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Fig. 7. Schematic diagram of the lunar interior inferred from the
Apollo seismic data.
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NASA InSight: landed 26 Nov 2018; mission ended Dec 2022; SEIS recorded >1,300 seismic events
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NASA InSight: landed 26 Nov 2018; mission ended Dec 2022; SEIS recorded >1,300 seismic events
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Surface loading Surface motion
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H=HE) Mars’ background free oscillation

What is the planetary free oscillation?

it

0.3
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53.9 min -
@ ( ¥ 35.6 min

0T3
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Frequency (mHz)

182

0.7

0T4
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@,
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or=0.05mm

0.9 1.0

Schemaltic of the motion of free oscillations
excited by 2004 Sumatra-Andaman Earthquake.
(Jefferey Park et al.2015).

The eigenfrequencies are constant
no matter how the earthquake is big.
These are function of internal
structure of the Earth.

Internal structure

V]

Eigen frequency

If we observe these
eigenfrequencies, we can estimate
internal structure.




IR R B R E) Mars’ background free oscillation
What is the planetary background free oscillation(hum)?

Without such a huge quake, the planets are shaken by fluid bodies continuously.

Earth Mars
January February .
2 .ﬂ'""i I‘f"‘\"\\%‘%“‘ ' Excitation force I -
; ez Ocean, atmosphere | . 6 !
i *
\\ mw o = 20 Nt
Earth excitation |‘s N/sh/o’a and Fukao, 2007

mixture of ocean +
atmosphere ( at ;Ssq,
0937 atmospheric

Global Circulation

Same physical phenomenon Model (GCM)

resonances)
lyear] 0529 0537 x108 [m2 s
Planet’s Similar process is
background expected on Mars but only
5 free oscillation through atmospheric

coupling

AT I2N—-3

o
N



IR R B R E) Mars’ background free oscillation

Computation of seismogram

: eigen frequency

+00
'U,(t) — Ek/ dTgk(t —7') X Sk;(T) X -Rk k : mode

— 00

w

o : angular velocity

Q : Q factor

u : normal mode
displacement

Normal mode . :
exmtatlon X e%

T U : radial function
Y : spherical harmonics
P : Legendre polynomial
Green function Seism|c source Receiver
(internal model) (position, time) (position)
8i0kt
gr(t) = H(t) P ur(Tr) = Uk(rr) Y& (TR),
k .
Wk Y;™(0, ¢) = P/™(cos 0)e™?

Ok = Wk + Z—
2Qr

subscript ‘k’ includes 3 orders, n (radial order), | (angular order) and m (azimuthal order).

If | fix the internal structure and receiver (seismometer) position,
| can calculate marsquake (martian hum).



IR R B R E) Mars’ background free oscillation
Normal mode calculation

Excitation in the atmosphere (vertical process).

Normal mode
excitation Sk(t) — _/ dV@' ﬁ,
V

F
Excitation
in the air
uk
Acoustic
wave

propagation

Green
function

Normal
mode Sk
excitation

Normal mode
in the air

uK : How to push the ground by air.

MBFs

pressure
perturbation

)
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What is t

H=HE) Mars’ background free oscillation
ne atmospheric source ?

« The wind and atmospheric pressure generate in the atmosphere a
density of seismic forces ( or seismic moment) depending on time and

ee)

)

Latitude (degre:

Latitude (degr

Latitude (degree)

Wind belocity fields at 6600[m] height

100 150 200
Longitude (degree east)

Wertical wind [m/s]

Zonal wind [m#s]

Meridional wind [m/s]

GCM wind velocity field at
6.6km height.

location

F = -V (@) - Yoz

t Pressure
forcing

Wind Reynold
stresses

Latitude (degree)
& F) N s

> >

Latitude (degree)
5 & & N o2

-50 0 50
Longitude (degree east)

GCM atmospheric pressure field
and differentiated atmospheric
pressure at the ground.

28



Result
Mars' background free oscillation

Amplitude [nano gal]

~+00

u(t) = X drgr(t — 1) X Sk(7) X Ry

— 00

Accele_zration of 'MBFs

2
: — g
it | 2
| Same signal
-4 L 1 1 1 1 1 29
3 4 5 6 7 8 9 10
Time [sol]

sol = 1 martian day = 24.6 hours

7 sols MBF acceleration. The MBF is sum of
angular order 2 to 39 fundamental modes.
The amplitude of is nano gals (107" m/s?).

10-10 L

10"

10-12 =

10-13

MBFs PSD
T T

Frequency [mHz]

PSD of MBF acceleration. The MBF is sum
of 2 to 39 fundamental normal modes.

