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Outline: The story and the approach
-Motivation (2012) e

NN

VIRGO : | normal mode calculation
(Gravitational wave ; o

=

Interferometer) o~

o

* Search for « instantaneous » gravity signal

¥
7

/'l‘

.,

30° 4 N

4000

— 20°

a) Very Large earthquakes: 20°
Sumatra (9.3; 26/12/04), Chile-Maule (8.8; .
b) Instruments: Superconducting gravimeter, very broadband seismometers STS1

111)

e Static and transient gravity anomalies (Okubo, 1991, 1992; Imanishi et al., 2004) T FWIPN

* Search for a prompt gravity signal: Kamioka SG data
Statistical tests (Montagner et al., Nature Com., 2016)

(pGal)
[N

rrrrrrrrrrrr

* Controversy (Heaton, Nature Com., 2017)
* Broadband seismic data (Vallée et al., Science, 2017, Vallée and Juhel, JGR, 2019)

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

* Perspectives and ongoing projects : EEWS (Earthquake Early Warning Systems) (Juhel et al., JGR, 2018)

* PEGASEWS: Prompt Earthquake Gravity Anomalies: Seismic Early Warning System
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LABEX UnivEarthS (2012)- Geophysics
Gravitational wave interferometers: VIRGO

VIRGO (Italian — French Gravitational wave detector)

10" 10° 10' 10’
frequency (Hz)

Seismic wall at f>1 Hz

28 March 2023
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Gravity perturbations induced by earthquakes?

Galileo Galilei

Free fall at Pisa Tower
(1604)

Isaac Newton:
Universal Gravitation Law (1685)

28 March 2023



Gravity perturbations induced by earthquakes

-Mass redistribution -V.(p, u) 2 She 1)
-Free air gravity anomaly 3

(perturbation of the Earth surface)
- Okubo, 1991, 1992, ...

Theoretical Approach
-direct numerical calculations (plane case): A o T
(Harms et al., GJI, 2015, 2016) '
(Vallée et al., Science, 2017) \

-Normal mode Theory (spherical case) \
(Juhel et al., 2019) \

28 March 2023




Static gravity changes induced by earthquakes already measured

* Ground-based stations: Superconducting
gravimeters after large earthquakes

(2003 M=8.0 Tokachi-oki earthquake)

* GRACE / GOCE satellites

gravity changes after versus before large
earthquakes (2011 M9.0 Tohoku-oki earthquake)
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Outline: The story and the approach

* Motivation (2012) normal mode calculation

VIRGO
(Gravitational wave

Interferometer) i ~ N
% : ’“\30" B

— 20°

« Search for « instantaneous » gravity signal 20°
a) Very Large earthquakes:

Sumatra (9.3; 26/12/04), Chile-Maule (8.8; 27/02/2010), Japan-Tohoku (9.0:-; 11/03/2011 _

b) Instruments: Superconducting gravimeter, very broadband seismometers STS1

e Static and transient gravity anomalies (Okubo, 1991, 1992; Imanishi et al., 2004)

.Search for a prompt gravity signal: Kamioka SG data

(Montagner et al., Nature Com., 2016)

* Controversy (Heaton, Nature Com., 2017)
* Broadband seismic data (Vallée et al., Science, 2017, Vallée and Juhel, JGR, 2019)

Graviationnal change generated by Tohoku

* Perspectives and ongoing projects : EEWS (Earthquake Early Warning Systems) (Juhel et al., JGR, 2018)

* PEGASEWS: Prompt Earthquake Gravity Anomalies: Seismic Early Warning System
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The choice of Kamioka SG (superconducting
gravimeter) data for
Tohoku-oki Earthquake

WHY KAMIOKA?

