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Abstract: In the frequency band of the Laser Interferometer Space Antenna (LISA), extensive research has been

conducted on the impact of foreground confusion noise generated by galactic binaries within the Milky Way Galaxy.
Additionally, recent evidence of a stochastic signal, announced by the NANOGrav, EPTA, PPTA, CPTA, and In-
PTA, indicates that the stochastic gravitational-wave background (SGWB) generated by supermassive black hole
binaries (SMBHBs) can contribute strong background noise within the LISA band. Given the presence of such

strong noise, it is expected to have significant impacts on LISA's scientific missions. In this study, we investigate the
impacts of the SGWB generated by SMBHBs on the detection of individual massive black hole binaries, verified

galactic binaries, and extreme mass ratio inspirals in the context of LISA. We find it essential to resolve and elimin-

ate the excess noise from the SGWB to guarantee the success of LISA's missions.
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I. INTRODUCTION

The Laser Interferometer Space Antenna (LISA) is a
space-borne gravitational wave (GW) detector operating
in the frequency band of approximately 10~ 10~! Hz
[1-3]. This low-frequency band is abundant in a variety
of GW sources that will enable us to observe the uni-
verse in a new and unique way, yielding insights in a
wide range of topics in astrophysics and cosmology.

LISA has proposed a multitude of scientific object-
ives (SOs) associated with the necessary observation re-
quirements for their fulfillment. These observation re-
quirements are, in turn, related to mission requirements
(MRs) pertaining to noise performance, mission duration,
etc., which require the calculation of the signal-to-noise-
ratio (SNR) for assessment [2]. Different noise perform-
ance levels can lead to significant variations in the SNR
for a specific GW source. Meanwhile, the detectability
and parameter measurement accuracy of this source will
also be affected by the noise.

According to the 2017 LISA design [2], the strain
sensitivity curves of LISA are composed of the combina-

tion of predicted Michelson-equivalent sensitivity and
stochastic GW background (SGWB) noise. In previous
papers, the foreground noise around 10~ Hz due to a
galactic binary [4—6] and the SGWB above 10~ Hz from
stellar origin black holes (SOBHs) [7] were discussed.
Moreover, recent evidence of a stochastic signal consist-
ent with the SGWB in the spectrum from 10~ ~ 10" Hz,
announced by the North American Nanohertz Observat-
ory for Gravitational Waves (NANOGrav) [8—10], the
European Pulsar Timing Array (EPTA) in collaboration
with the Indian Pulsar Timing Array (InPTA) [11, 12],
the Parkes Pulsar Timing Array (PPTA) [13, 14], and the
Chinese Pulsar Timing Array (CPTA) [15, 16], indicates
that the SGWB due to supermassive black hole binaries
(SMBHBSs) can significantly contribute to background
noise in LISA frequency band [17—-21], introducing po-
tential challenges to the LISA mission. However, this in-
fluence has not yet been extensively investigated.

In this study, we utilize the up-to-date SGWB data
from the SMBHB indicated by the NANOGrav 15-year
dataset to investigate its impacts on the LISA mission.
Because the majority of individual LISA sources will be
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binary systems covering a broad range of masses [2, 3],
we address the impacts of the SGWB generated by SMB-
HBs on the detection of compact binaries in the LISA
mission. More specifically, we examine the effect on the
detection of individual massive black hole binaries (MB-
HBs), verified galactic binaries (VGBs), and extreme
mass ratio inspirals (EMRIs).

II. ENLIGHTENMENT FROM THE
PTA RESULTS

SMBHBs are the most promising sources to explain
the origin of recent PTA results. It is important to note
that the astrophysically motivated models of SMBHB
populations are able to reproduce the observed low-fre-
quency GW spectrum in an elegant manner [17, 19]. We
adopt these astrophysically motivated models [19, 22]
and inspiral-merger-ringdown waveforms [23, 24] to ob-
tain the full spectrum of SMBHBs. Then, the present-day
energy density of the SGWB of SMBHBs Qgw(f) is giv-
en by [25]

8nG f
3H}c?

dzi’l dEGW
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Qew(f) = (M

where H, = 67.4 km sec™! Mpc™! [26] is the Hubble con-
stant, and f, = (1+z)f is the source-frame GW frequency.
Here, M = Mq*®/(1+¢)'"® is the chirp mass of the SMB-
HB, where M is the primary mass, and ¢ is the mass ratio
of the black hole. Moreover, d’n/dzdM refers to the
SMBHB population. The relevant ranges in the integrals
are 0<z<5and 10°M, < M < 101" M,,.

