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Lunar gravitational-wave (GW) detectors relying on the measurement of the response of the Moon to
GWs are susceptible to a seismic background, which might pose a fundamental sensitivity limitation. The
Lunar Gravitational-wave Antenna was conceived as an array of accelerometers with the idea that data can
be processed to distinguish between a GW signal and the seismic background. As a result, the seismic noise
of the GW measurement would be mitigated. However, so far, no quantitative assessment of the mitigation
of the seismic background has been provided. In this article, we derive the analytical expressions for the
optimal squared signal-to-noise ratio for a two-station array in an isotropic, random, Gaussian seismic field.
Our numerical analysis reveals that the capacity to mitigate the seismic noise critically depends on the
distance between the two stations relative to the seismic-correlation length. We demonstrate that optimal
placement of the two stations can yield significant improvements in the equivalent seismic-noise amplitude
spectral density (ASD), approximately a factor of 2.3 at 0.3 Hz, compared to the measurement with a single
station in the seismic-noise-dominated limit. The equivalent ASD of the seismic noise also exhibits distinct
oscillatory and mitigation features arising from the Bessel-function structure of the noise correlation.
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I. INTRODUCTION

The observation of gravitational waves (GWs) by the
LIGO and Virgo detectors has inaugurated a new era of
multimessenger astronomy [1], allowing for unprecedented
tests of general relativity [2] and the exploration of compact
binary populations [3]. While current terrestrial detectors
such as LIGO, Virgo, and KAGRA have achieved remark-
able sensitivities in the high-frequency band (f = 10 Hz),
they are fundamentally limited at lower frequencies by
terrestrial seismic and gravitational noise (also known as
Newtonian noise) [4-6]. Space-based interferometers like
the Laser Interferometer Space Antenna, TianQin, and Taiji
are poised to cover the millihertz regime [7-9]. A sensi-
tivity gap remains between a few tens of millihertz and a
few hertz; a window crucial for multiband observations and
early warning alerts [10,11]. To access the rich physics in
the decihertz band [12], which is populated by sources such
as intermediate-mass black holes and the early inspiral of
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stellar-mass binaries, alternative detection concepts are
required.

The Moon offers an exceptionally promising platform
for filling this spectral gap. The lunar surface is charac-
terized by a seismic background orders of magnitude
quieter than Earth’s, a lack of atmospheric disturbances,
and cryogenic temperatures that naturally reduce thermal
noise [13-15]. Consequently, the concept of lunar GW
detection has garnered significant interest [16,17]. By
deploying a high-sensitivity seismometer array [18,19]
or a laser interferometer [20,21] on the lunar surface,
one can exploit the Moon’s low level of seismic vibrations
to observe vibrations excited by passing GWs [22-24].

However, the sensitivity of such a lunar-based observa-
tory might be limited by the lunar seismic background [25].
Lunar GW detectors are mechanically coupled to the
regolith, measuring the superposition of the GW-induced
global deformation and the local seismic background.
Previous studies estimating the sensitivity of lunar GW
detectors have often simplified this noise model, assuming
either single-station performance or uncorrelated noise
averaged over an array [17,19,26].

Mitigation technologies based on seismic array data are
under development for terrestrial GW detectors; in this case
for the cancellation of Newtonian noise via Wiener filtering
[27,28]. Similarly, noise cancellation is being considered to
reduce magnetic noise in GW detectors, which can be
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correlated between detectors across the globe [29,30].
Notably, in both examples, the data used to cancel the
noise in GW detectors do not contain any (significant) GW
signal. In the case of the Lunar Gravitational-wave Antenna
(LGWA), the accelerometers contain a mix of GW signal
and seismic background. Therefore, seismic mitigation for
the LGWA must be formulated as a signal-preserving
coherent array filter rather than as standard witness-channel
subtraction. As we will show explicitly in this paper, noise
mitigation can still be achieved, but the calculation must
now follow a different path from the noise-cancellation
methods in terrestrial GW detectors. A common property of
all these noise-cancellation schemes is that the optimal
configuration of sensor arrays depends on the correlation
length of the environmental field.

The LGWA array operates in a diffuse seismic back-
ground, which is expected to have a relatively short
correlation length compared to typical terrestrial seismic
fields [17]. Not properly accounting for the spatial corre-
lation of this background may lead to inaccurate estima-
tions of the array’s signal-to-noise ratio (SNR) with respect
to a seismic background. The seismic background does not
manifest as an uncorrelated instrument noise, but as a
spatially correlated wave field [31,32].

