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Wide, highly eccentric (e > 0.9) compact binaries can naturally arise as progenitors of gravitational
wave (GW) mergers. These systems are expected to have a significant population in the mHz band (e.g.,
~3-45 detectable stellar-mass binary black holes with e > 0.9 in the Milky Way), with their GW signals
characterized by “repeated bursts” emitted upon each pericenter passage. In this study, we show that the
detection of mHz GW signals from highly eccentric stellar mass binaries in the local universe can strongly
constrain their orbital parameters. Specifically, it can achieve a relative measurement error of ~107° for
orbital frequency and ~1% for eccentricity (as 1 — e) in most of the detectable cases. On the other hand, the
binary’s mass ratio, distance, and intrinsic orbital orientation may be less precisely determined due to
degeneracies in the GW waveform. We also perform mock LISA data analysis to evaluate the realistic
detectability of highly eccentric compact binaries. Our results show that highly eccentric systems could be
efficiently identified when multiple GW sources and stationary Gaussian instrumental noise are present in
the detector output. This work highlights the potential of extracting the signal of “bursting” LISA sources to
provide valuable insights into their orbital evolution, surrounding environment, and formation channels.
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I. INTRODUCTION

Many compact object binaries are expected to have
non-negligible eccentricity in the millihertz gravitational
“Contact author: zeyuan.xuan @physics.ucla.edu wave (GW) band. In particular, GW sources formed via
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dynamical channels can naturally undergo a progenitor
stage before the final merger, during which the environment
perturbs the binary and excites the orbital eccentricity
(e.g., e 2 0.9); therefore, even if the GW source is initially
characterized by a large semimajor axis (e.g., a 2 0.1 au),
its pericenter distance, r, = a(1 — e), can become suffi-
ciently small to induce strong millihertz GW emission
[1-3], leading to orbital energy loss and eventually result-
ing in a GW merger. For example, in dense star clusters,
external perturbations like GW capture, binary-single, and
binary-binary scattering (see, e.g., Refs. [4-24]) can drive a
significant fraction of wide compact object binaries into
highly eccentric orbits. In a hierarchical triple system,
where a tight binary orbits a third body on a much wider
“outer orbit,” the inner binary can undergo eccentricity
oscillations due to the eccentric Kozai-Lidov mechanism
[25-29], potentially leading to an eccentric GW merger.
Furthermore, eccentric compact binaries could form in
stellar disks or active galactic nucleus accretion disks
[22,30-38]. In the galactic field, fly-by interactions and
galactic tides may also produce eccentric GW sources (see,
e.g., Refs. [39—42]). These eccentric binaries can signifi-
cantly contribute to the number of sources in mHz GW
detection (e.g., ~3-45 detectable stellar-mass binary black
holes with e > 0.9 in the Milky Way [3]) and yield non-
negligible merger rate of compact objects in the Local
Group [11,29,43-49] over the expected observation time of
the future Laser Interferometer Space Antenna (LISA)
mission [50].

So far, many studies have focused on measuring the
residual eccentricity of GW mergers detected by LIGO,
Virgo, and KAGRA, which could significantly enhance our
understanding of the formation mechanisms of compact
binaries [9,49,51-60]. However, there is still a lack of clear
observational evidence for the eccentricity of GW sources
(see, e.g., Refs. [22,61-64]), mostly because GW radiation
tends to circularize the orbit, rendering eccentricity
negligible within the sensitive frequency band of
current detectors [65,66]. On the other hand, LISA [50]
will observe sources in a lower-frequency band
(10~#-10~! Hz), allowing us to probe the earlier evolu-
tionary stages of these eccentric GW mergers (see, e.g.,
Refs. [67-77]). Therefore, it is crucial to evaluate the
detectability and parameter measurement accuracy of
eccentric GW sources, particularly for mHz detections
by LISA.

This work focuses on the astrophysical inference of
highly eccentric, stellar-mass compact object binaries.
Specifically, the GW signal emitted by wide, highly eccen-
tric compact binaries has a unique signature in the mHz
band. For example, when a binary’s eccentricity is small, its
GW signal can be approximated by a near-monochromatic,
sinusoidal wave (see, e.g., Ref. [78]). However, as the
eccentricity increases, the GW emission becomes stronger
upon each pericenter passage, transforming the signal into a

burstlike waveform (see, e.g., Refs. [3,7,79]). These bursting
GW signals, characterized by transient pulses in the time
domain, generate a frequency power spectrum with numer-
ous harmonics (on the order of ~103-10°) that contribute
significantly to the total signal-to-noise ratio (see, e.g.,
Refs. [3,7]). As a result, the energy of the GW signal is
spread across a wide frequency range, making it necessary
to employ methods that can resolve broadband transient
signals, such as wavelet decomposition [80-84].
Furthermore, multiple bursting sources may simultaneously
contribute to the signal [3], highlighting the need to identify
and disentangle individual sources, as demonstrated below.
The collective GW signal from multiple highly eccentric
binaries could also form a stochastic GW background,
where numerous GW harmonics from different sources
overlap [79], and interfere with our understanding of other
LISA sources.

It has been suggested that eccentric GW signals can
be detected in the LISA band, leading to extracting
information about the astrophysical sources (see, e.g.,
Refs. [5,48,68,71,77,85-102]). Furthermore, many efforts
have been made to analyze the mHz bursting GW signals
using various waveform templates [1,2,103-107].
However, it remains unclear whether we can successfully
distinguish highly eccentric (e > 0.9) sources in mHz data
analysis and what level of parameter estimation accuracy
can be realistically achieved for such systems. Below, we
quantify the parameter measurement accuracy using a
Fisher matrix analysis and, for the first time, demonstrate
the application of matched filtering for identifying highly
eccentric stellar-mass binaries in the LISA band, in the
presence of multiple GW sources and instrumental detector
noise. In this work, we analyze the bursting compact
binaries in the Milky Way as a representative example.
However, the results of Fisher matrix analysis and matched
filtering can be generalized, with a rescaling of distance and
signal-to-noise ratio, to bursting sources in the local
universe with negligible redshift.

Note that the Fisher matrix analysis [78,108] has been
widely used in the literature to evaluate the parameter
measurement accuracy for LISA, because of its simplicity
and computational efficiency. However, this method can
sometimes provide inaccurate results, particularly for
waveforms with low expected signal-to-noise ratios (SNR)
or for signals that depend weakly on certain parameters
(see, e.g., Refs. [109,110]). Therefore, the parameter
measurement accuracy presented in our work should be
interpreted as an initial estimation for this new class of
sources (i.e., wide, highly eccentric binaries with slow
orbital evolution). A Bayesian analysis is beyond the scope
of this paper.

The paper is organized as follows. In Sec. IT A, for
completeness, we review the astrophysical properties of
highly eccentric GW sources [3,79]. Next, we discussed the
waveform model used in this work and described the
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parametrization of the waveform template (see Sec. II B). In
Sec. IIT A, we estimated LISA’s parameter measurement
accuracy for highly eccentric GW sources using the Fisher
matrix analysis. Furthermore, we carried out mock LISA
data analysis to discuss the identification of bursting
sources under realistic assumptions. In particular, we
introduce the matched filtering method in Sec. I1I B, which
is commonly adopted to analyze GW data, then highlight
the difference between the data analysis of bursting and
other quasicircular GW sources (see Sec. IVA). The
simulation of mock LISA data is discussed in Sec. IV B,
and the mock analysis results are shown in Sec. IV C. In
Sec. V, we summarized the paper and discussed the
astrophysical implications. Throughout the paper, unless
otherwise specified, we set G = ¢ = 1.

II. ASTROPHYSICAL PROPERTIES AND
WAVEFORM MODELING

A. Astrophysical properties

As discussed in Sec. I, wide, highly eccentric compact
binaries often serve as progenitors of GW mergers, par-
ticularly in dynamical channels where environmental per-
turbations cause close encounters between two compact
objects. Furthermore, as shown in our previous works
[3,79], these highly eccentric binaries could have promising
prospects for detectability, extended lifetime, and a sig-
nificant population in the local universe. Therefore, for
completeness, we briefly summarize the relevant findings
and discuss the signatures of highly eccentric waveforms in
the mHz band in this section.

The GW emission from a highly eccentric binary is
largely suppressed for most of the orbital period. However,
during each pericenter passage, the distance between the
two components of the binary will decrease significantly,
producing a sudden burst of GW radiation. Thus, the GW
signal from wide, highly eccentric sources is characterized
by “repeated bursts” [1,7,54,84,106,111,112], where the
separation between two bursts is the orbital period.
Furthermore, the duration of each GW burst is approx-
imately the pericenter passage time, T, [3,4], which can be
estimated using the pericenter distance divided by the
orbital velocity at pericenter,

r
Tp ~L~ (1 - 6)3/2T0rb’ (1)

Up
where v, is the orbital velocity at pericenter and Ty =

27a*>M~"/? is the period of a binary with a total mass M.
Note that we omit an order unity factor of (1 + e)~!/2,
following our previous work [3].

Furthermore, we can estimate the strain amplitude, /.,
and peak frequency, fpus, Of a single GW pulse in the
waveform of a highly eccentric compact binary using the
relations [3]

3
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in which f,4, = 1/T.y is the orbital frequency of the
bursting source; R is the distance of the binary from the
observer; m; and m, are the mass of the binary’s compo-
nents; and 57, = 4mm,/(m; + m,)? is unity for equal mass
sources. We note that the peak GW frequency of eccentric
sources is often estimated as fpeq = f o (1 +€) /(1 —¢) /2
[4]. A more detailed expression of the peak frequency can
also be found in Refs. [43,94]. For consistency with other
definitions in our previous treatment [3], here we adopt
Fourst ~ 2f o (1 — €)73/2, which differs by an order of unity.

As shown in Egs. (2) and (3), even when the binary is
considerably wide and the orbital frequency is well below
the LISA band (e.g., @ ~ 1 au), an increase in the orbital
eccentricity can result in mHz GW burst emission, with the
strain amplitude strong enough to be detected by LISA.
In particular, we can estimate the signal-to-noise ratio of
these bursting sources using the following analytical
equation [3,113],

and

\/Sh%;;) Tobs(1 - 8)3/2 (Tobs = TOl'b)

hbursl T < T ’
fburslSn (fbursl)/z ( obs = Orb)

SNR ~ (4)

where T, is the observational time and S,(f) is the
spectral noise density of LISA evaluated at GW frequency
f (see, e.g., Refs. [114-117]). [Note that Eq. (4) is an
approximation. For a more precise expression of the SNR,
see, for example, Appendix B of Ref. [3].]

We highlight that, for a bursting source, the strong GW
emission only happens for a short amount of time near the
pericenter passage, while the binary will remain quiescent
for the rest of the orbital period. Therefore, the overall
energy emission and SNR will be suppressed by a factor of
~(1 — €)*/? compared to circular binaries with the same GW
frequency [see, e.g., Eq. (4)]. However, such suppression in
energy emission also results in a much slower orbital
shrinkage and a significantly longer detectable time within
the LISA band. In particular, we can estimate the lifetime of
abursting source, 7y, by considering the merger timescale
of binaries with extreme eccentricity [3,65],
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3
Thurst ~ W
f burst

q(1 2+ q) (201‘1\44@) ) (3.16 mHz) k (3_&;) _%,
(5)

a*(1—=e2)72 ~1.17 x 10° yr

where y = mym,/(m; + m,) and g = m;/m,.

As shown in Eq. (5), with the parameters of a ~ 1 au,
e~0.998, m =m; =10M, and R = 8 kpc, a stellar-
mass bursting sources can remain detectable in the mHz
band for ~10° years [note that this system has a signal-to-
noise ratio SNR ~ 50 for a 3 yr LISA observation; see
Eq. (4)]. Such a lifetime is much longer than a stellar-mass
circular binary’s merger timescale, which is typically
~103-10* yr in the mHz band [65]. Therefore, as a
progenitor stage of GW mergers, the extended lifetime
of highly eccentric binary indicates their large population in
the local universe. For future observation, we expect LISA
to detect many slowly evolving bursting sources as a
natural consequence of compact binaries’ dynamical
formation.

In Fig. 1, we illustrate a representative example
of bursting GW signals from highly eccentric, stellar-
mass binary black hole (BBH) systems. Specifically, we
choose the parameters of m; = 15Mg, my = 10M,
a = 0.100148 au, ¢ = 0.99, and ® = ® = z/4 (note that
0, @ is the spherical polar angles of the observer’s direction
as viewed in the source’s comoving frame; see Fig. 2 and
Sec. IIB for more details). This system is placed at
R = 8 kpc and observed for 3 yr, which stand for repre-
sentative parameters of the bursting sources in the
Milky Way (see, e.g., the population analysis in
Refs. [3,79,118]). Furthermore, for this system, the SNR
of a single GW burst is ~62, and the total SNR is ~1353
[see Eq. (4)]. However, in realistic observations, some
detectable bursting sources may have the SNR of a single
GW burst below the detection threshold (see, e.g., Ref. [3]).
The time-domain waveform is generated using the x-model
as described in Sec. II B, and we choose to show the plus
polarization, A, for demonstration purposes.

