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Can the Moon separate a stochastic GW signal from 
its own seismic noise?

 SGWB-Liegi

The answer depends on geometry as much as on sensor sensitivity

1. The Moon as a resonant GW antenna

2.   Cross-correlation and the antipodal baseline

3.   Science reach, foregrounds and caveats
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Sources of Gravitational Waves

Gravitational wave production in the early Universe Valerie Domcke (DESY, Hamburg)

Sources of GWs
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transcendent signals:  merger of compact objects 
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cosmological stochastic background

propagation time, the events have a combined signal-to-
noise ratio (SNR) of 24 [45].
Only the LIGO detectors were observing at the time of

GW150914. The Virgo detector was being upgraded,
and GEO 600, though not sufficiently sensitive to detect
this event, was operating but not in observational
mode. With only two detectors the source position is
primarily determined by the relative arrival time and
localized to an area of approximately 600 deg2 (90%
credible region) [39,46].
The basic features of GW150914 point to it being

produced by the coalescence of two black holes—i.e.,
their orbital inspiral and merger, and subsequent final black
hole ringdown. Over 0.2 s, the signal increases in frequency
and amplitude in about 8 cycles from 35 to 150 Hz, where
the amplitude reaches a maximum. The most plausible
explanation for this evolution is the inspiral of two orbiting
masses, m1 and m2, due to gravitational-wave emission. At
the lower frequencies, such evolution is characterized by
the chirp mass [11]

M ¼ ðm1m2Þ3=5
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where f and _f are the observed frequency and its time
derivative and G and c are the gravitational constant and
speed of light. Estimating f and _f from the data in Fig. 1,
we obtain a chirp mass of M≃ 30M⊙, implying that the
total mass M ¼ m1 þm2 is ≳70M⊙ in the detector frame.
This bounds the sum of the Schwarzschild radii of the
binary components to 2GM=c2 ≳ 210 km. To reach an
orbital frequency of 75 Hz (half the gravitational-wave
frequency) the objects must have been very close and very
compact; equal Newtonian point masses orbiting at this
frequency would be only ≃350 km apart. A pair of
neutron stars, while compact, would not have the required
mass, while a black hole neutron star binary with the
deduced chirp mass would have a very large total mass,
and would thus merge at much lower frequency. This
leaves black holes as the only known objects compact
enough to reach an orbital frequency of 75 Hz without
contact. Furthermore, the decay of the waveform after it
peaks is consistent with the damped oscillations of a black
hole relaxing to a final stationary Kerr configuration.
Below, we present a general-relativistic analysis of
GW150914; Fig. 2 shows the calculated waveform using
the resulting source parameters.

III. DETECTORS

Gravitational-wave astronomy exploits multiple, widely
separated detectors to distinguish gravitational waves from
local instrumental and environmental noise, to provide
source sky localization, and to measure wave polarizations.
The LIGO sites each operate a single Advanced LIGO

detector [33], a modified Michelson interferometer (see
Fig. 3) that measures gravitational-wave strain as a differ-
ence in length of its orthogonal arms. Each arm is formed
by two mirrors, acting as test masses, separated by
Lx ¼ Ly ¼ L ¼ 4 km. A passing gravitational wave effec-
tively alters the arm lengths such that the measured
difference is ΔLðtÞ ¼ δLx − δLy ¼ hðtÞL, where h is the
gravitational-wave strain amplitude projected onto the
detector. This differential length variation alters the phase
difference between the two light fields returning to the
beam splitter, transmitting an optical signal proportional to
the gravitational-wave strain to the output photodetector.
To achieve sufficient sensitivity to measure gravitational

waves, the detectors include several enhancements to the
basic Michelson interferometer. First, each arm contains a
resonant optical cavity, formed by its two test mass mirrors,
that multiplies the effect of a gravitational wave on the light
phase by a factor of 300 [48]. Second, a partially trans-
missive power-recycling mirror at the input provides addi-
tional resonant buildup of the laser light in the interferometer
as a whole [49,50]: 20Wof laser input is increased to 700W
incident on the beam splitter, which is further increased to
100 kW circulating in each arm cavity. Third, a partially
transmissive signal-recycling mirror at the output optimizes