In the decihertz band, the lunar seismic environment is
distinct from that of Earth. The dominant contribution to
the continuous seismic background is not tectonic activity
or oceanic microseisms, but rather the stochastic “hum”
generated by the relentless flux of meteoroid impacts
[13,33]. While the Moon also experiences transient and
localized events, such as deep moonquakes that originate
from specific nests (700-1000 km depth) with distinct
periodicities [34,35] and shallow thermal moonquakes
driven by the diurnal cycle [36,37], estimating the sta-
tionary sensitivity curve requires focusing on the continu-
ous background floor. The meteoroid impact flux creates a
diffuse, stationary surface-wave field that pervades the
lunar crust [13,38]. Estimates of the continuous seismic
background predict it to be orders of magnitude weaker
than on Earth [13], but a spectral model of the background
must still be provided, leaving important questions about its
strength in the decihertz band.

In this paper, we present a comprehensive theoretical
framework for the mitigation of a random seismic back-
ground explicitly incorporating its spatial correlation struc-
ture. We model the meteoroid-induced noise as a stochastic
field of fundamental-mode Rayleigh waves and analytically
derive the optimal SNR for a two-sensor array. We
demonstrate that the interplay between distance between
stations and the correlation length of the seismic noise leads
to frequency-dependent noise cancellation.

The paper is organized as follows. In Sec. II, we outline
the theoretical framework, describing the tensor nature of
the GW-induced lunar response and deriving the full
covariance matrix for the seismic background using
Bessel-function expansions. In Sec. III, we present

numerical examples for representative array configurations,
analyzing the sky-averaged SNR and the resulting equiv-
alent noise amplitude spectral density (ASD) curves.
Finally, we summarize our findings and discuss implica-
tions for future array designs in Sec. IV.

II. THEORETICAL FRAMEWORK

To rigorously evaluate the noise-mitigation capability of
a lunar seismometer network (like the LGWA) for GW
detection, we must construct a model that integrates the
Moon’s elastic response to GWs and the statistical proper-
ties of the lunar seismic-noise field. In the midfrequency
band (0.01 ~ 1 Hz), the detection capability is partly con-
strained by the spatial coherence of the seismic back-
ground. In this section, we derive the optimal squared
signal-to-noise ratio (SNR?) for a two-seismometer array,
accounting for the Moon’s GW response and the correla-
tion matrix of the Rayleigh-wave-dominated background.

A. Correlated seismic-noise field

The dominant environmental noise source for the lunar
seismometer array is expected to be the seismic background
generated by continuous micrometeoroid impacts [13,19].
We model this background as a stationary, stochastic
surface-wave field. Assuming that meteoroid impacts are
uniformly distributed over the lunar surface, the back-
ground in the midfrequency band can be approximated as
an isotropic field of Rayleigh waves [31,39].

Unlike simplified models that assume uncorrelated noise
or scalar coherence, we adopt the complete form of the
spatial autocorrelation matrix for multicomponent obser-
vations. Following the formulation in previous works
[40-42], for an isotropic field of Rayleigh waves, the
cross-spectral density matrix ®(d, f) between two three-
component seismometers separated by a horizontal dis-
tance d is given by

@(d. f)
Jo($) —uJ1(¢) 0
=Sr ()| 1) S1o(0) = T2(0)] 0 ,
0 0 20 + 1))

(1)

where { = 2xnfd/cg(f) = kg(f)d, where cy is the speed of
a Rayleigh wave, and J, are Bessel functions of the first
kind of order n. The matrix components correspond to the
vertical (Z), radial (R, aligned with the separation Vectorl),
and transverse (7') directions. S’ (f) is the power spectral
density (PSD) of the vertical Rayleigh wave background (in

"This is different from the radial unit vector # in spherical
coordinates, which is introduced in Sec. II B.
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units of m? HZ™!), and v(f) represents the horizontal-to-
vertical ratio (ellipticity) of the Rayleigh waves.

Equation (1) reveals critical properties for array

processing:

(1) ZZ correlation: The vertical-vertical coherence
follows J4({), which approaches unity for small
separations (d — 0) as 1 —¢?/4.