We note that the black-colored region in the upper panel of
Fig. 1 represents a clustering of ~473 GW bursts, with the
long-term amplitude modulation of their envelope caused by
the general relativistic precession. Furthermore, due to the
slow orbital evolution [see Eq. (5)], the orbital frequency,
fom» Of the binary is approximately constant during the
observation period. Therefore, the waveform is character-
ized by repeated bursts with almost uniform separation (see
the middle panel). Additionally, as shown in the bottom
panel, a single GW burst roughly lasts hundreds of seconds,
which indicates that the burst frequency lies in the mHz
band. As shown in Fig. 1, the “bursting” waveform of highly
eccentric binaries has a unique signature compared with
other quasicircular waveforms. Thus, it can provide us with
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FIG. 1. Bursting GW waveform from a wide, highly eccentric
BBH system. Here, we show the strain amplitude () of a BBH
system with m; = I5Mg,, m, = 10Mg,, a = 0.100148 au,
e=0.99, ® = ® = /4 placed at R = 8 kpc and observed for
3 yr (see Sec. II B for detailed definitions of ®, ®). The time-
domain waveform is generated using the x model as described in
Sec. II B. The upper panel shows the entire 3-yr-long signal,
which is made up of ~473 GW bursts (clustering in the black-
colored region). Furthermore, the amplitude modulation in the
upper panel is caused by general relativistic precession of the
binary’s orbit (precession period ~11.8 yr). The middle panel is a
zoom-in of the signal for a ~10 days period, and the bottom panel
illustrates the details of waveform near a single GW burst. Note
that in this example we do not include the detector’s response;
otherwise, the LISA’s annual motion around the Sun will induce
another long-term modulation on the amplitude and phase of the
bursting signal.

8802000

valuable insight into the binary’s dynamical evolution, as
well as test the theory of gravity. In the following sections,
we will discuss how to practically extract the astro-
physical information of these sources from simulated
LISA data.

B. Waveform model

In this paper, we adopt the x model [119] to generate the
gravitational wave signal from eccentric binaries (assuming
that the binaries are not perturbed during observation and
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Compact
Binary :
® Propagation
< Direction of
the GW Signal 7

Sun

FIG. 2. The definition of ®, ®, 8, ¢, and R (not to scale). Here,
we show an example compact object binary, which is emitting
GW signal and being detected by LISA, to illustrate the definition
of angular parameters in Sec. IIB. The coordinate system
(X,Y,Z) is the nonrotating, comoving frame of the compact
object binary, with the Z axis parallel to the orbital angular
momentum vector and the X axis pointing in the direction of the
(initial) pericenter. ®, ® represent the spherical polar angles of
the source’s orientation relative to the observer (i.e., the propa-
gation direction of the GW signal viewed in the source’s
nonrotating, comoving frame). The coordinate system (x,y,z)
is the comoving frame of the Sun, with 6, ¢ representing the sky
location of the GW source. R is the distance between the compact
binary system and the Sun.

thus can be treated as isolated two-body systems). The
x model is a time-domain, post-Newtonian (pN-)based
waveform family that captures all the critical features
introduced by eccentricity in nonspinning binaries [120].
The binary orbit is parametrized using Keplerian para-
metrization to 3 pN order, with the conservative evolution
also given to 3 pN order. In the x model, the loss of
energy and angular momentum is mapped to changes in the
orbital eccentricity e and the pN expansion parameter
x=(wM)?3, where @ is the mean Keplerian orbital
frequency. These two parameters are evolved according
to 2 pN equations. The x model has been validated against
numerical relativity for the case of equal mass BBHs with
e = 0.1, 21 cycles before the merger. It also agrees with
well-studied template families in GW data analysis for the
zero-eccentricity case [121].

In particular, we use Egs. (9) and (10) in the work by
Hinder et al. [119] to generate the time evolution of x and e
(note that in the pN formalism there are three different
definitions of eccentricity parameters (e,, ey, e,), and the
eccentricity here stands for ¢,, see Refs. [60,119,122-124]),
then evolve the orbital phase ¢ and orbital radius r using
their Egs. (5)—(7). The strain amplitude of two polar-
izations, h, and h,, are given (to leading Newtonian
order) by

M M
h, = —7’] {(coszG) +1) {cos 2¢/ <—i’2 + r’p? + 7)

M
+ 2ri ¢ sin 2(p’} + (—i2 —r2¢p* + —) sin2®},
r

2M M
hy = —Tncos 6{ <—i’2 +r?p* + —) sin 2¢’
r

—2rcos2¢'i (p}, (6)

where n = mym,/(m; +m,)?, ¢' = ¢(t) — ®, O and ® are
the spherical polar angles of the observer (i.e., the line of
sight direction viewed in the source’s frame), and a dot
denotes the time derivative (i.e., i = dr/dt, ¢ = de/dt).

Hereafter, for simplicity, we set ¢(r=0)=0,
e(t =0) = ¢q, and start the waveform at the time when
the binary is undergoing the pericenter passage (i = 0, this
choice fixes the initial pericenter direction in the binary’s
comoving frame). Note that the semimajor axis a is not well
defined in the pN waveform. However, to better convey the
astrophysical interpretation, we define r(r=0) = ay(1 —eg)
and parametrize the initial condition using the approxi-
mated “initial semimajor axis,” ag, in the Newtonian limit.

To better understand eccentric GW signals, we can also
decompose the time-domain waveform of an eccentric binary
into different harmonics (see, e.g., Refs. [7,125-127] for a
detailed explanation),

h(t) ~ f: hy exp (27if 1), (7)

n=1

where each harmonic is a sinusoidal signal with amplitude
h, and a frequency of f, = nfop(n=1,2,3...). This
property is useful when deriving the detector’s response to
eccentric signals, which we will discuss subsequently.
Furthermore, when GW sources evolve slowly (merger
timescale 7~ fou/for > Tops), the orbital frequency £y,
almost keeps constant during observation. In this case,
the harmonics in Eq. (7) can be approximated as nearly
monochromatic.

We note that there have been many works studying the
analytic waveform models for eccentric binaries (see, e.g.,
Refs. [2,60,103,128] for a review). However, we still lack
sufficient validation of the pN waveform against numerical
relativity for the extreme eccentricity case (e.g., e > 0.999).
Despite this, the x model can still give an accurate
description of the highly eccentric waveform in the
parameter space we consider in this paper. This argument
is partly justified because we are focusing on the inspiral
stage of stellar-mass binaries (i.e., the millihertz band for
LISA detection) instead of the merger and ringdown stages
in the LIGO band. For the systems that dominate the stellar-
mass bursting source population in the local universe
[3,79], their pericenter distance is typically larger than
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a(1 —e) 2 1072 au (or in other words ~10* Schwarzschild
radii). Therefore, even if the eccentricity is extreme, the
gravitational field at the closest approach is still much
weaker than the strength of the field for which the x model
has been validated against numerical relativity (21 cycles
before the merger [119]), and the expansion serves as a
plausible description of the GW signal for the systems we
discuss hereafter.

Furthermore, due to the orbit of LISA around the Sun,
GW signals in the detector’s output can have an annual
modulation (see, e.g., Fig. 1 in Ref. [3]). Thus, we further
include this effect by computing the LISA response function
[129]. [Note that, in general, LISA’s annual motion is
expected to enhance the angular resolution of sources’
sky location measurement (see, e.g., Refs. [130,131])],

s1(t) = FH(t)A, cosuf[t + n - x,(1)])
+ FX(1)A, sin 2zflt+n-x,(2)]),  (8)

where s,(¢) represents one independent channel in the
detector’s output (Michelson response), 71 is the basis vector
representing the sky location of the source, x,(¢) is the
location of detector, A, , represents the strain amplitude for
a monochromatic GW signal with frequency f, and F™* is
the beam pattern factors:

F* (1) == (cos2yD™(t) — sin2yD* (1))

N = N~

F*(t) = = (sin2yD* (¢) + cos 2wD* (1)), 9)
in which y is the polarization angle of the GW signal [see
Eq. (32) in Ref. [129]], and D, . (1;0, ¢) depends on the
spherical polar angles of the GW source in the sky, (6, ¢), as
well as the detector’s motion as a function of time [see
Egs. (54) and (55) in Ref. [129] ]. Note that the sky location
angles (0, ¢) are different from the intrinsic propagation
direction of GW radiation viewed in the GW source’s frame
(®, @), which we defined earlier in Eq. (6).

We note that the output of LISA can be considered like a
pair of two-arm detectors, with two linearly independent
signals (see, e.g., Sec. II B 2 in Ref. [130] for more details).
However, in this work, we only adopt the output of one
channel, s;(¢), for simplicity (see, e.g., Eq. (46) in
Ref. [129]). This is due to the uncertainty of the realistic
noise correlation between two channels and the complexity
when considering multiple signals in data analysis. As a
result, the detectability estimates presented here should be
regarded as conservative, with the potential for improve-
ment if the contributions from both channels are included in
future studies.

In Fig. 2, we present an illustration of ®, ®, 0, ¢, and R
definitions. In particular, ® and ® represent the propagation
direction of the GW signal as viewed in the comoving
frame of the compact object binary, with the binary’s orbit

lying in the X-Y plane; € and ¢ are the sky location of the
GW source viewed in the comoving frame of the solar
system, where the LISA detector undergoes annual motion
around the Sun. We note that the GW signal’s polarization
angle, v, is not explicitly shown in Fig. 2, which contrib-
utes to one more degree of freedom. In the calculation, y
can be worked out using y = —arctan(? - p/it - p), where
p is one of the principle polarization axes of GW beam, and
i,  represent two basis vectors in the (x,y, z) coordinate
system [see Egs. (3), (31), and (32) in Ref. [129]].

Additionally, since the annual motion of detectors
around the Sun has a frequency of feecor = 1 yr~!, which
is much lower than the frequency of GW signal in the
millihertz band, we can take the adiabatic approximation.
Under this approximation, the beam pattern factors, F >,
remain nearly constant throughout each gravitational wave
burst. Therefore, we can generalize Eq. (8) to the eccentric
case by summing over contributions from each near-
monochromatic harmonic [note that, for harmonic frequen-
cies f, that predominantly contribute to the detection
signal-to-noise ratio in the millihertz band, F** can be
treated as approximately constant and taken out of the
summation (see, e.g., Refs. [3,4,48])],

5(0) = FH0)S s cos(af, i+, (1)

n=1

+ FX(1) ihn,x sin(2zf, [t + i - x,(1)])

n=1

= FH(0)h, (1) + F* (D) hy (1), (10)

where h, ,, h,, represent the amplitude of the nth har-
monic in the eccentric GW signal [see Eq. (7)] and ¢ =
t+7-x(t) is the delayed arrival time of GW signals
caused by the motion of the detector.

As can be seen from Egs. (6)—(10), for a given antenna
pattern of GW detector, the eccentric GW waveform in the
detector’s output can be parametrized using 10 parameters:
the initial orbital parameters of the binary (ag, ¢;) (which
enter the waveform via the initial condition), the total mass
M, the symmetric mass ratio n (or, equivalently, the mass
ratio ¢ = m;/m,), the line-of-sight (propagation) direction
of GW radiation in the source’s frame (®, ®), the location
of GW source on the sky (6, ¢), the distance of GW source
R, and the polarization angle .

Note that we set ¢(t = 0) = 0 when introducing Eq. (6);
otherwise, there will be 11 parameters that affect the
waveform, with the last one representing the initial orbital
phase of the binary. Since this work focuses on the repeated
burst sources, we assume that there is a significant number
of bursts during observation. Thus, the initial phase of the
first GW burst has little effect on the astrophysical
interpretation, and we fix it for simplicity.

In the following sections, we will parametrize the GW
templates using { f o0, 1 — €9, M,q,cos®,®,cos0,¢,R,y}.
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Note that hereafter we use f,, as an abbreviation for the
initial orbital frequency fo0, Which is related to a

. _ -3/2
via fopo = (27) 1M1/2010 2,

III. SOURCE IDENTIFICATION AND
PARAMETER EXTRACTION

A. Fisher matrix analysis

To evaluate the astrophysical information that can be
extracted from highly eccentric GW sources, we adopt the
Fisher matrix analysis [78,108]. This method is commonly
used as a linearized estimation for the parameter measure-
ment error in the high SNR limit.

We start by defining the noise-weighted inner product
between two gravitational waveforms, &, (z) and h, (1),

) = 2 /Ow I (F)RS(F) + R ()ha(f)

df, (11)

in which 7, (with [ = 1, 2) means a Fourier transform of the
waveform and the star indicates the complex conjugate.

Representing the parameters of a GW source as a vector
A, the GW waveform h can be expressed as h(f;A). The
Fisher matrix is defined as

“Con

oh(A)
) .

ij

in which 4; denotes the ith parameter of the waveform.
We define C as the inverse of the Fisher matrix,
C = F~'. It approximates the sample covariance matrix
of the Bayesian posterior distribution for the GW source’s
parameters. In other words, we can use the following
equation to estimate the error of parameter measurement:

A =/ {(64;)%) = \/Cy. (13)

As shown in Egs. (11)—(13), the Fisher matrix is
computed using the first-order derivatives of the waveform,
without including higher-order corrections or Bayesian
parameter estimation (see, e.g., Refs. [132,133]). This
makes the Fisher matrix a fast and accessible tool in
GW data analysis. However, as mentioned earlier in the
Introduction, recent studies have shown that the Fisher
matrix can give inaccurate results in certain regions of the
parameter space when compared with full Bayesian param-
eter estimation (see, e.g., the comparison in Ref. [110], for
testing General Relativity using stellar mass BBHs). Thus,
we remind the reader that the results presented in this work
are a preliminary estimate of the parameter measurement
accuracy for bursting stellar mass BBHs. These estimates
highlight the astrophysical potential of detecting bursting
GW sources from LISA’s data stream. A full Bayesian
analysis is left for future work.

1. Numerical verification

After getting Eqs. (11)—(13), we further combine them
with the waveform model introduced in Sec. II B and
estimate the parameter measurement error via numerical
calculation.

In particular, first, we generate the waveform template
using the x model (see Sec. IIB) and parametrize the
waveform as h(t) = h(t;4 = {fow, | — €9, M, q,cos @,
®,cosb, ¢, R,y}) (note that the detector’s response func-
tion has been included in this step).

