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Abstract
With ground-based interferometers detecting hundreds of gravitational-wave (GW) events, GW
astronomy has continued to blossom. U.S. and European scientists are developing plans to con-
struct third-generation ground-based interferometers. ESA has proceeded through the mis-
sion formulation phase of space-based interferometer in a lower-frequency band, 10−4–0.1 Hz.
Despite all these exciting developments, there is still a missing frequency band, 0.1–10 Hz. This
mid-frequency band is rich with interesting astrophysical events. Coalescence and merger of
intermediate-mass black holes (IMBHs) will occur in this frequency band. Coalescing stellar-
mass BHs will pass through this frequency band days before they reach the frequency band of
LIGO and Virgo. Detection of such signals would enable a mid-frequency detector to issue an
advance notice to the high-frequency GW detectors, as well as to optical, x-ray and γ-ray tele-
scopes. We propose Lunar Accelerometer Network Gravitational Observatory (LANGO) to detect
GWs in this frequency band. In the first phase (LANGO 1), we propose to deploy four ambient-
temperature (250 K) accelerometers in the tetrahedral or in a square configuration on the hemi-
sphere facing the Earth. After successful operation at 250 K, LANGO would be upgraded to a cryo-
genic (4 K) version with over two orders of magnitude increased sensitivity (LANGO 2), with
coherent rejection of seismic noise implemented. LANGO is a full-tensor detector, capable of
determining the source direction and wave polarization. Each test mass (TM) is suspended as a
pendulum with resonance frequency∼ 0.01 Hz, thus is only weakly coupled to the lunar surface
horizontally. LANGO is designed to detect the relative motion of globally separated, nearly free,
TMs by using the Moon as a large quiet platform. LANGO 1 and 2 accelerometers aim at sensit-
ivities⩽ 10−11m s−2 Hz−1/2 and⩽ 10−13 m s−2 Hz−1/2 in the horizontal axes over the frequency
band of 1 mHz–10 Hz, which yield GW sensitivities 1.1×10−21 Hz−1/2 and 3.8× 10−24 Hz−1/2 at
1 Hz, respectively. The LANGO accelerometers will be 103–105 times more sensitive than Apollo
seismometers. With such sensitivity, LANGO will also make great contribution to the advance-
ment of lunar geophysics.

1. Science objectives

Gravitational waves (GWs) offer a unique perspective on fundamental physics. The explosive coalescence
of super compact objects such as black holes (BHs) and neutron stars (NSs) allows us to investigate the
regime of extreme gravitational fields. These objects create highly curved, non-linear spacetime environ-
ments, which can be explored precisely by measuring the inspiral of compact objects. During the final
merger and ringdown phase, these objects approach the speed of light, producing fields that are strong,
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Figure 1. GW strain sensitivities of LANGO 1 and 2 compared to those of proposed ground and space interferometers.

nonlinear, and highly dynamical—a regime that is only now beginning to be explored by observations,
and which can yield new tests of General Relativity (GR) and searches for physics beyond the Standard
Model.

1.1. Gravitational-wave astronomy and test of theories of gravitation
The direct detection of GWs in 2015 by Advanced LIGO [1] began an era of GW astronomy, as well
as for tests of GR. The addition of Advanced Virgo has enabled the detection and systematic study of
dozens of GW signals from merging BHs and NSs, including the spectacular multi-messenger event
GW170817 [2]. U.S. and European scientists are advancing plans to construct third-generation ground
detectors, Cosmic Explorer (CE) [3] and Einstein Telescope (ET) [4]. ESA is formulating the LISA mis-
sion, with support from NASA, so that LISA could be observing in a lower-frequency band from late
2030s [5].

With all these exciting developments, there will still be a missing frequency band, 0.1–10 Hz, left
between the ground and space interferometers. Many astronomical sources are expected to be in this fre-
quency band, such as merging white dwarfs, NSs and intermediate-mass BHs (IMBHs), as well as type-
1a supernovae [6, 7]. Further, mid-frequency detectors would detect coalescing stellar-mass BHs days
before merging and could alert the GW detectors as well as optical, x-ray, γ-ray and neutrino astronomy
communities, enabling more efficient multi-messenger astronomy [8].

We propose LANGO (Lunar Accelerometer Network Gravitational Observatory) to cover the fre-
quency band of 0.1–10 Hz. In the first phase (LANGO 1), we propose to deploy 4 ambient-temperature
(250 K) accelerometers in the tetrahedral or in a square configuration on the hemisphere facing the
Earth (see section 2.1). After successful operation at 250 K, LANGO would be upgraded to a cryogenic
(4 K) version with over two orders of magnitude increased sensitivity (LANGO 2). But the lunar seismic
background would prevent such cryogenic accelerometers from operating at their full potential sensitivity
[9]. In phase 1, we will measure the background seismic noise of the Moon and in phase 2, coherent
rejection of seismic noise [10] would be implemented to suppress the seismic noise to the instrument
noise level (see section 3.2).

Figure 1 shows the projected sensitivities of LANGO 1 and 2 compared to those of third-generation
ground interferometers, CE and ET, as well as proposed space interferometers, LISA and DECIGO [11].
Although less sensitive than DECIGO below 1 Hz, LANGO would be serviceable whereas the other space
detectors would not, have a longer lifetime, and also return lunar science. Some alternative theories
of gravity predict the existence of scalar GWs [12]. By searching for a GW response of the monopole
modes of the Moon, LANGO can directly test such theories of gravity.

