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Science with the TianQin Observatory: Preliminary results on Galactic
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We explore the prospects of detecting Galactic double white dwarf (DWD) binaries with the space-based
gravitational wave (GW) observatory TianQin. In this work, we analyze both a sample of currently known
DWDs and a realistic synthetic population of DWDs to assess the number of guaranteed detections and the
full capacity of the mission. We find that TianQin can detect 12 out of ~100 known DWDs; GW signals of
these binaries can be modeled in detail ahead of the mission launch, and therefore they can be used as
verification sources. Besides, we estimate that TianQin has a potential to detect as many as 10* DWDs in
the Milky Way. TianQin is expected to measure their orbital periods and amplitudes with accuracies of
~1077 and ~0.2, respectively, and to localize on the sky a large fraction (39%) of the detected population to
better than 1 deg?. We conclude that TianQin has the potential to significantly advance our knowledge on
Galactic DWDs by increasing the sample up to 2 orders of magnitude, and will allow their multimessenger
studies in combination with electromagnetic telescopes. We also test the possibilities of different
configurations of TianQin: (1) the same mission with a different orientation, (2) two perpendicular
constellations combined into a network, and (3) the combination of the network with the ESA-led Laser
Interferometer Space Antenna. We find that the network of detectors boosts the accuracy on the
measurement of source parameters by 1-2 orders of magnitude, with the improvement on sky localization
being the most significant.

DOI: 10.1103/PhysRevD.102.063021

I. INTRODUCTION

The first direct detection of gravitational waves (GWs)
generated from a binary black hole merger (GW150914)
was made by the LIGO and Virgo Collaborations in 2015
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[1], one hundred years after they were predicted by Albert
Einstein [2]. This detection, together with several sub-
sequent ones, including a binary neutron star merger
(GW170817), started new fields of GW and multimessen-
ger astronomy [3-7].

The sensitivity band of the currently operational ground-
based detectors LIGO and Virgo is limited between 10 Hz
and kilohertz frequencies [8]. However, GW sources span

© 2020 American Physical Society
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many orders of magnitude in frequency down to femto-
hertz. Several experiments aim to cover such a large
spectrum: the cosmic microwave background polarization
experiments [9], the pulsar timing array [10,11], and the
space-based laser interferometers, sensitive to femtohertz,
nanohertz, and millihertz frequencies, respectively [12,13].

The millihertz frequency band is populated by a large
variety of GW sources: massive black hole binaries
(103-107 M) formed via galaxy mergers [14—18]; com-
pact stellar objects orbiting massive black holes, called
extreme mass ratio inspirals (EMRIs) [19,20]; and ultra-
compact stellar mass binaries (and multiples) composed of
white dwarfs, neutron stars, and stellar-mass black holes in
the neighborhood of the Milky Way [21-24]. Besides
individually resolved binaries, stochastic backgrounds of
astrophysical and cosmological origin can be detected at
millihertz frequencies (e.g., Refs. [25,26]). Therefore, this
band is expected to provide rich and diverse science,
ranging from Galactic astronomy to high-redshift cosmol-
ogy and to fundamental physics [27-31].

Among all kinds of ultracompact stellar mass binaries,
those composed of two white dwarf stars [double white
dwarf binaries (DWDs)] comprise the absolute majority (up
to 10%) in the Milky Way. Being abundant and nearby,
DWDs are expected to be the most numerous GW sources
for space-based detectors [21,32-34].

Individual GW detections of DWDs will significantly
advance our knowledge on binary formation and white dwarf
stars themselves in a number of ways. First, DWDs represent
the end products of the low-mass binary evolution, and as
such, they encode information on physical processes such as
the highly uncertain mass transfer and common envelope
phases [35,36]. Second, DWDs are progenitors to AM
canum venaticorum (AM CVn) systems, short-period (<1
hour) mass-transferring DWDs, ideal for studying the
stability of the mass transfer [37—40]. Third, DWD mergers
are thought to originate a broad range of interesting transient
events including type-la supernovae (SNe la) [41-43]. In
addition, detached DWDs are particularly suitable for study-
ing the physics of tides. DWDs affected by tides will yield
information on the nature and origin of white dwarf
viscosity, which is still a missing piece in our understanding
of white dwarfs’ interior matter [44—47]. Finally, by analyz-
ing their GW signals, one could set constraints on deviations
from general relativity [48,49].

The overall GW signal from DWDs imprints the infor-
mation on the Galactic stellar population as a whole, and it
can constrain the structural properties of the Milky Way
[34,50-53]. A significant fraction of the population may
present a stellar or substellar tertiary companions that can
be recognized by an extra frequency modulation of the
DWD GW signals [24,31,54]. GW detectors have the
potential to guide the discovery of these populations [55].

TianQin is a space-based GW observatory sensitive to
millihertz frequencies [13,56,57]. Recently, a significant

effort has been put into the study and consolidation of the
science cases for TianQin [58]. On the astrophysics side,
these efforts include studies on the detection prospect of
massive black hole binaries [15,59], EMRIs [20], stellar-
mass black hole binaries [60], and stochastic backgrounds
[26]; on the fundamental physics side, prospects for testing
of the no-hair theorem with GWs from massive black hole
binaries [29] and constraints on modified gravity theories
[30,61-63] have been assessed for TianQin. In this paper,
we aim to forecast the detection of Galactic DWDs with
TianQin. Due to their low masses, the GW horizon of
DWDs is limited within the Milky Way, possibly reaching
nearby satellite galaxies and the Andromeda galaxy
[21,27,64,65]. Therefore, in this study we focus on the
Galactic population only. We concentrate on detached
systems, because they are expected to be orders of
magnitude more numerous than other types of binaries
in the millihertz frequency regime (e.g., Refs. [66,67]).
The paper is organized as follows: In Sec. II, we outline
the sample of the currently known ultracompact DWDs and
AM CVn’s, and we present a mock Galactic population. In
Sec. III, we derive analytical expressions for computing the
signal-to-noise ratio and uncertainties on binary parameters
for TianQin. In Sec. IV, we present our results on the
detectability of the known DWDs and that of the mock
population. We also present similar results for some
mission variations and explore the improvements that could
be achieved when a few detectors work as a network.
Finally, we summarize our main findings in Sec. V.

II. GALACTIC DOUBLE WHITE
DWARF BINARIES

The currently known electromagnetic (EM) sample
amounts to ~100 detached and ~60 interacting (AM CVn)
DWD systems with orbital periods <1 day [68—70]. Although
rapidly expanding with several recent detections [71-74], this
sample is still limited and represents only the tip of the iceberg
of the overall Galactic population. To quantify the ability of
TianQin in detecting DWDs, in this study we consider both
the known sample and a synthetic Galactic population. In this
section, we briefly outline both samples.

A. Candidate verification binaries

Binaries discovered through EM observations are often
called verification binaries 1in the literature (e.g.,
Refs. [75,76]). This is because we can measure their
parameters and therefore accurately model their GW signals;
the predicted signal can be used to verify the detector’s
performance. Here we consider a sample of 81 candidate
verification binaries (CVBs) (40 AM CVn type systems and
41 detached DWDs) with orbital periods <5 hours. Figure 1
shows the sky positions and the luminosity distances of our
CVBs in the ecliptic coordinate system.

We list parameters of verification binaries in Table V
in Appendix A. Parameters with poor observational
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FIG. 1.

Sky positions of the 81 candidate verification binaries shown in the ecliptic coordinate system, with lighter colors representing

shorter distances to the Solar System. Binaries with the highest SNR are highlighted. The blue line indicates the Galactic plane, with the

Galactic Center marked by the blue cross.

constraints have been inferred from theoretical models. For
example, for most verification binaries, trigonometric paral-
laxes from Gaia Data Release 2 [77] can be used to determine
their luminosity distance [76]. Distances to RXJ0806.3 +
1527 (also known as HM Cancri, hereafter JO806 [78]), CR
Boo, V803 Cen, SDSS J093506.92 + 441107.0, SDSS
J075552.40 + 490627.9, SDSS 1002207.65 — 101423.5,
and SDSS J110815.50 + 151246.6, however, are deter-
mined using different methods. In particular, JO806 has a
largely uncertain distance. Here we use a conservative upper
boundary of 5 kpc based on its luminosity observation [79].

