| -

A \

28 Sep—2 Oct, 2

Modeling the Lunar Q Gl
in the Era of China’s Chang’E,[/" = 57

Xian Chen (F%5%)

t of Astronomy, School of Physics, Peking Ur
e for Astronomy and Astrophygés, Peking

e Depa
it & Kavli In
e e

[ ™.

In c(flahoratlon Wlth Han Yan (PKU), Lei Zhang (IG G=C S), Jinhai Zha.. 5-CAS),

e Vienove ~,“A-r--51l~1k‘l I fan Z.hano (. ‘g‘t | -lsl'-mllv ll" o\ AU A
. _ " - N

—-—



2026 Sino-Europe Workshop on Lunar Gravitational Wave Detection

Dunhuang, China July 27, 2026

| o TR e
“rh N
! Ay . o

Prepare for Chang' E 7 lunar seismology




Aiming for low frequency GW: 103-1 Hz

. | CHINA'S CHOICES o e
Observational evidence of GW g

The most ambitious proposal uses three spacecraft in a triangle that orbits
9 6 the Sun and detects gravitational waves from a range of objects, like
10 2\4@ 10 2\4@ 10 M o Europe's eLISA proposal. The spacecraft are farther apart than in eLISA,
10 12 giving Taiji access to different frequencies.
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A cheaper proposal puts three C orbit around Earth, and much closer
to each other than in Taiji. This wo®Id target the gravitational waves emitted
by HM Cancri, a pair of white dwarf stars.
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History of GW experiments on the moon

12-2 APOLLO 17 PRELIMINARY SCIENCE REPORT

the lunar sod terteatrisl secords should allre searches
foe sesuliancous sadden saface accelerztyoms, By
delayizg ces tecording relative to the other one, the
e of chance coincidences may be meamred, A
ggnificant excess of zerodelsyed as compased o
time-delayed (chamce) coincidences can establish the
exrtence of correlathond

Experbments have been conducted in the kilohertz
region weeg aluminwen cylinder masses of several
thousand kilograsss that aze bolated from terrestrial
effects. The existence of sach colncldences has been
eatsblished using antennas &t the Usiveesity of Mary-
land and 3t the Argoese National Laboratory near
Chicago, 1Mot The high frequency (seismic output)
of the LSG will be compared with the recoeds of the
slursioum cylinder experimonts bn an effort 10 Gind
pombers of colecident amplitude inceeases over and
shove the chance rate,

The LSG was also detipned 10 measure the tidal
effects on the Moon and to séeve a8 & Coe-axl
seiamometor. The lunsr ordit i slightly eliiptical, and
the Mooa undergoes librations, For these reasons, the
gravitational fiekds of the Easth and Sun sensed by a
gven part of the lunar susface will vary with time

Y .

FIGURE 121 Losas sseface gravimetion.

cadaalios ssmssillte bo tisns Asrendsst tidal forces

5 ,‘ A 111 \See report by Giganti, Larson,
. SN | 7 ol R Richard, Weber 1977

® |dea proposed by Weber 1960 8 LI TN S R S e e
Physical Review, 117, 306 WS No m'or’e seismom
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* Lunar Surface Gravimeter by "léi'Sﬁ

Apollo 17 (Dec 1972) AL _
& : .; < .. L% n
* Apollo Seismic Array for GWs O the mOOn, unll - -

Coughlin & Harms 2014 PRD | 24



Lunar Seismometers in Development

Chandrayaan 3 (Credlt Jiju John)

Lun“t 9 Surveyor 1

3 Feb 196¢ - 2 Jun 1966
LlllrE’l 13 o ~:‘,SuLveyor 3
24 Dec 1966 > s are 20 Apr 1967
10.Luna 16 : gMare ' 3 5.Surveyor 5
20 Sep 1970 : B imbrium,, i Bri 11 Sep 1967
11.Luna 17 7 S : P . Ey- /7 6.Surveyor 6
17 Nov 1970 - /Copernicus,. - R 7 Nov 1967
14.Luna 20 P A T, "V ed » ' ; - 7.Surveyor 7
21 Feb 1972 deanus ¥ , J-Mare~ 10 Jan 1968
17.Luna 21 I itatis Apollo 11