1.2. Lunar geophysics and seismology
The seismicity in and on the Moon was defined by the Apollo Passive Seismic Experiment that returned
data until 30 September 1977 from stations deployed by Apollo 12, 14, 15, and 16. Gravity data from
the recent GRAIL mission were compared to the Apollo seismic data in order to determine the geolo-
gical structure of the Moon (e.g. [13]). While the GRAIL gravity data are global, the seismic network
covered a small area of the Moon on the central nearside making interpretations of the mid to deep
lunar interior equivocal (see [14]). There is still much to learn about the lunar interior, which can be
obtained from a network of highly sensitive broadband seismometers that are globally distributed. This
forms the lunar geophysical network (LGN) concept that has been a named high priority New Frontiers
mission in the last two planetary science decadal surveys [15, 16].
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Figure 2. Sensitivities of LANGO 1 and 2 accelerometers compared to that of Apollo seismometers and LGN target sensitivity.

The increased sensitivity in detection is critical to measure the normal modes of the Moon (i.e., the
natural, harmonic frequencies at which the Moon oscillates after a seismic event). As many of the moon-
quakes measured by the Apollo network were at the detection limits of seismometers, more sensitive
detectors are necessary. Normal modes will give information about the size, composition, and density of
the crust, mantle, and core. These modes will also help constrain the temperature, mineralogy, and fluid
content of the mantle. Broadband seismometers with 1–2 orders of magnitude better sensitivity than the
Apollo seismometers are under development to reach the LGN target sensitivity [17].

Since accelerometers measure the test mass (TM) displacements relative to the ground, the response
of the Moon to GWs as well as to moonquakes and meteorite impacts must be measured or modeled
in order to extract GW signals with high sensitivity. Hence, measurement and modeling of the Moon’s
eigenmodes from 1 mHz to 10 Hz would be necessary. GW detection and investigation of the lunar
interior structure must go hand in hand, especially as the GW detectors could help in measuring the
normal modes.

LANGO 1 and 2 accelerometers aim at sensitivities of ⩽10−11 m s−2 Hz−1/2 and
⩽10−13 m s−2 Hz−1/2 in the horizontal axes, and one order of magnitude less in the vertical axis, over
a frequency band of 1 mHz–10 Hz, which represents 3–5 orders of magnitude improvement over the
Apollo seismometers (see figure 2). Such an instrument would be a powerful new tool for lunar geo-
physics and planetary science, especially as they have the potential to measure the normal modes of
the Moon. Several globally deployed LANGO accelerometers may be able to detect deep moonquakes
occurring anywhere on the Moon, and make a significant contribution to the improvement of the lunar
interior model.

2. Design concept of LANGO

2.1. Accelerometer network
We have investigated both an octahedral [18, 19] and a tetrahedral [20, 21] configuration of accelero-
meters on the Moon. Due to gravity bias, the vertical axis of the LANGO accelerometer is one order of
magnitude less sensitive than the horizontal. Interestingly, the SOGRO-type octahedral configuration of 6
horizontal-only accelerometers fails to form a full-tensor detector, but the tetrahedral configuration of 4
horizontal accelerometers, does form a full-tensor detector.

Figure 3(a) shows the tetrahedral configuration of 4 accelerometers deployed on 4 of the 8 vertices of
a cube inscribed in the Moon. Figure 3(b) shows an alternative arrangement of 4 accelerometers occupy-
ing the 4 vertices of the cube face facing the Earth. Either option yields the same GW strain sensitiv-
ity as shown in figure 1, and the antenna pattern shown in figure 4. The square configuration has the
advantage of not requiring a relay satellite to communicate with the accelerometers on the back side of
the Moon. If the budget permits, 4 more accelerometers could be added so that 8 accelerometers occupy
all 8 vertices. This will improve the strain sensitivity by

√
2 and increase the instrument’s capability to

reject local non-gravitational noise sources.
As the sensitivity of each accelerometer is greater in the horizontal modes (see Section 2.2), it is

primarily these which are used to extract GW signals. It should be noted, however, that the vertical
response of the accelerometers will provide extra information in high signal-to-noise ratio (SNR) GW
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Figure 3. Four superconducting accelerometers deployed on the Moon (a) in a tetrahedral configuration and (b) in a square
configuration.

Figure 4. Antenna pattern of LANGO. As a full-tensor detector, LANGO has full-sky coverage with nearly equal sensitivity to
waves coming from any direction with any polarization, and can locate the source in the sky.

signals, improving the overall GW detection sensitivity, as well as allowing tests of GR and providing a
wealth of information about the lunar interior.

In order to most simply describe the geometry, we use a Cartesian coordinate system with origin at
the center of the Moon, with the z axis passing through the north pole of the Moon. We then assume
that the 4 accelerometers, M1, M2, M3 and M4, are placed at 4 of the 8 corners of an inscribed cube at
the Moon’s surface, at coordinates:

M1 :
R√
3
(1, 1, 1) ,M2 :

R√
3
(−1, 1,−1) ,M3 :

R

√3
(1,−1,−1) ,M4 :

R√
3
(−1,−1, 1) (1)

where R = 1737 km is Moon’s average radius. For the calculations in this section, we neglect the
response of the Moon itself to the GWs. We will account for the effect of the response of the Moon in
section 3. We can reconstruct the 6 GW tensor components hij by combining the horizontal outputs of
the accelerometers in their respective local frames, as follows:

hxx =
√3

2√2Rω2
(a1E − a2E − a3E + a4E)+

1

2√2Rω2
(a1N − a2N − a3N + a4N) (2a)

hyy =
√3

2√2Rω2
(−a1E + a2E + a3E − a4E)+

1

2√2Rω2
(a1N − a2N − a3N + a4N) (2b)

hzz =
1

√2Rω2
(−a1N + a2N + a3N − a4N) (2c)

hxy =
1

2√2Rω2
(a1N + a2N + a3N + a4N) (2d)

hyz =
√3

4√2Rω2
(−a1E − a2E + a3E + a4E)+

1

4√2Rω2
(−a1N − a2N + a3N + a4N) (2e)

hzx =
√3

4√2Rω2
(a1E − a2E + a3E − a4E)+

1

4√2Rω2
(−a1N + a2N − a3N + a4N) (2f )
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Figure 5. Cutaway view of LANGO-1 TM and housing.

where aik is the kth component of the horizontal linear acceleration of TM Mi, and E and N denote
the local east and north direction, respectively. A detailed derivation of equation (2) is presented
in appendix A. These equations show that the diagonal and off-diagonal hij components have the
instrument-noise-limited sensitivity given by

Sh,ii (f) =
2

R2ω4
Sa (f) ,Sh,i ̸=j (f) =

1

2R2ω4
Sa (f) (3)

where Sa (f) is the noise power spectral density (PSD) of each acceleration channel, which are assumed
to be uncorrelated with one another. We will use equation (3) to compute the intrinsic detector noise of
LANGO in section. 3.

