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Many gravitational wave (GW) sources are expected to have non-negligible eccentricity in the millihertz
band. These highly eccentric compact object binaries may commonly serve as a progenitor stage of GW
mergers, particularly in dynamical channels where environmental perturbations bring a binary with large
initial orbital separation into a close pericenter passage, leading to efficient GW emission and a final
merger. This work examines the stochastic GW background from highly eccentric (e = 0.9), stellar-mass
sources in the mHz band. Our findings suggest that these binaries can contribute a substantial GW power
spectrum, potentially exceeding the LISA instrumental noise at ~3—7 mHz. This stochastic background is
likely to be dominated by eccentric sources within the Milky Way, thus introducing anisotropy and time
dependence in LISA’s detection. However, given efficient search strategies to identify GW transients from
highly eccentric binaries, the unresolvable noise level can be substantially lower, approaching ~2 orders of
magnitude below the LISA noise curve. Therefore, we highlight the importance of characterizing stellar-
mass GW sources with extreme eccentricity, especially their transient GW signals in the millihertz band.
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I. INTRODUCTION

The study of GW signals from eccentric compact object
binaries plays an important role in GW astronomy. For
example, extensive efforts have been made to measure the
residual eccentricity of GW mergers in the data analysis of
LIGO, Virgo, KARAGA (LVK) collaboration, which could
shed light on the formation mechanisms of compact binaries
[1-11]. However, so far, no confident evidence of residual
eccentricity has been detected [see, e.g., [12—16]], primarily
because GW radiation tends to circularize the orbit, rendering
eccentricity negligible within the LVK frequency band
[17,18]. In the future, the Laser Interferometer Space
Antenna (LISA) [19] is expected to observe sources in a
lower frequency band (107*-10~! Hz). Consequently,
numerous eccentric GW sources, potentially in their earlier
evolutionary stages, may be present in the LISA data stream,
providing valuable insights into their surrounding environ-
ments [see, e.g., [20-30]].
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Many eccentric GW sources formed through dynamical
channels undergo a progenitor stage before the final
merger. In this phase, the compact object binary, initially
characterized by a large semimajor axis (e.g., a 2 0.1 au),
attains extreme eccentricity (e.g., e 2 0.9) due to environ-
mental perturbations. Although these sources have an
orbital frequency well below the millihertz band, the
binary’s pericenter distance, r, = a(l —e), can become
sufficiently close to induce strong millihertz GW emission
[see, e.g., [31-33]]. This process leads to orbital energy
loss, causing the orbit to shrink and circularize, resulting in
a GW merger.

The GW signal emitted by wide, highly eccentric
compact binaries exhibits distinctive characteristics com-
pared to quasi-circular ones. In particular, when the
binary’s eccentricity is small, the GW signal can be
effectively approximated by a near-monochromatic, sinus-
oidal wave, where the dominant GW frequency is twice the
orbital frequency [see, e.g., [34]]. However, with an
increase in the source’s eccentricity, the GW emission
becomes stronger upon each pericenter passage, turning the
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signal into a burst-like waveform [e.g., see Fig. 1 in
reference [33]]. For example, a compact object binary with
eccentricity e = 0.9, 0.95, 0.99 will emit more than 88.6%,
99.5%, 99.9996% of its GW energy in less than 1% of the
orbital period during the pericenter passage, regardless of
its components’ masses m;, n,, and semimajor axis a [33].

Various dynamic environments can give rise to stellar-
mass bursting GW sources. For example, in dense star
clusters, compact object binaries may attain non-negligible
eccentricity due to external perturbations like GW capture,
binary-single, and binary-binary scattering [e.g., [4,35-48]].
Highly eccentric mergers can also arise in stellar disks
or active galactic nucleus accretion disks [16,49-51].
Additionally, fly-by interactions and galactic tides may
excite the eccentricity of wide compact object binaries in
the galactic field [e.g., [52-54]], potentially leading to
observable mergers. Moreover, in a hierarchical triple system
(a tight binary orbiting a third body on a much wider “outer
orbit”), the inner binary can undergo eccentricity oscillations
via the eccentric Kozai-Lidov (EKL) mechanism [55-57],
becoming a GW source with high eccentricity in the LISA
band. These channels can significantly contribute to the
overall merger rate of stellar-mass compact objects [e.g.,
[9,41,58-64]].

In this paper, our focus is on the stochastic GW back-
ground (GWB) originating from these bursting sources. In
particular, as a collective GW signal of unresolved sources,
the astrophysical stochastic GWB will compete with other
expected LISA science sources, potentially producing a
confusion noise that affects LISA sensitivity. Previous efforts
have aimed to characterize various stochastic backgrounds,
such as the collective GW signal from the galactic population
of double white dwarf (DWD) binaries [see, e.g., [65-68]],
extragalactic sources [20,69-73], and cosmological stochas-
tic backgrounds [40,74-79]. Additionally, it was recently
suggested that extreme mass ratio inspirals (EMRIs) might
have orders of magnitude higher formation rate [80] that may
yield an order of magnitude noise level above LISA’s
sensitivity level [81]. By understanding these backgrounds,
we not only address the potential impact of confusion noise
on the parameter estimation of other resolved sources but also
extract information about the stochastic background itself,
thus constraining the population of GW sources [see,
e.g., [81,82]].

As a natural consequence of dynamical formation, the
highly eccentric, stellar mass binaries may create a sig-
nificant GW background in the LISA band. For example, in
our previous studies [33], we anticipate the presence of
approximately 3 to 45 detectable bursting binary black
holes (BBHs) within the Milky Way, each with a signal-to-
noise ratio (SNR) exceeding 5 for the upcoming LISA
mission [33]. Beyond these detectable cases, there could be
a considerably larger number of bursting sources with SNR
values falling below the detection threshold, yet their
collective contribution remains significant.