In this work, we define a DWD system as a verification
binary if (1) it has been detected in the electromagnetic
(EM) bands, and (2) its expected GW signal-to-noise ratio
(SNR) for TianQin is > 5 with a nominal mission lifetime
of five years [75,76]. We adopt a relatively low SNR
threshold for the detection of the, because there is a priori
information from the EM observations to fall back on. We
also define the potential verification binaries to be the
CVBs which have 3 < SNR < 5 [75,76].

B. Synthetic Galactic population

In this study, we employ a synthetic catalog of Galactic
DWDs based on models of Toonen et al. [80,81]. These
models are constructed on a statistically significant number
of progenitor zero-age main sequence systems (~103)
evolved with binary population synthesis code SEBA [82]
until both stars become white dwarfs. To construct the
progenitor population, the mass of the primary star is drawn
from the Kroupa initial mass function in the range between
0.95 and 10 M, [83]. Then, the mass of the secondary is
drawn from a uniform mass ratio distribution between
0 and 1 [84]. Orbital separations and eccentricities are

obtained from a log-flat distribution (considering those
binaries that on the zero-age main sequence have orbital
separations up to 10°Ry.) and a thermal distribution,
respectively [84—-86]. The binary fraction is set to 50%
and the metallicity to solar. It is important to note that in
this paper, we use models that employ the ay-common
envelope evolution model designed and fine-tuned on
observed DWDs [37,87]. We highlight that this model
matches well the mass ratio distribution [80] and the
number density [81] of the observed DWDs.

Next, we assign the spatial and the age distributions to
synthetic binaries. Specifically, we use a smooth Milky Way
potential consistent of an exponential stellar disc and a
spherical central bulge, adopting scale parameters as in
Ref. [52] (see table 1 of that source). The stellar density
distribution is normalized according to the star formation
history numerically computed by Boissier and Prantzos
[88], while the age of the Galaxy is set to 13.5 Gyr. We
account for the change in binary orbital periods due to GW
radiation from the moment of DWD formation until
13.5 Gyr.

Finally, for each binary we assign an inclination angle ¢,
drawn randomly from a uniform distribution in cos:. The
polarization angle and the initial orbital phase (g and ¢,
respectively) are randomized, assuming uniform distribu-
tion over the intervals of [0, z) and [0, 2x), respectively.
The obtained catalog contains the following parameters:
orbital period P, component masses m; and m,, the ecliptic
latitude A and longitude f, distance from the Sun d, and
angles 1, g, ¢y. This catalog has been originally employed
in the study of DWD detectability with LISA [12].
Therefore, this paper represents a fair comparison with
the results in Amaro-Seoane et al. [12].
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II1. SIGNAL AND NOISE MODELING

A. Gravitational wave signals from
a monochromatic source

The timescale on which DWDs’ orbits shrink via GW
radiation is typically > Myr (at low frequencies). This is
significantly greater than the mission lifetime of TianQin of
several years; the two timescales are only comparable when

f/fNTm:

Tm -3/8 M -5/8

Therefore, binaries with frequencies significantly smaller
than 0.18 Hz can be safely considered as monochromatic
GW sources, meaning that they can be described by a set of
seven parameters: the dimensionless amplitude (A), GW
frequency f = 2/P, A, f, 1, s, and ¢b,. Note that we do not
include eccentricity, because DWDs circularize during the
common envelope phase.

GWs emitted by a monochromatic source can be
computed using the quadrupole approximation [89,90].
In this approximation, the GW signal can be described as a
combination of the two polarizations (+ and x):

hy(t) = A(1 + cosi?) cos(2zft + ¢y + @p (1)), (2)
hy(t) = 2A cost sin(2zft + o + @p(1)),  (3)
with

2(GM)3/3
4= 2T s, (@)
where M = (m;m,)3°/(m; + m,)'/3 is the chirp mass,
and G and c are the gravitational constant and the speed of
light, respectively. Note that the additional term ®p(¢) in
the GW phase [Egs. (2) and (3)] is the Doppler phase
arising from the periodic motion of TianQin around the
Sun:

Dy (1) = 27rft§sin(7r/2 = pB)cosaf,t—21), (5)

where R = 1 A.U. is the distance between the Earth and the
Sun, and f,, = 1/year is the modulation frequency. A and f
are the ecliptic coordinates of the source.

B. Detector’s response to GW signals

The design of the TianQin mission [13] envisions a
constellation of three drag-free satellites orbiting the Earth,
maintaining a distance between each other of ~10° km.
Satellites will form an equilateral triangle constellation
oriented in such a way that the normal vector to the detector’s
plane is pointing towards JO806 (1 = 120.4°, f = —4.7°).

In the low-frequency limit (f < f,, with f, = ¢/2zL
being the transfer frequency, ~0.28 Hz for TianQin), the
GW strain recorded by the detector can be described as a
linear combination of the two GW polarizations modulated
by the detector’s response [91]:

h(t) = ho () F7 (1) + hy () F* (1), (6)

where F*(1) are the antenna pattern functions.

For a detector with an equilateral triangle geometry, two
orthogonal Michelson signals can be constructed, and the
antenna pattern functions can be expressed as

1
F{(t,05.¢s.ws) = ? <§ (1 + cos®@s) cos 2¢p5(1) cos 2y
—cos g sin2¢g(1) sin 21//S>, (7)

3/1
Fi (1,05, ¢s.y5) = { <2(1 + cos%fs) cos 2¢ps (1) sin 2y
+ cos O sin 2¢h (1) cos 21//S>, (8)

s
F3 (1,05, s, ws) :Ff<t,95,¢5—4,ws>, 9)

T
F;(tvgsyqu?WS):FT<ta€Sa¢S_ZaWS)7 (10)

where /3/2 represents a factor originating from the
geometry of the detector and encodes the 60° angle between
the detector’s arms, and Og and ¢g(7) = ¢go + wt are the
latitude and longitude of the source in the detector’s
coordinate frame, with @ ~2 x 107 rad/s being the
angular frequency of the TianQin satellites. The trans-
formation from the ecliptic coordinates (3, 1) to the detector
coordinates (g, ¢s) can be found in Appendix E. The
subscripts 1 and 2 in Eqgs. (7)—(10) are labels for the two
Michelson signals, which are orthogonal to each other, as
indicated by the z/4 phase difference between the corre-
sponding antenna pattern functions (e.g., Ref. [91]). From
Egs. (7)—-(10), one can conclude that TianQin is most
sensitive to GWs propagating along the normal direction to
the detector’s plane, and least sensitive to GW's propagating
along the detector plane.

In general, the exact inclusion of the antenna pattern
functions is complicated (e.g., Ref. [92]). In practice, we
introduce the sky-averaged response function R(f) to
simplify the following calculations. It can be approxi-
mated by

3 1

R~ 10T 06077,

(11)
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The prefactor 3/10 = 2 x 3/20 is two times (to account
for two independent Michelson interferometers) the sky-

averaged factor of 3/20, which can be obtained as F*,
with F*+ = 4%;2 JEdy [37de [F F*T sin6d6.

C. Detector noise and the scaled sensitivity curve

The huge number of Galactic DWDs can generate a
foreground confusion noise that may affect the detection of
other types of GW sources. In Sec. IV A, we show that such
foreground is relatively weak for TianQin. Therefore,
through this paper we only consider the instrumental noise.

The noise spectral density of TianQin can be expressed
analytically as

1 [ 48, 104 H
5000 = 3 [ (147

where L, S,, S, are given in Table 1.