Unlike the laser interferometer detectors, the Moon, instrumented with 4 accelerometers, has nearly
uniform sky coverage (to ⩽17%) with the unique capability of determining the sky location of the
source and the polarization of the wave (see figure 4). Due to our use of only the horizontal compon-
ents of the TM motion, the response to the off-diagonal components is reduced by a factor of 2 in amp-
litude compared to the diagonal components, resulting in the antenna pattern bulged along the 3 ortho-
gonal axes.

2.2. Accelerometer design
LANGO-1 accelerometer described here is similar to the lunar seismometer demonstrated at the
University of Maryland under NASA support [22]. LANGO-2 accelerometer is undergoing tests as part
of technology development for a new GW detector called SOGRO with NSF support [18].

Figure 5 shows a cutaway view of LANGO-1 TM and its housing. The TM is made of Ti
alloy Ti6Al4V and is supported by 4 beryllium–copper (Be–Cu) springs as a pendulum. The TM
weighs m = 5.0 kg and the equilibrium length of the pendulum is ℓ = 0.25 m. Under lunar gravity
gM = 1.62 m s–2, the pendulum’s natural frequency is

fM =
1

2π

√
gM
ℓ

= 0.40 Hz (4)

The frequency is reduced to 0.01 Hz by applying electrostatic frequency reduction (EFR) [23]. In the
vertical direction, the frequency is reduced from initial frequency 0.60 Hz to 0.03 Hz by EFR. Due to its
higher resonance frequency, the vertical accelerometers will be less sensitive than the horizontal, but will
still exceed the LGN target sensitivity (see figure 2). If buried under regolith of 1 m depth, the acceler-
ometer would be at a stable temperature of 250 K [24]. Figure 6 shows LANGO-2 TM and its housing.
It is made of brass with m = 10 kg and the frequency reduction is achieved by a superconducting neg-
ative spring [25]. A vertical degree of freedom could be added by replacing the suspension wires with
springs as in LANGO 1. The TM carries a niobium (Nb) ring at its bottom for the negative spring. The
LANGO-2 accelerometers require cooling to 4 K by cryocoolers.
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Figure 6. Cutaway view of LANGO-2 TM and housing.

Figure 7. Configuration of sensing capacitors.

Figure 8. LC-bridge sensing circuits for (Left) LANGO 1 and (Right) LANGO 2.

Figure 7 shows the configuration of 4 sensing capacitors surrounding the TM in the horizontal plane.
In addition, 2 capacitor plates (not shown) are located above and below the TM for vertical sensing.
Figure 8 (left) shows the sensing circuit for LANGO 1 for acceleration component ax. The two sens-
ing capacitors, Cx+ and Cx–, form an LC bridge with two coils with inductance L each. The bridge
is coupled to a JFET preamplifier. The bridge is balanced by centering the TM. In LANGO 2, the LC
bridge is coupled to a two-stage Magnicon SQUID (Superconducting Quantum Interference Device) with
input energy resolution of 280h̄ at 4 K, as shown in figure 8 (right).
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Figure 9.Moon’s transfer function to a GW.

3. Strain sensitivity of LANGO

3.1. Intrinsic detector noise
Following Merkowitz and Johnson [26], we describe the Moon and the LANGO detector in the laborat-
ory frame. The displacement vector of the lunar surface u is expanded as

u(x, t) =
∑
ℓ,m

aℓm (t)Ψ ℓm (x) (5)

where Ψ ℓm (x) is the spatial eigenfunction given by

Ψ ℓm (x) = [αℓ (r) r̂+βℓ (r)R∇]Yℓm (θ,ϕ) . (6)

Here R is the radius of the Moon and Yℓm (θ,ϕ) is the spherical harmonic. Only ℓ= 2 modes couple to
GWs, so we will drop the index ℓ for simplicity. The radial eigenfunctions are

α(r) = cR
∂

∂r
j2 (qr)+ 6dR

1

r
j2 (kr) ,β (r) = cj2 (qr)+ d

∂

∂r
[rj2 (kr)] (7)

where j2 is the spherical Bessel function of order 2, and q and k are the longitudinal and transverse wave
vectors depending on Lamé coefficients λ and µ. The equation of motion can be written as

äm (t)+ω2
mam (t) =

1

ρNm

ˆ
dVΨm (x) · f GW (x, t) (8)

where ωm is the resonance frequency of the mth mode of the Moon, Nm = 4πR3/3, and f GWi (x, t) =
1
2ρ

∑
j

∂2hij(t)
∂t2 xj is the force density exerted by a GW.

To compute the response of the Moon to a GW, we need to assume a lunar interior model. We then
calculate its spectrum of elastic eigenmodes and the coupling of each of these modes to a GW, then
use a weighted sum to determine the motion of the Moon’s surface caused by the GW. Scattering by
lunar regolith may further complete the analysis [27]. For simplicity, we approximate the Moon as a
sphere with uniform density and isotropic elastic properties. The exact response of the Moon’s surface is not
important, as long as it is small compared the displacement of the TM with respect to the Moon’s cen-
ter, which is the case for LANGO, as will be shown below.