Second, we compute the partial derivative of the
waveform relative to each parameter [see Eq. (12)]. For
example, to get dh/0M, we vary the parameter M - M’ =
M + dM, then generate a new waveform '(¢) = h'(t;A' =
{forw> 1 —eo. M + dM, q,cos ®,®,cos,p,R,y}). The
partial derivative is obtained by computing the difference
between /' and h, then divided by dM.

We note that each partial derivative is a time series which
represents the difference in the waveform caused by
varying one of the parameters slightly around the central
value. Thus, after getting all the partial derivative wave-
forms, we can adopt Egs. (11) and (12) to compute their
inner products, get the Fisher matrix, then take the inverse
of the matrix to estimate the parameter measurement error
[see Eq. (13)].

In this work, the parameter set, {fom, 1 —e€o,M,q,
cos O, D, cos b, ¢, R, y}, are intentionally chosen to avoid
intrinsic degeneracies in the waveform model. However,
since the aforementioned steps involve first-order-finite-
difference derivatives and the numerical inversion of the
Fisher matrix, they can still result in ill-conditioned outputs
if not handled carefully (see, e.g., Secs. IV and V in
Ref. [109]). To ensure numerical stability, we choose the
parameter variation di; such that (dh|dh) ~ 1072(h|h).
This choice keeps the change in the waveform small when
computing the numerical derivative, maintaining the accu-
racy of the Fisher matrix analysis. Furthermore, we rescale
the unit of source parameters to improve the condition
number and reduce the magnitude gap between the largest-
and smallest-modulus eigenvalues. When computing the
Fisher matrix for a given point, we design the code to
automatically try and adjust the aforementioned properties
(i.e., the finite variation in numerical derivative and the
rescaling of parameters), to keep the resultant Fisher matrix
nonsingular.

In Fig. 3, we show the Fisher matrix analysis results for
the GW signal from a BBH system with m; = 15M,
my = 10M, placed at R = 8 kpc, with the position of
O =0 =60=¢ =nr/4, and observed for Ty, = 1 yr. In
particular, we generate different initial conditions of the
system by changing a, and e(. For each configuration, we
compute the partial derivative of the waveform relative to
the aforementioned 10 parameters (f., 1 — e, M,q,
cos ®, D, cos O, ¢, R, y), estimate their Fisher matrix, and
get the measurement error. We plot the relative error of each
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FIG. 3. The dependence of a compact binary’s parameter measurement error on its semimajor axis and eccentricity, computed using
the Fisher matrix analysis (for 1 yr observation). Here, we show a BBH system with m; = 15My, m, = 10M, (i.e., M = 25M,
q = 3/2), placed at R = 8 kpc and observed for 1 yr with LISA. In this example, we set ® = ©® = 0 = ¢ = /4 for simplicity and map
the compact binary’s relative parameter measurement error as a function of its initial semimajor axis @, and eccentricity 1 — ¢, (see
different colors in the figure). In each panel, the dashed lines represent equal signal-to-noise ratio contours (analytically calculated using
Eq. (17) in Ref. [3]), with SNR = 8, 100, 1000 from right to left. We exclude the parameter space where the binary has an orbital period
Ty > 1 yr (since their GW signal is not repeated bursts during the observation) or has a short merger timescale ey < 100 yr (since
these short-living systems may have negligible number expectation in future detection). We note that the Fisher matrix analysis is
computed for ten parameters (f o, | — €g, M, q,cos ®, D, cos 0, ¢, R, y), while here we only show nine of them. This is because the last
parameter y, which represents the polarization angle of the GW beam relative to the observer, is less relevant to the astrophysical
inference, and we put its estimation in the Fig. 8 to avoid clutter. Also, we convert the measurement accuracy of the source orientation,
{cos ®, ®}, and sky location, {cos 6, ¢}, into the major and minor axes of the sky error ellipsoids, {2A;, 2B, }, {2ay, 2b}, respectively.
See Appendix C for more details. Additionally, the green dotted lines in panel (e) of this figure mark the parameter space that is later
presented in Fig. 4, for comparison.

1000

1 (h) ‘ ' 1@ . ‘
102 10" 10° 102 107 10°
a, [au] a, [au]

ay [au]

parameter in different colors and map the result as a
function of (ag, 1 — ¢g). To better compare with observa-

population analysis of Ref. [3]). In realistic observations,
however, the GW sources can have different orientations

tion, we convert the measurement accuracy of the source
orientation, {cos ®, ®}, and sky location, {cos @, ¢}, into
the major and minor axes of the sky error ellipsoids,
{2A;,2B,}, {2a,,2b,}, respectively. See Appendix C for
more details.

Note that this system serves as a representative example
of the parameter measurement accuracy (see, e.g., the
characteristic parameters of bursting BBHs in the

and sky locations, which can potentially affect the param-
eter measurement error [note that it is also straightforward
to analyze other systems with different values of
(®,0,0,¢)]. We emphasize that there have been previous
works estimating the change in parameter measurement
errors as a function of different initial conditions of the
system (see, e.g., studies on supermassive black hole
binaries [68,131,134]). In our case, the width of the
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distribution of parameter estimation errors could be sig-
nificantly narrower, as the bursting BBHs are observed well
before their merger, with slower orbital evolution. This
provides a more stable signal, which allows for more
precise parameter extraction. Furthermore, this work
focuses on the stellar mass bursting BBHs in the local
universe, but a similar approach may be applied to other
cases, such as the parameter estimation of highly eccentric
extreme mass-ratio inspirals (EMRIs) at a cosmological
distance (see, e.g., Refs. [67,88,91,95,96,98,104,135]).

Furthermore, Fig. 3 covers the parameter space where
bursting stellar-mass BBHs are most likely to be detected in
the Milky Way with future millihertz GW detectors [3,79].
In particular, as discussed in Sec. I, many dynamical
channels can generate wide, highly eccentric BBH systems.
During the evolution, if these systems enter the parameter
space with an orbital period smaller than the observation
time (i.e., to the left of the gray-colored region with
T, > 1 yr) and a signal-to-noise ratio larger than the
detection threshold (i.e., below the dashed line of
SNR = 8), their GW signal will be identified as “repeated
bursts” and can be used for parameter extraction.
Additionally, we calculate the Fisher matrix only for
systems with 7creer > 100 yr (to the top right of the
gray-colored triangle). This is because the sources to the
top right of each panel will have a longer merger timescale
compared with those on the bottom left (see, e.g., Fig. 4 in
Ref. [3]) and thus are more likely to be detected due to their
extended detectable time in mHz band (note that this also
indicates the relative error estimation of sources with
moderate SNR is more representative of the accuracy we
will get in future observation of stellar-mass bursting
sources, since they have the longest lifetime and largest
number expectation among all the detectable systems). On
the other hand, the expected number of short-living systems
With Tpereer< 100 yr is negligible (see, e.g., Sec. 3.2 in
Ref. [3]), and the computational expense of their Fisher
matrix is large, so we decide not to include them in this
example.

Additionally, to provide an optimistic estimation of the
measurement accuracy, we extend the observation time to
5 yr and repeat the analysis from Sec. IIl A 1. For our
analysis, we focus on the parameter space highlighted by
the green dotted line in panel (e) in Fig. 3. The results are
summarized in Fig. 4, where we consider the same systems
as in Fig. 3, but parametrized the x axis using the pericenter
distance of the binary system, r, = ao(1 — ¢;). As shown
in Fig. 4, this choice of x axis (rp), along with a zoomed-in
view of the parameter space, highlights the region where a
bursting BBH system has a signal-to-noise ratio of SNR ~
8-1000 and provides more detailed estimation results.

We emphasize that, Figs. 3 and 4 show the parameter
measurement accuracy for bursting sources in the
Milky Way (at a representative distance of 8 kpc).
However, these results can be generalized to bursting

sources in the local universe, provided the redshift is
negligible. In particular, if a compact binary is located
at a distance R different from 8 kpc, the overall ampli-
tude of its GW signal will scale inversely with the dis-
tance [h~R™'; see Eq. (6)]. Furthermore, because the
Fisher matrix elements are proportional to the square of
the waveform amplitude [F,; ~ h* ~ R™2; see Eq. (12)], the
parameter measurement error, A4;, after inverting the
Fisher matrix and taking the square root, should scale

1
proportionally to the distance [A4; ~ C;; ~ R; see Eq. (13)].
In other words, the results of Figs. 3 and 4 can be rescaled
using the relation

AX(R) ~ AJ;(8 kpe) (8 fpc), (14)

where AZ;(R) represents the parameter measurement error
for highly eccentric systems at a distance R and A;(8 kpc)
refers to the Fisher matrix analysis result (absolute error)
for systems at 8 kpc, which can be estimated using Figs. 3
and 4.

2. Astrophysical interpretation

In this section, we will discuss the astrophysical inter-
pretation of each panel (system’s parameter) in Fig. 3 and 4.
First, as shown in panel (a) of these two figures, the relative
error (Af o/ for) Of orbital frequency, f 4, is smaller than
~107° for most of the detectable cases. In other words,
considering the value of f; for a 10-15M 5 BBH system
with semimajor axis a ~ 10721 au, the absolute error
of orbital frequency measurement is roughly Af .y, ~
10712-10719 Hz in the parameter space we consider.

Such high accuracy can be understood analytically. For
example, the measurement accuracy depends on the wave-
form’s sensitivity to changes in f,. Therefore, we can vary
Sfow bY df o then identify the value of df .y, at which the
new waveform significantly differs from the original one.
Thus, this critical value is used to estimate the measurement
accuracy, df o4, ~ Afop- The concept here is similar to the
Fisher matrix analysis [see Egs. (12) and (13). Note that F;;
in the Fisher matrix analysis is, in general, estimating the
waveform’s sensitivity to the changes of parameters].

Following the aforementioned method, we consider two
GW waveforms with slightly different orbital frequencies,
Le., Iy (t; forb) and h2(t;f2)rb = forb + dforb)- Specifically,
for a highly eccentric binary, the GW waveform can be
approximated by a series of bursts, separated by Ty in
time. Because of the difference in orbital frequency, /, will
have a different period of GW burst compared to 4, which
can be described using dTow = d(1/fom) ~ df o/ 2
(note that we assume f,4, and f,, are constants during
the observation; i.e., the sources chirp slowly). Therefore,
the position of each GW burst in h, will shift in time
relative to the bursts in 4. During an observation time of
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FIG. 4. The dependence of a compact binary’s parameter measurement error on its initial pericenter distance, r, = ao(1 — e,), and

eccentricity e (for 5 yr observation). Here, we consider the same systems as in Fig. 3 but reparametrize the x axis using r, = ay(1 — ¢)
and zoom in to highlight the parameter space where we expect to detect most of the stellar mass bursting BBHs [3,79], i.e.,
SNR ~ 8-1000. Additionally, we changed the observation time from 1 to 5 yr to show an optimistic estimation of measurement accuracy
(for the 1 yr case, see Fig. 7 in Appendix C) and mark the parameter space of this figure with green dotted lines in panel (e) of Fig. 3 for

comparison purposes.

T ops> the accumulated difference (i.e., position shift of the
arrival time for the last GW burst of /,, compared with 4;)
can be estimated by

dfon
dtlast purst ~ NV - dTorb = Tobsforb . Tb ’ (15)

orb

where N represents the number of bursts detected during
the observation.

In realistic observation, two different GW waveforms
can be distinguished when their match is below a given
threshold [see, e.g., Eq. (28) in Ref. [76] ]. For our cases,
however, we simplify the condition and assume that 4, is
distinguishable from %, when the position shift of the last
GW burst, df,g pursts 18 greater than the width of that GW
burst, Ty

dtlast burst > Tburst- (16)

This estimation is partly justified because the time-domain
overlap between two waveforms, [ h;(#)h,(t)dt, will drop to
<1/2 of the fully matched value when Eq. (16) is satisfied,
which significantly reduces the match between £, and &, and
potentially makes them distinguishable in data analysis.

In Eq. (16), the width of a GW burst, Ty, can be
estimated using the binary’s pericenter passage time, 7',
(see, e.g., Ref. [4])

Tyrse ~ Tp ~ (1 - e)3/2Torb' (17)
Thus, we can plug in Egs. (15) and (17) into Eq. (16) and

get a heuristic estimation of the measurement accuracy in
orbital frequency, Af -
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Afory ~df oy = Ti

In other words, our waveform analysis will be sensitive to

any change in f, greater than ~(1 — e)%/ Ty Foral yr
observation of a BBH system with (1 —e) ~1073-107",
Eq. (18) yields Af ., ~ 10712-10~° Hz, which is consistent
with the numerical result we discussed at the beginning of
this section (see, e.g., Fig. 9 in Appendix C for more
details).

We note that Eq. (18) only serves as a heuristic
estimation of Af 4. It neglects the GW source’s orbital
frequency shift during observation, which limits the appli-
cation of this formula in the high SNR region, where the
binary quickly loses energy and shrinks. However, for the
majority of stellar-mass binaries we consider in this work,
especially those close to the dashed line of SNR = 8 in
Fig. 3, the GW merger timescale is typically much longer
than the observation time (see, e.g., Fig. 4 in Ref. [3]). In
these cases, Eq. (18) yields a quick analytical estimation of
fo measurement error and can help with determining the
grid size of matched filtering, which we will introduce soon
in the next section.

Second, the eccentricity measurement accuracy reaches
A(1—eg)/(1 —ey) ~1% for most detectable cases [see
panel (b) of Fig. 3], allowing for precise constraints on the
binary’s dynamical origin (note that different dynamical
channels may yield different characteristic eccentricities in
the same frequency band; see, e.g., Fig. 4 of Ref. [15]).
Moreover, for 5 yr integration, the accuracy may reach
below 0.1% for a significant part of the parameter space, as
depicted in Fig. 4. This accuracy highlights the dominant
role of eccentricity in shaping the overall form of the
bursting GW waveform, as the term 1 — e is directly related
to the width of each GW burst we observe [see Eq. (17)],
and the waveform fitting is thus very sensitive to
eccentricity.

