. Egs. (4)]. Similar to the pulsar observation
[49], both O¢ and 7 — 6Oy yield the same outcomes for
precession in general relativity. Considering that the angular
momenta were most likely aligned before the second super-
nova, the preference is given to the smaller misalignment
value based on astrophysical considerations [50]. It should be
noted that this degeneracy does not affect the derivation of the
amplitude factors below, since the two angles correspond to
the same amplitude. Our results highlight the importance of
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FIG. 2. (a) and (b) depict the normalized (a/a,y) low- and high-frequency polarization amplitude envelopes from a typical DNS

during one precession period T, with relative changes of ~1073 and 100%, respectively. The parameter values used here are
m; =my =14Mg, P, =10 min, D =1kpc, 1 =n/4, Py=10ms, I3 =2.0x 10® kgm?, ¢ =3.6 x 1075, x = 1.75 x 1074,
y =5.0x 1072, and fg = 57/12. (c) Shows the inference for amplitude factor /4, and inclination ¢ using low-frequency amplitude
envelopes (a3™) and (a3™) with 16 uncertainty. In the inset, the overlapped region of these contour lines gives the inferred ranges for
hy and ¢ with subpercentage accuracy, in which the red star denotes their true value. For visualization purposes, the contour labels are
(ad) x 10" and (a9™) x 10?!. (d) Shows the inference for 65 and 1 from dual-line detection. The : measured (red dashed line) from

low-frequency amplitudes in (c) will greatly constrain the range of d inferred from (a},)/(a}’) and (a3, )/(a3,).

synergistic analysis for dual-line observations, as individual
analyses at low or high frequencies alone cannot provide a
meaningful constraint.

9.x107%7
8.5x107%"

S 8.x107

< B. Moment of inertia

78107 By bringing the accurate binary inclination ¢ inferred from
7x1077 L the low-frequency envelopes into the high-frequency enve-
05x1025 lopes, utilizing a similar approach in Figs. 2(c) and 2(d), we
9.x10-28 can further infer that the relative errors of the amplitude
8.5x10°28 factors are Ahjy/hig~0.5% and Ahyy/hyy ~ Ahsg/hsg ~
& sx10?® 5% (cf. Fig. 3). Since y = h3g/(2hy9) and k = hyyhsg/
7.5x107% (64h3,), the error propagation shows that Ay/y ~ Ak/k~

7.x10728

N 5%. Furthermore, the spectrum analysis of several years of
6.5x10"

observational data allows us to determine the e to an accuracy
of «10™* with the relation between rotation frequency Q.
and nonaxisymmetry-induced precession frequency €2, of
the NS, Q, ~€Q, [cf. Eq. (5.7) in [36] ]. This also implies
that b ~ Q. cosy can be measured with an accuracy of

0.0 0.5

1.0 1.5

Os

2.0

FIG.3. Similar to Fig. 2, inference of high-frequency amplitude
factors h;y and h,, with the help of accurate inclination (z)
determination from low-frequency detection. The estimation

accuracy of hyy and hyy is 0.5% and 5%, respectively. For
visualization purposes, the contour labels are (a} ) x 1077,

(@) x 107, (a3, ) x 10%, and (a3} ) x 10%.

Acosy/cosy ~ (Ay/y)y*> ~ 107*. Finally, with a derived

AD/D ~ 107 from LISA [cf. Eq. (33) in [8]], I3 = §2 3~

canbeinferred as Alz /I3 ~ Ay/y ~ 5%. This analysis shows
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that dual-line GW detection is indispensable in inferring NS
moment of inertia, in the absence of electromagnetic-assisted
observations.

V. CONCLUSION

Our study on the modulated waveform structure from the
dual-line GW source by incorporating the spin-orbit
coupling has unveiled crucial insights into binary geometry
and NS physics. Although multimessenger observations
from combining LISA and the Square Kilometre Array can
also place constraints on the properties of NSs [51], the
strategy we use in this paper offers a new measurement
possibility in the absence of electromagnetic observations.
With more accurate inferences for the spin-orbit misalign-
ment angle and the NS moment of inertia in the dual-line
GW detection, one can expect to place more constraints on
the kick in the second supernova explosion in DNSs [52—
54] and discriminate between different models of the NS
equation of states [18,55-58]. Furthermore, the measure-
ment of the spin-orbit misalignment angle could provide
clues to distinguish between different SN scenarios with
kick wvelocity [59,60]. For example, a low spin-orbit
misalignment angle measured for PSR J0737-3039A,
combined with determined factors such as low pulsar B
mass, system eccentricity, and transverse velocity from
timing measurements, would strongly support the evidence
for the formation of pulsar B through an electron capture

supernova event [61]. On the other hand, accretion theory
predicts that as pulsar A accretes matter from the progenitor
of pulsar B, its spin axis is anticipated to align with the total
angular momentum (effectively represented by the orbital
angular momentum) of the binary system. In the event of a
substantial kick to the system, the resulting misalignment
would be equivalent to the angular difference in the
orientation of the orbital plane before and after the super-
nova event [62]. These rich astrophysical implications of
the dual-line systems will be the subject of our future
investigations.
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