- Not far from Tohoku earthquake epicenter (~500km)

)

(1nGal = 10** m/s?) Kamiokande Observatory e s Sl e Tohoku-oki earthquake
s, LAY epicenter

- Excellent station (installed in a mine) with a low noise level

- Superconducting gravimeters are so far the best instruments measuring
the Earth gravity field

- Station operated in the framework of GGP (Global Geodynamics Project)
- Continuous data recording at 1sps (1Hz), on contrast with other SG instruments (1spm = 0.0167Hz)

- Data easily accessible (thanks to Dr. Tamiura)

28 March 2023



120°

Transient gravity changes induced by earthquakes?

SG data at Kamioka Observatory

=500 km from the Tohoku-oki epicenter P-waves arrive at Kamioka
68s after tq,

I I I I 1 [ I ] I I I
30 — 9 5
130° 140° 150° 160° Preshock Mainshock
| March 9 March 11 L4
2 X
7| 1% :
= £ |
S 10 -1
= : 2
= =
:>; 0 — L1
S
100 150 200
101 il Time (s)
130° 140° 150° 160° s -
Y Japan Tohoku—Oki Earthquake i i ; 1 ; =30-40% moment release
205 50000 le+05 1.5¢+05 2e+05 2.5¢+05 3e+05 up to 60s (Wei et al., 2012))

Time (s)

Time (seconds from March 9th 2011 00:000:00) 3 days span

28 March 2023
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From Static to Dynamic gravity changes induced by earthquakes

Superconducting gravimeter Kamioka
+Broadband Japanese network F-NET (STS1, STS2...)

135" 138° 141° 144°

39°

36°

33~

135° 138° 141° 144°
28 March 2023
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Outline: The story and the approach
* Motivation (2012) L

VIRGO ’ normal mode calculation .- =«
(Gravitational wave [ ) bk \ [
Interferometer) —

30°

* Search for « instantaneous » gravity signal
a) Very Large earthquakes: 20°

3000 4000
Tas i

— 20°

Sumatra (9.3; 26/12/04), Chile-Maule (8.8; . 111)
b) Instruments: Superconducting gravimeter, very broadband seismometers STS1 2
e Static and transient gravity anomalies (Okubo, 1991, 1992; Imanishi et al., 2004) T M’ o
« Search for a prompt gravity signal: Kamioka SG data | R EERERENE
Statistical tests (Montagner et al., Nature Com., 2016) sv‘-““'

.Controversy (Heaton, Nature Com., 2017) i ]

'''''''''''

* Broadband seismic data (Vallée et al., Science, 2017, Vallée and Juhel, JGR, 2019)

* Perspectives and ongoing projects : EEWS (Earthquake Early Warning Systems) (Juhel et al., JGR, 2018)
* PEGASEWS: Prompt Earthquake Gravity Anomalies: Seismic Early Warning System
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Insights from the set of self-gravitating equations

[ Tpot = V.0 + Apgo + fF + poAg, Force balance equation
) V- -Ag = —47G Ap, Poisson equation
Ap = — V- (pou), Continuity equation
\

In this general formulation, there is a full coupling between the gravitational perturbation Ag and the
displacement u

) -

Seismometer

— A seismometer records the difference between the ground
acceleration and the gravitational perturbations

28 March 2023



Insights from the set of self-gravitating equations

“po = V.0 + Apgo + fF + poAg, Force balance equation
V- -Ag = —47G Ap, Poisson equation
Ap = —V:-(pou), Continuity equation

In this general formulation, there is a full coupling between the gravitational perturbation Ag and the
‘ displacement u

ox
Illustration of the MD] Tohoku

ir seismometer 5 earthquake
modeling approach <
(Vallée et al., 2017)

Courtesy of
Martin Vallée

Earth 28 March 2023 Credits: IPGP, 2017




Signal amplitude versus epicentral distance just before P-arrival
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Green tick : P wave arrival
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Complete simulation at all stations

IU.MA2 -&MM w— Observed waveforms e Simulations downscaled to M3 5
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28 March 2023 Vallée et al., Science, 2017



vertical strike-slip (20 km)
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New detection of PEGS
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signals) for other
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Outline: The story and the approach