The SMBHB population of this model can be ob-
tained from the galaxy population as

Fng  O(Mg,2) F(Mg,z,q¢) dt,
dzdMgdgs  MgIn10 ©(Mg,z,q6) dz’

2

where z denotes the redshift of the galaxy pair, 7z’ is the
redshift at galaxy pair merging, and they are connected
by the merger timescale of the galaxy pair 7(Mg,z,9c).
Moreover, there is a correlation between the mass of a
galaxy and the mass of the supermassive black hole
(SMBH) at its center, known as the SMBH-Host relation
[22, 27], which translates the galaxy mass M; to the
black hole mass M. The Bayesian inference method is
employed to obtain the posterior distributions of the para-
meters that are yet to be determined in the model [19].
The posterior can be presented as

p(Old) < L(d|©)p(0), 3)

where p(®) are the priors on the population parameters
obtained from astrophysical obervation [19, 22], and the

likelihood L(d|®) is computed from the NANOGrav 15-
yr free-spectrum.

III. SENSITIVITY OF LISA

Here, we adopt the analytic-fit sensitivity curve S ,(f)
for the Michelson-style LISA data channel given by [5]:

10

Pacc(f)
SdN =353 (POMS(f) +2(1+cos’(f/£.)) Qnfy )

><<1+160<£)2), 4)

where the transfer frequency f.=19.09 mHz, and arm
length L=2.5x10° km. In addition to the instrument
noise, the galactic confusion noise, also called the
stochastic foreground, generated by unresolved galactic
binaries will contribute extra noise S.(f) to sensitivity;
therefore, LISA's effective strain sensitivity curve S,(f)
becomes the sum of S,(f) and S.(f) [2, 4-6]. The de-
tailed expressions for single-link metrology noise
Poms(f) , single test mass acceleration noise P,.(f), and
galactic confusion noise S.(f) are given in [5]. Such ad-
ditives of strain sensitivity indicate that we may calculate
the impacts of the SGWB by summing its corresponding
strain sensitivity Sew(f) to S,(f).

Following the methods proposed by [4, 5], we define
the noise strain sensitivity due to the SGWB as

3H} Qaw(f)
2712 f3 >

Saew(f) = (%)

which can be added to the strain sensitivity of LISA with
galactic confusion noise S,(f) to obtain an effective
strain sensitivity Sex(f) =S.(f)+Sow(f) [2, 4-6], and
then the SNR affected by the presence of the GW back-
ground can be written as

~ e\
SNR_2</deeﬁ(f)) , (6)

where jy(f) is the frequency domain representation of the
time-domain waveform #(7), which encodes important in-
formation on the intrinsic parameters of the GW source.
In Fig. 1, we present the effective characteristic strain
Ser(f) influenced by the SGWB originating from SMB-
HBs together with the specific GW signals of VGBs and
an illustrative example of EMRIs. The effective charac-
teristic strain, which represents the cumulative impact of
all SMBHBs, is depicted as the burlywood-colored re-
gion in Fig. 1. Notably, within the frequency range be-
low several 102 Hz, it experiences a dramatic increase,
partially obscuring specific signals associated with VGBs
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Fig. 1. (color online) Expected effective characteristic strain

Sew(f) in the frequency range [107%,1] Hz. The burlywood line
represents the effective characteristic strain derived from the
SGWB of all SMBHBs, whereas the purple line illustrates the
effective characteristic strain obtained from the SGWB of
SMBHBs after excluding those with SNR>100. The shaded
regions in both cases indicate the 90% credible intervals. Ad-
ditionally, we depict the expected characteristic strain curves
of LISA as black dashed lines. The dark cyan line corres-
ponds to the characteristic strain produced by an illustrative
EMRI signal [33], whereas the star marker represents VGB
signals [34, 35].

and EMRIs. It is believed that GW signals from SMB-
HBs with SNRs equal to or greater than O(100) (we set
100 as the criteria to be on the safe side) can be resolved
and eliminated from the SGWB, as indicated in [2, 28].
Our approach involves using S.x(f), which accounts for
contributions from all SMBHBS, as a baseline. We iterat-
ively eliminate the contributions from SMBHB events
with SNR > 100 and derive a new effective characteristic
strain. This iterative process continues until the effective
characteristic strain reaches convergence.

Although the vast majority of SMBHB signals in
LISA's band with SNRs above 8~12 are individually
resolvable [2, 3, 29], recent studies on unresolved
SGWBs from compact binary mergers in the frequency
band of next-generation ground-based GW observatories
[30—32] suggest that the residual GW background Q.esigual
might be still considerable after subtraction, where
Qiesiqual 18 the combination of the unresolved background
Qunes and error background Q... due to the uncertainty
in parameter estimation during the subtraction procedure.
Because Qiesiqual = Lunres+ Qerror 0f @ GW observatory de-
pends on its SNR threshold for confusion noise elimina-
tion, the lower the SNR threshold, the lower the Qs but
higher the Q..or [30]. We adopt the threshold SNR = 100
to reduce Q.o to a negligible level, given that the error
background from compact binary mergers in LISA's band
still requires study.