The computed transfer function of the Moon to a GW, dX/dh, is plotted in figure 9 from 10–4 to
10 Hz, where X(f) is the displacement of the lunar surface in frequency space with respect to the unper-
turbed metric. The elastic parameters were chosen so that the fundamental quadrupole mode of the
Moon becomes 1 mHz with Q = 100. The Moon’s resonant response to a GW is clearly seen in the fre-
quency band 1 mHz–0.03 Hz.

Although the GW sensitivity of LANGO in this frequency band would not be as good as at higher
frequencies, detection of the Moon’s quadrupole modes could serve a very important purpose for mid-
frequency GW detection. To be able to determine the source direction and wave polarization and reject
non-gravitational excitations to one part in 102, the sensitive axes of the 4 remotely deployed accelero-
meters must be aligned and the 8 acceleration channels must be cross-calibrated to the order of one part
in 103. To accomplish this, we need a global excitation of the Moon. The response of quadrupole modes

7



Class. Quantum Grav. 43 (2026) 095023 H J Paik et al

of the Moon to meteorite impacts comes in handy and could just provide the calibration signals we need
for LANGO.

In the mid-frequency band 0.1–10 Hz, the Moon’s response drops to near zero, implying that the
Moon acts as ‘a rigid body’ at these high frequencies, while the TM behaves as ‘a free mass’ since
the TM resonance frequency is well below the signal frequency. The lunar transfer function plotted
in figure 9 agrees with the lunar surface response computed by Yan et al [28] under similar assump-
tions. Figure 1 of [28] plots lunar response function TA

h computed in the transverse-traceless gauge. As
explained in the paper, TA

h is the response to the EM forces induced by a GW (through its elastic modes),
which is exactly what dX/dh is.

In frequency space, the accelerometer response to a GW signal, h(f), is given by(
ω2
0 −ω2 +

jωω0

Q

)
[x(f)−X(f)] =−ω2

[
1

2
h(f)Rx −X(f)

]
(9)

where ω0 and Q are the horizontal resonance frequency and the quality factor of the TM, x(f) and X(f)
are the horizontal displacements of the TM and the lunar surface with respect to the unperturbed met-
ric, and Rx is the horizontal component of the position vector of the TM with respect to the center of
the Moon. X(f) has components coming from two different origins, a GW-driven component, which
is coherent with h(f), and a seismically driven component, which is incoherent with h(f). Restricting
ourselves to the GW-driven part, X(f) can be written as Xc (f) =

dX
dh h(f). The Moon’s tandem fall with

the TM in the GW field reduces the effective radius of the Moon. However, according to figure 9,
dX/dh< 10−2R at f = 0.1 Hz and < 10−6R at f = 10 Hz, therefore is negligible in the LANGO fre-
quency band. Since ω0 ≪ ω and X(f)≪ 1

2h(f)Rx, we find

x(f)−X(f) =− ω2

ω2
0 −ω2 + jωω0

Q

[
1

2
h(f)Rx −X(f)

]
≈ 1

2
h(f)Rx. (10)

Thus, the LANGO TMs respond to GWs as nearly free masses in the respective horizontal planes. In
other words, the LANGO TMs are almost completely decoupled from the Moon in the horizontal planes
and are accelerated only by the GW driving force. Therefore, with global deployment of multiple acceler-
ometers, LANGO becomes a very sensitive mid-frequency GW detector.

The intrinsic instrument noise PSD of an accelerometer is given [18] by

Sa (f) =
4

m

[
kBTH(f)+

∣∣ω2 −ω2
0

∣∣
ωp

(
1+

1

β2

)1/2

kBTN

]
(11)

where H(f) is the damping coefficient of the TM suspension, ωp is the driving frequency of the rf pump
oscillator, TN is the amplifier noise temperature, and β is the energy coupling constant of the trans-
ducer. The gravitational, electrostatic and superconducting negative spring forces acting on the TM are
all frictionless. Damping occurs only in the suspension wire, which undergoes bending. For the wire sus-
pension, H(f) is given [23] by

H(f) =
ω2
M ϕ (f)

ω
=

ω2
M ηϕmat (f)

ω
(12)

where ϕ (f) is the internal loss angle of the suspension spring, and ωM is the TM resonance frequency
before a negative spring is applied. However, since bending is restricted to a small region near the pivot,
ϕ (f) is diluted from the material loss angle ϕmat (f) by a factor η ≪ 1 [29].

Substituting equation (12) into equation (11), we find

Sa (f) =
4

m

[
kBTω2

Mϕ (f)

ω
+

∣∣ω2 −ω2
0

∣∣
ωp

(
1+

1

β2

)1/2

kBTN

]
. (13)

For derivation of TN, see Appendices B and C. β can be shown [18] to be

β =
CE2pQp

m |ω2 −ω2
0 |

[
1+

(
2Qp

ω

ωp

)2
]−1/2

. (14)

8
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Table 1. Values of accelerometer parameters. Some are fixed by design and
others are derived.

Accelerometer parameter LANGO 1 LANGO 2

Mass of TM,m 5.0 kg 10 kg

TM resonance frequency, f0 0.01 Hz 0.01 Hz

TM spring loss angle, ϕ ( f ) 10–6 10–8

TM temperature, T 250 K 4.2 K

LC-bridge driving frequency, fp 94 kHz 2.7 MHz

Sensing capacitance, C 100 pF 100 pF

Driving electric field, Ep 105 V m−1 105 V m−1

Quality factor of LC-bridge, Qp 20 103

Bridge inductor, L 25 mH —

Transformer primary, Lt1 — 20 µH

Transformer secondary, Lt2 — 5.0 µH

Transformer coupling, k2 — 0.80

Transducer energy coupling, β (0.32 Hz/f)2 (1.6 Hz/f)2

Amplifier noise temperature, TN 5.2 K 0.017 K

Figure 10. GW signals from IMBH binaries with various mass ratios at 500 Mpc and 10 Gpc, as well as the combined sensitivities
of SOGRO and LANGOs. Also plotted is the signal from GW150914 in its coalescing phase.