From the sky-averaged response function [Eq. (11)]
and the detector noise [Eq. (12)], one can construct the
sensitivity curve of the detector as

L [4s, (10 HD)
_F{<2nf>4<+ 7 >+}

[rvos(L)] m

R =RDS = garrp (9

Note that in this formalism, we assume the effect of the
antenna pattern to be associated with the signal. The
obtained sensitivity curve is represented in Fig. 2.

) +sx], (12)

where

D. Data analysis
The SNR p of a signal is defined as

p* = (hlh), (15)
TABLE I. Key parameters for the TianQin configurations.
Configuration TianQin
Number of satellites N=3

Orientation

Observation windows

Mission lifetime

Arm length

Displacement measurement noise
Acceleration noise

A=1204° p=-4.7°
2 x 3 months each year
5 years
L =+/3x10° km
S, =1x10"* m>Hz"!
S, =1x1073 m>s~* Hz"!

10—16
—— TianQin

— 10-17| — LISA
T
T
.E 10—18.
=
E=]
g 10—19.
o]
n

10—20 L

1074 1073 1072 1071 100 10!
Frequency[Hz]

FIG. 2. The sensitivity curve of TianQin. The red line corre-
sponds to S,(f), defined in Eq. (13), while the black line
corresponds to the full sky-averaged result, preserving all the
frequency dependence (see Egs. (15) and (16) in Ref. [15]). The
LISA sensitivity curve is shown by the blue line according
to Ref. [93].

where the inner product (-|-) is defined as [94,95],

(alb) = 4te / wdf%(%f)

2 T
/0 dra(t)b(1), (16)

S'n<f0>

R

where @(f) and b(f) are the Fourier transformations
of two generic functions a(z) and b(z); §,(f) is defined
in Eq. (13). The second step is obtained by using Parseval’s
theorem and the quasi-monochromatic nature of the signal,
which acts like a Dirac delta function on the noise power
spectral density [91].

For a monochromatic GW signal with frequency f, it is

possible to derive an analytical expression of the SNR (p),1

/T arn(on( = 2407 (49

2
p? = (hlh) ~=

Sn(fO) 0 Sn(fO)
with
1 [T
(A2) = —/ B2 (¢)dr (18)
T Jo
3
zﬁAz[(l + cos?1)?(F%) + 4cos’1(F2)], (19)
1
(F%) = 1 (1 + cos?0s)?cos?2y g + cos?fg sin?2yg,  (20)

'Note that our definitions of the SNR and the amplitude differ
from those in Ref. [23] by a numerical factor, but we both are
self-consistent.
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(FZ) = — (1 4 cos?0s)?sin*2y g + cos’Oscos? 2y,  (21)

Bl

where T is the observation time (which is half the operation
time), and we have neglected the O(T~') terms in Eq. (19).
It is also useful to define the characteristic strain
h. = AV/N, with N = f,T being the number of binary
orbital cycles observed during the mission. Analogously,

the noise characteristic strain is &,(f) = 1/fS,(f). One

can straightforwardly estimate the SNR from the ratio
between h, and h,,.

E. Galactic GW foreground

At frequencies < 1 mHz, the number of Galactic sources
per frequency is too large to resolve all individual GW
signals. These signals can potentially become indistin-
guishable and form a foreground for the TianQin mission
(in analogy with Ref. [96]). We assess the level of such a
foreground using a synthetic population presented in
Sec. II B.

We follow the method outlined in Littenberg and Cornish
[97]. For each binary, we construct the signal in the
frequency domain, A(f) (cf. Sec. I A). All signals in
each frequency bin are then incoherently added, forming an
overall population spectrum. Next, we smooth the spectrum
by a running median smoothing function with a set window
size and by fitting with cubic spline to it. We define the
smoothed Galactic spectrum Spwp(f) and compute the
total noise as the sum of the instrumental noise S,,(f) and
Spwp (f). Using the updated noise curve, we check if any
DWD results have a SNR larger than the preset threshold of
7. These “resolved” DWDs are then removed from the
sample, and the process is repeated from the beginning. The
iterations are performed until the convergence—i.e., until
there are no more new resolved sources. The final result is
represented in Fig. 3.

F. Parameter estimation

The uncertainty on the binary parameters can be derived

from the Fisher information matrix (FIM) I';;,

Oh| Oh

where &; stands for the ith parameter.

In the high-SNR limit (p > 1), the inverse of the FIM
equals to the variance-covariance matrix, £ = I'"!. The
diagonal entries X;; give the variances (or mean square
errors) of each parameter, (A¢;)?, while the off-diagonal
entries describe the covariances. In numerical calculations,
we approximate 0h/0¢; with numerical differentiation:

107181 0.5yr
1lyr
2yr
— v 4yr
S 10—19 | + + 5yr
's Syr (TQ 1)
E Sensitivity
i
2 1020)
%)
c
[}
w0 ¥
1
102t | ¥
1073 1072
Frequency [Hz]
FIG. 3. Expected foreground from Galactic DWDs for different

operation times (colored lines). The black solid line represents the
sensitivity curve of TianQin (cf. Fig. 2). The foreground with a
5 year operation time for TianQin II is also shown for compari-
son. Notice that it is consistent with the foreground of the
TianQin constellation with the same operation time.

9~ o5 26¢; '
The differentiation steps 0&; were chosen to make the
numerical calculation stable [98].

Notice that compared with the uncertainty of each
coordinate, we are more interested in the sky localization,
which is a combination of the uncertainties of both
coordinates [91]:

AQg = 2x|sin (T, — 23,) /2. (24)

When a network of independent detectors is considered,
the total SNR and FIM of a source can be calculated as

ptzotal = szzl = Z(havlu)’

oh,| oh,
Ftotal = za:ra = za: (agl ag}) ’ (25)

where the subscript a stands for quantities related to the ath
detector.

IV. RESULTS

In this section, we report our results for the TianQin
mission. We also consider an alternative version of the
mission configuration with the same characteristics
(cf. Table I), but oriented perpendicularly to the original
TianQin’s configuration (pointing towards A1 = 30.4°
and g =0°. In the following, we denote the standard
TianQin configuration as TQ and the additional one as
TQ II. GW observations can be improved if many detectors
are working simultaneously in a network (e.g., the
LIGO + Virgo network). Therefore, in this work we also
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explore the possibility of two detectors TQ and TQ II
operating simultaneously, both following the “three months
on + three months off” observation scheme as a way to fill
the data gaps of each other. We refer to the configuration
consisting of the two detectors as TQ I + II. In addition, we
also explore the possibility of TQ and TQ I+ II operating
together with LISA.

A. Galactic foreground

First, we assess the impact of the Galactic confusion
foreground for TianQin. In Fig. 3, we show the estimates of
the foreground levels corresponding to different operation
times (colored lines) obtained according to the procedure
described in Sec. IVA. Each line can be reproduced by

using the expression Spwp(f) = 102,-”“", where x =
log (f/1073) and polynomial coefficients a; are reported
in Table II for different operation times.

From Fig. 3, it is evident that the foreground strain is
inversely proportional to the operation time. Therefore, we
did not include the Galactic foreground in the following
analysis. Notice that the foreground of TianQin and
TianQin II are quite consistent, so a change in orientation
has a relatively minor effect on the overall foreground. This
is illustrated in Fig. 3, where the foreground of TQ II for a
5 year operation time is shown.

B. Verification binaries

Out of 81 considered candidates (cf. Table V), we find 12
verification binaries with SNR > 5: J0806, V407 Vul, ES
Cet, AM CVn, SDSS J1908, HP Lib, CR Boo, V803 Cen,
ZTF J1539, SDSS J0651, SDSS J0935, and SDSS J2322,
with JO806 having the highest SNR. In particular, we find
that JO806 reaches a SNR threshold of 5 already after only
two days of observation. We predict that its SNR will reach
36.8 after three months of observation, and will exceed
100 after a nominal five years of mission (effectively
corresponding to 2.5 years of observation time). In addi-
tion, we find three potential verification binaries with
3 <SNR < 5: SDSSJ1351, CXOGBS J1751, and PTF
JO533. Figure 4 shows the evolution of the SNR with time
for all verification binaries in blue for TianQin (TQ).