As a result, the shift in the characteristic strain, rep-
resented by the purple-colored region in Fig. 1, becomes
reduced compared to that in the non-eliminated scenario.
Furthermore, the frequency band influenced by the
SGWB shifts from several 1072 Hz to a few 107 Hz,
moving away from LISA's most sensitive range.

Given that the MRs of LISA set the requirement of a
minimum SNR level for specific detectable sources, we
further discuss the impact of the SGWB on LISA's detec-
tion in terms of variations in the SNR in the subsequent
sections.

IV. DETECTABILITY OF MBHBs

MBHBs are categorized by two types, intermediate
mass black holes binaries (IMBHBs) with an intermedi-
ate mass range between several hundreds and 10°M, for
each black holes and SMBHBs with masses above
10°M,. Tracing the origin, growth, and merger history of
MBHs across cosmic ages is a vital SO of LISA.

The origin of MBHs lurking at the centers of galaxies
as power source of active galactic nuclei is an on-going
topic. Some studies predict the mass range of their seeds
to be around 10°M,, to a few 10° M, within the formation
redshift 10 ~ 15 [36]. After accretion episodes and re-
peated merging in the period of cosmic structure cluster-
ing, these seeds can grow up to 108M, and greater [37].
During the growth of seeds, accretion and mergers im-
print different information on their spins. To measure the
dimensionless spins and misalignment of spins with the
orbital angular momentum with low absolute error, the
accumulated SNR (from the inspiral phase up to merger)
is required to reach a certain level.

When studying the growth mechanism of MBHs from
the epoch of the earliest quasars, an accumulated SNR of
at least ~ 200 is required to ensure the accurate measure-
ment of parameters. This SNR requirement is also needed
to test the propagation of GWs in LISA’s science invest-
igations (SIs) [2].

In the absence of an SGWB, the expected minimum
observation rate of several MBHBs per year would fulfill
the requirements of SO2, assuming a conservative popu-
lation model [38].

In Fig. 2, we present contour plots of an SNR with a
value of SNR =200 using the waveform model derived
from Refs. [23, 24]. These plots depict the SNR values
for GW signals emitted by MBHBSs, both in the presence
and absence of the SGWB generated by SMBHBs. The
plots are presented in the plane with the source-frame
total mass (M) and redshift (z) of the sources. Without
loss of generality, we assume a mass ratio of 0.2 for the
binary systems. This choice corresponds to the paramet-
erization used in LISA's Sensitivity Curve SI 2.1, which
is designed for the search for seed black holes at cosmic
dawn [2].
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Fig. 2.  (color online) LISA's SNR=200 curves for the GW

signals of MBHBs with and without the presence of the
SGWB generated by SMBHBS, in the plane of total source-
frame with mass M and redshift z. The mass ratio of binaries ¢
is 0.2. The black dashed line is the curve without considera-
tion of the SGWB from SMBHBs. The orange line shows the
curve under the effect of the SGWB from all SMBHBs com-
bined, and the purple line is the curve under the effect of the
SGWB from SMBHBs where all the signals with SNR>100
are resolved and eliminated. The shaded regions indicate the
corresponding 90% credible intervals.

Our analysis reveals a significant reduction in the de-
tectable redshift of GW signals generated by MBHBs
with an SNR of 200 in the mass range 10* ~ 103M,. This
reduction occurs when the SGWB from SMBHBs cannot
be resolved and eliminated during the observation period.
Given that the goals of LISA SI 2.2 involve the detection
of sources at redshift z < 3 with masses ranging from 10°
to 10°M, and an accumulated SNR of at least approxim-
ately 200, the presence of the SGWB has a substantial
impact on this investigation.

However, should we succeed in resolving and elimin-
ating GW signals with SNR values greater than or equal
to 100, the impact on the detection of MBHBs in the
LISA mission will be significantly reduced. Con-
sequently, the objectives of SI 2.2 will be slightly af-
fected for MBHBs with masses exceeding 10° M.

V. DETECTABILITIES OF VGBs AND EMRIs

Because there are large numbers of compact binaries
in the Milky Way Galaxy that emit continuous and nearly
monochromatic electromagnetic (EM) signals, parts of
these binaries are already verified by observations other
than GW detection. For VGBs emitting GW signals in

LISA's frequency band, the joint EM and GW observa-
tion can be performed. Details of these VGBs in LISA's
band can be found in [34, 35]. In LISA's SO1: When
studying the formation and evolution of compact binary
stars in the Milk Way Galaxy, the ability to detected and
measure the (intrinsic and orbital) parameters of these
VGBs is vital. Assuming a strain sensitivity without an
effect from the SGWB, along with the estimation of the
population of VGBs given in [39], LISA should be able
to detect and resolve ~ 25000 VGBs.

