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Amopilo: OPIGHOG

> amopla < apyaia eAAnviky Gmopia < ATOPoC < G- GTEPNTIKO +
TOPO¢ (TTEpaAoUQ)

> 1] KATAOTOOT KOTA TNV 0Ttolor KATTOLoG &V UTopEl va Swoel
OTTAVTNON O€ KATIOLO EPW TN TTOV TOV ATIXOYOAEL
(pidooopia) N KATACTHOT KATA TNV OTIOLX 0 PLAOGOPOG
dev pumopel va SWOoEL ATTAVTNOT CE KATIOLO (PLAOCOPLKO
EPWTNUL, ETIELOT EXEL PTACEL OE aVTiaon 1) emeLdT) SVO
OVTIOETEG TIPOTACELS (PaivovTal EELOOV TTELOTIKEG

> 11 EAAelPm OLKOVOULKWYV TTOPWV, QTWYLA TTLOTOTIOL TLKO
amopliacg




H emiotnuovikn amopLla, 0 « XWKPATIKOG » PwKLWV

v Qavaon Aaxavag: « Ot EAAnves @uaotkot, puevovyv othv EAAada n pevyovv ato
EEWTEPLKO, UEPLKOL TA KATAPEPVOVY TTOAV KaAa ,low¢ Ba mapovv kat To Noute),
alda oAot ovuuepilovtal Eva OKOTO: V& KATAAQLOUV TL 0TO KAAO EVVOOUOE O
DPwWKLWV. »

v’ Thaty, Tt eygope v oiobnon ot PAETOUE TN GKEWYT TN GTIYUN TNE 0VOOVOTNC
MG (OT®C 0 YWPOYPOVOC ...) . Kot umopeic va 0100EE1C Kalo LLOVO TOL TPOYLOTO, Y10,
T0, OTIOL0, PPICKEGOL GE QITOP1oL

v’ Zuyva oVTO TOL EWVOL EPEVVA, TPOPATLLA, ATOPLO, EPOTILN GTOV dUCKOAO YIVETOL ,
nonuo, ToTic, 0oy, 6Tov podntn. Avto Tov NTaV 6To 0acKaA0 1 Con ™G
OKEYNG, TA EPYAAELN, TTOL YPELACTNKE VO KOTOGKEVOUGEL Y10 VO AVTIULETMTTICEL TO
TpoPAnua, Yivovial 6tov Habntn ctoryela €vog cuetnuotoc.... (Francis Wolf :
Penser avec les anciens)

v H 31800K0AL0, GOV « 0GTUVOULKT TAOKN » 1 ;

v Evog 0ploToTeEMKOG OPIGHOG TNE TPOYMING OV TOIPLOLEL OTNV ETIGTUOVIKT
gpevva

v Na 0mopelc, Vo, TpoYmPEIS GTOV EAEYYO TOV OKEYEMV, 0AL0 KO Vo (EIC GVVIPOPIKA
(VO KOWVELS ONA  TTEPUTATOVG), NTAV OL TPELS OPYES TOV CMOKPOTN



[Topewa n poArov meComopera,o « Iepimatntikog » Poxkimv

Avapvnoelg amo  TOVETLOTULOKEG  EKOPOUES
IOV OPYOVWVE TUL-TIXPAVOUX 0T SIKTATOPLA.
Tpayovdnoape xopwdiaka Oodwpakn oToO
Kevtpramevavt ano to l'adageion...

Awyol low¢  Bupovvtat otL 1 MPWTN Halkn
TOPELA KATA TNG OLKTATOPLAG EEKLVNOE POV
TEAELWOAUE VA TIAPAKOAOVOOVE TIPOCEKTIKA
eva panua kBavrounyavikng tov Pwkiwva
ot [lavemotnuiouToAn.

Foucault ywa v avtiotaon touv Cavailles ot
katoxn® « OL @uolkol Kol oL HoBnpatikol
eEEYELPOVTAL TILO EVIOVA KOl UE UEYAAVTEPT
OUVETIELN KATK TWV SIKTATOPLWV A0 TOUG TWV
aQVOPWTILOTIKWY OTOVSWV , KUPLWG YLXTL Ol
TpwTol O6&V  VUTOEPEPOLVV TO avopBoAOYIKO
OTOLYELO TIOV QUTA T KAOECOTWTA TIEPLEXOLV »

Meta wg Bonbog tov IlevteAn, Zwpvog, ...



H owm pov (mepapatikn) amopia: Tt €tvor Lol
N TO OLVIYLLO, TNG ELPOAVIOTC ULOC 1] TEPICGOTEPMOV
YOPOKTNPICTIKOV KALOK®OV GE EVOL GUVEYEG

Mechanism of mass of quarks and charged leptons:
the search for the Higgs boson (LEP)

From quarks to baryons: structure functions and
quark-gluon plasma ( Fermilab and SPS) __ SOKIONOE 1, XATZHOANNOY
Dark matter particles and supersymmetry at LEP
and LHC (Susygen)

OEQPHTIKH MHXANIKH

What mechanism gives mass to neutrinos ? (PS180,
Neutrino beam CERN to Gran Sasso and Nestor,