(2) Horizontal correlations: The radial-radial (RR) and
transverse-transverse (7'7) correlations involve lin-
ear combinations of J, and J,. Notably, even for
isotropic noise, the coherence decay differs between
longitudinal (R) and transverse (7') orientations.

(3) Cross-component coupling: The off-diagonal terms
involving J;({) (i.e., ZR or RZ) indicate nonzero
correlation between vertical and horizontal compo-
nents at nonzero distances, induced by the elliptical
polarization of Rayleigh waves.

The total noise covariance matrix C for a network also

includes an incoherent instrumental noise component

Pinst,i(f)?
Ci;(f) JORih - (2)

where R;; is the rotation matrix aligning the global
spherical coordinate system (introduced below) to the local
radial-transverse frame defined by the pair i, j. 71; is the
sensitive axis of the ith detector.

= Pinst,i(f)5ij + ﬁITRS(I)(pC’, - }j

B. Lunar response and spatial derivatives

Based on previous works [43—46], we adopt the updated
spheroidal response formalism for the Moon. From now on,
we choose to use standard spherical coordinates centered at
the Moon’s center, with three unit base vector fields 7, 9,

and ¢. For an incident monochromatic gravitational wave
with strain tensor h (spatial component, in the TT gauge),

the induced displacement field E(?) on the lunar surface
(r = Ry; = lunar average radius) can be expressed in a
compact, polarization-agnostic form [47],

E(F) =2T,h-#+ (T, —2T,)(7-h - #)F, (3)

where T,(f) and T),(f) are the frequency-dependent radial
and horizontal response functions (per unit strain) deter-
mined by the Moon’s radially heterogeneous structure (see
[45,48] for details).

Let 71 be the sensitive axis of a seismometer (e.g., 7 = 7
for a vertical sensor). The signal measured at position X is

therefore s(¥) = &(X) - 4. For two nearby seismometers

separated by d, with baseline |;1 | < Ry, the variation in the
GW response can be calculated as follows (for later
convenience):

First, for two nearby sensors with different 7,

s = E(F) - Ah. (4)

If all the sensors are horizontal, we simply have
Ss~2T,(Af-h - 7). (5)

Second, for two nearby sensors with similar 7, the
difference in signal between them is well approximated
by the directional derivative,

Ss(d, i) ~d-V[EF) - A). (6)

Furthermore, if both sensitive axes 71 are strictly aligned
with one of the coordinate axes (7, €, or ¢), 8s can be
further calculated as

o,

8s(d, 7) m = (hg,dy + hy,dy)
M
L. ooT,
5s(d, 9) ~ R— [(hgg — h’rr)de + (h9¢ + h¢r cot 9)d¢]
M
... 2T,
5S(d, ¢) ~ m [h9¢d0 + <h¢¢ - hrr - hgr cot 9)d¢] (7)

C. SNR? density for a two-sensor array
For simplicity, from now on we assume identical instru-
ment noise PSDs of all seismic channels, i.e., Pjg ; = Pinsts
and rewrite the noise matrix for two sensors as follows:
Pinst + aISZ )/SZ

C= 8)

J/S,'; Pinst + GZS;L ’

in which
2
v
_ 2 2
a;=1-ny,; 5 Mo

v = ﬁ1TR1T2‘D(d, ALSTIZYAS )
and ny; is the horizontal component of #;. The inverse

matrix can then be calculated as

C_] _ l Pinst + a2S1r1 _7S;t (10)
A _VS; Pinst + 05152 ’

in which
A= (Pinst + GIS:I)(Pinst + a2S2) - (},82)2 (11)
For strictly horizontal sensors, we have

1/2

a=—_—,

[SS]

2
r=5 [Jo(kgd) cos(t) — 75) — Jo(kgd) cos(z; + 15)],
(12)

in which z; is the angle between 7; and d.
The SNR? density R (f) for multiple detectors with signal
vector s = (s1, 52, ...)! and covariance matrix C is [49]

R =s"Cls. (13)
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Although this equation formally represents the optimal
expected SNR? for a known signal, it also corresponds to
a physical array-filtering operation: the data are combined
with inverse-covariance weights while preserving the
expected GW response [50,51]. This coherent spatial filter
differs from terrestrial Wiener subtraction, which relies on
signal-free witness channels [27,28], because the LGWA
seismic channels themselves contain the GW signal.