Third, as illustrated in panels (c) and (d) of Fig. 3, mHz
GW detection may be less sensitive to the total mass M and
mass ratio ¢ of a bursting binary system. For example,
during a 1 yr observation, we can only constrain the total
mass of bursting stellar mass BBHs (AM/M < 10%) when
their SNR exceeds ~100. Moreover, for determining mass
ratio ¢, the bursting sources need to have SNR greater
than ~1000. This result is consistent with our analysis in
Sec. IIA. In particular, bursting sources have small
radiation power compared to moderately eccentric sources
in the same frequency band. Therefore, their orbital
evolution is slow, and frequency shift rate df 4, /dt is hard
to measure, which limits the accuracy of mass measurement
(see, e.g., Ref. [78]).

However, the measurement accuracy for M and g can
significantly improve with extended observation time. For
example, as shown in panel (c) of Figs. 4 and 7 (in the
Appendix), when increasing observation time from 1 to
5 yr, the total mass measurement accuracy is enhanced by a
factor of ~10, which allows us to measure the mass of
bursting binary system in many of the detectable cases
(with moderate SNR). In other words, for the first ~1 yr of
LISA observation, we may not get a good constraint on the
mass of stellar-mass bursting sources with SNR < 100, but
most of them will have a mass measurement by the end of
5 yr LISA mission (except for some marginal detectable
cases with SNR~8 for 5 yr), which enables us to
distinguish between different bursting sources, such as
highly eccentric BBHs, binary neutron stars, and double
white dwarfs.

Furthermore, as shown in panels (e)—(h) of Fig. 3 and 4,
the orientation (as the axes of error ellipsoid, {2Ag, 2B, }
[68,131,134,136]) of bursting binary systems can only be
constrained to an accuracy of ~100-1000 arc min when
SNR exceeds ~100 (similar for 1 yr or longer integration
times). However, our analysis suggests that the detection
will be more sensitive to the sky location of the sources. In
particular, for a 5 yr observation, the resulting sky error
ellipsoids exhibit comparable angular sizes for a, and by,
typically ranging from ~5-500 arc min, depending on the
SNR. This sky localization can enable the identification
of specific host environments of GW sources in the
Milky Way, such as globular clusters, the Galactic
Center, and the Galactic field, which potentially helps us
to disentangle different formation channels of BBHs.

As shown in panel (i) of Figs. 3 and 4, the distance
of a bursting binary system is only marginally constrained
in many detectable cases. For example, during a 1 yr
observation, AR/R reaches ~10% only when SNR
exceeds ~100. This accuracy improves when we extend
the observation time to 5 yr, but the relative error of R
still remains 210% for most of the systems with
8 < SNR < 100. Such low accuracy of distance measure-
ment is also caused by the slow orbital evolution of the
bursting binary system [see, e.g., a similar discussion in the
explanation of panels (c) and (d)]. In particular, for bursting
sources at low redshift, R only affects the overall amplitude
of the GW signal [see the term M7/ R in Eq. (6)]. Therefore,
if the GW source undergoes slow orbital evolution, the
effect of R will degenerate with other mass parameters
(such as the total mass M), thus adding to the difficulty of
parameter extraction. However, we may still get a heuristic
estimation of the binary’s formation environment using the
distance measurement, since an accuracy of ~10% is good
enough to infer the binary’s location in the local universe.
Furthermore, with the potential for electromagnetic coun-
terparts (e.g., if the source resides in a known stellar
population like a globular cluster or contains a directly
observable white dwarf), we may be able to disentangle the
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distance from other orbital parameters, thereby improving
constraints on the location of the bursting sources.

We note that, in Figs. 3 and 4, there are some data points
with a relative error estimation inconsistent with the general
distribution in the surrounding region [see, e.g., some of the
bright-yellow points, to the bottom-left in panel (e) of
Fig. 4]. Such fluctuation is caused by numerical error
and degeneracy in the waveform model. In particular, for
some bursting binary systems, only a few to a few dozen
GW bursts will be detected during an observation
time of ~1-5 yr, which limits the numerical accuracy
in the frequency-domain inner product of waveforms.
Furthermore, among all the 10 parameters we discuss
(see Sec. IIB), many of them will have a similar
effect on the overall shape of the GW signal (e.g., the
aforementioned degeneracy between distance R and total
mass M). Therefore, with a certain combination of param-
eter values, the Fisher matrix may become singular in the
numerical analysis, which leads to inconsistent relative
error estimation.

Additionally, we emphasize that it is possible to ana-
lytically estimate the parameter measurement error, espe-
cially in the cases when the GW waveform model is simple
[see, e.g., Egs. (27)—(29) in Ref. [137]]. In our cases,
however, the complexity of the bursting system’s param-
eters makes it hard to simplify the cross-terms in the Fisher
matrix via an analytical approach. Therefore, although we
tried to develop an analytical estimation, the outcome did
not yield a well-performed constraint on the measurement
accuracy, as shown in the Appendix B. However, for the
parameters that play a dominant role in the overall shape of
bursting GW signal, such as the orbital frequency f ., the
analytical method can still be accurate even if we make
many approximations [see Eq. (18)]. Therefore, it can yield
an efficient estimation with no need to compute the
numerical GW waveform.

B. Matched filtering

In Sec. III A, we discussed the parameter measurement
accuracy of highly eccentric GW sources. However, to get
such astrophysical information in realistic observation, we
need to identify the bursting GW signals and extract them
from the data stream. Therefore, in this section, we will
briefly introduce the technique of matched filtering, which
is commonly adopted in GW data analysis to detect signals
from astrophysical sources (see, e.g., Refs. [78,138-141]
for more details).

In particular, the measured strain amplitude in the
detector’s output can be described using s(f)=
h(t)+n(r), with the (possibly present) signal h(#) and
the detector noise n(z). To extract the targeted GW signal,
we first generate the GW waveform template based on our
understanding of astrophysical sources, /iemplae(?), then
convolve s(t) With Aemplae () in the frequency domain (see,
e.g., Eq. (4.1) in Ref. [138]),

X([o) _ 2/_00 S‘(f)ljlremplate(f) df, (19)

o Sulf)

in which 5(f) and ﬁtemplale (f) are the Fourier transform of
s(t) and hyempiae(t) and the star stands for the complex
conjugate. We note that, for GW mergers, the parameter #,
represents the termination time (the time at the detector at
which the coalescence occurs). Furthermore, we can
change the termination time of the template Zempiae(?)
and find the value of 7, when the norm of x(z;) is
maximized, i.e., |x(#)|max = |%n|. Thus, this #, represents
the correct (or the most likely) location of the GW signal in
the detector’s output. In our cases, the bursting binary may
not merge for the entire observation. However, we can still
use f, (with a modified definition) to describe the position
shift of /empiae (£) in the time domain. Hereafter, we define
tp as the time at which the first GW burst of Aeppiae ()
occurs.

As shown in Eq. (19), for a given template Aemplae, We
can find the maximum norm of the convolution result, |x,,|.
This quantity, with a proper normalization constant ¢,, [see,
e.g., Eq. (4.3) in Ref. [138]], represents the optimized
signal-to-noise ratio for the template we use in the search,

SNR,, — [, (20)

Om

note that the amplitude of Aempiae(f) Will cancel in the
computation of SNR,, = |x,,|/6m, and thus we can place
the GW source at an arbitrary distance R when constructing
the template. In realistic detection, if this signal-to-noise
ratio SNR,,, exceeds a certain threshold, we will identify the
corresponding template /empiae () as existing in the detec-
tor’s output s(7). In other words, we successfully identify
the GW source and measure its parameters using the
parameters of /empiae-

In Sec. IV, we use the aforementioned method to conduct
matched filtering and test the detectability of bursting
sources in an example mock LISA observation.
Additionally, in this work, we use the software package
PyCBC for the numerical realization [142] and acknowledge
the supporting materials provided by the Gravitational
Wave Open Science Center of the LIGO Scientific, the
Virgo, and the KAGRA Collaborations [140,141,143].

IV. EXAMPLE OF MOCK DATA ANALYSIS

A. Difference between a bursting
and nonbursting data analysis

As shown in Sec. III, highly eccentric compact binaries
can provide us with valuable information about their orbital
parameters and formation environment. However, since
their GW signals are made up of transient bursts in the time
domain, the frequency power spectrum of bursting GW
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waveform will thus have many (~103-10°) harmonics that
contribute significantly to the total signal-to-noise ratio
(see, e.g., Refs. [3,7]). Such a large number of harmonics
distributes the energy of the GW signal in a wide range of
frequencies, thus potentially adding to the difficulty of
realistic data analysis. In particular, many existing data
analysis methods, such as matched filtering, rely on
accurate template fitting in the frequency domain; however,
the bursting waveform could have many of the harmonics
out of the sensitive frequency band of LISA. Furthermore,
since there could be a large population of bursting sources,
their collective GW signal may form a confusion back-
ground, with many GW harmonics from various sources
overlapping with each other [3].

Therefore, in this section, we will explore whether these
bursting binaries could be efficiently distinguished when
multiple sources and instrumental noises are present simul-
taneously in the detector’s output. Specifically, we carry out
mock LISA observation, generating a population of wide,
highly eccentric BBHs based on our previous studies of the
Galactic Center [3]. We then compute the collective GW
signal from these bursting BBHs, combine the signal with
the detector’s instrumental noise and astrophysical fore-
ground caused by unresolved Galactic binaries [117,144],
and apply the matched filtering as described in Sec. III B to
extract the information of the bursting BBHs.

B. Population model and waveform generation

As a proof of concept, we consider the bursting BBHs
formed in the Galactic Center as a representative example for
the mock observation. In particular, the Milky Way’s
Galactic nucleus offers a promising environment for the
formation of wide, highly eccentric BBHs (see, e.g.,
Refs. [7,29,34,45,48,71,145,146]). For example, the orbital
eccentricity of BBHs can be excited by the supermassive
black hole in the Galactic nucleus because of the Eccentric
Kozai-Lidov mechanism [25,26,28], resulting in the bursting
signatures on their GW signal. In our previous works
[3,29,79], we have carried out detailed simulations of the
aforementioned systems, including the secular equations (for
the hierarchical triple system) up to the octupole level of
approximation [147], general relativity precession (see, e.g.,
Ref. [148]), and GW emission [65,149]. Thus, here, we
adopt the result of the simulation presented in Ref. [3] for the
bursting BBH population in the mock LISA data.

Figure 5 illustrates the intrinsic parameters of BBHs we
get from the simulation mentioned above, with each black
dot representing the orbital parameter (a, 1 — ¢) of a binary
system. As shown in the figure, there could be ~50 highly
eccentric BBHs simultaneously in the nuclear star cluster at
the Milky Way Galactic Center (note that there are many
BBHs with moderate eccentricity as well, which are not
shown in Fig. 5). Furthermore, in this sample, we find four
BBHs with the expected signal-to-noise ratio exceeding the
detection threshold [i.e., analytical SNR > 8 for a 4 yr

Analytically Estimated SNR (4 years)
10000

10" - 1000
v
1
—
- 100
102
- 20
10 10”! 10°
a [au]
FIG. 5. An example of the intrinsic parameters of highly

eccentric BBHs used in our mock LISA observation. Here, we
adopt the simulation result of the compact binary population in
the Milky Way’s nuclear star cluster (see Sec. 3.5 in Ref. [3]) and
show the parameters of highly eccentric BBHs in black dots. The
X axis represents the binary’s semimajor axis a, and the y axis
represents one minus the binary’s eccentricity (1 —e). We
estimate the overall signal-to-noise ratio of the BBH system
during a 4 yr LISA observation, depicted in different colors. The
dashed lines represent equal signal-to-noise ratio contours for
SNR = 1000, 100, 8, and 1, from left to right. Here, the SNR is
analytically calculated using Eq. (4), assuming m; = m, =
10M, and R = 8 kpc for simplicity. However, we note that
the mass of BBHSs in the mock data analysis is generated from the
stellar evolution model and may slightly differ from ~10M,.
Therefore, the numerical SNR is expected to vary slightly from
the analytical calculation. For demonstration purposes, we
enlarge the size of dots for the detectable BBH systems based
on the SNR.

observation, estimated using Eq. (4)]. These systems, if
properly identified, will become detectable GW sources.
The mass of these BBH systems is determined using the
stellar evolution model in Appendix A.3 of Ref. [3], with
most of the black holes having a mass ~10M.
Additionally, the BBHs’ orientation is generated randomly
following an isotropic distribution, and we set their distance
to the detector as R = 8 kpc.

Based on the aforementioned population model, we
generate the time-domain GW signal for each BBH system
and compute the detector’s response correspondingly [see
Egs. (6)—(10)]. We then calculate the mock LISA data by
combining all the BBHSs’ signals and adding the detector
noise. For simplicity, we assume stationary Gaussian noise
and adopt the LISA noise spectrum from Ref. [117], which
includes the instrumental noise as well as the foreground
from unresolved galactic binaries (see, e.g., Ref. [144]).

C. Matched filtering and mock observation results

In the mock data analysis, we adopt the matched filtering
method described in Sec. IIIB. Specifically, we first
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generate a waveform template bank using Egs. (6)—(10),
which include the effect of the detector’s response and
annual motion around the Sun. For simplicity, we fix
the mass of the template binaries as 10-10M g, with
0 =¢ =0 =& =y = x/4, and change the initial orbital
frequency f and eccentricity e,. We then convolve each
template signal with the mock LISA data and compute the
optimal signal-to-noise ratio, SNR,,, [see Sec. III B and
Eq. (20)]. We remind the reader that the PyCBC software
package is adopted for the numerical realization [142]. The
results of the Match filtering output are shown in Fig. 6.