FIG. 2. Top: Estimated gravitational-wave strain amplitude
from GW150914 projected onto H1. This shows the full
bandwidth of the waveforms, without the filtering used for Fig. 1.
The inset images show numerical relativity models of the black
hole horizons as the black holes coalesce. Bottom: The Keplerian
effective black hole separation in units of Schwarzschild radii
(RS ¼ 2GM=c2) and the effective relative velocity given by the
post-Newtonian parameter v=c ¼ ðGMπf=c3Þ1=3, where f is the
gravitational-wave frequency calculated with numerical relativity
and M is the total mass (value from Table I).
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Figure 1: Traces of early universe physics can be looked for through multiple observational windows.

and it is intriguing that a PT happening at temperatures around the weak scale or TeV scale would give a signal
in the most sensitive region of the upcoming LISA experiment [189]. Higher PT scales could be probed by
LIGO and follow-up experiments such as the Einstein Telescope and Cosmic Explorer, while PTA experiments
are sensitive to PTs at later times that could potentially happen in a hidden sector [190, 191].

2.3 Outlook and Open Problems
We are entering an age of “multi-messenger cosmology", with multiple cosmological probes (CMB, LSS and GWs)
poised to provide new tests of the physics of the early universe (see Fig. 1). In order for these observations to
fulfill their true potential, however, theoretical advances will be crucially needed. The following is a list of some
of the most important open problems for each of the topics described above.

• Inflation: Despite being a very successful phenomenological model, inflation is not yet a complete theory.
In particular, the microscopic origin of the inflationary expansion is still unknown. This challenge can be
addressed through two complementary approaches. On the one hand, it remains important to construct
explicit models of inflation and study their observational predictions, including the effects of UV comple-
tion. On the other hand, we can carve out the space of consistent inflationary correlations starting from
basic physical principles such as locality, causality and unitarity. In this way, we can hope to provide a
systematic classification of the inflationary predictions. At a more phenomenological level, future galaxy
surveys will provide interesting new constraints on non-Gaussian correlations. In order for these obser-
vations to fulfill their true potential, however, the non-Gaussianity associated to nonlinear gravitational
evolution and galaxy biasing must be characterized very accurately, so that the primordial signals can be
extracted reliably. This will require both advances in numerical simulations, as well as improvements in
the theory description of large-scale structure.

• Reheating: Some of the theoretical challenges related to the reheating era include: (1) Delineating the
model dependent vs. relatively universal predictions, both from a model-building perspective and those
resulting from nonlinear phenomena (e.g. [192–196]). (2) Numerically simulating the nonperturbative
physics of this period with increasingly more ‘realistic’ field content – scalars, fermions, Abelian and
non-Abelian fields (see [197–203]) and detailed accounting of metastable/solitonic structures, full quan-
tum and gravitational effects. (3) Performing the numerical simulations long enough to reach full (local)

175] are currently on the brink of discovering a stochastic GW background (SGWB). In 2020, NANOGrav was the first PTA
collaboration to present strong evidence for a new stochastic process affecting its 12.5-year data [176]. Joint PTA analyses based on
larger data sets in the next years, eventually leading up to PTA observations with FAST [177] and SKA [178, 179], will help clarify
whether this process really corresponds to a SGWB signal and shed more light on its origin [180]. Possible explanations include
the mergers of supermassive black-hole binaries [181] on the astrophysical side as well as an abundance of BSM scenarios on the
cosmological side, including but not limited to cosmic strings [150–152], scalar-induced GWs (SIGWs) generated at second order of
perturbation theory in conjunction with the production of primordial black holes [182–185], cosmological phase transitions [162, 186–
188], and axions [162, 163].
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Stochastic GW Background characterization 

 SGWB-Liegi
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For resolved sources ⟨h̃i⟩ ≠ 0

For SGWB ⟨h̃i⟩ = 0 statistical information encoded 
in two-point functions.For noise ⟨ñ⟩ = 0

A GWB looks random 
in one detector, just 

like noise.
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Overlap reduction function

GWB energy density

γij( f )
(i.e., detector geometry: separation + 
relative orientation + sky average)

ΩGW( f )
(i.e., model dependent: cosmo or astro origin)

