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Abstract

® Four proposals to detect GWs in 1 mHz - 10 Hz
on the Moon (I found, perhaps more)

® I will introduce one of them in detail
and the other three quickly

LGWA: Lunar Gravitational-Wave Antenna

GLOC: Gravitational-wave Lunar Observatory
for Cosmology

LION: Laser Interferometer On the mooN

LSGA: Lunar Seismic and Gravitational Antenna
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Gravitational-Wave Lunar Observatory for Cosmology
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being suggested to probe the
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Several large-scale experimental facilitie
universe across the gravitational-wave (GW) spectrum. Here we propose Gravitational-wave Lunar
wcept design in the NASA Artemis ¢ a GW
tory is ideal for probing GW frequencies
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Observatory for Cosmology (GLOC) - the first ¢
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Why did I choose this topic?

— Because this is a hot topic for me these days

® Jan Harms: the author of LGWA
« A professional of Newtonian noise
« The author of earthquake alert with GW detectors
« I found out about him when I was writing the DC1

application
- [ also watched his record talk about LGWA in
GWADW2021
Geophys. J. Int. 201, 1416 (2015) From Harms's slide in GWADW
e 13 T e e s LGWA
Transien\t gravity pertl\erations induced by earthquake rupture | S ‘ Gravl';_‘tl:tai.:nal-
J. Harms,'-** J.-P. Ampuero,’ M. Barsuglia,* E. Chassande-Mottin,* J.-P. Montagner, LY ey
S.N. Somala® and B. F. ’\\'hlll.n;_"‘ o ‘ ! 5 % ST Wave Antenna

Jan Harms
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Time remaining to merger [years|

Low freq. GW detectors on the Moon

® Binary mergers with massive and intermediate-
mass black holes would undergo within in 1 mHz

— 10 Hz

® GW detector on the Moon is one of the candidates

Space missions deci-Hertz target range

Ground detectors
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Large Space Missions
(Heliocentric)

B

-

» DECIGO, ALIA,
Decihertz Obs., Tuiji

» Natural successors to
the first gen. GW
space mission LISA

» Observation time
typically limited to a
few years

Small Space Missions
(Geocentric)

A

» B-DECIGO, SAGE,
GADFLI, gLISA

» Low-cost missions
that are ideal for
technology
demonstration

» Relatively limited
detection sensitivity

K. Izumi & K. Jani, arXiv:2105.06069 (2021)

Lunar-based
Experiments

» GLOC, LGWA,
LSGA

» Permanent lunar-base
with conventional
GW detector setup

» Uncertain timescales
requiring many tech.
demonstrations

Atom
Interferometry

-

» MAGIS, AEDGE

»

-

Flexible detector
geometry

Technology still
at an exploratory
stage



https://arxiv.org/abs/2105.06069

LGWA:

Lunar Gravitational-Wave Antenna



Moon as Weber bar

® Weber's idea: monitor vibrational eigenmodes
of an elastic body excited by GWs

® He developed the first resonant bar detector
at a laboratory in 1960s (range: kHz)

® He also pointed out that we can detect GWs in mHz band
by monitoring vibrations of the Earth or Moon

® His Lunar Surface Gravimeter experiment by Apollo 17
had a technical failure @ e

and Space Administration

NSSDCA Master
Catalog Search

+ Spacecraft

Thursday. 10 June 2021

+ Experiments

+ Data Collections
+ Personnel Lunar Surface Gravimeter

+ Publications NSSDCA ID: 1972-096C-09

+ Maps
Mission Name: Apollo 17 Lunar Module /ALSEP

+ New/Updated Data Principal Investigator:Prof. Joseph Weber

+ Lunar/Planetary Events Description Alternate Names
The purpose of the Lunar Surface Gravimeter (LSG) » Apollo17ALSEP/LunarSurfa
experiment (S-207) was to obtain highly accurate . LSG
measurements of the lunar surface gravitational acceleration
and its temporal variations at a selected point on the #5207
surface. Specific objectives were determination of the value
of lunar gravity relative to Earth gravity. determination of the Facts in Brief
magnitude of lunar surface deformation due to tidal forces,

of vertical ¢ of lunar natural Mass: 12.7 kg

seismicity, and monitoring of free oscillations of the Moon
that may be induced by gravitational radiation from cosmic
sources. The instrument was to act as a one-axis
seismometer and also to be correlated with gravimeters on