Furthermore, the transient nature of these sources poses
challenges in extracting their signals from the detector’s
output [31,32,83], which potentially leads to a higher noise
background level. In particular, the burst detection methods
for stellar mass binaries, especially when multiple sources’
bursts are present in the data stream simultaneously,
remain relatively underdeveloped. Thus, there is uncer-
tainty regarding our ability to identify all bursting sources
in the detector’s output, even if the sources’ SNR is above
the detection threshold. Moreover, the astrophysical burst
signals may be intertwined with instrumental noise, such as
glitches [see, e.g., [84—-86]], and contribute to the unre-
solved GW background.

We note that there have been previous works examining
the GWB from circular stellar mass BBHs [see, e.g.,
[76,77,87]] and eccentric stellar mass BBHs at a cosmo-
logical distance [see, e.g., [40,88,89]]. These studies
suggested that stellar-mass BBHs can make a non-negli-
gible contribution to future observations, with eccentricity
potentially affecting the overall shape of the millihertz GW
background. In this work, however, we extend this analysis
beyond the cosmological population of BBHs to explore
the GWB contribution of highly eccentric sources at close
distances, specifically bursting sources in the Milky Way
and nearby galaxies. As discussed before, even considering
only the Milky Way population, the number of these
sources may be substantial [33], and their close distance
can potentially yield a significant overall GWB level.
Furthermore, the transient nature of their GW emission
can affect the pattern of the GWB, with a single bursting
source capable of emitting GWs in a wide range of
frequencies, which may cause confusion in future obser-
vations. In our analysis, we consider the realistic spatial
distribution and nonequilibrium formation history of highly
eccentric sources.

We organize this paper as follows. In Sec. IT A, we first
demonstrate the properties of bursting GW sources, then
discuss their detectability (Sec. II B 1) and GW background
calculation (Sec. IIC). In Sec. III, we introduce the
population model of bursting sources, then carry out
numerical simulations to predict the GW background level
from highly-eccentric, stellar-mass BBHs in the Universe
(Sec. III B). We show the results separately, for the globular
clusters (Sec. III B 1), galactic field (Sec. III B 2), and the
galactic nucleus (Sec. III B 3). In Sec. IV, we summarize
and discuss the overall effect of stochastic GW background
from stellar-mass bursting sources.

Unless otherwise specified, we set G = ¢ = 1.

II. THEORETICAL CONSIDERATION

A. The properties of GW bursts from highly
eccentric binaries

In this section, for completion, we briefly summarize our
previous results [33] on the detection of GW signals from
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individual bursting sources. The GW emission from a
highly eccentric binary is largely suppressed for most of
the orbital period, T,4. However, it becomes significant
during the pericenter passage time, T, resulting in a GW
burst [90] [33,35],

r
TP ~ U_l’ ~ (1 - 6)3/2Torb» (1)
P

where v, is the orbital velocity at pericenter, and 7,4, =

P
2ra® ngill/ ? is the period of a binary with a mass my;,.
The strain amplitude, Ay, and peak frequency, fi s Of
a single GW pulse in the waveform of a highly eccentric
compact object binary, can be estimated analytically [91]

(for a detailed explanation, see [33]):
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in which f4, = 1/T.y is the orbital frequency of the
bursting source, r, is the comoving distance of the binary,
and 7, = 4m;m,/(m; +m,)* is unity for equal mass
sources.

Providing the analytical expression of Ay, and fpucss
We can also estimate the signal-to-noise ratio of the
bursting source [33]:

Mpurst T()bS ( 1 _ 6)3/2

m (TObS 2 Torb)

hbursl T < T
fburslSn (fbur>l> ( obs = 0rb>

SNR ~ (4)

here T, is the observational time of the GW detector, and
Sa(f) is the spectral noise density of LISA evaluated at GW
frequency f [see, e.g., [93,94]].

In the case of Ty, > Ty, more than one GW bursts will
be detected, and Eq. (4) can also be expressed as:

Myin 2 a -1/l —e _%
SNR ~ 58
s (20M®) (1 au) (0.002)
-1 % i
% ryq Tobs = Sn (fburst) 2' (5)
8 kpc 4 yr) \S,(3.16 mHz)

A binary needs to emit GWs in the millihertz band to be
potentially detectable with LISA. This condition constrains
the orbital parameters of the observed GW sources. For
example, a circular binary has its GW frequency equal
twice the orbital frequency, and thus, the orbital radius must
shrink to g, ~ 107 au (for stellar-mass sources) to yield a

GW signal detectable within the millihertz band. However,
for a highly eccentric source, the peak frequency of GW

bursts, fpus X forr(1 — €)72, can reach the millihertz band
even when the binary is considerably wide and the orbital
frequency is very low [33]. During each orbit, the bursting
source only emits GWs for a short period near the peri-
center passage, resulting in a much slower orbital energy
loss compared to circular binaries with the same GW
frequency.

Due to the slower loss of orbital energy, highly eccentric
sources could have a significantly longer detectable time
within the LISA band. In particular, we can estimate the
lifetime of a bursting source, 7y, by considering the merger
timescale of binaries with extreme eccentricity [17,33]:

3
Ssﬂmgin
2 P
~1.17 x 108 yr bin
I ET) (zoM@>
a \*/1—-e\?

X(— ) (—=]. 6
<1 au) (0.00Z) (6)
where y = mym,/(m; + m,), and ¢ = m,/m,. Note that

this timescale is still much shorter than the Hubble time.
As shown above, the lifetime of millihertz bursting
sources is promising, and this timescale is much longer
than a millihertz circular binary’s merger timescale, pro-

viding that circular binary has the same orbital radius, 7,
as the bursting sources’ pericenter distance a(1 —e) [17]:

Thurst ~ a4(1 - 62)7/2

5 4
Teire.inspiral ~ === "'
cire,spiral 256ﬂm§1n CIIrc

Myin \ 7B fa -
~D. 1 3 bin circ, GW
5> 107y (20MO) <3.16 mHz)
(7)

here f.ow is the GW frequency of the circular binary,
which equals the eccentric source’s burst frequency, fiurst
in our comparison.