Takeaway: A SGWB is not detected by seeing a waveform! It is detected by measuring a common, geometry-
weighted two-point correlation.
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Compare combined CBC energy density spectra, and (2 ) power-law integrated curvesσ

dEGW

df
=

(Gπ)2/3

3
m1m2

(m1 + m2)1/3
f −1/3

ΩBBH+BNS+BHNS(25Hz) =

LVK Collaboration, ArXiv:2508.20721
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Where we are - Pulsar Timing Array
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⇠ 2� significance
<latexit sha1_base64="rPchMt+C3azS2qGiWOyKip072yE=">AAACG3icbVC7TgMxEPSFd3gFKGksIgRVdBchgUSDoKEMEglISRTtmU2wYvtO9h4iOuUT+AS+ghYqOkRLQcG/4IQUvNaFRzOz2t2JUyUdheF7UJianpmdm18oLi4tr6yW1tYbLsmswLpIVGIvY3CopME6SVJ4mVoEHSu8iPsnI/3iBq2TiTmnQYptDT0ju1IAeapT2mk5qXmV+6+ngbcO/SO8Jatzz3w5jcBhp1QOK+G4+F8QTUCZTarWKX20rhKRaTQkFDjXjMKU2jlYkkLhsNjKHKYg+tDDpocGNLp2Pj5oyLczB5TwFC2Xio9J/N6Rg3ZuoGPv1EDX7rc2Iv/Tmhl1D9q5NGlGaMRoEEmF40FOWOmTQn4lLRLBaHPk0nABFojQSg5CeDLz0RV9HtHv6/+CRrUShZXobK98dDxJZp5tsi22yyK2z47YKauxOhPsjj2wR/YU3AfPwUvw+mUtBJOeDfajgrdPsI2hYw==</latexit><latexit sha1_base64="rPchMt+C3azS2qGiWOyKip072yE=">AAACG3icbVC7TgMxEPSFd3gFKGksIgRVdBchgUSDoKEMEglISRTtmU2wYvtO9h4iOuUT+AS+ghYqOkRLQcG/4IQUvNaFRzOz2t2JUyUdheF7UJianpmdm18oLi4tr6yW1tYbLsmswLpIVGIvY3CopME6SVJ4mVoEHSu8iPsnI/3iBq2TiTmnQYptDT0ju1IAeapT2mk5qXmV+6+ngbcO/SO8Jatzz3w5jcBhp1QOK+G4+F8QTUCZTarWKX20rhKRaTQkFDjXjMKU2jlYkkLhsNjKHKYg+tDDpocGNLp2Pj5oyLczB5TwFC2Xio9J/N6Rg3ZuoGPv1EDX7rc2Iv/Tmhl1D9q5NGlGaMRoEEmF40FOWOmTQn4lLRLBaHPk0nABFojQSg5CeDLz0RV9HtHv6/+CRrUShZXobK98dDxJZp5tsi22yyK2z47YKauxOhPsjj2wR/YU3AfPwUvw+mUtBJOeDfajgrdPsI2hYw==</latexit><latexit sha1_base64="rPchMt+C3azS2qGiWOyKip072yE=">AAACG3icbVC7TgMxEPSFd3gFKGksIgRVdBchgUSDoKEMEglISRTtmU2wYvtO9h4iOuUT+AS+ghYqOkRLQcG/4IQUvNaFRzOz2t2JUyUdheF7UJianpmdm18oLi4tr6yW1tYbLsmswLpIVGIvY3CopME6SVJ4mVoEHSu8iPsnI/3iBq2TiTmnQYptDT0ju1IAeapT2mk5qXmV+6+ngbcO/SO8Jatzz3w5jcBhp1QOK+G4+F8QTUCZTarWKX20rhKRaTQkFDjXjMKU2jlYkkLhsNjKHKYg+tDDpocGNLp2Pj5oyLczB5TwFC2Xio9J/N6Rg3ZuoGPv1EDX7rc2Iv/Tmhl1D9q5NGlGaMRoEEmF40FOWOmTQn4lLRLBaHPk0nABFojQSg5CeDLz0RV9HtHv6/+CRrUShZXobK98dDxJZp5tsi22yyK2z47YKauxOhPsjj2wR/YU3AfPwUvw+mUtBJOeDfajgrdPsI2hYw==</latexit><latexit sha1_base64="rPchMt+C3azS2qGiWOyKip072yE=">AAACG3icbVC7TgMxEPSFd3gFKGksIgRVdBchgUSDoKEMEglISRTtmU2wYvtO9h4iOuUT+AS+ghYqOkRLQcG/4IQUvNaFRzOz2t2JUyUdheF7UJianpmdm18oLi4tr6yW1tYbLsmswLpIVGIvY3CopME6SVJ4mVoEHSu8iPsnI/3iBq2TiTmnQYptDT0ju1IAeapT2mk5qXmV+6+ngbcO/SO8Jatzz3w5jcBhp1QOK+G4+F8QTUCZTarWKX20rhKRaTQkFDjXjMKU2jlYkkLhsNjKHKYg+tDDpocGNLp2Pj5oyLczB5TwFC2Xio9J/N6Rg3ZuoGPv1EDX7rc2Iv/Tmhl1D9q5NGlGaMRoEEmF40FOWOmTQn4lLRLBaHPk0nABFojQSg5CeDLz0RV9HtHv6/+CRrUShZXobK98dDxJZp5tsi22yyK2z47YKauxOhPsjj2wR/YU3AfPwUvw+mUtBJOeDfajgrdPsI2hYw==</latexit>