In Table VI, we report dimensionless amplitudes (A) and
SNRs for all 81 CVBs considering mission configurations:

TianQin (TQ), TQ I, and TQ I + II, assuming five years of
mission lifetime and setting ¢py = z and wg = x/2 for all
binaries. We note that the sky position, orbital inclination,
and GW frequency of the binary affect SNR by a factor of a
few [cf. Egs. (17)—(21)]. For example, V803 Cen and SDSS
J0651 have comparable GW amplitudes (16.0 x 10723 and
16.2 x 10723, respectively), but their SNRs differ signifi-
cantly (6.2 and 26.5, respectively). This difference arises
both from the fact that SDSS J0651 is located in a more
favorable position in the sky for TianQin (TQ), and the fact
that it has a higher frequency than V803 Cen. We also note
that because TianQin (TQ) is oriented directly towards
JO806, its SNR is the largest across the sample, although its
amplitude is not the highest. When considering the
TQ II configuration with a different orientation, its SNR
decreases by a factor of ~3.

We find that TQ II can detect 13 verification binaries
with SNR > 5 and one potential verification binary with
3 < SNR < 5. Being orthogonal to TianQin (TQ), the
TQ II configuration is more disadvantageous than for
the detection of J0806. However, even with TQ II,
JO806 can be detected with a SNR of 41.6. This is because
JO806 has the highest frequency across the sample
(cf. Table V). With a frequency of 6.22 mHz, it is
positioned in the amplitude-frequency parameter space
where the noise level of TianQin is the lowest (see also
Fig. 5). Therefore, JO806 is still among the best verification
sources for the TQ II configuration.

Similarly, for the network TQ I+ II, there will be 14
verification binaries and 1 potential verification binary. The
SNR evolution for different operation times for these
verification binaries is represented in red in Fig. 4. The
SNR produced by a source in this case is given by the root
sum squared of the SNRs of the two configurations
considered independently [see Eq. (25)]. Therefore, if
TianQin (TQ) and TQ II independently detect a source
with a similar SNR, the network TQ I + II would improve
the SNR by a factor of /2. However, if the source produces
significantly higher SNR in one of the detectors in the
network, the improvement is not significant (e.g., J0806 in
Table VI).

In Table III, we fix all other parameters and only report
the estimated uncertainties on the amplitude A and incli-
nation angle : for the 14 verification binaries. These two

TABLE II. The coefficients for the polynomial fit for the foreground, as IOZi""Xi, where x = log (f/1073). Successive rows

correspond to increasing operation time 7.

T ao a a, as ay as ag

0.5 yr —18.6 -1.22 0.009 —1.87 0.65 3.6 —4.6
1yr —18.6 —1.13 —0.945 -1.02 4.05 -4.5 -0.5
2 yr —18.6 —1.45 0.315 -1.19 —4.48 10.8 -94
4 yr —18.6 —1.43 —0.687 0.24 -0.15 -1.8 -3.2
Syr —18.6 —1.51 —-0.710 -1.13 -0.83 13.2 —19.1
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FIG. 4. The SNR evolution of verification binaries over time. Blue stars represent TianQin (TQ), and red stars represent TQ I + II. The

black dashed line corresponds to the SNR threshold of 5.

parameters are typically degenerate [cf. Egs. (2) and (3)].
However, for nearly edge-on binaries, the degeneracy can
be broken by using the asymmetry between two GW
polarizations (e.g., Ref. [98]). We present TianQin’s ability

TABLEIII. Uncertainties on A and 1 for 14 verification binaries
considering the TQ I+ II configuration. In the column denoted
“Without EM on 1,” we report uncertainties on .4 and cos  derived
from inverting the 2 x 2 FIM. In the column denoted “With EM
on 1,” we report uncertainties on A for the case when ¢ is known
a priori from EM observation.

without EM on with EM on
Source AA/A Acost cpess AA/A AA/ANA
JO806 0.061 0.055 0.991 0.008 7.625
V407 Vul 0.050  0.039 0.904 0.021 2.381
ES Cet 0.051 0.039  0.904 0.022 2.318
SDSS J1351  0.193  0.145 0905 0.082 2.354
AM CVn 0.115 0.102 0984  0.020 5.750
SDSS J1908  6.102 >1 1.000 0.100 >1
HP Lib 0.384 0360 0.997 0.030 12.800
CR Boo 0.865 0.813  0.997 0.066 13.106
V 803 Cen 4.377 >1 1.000 0.062 >1
ZTF J1539 0.013  0.012 0.300 0.013 1.000
SDSS J0651  0.033  0.018 0.157  0.032 1.031
SDSS J0935  0.073 0.056  0.904 0.031 2.355
SDSS J2322  1.033 0.979  0.998 0.063 16.397
PTF J0533 0.219  0.137  0.700 0.156 1.404

to constrain the polarization angle y in later sections. We
remark that Ref. [61] demonstrates that in the most
favorable setup, TianQin has the potential to constrain
the relative strength of extra polarization modes to the
tensor modes at an accuracy of about 1073, This is reflected
in a small correlation coefficient ¢ 4 o5, = 0.157 of SDSS
JO651 with the inclination angle of 86.95°. For decreasing
inclination angles, the degeneracy increases as can be seen
for SDSS J1908 and V803 Cen with inclination angles of
1 = 15° and 1 = 13.5°, respectively. These two verification
binaries have A cosz > 1, meaning that the uncertainty on
the inclination angle exceeds the physical range (0, 7).

By means of like eclipsing binaries observations, the
inclination angle can be independently determined from
the EM channel. It can then be used to narrow down the
uncertainty on the inclination from GW data by removing
the respective row and column of the FIM. In the column
denoted “With EM on :” in Table III, we recalculate the
uncertainties on the amplitude by inverting I" 44, equiv-
alently assuming that the inclination of the binary is known
by EM observation, and we report the ratio between this
uncertainty and the uncertainty estimated without EM
observation on ¢ (fourth column of Table III). We find
that, when the inclination angle is known a priori, the
uncertainty on the amplitude can be improved up by to a
factor of ~16 (e.g., for SDSS J2322), depending on the
exact value of the inclination angle of the source. Note that
the improvement for nearly edge-on binaries (ZTF J1539
and SDSS J0651) is negligible.
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TABLE IV. The expected detection numbers of resolvable
binaries for TianQin (TQ), TQ II, and TQ I + IL

0.5 yr 1yr 2 yr 4 yr 5 yr
TQ 2371 3589 5292 7735 8710
TQ II 1672 2595 3943 5782 6540
TQI+II 3146 4716 6966 10023 11212

C. Simulated Galactic double white dwarf binaries

To forecast the total number of binaries detectable by
TianQin, we employ the simulated population of Galactic
DWDs (cf. Sec. I B). Here, we set a higher SNR threshold
of 7, assuming that there is no a priori information from the
EM observations to fall back on.

We estimate the number of resolved DWDs for the three
considered configurations (TQ, TQ II, and TQ I + II) to be
of the order of several thousand for the full mission lifetime
of 5 years. In Table IV, we summarize our result for
increasing operation times. In Fig. 5, we show the
dimensionless characteristic strain of DWDs with SNR >
40 in the mock population compared to 14 verification
binaries.

The density of DWDs in the bulge region of the Galaxy
is significantly higher than in the disk (see Fig. 3 of
Korol et al. [52]); therefore, the detector’s orientation has a
significant impact on the total number of detectable DWDs.
The Galactic Center (where the density of DWDs is
the highest) in ecliptic coordinates corresponds to
(A =1266.8° p = —5.6°). TianQin (TQ) is oriented towards

(A =120.4° p = —4.7°)—that is, about 30° away from
the Galactic Center; TQ II is oriented towards
(A =30.4°p = 0°, which is about 60° away from the
Galactic Center. Consequently, the number of detected
DWDs for TianQin (TQ) is about 1.3—1.4 times larger than
for TQ II (cf. Table IV). When we consider TQ I + II, the
number of detections increases by ~1.3 compared to
TianQin (TQ) alone. We verify that pointing the detector
towards the Galactic Center would return the maximum
detections ~1.0 x 10%.