We emphasize that, as discussed above, some parameters
of the waveform template are fixed to avoid high computa-
tional costs in the mock data analysis. Specifically, we only
scan the two-dimensional parameter space of (fq,, 1 — €p),
while the template signals may not match the exact values of
(M, q,cos®, D, cosb, p,y) of the GW sources. (Note that
matched filtering is independent of the overall amplitude of
the waveform, so the distance R of the template binary will
not affect the fitting result, assuming redshift is negligible.)
Consequently, the SNR,, we show in Fig. 6 does not
represent a global optimum for the entire 10-dimensional

parameter space (see Sec. II B). However, we expect such a
loss of signal-to-noise ratio will not significantly impact the
overall fitting result, as the bursting waveform is less
sensitive to (M, q,cos®,®,cosb, ¢, ) compared to
(for» 1 — €g) (see, e.g., the Fisher matrix analysis result
in Sec. lIl A 1; note that the parameters with larger meas-
urement error will have a weaker influence on the wave-
form). For example, the GW source with a ~ 0.068 au,
(1 — e) ~0.032, has an analytical estimation of SNR ~ 200
in Fig. 5 (see the biggest black dot). On the other hand, this
source is successfully identified in the mock data analysis,
numerically fitted with SNR,, = 96 and almost no bias in
the measured values of (f,4, 1 — €y) (see the black star in
the right panel of Fig. 6). Therefore, even without fitting the
global optimum across the 10-dimensional parameter space,
we can effectively apply the matched filtering to search for
(forbs 1 — €g), which are the dominant parameters that affect
the shape of bursting waveform, and still detect most of the
bursting sources with high SNR in future LISA observation.

In Fig. 6, we plot the fitted SNR, in different colors as a
function of the template’s f4, and 1 — e¢;. As shown in the
left panel, we successfully identify multiple bursting

SNR,

0.1 000 0.1 ™100.0
0.09
80.00 0. 80.00
Multiple Harmonics g 82;
of Sources (Artifact) | N 60.00 0:06 60.00
' 0.05
40.00 40.00
0.04
Q)O Q)O
- 296.03
0.01 20.00 20.00
’ 0.02
Intrinsic Parameters of]
Astrophysical Sources
8.000 (.01 8.000
7.6065%10° 7.6070%10° 7.6075x10° 7.6080x10°
f(;rb [HZ] f;)rb [HZ]

FIG. 6. The matched filtering output in the mock LISA data analysis of highly eccentric BBHs. Here, we fit the mock LISA data with
different bursting GW templates and plot the optimal signal-to-noise ratio, SNR,, in different colors, as a function of f; and 1 — ¢; of
the template (see Secs. II B and IV for more details). Specifically, the optimal SNR is calculated numerically, using matched filtering as
described in Sec. IV [note that SNR,, represents the realistic fitting result and is different from the analytical estimation of SNR in Eq. (4)
and Figs. 3-5]. The left panel shows the fitting results for all the potential GW sources with an orbital frequency of f., ~4 %
1077-2 x 10~ Hz and eccentricity e ~ 0.9-0.997, while the right panel shows a zoom-in of the region near the parameters of a “real”
GW source that appears in the mock data (i.e., the detection case). For demonstration purposes, we mark, in stars, the intrinsic
parameters of the GW sources and highlight the region where we successfully fit these signals with high SNR,, (see the rectangular
boxes in light blue). We note that, in some regions of the left panel, numerical artifacts cause the fitted SNR, to exceed the detection
threshold of 8, while there are no astrophysical sources (see Sec. IV for a more detailed discussion) [We applied a high-pass filter in the
data analysis before the matched filtering to suppress the loud instrumental noise and astrophysical foreground at frequencies below
10~* Hz. Additionally, to reduce computational costs, we generated mock LISA data with a sample rate of 0.1 Hz. Note that the matched
filtering produces a SNR time series for each template [see, e.g., Eq. (19)]. To overcome numerical artifacts caused by the finite length of
the GW signal, we implemented a cutoff in the SNR time series at t) < 5/ fp, and foq — to < 5/fom, (in which 7,,q = 1 yr is the ending
time of the GW signal), before finding the SNR, and outputting the result. A similar approach can be found in LIGO data analysis; see,
e.g., Sec. VII in Ref. [138]].
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sources in the mock data. In particular, the stars represent
the intrinsic parameters of four GW sources that have a
high analytical SNR in the mock data (note that these
sources, as well as other low SNR sources in Fig. 5, are
present simultaneously in the mock LISA signal). After
applying the matched filtering, we get the SNR,, distribu-
tion as highlighted by the rectangular boxes in light blue,
which has a clear high SNR,;, peak that centers around the
intrinsic parameters of the binary (with the peak SNR, =
15,96,54,47, from left to right, exceeding the detection
threshold of 8). This result verifies that matched filtering
can perform well in extracting the bursting GW signal from
LISA data, even when multiple sources are contributing to
a wide range of harmonics in the frequency domain (see
Sec. IVA) and when there are instrumental noises plus the
Galactic foreground.

Furthermore, the right panel illustrates a zoom-in of the
region near the intrinsic parameters of a detected source.
We emphasize that the matched filtering of bursting GW
signal is highly sensitive to the choice of the initial orbital
frequency, f,,. For example, the high SNR,, peak in the
left panel only spans a frequency range of ~107!° Hz. This
sensitivity implies that, for LISA data analysis, we need to
choose a grid size smaller than this value [or, more
precisely, as estimated in Eq. (18)] to avoid missing
any bursting sources in the search. Given the parameter
space scale of f, ~ 1077—10~* Hz, this grid size requires
computing ~10° grids in the dimension of f,4, which
greatly increases the computational expense. However,
once the sources are identified, we can take advantage
of this high sensitivity to f.4, and accurately determine the
orbital parameters of bursting binaries. Moreover, because
of the small error in orbital frequency measurement, two
bursting sources with similar orbital frequencies are less
likely to be confused in the data analysis, which could help
suppress any potential confusion background.

We note that there are numerical artifacts in the left panel
of Fig. 6, which cause the fitted SNR to exceed the
detection threshold of 8 even when there are no astro-
physical sources. Specifically, in the region surrounded by
yellow dot-dashed lines, most of the high SNR,, peaks do
not represent real parameters of astrophysical sources
(except for the four SNR,, peaks highlighted by rectangular
boxes in light blue). Instead, these peaks are caused by the
higher-order harmonics of astrophysical bursting signals.
Specifically, for a given astrophysical signal with burst
period 1/f o, all the templates Aempiae (¢) With the follow-
ing orbital frequencies could have high SNR,, in the
template fitting:

(m,n=1,2,3...). (21)

m
/ f
- b
orb n orb»

Equation (21) can be explained using the property of
bursting signals. In particular, most of the observed stellar

mass bursting systems are expected to have slow orbital
evolution (see Sec. IT A), and their GW emission can
be characterized by repeated bursts, with a separation of
6t = 1/ f 4 in the time domain. For example, when using a
template with a burst separation of 207, 367,407... or
%57,%51,%61... to fit the signal, the GW bursts of the
template will also match (some of) the bursts from
astrophysical sources, thus yielding a high SNR,, in the
matched filtering result. (Note that, in the frequency
domain, this effect can be described as the overlapping
of harmonics between two signals with different funda-
mental frequencies, with one fundamental frequency being
multiple integer times the other one. Also, a similar effect
has been found in the literature of EMRI data analysis; see,
e.g., Ref. [150]).

Additionally, to excite the highest SNR,, peak at a given
harmonic frequency f7 ,, the templates need to have most
of the GW energy distributed in the same frequency band as
the astrophysical source. In other words, the template
should have a burst frequency that closely matches the
astrophysical GW signal [see Eq. (2)],

3

é)rb(l - el)_% Nforb(l - 60)_5, (22)

in which ¢’ is the eccentricity of the harmonic template.
Notably, Eq. (22) also suggests that the width of a GW burst
in the template coincides with the width of the burst in the
actual astrophysical signal.

Equations (21) and (22) provide a prediction for the
orbital frequency and eccentricity of the harmonic template
(see, e.g., the harmonic peak locations in Fig. 6), which can
significantly enhance source identification in future data
analysis. For example, the system with f,, = 7.60745 x
10~ Hz will excite multiply harmonics at the frequencies
such as 3.80372,2.53581,1.90186 x 107% Hz, and 1.52149,
2.28223,3.04298 x 10~ Hz (which represent the second,
third, and fourth harmonics; see the peaks in the left panel
of Fig. 6). Once we’ve found these high SNR, peaks, we
can try to fit their locations using Egs. (21) and (22), thus
extracting the intrinsic parameters of the source. We note
that the fitted SNR,, will be suppressed as the harmonic
numbers m, n increase, resulting in a finite number of
detectable harmonics. These harmonics can be efficiently
distinguished due to the high accuracy of f,4 measure-
ment. Furthermore, Fig. 6 shows the matched filtering
result for simultaneously fitting all bursting sources.
However, in practical data analysis, we can identify the
loudest bursting sources, remove them from the dataset,
and thereby prevent their harmonics from interfering with
the fitting of other astrophysical signals.

Here, we aim at a proof-of-concept example of a bursting
source search in LISA data analysis. Thus, this mock
observation does not include all the potential bursting
source populations. Furthermore, we assume a stationary
Gaussian instrumental noise in the mock LISA data, which
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may not capture all the influence of noise on the fitting results
of the bursting signals. For example, there have been many
studies highlighting the importance of instrumental glitches
(see, e.g., Refs. [151-153]). We expect this phenomenon to
appear in future detection, as shown recently by the LISA
Pathfinder (see, e.g., Refs. [154,155]). Therefore, it is
important to characterize whether these noise transients will
affect LISA’s performance in detecting highly eccentric
compact binaries, which we leave for future works.
Additionally, as discussed above, the matched filtering
of bursting GW signals is very sensitive to the
orbital frequency, with ~10° grids required for a complete
search of f.y, in the parameter space that we focus on.
Moreover, there are nine more dimensions (1 — ey,
M, q,cos®, D, cosd, ¢, R,y) that contribute to the total
number of grids we need to compute. However, computing
bursting waveforms in the time domain is time consuming,
which leads to a high computational cost for the search of
these sources. Thus, we highlight the importance of
constructing accurate frequency-domain waveforms for
highly eccentric binaries, as they could greatly accelerate
realistic data analysis. Also, we may need to incorporate
other suboptimal time-frequency approaches to search for
the signal, such as power stacking [51], the TFCLUSTER
algorithm [156], wavelet decomposition [80], and the
Q-transform [81-84], which are more robust to different
kinds of transients and have lower computational costs.

V. DISCUSSION

Wide, highly eccentric compact binaries can naturally
arise as a progenitor stage of GW mergers, particularly in
dynamical channels where environmental perturbations
bring two compact objects into close encounters (see,
e.g., Refs. [3-12,15-19,29,39-41,43-49,76,79,157,158]).
These systems will undergo effective GW emission upon
each pericenter passage, which potentially creates a burst-
like pattern in the mHz GW detection, as demonstrated
in Fig. 1 (note that there could be ~3-45 detectable
bursting BBHs in the Milky Way, which contribute to
~102-10* GW bursts during the LISA mission [3]). This
work focuses on the source identification and parameter
extraction of stellar mass bursting binaries. Particularly, we
explored the astrophysical inference of these highly eccen-
tric systems, quantified their parameter measurement error,
and carried out mock LISA observation to test whether
these bursting binaries could be efficiently distinguished
when multiple sources and instrumental noises are present
simultaneously in the detector’s output.

Throughout this paper, we have adopted the x model to
generate GW signals for all of the bursting binaries (see
Sec. I A). This model includes the dynamics of eccentric
compact binaries to 3 pN order, and we further account
for the detector’s annual motion around the Sun [see
Egs. (6)—(10)]. The definition of coordinates is illustrated
in Fig. 2.

To assess the detectability and parameter measurement
accuracy of bursting GW sources in the LISA band, we utilize
the Fisher matrix analysis (see Sec. IIl A) and the matched
filtering method (see Sec. I1I B). In particular, using the Fisher
matrix analysis, we compute the relative measurement
error of {fow, 1 — €9, M, gq,cos®, ®,cosb,p,R,y}, for
the bursting GW signals from a 10 — 15 M5 BBH system
at a distance of 8 kpc, in a representative parameter space of
semimajor axis ag~0.01-3 au, eccentricity ey~ 0.9-0.9999.
The results are shown in Figs. 3 and 4, with Fig. 3 representing
1 yr LISA observation and Fig. 4 representing 5 yr (which
yields a higher accuracy).

As illustrated in Figs. 3 and 4, for a highly eccentric
binary system, its orbital frequency, eccentricity (as
1 — eg), and the sky location can be retrieved with relatively
high accuracy. Notably, LISA could determine these
bursting sources’ orbital frequency to an accuracy of
Afop ~ 10712210719 Hz, with the relative error of 1 — e,
measurement smaller than ~1% in the detected cases,
which could greatly help with the understanding of these
binaries’ formation channels. Furthermore, the sky location
of bursting sources could be measured to an accuracy of
~0.1-10 deg (depending on the signal-to-noise ratio),
while the bursting waveform detection may be less sensi-
tive to other parameters, including the binary’s intrinsic
orientation {®, ®}, the distance R, and the polarization
angle y of GW signal. Additionally, the mass ratio g is
poorly constrained, but we could estimate the total mass M
with an accuracy of AM < 10% in a 5 yr observation, when
the SNR exceeds ~100. We discussed the astrophysical
interpretation of the aforementioned results in Sec. IIT A 2
and give an analytical estimation of f_ 4 measurement error
in Eq. (18).