Funding Agency

+ NASA-Office of Space

Earth to search for gravitational radiation. The crew Science (United States)

deployed this experiment about 8 m from the Apollo Lunar
Surface Experiments Package (ALSEP) central station,
Problems with the suspended mass limited its usefulness. Discipline

Lunar Surface Gravimeter

sciencemag.org



https://www.sciencemag.org/news/2016/02/remembering-joseph-weber-controversial-pioneer-gravitational-waves
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Evaluation of GW detectors

® It is useful to divide the detector into a response body
and a readout system in order to assess the quality of GW
detectors

GW detectors

Response body

: affected by a passing GW How strongly does the body

respond to GWs?

e.g.) a laser beam, suspended
test masses, an elastic body

Readout system

: translate the GW signal into How sensitive is the readout
a human-readable form »system to changes in the
e.g.) photo detectors, response body?

seismometers
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Response of the Moon

GW strain amplltude
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Note
¢ is not the surface displacement, but the
difference of surface displacement and direct
seismometer test mass displacement
Ly, fn, Qndepend strongly on the internal
structure of the Moon

E=10"3m
when h = 1072}, L, = 10° m, Q,, = 200

\ K > (Similar to LISA with L = 10° m)

The Moon becomes softer to tidal
forces with increasing freq.

— The differential motion of the
Moon reduces at high freq.



5 LGWA
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® Atmospheric disturbances and thermal noise can be

reduced by 10 times on the Moon

® Do not need to monitor vertical displacement
— The stiffness of the mass suspensions can be reduced,
leading to lower suspension resonance frequency

® Change capacitive readout to optomechanical or
cryomagnetic readout
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Characteristics of the Moon
Merits:

® \ery large

® |acks an atmosphere, natural vacuum chambers

® Much lower seismic activity than on the Earth (later)

®

Natural cryostats (later)

Difficulties:
® Dust called regolith

® The closet object to the Earth, but need to launch
detectors (later)
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. . . . “’%ﬂ LGWA
Small seismic vibration S

Four natural seismic events on the Moon

® Deep moonquakes produced by tides

® Shallow moonquakes

® Thermal quakes

® Meteoroid impact (dominant)

12,500 such events in 9 years

Seismic energy is smaller than on the Earth by 104 - 108

10-6 From Harms's slide in GWADW

Constant seismic noise on the Moon
is three orders of magnitude lower
than on the Earth

Upper limit on
_seismic background

o o~ -

Seismic Spectrum [m/rtHz]

0.1 0.5 1
Frequency [Hz]



MMLGWA
Natural cryostats O
® Permanently shadowed regions at the south pole of the Moon
— Can be used as natural cryostats for seismometers

Average surface temperatures
at the Iunar south pole

Note:
* 400 K during lunar days
« -50 °C at south pole on the Earth

‘ Tornpomun (K)
x & 26-30
< }” . 3140
} B 41-50

Beke | o Below 100 K

B 71-80
81-90
7 91-100
101-110
110-125
126-150
A 151175
S I 176-200
Y I 201-215

""""
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“b WA\IE 'ANTENNA

Proposed NASA missions

® Artemis program: to land humans to the Moon

specifically the lunar south pole region in 2024 A‘

AJTEMIS

® |unar Geophysical Network: to deploy a global network of
instruments on the Moon to understand the internal
structure

® Commercial Lunar Payload Services: allows rapid lunar
delivery services from American companies



§(G\LGWA
Phase 1 & 2 O

® Plans of LGWA are divided into phase 1 and 2
Phase 1

Phase 1: Phase 2?