The GW intrinsic detector noise PSD combined over 5 independent tensor channels can be obtained [30]
from

1

Sh,Σ (f)
=
∑
i,j

1

Sh,ij (f)
. (15)

Substituting equation (3) into equation (15), and combining it with equation (13), we find

Sh,Σ (f) =
1

7R2ω4
Sa (f) =

4

7mR2ω4

[
kBTω2

Mϕ (f)

ω
+

∣∣ω2 −ω2
0

∣∣
ωp

(
1+

1

β2

)1/2

kBTN

]
(16)

where we included the projection of the GW driving forces to the horizontal plane.
Table 1 shows the design values of accelerometer parameters. For TM suspension, we could

use a 0.38-mm diameter Be-Cu wire, whose yield strength has a safety margin of 500% in Earth’s
gravity. This wire gives a dilution factor of η = 0.005. At 300 K, Be-Cu shows ϕmat = 5× 10−5 at
1 Hz [31], which gives ϕ = 2.5× 10−7. At 4 K, losses are typically reduced by two orders of mag-
nitude. We assumed conservative values ϕ (f) = 10−6 and 10−8 for LANGO 1 and 2, respectively.

Substituting them into equation (13), we find S1/2a (1 Hz) = 2.0× 10−13 m s−2 Hz−1/2 for LANGO 1
and 6.8× 10−16 m s−2 Hz−1/2 for LANGO 2. With baseline L= 2√

3
R= 2.01× 106 m, we obtain from

equation (16) S1/2h,Σ (1 Hz) = 1.1× 10−21 Hz−1/2 for LANGO 1 and 3.8× 10−24 Hz−1/2 for LANGO 2.

9
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Figure 11. Estimated lunar background seismic acceleration noise level (red).

Figure 10 shows the GW signals from IMBH binaries with various mass ratios at luminosity dis-
tances 500 Mpc and 10 Gpc, and of the stellar-mass BH binary GW150914 (36M⊙ -29M⊙ at 410 Mpc),
which was observed at higher frequencies by Advanced LIGO detectors. Also shown are the combined
strain sensitivities of SOGRO and LANGO 1 and 2. With L increased from 50 m to 2,000 km, the sens-
itivity of LANGO 2 exceeds that of SOGRO [18] by over 3 orders of magnitude. The seismic noise
limit computed in section 3.2 is plotted in green. LANGO 1 would be able to detect IMBH binaries to
10 Gpc, as well as coalescing stellar-mass BH binaries of the GW150914 size, giving an early warning
for high-frequency detectors. Assuming a successful rejection of the seismic noise, LANGO 2 would
extend the IMBH observation to beyond 10 Gpc and detect coalescing stellar-mass BH binaries with
SNR ⩾ 103.

In GR, GWs couple only to the spheroidal quadrupole modes with m = ±2 of the Moon. The 8
horizontal acceleration outputs overdetermine the Moon’s response to GWs. The extra degrees of free-
dom can be used to veto non-GW events such as those due to seismic motion of the Moon (except
for random seismic noise background) or electromagnetic disturbances. The degree of discrimination
between GW signals and local disturbances and the precision of source location and wave polarization
depend on the sensitive axis alignment and the SNR. Numerical simulation to determine the precision
of the recovered GW parameters from the axis misalignment and the accelerometer noise is beyond the
scope of this paper.

3.2. Seismic noise
The random seismic noise background of the Moon has not been measured yet since it is below the
sensitivity floor of the Apollo seismometers. It may require the full sensitivity of the LANGO-1 acceler-
ometers to measure it. According to Lognonne et al [9], meteorite impacts generate seismic background
noise on the Moon. They estimate the seismic background at 0.5 Hz to be at least 103 times lower than
the new low noise model (NLNM) of the Earth [32].

Earth’s NLNM exhibits a large microseism peak due to ocean waves. We remove this peak from
NLNM in the 0.03–1 Hz frequency band, and then multiply 10–4 to obtain an estimated background
seismic noise level of the Moon, which is plotted in figure 11. At 1 Hz, we get 3× 10−13 m s−2 Hz−1/2.

This corresponds to strain noise S1/2h,Σ (1 Hz) = 1.7× 10−21 Hz−1/2, which is 450 times above the
intrinsic noise of LANGO 2, as shown in figure 10. This would limit LANGO’s reach for some lower-
mass binary BH mergers to luminosity distances less than 10 Gpc, but will still allow many signals to be
detected at great distances.

Transient seismic noise from moonquakes or impacts, being localized, will generally present a sig-
nature in the LANGO network which is clearly inconsistent with a GW. Thus, matched filtering which
combines and compares all of the sensors in the network will be able to select GW signals. Random,
continuous seismic noise effectively adds to the incoherent noise in the individual accelerometers.
LANGO 2 requires 4 K cryocoolers. To avoid increasing the seismic noise, exported vibration from the
cryocooler must be < 3× 10−13 m s−2 Hz−1/2 at 1 Hz. Although it will increase the cost of the LANGO
mission, the random seismic noise could be cancelled to below the intrinsic noise level of LANGO by
performing a coherent noise cancellation with an array of accelerometers in the vicinity of each TM [10].

10
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For example, we could deploy 8 additional LANGO accelerometers on a ring of 5 km radius around
each TM, as was illustrated in [33]. The GW sensitivity would increase by a factor of 3 on account of
using 9 TMs per site, with the seismic noise reduced to below that level. Coherent seismic noise cancel-
lation by a factor of 103 would be required to reach the full sensitivity of LANGO 2.