We note that Eq. (7) can also be used to estimate the
bursting binary’s remaining inspiral timescale, when its
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orbit shrinks and circularizes after the bursting stage, if we
replace r;. in the equation with a(1 — ¢), and f . gw With
Sourst [note that the pericenter distance almost keeps
constant during the evolution of a highly eccentric GW
merger, see [17,33]]. Therefore, combining Egs. (6) and
(7), we can estimate the ratio between the lifetime of a
bursting source and its corresponding moderately-eccentric
inspiral stage within the same GW frequency band:

Thurst ™~ 20(1 - e)_%TcirC,inspiral- (8)

As mentioned above, dynamically formed GW sources
are more likely to have wide eccentric configurations. This
stage lasts much longer than the subsequent inspiral
with moderate eccentricity, as indicated by Eq. (8).
Consequently, along the evolution track of a dynamically
formed eccentric source, the system will spend a consid-
erably longer time in the first stage (millihertz bursting
sources) compared to the second stage (millihertz near-
circular inspiral). Therefore, if the dynamical formation
channel significantly contributes to the GW merger rate, the
potential number of millihertz bursting sources can be
much greater than that of circular ones.

We note that Eq. (8) is based on the comparison in the
same GW frequency band and does not take into account
the sources’ detectability. However, since circular inspirals
have a larger SNR than the highly eccentric configuration,
they may exceed the LISA detection threshold below the
millihertz band, extending their detectable time and enlarg-
ing the detected population. For example, in our previous
work [33], we estimated the detectability of a 10-10M
BBH system with e ~0, a ~0.03 au in the Milky Way
(~10 kpc). It turns out that such a system will be detectable
for 107 yr, with an orbital period of Ty, ~ 10* s and GW
frequency fiegw ~ 10~* Hz. Because we expect a large
population of circular DWDs in the sub-millihertz band
[see, e.g., [68,95]], the identification of the near-circular,
low-frequency systems is beyond the scope of this study.
Thus, in this paper, we focus on the dynamically formed,
highly eccentric bursting sources and limit our aforemen-
tioned argument of the population in the same frequency
band (e.g., fgw = 1 mHz).

B. Stochastic GW background
from bursting sources

1. Identification of bursting signals
and residual noise

Bursting sources have the potential to form a non-
negligible GW background in the millihertz band, given
their significant GW radiation [Egs. (2)—(5)] and extended
lifetime [Eq. (6)]. Particularly, frequent bursts from multi-
ple sources with low SNR can accumulate to yield a
stochastic background noise [see Eqs. (4) and (5)]. For
example, in Fig. 1, we show the simulation result of the
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FIG. 1. GW background from bursting BBHs within the

Milky Way globular clusters. Here we generate the bursting
BBHs population using the methodology described in Sec. III,
and calculate their collective GW signals observed by LISA.
Upper panel shows the detector’s Michelson response [97,98],
s1(1), over a 1-yr period. Lower panel shows a zoom-in of the
signal. In the upper panel, the modulation of the GW background
is a result of the detector’s annual motion around the sun.

collective GW signal from bursting BBHs in the
Milky Way globular clusters. We randomly generate
BBH systems and estimate their ages based on a constant
formation rate yge = 107% yr~! in the Milky Way (for
details of the population model, see Sec. III). At the time of
observation, we numerically compute the GW signal of
each individual system (excluding merged ones) using the
x-model [96], then combine them to obtain the collective
GW background in the time domain. Additionally, we also
include the LISA detector’s response to the bursting GW
background, which yields a long-term modulation due to
the orbit of LISA around the Sun (see upper panel of
Fig. 1). As shown in this example, the collective bursting
signal is a superposition of GW transients, i.e., individual
bursts, from various sources, each localized in time and
frequency.

The transient nature of bursting signals (see lower panel
of Fig. 1) poses several challenges for existing data analysis
strategies, such as the matched filtering method [34,99],
which relies on accurate templates of GW signals and may
not perform optimally in fitting bursts [see, e.g.,
[31,32,83]]. In particular, GW templates for highly eccen-
tric sources are underdeveloped, which adds to the diffi-
culty of constructing a template bank for the extraction of
the signal. Moreover, multiple bursting sources can be
present in the detector’s output, which may lead to the
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misidentification of sources and degeneracy of the fitted
parameters.

We note that many efforts have been made to analyze
transient events in LIGO data analysis (e.g., power stacking
[1], wavelet decomposition [100], and the Q-transform
[101,102]). Furthermore, several studies focused on the
transients from highly eccentric EMRIs, which can be
possibly seen by LISA [20,21,103-105]. However, the
burst detection methods for stellar mass binaries, particu-
larly when multiple sources’ bursts are present in the
datastream simultaneously, remain relatively underdevel-
oped. In other words, there is uncertainty regarding our
ability to identify all bursting sources, even when their
signal-to-noise ratio is sufficiently high.

Therefore, we divide the following discussions into two
parts, with different criteria for bursting source identifica-
tion, to demonstrate the potential noise level in future data
analysis:

(1) Total GW background. This criterion includes all the
bursting sources regardless of their SNR, assuming
that we do not include burst transient templates in
the future LISA data analysis. It yields an upper limit
for the potential stochastic background level from
these sources.

(2) Unresolvable noise background. This criterion only
includes the bursting sources with overall SNR < 8
for a 4 yr LISA mission, assuming that we success-
fully identify all the bursting sources with overall
SNR > 8 and distinguish them from other signals. It
gives a conservative estimation of the noise level
from bursting sources.

C. Stochastic background calculation

1. Stochastic background from GW sources
with fixed orbital parameters

We follow Barack and Cutler [74] to calculate the
stochastic GW background caused by stellar-mass bursting
binaries in the LISA band, in which the one-sided noise
spectral density is estimated as:

4 dp
Sn(f) - ﬂ'fzdf7
here f is the observed frequency, and dp/df is the total GW
energy density in the corresponding frequency band.