⇠ 3� significance
<latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit><latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit><latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit><latexit sha1_base64="Hmu77rwNYkeDAzFpL0GigXvQXFM=">AAACGXicbVC7TgMxEPTxJrwClDQWUSSq6A6QQKJB0FCCRAhSLor2zBIsbN/J3kNEp3wBn8BX0EJFh2ipKPgXnEcBgWk8O7Or9U6SKekoDD+Dicmp6ZnZufnSwuLS8kp5de3CpbkVWBepSu1lAg6VNFgnSQovM4ugE4WN5Pa47zfu0DqZmnPqZtjS0DHyWgogL7XL1dhJzXe4fzoaeHwQE96T1YWvh31GYK9droS1cAD+l0QjUmEjnLbLX/FVKnKNhoQC55pRmFGrAEtSKOyV4txhBuIWOtj01IBG1yoG5/R4NXdAKc/Qcqn4QMSfEwVo57o68Z0a6MaNe33xP6+Z0/V+q5AmywmN6C8iqXCwyAkrfU7Ir6RFIuj/HLk0XIAFIrSSgxBezH1wJZ9HNH79X3KxXYvCWnS2Wzk8GiUzxzbYJttiEdtjh+yEnbI6E+yBPbFn9hI8Bq/BW/A+bJ0IRjPr7BeCj29k8KC5</latexit>

⇠ 4.6� significance
<latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit><latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit><latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit><latexit sha1_base64="gYu4WNB5oiCI1ZsWyLv+I7wvNYQ=">AAACG3icbVC7TgMxEPTxJrwClDQWEYIqukMIkGgQNJQgkQQpF0V7ZgkWtu9k7yHQKZ/AJ/AVtFDRIVoKCv4FJ6SAhKnGM7Na7ySZko7C8DMYG5+YnJqemS3NzS8sLpWXV+ouza3AmkhVai8ScKikwRpJUniRWQSdKGwkN8c9v3GL1snUnNN9hi0NHSOvpADyUru8GTup+U51l3vS0cDjg5jwjqwu/PsnaQR22+VKWA374KMkGpAKG+C0Xf6KL1ORazQkFDjXjMKMWgVYkkJhtxTnDjMQN9DBpqcGNLpW0T+oyzdyB5TyDC2XivdF/D1RgHbuXic+qYGu3bDXE//zmjld7bcKabKc0IjeIpIK+4ucsNI3hfxSWiSC3s+RS8MFWCBCKzkI4cXcV1fyfUTD14+S+nY1CqvR2U7l8GjQzAxbY+tsi0Vsjx2yE3bKakywB/bEntlL8Bi8Bm/B+090LBjMrLI/CD6+AV1zoTI=</latexit>

Bayesian reconstruction of normalized inter-pulsar correlations
Violins plot =  marginal posterior densities (plus median and 68% credible values)