Figure 6 illustrates the distributions of the SNRs and
relative uncertainties on binary parameters 4, P, cost,
s, and sky position Qg [Eq. (24)]. The figure shows
that most sources have a relatively low SNR (<10), and
that there is a non-negligible number of sources with
SNR > 100 reaching a maximum of ~1000. These
high-SNR binaries are also well-localized ones (because
AQg « 1/p?); therefore, they will be good candidates for
EM follow-up and multimessenger studies [99]. We find
that for 90% of detections, the uncertainty on AP/P falls
within the range (0.15 —4.63) x 1077, on AA/.A within
0.04-5.02, on Acos: within 0.02—4.95, on Ay within
0.03-4.01 rad, and on AQg within 0.02-21.36 degz.
The median values of these uncertainties are AP/P=
1.41x1077, AA/A=0.26, Acosi=020, Ayg=
0.39 rad, and AQg = 1.85 deg>. We highlight that
TianQin (TQ) can locate 39% of DWDs to within better
than 1 deg2, while TQ I+ 1II can locate 54% of detec-
tions to within 1 deg?.

10—18
N .
e .
0, ~ °
%, anov
—19] P
< 10 %, »
@© )
E CR B/;o Hp "'bf
o SDSS J2322¢°D5S 1065
= PTF J0533
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O 10720}
©
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©
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@]
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FIG. 5.

The characteristic strain /.. of the 14 verification binaries (the golden dots and the red star) for TQ I 4 II and the simulated

DWDs with SNR > 40 for TianQin, compared with the noise amplitude %,, of TianQin (red line). JO806 is highlighted with a red star. An

operation time of 5 years is assumed.
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Next, we explore the additional cases of TianQin
operating in combination with LISA* TQ + LISA and
TQ I+ IT + LISA. For these additional cases, the mission
lifetimes of TQ and TQ I 4 II are assumed to be 5 years,
while that for LISA is taken to be 4 years [12]. We verify
that by adding LISA to the network, the total number of
detected DWDs doubles. This is due to the fact that LISA is
sensitive to relatively lower GW frequencies, where the
number of DWDs is larger.

As shown in Eq. (25), an additional detector can increase
the SNR of a source, and parameter estimation can also
benefit. We also look at the improvement in the parameter

“For LISA, we adopt the sensitivity curve from Ref. [93].

estimation precision for the 8710 resolvable binaries for
TianQin. In Fig. 7, we present the histograms of the ratio
between the uncertainties when measured by TianQin
alone, and when measured by a network of detectors.
The top-left panel of Fig. 7 shows that the improvement on
the SNR is within a factor of 10, while the improvements
on the parameters’ uncertainties are within a factor of a few
dozens for cos: and A and are largely comparable for all
three networks. Improvements on the SNR, A, P, y, and
Qg are larger for TQ + LISA and I + II 4 LISA; those on
wg and Qg can reach up to 2 or 3 orders of magnitude.
We remark that (1) TQ 4 LISA and TQ I + II 4 LISA are
better than TianQin and TQ I+ II in determining DWDs’
periods. (2) TianQin and TQ I 4 II are slightly better than
TQ + LISA and TQ I+ II+ LISA in determining GW
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amplitudes and cos(z). (3) TQ I+1I is better than TQ +
LISA and TQI + II + LISA, and the latter two are better than
TianQin in determining the sky positions. (4) The result for
the polarization angle y is a bit mixed, but the three networks
of detectors usually perform better than TianQin alone.

D. The estimation of the merger rate

In this section, we estimate the number of DWD mergers
that can be expected for TianQin. DWDs typically merge in
frequencies ranging from decihertz to a few hertz. Therefore,
the inspiral GW signals can be detected by TianQin.

We consider a DWD with equal mass components of
1 Mg, so that the total mass of the binary is larger the
Chandrasekhar mass limit. We model its chirping signal

with the IMRPhenomPv2 waveform [100] and calculate the
SNR using Eq. (16). Following Wang ef al. [15] and
assuming a mission lifetime of 5 years for TianQin, we find
that the SNR of our example DWD binary is

1 Mpc>

PR 20( (26)
This result implies that TianQin can detect SNe Ia explo-
sions within the virial radius of the Local Group.

The SNe Ia rate in the Milky Way is 0.01-0.005/yr
[101], and the DWD merger rate is 4.5-7 times the SNe Ia
rate (as most DWDs would not exceed the Chandrasekhar
limit) [69,102]. This means that an optimistic estimation of
the DWD merger rate is ~0.07/yr in the Galaxy.
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To estimate the DWD merger rate in the Local Group,
we note that the Local Group consists of about 60 galaxies,
most with masses < 108 M. Therefore, the total mass
of the Local Group galaxies is dominated by the Milky Way
and the Andromeda Galaxy [103]. The masses of the
Milky Way and the Andromeda Galaxy are 0.8-1.5x
10'2 M and 1-2 x 10'2 M, [103], respectively. Assuming
that the DWD merger rate is proportional to the galaxy mass,
one can obtain that the DWD merger rate within the Local
Group ranges from 0.0375/yr to 0.25/yr, using the relation

M
Rl <1 + i 2 ) X Ryw s (27)
MW

where M3; and My are the masses of the Andromeda Galaxy
and Milky Way, and Ry is the DWD merger rate in our
Galaxy. Therefore, in the optimistic case, TianQin would be
able to observe one DWD merger event with its lifetime of
5 years.

V. SUMMARY AND DISCUSSION

In this paper, we carried out the first prediction for the
detection of Galactic DWDs with TianQin. For this purpose,
we adopted a catalogue of known DWDs discovered with
EM observations and a mock Galactic population con-
structed using a binary population synthesis method. We
outlined analytical expressions and numerical methods for
computing noise curves, SNR, and uncertainties on the
measured parameters of monochromatic GW sources for the
TianQin mission with fixed orientation. By considering
different detector orientations, in this work we also
addressed an interesting open question regarding the optimal
orientation of the mission.

First, we assessed the strength of the foreground arising
from unresolved Galactic DWDs. We found that its effect
can be largely ignored for the present design sensitivity of
the TianQin detector.

When considering the sample of known DWDs, we found
that out of 81 CVBs with orbital periods <5 hour, TianQin can
detect 12 with SNR > 5 within 5 years of mission lifetime. In
particular, we found that TianQin will be able to detect JO806
(its main verification source) already after two days of
observations. We estimated that the expected uncertainty
on GW amplitude for verification binaries is within a few
percent. For verification binaries with small inclination angles
(nearly face-on), this uncertainty can be improved by up to a
factor of 16, if the binary inclination angle is known a priori.

When analyzing a synthetic Galactic population of
DWD, we found that the overall number of detections is
expected to be 8.7 x 103 for the full mission duration of
5 years. We found typical values (median) of ~10~7 on the
relative uncertainty of DWDs’ orbital periods, 0.26 on the
relative uncertainty of GW amplitude, 0.20 uncertainty on
cos1, and ~1 deg? uncertainty on sky positions. About 39%
can be localized to within better than 1 deg?.

Finally, we outlined a proof-of-principle calculation
showing that TianQin is expected to detect one DWD
merger event with a supernovae type la—like counterpart
during its five years of operation time.

In addition to TianQin’s nominal orientation (TQ,
pointing towards J0806), we also analyzed a variation of
the mission oriented perpendicularly (TQ II), and different
networks of simultaneously operational GW detectors TQ
I+ 1I, TQ + LISA, and TQ I + II 4 LISA. Although TQ II
and TQ I+ II can detect the same set of 12 verification
binaries as TianQin (TQ), the total number of detections
increases by ~1.3 when considering the network TQ I + IL
In addition, the total number of binaries localized to better
than 1 deg? also increases to 54% of the total detected
sample. We find that the major advantage of combining
TianQin and LISA, besides increasing the total number
of detections, consists in the improvement on binary
parameter uncertainties by 1-2 orders of magnitude, while
the improvement the sky localization can reach up to 3
orders of magnitude.