For a single eccentric binary, its time domain waveform,
h(a, e, ), can be decomposed into different harmonics, each
with the frequency of f,, [for simplicity, here we rms averaged
over the binary inclination, see, e.g., [38,106—108]]:

©)

[Se]

h(a,e,t) = th,n(a,e)exp (2zif 1), (10)

n=1

where

2
fn = nf o> hc,n = ; V g(nv e)hO(a) (] 1)
and
32m1m2
h =\, 12
o) =[5 (12)
n* 2 2
g(n,e) = _2 |:<Jn—2 - 2e‘ln—l +_Jn +2€Jn+1 _Jn+l>
n

4
T L e 2 (D)
in which J; is the ith Bessel function evaluated at ne. Note that
r, is the comoving radial distance to the binary.
The energy density of a monochromatic GW signal with
frequency f can be expressed as [see, e.g., [109]]:

P T
pPow = §f2<h%r + %) szzhz’ (14)

where h, , h, are the amplitude of GW’s two polarizations,
and h, stands for the sky-averaged stain amplitude in Eq. (12).

Since the gravitational wave signal from an eccentric
source consists of multiple harmonics with different
frequencies, the energy density is a superposition of each
harmonic’s contribution. In other words, by combining
Egs. (10)—(14), we can sum the contributions of all
harmonics to determine the total gravitational wave energy
density of an eccentric binary system

7
Pecc = ;Zf%hg,n (15)

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 mono-
chromatic signal where the power concentrates on
f = nf.n [see Eq. (14)]. We expect that most sources will
be consistent with this assumption for the harmonics that
contribute most to the detection signal-to-noise ratio [e.g.,
[33,35,64]]; however, in some cases, the signal may shift in
a short timescale, [24,63], which is beyond the scope of
this study.

A key term in the noise spectral density, Eq. (9), is
dp/df. To get this term from Eq. (15), we need to calculate
the distribution of energy density as the function of the GW
signal’s frequency. In other words, we sum the energy
density contributions from the harmonics within a given

frequency bin (f;, f¢):

ny

— T nym
Sl =Y s p s [ fatadn. (16)

n=n;
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Here, n =n;,n; +1,...ny represents all the harmonic
numbers between the initial and final frequencies,
fi/forw and f;/fon. Furthermore, as can be seen from
Egs. (10)-(16), the number of harmonics making a sub-
stantial contribution to the signal rises rapidly as eccen-
tricity reaches extreme values. For example, we may have
to consider millions to billions of harmonics when calcu-
lating the spectral density of GW signal from a binary with
e 2 0.95. Consequently, using the sum in Eq. (16) might
not always be practical in noise spectral density calcula-
tions. Thus, for the highly eccentric systems in this paper,
we average Eq. (16) over the frequency bin to get a
smoothed expression of p(f). In particular, consider a
frequency bin with the width of df at frequency f.
Each GW harmonic in this bin contributes an energy
density of approximately ~% f*h’ oy Where = f/for,
and the number of harmonics included in this bin equals
dn =df/fow = ndf/f. Therefore, the energy density in
this bin for a single source, dpecc singte» 18 Obtained by

multiplying the energy density of a single harmonic by the
number of harmonics:

n(f)df

T
dpecc,single(f) = Zfzhgn(f) X f ’ (17)
and thus,
dpccc,sin le T
ngzthin(f)”(f>‘ (18)

Note that n in Eq. (17) and (18) is a function of f.

Below, we substitute Eq. (18) into (9) to calculate the
energy spectrum of a single bursting source, then sum all
the bursting sources’ contributions to get the total GW
power spectrum:

4 d
Sn,loc (f) f2 d; Z

i € sources

(19)

where n;(f) = f/fow.; for the ith source. Equation (19) is
useful when calculating the bursting GW background from
a group of local sources with determined orbital parameters
(e.g., bursting BBHs in the Milky Way galactic center, at a
given time in the numerical simulation).

2. Time-averaged stochastic background under
the steady state approximation

For some bursting BBH populations, we assume a
continuous birth and death of compact object binaries
while keeping the total number of GW sources unchanged
(i.e., adopt the steady-state approximation). Therefore, to
obtain the expectation value of total GW power spectral
density, we further average Eq. (19) over the evolution of
highly eccentric systems.

In particular, first, consider the contribution of the ith
bursting source in Eq. (19). The average of this contribution
over the single system’s time evolution is:

1) dr

f orb,i ( ) 7'-merger

in which A, (f.1) fl TV 9 n(f,t),e(r))ho(a(t)) [see

Eq (ID], and n(f t) f/forb( )
In Eq. (20), £, is the formation time of the BBH system in

the simulations, and 7y, represents the merger time of
the BBH system with initial orbital parameters a(z,), e(fo).
When considering the long-term evolution of the source,
parameters such as orbital frequency (f,,), semimajor axis
(a), and eccentricity (¢) become functions of time. For
bursting systems undergoing isolated evolution, these
parameters can be determined using Egs. (5.6)—(5.14) in
Peters [17]. However, for bursting systems affected by
dynamical effects, such as the eccentric Kozai-Lidov
mechanism, numerical simulations are required to deter-
mine the merger time and the evolution of other orbital
parameters.

When integrating Eq. (20) over the lifetime of a GW
source, we determine its time-averaged GW power spectral
density. Under the steady-state approximation, where the
ensemble average equals the time average, Eq. (20) pro-
vides the expectation value of spectrum contribution from
the ith GW source in observation.

Furthermore, we average Eq. (20) over different BBH
systems’ initial conditions in the population synthesis. This
average is computed by summing the GW power spectral
density of all the simulated systems, (S, joc (f)) singlei» [s€€
Eq. (20)], and dividing by the number of systems generated
in the simulation, N:

fo +Tmerger C n

<Sn,loc(f)>single,i‘h :/ > (20)

1 &

N Z<Sn.loc (f)>single,i‘h . (21)
N

s =1

<Sn,loc (f)> |single,avg =

We note that N is artificially introduced to enlarge the
sample size and ensure numerical accuracy. It differs from
the actual number of systems observed.