3.3. Justification for lunar experiment
LANGO is a far advanced version of the lunar gravimeter experiment that Weber attempted in the
1970’s [34] and is an extension of the lunar GW experiments proposed by Paik and Venkateswara [35]
and Harms et al [36].

Spherical resonant-mass GW detectors were proposed decades ago [37], and prototypes construc-
ted and tested by a number of groups [38–40]. Although the spherical antenna has many advantages
over the Weber-bar antenna, its development efforts were ultimately discontinued because, with the
maximum diameter of ∼3 m that could be cast with aluminum, its sensitivity could not compete with
long-baseline laser interferometers. Even SOGRO, which is a ‘spherical’ antenna with split TMs main-
taining spherical symmetry, suffers from its limited baseline of 50 m due to the engineering challenge
of constructing a larger platform with sufficient rigidity. Here comes the Moon! The Moon has 105–106

times the diameter of these antennas, and with the absence of plate tectonics, oceans and winds, its seis-
mic background may be 104–105 times quieter than Earth. Therefore, with proper instrumentation, the
Moon could become an ideal GW observatory. Unlike space interferometers, LANGO could be opera-
tional for ⩾20 years.

While approximating the Moon as a sphere with uniform density and isotropic elastic properties
may be appropriate for modeling the lunar response to GWs, it is not adequate for understanding
lunar seismicity. The lunar megaregolith has been shown to scatter seismic energy, particularly in the
records of shallow events (0–220 km) [41], and at frequencies above 2 Hz (e.g. [42],). However, the
thickness of the megaregolith has been debated to be between ∼100 km [43] and 10–20 km (at least
beneath the Apollo 12 site) [44]. The scattering effect via the megaregolith has important implications
for defining epicenters for shallow moonquakes, the largest magnitude seismic events on the Moon [45].
Understanding the exact locations and magnitudes of such events has important implications for human
space exploration of the Moon. Therefore, the ability to understand the normal modes for the Moon will
be critical [27].

LANGO would be an excellent supplement to the LGN mission [17]. LGN proposes to distribute
4 landers around the Moon, with each lander containing laser retroreflectors, seismometers, electro-
magnetic sounders, and heat flow probes. The plan is to have each lander gather data continuously for
6 years with a goal of 10 years. The primary goal of LGN is to understand the initial stages of terrestrial
planet evolution. If the LANGO network is active simultaneously with LGN, both missions would benefit
each other. LANGO would yield data that would add fidelity to LGN. Conversely, LGN would inform
LANGO regarding the detected signals—are they internal to the Moon or induced by meteoroid impact
or other external sources? With the capability to observe the normal modes of the Moon, LANGO could
also help improve the lunar interior model.

4. LANGOmission description

4.1. Deployment of accelerometers
Following a two-week cruise, when the spacecraft arrives at the Moon, propulsive maneuvers will place
it into a nearly circular low lunar orbit. The 4 accelerometers are deployed pairwise from 2 different
lunar orbits using the same lunar transfer stage. Once the first pair of spacecrafts with accelerometers
is deployed, the stage changes its inclination to deploy the second pair. Landing on the Moon will be
done autonomously using onboard landing capabilities.

4.2. Flight systems
The LANGO spacecraft includes all equipment necessary to deliver and support four 3-axis acceleromet-
ers on the Moon. The mass by subsystem is ∼200 kg. Attitude control will be done by using thrusters
since there is no stringent pointing requirement for the spacecraft. Propulsion will be done by using a
monopropellant to minimize cost of tanks and thrusters. The command and data handling subsystem
is based on a standard architecture used for the lunar landers. Telecommunications will utilize standard
X-band transponders and traveling-wave tube amplifiers with a deployed pointable high-gain antenna of
0.5 m diameter for sending instrument data to Earth.

11
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4.3. Mission operations
Science operations of the LANGO accelerometers will be done on a continuous basis. The data will be
stored onboard to communicate back to Earth. The spacecraft will have 3 view periods each day to select
for operations. The tracking pass time will be selected to accommodate available tracking stations for
that day. Once per week the spacecraft will communicate with a dedicated ground-based receiver net-
work to download the science data from the previous week.

5. Conclusions

The Moon, with its low-noise environment, provides a unique opportunity to deploy a GW observat-
ory capable of harnessing the information encoded within GWs to probe fundamental physics from an
entirely new perspective. This new observatory will allow us to test Einstein’s GR in previously inac-
cessible regimes by considering inspiral and merger-ringdown GW signals. In particular, analysis of
compact-binary GW signals with LANGO will enable precision tests of gravitation by coherently com-
bining high-SNR measurements of the mid-frequency band inspiral (0.1–10 Hz)—a frequency gap
between ground and space interferometers—with the late inspiral/merger/ringdown observed by ground-
based detectors at approximately 10 Hz and above, and with complementary low-frequency information
where available. The mid-frequency band is particularly rich in IMBH binaries and in the early inspiral
of stellar-mass binaries days prior to merger, enabling advance alerts and coordinated multiband and
multi-messenger observing campaigns.

In this paper, we presented the designs and operating principles of LANGO 1 and 2, each construc-
ted with 4 accelerometers in a tetrahedral (or square) configuration. We also described the procedure of
reconstructing the 6 GW tensor components hij by combining the horizontal outputs aik of the 4 accel-
erometers in their respective local coordinate systems. We then derived the GW sensitivity of LANGO 1
and 2. With the baseline design parameters, the detector strain noise at 1 Hz, combined over 5 tensor
components, is approximately 1.1 × 10−21 Hz−1/2 for LANGO 1 and 3.8 × 10−24 Hz−1/2 for LANGO 2,
implying IMBH detection out to ∼10 Gpc with LANGO 1 and beyond 10 Gpc with LANGO 2 under
successful seismic-noise rejection, and stellar-mass binary detections with SNR ⩾ 103 for LANGO 2.
Unlike space interferometers, a lunar surface network can plausibly operate for 20+ years. Finally, bey-
ond the standard quadrupolar response in GR, LANGO provides a direct search channel for scalar GW
polarizations predicted by some alternative theories by targeting a GW response in the Moon’s monopole
modes.