We are living in the era of large astronomical surveys with
the number of known DWDs increasing every year thanks to
surveys like ELM [104] and ZTF [105]. The upcoming
LSST [106], GOTO [107], and BlackGem [108] will further
enlarge the sample by the time TianQin will fly. We show
that the TianQin mission has the potential to push the DWD
field in the regime of robust statistical studies by increasing
the number of detected DWDs to several thousand. By
combining data from GW observatories such as TianQin
with those from the aforementioned large optical surveys, we
will enable multimessenger studies and advance our knowl-
edge about these unique binary systems.
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APPENDIX A: TABLE OF THE SELECTED
CANDIDATE VERIFICATION BINARIES

All the selected CVBs are listed in Table V, with the
ecliptic coordinates (4, f); the GW frequency f =2/P,
with P being the orbital period of the corresponding binary
stars; the luminosity distance d; the inclination angle 1 of
the source; and the heavier and lighter masses, M and m,
respectively, of the component stars. In some cases, there is
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TABLE V. The sample of candidate verification binaries.

A s f d M m l
Source [deg] [deg] [mHz] [kpc] [Ms] [Ms] [deg] Refs.
AMCVn — type systems
JO806 120.4425 —4.7040 6.22 [51° 0.55 0.27 38 i
V407 Vul 294.9945 46.7829 3.51 1.786 [0.8] [0.177] [60] i
ES Cet 24.6120 —20.3339 3.22 1.584 [0.8] [0.161] [60] i
SDSS J135154.46 — 064309.0 208.3879 4.4721 2.12 1.317 [0.8] [0.100] [60] i
AM CVn 170.3858 37.4427 1.94 0.299 0.68 0.125 43 i
SDSS J190817.07 4 394036.4 298.2172 61.4542 1.84 1.044 [0.8] [0.085] 15 i
HP Lib 235.0882 4.9597 1.81 0.276 0.645 0.068 30 i
PTF1 J191905.19 + 481506.2 309.0023 69.0290 1.48 1.338 [0.8] [0.066] [60] i
ASASSN-14cc 303.9576 —42.8640 1.48 1.019 [0.6] [0.01] [60] ii
CXOGBS J175107.6 — 294037 268.0614 —6.2526 1.45 0.971 [0.8] [0.064] [60] i
CR Boo 202.2728 17.8971 1.36 0.337° 0.885 0.066 30 i
KL Dra 334.1334 78.3217 1.33 0.956 0.76 0.057 [60] ii, iii
V803 Cen 216.1673 -30.3166 1.25 0.347° 0.975 0.084 13.5 i
PTF1 J071912.13 + 485834.0 104.3883 26.5213 1.24 0.861 [0.8] [0.053] [60] i, ii
SDSS J092638.71 + 362402.4 132.2867 20.2342 1.18 0.577 0.85 0.035 82.6 ii, iii
CP Eri 42.1327 —26.4276 1.17 0.964 [0.8] [0.049] [60] i, ii
SDSS J104325.08 4 563258.1 136.2923 43,9158 1.17 0.979 [0.6] [0.01] [60] ii
CRTS J0910 — 2008 147.3411 —34.5979 1.12 1.113 [0.6] [0.01] [60] ii
CRTS JO105 + 1903 22.5049 11.1283 1.05 0.734 [0.6] [0.01] [60] ii
V406 Hya/2003aw 140.7336 —21.2342 0.99 0.504 [0.8] [0.040] [60] i, il
SDSS J173047.59 + 554518.5 248.6846 78.6529 0.95 0911 [0.6] [0.01] [60] ii
2QZ J142701.6 — 012310 214.8878 12.4608 0.91 0.677 [0.6] [0.015] [60] ii, iii
SDSS J124058.03 — 015919.2 190.1933 2.2262 0.89 0.577 [0.8] [0.035] [60] i, ii
NSV1440 283.1788 —72.6108 0.89 0.377 [0.6] [0.01] [60] ii
SDSS J012940.05 + 384210.4 35.8760 27.0847 0.89 0.508 [0.8] [0.034] [60] i, il
SDSS J172102.48 4 273301.2 256.3525 50.5292 0.87 0.995 [0.6] [0.01] [60] ii
ASASSN-14mv 107.1184 —1.4233 0.82 0.247 [0.6] [0.01] [60] ii
ASASSN-14e¢i 15.2639 —59.9095 0.78 0.255 [0.6] [0.01] [60] ii
SDSS J152509.57 4+ 360054.5 214.3101 52.2364 0.75 0.524 [0.6] [0.01] [60] ii
SDSS J080449.49 + 161624.8 119.9052 —3.9847 0.75 0.828 [0.8] [0.027] [60] i, ii
SDSS J141118.31 4 481257.6 183.5559 55.8748 0.72 0.429 [0.6] [0.01] [60] ii
GP Com 187.7210 23.0012 0.72 0.073 0.59 0.011 [60] ii, iil
SDSS J090221.35 + 381941.9 126.7527 20.5254 0.69 0.461 [0.6] [0.01] [60] ii
ASASSN-14cn 183.9170 78.0916 0.67 0.259 0.87 0.025 86.3 i, ii
SDSS J120841.96 + 355025.2 165.8193 33.3289 0.63 0.202 [0.8] [0.022] [60] i, il
SDSS J164228.06 + 193410.0 245.3756 41.3659 0.62 1.044 [0.6] [0.01] [60] ii
SDSS J155252.48 4 320150.9 225.2376 50.6483 0.59 0.443 [0.6] [0.01] [60] ii
SDSS J113732.32 4 405458.3 156.4126 34.8546 0.56 0.209 [0.6] [0.01] [60] ii
V396 Hya/CE 315 205.7504 —14.4638 0.51 0.094 [0.8] [0.016] [60] i, ii
SDSS J1319 + 5915 159.2931 59.0926 0.51 0.205 [0.6] [0.01] [60] ii
Detached DWDs
ZTF J153932.16 + 502738.8 205.0315 66.1616 4.82 1.262 0.61 0.21 84 v
SDSS J065133.34 4 284423 .4 101.3396 5.8048 2.61 0.933 0.247 0.49 86.9 i
SDSS J093506.92 4 441107.0 130.9795 28.0912 1.68 0.645% 0.312 0.75 [60] i
SDSS J232230.20 + 050942.06 353.4373 8.4572 1.66 0.779 0.24 0.27 27 v
PTF J053332.05 + 020911.6 82.9097 —21.1234 1.62 1.253 0.65 0.167 72.8 vi
SDSS J010657.39 — 100003.3 11.4582 —15.7928 0.85 0.758 0.188 0.57 67 i, iii
SDSS J163030.58 + 423305.7 231.7612 63.0501 0.84 1.019 0.298 0.76 [60] i
SDSS J082239.54 4 304857.2 120.6816 11.0965 0.83 0.861 0.304 0.524 88.1 1, iii
ZTF J190125.42 + 530929.5 306.8131 74.6335 0.82 0.898 0.50 0.20 86.2 vii
SDSS J104336.27 4+ 055149.9 160.1545 —2.0480 0.73 1.744 0.183 0.76 [60] 1, iii
SDSS J105353.89 + 520031.0 141.2200 40.8002 0.54 0.683 0.204 0.75 [60] i, iii
SDSS J005648.23 — 061141.5 10.6273 —11.3044 0.53 0.620 0.180 0.82 [60] i, iii
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TABLE V. (Continued)