Finally, we multiply Eq. (21) with the expected num-
ber of bursting BBHs in observation, (N,), and get the
collective GW power spectrum:

(N
e =S,

i=1

<Sn,loc( (22)

s1ngle,i'

Here, <N tot> = <Tmerger>7merger’ where <Tmerger> represents
the average lifetime of merger systems in the simulation,
and ¥ereer = dN/dt denotes the BBH merger rate per unit
time in the considered region (see Sec. IIT A). Equation (22)
is useful when calculating the expectation of bursting GW
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background from local sources in the Monte Carlo simu-
lation (e.g., bursting BBHs in the Milky Way globular
clusters, assuming they have reached equilibrium distribu-
tion with a fixed merger rate.).

3. Average stochastic background
Jrom extragalactic sources

For bursting sources at a cosmological distance, we
further take into account the redshift z [e.g., see [74,81]]:

Sweoslf) = — /Zﬂé<f<1+z>,z>dz, (23)

:ﬂ_fzodz

here &(fem» 2) Afem represents the rate (per unit proper time,
per unit comoving volume) at which GW energy between
frequencies fe, and fe, + Afen is emitted into the
universe, at red-shift z. f.,, = f(1 + z) denotes the emitted
GW frequency (i.e., the frequency measured by a con-
temporaneous observer, not the redshifted frequency f we
measure today). We note that Eq. (23) has taken into
account the decrease in the waves’ energy due to the
redshift. For a detailed explanation, see Eqgs. (34)—(35) in
Barack and Cutler [74].

Furthermore, we calculate &(f.p, z) using the following
relation:

(24)

e(fems2) = r(z)<"EGW7(fem)>

Af em

In Eq. (24),T'(z) = dN/(dtdV) represents the comoving
merger rate of bursting BBHSs per unit proper time, per unit
comoving volume; (dEgw (fem)/dfem) is the emitted GW
energy per unit frequency from a bursting BBH system,
averaged over different BBH systems’ initial conditions
from the population synthesis.

We note that, the meaning of dEgw/df.m in Eq. (24) is
different from dpgingie/ df e in Eq. (18). In particular, Egy
accounts for the total gravitational wave energy emitted
throughout the evolution of a source, while pg,qi. repre-
sents the source’s gravitational wave energy density at a
given location in space (or equivalently, the energy flux
Fngle = CPsingle> Where ¢ = 1 is the speed of light). These
two quantities can be related by integrating the energy flux
F on a spherical surface Q,, with a fixed radius of d; from
the BBH system, throughout the sources’ time evolution.
(see, e.g., Eq. (25) in Phinney [110])

t()+Tmerger
/ <Fsingle(fem7 t))Qxdt
[0

1 00dE'G\)\/
L < LT 25
s A T df (25)

and thus

dEGw d
= dxd?
dfen

l0+Tmerger
! dfem/to <Fsingle<fem’ t)>QSdt

FTmerger dpyg 1
_ 471-d12 /lo 2 < Psingle (fem )> dr, (26)
1y dfem Qg

In Eq. (26), Fnge = CPsingle Ccan be expressed as a
function of f., and 7. This is because, at any given time
during the system’s evolution, pg,e. 1s a function of the
emitted GW frequency [see Eq. (18)]. However, over the
long-term evolution, other orbital parameters also become
functions of time [see the explanation below Eq. (20)].
Therefore, when integrating over the time evolution of a
GW source, Eq. (26) yields the cumulative energy emitted
within a fixed frequency bin.

We note that, Eq. (25) in Phinney [110] includes the
effect of redshift at arbitrarily large luminosity distance,
while here we drop the term of 1 4 z in Eq. (25). This is
because our purpose is to get the total energy measured as a
function of the emitted frequency in the comoving frame of
the source [the cosmological effects have been taken into
account via Eq. (23)]. In other words, we choose the
spherical surface Q; with a short distance d; from the BBH
system, such that the effect of redshift is negligible when
we sum over the energy flux. In fact, the factor d7 will
cancel out with the amplitude term in pg,e1c On the right side
of Eq. (26), thus its value will not affect the calculation of
dEGw/df em, since the energy density pgingle is proportional
to the square of the strain amplitude [see Eq. (18)], while
the strain amplitude is inversely proportional to the distance
[see Egs. (11)-(12)].

We emphasize that, in general, there exists a straightfor-
ward relationship between the spectrum of the gravitational
wave background produced by a cosmological distribution
of discrete gravitational wave sources and the present-day
comoving number density of remnants, as described by
Eq. (5) in Ref. [110]. Realistic examples and further
discussions on this relationship can be found in studies
such as Refs. [108,111]. For our cases, however, since the
local population can have a non-negligible contribution to
the overall GW background level, we include the inho-
mogeneous spatial distribution and nonequilibrium star
formation history in the Monte Carlo simulations detailed
below (see Sec. III A). Therefore, for consistency, we adopt
Egs. (19), (22) and (23) as a robust approach to estimate the
GW background level across all channels, including
cosmological background calculations.

III. SIMULATIONS OF DIFFERENT
BURSTING GALACTIC SOURCES

A. Configuration of the simulations

As a proof of concept, we adopt the population model in
Xuan et al. [33] to generate the parameters of highly
eccentric, stellar-mass BBHs in the millihertz band [112].
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We consider three regimes that are expected to host
eccentric BBHs: globular clusters (GCs), galactic field,
and galactic nuclei (GNs). Within each of these regimes, we
split the discussion into several specific cases speci-
fied below.