We note that, due to the limitation of the Fisher matrix
analysis, the aforementioned parameter measurement accu-
racy only serves as a heuristic estimation for this new
source class. In particular, the resultant measurement error
of our work can become unreliable when compared with
full Bayesian analyses (see, e.g., the discussion in
Ref. [109]), especially for those parameters with weak
influence on the waveform (i.e., mass ratio g; intrinsic
orientation ®, ®; and distance R). Thus, we emphasize the
need for full Bayesian analyses in future work. While
computationally expensive, these methods can consistently
include sophisticated priors and explore the secondary
maxima of the posterior. Nonetheless, our results provide
compelling evidence that bursting GW sources are prom-
ising candidates for inferring astrophysical properties.

Moreover, to measure the source parameters in realistic
observation, the bursting GW signals need to be properly
identified and extracted from the data stream. Thus, we
further test the detectability of the highly eccentric compact
binaries via the mock LISA data analysis. Specifically, we
construct an example of mock LISA data (see Sec. IV B),
which includes a representative population of bursting
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BBHs in the Milky Way Galactic Center nuclear star cluster
(see Fig. 5), the instrumental noise of detector, and the
astrophysical GW noise foreground caused by unresolved
Galactic binaries. We then adopt the matched filtering
method as described in Sec. III B, to compute the optimal
signal-to-noise ratio in the search of bursting GW sources.

The mock data analysis results are summarized in Fig. 6.
Interestingly, even without fitting the global optimum
in the 10-dimensional parameter space, the matched filter-
ing search of bursting GW templates in the plane of
(forbs 1 — €g) still identifies most of the bursting sources
with high SNR in the mock observation (which is mostly
because (fom, 1 — o) are the dominant parameters that
characterize the bursting GW signals). Furthermore, the
matched filtering results show a high sensitivity to orbital
frequency (see the left panel), which indicates a small grid
size requirement, Af ., ~ 10710 Hz, for future data analy-
sis. On the other hand, this phenomenon also means there
could be less confusion between bursting binaries with
different values of f,4. Thus, multiple sources can be
distinguished simultaneously in the detector’s output. We
also explore the potential artifacts in burst data analysis,
such as the nonastrophysical signals caused by the higher-
order harmonics of highly eccentric GW sources, as
described in Eq. (21).

We emphasize that the mock data analysis in this work
does not include all the potential GW source populations
and the non-Gaussian instrumental noise (such as glitches).
However, it serves as a proof-of-concept example of
bursting source search in LISA data analysis, which verifies
the detectability of highly eccentric compact binaries with
the current LISA design and data analysis methods. Also,
our analysis provides a guideline for the future bursting
GW signal search, including an estimation of parameter
space, computational expense, and potential artifacts.

To conclude, wide, highly eccentric compact binaries
can provide us with valuable information about their
formation channels and the surrounding environment. In
particular, we show that these sources could be properly
identified and extracted from the LISA detector’s output,
with high accuracy in the measurement of orbital fre-
quency, eccentricity, and sky location. However, the com-
putational expense may be large for the search of bursting
signals. Therefore, it is important to develop ready-to-use
frequency-domain templates for bursting GW sources or
incorporate other efficient time-frequency approaches in
future detection.
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APPENDIX A: TIME-DOMAIN ESTIMATION
OF THE INNER PRODUCT

For quasiperiodic gravitational waves hy, h, with fre-
quency close to f(, the GW signal is a nearly monochro-
matic, sinusoidal waveform. In this case, the frequency-
domain expression of inner product [see Eq. (11)] can be
simplified. In particular, the noise curve S, (f) can be taken
out of the integration because of the small variation of f:

s R+ ()

Furthermore, using Parseval’s theorem, we can compute the
integral in Eq. (A1) using time-domain waveforms:

4 )
i A hy (£)hs (1),

Equation (A2) is commonly adopted when analyzing the
gravitational waves from circular binaries when the evolu-
tionary timescale is much longer than the observational
period of LISA (see, e.g., Refs. [70,159,160]).

(h1]h2) m(f)df. (A1)

(hy|hy) ~ (A2)

APPENDIX B: ANALYTICAL ESTIMATION
OF THE FISHER MATRIX

In this section, we develop an analytical method to
estimate the Fisher matrix for eccentric GW sources in the
LISA band. In particular, we first adopt a simplified
waveform model for eccentric sources from Ref. [161]
(see also Refs. [9,68,85]), in which h,,h, denote two
polarizations of the gravitational wave and n = 1,2,3...
denotes the number of harmonics,

hy(t) = =hcos®> [B,_sin®,, + B,, sin®,,_], (Bl)
h 102 t 2
h (1) = _EZ[SIH OA, cos @, + (1 + cos*®)
X (B, cos®,_ — B,_cos®!_ )], (B2)

where h = 4mm,/(aR) is the strain amplitude of gravi-
tational wave. For a detailed description of orbital param-
eters, see Fig. 1 in Ref. [68].
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In Eq. (B2), B,. =(S,+C,)/2 and A, are linear
combinations of the Bessel functions of the first kind,
J,(ne), and their derivatives,

2(1 _ 62)]/2 N 2(1 _ 62)3/2

62

S,=- n~'J (ne) nJ,(ne),

2—¢?

_ e
2 J,(ne) + M

e

Ju(ne),

C,=
A, = J,(ne), (B3)
where a prime denotes the derivative, ie., J)(ne)=
d‘ln(ne)/de = n[]n—l (ne) - JnJrl (ne)]/z

The frequency component of an eccentric GW waveform
is made up of a series of harmonics, with the power of
each harmonic concentrate near f, = nf., (see, e.g.,
Refs. [3,65,77,79,85]. Furthermore, the pericenter preces-
sion makes the orbital phase of each harmonic split into a
triplet, ®,, ®,,... Therefore, in Eq. (B2), the time evolution
of orbital phases can be expressed as [85]

¢£’l = 27Tnforb(t - tO)’

D!, =2anfow(t —ty) £ 276f1 £ 2yy, (B4)

in which f , = T;r{, is the Keplerian orbital frequency

(here, Ty, = 22M~"/2a3? is the Newtonian radial orbital
period), 7 is the time of pericenter passage (hereafter, we
set 1y = 0), y, is the initial angle of the pericenter, and here
we define of as twice of the (general relativistic) pericenter
precession frequency [85]:

6(27) M3

= —%_ (B5)

(I-e%)

L Ldy s
2rdt n-a%(l - ez)

5f =2

After setting up the waveform, we can take its deriva-
tive of different orbital parameters and get an analytical
estimation of the Fisher matrix using Eq. (12). In the
most general case, all the six parameters could affect
the waveform in Eq. (B2), i.e., (h, 0, fow.0f,¢€,70)-
However, for simplicity, here we will only focus on three
parameters, i.e., (fom, 8f, €). This simplification is partly
justified because (fom,5f,e) dominates the long-term
phase evolution of the GW waveform, thus mostly
affecting the overlap in the computation of Fisher matrix
[see Eq. (12)]. Also, we are interested in these three
parameters because they represent the accuracy of meas-
urement for the (redshifted) intrinsic parameters of the
binary system,

oh,,
af orb

= —hcos GZ[BH_ cos @) - (2znt)

+ B, cos®!,_ - (2znt)] (B6)

oh,
a5f

= —hcos G)Z[B,,_ cos @), - (2xt)
+B, cos®!,_ - (—2xt)] (B7)

oh,, . .
e —hcos® E [B),_sin®}, + B, sin®,_], (BS)
e

in which B/ (n,e) =dB,./de is the derivative as a
function of the binary’s eccentricity. Note that, in
Eqgs. (B6) and (B7), the factor of 2znt (2zt) is because
of taking the derivative of ®!  over f,, (6f)
[see Eq. (B4)].

We note that, on the other hand, / represents the overall
amplitude of the waveform, while ® and y, describe the
inclination and orientation of the binary relative to the
observer. Since there are degeneracies between some of
these parameters [e.g., & and cos® in Eq. (B1)] and the
highly eccentric GW waveform is less sensitive to these
parameters (see, e.g., that they are weakly constrained in
Fig. 3), we neglect their contribution for simplicity.
However, in realistic observation, these parameters may
still interfere with the measurement of (f,, 51, ). In other
words, our result in the following discussion only considers
the submatrix of (f,4,0f,€), and the corresponding
estimation serves as a lower bound of parameter measure-
ment error.

Here, we assume the GW source evolves slowly. Thus,
the signal does not undergo a significant frequency shift
during the observation, and each harmonic is a near-
monochromatic signal with the power concentrates
near f, = nf.,. We expect that most sources will be
consistent with this assumption for the harmonics that
contribute most to the detection signal-to-noise ratio (see,
e.g., Refs. [3,4,48]); however, in some cases, the signal may
shift in a short timescale, or the precession of orbit is
fast [47,71], which is beyond the scope of this study.

In particular, we make the assumptions

;Z_: > Tobs

Tobs > ]ﬁ ’ (B9)

f orb > 5f

where f., represents the time derivative of orbital fre-
quency, which can be estimated using Eq. (B10) [65,76]:

. 19673
forb = 5 X % 3/3 (zforb)ll/3F(e)’ (BIO)
in which M, is the chirp mass of the binary,

M, = (mymy)*3/(m; +m,)'/>, and F(e) is a function
of the compact binary’s eccentricity (the enhancement
function) [125]:
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14+ DBe2 4374
F(e) 54(124_ 62)733 (B11)

In Eq. (B9), the first assumption ensures that the source
evolves slowly (merger timescale 7~ fou/Fo > Tops)s
the second assumption ensures that there is a significant
number of bursts detected during the observation, and the
third assumption ensures that pericenter precession is small
during each orbit [i.e., every single harmonic and its
corresponding triplet frequencies will only overlap with
itself in the frequency domain; see Eq. (B4)].

Therefore, under the assumption that f 4 evolves slowly
and §f is much smaller than f 4, each single harmonic (and
its corresponding triplet frequencies) can be taken as a near-
monochromatic signal, which does not overlap with other
harmonics. This property allows us to compute the inner
product of each individual harmonic using Eq. (A2), then
sum over all the harmonics’ contributions to get the total
inner product.

For example, combining Egs. (A2) and (B6), we have

oh, | oh 4
| —= ) =h%c0s’@- Y ————(27n)?
<aforb aforb> ;Sn(nforb)
TO S
x/ " [B2_cos?®!,, + B2, cos®2_
0
+ 2B, B,_cos®', cos®',_]i*dt, (B12)
in which
Tobs
/ cos?®!  dt
0
1 Tvbs
:/ (14 cos2®! )idr
2 Jo
1 3 1 Lobs )
= gTobs + 5/ cos [4r(nfop + 6f )t £ dyolt*dt
0
1
11,1400, (B13)

and:

1,
/ObS cos @, cos D _r2dt
n+ n—
0

1 TO S
- / " [cos (4znfot) + cos (4ndft + dyy)|Adt.
0

(B14)

We note that, the integration of cos (48t + 4y, )t>dt in
Eq. (B14) may yield a significant contribution to the inner
product. This is because many highly eccentric systems
have their precession timescale 1/5f comparable to or
longer than the observation time, T .. Therefore, Eq. (B14)
can be on the same order of ~T?3, . [Note that we did not

assume 7T, > 1/6f in Eq. (B9); otherwise, all the terms in
Eq. (B14) can be neglected compared with 73, ]

In other words, the initial angle of the pericenter, ¥, can
affect the parameter extraction, providing that the eccentric
GW source has slow precession during the observation.
However, since here we are focusing on a heuristic
estimation of the parameter extraction accuracy, we further
average over different orientations of the source, i.e., the
angle of y,, to get the general order of magnitude for the
matrix element. The average over y, makes the term of
cos (4r8ft + 4y, )t*dt vanish. Therefore, after taking this
average, the terms in Eq. (B14) can be neglected because
they are much smaller than 73, [the leading-order con-
tribution; see, e.g., Eq. (B13)].

Plugging the result of Eqs. (B13) and (B14) into
Eq. (B12), we can get

oh, | oh
T fon) :< . X>
Fowon/ vy Of orb| Of orb )
2

~8—ﬂzhzcos2®T3 2:717(32 + B2.)
3 Dot S,(nfo) T

n

(B15)
in which (-), represents taking the average over y,.