Nishikawa et al. 2019



Result

Mars' background free oscillation
+00
u(t) = X drgr(t — 1) X Sk(7) X Ry

— 00

Martian Hum detection (Low-gain and Hi-gain mode)
T T T T T

—— MBFs signal | 1

—— POS HI noise
POS LO noise

—— Thermal noise

108;

Accele_zration of 'MBFs

8 10° &

E’) ET -10
b d 10
§ | _:%
g : ] g 1071
8- NI . 1 =
< i
' | Same signal ..
3 f
4 : ‘ | | | , 30
3 4 5 6 7 8 9 10 10713
Time [sol] Frequency [mHz]
sol = 1 martian day = 24.6 hours
7 sols MBF acceleration. The MBF is sum of PSD of MBF acceleration. The MBF is sum
angular order 2 to 39 fundamental modes. of 2 to 39 fundamental normal modes.
The amplitude of is nano gals (107" m/s?).

Nishikawa et al. 2019
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Solid-
Atmosphere

REXR@METERE LT, TRILFX—IF Atmosphere 2 Solid DEARIZIEH S

ATMOSPHERE

Atmosphere 2 Solid

Pressure fluctuations / acoustic waves

4

PLANETARY SURFACE

AT A

Solid » Atmosphere

Acoustic / pressure waves

1

Surface loading

4

Seismic response / normal modes

> KEXRIZ & B ERRIE

SOLID PLANET

Surface motion

1

Seismic waves / impact source
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Infrasound (Inaudible sound)

Electromagnetic Radiation o freatenc
Low frequency, Long wavelength 780Nnm 380nm Shgort ngelenéth

Invisible i Visible i Invisible
< 54 »i =
Infrared E Visible Light ; Ultraviolet
Sound ' ' |
Low frequency, Long wavelength ZOHZ ZOkHZ g:w%r:‘tfiﬁg\tleelgcnéth
F 92 . 0 A 2
Inaudible ! Audible i Inaudible
< i < >i >
Infrasound E Audible sound i Ultrasound

Infrasound is characterized by its occurrence in large-scale phenomena
and reachs farther than audible sound. 34
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Solid-
tmosphere-
Ocean
coupling
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L :
L Timeline of events (JST) s
. |
Volcanic eruption Atmospheric ' !
P pressure fluctuations Tsunamu I
13:10 January 15, 2022 20:00 long-period airwave 24:00 The sea-level change began
Hunga Tonga-Hunga Ha'apai erupted. traveled 8,000km away. on the coastlines of Japan.
7 hours 4 hours #
& . \__/
& W )
‘\ s
VEI 6 is said to be a The earliest arriving is the 0.9 m and 1.2 m tsunamis were
“once in a century”. Lamb wave (310 m/s). observed at Kuji and Amami.
The tsunami 1s believed to be excited | ]

by the atmospheric pressure fluctuations. xusotaetar, 2022 I N



The frequency analyses of
pressure waves concerning the
arrival time of each wave packet
showed that it contained four-
wave categories.

= Long-period Lamb wave
= Short-period 2 acoustic waves
= Long period gravity wave

Four-wave categories EEEE

(a) Power spectrum density (b) Filtered waveform
0.1 10 T T I L L
____Acoustic cut-off 290 m/s 230m/s | !
frequency I | 0.01-1 Hz
chonseadues
_ |
E 50 :
= 0
E; ko 310 m/s 210 m/s
= [ [ |
g 001 100 -= | | 0.001-0.01 Hz
=y & I
®
Lol
= | | |
300 | | |
| | |
| &) | |
500 I | |
Lo | |
| - | |

o181 13a" 6 7 8§ 9 10 1 12 13
Time starting from 4:10:00 [hh:mm:ss] (UTC)

6 7 8 10 11 12
Time starting from 4:10:00 [hh:mm:ss] (UTC)

Time series of the atmospheric pressure perturbations at Muroto, Kochi (N33.25, E134.18).
(a) Power spectrum density of atmospheric pressure waves
(b) Filtered signals by two frequency ranges.

Nishikawa et al. 2022
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Altitude (km)

(Pa)

Scaled Pressure Perturbation
t= 60 Sec

'~

i

1200 800 400 0 400
Distance from the volcano (km)

Surface Pressure

1
Excitation of tsunami HENE

Coupling of atmosphere and tsunamis

Numerical conditions

1000

-1000t

1 1 1 i 1 L L

1200 800 400 0 400
Distance from the volcano (km)

Ocean Surface Height

0.0

1 1 1 " 1 " |

-0.2

1200 800 400 0 400
Distance from the volcano (km)

>
>
>

>
>
>

3,200km horizontally and 480km vertically
Grid spacing 800m horizontally and 250m vertically | Q : heating per volume
The cyclic boundary condition is assumed N : normal distribution
horizontally Xo: = 1600km
Wintertime temperature profile of Japan Zo: = 40km
Exosphere temperature 1000K oy, = 16km
This model is coded using the framework of t=30s
SPMODEL*. QocpTo = 10 kg m~3s71
Effect of volcanic eruption is volumic heating (Q)
QOCpTO N N - mt
Q(x; Z, t) (21_/7_[) X (th Ux)x (ZO; JZ)X sin T

o The explosive release of heat in the
stratosphere excites all candidates of
observed waves.