For two sensors, we can decompose this into common
(s, = s + ) and differential (6s = s, — s;) modes, and
we assume horizontal sensors. We then obtain

1 5. 2 ) os]?
2 Pinst+l/282(1+r)/2 Pinst+y2SZ(1_F)/2 ’

(14)

where I' = y/a is the normalized correlation function. This

decomposition shows explicitly that the optimal coherent

filter weights the common and differential modes according

to their noise variances.” When instrument noise dominates,

ie., 125 < P,y we simply recover the standard result
s% + s%

7?’II'IS PinSt ( 5)

When the environmental noise completely dominates, i.e.,
(1 =T) > P,/ (1*S:), we have

S 2

1551 > (16)

1 s, |?
2¢Qr +
ASi\1+T  1-T

D. Optimal filtering for two close-proximity
horizontal sensors

Renv =

We now derive the optimal SNR? density for a pair of
horizontal sensors separated by a short distance d
(krd < 1), i.e.,

CR / !
d< 1.6 km(lOOO m/s> (0'1 Hz) . (17)

In this case, the correlation factor can be approximated as

(krd)*
8

[ ~cos(t; —7,) — [2cos(z) — 75) + cos(r) + 75)]

+ O|(kgd)*]. (18)

1. Parallel detectors (t,=1,)

When the sensitive axes of two sensors are perfectly
parallel, the normalized correlation function can be
approximated as

“For comparison, a signal-free witness channel would leave the
standard Wiener residual proportional to 1 —T72, whereas a
signal-preserving combination of two channels with equal GW
responses leaves a residual proportional to (1 +1T7)/2.

krd)?
oo = KR o o) 19
8

and the SNR? densities are

RPar zl |S"v‘|2
2 Pinst + yZS;l
|5s|? (20)
Ping + 28] (kd)?(2 + cos 27)/16]
2 8|5s|?
RPar ~ |S+| , 21
A ZZAYA [ 2 (kgd)?(2 + cos21) 21)

for ordinary and environmental-noise-dominant cases, res-
pectively. A special situation occurs when 1S (kpd)? <

P < V7S,
|65
+ . 22
VZSZ Pinst ( )

RPar Nl <|S+|2

env—inst — 2

We notice that, in the parallel case 8s/s ~ O(d/Ry), as
seen in Eq. (7). Hence, we observe that the first term in
Eq. (21) almost always dominates, because the opposite
requires

2
>
= kzRy <1,
= f<0.18 mHz<C—R>, (23)
2000 m/s

which is far below the target frequency band of lunar
seismic GW detection. For the same reason, the first term in
Eq. (22) will also always dominate.

2. Nonparallel detectors (1| # 7,)

The SNR? density for two nonparallel sensors is

1 |54 [?
V287 |1+ cos(t) — 15)
2 857+ 251851 —cos(7y — 1)
LAST ‘

05[>
1 —cos(z; —75)

NP
Renv -

sin?(7, — 7,)

E. Strain noise estimation
and equivalent noise spectrum

Based on the calculations of SNR? density, we can
directly calculate the (dimensionless) strain noise of the
detector array completely induced by environmental noise,

h
hCJ‘l = \/f 72(,)<f

~y x M(#, 7, h), (25)

~
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where we assume that the signals are induced by GW with
amplitude /4(f) (in units of Hz™'). M(?,7,h) is an O(1)
mitigation factor depending on the array configuration and
GW polarization. Our sensitivity estimation aims to define an
effective sky-averaged noise floor rather than the detect-
ability of a specific source. By calculating the optimal SNR
for a generic deterministic GW signal, we will establish an
equivalent strain noise ASD [Eqgs. (28) and (32)], which can
be regarded as a standardized baseline to evaluate the
environmental noise limit for any modeled GW searches.