Similarly, we can adopt this method for the other two
parameters, 6f and e and get

ahx>
aof 7o
872 1
~——h*cos?@T3, Y ———— (B, + Bi_
3 Ccos obszn: Sn(nforb)( n+ + n )

) oh.,| oh,,
(Feeh, = < de | de >
Yo
1

~2h?cos? OT ——(B? + B?2),
ObSE Sn(nforb) ( n—+ n )

= ~ /ohy
<5f5f>},0_ W

(B16)

(B17)

where a prime denotes the derivative, i.e., B, . = dB,,. /de.
We apply the same analysis to the plus polarization [see

Eq. (B2)] and get

oh. | oh
rt .y = < o >
< Sornf orb>70 af()l‘b af orb/ y,

21 n?
~Ta hzT?) S
3 bA;Sn(nforb)
x [sin*@A2 + (1 + cos?®)?(B2, + B2_)],
(B18)
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ey /9| ohy
Loparty, = 95f | 95f /,

2 1 + cos’@®)?
~%h2T* ZQ (B2, + B2.).

obs Sn (nforb)
(B19)
oh|oh,
(Teehy, _< de | Oe >
70
1 1
~—h2T -
2 Obs;sn(nforb)
x [sin*@A” + (1+cos?@)* (B2, +B2)]  (B20)

In realistic observation, the detector’s output is a linear
combination of two polarizations of the gravitational wave,
and the coefficients depend on the sources’ sky location and
detector’s orientation (see the discussions in Sec. IIT A 1).
Here, for simplicity, we combine the matrix elements for
hy, h, using

r=r*+r1t. (B21)

We note that, after taking the approximations in Eq. (B9)

and averaging the matrix elements over y, the cross-terms

between different parameters will vanish because of the
same reason as discussed below Eqs. (B13) and (B14), i.e.,

(T35, ~0. (T ~0. (T35 ~0:  (B22)

therefore, the diagonal terms in the inverse of the Fisher
matrix, C;;, can be simplified as C;; ~ (I';;);!, which gives
the following relation [see Eq. (13)]:

1

Bk = Ci~ (Tl (B23)

We can plug Egs. (B15)-(B20) into Eq. (B21), then
use Eq. (B23) to calculate the parameter measurement
error:

1

Aforb (< furbforb>}’0 + <l—‘j£orbf0rb>}’0)_E
2 (277 n?
=h" 1 o s{
os 3 ; Sn(nforb)
x [sin*@A2 + (1 + 6cos’® + cos*®)

1

<(B2, + B2 >]} | (B24)

A(5f) ~ (<F(>$<f5f> + <Fgf5f> )~

_ g {277,' Z (1 +6cosz®+cos4®)
obs (nforb)

1

x (Bhy + B%_)} " (B25)

Ae~((T)y, +(Te)y,)
1 1
T {
obs Z (nforb)
x [sin*@A’? + (14 6c0s°@ +cos*®) (B2, + B2)] }_7
(B26)

We emphasize that Eqs. (B24)—(B26) serve as a lower
bound of the measurement error since we exclude (%, ©, )
when analyzing the elements of the Fisher matrix. In fact, it
turns out that this estimation may differ from the numerical
results by orders of magnitude (see, e.g., Fig. 3). However,
we expect it to show the correct dependence of Af .y,
A(5f), and Ae on the observational time as well as the
orbital parameters of the binary.

APPENDIX C: COMPUTING THE MAJOR
AND MINOR AXES
OF SKY ERROR ELLIPSOIDS

To estimate the parameter measurement errors for GW
sources, we computed their Fisher matrix using the partial
derivatives of the waveform with respect to 10 parameters:
forn, 1 —eg, M, q,cos®, D, cos O, ¢, R,y (see Sec. [IT A 1).
On the other hand, instead of directly estimating the errors
in the spherical polar angles {cos®,®,cos6,p}, the
source orientation and sky location measurement accuracy
can be better described using sky error ellipsoids (see, e.g.,
Refs. [68,131,134,136]). Therefore, this section will briefly
summarize how to convert the Fisher matrix analysis results
of {cos ®, @, cos @, ¢} into the major and minor axes of the
corresponding sky error ellipsoids, {24, 2B,},{2ay,2b,}.

In particular, we follow the method described in Sec. VI
C of Ref. [136]. For example, to estimate the error ellipsoid
of sky location, {2ay,2b,}, we first consider the relevant
terms in the covariance matrix, C = F~! [see Egs. (12)
and (13)],

Zcos 0.cos0 — C77v
Zcos 0.p — Z(/),cosé) = C78’ (Cl)

Zypp = Csss

where indices 7 and 8 correspond to the parameters cos 6, ¢
in the Fisher matrix F;; and covariance matrix C;;.
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FIG. 7. The dependence of a compact binary’s parameter measurement error on its initial pericenter distance, r, = ao(1 — ey), and
eccentricity e(. (1 yr observation) Here, we consider the same systems as in Fig. 3, but reparametrize the x axis using r, = ao(1 — e;).
We exclude the gray-colored region at the bottom of each panel since here the binary’s orbital period is longer than the observation
time (1 yr).
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FIG. 8. The dependence of a compact binary’s polarization angle measurement error on its semimajor axis and eccentricity, computed
using the Fisher matrix analysis. (1 yr observation) Here, we consider the same systems as in Fig. 3 but show the result according to
parameter y for completeness.
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FIG. 9. Comparison between the analytical and numerical estimation of f; measurement error. Here, we consider the same systems
as shown in Fig. 3 but calculate the relative f.4, measurement error using Eq. (18) (upper panel) and compare it with the numerical
results from Fisher matrix analysis (bottom panel). As shown in the figure, the analytical approach provides an accurate estimation of
fon measurement error in the moderate SNR region (i.e., close to the dashed line of SNR = 8). However, its performance is limited

when the binary has a short merger timescale (to the bottom left of each p

anel) and becomes inconsistent with the Fisher matrix analysis.

Defining the error ellipse such that the probability of the source lying outside the ellipse is e~! [130], the major axis 2a;

and minor axis 2b, of the ellipse are given by

. ) 1/2
2 [cs029200s bcoso + SIN*OZ, 4 + \/ (820 05 p.cos0 — SIN*OZ ) + 4(Zcos 9,,/,)2] .

Similarly, this method can be applied to the parameters {cos O,

(C2)

®}, by substituting cos @ — cos ©, ¢ — @ in Egs. (C1)

and (C2), yielding the major and minor axes of error ellipse for source orientation, {2A;,2B,}.

[1] N. Loutrel and N. Yunes, Classical Quantum Gravity 34,
135011 (2017).

[2] N. Loutrel, arXiv:2009.11332.

[3] Z. Xuan, S. Naoz, B. Kocsis, and E. Michaely, Astrophys.
J. 965, 148 (2024).

[4] R.M. O’Leary, B. Kocsis, and A. Loeb, Mon. Not. R.
Astron. Soc. 395, 2127 (2009).

043018-22

5] T. A. Thompson, Astrophys. J. 741, 82 (2011).

6] S.J. Aarseth, Mon. Not. R. Astron. Soc. 422, 841 (2012).

7] B. Kocsis and J. Levin, Phys. Rev. D 85, 123005 (2012).

[8] K. Breivik, C. L. Rodriguez, S. L. Larson, V. Kalogera, and
F. A. Rasio, Astrophys. J. Lett. 830, L18 (2016).

[9] L. Gondén, B. Kocsis, P. Raffai, and Z. Frei, Astrophys. J.

860, 5 (2018).

[
[
[



EXTRACTING ASTROPHYSICAL INFORMATION OF HIGHLY ...

PHYS. REV. D 111, 043018 (2025)

[10] D.J. D’Orazio and J. Samsing, Mon. Not. R. Astron. Soc.
481, 4775 (2018).

[11] M. Zevin, J. Samsing, C. Rodriguez, C.-J. Haster, and E.
Ramirez-Ruiz, Astrophys. J. 871, 91 (2019).

[12] J. Samsing, A.S. Hamers, and J. G. Tyles, Phys. Rev. D
100, 043010 (2019).

[13] A.P. Stephan, S. Naoz, A.M. Ghez, G. Witzel, B.N.
Sitarski, T. Do, and B. Kocsis, Mon. Not. R. Astron. Soc.
460, 3494 (2016).

[14] B.-M. Hoang, S. Naoz, and K. Kremer, Astrophys. J. 903,
8 (2020).

[15] M. A. S. Martinez, G. Fragione, K. Kremer, S. Chatterjee,
C. L. Rodriguez, J. Samsing, C. S. Ye, N. C. Weatherford,
M. Zevin, S. Naoz, and F. A. Rasio, Astrophys. J. 903, 67
(2020).

[16] F. Antonini and M. Gieles, Mon. Not. R. Astron. Soc. 492,
2936 (2020).

[17] K. Kremer, C.S. Ye, N.Z. Rui, N.C. Weatherford, S.
Chatterjee, G. Fragione, C.L. Rodriguez, M. Spera, and
F. A. Rasio, Astrophys. J. Suppl. Ser. 247, 48 (2020).

[18] M. Winter-Grani¢, C. Petrovich, and V. Pefia-Donaire,
Astrophys. J. 973, 53 (2024).

[19] L. Gondan and B. Kocsis, Mon. Not. R. Astron. Soc. 506,
1665 (2021).

[20] F. Zhang, X. Chen, L. Shao, and K. Inayoshi, Astrophys. J.
923, 139 (2021).

[21] G. Fragione, B. Kocsis, F. A. Rasio, and J. Silk, Astrophys.
J. 927, 231 (2022).

[22] J. Samsing, I. Bartos, D.J. D’Orazio, Z. Haiman, B.
Kocsis, N. W.C. Leigh, B. Liu, M. E. Pessah, and H.
Tagawa, Nature (London) 603, 237 (2022).

[23] C. Rowan, T. Boekholt, B. Kocsis, and Z. Haiman, Mon.
Not. R. Astron. Soc. 524, 2770 (2023).

[24] R. A. Purohit, G. Fragione, F. A. Rasio, G. C. Petter, and
R. C. Hickox, Astron. J. 167, 191 (2024).

[25] Y. Kozai, Astron. J. 67, 591 (1962).

[26] M. L. Lidov, Planet. Space Sci. 9, 719 (1962).

[27] G. Li, S. Naoz, B. Kocsis, and A. Loeb, Mon. Not. R.
Astron. Soc. 451, 1341 (2015).

[28] S. Naoz, Annu. Rev. Astron. Astrophys. 54, 441 (2016).

[29] B.-M. Hoang, S. Naoz, B. Kocsis, F. A. Rasio, and F.
Dosopoulou, Astrophys. J. 856, 140 (2018).

[30] H. Tagawa, Z. Haiman, and B. Kocsis, Astrophys. J. 898,
25 (2020).

[31] H. Tagawa, B. Kocsis, Z. Haiman, I. Bartos, K. Omukai,
and J. Samsing, Astrophys. J. Lett. 907, L20 (2021).

[32] D.J. Muiioz, N. C. Stone, C. Petrovich, and F. A. Rasio,

arXiv:2204.06002.

[33] H. Gautham Bhaskar, G. Li, and D. Lin, arXiv:2303
.125309.

[34] M. Arca Sedda, S. Naoz, and B. Kocsis, Universe 9, 138
(2023).

[35] H. Yan, X. Chen, and A. Torres-Orjuela, Phys. Rev. D 107,
103044 (2023).

[36] P. Peng and X. Chen, Astrophys. J. 950, 3 (2023).

[37] H. Whitehead, C. Rowan, T. Boekholt, and B. Kocsis,
Mon. Not. R. Astron. Soc. 531, 4656 (2024).

[38] L.-G. Zhu and X. Chen, Astrophys. J. 960, 43 (2024).

[39] E. Michaely and H. B. Perets, Astrophys. J. Lett. 887, L.36
(2019).

[40] E. Michaely and H. B. Perets, Mon. Not. R. Astron. Soc.
498, 4924 (2020).

[41] E. Michaely and S. Naoz, Astrophys. J. 936, 184 (2022).

[42] J. Stegmann, A. Vigna-Gomez, A. Rantala, T. Wagg, L.
Zwick, M. Renzo, L. A.C. van Son, S.E. de Mink, and
S.D. M. White, Astrophys. J. Lett. 972, L19 (2024).

[43] L. Wen, Astrophys. J. 598, 419 (2003).

[44] A.S. Hamers, Mon. Not. R. Astron. Soc. 476, 4139
(2018).

[45] A.P. Stephan, S. Naoz, A.M. Ghez, M.R. Morris, A.
Ciurlo, T. Do, K. Breivik, S. Coughlin, and C.L.
Rodriguez, Astrophys. J. 878, 58 (2019).

[46] M. W. Bub and C. Petrovich, Astrophys. J. 894, 15 (2020).

[47] B. Deme, B.-M. Hoang, S. Naoz, and B. Kocsis,
Astrophys. J. 901, 125 (2020).

[48] H. Wang, A.P. Stephan, S. Naoz, B.-M. Hoang, and K.
Breivik, Astrophys. J. 917, 76 (2021).

[49] M. Zevin, I. M. Romero-Shaw, K. Kremer, E. Thrane, and
P.D. Lasky, Astrophys. J. Lett. 921, L43 (2021).

[50] P. Amaro-Seoane et al., arXiv:1702.00786.

[51] W. E. East, S. T. McWilliams, J. Levin, and F. Pretorius,
Phys. Rev. D 87, 043004 (2013).

[52] J. Samsing, M. MacLeod, and E. Ramirez-Ruiz, Astro-
phys. J. 784, 71 (2014).

[53] M. Coughlin, P. Meyers, E. Thrane, J. Luo, and N.
Christensen, Phys. Rev. D 91, 063004 (2015).

[54] L. Gondan, B. Kocsis, P. Raffai, and Z. Frei, Astrophys. J.
855, 34 (2018).

[55] C.J. Moore, D. Gerosa, and A. Klein, Mon. Not. R.
Astron. Soc. 488, .94 (2019).

[56] R. Abbott et al., Astrophys. J. Lett. 913, L7 (2021).

[57] LIGO Scientific, Virgo, and KAGRA Collaborations,
Phys. Rev. X 13, 011048 (2023).

[58] M. E. Lower, E. Thrane, P. D. Lasky, and R. Smith, Phys.
Rev. D 98, 083028 (2018).

[59] 1. M. Romero-Shaw, P. D. Lasky, and E. Thrane, Mon. Not.
R. Astron. Soc. 490, 5210 (2019).

[60] A.M. Knee, I. M. Romero-Shaw, P. D. Lasky, J. Mclver,
and E. Thrane, Astrophys. J. 936, 172 (2022).

[61] B.P. Abbott ef al., Astrophys. J. 883, 149 (2019).

[62] A.K. Lenon, A. H. Nitz, and D. A. Brown, Mon. Not. R.
Astron. Soc. 497, 1966 (2020).

[63] 1. Romero-Shaw, P. D. Lasky, E. Thrane, and J. C. Bustillo,
Astrophys. J. Lett. 903, L5 (2020).