15 Jan 1973

18.Luna 23

6 Nov 1974
19.Luna 24

19 Aug 1976
20.Chang'e 3

14 Dec 2013

21.Chang'e 4 (far side) ,/
3 Jan 2019

22.Chang'e 5 -
1 Dec 2020

23.Chandrayaan-3 _

Solar tower | B T S , _ Relay satellite

Laser power beam

Power receiver

Seismic station

Existing Opportunities )
» NASA \

 Farside Seismic Suite: Lauch previewed in 2025 : i‘ o]
e Artemis 4 . B of : ]
« CLPS

* ESA

* Argonaut (former European Large Logistics Lander): 2030s

* JAXA

« LEAD: 2028
 Mid-Class Lander: 2030s

Local data link

Comm. antenna

Argonaut (ESA) l Artemis 3 (NASA)

Acceleration equivalent m/s*/Hz "/

Lunar Gravitational WWave Antenna (LGWA)

Accelerometers, cryogenically cooled, 2035 ETA

also see J. Harms et al. 2021 white paper
Credlt Taichi Kawamura ( paper)



Lunar Seismometers in Development

Chang’E-7 Mission (~2027)
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Earth (BFO)

Moon (Apollo)

InSight on the deck (SP)
Earth Low Noise Model

10
Credit: Lognonne

Urgent to stuay the
response of the moon!
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Chang’E-7 Seismograph (expected in 2026)
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Fig. from Wang et al. 2024 Nation Science Review




From Physical Picture to Theory

GW imposing on the moon
(0.1Hz ~ 3e6km >> 1750 km)



Basic Theory

Elastic body under forced vibration

6261 ao.ij
= GWotress
9tz ox
Two views:
o TT coordinate: (A) not change, metric changes From Dyson 1969, or “Dyson force”

ds* = (N +hﬂ)d"§d"X ﬁ ]? e V - (ﬂz))

2 [
geodesic eq.: 22—

ot2
 Lab coordinate: (B) changes, metric not change From Weber1960 or “tidal force”
ds? = "uvdede + 0(1)x( l\,mxBxB )dxgdxg + .- f e
2,0 - —_— . 1
geodesic eq.: 2B — ~hix} ' B

ot2



Inconsistency In the Literature
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Our Interpretation: Physical Insight _

Put the moon back P~ ‘\xeq

I\/Ieanlng of B coord.
Ignore moon for a while

®* Proper distance from center
® But free falling, no acceleration
® No readout on seismometer

® No acc. relative to local inertia
frame (LIF)

® Coordinate A proportional to
acceleration with respect to LIF

(Yan, Chen et al. 2024 PRD)

Coord. of LIF

> .
s" | | MINEOS simulation
g | ‘ Mt
J] |
(c) Old response functions
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Potential: Beljing
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Importance of lunar structure/physics

Not the end of the Story' First 2D finite-element simulation

(c)
y
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ect. Refl:

uriace

12k CPU cores, km-size resolution



First finite-element 2D simulation

First 2D finite-element simulation

Time=5s

(Zhang, Yan, Chen, Zhang, 2025, PRD)
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Full 3-D simulation and signal amplification

t=8000 s: flat t= 8000 s: topo.
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t = 8000 s: topo./flat
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(Zhang, Yan, Zhang, Chen 2026, PRD, 113, 023031)
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Thick crust amplifies GW signal

Real terrain & crust structure

(Zhang, Yan, Chen, Zhang 2026, PRL cover paper, Editor's Suggestion)
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GW imposing on the moon
(0.1Hz ~ 3e6km >> 1750 km)

LO)

LGWA

LURAR GRAVITATIONA.
WAVE ANTENNA

Lunar Seismology
Accelerometers

Cryogenically cooled
(LGWA)

Different Schemes

AR FEALS | hERXE

CIGO ( Cmater Interferometry

Gravitational —waves Observatory )

Measure strain h
Laser interferometers

No tunnel, no vacuum tube
(CIGO, GLOC/LILA, LION, LSGA)
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Summary

Derived self-consistent lunar response function
First numerical simulation of lunar response to GWs

Sensitivity to GW background by different lunar
seismometers

Cosmology, astrophysics, seismometer deployment plan...
on the way
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