* Motivation (2012)

Graviationnal change generated by Tohoku

VIRGO y normal mode calculation . *
(Gravitational wave | ..Q |
Interferometer) —

. V . . 30" "
* Search for « instantaneous » gravity signal

a) Very Large earthquakes: 20°

4000

— 20°

Sumatra (9.3; 26/12/04), Chile-Maule (8.8; .
b) Instruments: Superconducting gravimeter, very broadband seismometers STS1

e Static and transient gravity anomalies (Okubo, 1991, 1992; Imanishi et al., 2004)
* Search for a prompt gravity signal: Kamioka SG data
» Statistical tests (Montagner et al., Nature Com., 2016)

* Controversy (Heaton, Nature Com., 2017)
* Broadband seismic data (Vallée et al., Science, 2017, Vallée and Juhel, JGR, 2019)

Gravity
[

llllllllll

acceleration (uGal)
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- Perspectives and ongoing projects : EEWS (Earthquake Early Warning Systems)

*PEGASEWS: Prompt Earthquake Gravity Anomalies: Seismic Early Warning System



Earthquake early-warning systems

a)
P - wave
High density Undisturbed medium

%
@
o
=
3
b=t

tLowdensityj atadslh.ef-_'&g‘v_e________.'_.‘.---‘r q : =
i & 'V\'Ei:gqh ’A/\ﬁ@”"
Wavelength : = ' [

Direction of wave travel

For example (for some densities) : P-waves ~ 5 km/s S-waves~ 2.5 km/s

28 March 2023
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- Source: Japan meterological agency




Benefits of early-warning systems

Control factory

Yirios Preyent traffic

accidents

LD Control lifts | w

w a Permit individual
7 protection
- People executing
28 dangerous work S -

DY m BT NP
Suspend work Alert schools and

In progress Credit: Jan Harms meetings
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SEARCH FOR DETECTABILITY OF PEGS WITH VERY BROADBAND SEISMOMETERS
HOW CAN WE USE PEGS FOR EARLY MAGNITUDE ESTIMATE IN AN EEWS?

PEGS: prompt elastogravity signals; EEWS: earthquake early warning system

PEGSNet : the training database

Few real observations of PEGS are available : training must rely on synthetic data.

a b
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PEGSNet : architecture and learning strategy

Architecture (Convolutional Neural Network)

Station ID

10 k

20_'
30 +
40_'
50
60

70

Time from earthquake origin [s]

Scaled amplitude

M,, label

0

1l L 6
100 200 300

Time from origin [s]

A

T is randomly chosen during training.

The value of My at the end of the

input window is used as label.

The model learns patterns in the data

as M.. evolves with time.

The model is designed to track the
evolving magnitude and not to

forecast its value.

Licciardi, Bletery, Rouet-Leduc et al., Nature, 2022 25
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Performance on the Tohoku-Oki earthquake

PEGS
STF |
9_ /////rﬂ—‘_é—_— AN = — m M o~
N v |’ __________________________________
1 ,’# —— STF
YAy — JMA
/ / .
7 - / , "'"' JIMA = FinDer2
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1 // —— This study
6 T — T — T T 1 T
0 50 100 150 200 250

Time after origin (s)

Licciardi, Bletery, Rouet-Leduc et al., Nature, 2022
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Results on test set : low noise conditions (0.5 nm/s?)

Successful prediction if the estimated M, (t) lies within & 0.4 magnitude units from the ground truth value.

Accuracy

Average residuals i .

9.5

100 150 20
Time from origi

9.0
85
- 8.0

£ 7.5

- 7.0

0

50

100 150 200 250 300

Time from origin [s]
28 March 2023

M,, > 8.3

e Under favorable noise
conditions :
Onoise < 05 nm/52

o T9 <M, <83:
final M, prediction with
70-80% accuracy, 150
seconds from origin
time.