In the simulation of BBHs in globular clusters and the
galactic field, we adopt the steady-state approximation,
assuming a continuous birth and death of compact object
binaries in the universe while keeping the total number of GW
sources unchanged. We calibrate our GW power spectrum
based on the BBHs merger rate in the universe: I'gc =
7273 GpePyr ! [eg., [45117,118]], T piyby =
ng Gpc =3 yr~! [52]. Moreover, adopting the galaxy number
density of 0.02 Mpc~ [119], we can use the BBH merger rate
in the universe to estimate the merger rate in an averaged
galaxy: ygc = 3.6555° x 107 yr™!, ygiea pryby = 2.5577%
1077 yr 1.

For the galactic nuclei, we consider not only the old
population of stars (calibrated using the steady-state
approximation and the m — ¢ relation [120,121]), but also
incorporate the nonequilibrium star formation history in the
case of the Milky Way center, based on observational
results [see, e.g., [122—-125]].

We note that the merger rate of BBHs can depend on
the star formation history and exceed the estimation in the
local universe at high redshift. This phenomenon is
especially significant for the globular cluster channel
[see, e.g., [126—-131]]. Therefore, when calculating the
cosmological background of bursting GW sources from
GCs, we additionally take into account the change of BBH
merger rate as a function of redshift and integrate Eq. (23)
up to redshift z = 3 (i.e., 11.5 Gyr from present), following
the merger rate evolution in Fig. 1 of Ref. [130]. The
adopted redshift cutoff is partly justified because
z = 3 represents the epoch of the peak of globular cluster
formation rate [127].

For a more detailed description of the population model,
see Secs. 3.2-3.6 and Appendix A of Ref. [33].

B. Stochastic background from the
simulations’ results

1. Dynamically formed BBHs in globular clusters

Globular clusters are proposed to be a primary channel
for the formation of GW mergers. In particular, the
dense stellar environment within globular clusters
results in various dynamical interactions, including
scattering, few-body captures, the eccentric Kozai-Lidov
mechanism, and nonsecular triple interactions [see, e.g.,
[40,43-45,132—-134]]. Due to these frequent dynamical
interactions, BBHs in globular clusters are anticipated to
have non-negligible eccentricity, even within the fre-
quency band of LIGO [see, e.g., [40—45]]. Moreover,
since globular clusters widely exist in the universe

(e.g., approximately 150 in the Milky Way [135,136]),
we expect a significant number of bursting sources origi-
nating from GCs.

For the GW background calculation, we adopt the BBH
eccentricity and semimajor axis distribution from previous
studies [see, e.g., Fig. 4 in [43] for a summary], and assume
that all the BBHs have the mass of 10-10M, for simplicity.
Since we are interested in the bursting stage where BBHs are
in a wide configuration, we evolve the systems shown in
Martinez et al. [43], which is in a higher frequency band, back
to the former bursting stage. With the aforementioned
parameter distribution, we carry out Monte Carlo simulations,
randomly generate BBH systems, and evolve them until the
merger happens. The stochastic background is calculated
under the steady-state approximation, using Eq. (22).

We adopt the spatial distribution of GCs in the
Milky Way from Ref. [137]. For simplicity, we assume
that the detector’s distance to all GCs in M31 (M33) is 777
(835) kpc, respectively. The cosmological background of
bursting BBHs in GCs is determined using Eq. (23), with
the assumption that the number density of Milky-Way like
galaxies is 0.02 Mpc~2 [119].

Figure 2, left panel, shows the maximum stochastic
background from bursting BBHs in the Milky Way GCs
(red dashed line), M31 GCs (green dotted line), M33 GCs
(brown dashed-dot line), and GCs at a cosmological
distance (blue dotted line). The overall GW power spec-
trum (depicted by the blue-shaded band) is obtained by
summing the contributions of all the sources mentioned
above, where the maximum (minimum) value corresponds
to the maximum (minimum) aforementioned merger rate.
As can be seen in the left panel of Fig. 2, bursting BBHs
within Milky Way GCs dominate the overall GW power
spectrum. Meanwhile, the contributions from the other
three channels have comparable levels, approximately
two orders of magnitude weaker than Milky Way GCs.
Moreover, the total GW background reaches the LISA
noise curve at around 5 mHz, which suggests that neglect-
ing these sources in future data analysis could significantly
compromise LISA’s sensitivity.

We note that previous studies [see, e.g., [40,76,77]] have
shown the overall cosmological GW background from
stellar-mass BBHs, accounting for all the eccentricity
values, is either comparable to or smaller than the millihertz
LISA noise level. For our cases, as the highly eccentric
binaries represent a subset of the entire BBH population,
we anticipate their cosmological GW spectrum level to be
lower than the overall background from BBHs and, thus,
fall below the LISA noise curve. This prediction serves as
an upper bound for the cosmological background of
bursting sources in the simulation and turns out to be
consistent with the simulation result (depicted by the blue
dotted line in Fig. 2).

Additionally, the noise background from the unresolv-
able sources (i.e., the GW spectrum of sources with SNR
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FIG. 2. Total GW background from bursting BBHs in globular clusters and galactic field. Here we show (in dashed lines) the
maximum collective GW power spectrum, +/ 1S, (f), corresponding to bursting BBHs in the GCs (left panel) and galactic field (right
panel) of Milky Way, M31, M33, and cosmological sources. The blue-colored region shows the total GW background from all four
channels mentioned above, with its boundary representing the upper and lower limits. For comparison purposes, we also plot the LISA

noise curve (N2AS5 configuration [93,94,138], in the solid red line).

below 8 for a 4-year LISA mission), is over two orders of
magnitude weaker than the LISA sensitivity. Thus, it is
omitted here to avoid clutter, and we present this below,
see Fig. 4.

2. Fly-by induced, highly eccentric BBHs
in the galactic field

Recent studies show that external perturbations, such as
flybys or galactic tides, can exert a significant influence on
the orbital evolution of wide compact object binaries in the
galactic field [see, e.g., [52-54,139]]. Although the isolated
wide binaries are not likely to merge due to their large GW
merger timescale [sometimes exceeding the Hubble time,
as indicated by Eq. (7)] the dynamical perturbations from
the environment can drive their eccentricity to extreme
values, making the BBH system emit GW bursts during
pericenter passage, and resulting in a GW merger. Given
the substantial number of stars in the galactic field, the fly-
by-induced bursting BBHs can significantly contribute to
the overall GW background, even if their fraction within the
entire stellar population is small.