Assume that 7', ~ L(f) x 10° m (L is dimensionless)
and the amplitude spectral density of Rayleigh wave
background caused by meteoroid impact is approximately
[13,17,19]

-p
\/ S:l ~ 10_12“)_16 <ﬁ> I'nHZ_l/2 (26)
. Z

with 0 < f < 2. As a result, we have

—p+0.5
b o~316x 107003 Y (] (27
x L(f) \0.1 Hz 27)

To directly compare the environmental limits with
instrument noise, and to eliminate interference from lunar
response ambiguity, we will focus on the equivalent
displacement ASD of seismic noise in the following
numerical analysis, which is defined as

A(f) =vMY/S;, (28)

ITII. NUMERICAL EXAMPLES
FOR DETECTOR ARRAY

In this section, we calculate the sky-averaged SNR?
density, defined as

(R) E# / RdQdy, (29)

in which Q describes the GW propagation direction
(including two angles in standard spherical coordinates),
and y is the GW polarization angle (see the details in, e.g.,
Majstorovi€ et al. [44]). We set a simple but representative
array configuration, shown in Fig. 1. Motivated by the
practical engineering limitation that high-sensitivity lunar
seismometers (such as the proposed LGWA) are optimized
for horizontal measurements [12], we assume there are two
horizontal detectors (Detl and Det2) and each of them has
two mutually perpendicular sensors. Their separations, d;
and d,, are much smaller than the lunar radius Ry, but not
necessarily satisfying Eq. (17). We assume that the noise
matrix for all the four sensors can be described by Eq. (2),
while we also assume in the following calculations that
Si > P in order to isolate the effect of seismic noise.
We first calculate (R) for f = 0.3 Hz (optimal fre-
quency for the LGWA [12]) and ¢k = 500 m/s (which

Sens — 2y

Det2  Sens — 2z

FIG. 1.

Array configuration scenario.

means kg = 3.77 x 107> m™") in Fig. 2. We normalize the
results by zero-separation (d; = d, = 0) value, in order to
isolate the array configuration and environmental effect
from GW-waveform features. We also set S;,/P;, = 100
and v = 0.5 to investigate the environment-dominant case.
It is worth noting that, in the strictly seismic-noise-
dominated regime considered here, a zero-separation
two-station array measures identical, perfectly correlated
seismic noise. Consequently, its intrinsic seismic-noise
floor is mathematically equivalent to that of a single station.
The results reflect a clear distance-dependent and direction-
independent behavior. The maximum value (~5.2) around

\Vd3 + d5 ~0.93 km corresponds to { = kzd ~3.5. These
approximately correspond to the behavior of

2
14+ Jo(¢) =0.575()

We point out here that the above formula is just a pheno-
menological approximation of the numerical results. To

2.5

6
20 S
=
g
L5 4(:3
4
g 7
< 5
1.0} 3%
5
3
0.5 22
wn

0.0 1

0 0.5 1.0 15 2.0 25

0
d; (km)

FIG. 2. Sky-averaged SNR? density, normalized by zero-
separation (d; = d, = 0) value. f = 0.3 Hz and ¢z = 500 m/s.
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[9%)
S

d, (km)
N [3%)
(=) W

Sky-averaged SNR? density, (R)

—_
W

2.5

2.0 ‘
1.5 :
1.0 .
0.5 .
0'0.0 0.5 1.0 15 2.0 25 10

0
dy (km)

FIG. 3. Sky-averaged SNR? density (short-coherence case),
normalized by zero-separation (d; = d, = 0) value. f =3 Hz
and cp = 500 m/s.

demonstrate its accuracy, we compare the exact numerical
values with this analytical approximation in Appendix C.
The comparison indicates that the approximation remains
accurate within a relative error of 25% across the relevant
range. While this specific approximation applies to the two-
station (with four-sensor) scenario, our theoretical formu-
lation is fully generalizable to multidetector arrays. Our
calculations (not plotted here) also show that, for this two-
station array, the orientation of the second detector relative
to the first one does not influence the sky-averaged SNR?
density.” This is understandable because a detector with
two mutually perpendicular sensors can, in principle,
extract all the information from a horizontal signal. For
reference, we also calculate the results for a two-sensor
array (Sens-1x and Sens-2x; Sens-1x and Sens-2y) in
Appendix A and calculate the results for a single-polari-
zation GW in Appendix B.

We next calculate the short-coherence case, which means
that we should let kzd > 1. We fulfill this condition by
simply changing the frequency to f = 3 Hz and keeping
other parameters unchanged. The results are shown in
Fig. 3. We find a 2 times gain in the sky-averaged SNR?
density at large separation on average and also find an
obvious spatial period of A~ 170 m at large distance,
corresponding to kpA ~ 2.