A p f d M m 1

Source [deg] [deg] [mHz] [kpc] [Ms] [Ms] [deg] Refs.
SDSS J105611.02 4+ 653631.5 130.4076 52.2268 0.53 1.104 0.334 0.76 [60] 1, iii
SDSS J092345.59 + 302805.0 133.7151 14.4268 0.51 0.299 0.275 0.76 [60] i
SDSS J143633.28 4+ 501026.9 187.5011 59.9313 0.50 1.011 0.234 0.78 [60] i, iii
SDSS J082511.90 4 115236.4 125.7257 —7.1746 0.40 1.786 0.278 0.80 [60] i, iii
WD 0957 — 666 208.5263 —67.3013 0.38 0.163 0.37 0.32 68 1, 1ii
SDSS J174140.49 + 652638.7 208.8283 87.8286 0.38 1.159 0.170 1.17 [60] 1, iii
SDSS J075552.40 4+ 490627.9 110.9953 27.7583 0.37 2.620° 0.176 0.81 [60] iii
SDSS J233821.51 —205222.8 346.5446 —16.9689 0.30 0.429 0.15 0.263 [60] iii
SDSS J230919.90 + 260346.7 359.6100 28.7808 0.30 1.765 0.176 0.96 [60] viii
SDSS J084910.13 + 044528.7 133.3917 —12.5404 0.29 1.002 0.176 0.65 [60] iii
SDSS J002207.65 — 101423.5 0.9548 —11.5858 0.29 1.151° 0.21 0.375 [60] iii
SDSS J075141.18 — 014120.9 120.3746 —22.2324 0.29 1.741 0.97 0.194 [60] iii
SDSS J211921.96 — 001825.8 322.1533 14.5725 0.27 1.053 0.74 0.158 [60] iii
SDSS J123410.36 — 022802.8 188.8196 1.1194 0.25 0.754 0.09 0.23 [60] iii
SDSS J100559.10 + 224932.2 145.4432 10.4254 0.24 0.555 0.36 0.31 88.9 iii
SDSS J115219.99 + 024814.4 177.1265 1.8106 0.23 0.718 0.47 0.41 89.2 iii
SDSS J105435.78 — 212155.9 173.8923 —26.0107 0.22 1.313 0.39 0.168 [60] iii
SDSS J074511.56 + 194926.5 114.6397 —1.3939 0.20 0.875 0.1 0.156 [60] iii
WD 1242 — 105 194.5586 —5.5520 0.19 0.040 0.56 0.39 45.1 1, 1ii
SDSS J110815.50 4+ 151246.6 162.1662 8.9070 0.19 0.698* 0.42 0.167 [60] iii
WD 1101 + 364 152.2513 27.6895 0.16 0.088 0.36 0.31 [60] iii
WD 1704 + 4807BC 242.3234 70.1865 0.16 0.039 0.39 0.56 [60] ix
SDSS J011210.25 4 183503.7 23.7268 10.1149 0.16 0.843 0.62 0.16 [60] iii
SDSS J123316.20 + 160204.6 181.0654 17.9826 0.15 1.207 0.169 0.98 [60] viii
SDSS J113017.42 + 385549.9 156.0760 32.4474 0.15 0.884 0.72 0.286 [60] iii
SDSS J111215.82 4+ 111745.0 164.6171 5.6844 0.13 0.384 0.14 0.169 [60] iii
SDSS J100554.05 4 355014.2 140.4558 22.5307 0.13 1.747 0.168 0.75 [60] viii
SDSS J144342.74 4 150938.6 213.1397 29.4368 0.12 0.839 0.84 0.181 [60] iii
SDSS J184037.78 4 642312.3 337.4095 85.2636 0.12 0.829 0.65 0.177 [60] iii

?As these systems have no measured parallaxes from Gaia DR2, the distance is estimated by other previous observations.

no direct measurement on the masses or the inclination (iii) Ref. [23], (iv) Ref. [71], (v) Ref. [74], (vi) Ref. [72],
angles, so estimated values are assigned based on the (vii) Ref. [73], (viii) Ref. [104], and (ix) Ref. [109], and the
evolutionary stage and the mass ratio of the corresponding ~ references therein.

system. All such values are given within square brackets.
We make a conservative choice of 5 kpc for the distance to APPENDIX B SNR OF CANDIDATE

JO806 [79]. The right column of Table V uses Roman VERIFICATION BINARIES
numerals to denote the sources from which the parameters The GW amplitudes and SNR of all selected CVBs are
of the listed sources are taken: (i) Ref. [76], (ii) Ref. [70], listed in Table VI, assuming a nominal mission lifetime of

TABLE VI. The expected amplitude .4 and SNR of 81 candidate verification binaries. A is given in units of 10723,

SNR

Source A TQ TQ II TQI+1I
AM CVn — type systems

JO806 6.4 116.202 41.657 123.443
V407 Vul 11.0 41.528 21.537 46.780
ES Cet 10.7 17.775 42.110 45.708
SDSS J135154.46 — 064309.0 6.2 4.454 11.345 12.188
AM CVn 28.3 31.245 37.499 48.810
SDSS J190817.07 4 394036.4 6.1 8.622 5.077 10.006
HP Lib 15.7 16.619 29.427 33.795

(Table continued)
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TABLE VL. (Continued)

SNR

Source A TQ TQ II TQI-+1II
PTF1 J191905.19 + 481506.2 3.2 1.526 1.122 1.894
ASASSN-14cc 0.5 0.338 0.188 0.387
CXOGBS J175107.6 — 294037 4.2 3.022 2.172 3.722
CR Boo 12.9 5.473 14.029 15.058
KL Dra 3.5 1.109 1.006 1.497
V803 Cen 16.0 6.187 15.026 16.249
PTF1 J071912.13 + 485834.0 3.6 1.844 0.982 2.089
SDSS J092638.71 + 362402.4 3.6 1.175 0.664 1.350
CP Eri 2.8 0.676 1.384 1.540
SDSS J104325.08 4 563258.1 0.5 0.178 0.112 0.211
CRTS J0910 — 2008 0.4 0.164 0.104 0.194
CRTS JO105 + 1903 0.6 0.108 0.256 0.277
V406 Hya/2003aw 4.0 1.414 0.745 1.599
SDSS J173047.59 4 554518.5 0.4 0.069 0.066 0.096
2QZ J142701.6 — 012310 0.9 0.115 0.282 0.304
SDSS J124058.03 — 015919.2 2.8 0.436 0.842 0.948
NSV1440 1.0 0.140 0.130 0.191
SDSS J012940.05 4 384210.4 3.1 0.389 0.882 0.964
SDSS J172102.48 4 273301.2 0.4 0.069 0.063 0.093
ASASSN-14mv 1.5 0.388 0.174 0.425
ASASSN-14ei 1.4 0.133 0.192 0.233
SDSS J152509.57 + 360054.5 0.7 0.059 0.097 0.114
SDSS J080449.49 + 161624.8 1.4 0.304 0.119 0.326
SDSS J141118.31 + 481257.6 0.8 0.068 0.093 0.115
GP Com 5.0 0.490 0.882 1.009
SDSS J090221.35 + 381941.9 0.7 0.121 0.053 0.132
ASASSN-14cn 4.0 0.220 0.227 0.316
SDSS J120841.96 + 355025.2 4.1 0.383 0.408 0.560
SDSS J164228.06 4+ 193410.0 0.3 0.025 0.029 0.038
SDSS J155252.48 + 320150.9 0.7 0.039 0.060 0.072
SDSS J113732.32 + 405458.3 1.4 0.110 0.095 0.145
V396 Hya/CE 315 55 0.221 0.535 0.579
SDSS J1319 + 5915 1.3 0.063 0.062 0.089
Detached DWD