[64] V. Gayathri, J. Healy, J. Lange, B. O’Brien, M.
Szczepanczyk, 1. Bartos, M. Campanelli, S. Klimenko,
C. Lousto, and R. O’Shaughnessy, Nat. Astron. 6, 344
(2022).

[65] P.C. Peters, Phys. Rev. 136, 1224 (1964).

[66] 1. Hinder, B. Vaishnav, F. Herrmann, D. M. Shoemaker,
and P. Laguna, Phys. Rev. D 77, 081502 (2008).

[67] L. Barack and C. Cutler, Phys. Rev. D 69, 082005 (2004).

[68] B. Mikdczi, B. Kocsis, P. Forgacs, and M. Vastth, Phys.
Rev. D 86, 104027 (2012).

[69] T. Robson, N.J. Cornish, N. Tamanini, and S. Toonen,
Phys. Rev. D 98, 064012 (2018).

[70] X. Chen, S. Li, and Z. Cao, Mon. Not. R. Astron. Soc. 485,
L141 (2019).

[71] B.-M. Hoang, S. Naoz, B. Kocsis, W.M. Farr, and J.
Mclver, Astrophys. J. Lett. 875, L31 (2019).

043018-23



ZEYUAN XUAN et al.

PHYS. REV. D 111, 043018 (2025)

[72] Y. Fang, X. Chen, and Q.-G. Huang, Astrophys. J. 887,
210 (2019).

[73] N. Tamanini, A. Klein, C. Bonvin, E. Barausse, and C.
Caprini, Phys. Rev. D 101, 063002 (2020).

[74] A. Torres-Orjuela, P. Amaro Seoane, Z. Xuan, A.J. K.
Chua, M. J. B. Rosell, and X. Chen, Phys. Rev. Lett. 127,
041102 (2021).

[75] P. Amaro-Seoane er al., Living Rev. Relativity 26, 2
(2023).

[76] Z. Xuan, P. Peng, and X. Chen, Mon. Not. R. Astron. Soc.
502, 4199 (2021).

[77] Z. Xuan, S. Naoz, and X. Chen, Phys. Rev. D 107, 043009
(2023).

[78] C. Cutler and E.E. Flanagan, Phys. Rev. D 49, 2658
(1994).

[79] Z. Xuan, S. Naoz, B. Kocsis, and E. Michaely, Phys. Rev.
D 110, 023020 (2024).

[80] S. Klimenko and G. Mitselmakher, Classical Quantum
Gravity 21, S1819 (2004).

[81] S. Chatterji, L. Blackburn, G. Martin, and E. Katsavounidis,
Classical Quantum Gravity 21, S1809 (2004).

[82] S. Chatterji, A. Lazzarini, L. Stein, P. J. Sutton, A. Searle,
and M. Tinto, Phys. Rev. D 74, 082005 (2006).

[83] M. J. Bassetti, A. N. Chatterjee, N. Aluru, and D. J. Beebe,
J. Microelectromech. Syst. 14, 1198 (2005).

[84] K.S. Tai, S. T. McWilliams, and F. Pretorius, Phys. Rev. D
90, 103001 (2014).

[85] N. Seto, Phys. Rev. Lett. 87, 251101 (2001).

[86] K. Glampedakis, Classical Quantum Gravity 22, S605
(2005).

[87] C. Hopman and T. Alexander, Astrophys. J. Lett. 645,
L133 (2006).

[88] L.J. Rubbo, K. Holley-Bockelmann, and L. S. Finn, As-
trophys. J. Lett. 649, L25 (2000).

[89] P. Amaro-Seoane, J. R. Gair, M. Freitag, M. C. Miller, 1.
Mandel, C.J. Cutler, and S. Babak, Classical Quantum
Gravity 24, R113 (2007).

[90] L. Barack, Classical Quantum Gravity 26, 213001 (2009).

[91] C.P.L. Berry and J. R. Gair, Mon. Not. R. Astron. Soc.
435, 3521 (2013).

[92] X. Chen and W.-B. Han, Commun. Phys. 1, 53 (2018).

[93] X. Fang, T. A. Thompson, and C. M. Hirata, Astrophys. J.
875, 75 (2019).

[94] L. Randall, A. Shelest, and Z.-Z. Xianyu, Astrophys. J.
924, 102 (2022).

[95] H.-M. Fan, S. Zhong, Z.-C. Liang, Z. Wu, J.-d. Zhang, and
Y.-M. Hu, Phys. Rev. D 106, 124028 (2022).

[96] D.J. Oliver, A.D. Johnson, J. Berrier, K. Glampedakis,
and D. Kennefick, Classical Quantum Gravity 41, 115004
(2024).

[97] S. Naoz, S. C. Rose, E. Michaely, D. Melchor, E. Ramirez-
Ruiz, B. Mockler, and J. D. Schnittman, Astrophys. J. Lett.
927, L18 (2022).

[98] S. Naoz and Z. Haiman, Astrophys. J. Lett. 955, L27
(2023).

[99] F. Zhang, X. Chen, L. Shao, and K. Inayoshi, Astrophys. J.
923, 139 (2021).

[100] C. Shariat, S. Naoz, B.M.S. Hansen, I. Angelo, E.
Michaely, and A.P. Stephan, Astrophys. J. Lett. 955,
L14 (2023).

[101] A. Nishizawa, E. Berti, A. Klein, and A. Sesana, Phys.
Rev. D 94, 064020 (2016).

[102] A. Nishizawa, A. Sesana, E. Berti, and A. Klein, Mon. Not.
R. Astron. Soc. 465, 4375 (2017).

[103] B. Moore, T. Robson, N. Loutrel, and N. Yunes, Classical
Quantum Gravity 35, 235006 (2018).

[104] W.-B. Han, X.-Y. Zhong, X. Chen, and S. Xin, Mon. Not.
R. Astron. Soc. 498, L61 (2020).

[105] I. Romero-Shaw, N. Loutrel, and M. Zevin, Phys. Rev. D
107, 122001 (2023).

[106] A.M. Knee, J. Mclver, S. Naoz, I. M. Romero-Shaw, and
B.-M. Hoang, Astrophys. J. Lett. 971, L38 (2024).

[107] Z. Zhang and X. Chen, Astrophys. J. 968, 122 (2024).

[108] D. Coe, arXiv:0906.4123.

[109] M. Vallisneri, Phys. Rev. D 77, 042001 (2008).

[110] A. Toubiana, S. Marsat, S. Babak, E. Barausse, and J.
Baker, Phys. Rev. D 101, 104038 (2020).

[111] B. Kocsis, M. E. Gaspar, and S. Marka, Astrophys. J. 648,
411 (2006).

[112] X. Fang, T. A. Thompson, and C. M. Hirata, Astrophys. J.
875, 75 (2019).

[113] Note that the second line of Eq. (4) differs from Eq. (11) in
Ref. [3] by a factor of /2, which has been introduced to
ensure consistency between the first and second lines.

[114] K. S. Thorne, Three Hundred Years of Gravitation, edited
by S. W. Hawking and W. Israel (Cambridge University
Press, Cambridge, England, 1987), pp. 330—458.

[115] A. Klein, E. Barausse, A. Sesana, A. Petiteau, E. Berti, S.
Babak, J. Gair, S. Aoudia, I. Hinder, FE. Ohme, and B.
Wardell, Phys. Rev. D 93, 024003 (2016).

[116] A. Klein, E. Barausse, A. Sesana, A. Petiteau, E. Berti, S.
Babak, J. Gair, S. Aoudia, I. Hinder, F. Ohme, and B.
Wardell, Phys. Rev. D 93, 024003 (2016).

[117] T. Robson, N.J. Cornish, and C. Liu, Classical Quantum
Gravity 36, 105011 (2019).

[118] K. Kremer, S. Chatterjee, K. Breivik, C.L. Rodriguez,
S. L. Larson, and F. A. Rasio, Phys. Rev. Lett. 120, 191103
(2018).

[119] I. Hinder, F. Herrmann, P. Laguna, and D. Shoemaker,
Phys. Rev. D 82, 024033 (2010).

[120] E. A. Huerta, P. Kumar, S. T. McWilliams, R. O’Shaughnessy,
and N. Yunes, Phys. Rev. D 90, 084016 (2014).

[121] D. A. Brown and P.J. Zimmerman, Phys. Rev. D 81,
024007 (2010).

[122] T. Damour and N. Deruelle, Ann. Inst. Henri Poincare
Sect. A Phys. Theor. 43, 107 (1985), https://ui.adsabs
.harvard.edu/abs/1985AIHPA..43..107D/abstract.

[123] T. Damour and N. Deruelle, Ann. Inst. Henri Poincare
Sect. A Phys. Theor. 44, 263 (1986), https://ui.adsabs
.harvard.edu/abs/1986AIHPA..44..263D.

[124] L. Blanchet, Living Rev. Relativity 5, 3 (2002).

[125] P. C. Peters and J. Mathews, Phys. Rev. 131, 435 (1963).

[126] R.M. O’Leary, B. Kocsis, and A. Loeb, Mon. Not. R.
Astron. Soc. 395, 2127 (2009).

[127] B. Kocsis, A. Ray, and S. Portegies Zwart, Astrophys. J.
752, 67 (2012).

[128] B. Moore and N. Yunes, Classical Quantum Gravity 36,
185003 (2019).

[129] N.J. Cornish and L.J. Rubbo, Phys. Rev. D 67, 022001
(2003).

043018-24



EXTRACTING ASTROPHYSICAL INFORMATION OF HIGHLY ...

PHYS. REV. D 111, 043018 (2025)

[130] C. Cutler, Phys. Rev. D 57, 7089 (1998).

[131] B. Kocsis, Z. Haiman, K. Menou, and Z. Frei, Phys. Rev. D
76, 022003 (2007).

[132] N. Christensen and R. Meyer, Phys. Rev. D 58, 082001
(1998).

[133] N. Christensen, R.J. Dupuis, G. Woan, and R. Meyer,
Phys. Rev. D 70, 022001 (2004).

[134] B. Kocsis, Z. Haiman, and K. Menou, Astrophys. J. 684,
870 (2008).

[135] N. Yunes, C.F. Sopuerta, L.J. Rubbo, and K. Holley-
Bockelmann, Astrophys. J. 675, 604 (2008).

[136] R.N. Lang and S. A. Hughes, Phys. Rev. D 74, 122001
(2006).

[137] N. Seto, Mon. Not. R. Astron. Soc. 333, 469 (2002).

[138] B. Allen, W. G. Anderson, P. R. Brady, D. A. Brown, and
J.D. E. Creighton, Phys. Rev. D 85, 122006 (2012).

[139] E. A. Petigura, G. W. Marcy, and A. W. Howard, As-
trophys. J. 770, 69 (2013).

[140] R. Abbott, SoftwareX 13, 100658 (2021).

[141] R. Abbott, Astrophys. J. 267, 29 (2023).

[142] A. Nitz et al., GWASTRO/PyCBC: V2.3.3 release of PyCBC
(2024), 10.5281/zenodo.10473621.

[143] A.K. Y. Li, R.K.L. Lo, S. Sachdev, J.C.L. Chan, E.T.
Lin, T. G.F. Li, and A.J. Weinstein, Phys. Rev. D 107,
123014 (2023).

[144] N. Cornish and T. Robson, in J. Phys. Conf. Ser. 840,
012024 (2017).

[145] S.C. Rose, S. Naoz, R. Sari, and 1. Linial, Astrophys. J.
955, 30 (2023).

[146] Z. Zhang and X. Chen, arXiv:2402.02178.

[147] S. Naoz, W.M. Farr, Y. Lithwick, F. A. Rasio, and J.
Teyssandier, Mon. Not. R. Astron. Soc. 431, 2155 (2013).

[148] S. Naoz, B. Kocsis, A. Loeb, and N. Yunes, Astrophys. J.
773, 187 (2013).

[149] L. Zwick, P.R. Capelo, E. Bortolas, L. Mayer, and P.
Amaro-Seoane, Mon. Not. R. Astron. Soc. 495, 2321
(2020).

[150] A.J. Chua and C.J. Cutler, Phys. Rev. D 106, 124046
(2022).

[151] T. Robson and N.J. Cornish, Phys. Rev. D 99, 024019
(2019).

[152] Q. Baghi, N. Korsakova, J. Slutsky, E. Castelli, N. Karnesis,
and J.-B. Bayle, Phys. Rev. D 105, 042002 (2022).

[153] M. Armano et al. (LISA Pathfinder Collaboration), Phys.
Rev. D 106, 062001 (2022).

[154] M. Armano et al., Phys. Rev. Lett. 116, 231101 (2016).

[155] M. Armano et al., Phys. Rev. Lett. 120, 061101 (2018).

[156] J. Sylvestre, Phys. Rev. D 66, 102004 (2002).

[157] B. Mockler, D. Melchor, S. Naoz, and E. Ramirez-Ruiz,
Astrophys. J. 959, 18 (2023).

[158] D. Melchor, B. Mockler, S. Naoz, S.C. Rose, and E.
Ramirez-Ruiz, Astrophys. J. 960, 39 (2024).

[159] N. Seto, Mon. Not. R. Astron. Soc. 333, 469 (2002).

[160] Note that Eq. (22) in Seto [159] differs from the value of
frequency inner product in Eq. (2.3) of Cutler and
Flanagan [78] by a factor of 2, to recover the value of
signal-to-noise ratio the consistent coefficient in the time
domain inner product should be 4 instead of 2.

[161] C. Moreno-Garrido, E. Mediavilla, and J. Buitrago, Mon.
Not. R. Astron. Soc. 274, 115 (1995).

043018-25



	Extracting astrophysical information of highly eccentric binaries in the millihertz gravitational wave band