« Tsunamis are excited by gravity waves whose

phase speed is comparable to tsunamis (~200
m/s)

= - Nishikawa et al. 2022
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Seismic and Infrasound waves

Arrival time
02:06:29

Seismometer V241
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Time (UTC) Jan 11, 2024

Seismmic and Infrasound data
observed by the penetrator.
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Mars Landing Program

-Next generation EDLs to planets Multiple penetrators equipped with
-Landing anywhere on the surface of Mars ‘ inflatable aeroshells are dropped
Unique Japanese technology from satellite orbit.
¥ q Dem ion of EDL technology i
Step1 mission concept Y coveraltimes.

6) Some science equipment is
transferred to various place.

1) Launch by H3 7) Experience of operation and -
observation on the Mars surface.

5

% \

Utilizing the inflatable aeroshell
technology to realize the small EDL

module.
4) Deployment of multiple small landers
_ T\: (20~30kg x 2~3 unit ) from OTV
2) Transfer to Mars by ™~ - — .
; . : extra) Deployment of multiple Cubesats
Orbit Transfer Vehicle 3) Mars Orbit Insertion ~—s e e )Marg oegirt': P

(MARS CUBE service)



What is the penetrator?

§

Perspective

Originally developed for
planetary explorations.

T — R0
/AN P LBER

Pencil shaped self-
contained vehicle.

Drop from high altitudes | :
using UAV. | 93 | R

I
It
?

=
it
N
P

)

Install observation y-
/

equipments in dangerous
and unmmaned locations.

Tanaka et al., 2011, Lorentz, 2011




Equipments

Penetrator anchored to the ground.

Seismometer : V241 Infrasound sensor : INFO3S
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One year penetrator observation on Antarctica

Observation Points (Color = Time)
(01/31/2025-01/06/2026)
70°01'15"S o .

Daily Environmental Observations
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Seismic and Infrasound waves

Arrival time
02:06:29

Seismometer V241
T

/ ‘h‘ \1

‘M ‘M

Velocity (m/s)
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LNG_0022 | LNG | strong_candidate

LutZOW-HOIm Bay observation network Infrasound: 2019-03-13 20:29:45.620000+00:00 | peak=33.1 robust sigma

Filtered infrasound 1.0-5.0 Hz
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Vertical seismic waveform 0.5-5.0 Hz
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Latzow-Holm Bay observation network

Projcted source Ioations near LNG and Langhovde Glacier

strong candidate

directional candidate
direction match but unstable
not Langhovde candidate
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Tidal stresses vs. Ice-shell strength oy
- Tidal forcing by Saturn produces global tensile & shear as

stresses of ~104 - 10° Pa

(from Titan’s large tidal Love number k, = 0.6; less et al., 2012) ° A &

- Cold ice (90 - 100 K) behaves as a strong, brittle elastic plate *

................................................

— Near-surface bending stress concentrates during tidal flexure._g

Bending stress reaches the brittle failure threshold in shallow ice.

0

300

Longitude (increasing westward)

(Iess et al., 2012)

Meter-Scale Vertical deformation of Titan’s ice shell

This stress balance makes “tidal icequakes” physically plausible
analogue to tidally induced icequakes in Antarctica and predicted on

Europa/Enceladus (lcy-moons).




Why Icequakes?

*lcequakes reveal ice-shell stresses, tidal deformation, fracture processes, and shell thickness
Essential for Titan (Dragonfly mission) and future lcy-moon landers

«Antarctica = Earth analog with long-term continuous icequake activity

*Need an automatic, reproducible data-science pipeline for future icy-moon mission

[llustration of Dragonfly

mission concept at Titan. We are designing an automatic
Launch July 2028 : : :
(Tohns Hopkins/APL) icequake detection system on Titan

¥

What kind of “Titanquakes”
should we expect?




Concept: Penetrator as an artificial seismic source
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Concept: Penetrator as an artificial seismic source
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Concept: Penetrator as an artificial seismic source

Atmospheric density profile
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Concept: Penetrator as an artificial seismic source

S - - o
C\k@e’ Penetrator impact P-wave amplitude vs range (vertical-only)
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Concept: Penetrator as an artificial seismic source

Mars ballistic cone footprint: characteristic frequency Mars ballistic cone footprint: peak amplitude (pre-absorption)
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SUMMARY
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