A. Ricciardone

First Claim of Detection of a SGWB

 SGWB-Liegi

Where we are - Pulsar Timing Array



LGWA occupies the millihertz-to-hertz gap 

A. Ricciardone 9 SGWB-Liegi

From 1 mHz to 1 Hz

Below: LISA reaches its best 
sensitivity at a few millihertz

Above: ET and CE 
dominate from a few 
hertz upward

LGWA extends coverage 
through the decihertz band

LISA

ET/CE
LGWA

Ajith et al., The Lunar Gravitational-wave 
Antenna: Mission Studies and Science Case, 
arXiv:2404.09181v2 
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From 1 mHz to 1 Hz

Below: LISA reaches its best 
sensitivity at a few millihertz

Above: ET and CE 
dominate from a few 
hertz upward

LGWA extends coverage 
through the decihertz band
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ET/CE
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Ajith et al., The Lunar Gravitational-wave 
Antenna: Mission Studies and Science Case, 
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LGWA occupies the millihertz-to-hertz gap 

A. Ricciardone 9 SGWB-Liegi

From 1 mHz to 1 Hz

Below: LISA reaches its best 
sensitivity at a few millihertz

Above: ET and CE 
dominate from a few 
hertz upward

LGWA extends coverage 
through the decihertz band

LISA

ET/CE
LGWA

Ajith et al., The Lunar Gravitational-wave 
Antenna: Mission Studies and Science Case, 
arXiv:2404.09181v2 



The baseline array offers multiple local cross-correlations

A. Ricciardone 10 SGWB-Liegi

4 stations × 2 horizontal channels

Three stations define a kilometre-scale triangle; one 
sits near the centre

Pairwise correlations improve rejection of 
independent readout noise

Nearby stations can share 
moonquake, impact and scattering 
noise

A local array is necessary for seismic subtraction, but it does not 
guarantee a clean SGWB baseline



CORRELATION STRATEGY 

Two baselines answer different questions

A. Ricciardone 11 SGWB-Liegi

Local array

Purpose

Estimate and subtract the 
local seismic field

Antipodal pair

Purpose 

Suppress common environmental 
noise while retaining coherent GW 

power

SGWB science needs both scales

Pole A

Antipode B

Harms et al., LGWA, 
arXiv:2010.13726v1 



Overlap reduction function 

Antipodal lunar stations remain coherently sensitive

A. Ricciardone 12 SGWB-Liegi

Harms et al., LGWA, 
arXiv:2010.13726v1 

2R Moon

Through the LGWA band

The Moon is small compared with the GW wavelength from 1 mHz to a few hertz

How far apart must LGWA stations be for correlated lunar noise 
not to bias an SGWB measurement?

γ( f ) = 15
j2 (Φ)

Φ2
Φ =

4π fRMoon

c

γ( f ) ≃ 1



Shared design principles: LISA, LGWA and triangular ET  

LISA LGWA ET T

multiple TDI combinations Antipodal Correlation Multiple Channel correlation

Triangular, multi-channel geometry: Multiple orientations provide complementary GW responses

Redundancy and noise rejection Channel combinations help identify instrumental and environmental noise.

Stochastic-background science Multiple outputs can improve reconstruction and enable cross-
correlation searches.

Shared features

Shared “limitations”: Correlated Noise?
J. Harms 2608.22401
K. Janssens et al. 2022, 2024

I. Caporali et al. 2501.09057

https://arxiv.org/abs/2608.22401


SGWB reach follows from cross-power accumulation

A. Ricciardone 14 SGWB-Liegi

Harms et al., LGWA, 
arXiv:2010.13726v1 

For a flat signal and fixed noise

Long observing time helps only after correlated environmental noise is controlled

SNR2 = 2T∫
1Hz

10−3Hz
df

|γ12( f ) |2 S2
h( f )

P1( f )P2( f )
ΩGW

min ∝
1

T [∫ df
|γ12( f ) |2 S2

h( f )
f 6P1( f )P2( f ) ]

−1/2

Ωmin ∝
1

T
Ωmin ∝ P1P2 Ωmin ∝

1
|γ12 |

How the Sensitivity to the SGWB scales?



A. Ricciardone 15 SGWB-Liegi

Yan et al., arXiv:2405.12640v2 

Long observing time helps only after correlated environmental noise is controlled

How much sensitive?