In parallel, LANGO targets horizontal acceleration sensitivities ⩽10−11 and 10−13 m s−2 Hz−1/2 for
LANGO 1 and 2 over 1 mHz–10 Hz, corresponding to a 3–5 orders of magnitude improvement over
Apollo-era seismometry and enabling sustained recovery of lunar eigenmodes and interior structure.
Several globally deployed LANGO accelerometers may be able to detect deep moonquakes occurring
anywhere on the Moon, and make a significant contribution to the improvement of the lunar interior
model.
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Appendix A. Reconstruction of Metric Perturbations from Accelerometer Outputs

In Cartesian coordinates, the along-axis (translational) motions of 2 TMs on each coordinate axis are
differenced to measure a diagonal component of the wave, while the cross-axis (rotational) motions of 4
TMs on each coordinate plane are differenced to measure an off-diagonal component of the wave:

hii (t) =
2

L
[x+ii (t)− x−ii (t)] , (A1a)

hij (t) =
1

L

{[
x+ij (t)− x−ij (t)

]
−
[
x−ji (t)− x+ji (t)

]}
, i ̸= j (A1b)

where x±ij (t) is displacement of the TM on the ±i axis along the jth axis and L is the separation
between the TMs on each axis. In the baseline LANGO, we have only 4 TMs located on 4 of the 8 ver-
tices of a cube inscribed in the Moon, as shown in figure 3(a). In this tetrahedral geometry, 2 TMs are
located at the ends of a diagonal on each of the 6 faces of the cube. We take the mean displacement of
each TM pair parallel to the 3 coordinate axes to construct x±ij (t). The 6 TM pairs thus constructed
are equivalent to 6 TMs located at the centers of the 6 cube faces. The baseline of LANGO is the distance
between the TM pairs on the opposite sides of the Moon, which equals the length of the edge of the cube,
L= 2√

3
R. Substituting this into equation (A1), we find

hxx (t) =

√
3

R

[
x1 (t)+ x3 (t)

2
− x2 (t)+ x4 (t)

2

]
(A2a)

hyy (t) =

√
3

R

[
y1 (t)+ y2 (t)

2
− y3 (t)+ y4 (t)

2

]
, (A2b)

hzz (t) =

√
3

R

[
z1 (t)+ z4 (t)

2
− z2 (t)+ z3 (t)

2

]
(A2c)

hxy (t) =

√
3

2R

[
y1 (t)+ y3 (t)

2
− y2 (t)+ y4 (t)

2

]
−
[
x3 (t)+ x4 (t)

2
− x1 (t)+ x2 (t)

2

]
(A2d)
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hyz (t) =

√
3

2R

[
z1 (t)+ z2 (t)

2
− z3 (t)+ z4 (t)

2

]
−
[
y2 (t)+ y3 (t)

2
− y1 (t)+ y4 (t)

2

]
(A2e)

hzx (t) =

√
3

2R

[
x1 (t)+ x4 (t)

2
− x2 (t)+ x3 (t)

2

]
−
[
z2 (t)+ z4 (t)

2
− z1 (t)+ z3 (t)

2

]
. (A2f )

Now we need to transform the coordinates from the global Cartesian coordinates for GWs to the
local north-east-vertical coordinates for each TM. Since the vertical suspension of the TMs is stiffer, we
will consider only the horizontal responses of the TMs to GWs. This coordinate transformation simply
involves taking a dot product of the Cartesian coordinates with unit vectors in the north direction and
the east direction at the appropriate TM. These unit vectors can be found as follows. The unit position
vector for TM 1 relative to the center of the Moon is

R̂1 = (x, y,z) =
1√
3
(1,1,1) . (A3)

The east direction must be perpendicular to this, as well as to the z direction. Therefore, up to a sign, a
unit vector in this direction must be

Ê=

(
− 1√

2
,
1√
2
,0

)
. (A4)

It can be seen by inspection of figure 3(a) that this sign is correct, as this tangent vector points anti-
clockwise when viewed from the north pole. Finally, the north unit vector must be perpendicular to
both the radial vector and the east unit vector, so can be calculated as a cross product:

N̂= R̂1 × Ê=

(
− 1√

6
,− 1√

6
,

√
2√
3

)
. (A5)

Here we see that the sign is correct as the north vector must point in the positive z direction.
We can proceed similarly for the other TMs, and hence the transformation matrices from Cartesian

to local north-east coordinates are found to be

(
x1N
x1E

)
=

 − 1

√6
− 1

√6
√2
√3

− 1

√2
1

√2
0

 x
y
z

 (A6a)

(
x2N
x2E

)
=

 − 1

√6
1

√6
√2
√3

− 1

√2
− 1

√2
0

 x
y
z

 (A6b)

(
x3N
x3E

)
=

 1

√6
− 1

√6
√2
√3

1

√2
1

√2
0

 x
y
z

 (A6c)

(
x4N
x4E

)
=

 1

√6
1

√6
√2
√3

1

√2
− 1

√2
0

 x
y
z

 . (A6d)

Since the TM suspension frequencies will be well below the GW signal frequency, 0 ≪ ω, the displace-
ments are related to the accelerations that TMs undergo by(

xiN
xiE

)
=− 1

ω2

(
aiN
aiE

)
. (A7)

We now transform the coordinates of equations (A2) and substitute equation (A7) to obtain

hxx (t) =

√
3

2
√
2Rω2

(a1E − a2E − a3E + a4E)+
1

2
√
2Rω2

(a1N − a2N − a3N + a4N) , (A8a)
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hyy (t) =