Licciardi, Bletery, Rouet-Leduc et al., Nature, 2022



Early response of a seismometer vs. a gravity strainmeter

Now : PEGS In the future : PGS

Seismometer Air Gravity strainmeter Air
iI Gravity-induced motion 21 Gravity-induced motion

4 o i
Earthquake “i_‘}‘ gj}:w no longer recorded ! Earthquake
g 11 o . o g S| _

\1 R 22 b

Gravity perturbation Gravity gradient perturbation

t o7’
Gravitational acceleration : a(r, t) = dg(r, t) — (r, t) Gravity strain - h(r, t) = / / Vig(r, ) drdr’
o Jo
e background seismic noise e noise reduction
limitations : ) . differential measurement -
e compensation between g and ii e i no longer recorded

28 March 2023



NEED FOR NEW INSTRUMENTS
(gradient of the gravity field Vg)

Sub-Hz gravitational —wave detection
1) Superconducting gradiometers
2) Atom interferometers

3) Torsion bar antennas
(Collaboration with Univ. Tokyo)

PEGASEWS detector
Prompt Earthquake Gravity Anomalies- Early Warning Syst

28 March 2023

Gravity strainmeter Air

: Gravity-induced motion

14 i
i 1] no longer recorded ! Earthquake
y: 2%: Seismic waves ‘

11 1
I3 A

Gravity gradient perturbation

compressed

Z  Tidal forces by
.~ gpavitational waves

. \ . /
2% | 1
G — < [ [ 1
\\ B / \
T N\ - ‘ TR N
,\\ \(‘\/\" 9 - \\\ \
Pl AN
/ j / ' ez A
= " Fabry-Perot
em : % interferomete
-

Barsuglia et al. 2018



Gravitational wave detectors: TOBA

7

4Z  Tidal forces by
vitational waves

7

TOBA concept (torsion-bar antenna)-

University of Tokyo
Ando et al (2010)

Devices designed to measure gravitational waves,
minute distortions of space-time that are predicted by
Einstein's theory of general relativity

Max Sensitivity 0.1Hz (seismic band)

Present sensitivity 10

=> goal PEGASEWS 101> VHz

Small-scale TOBA at Tokyo Small-scale TOBA at Kyoto

28 March 2023 Barsuglia et al. 2018



LABEX UnivEarthS (2012)- Geophysics
Gravitational wave interferometers: VIRGO

VIRGO (Italian — French Gravitational wave detector)

10" 10° 10' 10’
frequency (Hz)

Seismic wall at f>1 Hz

28 March 2023



Read-out system of PEGASEWS: APC
4 Fabry-Perot cavities

“D*i@ﬁ B

M—Diﬁsfﬂ

Readout
photodiode

Faraday
isolator

Acousto-optic
modulator

%,

rT\':)ec‘!su?ator I[ :ll_@

N
£ >
e . l/
P Frequency stabilization loop
[

Power stabilization loop

Reference
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Conceptual scheme of the vibration isolation to be developed for PEGASEWS: INFN

\' Vacuum Chamber

V-1 | Thermal Insulation

1 Safety-Frame

2 Inertial Platform
3 Inverted Pendulum
4, Suspension

4b | Top-Stage
5 Suspension

Steering Stage
(Marionette)
6 Double Torsion Bar
7 Optical-Lever
8 Coil-Actuators

9 Coil-LVDT

10 Tiltmeter

11 Hor-Accelerometer

12 Vert-Accelerometer
13 PZT-Actuator

28 March 2023
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Future EEWS based on PGS

PEGASEWS: Prompt Earthquake Gravity signAls: Seismic Early Warning System

Detection threshold: Magnitude ~7

EDar e
Fao 2, M eing

Hypocenter *

| Populated area

Seismometer e(fr
Detects earthquake %\
when P-waves arrive v?‘
(few km/s) = I|

: E double torsion
e

l Earthquake alert center |

pendulum

s Interferometric read-out

ar\e‘wé

Pegasews
remote recording
of gravity change
speed of light (speed of light)