 One-year (optimistic) forecast reaches ΩGW ≃ 2 × 10−10

Assumptions:

• No noise correlation among seismometers 

• No complex structure at the surface of the moon 

• No interaction between GW and elastic body 

• Flat Signal          T = 1 yr           SNR = 3 Cryomagnetic LGWA
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Which sources in the LGWA frequency band?
COSMOLOGICAL BACKGROUNDS

Frequency maps the thermal history of the early Universe

ET/CE
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First Order Phase Transition in LGWA
As the temperature in the very early universe decreases, there can be 
several PTs: QCD, EW....Beyond Standard Model?  

- Bubble collisions

- MHD Turbulence

- Sound Waves

Processes 

T* ∼ 𝒪(106) GeV
Energy scales well above LHC 
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Scalar Induced GWs & Primordial Black Holes in LGWA 

PBHs formation

Inflation RD/MD

Horizon

Early universe

⇣
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“Big bang”

RH = 1/H
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PBHs

see review: Sasaki, Suyama, Tanaka, Yokoyama [1801.05235]

  CERN Th. cosmo coffe, Gabriele Franciolini

MPBH t MH = ⇢(⌘H)
4⇡
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Large scalar perturbations source gravitational waves at
2nd order in perturbation theory when they re-enter the

horizon during radiation era

Scalar Induced Gravitational Waves 
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[Tomita, K., 1967]
[Matarrese, S., et al., 1993]
[Domenech, G., review ’21]
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Large scalar perturbations at pc scale (re-entered 15 – 20 e-fold after CMB)  

→ GWs at PTA scales and PBHs around ~ solar mass 

Image credit G. Franciolini

 SGWB-Liegi
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ΩGW ≃ ΩradA2
ζ

f ' 3 · 10�9
Hz
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f ∼ 10−1Hz M ≃ 10−14 − 10−17M⊙

Scalar Induced GWs & Primordial Black Holes in LGWA 



A. Ricciardone 20 SGWB-Liegi

Cosmic Strings in LGWA

Ajith et al., The Lunar Gravitational-
wave Antenna: Mission Studies and 
Science Case, arXiv:2404.09181v2 
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Carry information about:

- star formation history
- statistical properties of source populations
- our cosmological model 

⌦(f) =
f

⇢c

Z
d✓ p(✓)

Z zmax(✓)

0
dz

R(z; ✓)

(1 + z)H(z)

dEGW (fs; ✓)

dfs
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LGWA

Resolved GW sources

AGWB

Astrophysical Backgrounds in LGWA
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Galactic WD Binaries 

• LISA will observe WD-WD of individual 
(resolved) GW signals and an unresolved 
Galactic foreground (LISA Astrophysics 
white paper 2023). 

• Most are in the inspiral 
phase: quasi-
monochromatic, 
permanent GW signal

• Resolved binaries: ~ 10^4 sources are 
expected with SNR 7-1000

•  Stochastic foreground from sources 
with too low SNR, yearly modulated

Only illustrative

Source subtraction and joint 
population inference 
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Extra-Galactic WD Binaries 

• Recen t l y a l so the Ex t ra -Ga lac t i c 
contribution from WD binaries has been 
considered (G. Nelemans+ 24)

• This comes with large astrophysical 
uncertainties 

• Can LGWA help in this?

G. Boileau et al. 25
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SGWBs in LGWA
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What could limit the SGWB measurement?

Correlated lunar seismic noise Moonquakes, meteoroid impacts 
and scattering can correlate 
nearby stations.

02 

03 

04 

Uncertain lunar transfer function

Astrophysical foreground

Model-dependent inference

Interior structure matters below 0.1 
Hz; site geology matters above it.

Unresolved compact binaries may 
dominate the total stochastic power.

Spectral priors and imperfect 
source subtraction can bias a 
cosmological component.
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LGWA opens the 1 mHz–1 Hz band

Correlation geometry is the enabling technology
A distant sensor could provide a low-environmental-correlation baseline with γ ≃ 1.

Treat the far-side or opposite-pole station as part of the SGWB 
concept, not merely an optional upgrade

Jointly fit instrument noise, lunar response, compact binaries and SGWB 
components.

01 

This band carries distinctive early-Universe spectra and compact-binary populations.

02

03

A local array controls seismic noise; an antipodal station provides the SGWB baseline.

04

The actual (optimistic) forecast assumes independent noise and a sufficiently accurate lunar 
response model.

Take-home messages