√
3

2
√
2Rω2

(−a1E + a2E + a3E − a4E)+
1

2
√
2Rω2

(a1N − a2N − a3N + a4N) , (A8b)

hzz (t) =
1

√2Rω2
(−a1N + a2N + a3N − a4N) (A8c)

hxy (t) =
1

2√2Rω2
(a1N + a2N + a3N + a4N) , (A8d)

hyz (t) =
√3

4√2Rω2
(−a1E − a2E + a3E + a4E)+

1

4√2Rω2
(−a1N − a2N + a3N + a4N) , (A8e)

hzx (t) =

√
3

4√2Rω2
(a1E − a2E + a3E − a4E)+

1

4√2Rω2
(−a1N + a2N − a3N + a4N) , (A8f )

where time dependence is implied for the accelerations. This completes the derivation of equation (2).
It may be counter-intuitive that hxy (t) can be constructed with the north acceleration components

only. Since the TMs are located on the vertical edges of the cube, which are rotated 45 degrees about the
z axis from the coordinate planes, aiN at the TM positions involve motions along the x ± y directions,
combinations of which actually produce rotational motions about the z axis.

Appendix B. Analysis for LANGO-1 Horizontal Acceleration Sensing Circuit

The sensing capacitances are modulated as

Cx− (x) = C
(
1+

x

d

)−1
,Cx+ (x) = C

(
1− x

d

)−1
. (B1)

The currents flowing through Cx± are denoted by i1x± and the output current by i2x. We write three
circuit equations: [

1

jωC

(
1+

x

d

)
i1x− + jωL(i1x− + i2x)

]
= Vx (B2)

[
1

jωC

(
1− x

d

)
i1x+ + jωL(i1x+ − i2x)

]
= Vx (B3)

jωL [(i1x+ − i2x)− (i1x− + i2x)]−
1

jωCi
i2x = 0. (B4)

We solve equations (B2) and (B3) for i1x± and substitute them into equation (B4) to obtain

jωL

[
Vx + jωLi2x

1
jωC

(
1− x

d

)
+ jωL

− Vx − jωLi2x
1

jωC

(
1+ x

d

)
+ jωL

]
−
(
2jωL+

1

jωCi

)
i2x = 0. (B5)

Solving equations (B5) for i2x, we find to the first order in x/d:

i2x =
1

∆x

(
− Vx

jωL

x

d

)
(B6)

where

∆x =
(
1−ω2LC

)[
1−

(
1− 2γω2LC

)(
1−ω2LC

)
γ(ω2LC)2

]
(B7)

with γ ≡ Ci/C. We set ∆x = 0 to obtain the resonance frequencies of the LC bridge:

fLC =
1

2π

√
1− γ

LC
, f ′LC =

1

2π

1√
LC

. (B8)
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For JFET, we choose Texas Instruments JFE2140 with noise voltage en = 1.0 nV Hz–1/2, noise current
in = 1.6 fA Hz–1/2 over 1–100 kHz and input capacitance Ci = 13 pF. This gives γ = 0.13. The res-
onance frequency that involves the bridge output is fLC. Substituting the design values of L= 25 mH,
C= 100 pF, we find fLC = 94 kHz.

The Johnson noise produced by the resistance in the LC bridge is

en,J =
(
8kBTQpωL

)1/2
= 9.0× 10−8 V Hz−1/2. (B9)

This dominates over the noise voltage of the amplifier by two orders of magnitude. The noise tem-
perature of the amplifier effectively increases to

TN =
en,Jin
2kB

= 5.2 K (B10)

Appendix C. Analysis for LANGO-2 Horizontal Acceleration Sensing Circuit

The sensing capacitances are modulated as

Cx− (x) = C
(
1+

x

d

)−1
,Cx+ (x) = C

(
1− x

d

)−1
. (C1)

The current flowing through the transformer primaries are denoted by i1x±, and the current flowing
through the secondaries by i2. We write three circuit equations:[

1

jωC

(
1+

x

d

)
+ jωLt1

]
i1x− + jωMi2x = Vx (C2)

[
1

jωC

(
1− x

d

)
+ jωLt1

]
i1x+ − jωMi2x = Vx (C3)

jωM(i1x+ − i1x−)+ (2jωLt2 + jωLi) i2x = 0 (C4)

where M≡ k(Lt1Lt2)
1/2 is the mutual inductance between the transformer primary and the secondary,

and Li is the inductance of the SQUID input coil.
We solve equations (C2) and (C3) for i1x± and substitute them into equation (C4) to obtain

jωM

[
Vx + jωMi2x

1
jωC

(
1− x

d

)
+ jωLt1

− Vx − jωMi2x
1

jωC

(
1+ x

d

)
+ jωLt1

]
+ jω (2Lt2 + Li) i2x = 0. (C5)

Solving equation (C5) for i2x, we find to the first order in x/d:

i2x =
1

∆x

(
− Vx

jωM

x

d

)
(C6)

where

∆x =
(
1−ω2Lt1C

)(
1− 2+ γ

2k2
1−ω2Lt1C

ω2Lt1C

)
(C7)

with γ ≡ Li/Lt2. We set ∆x = 0 to obtain the resonance frequencies of the LC bridge:

fLC =
1

2π

√
2+ γ

2(1+ k2)+ γ

1√
Lt1C

, f ′LC =
1

2π

1√
Lt1C

(C8)

.
The resonance frequency that involves the transformer secondary is fLC. Substituting the design values of
Lt1 = 20 µH, Lt2 = 5.0 µH, C= 100 pF, and k2 = 0.80, we find γ = 0.36 and fLC = 2.7 MHz.

The noise temperature of the SQUID can be estimated from the input energy resolution of the
Magnicon SQUID, EA

(
fp
)
= 280h̄ [46]:

TN =
2fpEA

(
fp
)

kB
= 0.017 K (C9)
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