We follow a similar approach for the GW background
calculation as shown in Section III B 1. In particular, we
generate the spacial distribution of wide BBHs according
to the density profile of a Milky-Way type galaxy (see
Egs. (23)—(26) in Ref. [52]). We randomly generate the
semimajor axis of BBHs with the log-uniform distribution
(from 100 to 50000 au), then calculate the fly-by merger
rate as a function of semimajor axis [see Eqgs. (16)—(23)
in [54]]. With a given semimajor axis, there is a critical
eccentricity, e.;, for a BBH system to merge before the
next fly-by [see Eq. (2) in [54]]. Therefore, we randomly
generate the initial eccentricity of fly-by induced merger in
the range of e.; to 1, following the thermal distribu-
tion F(e) = 2e.

Following the abovementioned approach, we compute
the parameter distribution of fly-by-induced bursting
BBHs, then adopt Eq. (22) to estimate the overall GW
background of Milky Way, M31, and M33, under the
steady state approximation. For the cosmological back-
ground, we fix the BBHs merger rate [Dgieiq piy-ny =
573 Gpc=3 yr™! for simplicity, and integrate Eq. (23) up
to z =3 to keep consistent with the case of GCs (see
Sec. III A). As shown in the right panel of Fig. 2, although
the total GW background from bursting BBHs in the
galactic field does not reach the LISA noise curve level,
it still significantly contributes to the overall GW
background.

3. BBHs in the galactic nuclei

The galactic nucleus, particularly if hosting an SMBH,
can be a promising environment for the formation of stellar-
mass bursting BBHs [see, e.g., [38,59,61,64,117,140-143]].
For example, consider a stellar-mass BBH system orbiting
the SMBH in the galactic nucleus. The EKL. mechanism
can induce eccentricity excitation in the inner binary’s
orbit, potentially driving the eccentricity to extreme values
and triggering GW bursts [57-64]. Consequently, we
anticipate a high fraction of bursting BBHs in the galactic
center, especially within the nuclear star cluster, where
the influence of the SMBH dominates the dynamical
environment.

The number of bursting BBHs in the galactic nucleus can
strongly depend on their formation history. For example,
the main population of stars in the Milky Way galactic
nuclei formed approximately 2-8 Gyr ago [123,125].
Consequently, this old population of stars may have
reached an equilibrium state, resulting in a low rate of
compact object binary formation. Therefore, we can use the
steady-state approximation and adopt the same approach
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outlined in Sec. I B 1 and III B 2 to calculate their GW
power spectrum.

However, observation shows there is a young nuclear star
cluster (YNC) at the Milky Way center, which is formed
approximately 2—-8 Myr ago [see, e.g., [122,124,125,144]].
Moreover, there might be a hidden mass of ~3000M
within the inner 1000 au of the Milky Way center [e.g.,
[145,146]], supported by the observation of stellar motion
and the theoretical arguments of the stability of SO-2, [e.g.,
[147-151]]. In our previous work [33], we carried out
Monte-Carlo simulations of these BBHs’ evolution, taking
into account the EKL effect up to the octupole level of
approximation [152], general relativity precession [e.g.,
[153]], and GW emission [17]. The results indicated that
the young population of stars potentially has a much higher
fraction of bursting BBHs, especially when the YNC’s age
is below the detectable lifetime of bursting sources [see,
e.g., Fig. 7 in [33]].

The summary of the simulation results is presented in
Fig. 3. For the main population of stars in the Milky Way
center, the galactic nuclei of nearby galaxies (M31), and the
cosmological background, we follow a similar approach as
mentioned in Secs. III B 1 and III B 2, adopt the steady-
state approximation, and use the simulation results in Xuan
et al. [33] to calculate their GW background.

However, the steady-state assumption is no longer
suitable for the bursting BBHs in the YNC and inner
1000 au of the Milky Way center. Thus, we track the time
evolution of these populations as a function of the time,
assuming that they were born in a starburst. The total GW
power spectrum is calculated using Eq. (19) and then
averaged over the possible age range of the system. The
blue-colored region in Fig. 3 represents the collective GW
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FIG. 3. Total GW background from bursting BBHs in the

galactic nuclei. Here we show the same GW background results
as in Fig. 2, but for the case of bursting BBHs in the galactic
nuclei. We exclude the case of M33 in this figure since it does not
have a SMBH in the galactic center. For a detailed explanation of
the populations shown in the figure, see Sec. III B 3.

power spectrum from all these channels’ contributions.
When computing its upper boundary, we sum over the
maximum possible GW background level of all these
channels. For its lower boundary, we exclude the contri-
bution from bursting BBHs in the inner 1000 au, as the
existence of this population is highly uncertain.

IV. DISCUSSION

Highly eccentric compact object binaries with wide
orbits can naturally arise from the dynamical formation
of gravitational wave sources. During each pericenter
passage, these systems emit significant gravitational waves,
potentially resulting in burst signals within the millihertz
band. We adopted the analysis from our previous paper [33]
and characterized the gravitational wave burst using
Egs. (2)-(5), detailed in Sec. Il A, for completeness.

While the population of bursting sources may be large in
the Universe, primarily due to their extended lifetime [see
Egs. (6)—(8)], their GW signals exhibit a transient nature,
which poses challenges in the data analysis. In other words,
current data analysis approaches may not properly identify
bursting gravitational wave sources, even when the overall
power of a signal (i.e., SNR) exceeds the conventional
detection threshold for circular binaries (see the discussion
in Sec. I B 1). Therefore, highly eccentric binaries can
contribute to a non-negligible stochastic GW background
in future millihertz detections (as depicted by the example
in Fig. 1).