Finally, based on previous calculations and discussions,
we can now give a better description to the behavior of
equivalent seismic-noise ASD [Eq. (28)]. We fix the
background spectrum as (with v = 0.5)

VS =101 (—f

-1
0.1 Hz) m a2 (30)

3This is incorrect for GWs with single polarization and wave
direction, as shown in Appendix B.

= Array Seismic Noise with Mitigation Factor
=== Reference: Mitigation Factor =1
—— LGWA Instrument Noise

Hz)
>

Noise ASD (m/
S

10
Frequency f (Hz)

FIG. 4. Equivalent noise ASD of the seismic background
without and with array mitigation in the seismic-noise-dominated
limit. The detector separation is fixed as 900 m. The green curve
shows the nominal instrument noise model adopted here for one
horizontal accelerometer [53]. It contains no array averaging or
seismic-noise mitigation and is shown only as a reference.

and assume the wave velocity behaves like

cglkm/s]
2, f<50 mHz

~{ 2-1.93log, (ﬁ) 50mHz<f<03Hz (31)
0.5, f>03Hz.

This is a phenomenological formula trying to include both
the shallow regolith properties and low-frequency character-
istic induced by large-scale structure [52], largely similar to
the surface-wave velocity calculated in Coughlin and Harms
[18]. Finally, we select an effective mitigation factor,

(R)a=o
(R)

~ 1+ 75(0) = 0.57,(0)/V2, (32)

and fix the array separation as d = 0.9 km. Here the
mitigation factor M is defined as the residual ASD factor
of the optimal coherent filter relative to the zero-separation
baseline. Equivalently, 1/ M. is the ASD reduction factor.
We calculate the noise ASD [Eq. (28)] with (M = M) and
without Mg (M = 1), and we plot the results in Fig. 4. Note
that the equivalent seismic-noise ASD we plot here describes
the strictly seismic-noise-dominated case.® If instrumental
noise is comparable to or exceeds the seismic background,
the full covariance matrix [Eq. (2)] must be included in the

Mg =

4Although we add an instrument noise curve in Fig. 4, it is just
for comparison and is not considered in the calculations in this
work.
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pipeline, and the overall mitigation efficacy would inherently
depend on the frequency-dependent ratio S%,(f)/Pins(f)-
The oscillations observed at higher frequencies arise from the
Bessel-function structure of the noise correlation, reflecting
the interplay between the array baseline and the frequency-
dependent seismic wavelength. Because of this effect, there
is an approximately 2.3 times mitigation of the ASD at

frequencies near 0.3 Hz, and an approximately /2 times
mitigation in the high-frequency limit.

IV. CONCLUSIONS AND DISCUSSIONS

In this paper, we present a comprehensive theoretical
framework to evaluate the noise-mitigation capability of a
lunar seismometer array optimized for the detection of
GWs. By integrating the Moon’s global elastic response to
GWs with the spatial autocorrelation model of the mete-
oroid-induced seismic noise, we derived the analytical
expression for the SNR? density of a two-sensor array.
This framework allows for a rigorous assessment of how
array geometry and environmental noise properties jointly
constrain the detectability of GW signals in the midfre-
quency band. While our numerical analysis demonstrates
this using a representative two-station configuration, the
analytical formulation is intrinsically scalable to networks
comprising an arbitrary number of sensors.

Our numerical analysis reveals that the noise mitigation
of the lunar array depends on the array configuration
relative to the correlation length of the seismic field. As
illustrated in Figs. 2 and 3, proper array design can yield
significant improvements in the SNR to GWs compared to
the zero-separation baseline. Specifically, we observed an
enhancement factor of approximately /3.2~2.3 in the
low-frequency regime (f = 0.3 Hz) and v/2 ~ 1.4 in the
higher-frequency regime (f =3 Hz). These gains arise
from the distinct spatial coherence signatures of the GW
signal, which induces global, coherent deformations, ver-
sus the seismic noise, which decorrelates or exhibits
specific phase relationships (described by Bessel functions)
over shorter spatial scales.