® Four seismometers to form a kilometer-scale array

® To identify seismic events and subtract them from the data
(similar techniqgue to Newtonian-noise cancellation)

Phase 2:
® Additional seismometers on the opposite side of the Moon

® Seismic correlations would be minimal and GW correlations
would be maximal between phase 1 and 2 seismometers

— To observe stochastic GW backgrounds



Recent development

From Harms'’s slide in GWADW

G S| Test Facility at LNGS >
| ty Iiéﬁfl‘\l\A

Seismometers, e.g., Tiltmeters, e.g., concept

concept by C Collette by E Calloni

Option ( A): Vacuum enclosure | '
6D inertial I Option (B):

reference S | Suite of 1D

{+—Soft

concept by T— inertial
C Mow-Lowry f—— references

i3

May 17, 2021 GWADW 2021; ) Harms 6
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(‘b WA\IE 'ANTENNA

Science goals

® Massive black holes (later)
® (Galactic binaries (later)
® |unar geophysics (later)

® Test of general relativity

Note: a unique temporal evolution of its antenna pattern
due to the Moon’s rotation with a period of 27.3 days
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Massive black holes

Detection range
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® Massive black hole binary mergers can be detectable

® Multi-messenger observation is possible if binary massive
black holes interact with accretion disks



Characteristic Strain

. . . LGWA
Galactic binaries O

Estimated GW amplitude Predicted detection
from known short-period number of double
binaries in the Galaxy white dwarfs per year
10714 : LISA
O sNs !
@ LISA VerBin. : W LISA SNR>7
® SPY survey 1041 : B LGWA
- ® ELM survey - BN LGWA SNR>7
10_ 1 ® ZTF survey
|; :[l;x(T-Pyx) ,-\103’
B HMXB (Cyn X-3) 8
10718, = Z 1074
° Qe
. ~°D°°'c 101
10_20 .,o .'& s '
E.’ g e 100
1074 103 1072 107! 10° —3.5'\ -3.0 -2.5 —2.0
GW frequency log(f)
Expected maximum

GW freq.
® Probability of coincident detection with SN Ia is low
® But it would be useful for SN Ia progenitor identification
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Lunar geophysics

Targets:

® Seismic background from meteoroid impact
® Origin of thermal moonquakes

® Moon’s internal structure —

Comparison of several
seismic velocity models

Toksoz et al. 1974
—— Nakamura et al. 1983

Lognone et al. 2003
- Beyneix et al. 2008
—— Weber et al. 2011
~— Garcia et al. 2011

Khan et al. 2014
—— Matsumoto et al. 2015

4
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Depth [km]

0
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500
Toksoz et al. 1974
—— Nakamura et al. 1983
7501 Lognone et al. 2003
—— Beyneix et al. 2008
— Weber et al. 2011
—— Garcia et al. 2011
1000| — Khan etal. 2014

= Matsumoto et al. 2015
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7

DEEP MOONQUAKES
SOURCE REGION

Toksoz et al. 1974
—— Nakamura et al. 1983
Lognone et al. 2003
-~ Beyneix et al. 2008
—— Weber et al. 2011
—— Garcia et al. 2011
Khan et al. 2014
= Matsumoto et al. 2015

Density [g/cm?]

(> LGWA

587-km RADIUS
ZONE OF THE
PARTIAL MELT
(LOWER MANTLE)

350-km RADIUS
FLUID OUTER CORE

160-km RADIUS

SOLID INNER CORE
(assuming 10% of the
core has crystallized)

MIDDLE MANTLE

UPPER MANTLE

ANORTHOSITIC CRUST (~50 km)



GLOC:

Gravitational-wave Lunar Observatory for Cosmology

&
LION:

Laser Interferometer On the mooN



Triangle interferometer > C»

® Both detectors consist of a triangular interferometer with
arm length of 40 km

End Stitions * o
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Shoemaker Crater:
Diameter 50 km




LION: parameters

® The author of LION made a table about interferometer

parameters

How is the mirror
delivered to the Moon?