In Sec. I C, we developed an analytical framework for
computing the stochastic GW background from bursting
sources. Subsequently, we carried out numerical simula-
tions to determine the GW background from bursting
BBHs in different formation channels, utilizing the pop-
ulation model of highly eccentric binaries outlined in
Sec. IIT A. Specifically, Fig. 2 depicts the example of the
GW stochastic background from GCs and the galactic
fields (left and right panels, respectively), adopting a
steady-state approach for the sources’ formation rate. In
Fig. 3, we also include the fact that a young population of
stars has been observed in the center of the Milky Way
[124,125,144,145,154,155]. This young population implies
that the center of our galaxy may deviate from the steady
state restriction. Thus, we explore the impact of a young
population in the nuclear star cluster on the stochastic
background. It produces a comparable contribution to
the GW background (see Fig. 2, dotted green line).
Additionally, there have been observational and theoreti-
cal several studies that suggested the existence of about a
few thousand of solar mass inward to SO-2’s orbit
[146,149-151,156]. We thus add a population of compact
objects inwards to S0-2’s orbit (~1000 au). That may also
have a significant contribution to the GW stochastic
background.

As depicted in Figs. 2 and 3, highly eccentric BBHs
within the Milky Way dominate the stochastic background
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of GW bursts across all three channels (globular cluster,
galactic field, and galactic nuclei), surpassing the con-
tributions from other galaxies and the cosmological
background. This pattern indicates that highly eccentric
binaries are localized GW sources, like the galactic
DWDs.

The dominance of the Milky Way’s contribution, or in
other words, the reason for the low level of cosmological
background, can be understood by comparing the GW
energy of bursting and nonbursting sources at the same
frequency band [i.e., with the same pericenter distance
r, =a(l—e), see Eq. (2)]. According to steady-state
approximation, the number of GW sources is proportional
to their lifetime, making the total number of bursting
sources approximately ~20(1 — e)~!'/? times the number
of circular inspirals formed via dynamical channels [see
Eq. (8)]. However, since highly eccentric sources have
lower GW emission power, the energy density contribution
of a single bursting source is suppressed by a factor of
~(1—¢e)** in the same frequency band [see Eq. (4)].
Consequently, the overall power spectrum of bursting
sources is suppressed by a factor of (1 —e)!/* compared
to the contribution from all near-circular sources, implying
that their signals are generally weaker, and detection is
primarily limited to a short distance.

In Fig. 4, we summarize the stochastic GW background
from bursting BBHs. In particular, the upper panel shows
the maximum level of total GW background from bursting
BBHs in globular clusters, the galactic field, and the
galactic nuclei, corresponding to the upper boundary of
the blue-colored region in Figs. 2 and 3. We depict the
cumulative contribution of the three channels mentioned
above with the solid red line. Bottom Panel represents the
unresolvable GW noise background from bursting sources
with SNR < 8 for a 4 yr LISA mission, which serves as a
conservative estimation of the noise level under the
assumption that we can identify all the bursting signals
with proper templates in the data analysis.

As can be seen in the figure, highly eccentric, stellar
mass BBHs can have a non-negligible GW background
contribution in the LISA detection, potentially exceeding
the LISA instrumental noise at ~3-7 mHz (see Upper
Panel, in Fig. 4). This phenomenon is especially signifi-
cant if we do not have an effective search strategy for
these sources’ GW signals. In the LISA data analysis, if
we only use the near-circular GW templates, the GW
bursts from these sources will not be identified and will
only be considered as a noise background in the detector’s
output. Therefore, even with promising SNR, the
bursting GW sources will become part of the unresolvable
noise background, thus affecting the LISA sensitivity (see
Sec. I[IB 1).

However, providing that all the stellar mass bursting
sources are properly identified in the future, the residual
noise level is around two orders of magnitude lower than
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FIG. 4. Summary of the stochastic GW backgrounds from
bursting BBHs. Here, we show the upper limit of the GW
background, +/fS,(f), corresponding to highly eccentric BBHs
from the globular clusters (blue dashed lines), galactic field
(green dashed lines), and galactic nuclei (brown dash-dotted
lines) in the universe. The upper panel shows the maximum level
of total GW background from bursting BBHs. The bottom panel
represents the unresolvable GW noise background from bursting
sources with SNR < 8 for a 4 yr LISA mission. For demon-
stration purposes, we sum the contribution of the three channels
mentioned above and show the collective background in the solid
red lines, and plot the LISA noise curve (N2AS5 configuration
[93,94], in orange).

the LISA sensitivity curve, thus having a limited effect on
the data analysis (see the bottom panel). Considering the
abovementioned points, we highlight the importance of
searching and identifying bursting GW sources in LISA
detection. Particularly, we may need to develop portable
GW templates for these sources in the matched filtering or
adopt other time-frequency approaches, such as power
stacking [1] and the Q-transform [101,102], to characterize
the GW bursts from astrophysical sources in LISA data
analysis.

Additionally, in realistic detection, the antenna pattern of
LISA undergoes rotation across the sky, causing its
response to gravitational waves to change with time. As
the bursting BBHs in the Milky Way predominantly
contribute to the stochastic background and may have an
anisotropic distribution, the amplitude of the GW burst
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background can vary considerably throughout the year.
This observation is consistent with the pattern illustrated in
Fig. 1 [see, e.g., [157] for a similar case].

We note that the population model used in this study is
subject to large uncertainties related to star formation and
detailed dynamical evolution. It is intended as a heuristic
estimate of the GW background from bursting sources.
However, as demonstrated in this paper, the anticipated
stochastic background of GW bursts can be significant,
even when considering only Milky Way binary black
holes. Furthermore, the noise level of GW bursts highly
depends on the adopted data analysis strategy in LISA
detection. Hence, we emphasize the significance of
characterizing stellar-mass GW sources with extreme

eccentricity, especially their transient GW signals in the
millihertz band.
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