Extending this analysis to the broadband regime, Fig. 4
illustrates the array’s equivalent noise ASD. The noise-
cancellation efficacy is inherently frequency dependent due
to the Bessel-function structure of the spatial coherence. By
incorporating a phenomenological dispersion model
[Eq. (31)] for realistic evaluation, we observe distinct
oscillatory features as the varying effective array aperture
(d/A) modulates the residual noise floor. Our calculation
reveals the intrinsic limits of such array-based mitigation:
the suppression of an isotropic seismic background is
generally constrained to within a factor 3. Furthermore,
because the ratio of the array baseline to the seismic
wavelength varies across the observation band, an effect
further compounded by the dispersive nature of cg(f) in
the lunar regolith, a fixed array geometry cannot provide
optimal mitigation across all frequencies.

While prior sensitivity studies (like [17]) typically
estimated the noise floor without explicitly accounting
for this coherent spatial cancellation, our results demon-
strate that, in the case of two seismometers, seismic noise
from an isotropic field cannot be mitigated by large factors.
Although this background does not drastically compromise
the target sensitivity of the LGWA, it necessitates that
future-array designs perform a multiobjective optimization,
convoluting the lunar GW response with the seismic
dispersion curve of the deployment site.

The robustness of our results relies on the accuracy of our
model of the lunar seismic wave field. Our current model
assumes an isotropic incidence of fundamental-mode
Rayleigh waves. In reality, a certain level of anisotropy,
non-negligible body-wave content, and nonstationarity of the
field are to be expected [54]. The scattering of waves by the
heterogeneous megaregolith may induce frequency-depen-
dent anisotropy, particularly if the meteoroid impact distri-
bution is nonuniform or if local topography induces
scattering and focusing [55,56]. The isotropic wave field
adopted here provides a conservative reference case for the
diffuse, sky-averaged configurations considered in this work,
as it contains no preferred direction that can be exploited by
array processing. If the background deviates from this
assumption, the spatial covariance matrix ®(d, f) would
encode distinct directional and phase information. Depending
on the directional covariance, phase velocities, and the
overlap between the dominant noise eigenmodes and the
GW response, the optimal inverse-covariance filter may
exploit such spatial structures and achieve higher mitigation
efficiencies. However, a universal improvement cannot be
assumed without specifying a particular nonisotropic covari-
ance model. The LGWA array is planned with four seismic
stations [12] (discussed in Appendix D) to achieve effective
noise mitigation for varying levels of anisotropy, for which
both the interstation distances and the array configuration,
including baseline orientations, must be jointly optimized to
maximize noise mitigation in the most affected frequency band.

In conclusion, our work establishes the first preliminary
framework bridging the gap between phenomenological
models of lunar surface-wave scattering and the noise
budgeting of lunar-based GW detectors. It highlights the
profound synergy between GW astronomy and lunar
geophysics: while seismic noise is a nuisance for GW
detection, its precise characterization is a scientific objec-
tive for understanding the Moon’s shallow structure. Future
studies should extend this framework to the full LGWA
array, including body-wave contributions at higher frequen-
cies, anisotropic noise fields, and the development of
adaptive data processing algorithms to optimize mitigation
of nonstationary seismic fields.
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APPENDIX A: SKY-AVERAGED SNR? DENSITY
FOR A TWO-SENSOR ARRAY

In this Appendix, we plot the sky-averaged SNR?
density for a two-sensor array in Fig. 5: Sens-1x with
Sens-2x in the upper panel; Sens-1x with Sens-2y in the
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FIG. 5. Sky-averaged SNR? density for a two-sensor array.
Upper: Sens-1x and Sens-2x array. Lower: Sens-1x and Sens-2y
array. Both panels are normalized by zero-separation
(dy =d, =0, marked with red cross) value. f =0.3 Hz
and cp = 500 m/s.

lower panel. The results match well with our analytical
formulations.

APPENDIX B: SNR? DENSITY
FOR SINGLE POLARIZATION

In this Appendix, we plot the SNR? density of a two-
station array (same as in Fig. 1) located at (6, ¢) = (z/2,0),
but for single wave vector direction (specified by e and 4 in
standard spherical coordinates) and polarization state each
time. Figure 6 shows the results for parallel propagating
GW, ie., (e,4) = (n/2,7x/2), in which case GW prop-
agates parallel to the plane formed by sensing directions.
Figure 7 shows the results for vertically propagating GW,
ie., (e,A) = (x/2, 0), in which case GW propagates
perpendicular to the plane formed by sensing directions.