ZTF J153932.16 + 502738.8 18.4 51.351 60.184 79.114
SDSS J065133.34 + 284423 .4 16.2 26.535 15.700 30.831
SDSS J093506.92 + 441107.0 29.9 28.797 14.245 32.128
SDSS J232230.20 + 050942.06 8.7 9.973 12.371 15.891
PTF J053332.05 + 020911.6 7.6 4.965 4.042 6.402
SDSS J010657.39 — 100003.3 8.3 0.989 1.892 2.135
SDSS J163030.58 + 423305.7 11.6 1.423 1.721 2.233
SDSS J082239.54 + 304857.2 10.4 1.713 0.887 1.929
ZTF J190125.42 + 530929.5 6.5 0.614 0.549 0.824
SDSS J104336.27 + 055149.9 3.9 0.649 0.561 0.857
SDSS J105353.89 4+ 520031.0 9.0 0.698 0.457 0.835
SDSS J005648.23 — 061141.5 9.3 0.475 0.931 1.045
SDSS J105611.02 + 653631.5 8.7 0.570 0.378 0.684
SDSS J092345.59 4 302805.0 26.2 2.422 1.138 2.675
SDSS J143633.28 4+ 501026.9 6.7 0.262 0.359 0.444
SDSS J082511.90 + 115236.4 3.9 0.235 0.094 0.253
WD 0957 — 666 25.7 0.502 0.621 0.798
SDSS J174140.49 + 652638.7 4.9 0.104 0.103 0.147
SDSS J075552.40 + 490627.9 1.7 0.072 0.035 0.080
SDSS J233821.51 — 205222.8 3.3 0.073 0.078 0.107

(Table continued)
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TABLE VL. (Continued)

SNR
Source A TQ TQ II TQI-+1II
SDSS J230919.90 + 260346.7 2.4 0.046 0.062 0.077
SDSS J084910.13 + 044528.7 3.2 0.094 0.042 0.103
SDSS J002207.65 — 101423.5 2.1 0.036 0.056 0.067
SDSS J075141.18 — 014120.9 2.7 0.078 0.032 0.084
SDSS J211921.96 — 001825.8 29 0.069 0.037 0.078
SDSS J123410.36 — 022802.8 0.9 0.011 0.020 0.022
SDSS J100559.10 + 224932.2 5.3 0.059 0.039 0.071
SDSS J115219.99 + 024814.4 6.3 0.047 0.062 0.078
SDSS J105435.78 — 212155.9 1.3 0.014 0.017 0.022
SDSS J074511.56 + 194926.5 0.6 0.008 0.003 0.008
WD 1242 — 105 109.2 0.755 1.656 1.820
SDSS J110815.50 + 151246.6 2.4 0.022 0.020 0.030
WD 1101 + 364 254 0.159 0.120 0.199
WD 1704 + 4807BC 99.9 0.376 0.388 0.541
SDSS J011210.25 + 183503.7 2.2 0.008 0.019 0.020
SDSS J123316.20 + 160204.6 2.2 0.009 0.014 0.016
SDSS J113017.42 + 385549.9 3.9 0.019 0.016 0.026
SDSS J111215.82 +111745.0 1.4 0.005 0.005 0.008
SDSS J100554.05 + 355014.2 1.1 0.005 0.003 0.006
SDSS J144342.74 + 150938.6 2.6 0.005 0.010 0.011
SDSS J184037.78 + 642312.3 2.1 0.004 0.004 0.005
five years and the three configurations of TianQin, ¢y = # W(t) = 2xft+ o + @p (1) + ©p(1). (C4)
and yg = x/2 for all binaries.
The polarization phase ®p(r) is given by
APPENDIX C: REEXPRESSION OF THE
RESPONSE GRAVITATIONAL WAVE SIGNAL _[—AF*(1)
(I)p(t) = tan 1 (m) . (CS)
+

For convenience of calculation, we rearrange the expres-
sion for the waveform in the detector:

h(t) = A(t) cos¥(1), (C1)
where the waveform amplitude A(7) is
A1) = [(ALFH(0) + (AF*(0))*]2. (C2)
A, and A, are given by
A, = A(1 + cosi?), A, =2Acosti.  (C3)

The phase of the waveform is

V3

EH1:0.9) =3

APPENDIX D: DERIVATION OF THE
AVERAGE AMPLITUDE

In order to verify our SNR calculation, more specifically
the calculation of average amplitude, we can obtain the
average amplitude from the antenna beam patterns function
given by Eq. (13) in Ref. [59]:

F(1,0,¢,w) =cos2w&" (1,0, ¢) —sin2y & (1,0, ¢),
F*(1,0,¢,w) =sin2y & (1,0,¢) +cos2y = (1,0,¢), (D1)

and

(4cos2(k = B')((3 4 cos260) sin 6 sin2(¢p — ;) + 2 sin(¢p — ¢h,) sin 26 cos ;)

—sin2(k — ) (3 + cos2(¢p — ¢, ) (9 + cos 20(3 — cos 26,)) + 6 cos 20,sin’ (¢ — ¢,)
— 6.c0820c0s%0, + 4 cos(¢p — ¢,) sin 20 sin 26,)),

E(1;,0,¢) = g (—4cos2(k —f)(cos2(¢p — ¢s) cos O sin O + cos(¢p — ¢h) sin @ cos ;)

+sin2(k — f')(cos (3 — cos 20, ) sin 2(¢p; — ) + 2 sin(¢p; — ¢p) sin O sin 26,)),
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where k = 2zf .t + A, f. = 1/(3.65d) is the modulation
frequency from the rotation of the satellites around the
guiding center. A’ and f' are some of initial phase of
constant.

In the above expression, = z/2 — ff and ¢ = 1 are the
source location in the ecliptic coordinate system. y is the
polarization angle. §; and ¢, are the ecliptic coordinates of
the reference source. For the reference source of TianQin is
JO806, 0, = —4.7040° and ¢, = 120.4425°.

By performing the same process as described in Sec. I1I D,
we get some expressions similar to Egs. (19)—(21), given
below:

(A%) = A*[(1 4 cos?1)>(F3) + 4cos*i(F2)],  (D3)
1
(F2) = § (cos2y(D2) ~ sindy{D., D) + sin2y(D2).
(D4)
1
(F2) = § (cos2y{D2) + sindy (D, D,) + sin2y (D))
(D5)
where
(D3) = b + b3,
(D%) = b3 + b,
(DyDy) = =2(b1b3 + byby), (D6)
and
V3

b, = < ((3 4 cos26) sin O, sin2(¢p — py)

+ 2sin(¢p — ¢,) sin20cos b,),
4
32

+ 6 cos 20,sin’(¢p — ¢,

— 608 20c0s°0, + 4 cos(¢p — ;) sin 20sin 26,),

b, 3+ cos2(¢p — ¢hs)(9 + cos 260(3 — cos 20y))

3
by = \g_ (cos2(¢p — ¢py) cos Osin b,
+ cos(¢p — ¢) sinf cos 6y),

b, = g ((3 = cos20,) cos Osin2(¢s — )

+ 2sin(¢py — ) sin O sin 26;). (D7)

The average amplitude calculated by Eqs. (D3)—-(D7) is
consistent with Egs. (19)—(21), with 0.1% ~ 1% of relative
uncertainty.

APPENDIX E: COORDINATE
TRANSFORMATION

The transformation of the source position from the
ecliptic coordinates (f, 1) to the detector coordinates
(Os, ¢s) and (O, @) of the TianQin (TQ) and TQ II is
described by the following formula:

dsinfgcos ¢g

dsinfgsingg | = R.(0 = 120° — 90°)

dcos Oy
X R.(60 = —4.7° - 90°)
dcospcosi
x | dcospsini (E1)
dsinf
dsin 6 cos ¢
and | dsinfsings | =R, (0 =90°)R, (0 = 120°—-90°)
dcos 0
X R, (0 =—-4.7°-90°)
dcosfcosi
x | dcosfsind |, (E2)
dsinp
where the rotation matrices are
1 0 0
R.(0)=10 cos@ sinf |,
0 —sinf cosd
cosf® 0 —sind
R,(0) = 0 1 0 , and
sinf 0 cosé
cosf sind O
R.(0) = | —sin@ cosf 0 (E3)
0 0 1
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