We utilize data from VGBs obtained from Gaia DR3
[34]. Following the procedures outlined in [40], the char-
acteristic strain of the GW signal emanating from VGBs,
as illustrated in Fig. 1, is described by

5/3
h(‘ =V Tobs %ﬂ'zﬂf”q (7)

Here, M represents the chirp mass of each individual
VGB, d signifies the distance to the source, and f corres-
ponds to the GW frequency, which is twice the orbital
frequency. For the sake of simplicity, the VGBs can be
characterized as monochromatic GW signals with a set of
parameters obtained from Gaia DR3. It is important to
note that the SNR of VGBs can be readily calculated by
taking the ratio of the characteristic strain 4, to the effect-
ive characteristic strain of the detector S.q(f).

The EMRI is the inspiral of a stellar-mass compact
object, such as a stellar-mass black hole, neutron star, or
white drawf, into an SMBH. Here, we adopt the numeric-
al kludge method [33, 41] to calculate the time-domain
waveform of EMRIs. Because the inspiral signal of EM-
RIs can remain in LISA's frequency band for months to
many years, and the binary might spend up to 10° or
more orbits near the innermost stable circular orbit
(ISCO), the events of the EMRI can provide accurate in-
formation on the space-time around the SMBH. This in-
formation can provide accurate measurements of the mass
and spin of the SMBH and allow us to test Kerr geo-
metry at a new high level. In SO3, the dynamics of dense
nuclear clusters are probed using EMRIs, and in SOS5, the
fundamental nature of gravity and black holes is ex-
plored; therefore, the detection of EMRISs in the LISA fre-
quency band can open a new channel of astrophysics dis-
covery. Meanwhile, in SO6, the rate of expansion of the
Universe is probed, and LISA will probe the topics in
cosmology via EMRIs.

Because of the large uncertainty in the astrophysics of
EMRIs, the LISA sensitivity without effects from the
SGWB would result in a minimum rate of one case per
year according to conservative EMRI population models
[42]. For convenience of presentation, we only take one
example of EMRI in Fig. 1.

According to the SNR shift caused by the presence of
the SGWB within LISA noise, as depicted in Fig. 3, it is
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evident that the SNRs of VGBs subjected to unabated
S ex(f) will experience a dramatic reduction. In fact, some
of them drop below the threshold level of SNR =8, ren-
dering them undetectable by LISA. However, the detec-
tion of an SGWB originating from SMBHBs with
SNR > 100 holds the potential to significantly alleviate
these SNR shifts for the majority of obscured VGBs, as
illustrated in Fig. 3.

VI. CONCLUSION AND DISCUSSION

In light of recent discoveries from pulsar timing ar-
rays, we now have compelling evidence of the SGWB
produced by SMBHBs for the first time. In this context,
we discuss the impacts of the SGWB from SMBHBs on
the detection of compact binaries at LISA. It is worth not-
ing that our arguments also apply to other spaceborne
GW detectors, such as Taiji [43] and Tianqin [44]. Given
that the SGWB from SMBHBs will introduce additional
noise, denoted as Sgw(f), to LISA's strain sensitivity, it
will shift the SNR of MBHBs, EMRIs, and VGBs with
specific intrinsic and orbital parameters. This influence
has the potential to impact the success of the LISA mis-
sion.

Based on our analysis, the effective sensitivity will
obscure the GW signals of some VGBs and EMRIs, as
directly shown in Fig. 1, leading to a reduction in their
SNRs, as depicted in Fig. 3. Furthermore, the detectable
redshift under specific SNR conditions for MBHBs will
also decrease, as shown in Fig. 2. However, if we can re-
solve and eliminate GW signals from SMBHBs with an
SNR above a certain threshold, all these influences can be
effectively mitigated.

Therefore, the impacts on the detection of compact
binaries due to the SGWB generated by SMBHBs are
more significant than those of the expected galactic back-
ground. Understanding the SGWB and investigating its
impact on the LISA mission are crucial for the success of
space-borne GW detectors. Additionally, our results may
offer an alternative perspective for the design of future
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Fig. 3. (color online) SNR for VGB systems and an EMRI
example. The threshold corresponds to an SNR of 8, signify-
ing the minimum requirement for detecting these compact bin-
ary signals. The orange dots represent the SNR for LISA at its
original sensitivity level, whereas the burlywood error bars il-
lustrate the SNR for LISA sensitivity influenced by the
SGWB generated by all SMBHBs. The purple error bar points
indicate the SNR for LISA's sensitivity affected by the SGWB
from SMBHBs with SNR values <100. For detailed informa-
tion regarding the names and parameters of VGBs, refer to
[34, 35], and for the parameters of the illustrative EMRI sig-
nal, refer to Fig. 1.

GW detectors.
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