SNR? density R

d> (km)
>N W (@)} N oo
SNR? density R

W

[\S)

~4 2 0 2
dy (km)

FIG. 6. SNR? density for parallel propagating GW,
(e,2) = (x/2,7/2). f =0.3 Hz and ¢z = 500 m/s. Upper: +
polarization results, normalized by (2, 2) km value. Lower: x
polarization results, normalized by (0, 0) km value. Normaliza-
tion locations are marked with red cross.

083057-8



SEISMIC BACKGROUND MITIGATION WITH THE LUNAR ...

PHYS. REV. D 114, 083057 (2026)

0D
9

g
S
SNR? density R

—
W

dy (km)

O
SNR? density R

dy (km)

FIG. 7. SNR? density for vertically propagating GW, (e, 1) =
(z/2,0). f =0.3 Hz and cz = 500 m/s. Upper: + polarization
results, normalized by (2, 2) km value. Lower: x polarization
results, normalized by (2, 2) km value. Normalization locations
are marked with red cross.

We note here that for vertically propagating GW, the
results for + and x polarization can be transformed into
each other through a rotation of +x/4. However, for
parallel propagating GW, two results are completely
different.

APPENDIX C: TEST FOR APPROXIMATION
FORMULA

In this Appendix, we evaluate the accuracy of the
phenomenological approximation given by Eq. (32).
Figure 8 compares the exact numerical calculation of the
normalized sky-averaged SNR? density with the analytical
formula. Since the numerical results in Fig. 2 demonstrate
that the enhancement is independent of the relative ori-
entation between the two stations, the comparison is plotted
as a function of a single separation distance d.

numerical result

2
1+J0(0) = 0.512(0)

RYDI(R)(0)

2 L
1 L
0 1 2 3 4
d(km)
FIG. 8. Same quantity as in Fig. 2, compared with analytical

approximation formula. The distance is extended to 4 km, while
all other parameters remain unchanged.

As shown in Fig. 8, the analytical approximation closely
tracks the numerical results. Across the evaluated distance
range (up to 4 km), the maximum relative error between the
analytical formula and the exact numerical curve remains
below 25%. Furthermore, the approximation error is nearly
negligible in the vicinity of the optimal mitigation peak,
confirming its validity for estimating the array’s maximum
noise-mitigation capability.

APPENDIX D: TEST FOR A FOUR-STATION
ARRAY

To further illustrate the potential mitigation capabilities
of a larger network, we evaluate a representative four-
station array configuration. As shown in Fig. 9, three

FIG. 9. Schematic of the typical “four-station array” configu-
ration. Three stations are located at the vertices of an equilateral
triangle and one at the centroid.
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stations are positioned at the vertices of an equilateral
triangle, with the fourth station located at the geometric
centroid. Each of them has two mutually perpendicular
sensors. We maintain the assumption that all interstation
distances are much smaller than the lunar radius.

Figure 10 presents the normalized sky-averaged SNR?
density for this four-station configuration, evaluated at the
same physical parameters used in Fig. 2 (f = 0.3 Hz and
c¢g =500 m/s). The horizontal axis denotes the distance
from the centroid to the vertices (which proportionally
scales the entire array), and the vertical axis represents the
normalized sky-averaged SNR? density in the seismic-
noise-dominated regime. The results reveal that the maxi-
mum SNR? density reaches approximately 20. This cor-
responds to a significant enhancement in the equivalent
noise ASD mitigation, achieving a factor of roughly
1/ Mgy ~ /20 ~ 4.5, which noticeably outperforms the
two-station scenario. Furthermore, in the large-separation
limit, the normalized SNR? density asymptotically
approaches 4, consistently matching the expected behavior
of four uncorrelated stations.

Although this preliminary calculation does not constitute
a formal, comprehensive array design study for the LGWA,
which would require incorporating additional complexities
such as body-wave contributions, nonisotropic background

— [\
W S

—_
S

(RY@/(R)(O)

0 i 2 3 4
d(km)

FIG. 10. Sky-averaged SNR? density for the four-station array,
normalized by zero-separation (d = 0) value. f = 0.3 Hz and
cg = 500 m/s. The horizontal axis indicates the distance from
the centroid to the vertices.

components, and detailed topographical models, it clearly
demonstrates the enhanced mitigation capacity of multi-
station networks. This highlights the critical importance of
further array geometry optimization to identify the most
effective parameter space for seismic-noise mitigation.
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