UNDERGROUND L e

LOW NOISE SITE
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”).\ | Conclusions: ===

p’G'TD From Gravity field to Earthquake Early Warning Systems SF"’%IN
1 Université Paris Cité

MONITORING A
RESTLESS EARTH

-Detection of a prompt

IR s e 2 gravity signal for Tohoku eq.:
S wpacax Very, very small <10° m/s2

-Detection at Kamioka
(Superconducting gravimeter)
=-0.1-0.2uGal at 500km
(Montagner et al., 2016)
-In VBB stations in Japan and
Eastern Asia (Vallée et al., 2017)
-For other earthquakes (Vallée & Juhel,

2019)

-EEWS: magnitude estimate " e
-Need for new gravity e
Instruments (TOBA, Atom 1385k
Interferometers, o
superconducting gradiometers) "o
In the frequency range 0.01-1Hz e

28 March 2023




A W | ===
— Conclusions 7
I PaP Université Paris Cité SPI

MONITORING A
RESTLESS EARTH

From gravitational waves to Earthquake Early Warning Systems
to

Speed of light seismology

Tohoku-Oki
—_— earthquake epicenter

28 March 2023



Conclusions

From gravitational waves to Earthquake Early Warning Systems to

Speed of light seismology
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NOISE BUDGET

— — — —
S S S S
- - - e
(6)] H w N

strain [1/v HZ]

—

S
—
()]

== PEGASEWS noise model
——frequency noise
—shot noise
- radiation pressure noise
- suspension thermal noise

bar thermal noise

= coating thermal noise
- infrasound NN on surface (x10 subtraction)

- Seismic noise

——seismic NN - moderate seismic site (x30 subtraction)

: ‘wll‘

1 l|1lllll 1 llllllll 1 1111y 1 1

107
frequency [HZ]
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STATISTICAL ANALYSIS

Number of events
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Reduced gravity signal A (microgal)

For the Kamioka station only :

P(A > Atonors) = 1.6%

0.15

-08 0.6
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-04 -02 00 02 04 06 08

Reduced gravity signal A (dimensionless)

For a stacked waveform -
Kamioka + 5 F-net

p(A > ATohoku) = 0.82%




Sensors
100 km apart
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- __Hypocenter
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Subduction zone

Deep Learning Algorithm Licciardi et al., Nature, 2022

[llustration : Lina Jakaite



But what are exactly these signals that we observe ?

What do we expect to record with a ground-attached seismometer (or gravimeter) ?

O Jena
A
=
B
o |
Z

—

perturbations

Without gravitational changes, gravity only controls the equilibrium
position of the mass, and we have :

2 2
ﬁ + 2 E + E E - — d_u (1)
dt? Mdt M dt?

With Ag, (1) is simply modified

A seismometer is therefore a seismo-gravimeter, which records, after correction from the
instrumental response, the difference between the ground acceleration and the gravitational

‘ How to model the difference between these two terms (Ag -1 ) ?

28 March 2023 Courtesy of Martin Vallée



Verrtical acceleration (nm/s?)

1
©

Data & simulations

at INU (GEOSCOPE, G) and MDJ (IRIS-China, IC)

m—— O bserved signal al

8 ] - - - E »
Gravity variation Ag!

—— [ nduced acceleration u

AgP — 4f: simulated signal

O
O o

MDJ

20

100 120 140 160

Time relative to Tohoku earthquake origin time (s)

DISTINCTION

PGS: Prompt
Gravity Signal

PEGS: Prompt
Elasto-Gravity Signal

Heaton, Nature Com., 2017
Vallée et al., Science, 2017

Juhel etal., G.J.I., 2019

Reply to Tom Heaton: prompt gravity signal and inertial acceleration do not cancel
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