Parameter Value

Laser power S0 W
Wavelength 2000 nm

Arm length 40 km
Seismic Earth surface/1000
Test mass 1267/1267/698/707 kg

ITM radius of curvature
ETM radius of curvature
Suspension length
Temperature

Signal recycling cavity length
Squeezing

Initial squeezing level
Filter cavity length

Filter cavity detuning
Mirror transmittance
End test mass

Input test mass

Power recycling mirror
Signal recycling mirror
Filter cavity input mirror
Filter cavity end mirror

34 km

36 km
3.54/2.05/1.66/2.50 m

70 K

55 m

15dB
8.94 km
—23Hz

5 ppm
1.2%
3%
2%

0.17%

5 ppm




Juggled interferometer L cloc L Lon g

® Test masses can avoid seismic noise and suspension
thermal noise by repeatedly free falling, “juggling”

D. Friedrich+, Class. Quantum Grav. 31, 245006 (2014)

— Sensitivity would be limited by shot noise and

Newtonian noise 15
‘] L
% 05 |
= [ free fall free fall
16— i A EN t
f § -0.5 % é
_‘| L
-1.5 : : :
0 1 2 3
. TirTle[sl‘
“ Modified data
Future work:
® To keep alignment of test masses |. . MW ,91n|t|a| data

Time [s]

® To detect continuous signals in the initially discontinuous data


https://iopscience.iop.org/article/10.1088/0264-9381/31/24/245006/meta

Characterisitc Strain

Strain sensitivity

® Both detectors have the sensitivity of 10-23 //Hz at 1 Hz

and 1024 //Hz at 10 Hz
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100 [Redshift z]

Detection Radius at SNR

Detection range

® Both detectors have the detection range

within red shift ~100
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GLOC: cosmological reach <>

® GLOC can survey 70 % of the observable volume of
our unlverse Observable Universe

IMBHs

100 + 100 M,
10%
A —
IMRIs
1000+30'M§4% H1G0 Ns-BH
3 ' 1.4+ 20 Mg
0.5 Mg
’ BNS
Dark Matter 10 LA+ 14 M,

candidates

25

BBH
30 + 30 Mg

80



LSGA:

Lunar Seismic and Gravitational Antenna



Plan 1: Weber bar

® Use the Moon as Weber bar

® Measure the displacement with two 50 km long fiber
optics cables

)

1. Send a 100 ns pulse laser with 2 kHz

2. Examine the phase and amplitude of
the coherent Rayleigh backscattered
light at many point of cables

Target sensitivity: 10-20 //Hz @1 Hz

S5 595 S

T L-shaped 50 km fiber optics cables

e >

e —)
e

Central interrogator unit




Plan 2: Michelson interferometer@

® Michelson interferometer with 10 km arms

® The author pointed out natural cryostats and vacuum
chambers as advantages and dust as a disadvantage

Seismic Station broad band
) Sesmic Station broad band
‘Passive Laser Reflectors .
Optical Sensor Line Passive Laser Reflectors

Optical Sensor Line

" 10km 10km

~ Laser: 1 um, 10 W

. = E = { e 3 o
Seismic Station-broad band ‘w‘ =

2 telesc’bpes plus laser <
;:‘Tk’ < s

-

SGA

Optical Sensor line : =
-

Target sensitivity: 10-1®* m//Hz, 102t /J/Hz -'{.:ﬁfdsmm;n o

-




Summary

® [ introduce four proposals to detect GWs in 1 mHz
— 10 Hz on the Moon

® They have interesting characteristics and sciences,
but of course we have many items to be developed

Detector’s name Principle Sensitivity | My comments
tGWé: e w Moon as Weber bar 1020 //Hz | Most feasible
Aunar ravitational-Wave and seismometers @1 Hz and interesting

ntenna
GLOC: | | 1024 //Hz
Gravitational-wave Lunar Triangular interferometer @ 10 Hz
Observatory for Cosmology Almost the
LION: 24 >ame
Laser Interferometer Triangular interferometer 1(% 1()/{422
On the mooN
I|__SGA51 o Mggg ?izevyibiircsar 10-20 //Hz | Plans are not
unar Seismic an Ptcs, @ 1 Hz concrete yet

Gravitational Antenna

or Michelson interferometer