OPERA)
Astroparticle Physics with Nestor

NEYTONEIOI MHXANIKH

Gravitational masses in collision , black holes
primordial, stellar or galactic, neutron star
collisions, ... (EGO/VIRGO)

Kavt “0 oplopog epxetal oto teAog”



[IElpaUATIKY YEVVEST] TNG CUYKALOTG OCWUATLOLOKNG
cpucucng KOL QOTPOPUOCLKNG 0TO TEAOG TOV 2(0°Y

ALwva
Aviyvevon Supernova 1987A

LE VETPLVQ

ALOKUUOVOELG KOGLOAOYLKOU
vmofaBpov

Emitayuvopevn 61actoAn
TOV CLUTIAVTOG (OKOTELVY
EVEPYELQ)

ToaAavtwon kat pala
VETPLVWV
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Astroparticle Physics European Consortium (2001-
H mopela evog dlemiot LLOVLKOV TOUEX YVWOTG
N

APPEC

Xpewx{ovTav ywa tTnv
Evpwmn evag 081ko¢
XapTnG ywa va
ocuvvwdevoeL TNV
TOPELX TNG
AGTPOCWUATIOAKTC
@UOIKNG otov 210
AUWVA, KAL TNV
TMPOCTATEVGEL ATO
™V amopwx (tnv
PTWYELA TOV
AGTEYOV) IOV
ouVVwWdsvEL TAVTA
TLG SLETILOTNUOVIKEG
EPEVVEG GTNV ApXT)
TOVG




European Astroparticle Physics Roadmaps

The last 10 years

2007-2008 ApP scientific vision the “Seven Magnificent”

An attempt to define the field , no priorities
A “hidden” message

2011 The first APPEC priority roadmap (3 categories):

.

L.

I11.

Complete the upgrades:
v' Adv. Gravitational Wave antennas (Virgo),
v" Underground science (Ton scale DM and vless2f3)

Prepare construction of large CR infrastructures
v’ CTA, KM3Net/IceCube, AUGER upgrade

Global coordination for very large projects:
v' Large neutrino detectors, Dark Energy and CMB

From the
Nature article

Astroparticle physics

The European Roadmap




APPEC: roadmapping

2008 2011 ‘Magnificent 7’

@' rtlde physncs

' The&npemﬂoudmap :

~ HE gammas
 HE neutrinos

~ HE cosmic rays
Gravitational waves
- S8 Dark Matter
e . y-mass
AN v-mixing & p-decay

In 2008: still lots of speculation ...



APPEC: roadmapping

LIGO Hanford

|
-~

Frequency (Hz)
s § X

| LIGO Livingston

1
0s 09 "

T-n(sed

From lots of speculation ... to 1“ detections!



APPEC: roadmapping

2008 2011 2017

TROPARTICLE PHYSICS * ot ohysics g e peanAstroparticle
7 sics Strategy s
APPEC 7-2026

The European Roadmap

Will be presented on the 9th of January in Brussels



The two challenges of the present era for
Astroparticle Physics and Cosmology

I.  The Cosmic structures from the CMB to the
present provide comparable constraints to the
standard models of cosmology (inflation, dark
energy) and particle physics (neutrino, dark

g matter).

arh I Multi-messenger astronomy involving photons of
all frequencies, gravitational waves, neutrinos
and high-enerqgy charged particles provides a
deeper understanding of violent phenomena
regulating structure formation in the Universe as
well as eventually hints for new laws of physics .

Jacobs’ Cosmic Ladder
Homer’s Aurea Catena,...
Fokion SU(5), Ot paBnteg tov



Cosmology
« Near » and « Far » Complementarities

z<2x10° z=0-1
Thermal history z=6-11 Integrated Sach Wolfe:
(energy injection into the CMB) Reionization Accelerated expansion

CMB emission

Infl

B
N RS
% B RET R
: '.‘.;-""' X
e
7
W

i\ € N

1st Stars
Inflation z=0-2 _
Physics at = 1016 GeV z=~1-3 S%my_aev?ZeIdowch effect:
LHC Dark matter distribution and velocity field

* A well defined roadmap for dark energy surveys
* Uncertainties in the European roadmap for CMB on ground and space (CMB-E4,CORE+)



Evomowmon’ o koopog, amno ta 400.000 xpovia peta to Big-Bang
WG ONUEPA KOLVOG XWPOG LEAETNG

CMB measurements probe cosmology
and fundamental physics

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of \
400,000 yrs.

/ Galaxies, Planets, elc,
J

- Spectral index of fluctuations, ns & vl _ 'qi__ 34 P Y
- non-Gaussianity? . vbids,
- Inflationary gravitational waves?

Inflation Pl ,T

Flu

. .' \
Big BangExpansiJ |
Neutrinos Dark Energy
- Number of relativistic species - Probe growth with SZ clusters,
(Neff or “dark radiation™) CMB lensing, correlation with
- Sum of the neutrino masses, (2 mv) galaxy surveys
through impact on growth of structure

- Is GR correct on large scales?



Bapuvtiko amotumtwpa tov tAndwplopov oto CMB

History of the Universe

Inflation
e te

- N/ ~_/ ~—
Waves Imprint Characteristic
Polarization Signals

Free Electrons /’
Scatter Light

F uctuations

- Quantum

‘ Gravitational wave strain

Nuclear Fusion Begins
Nuclear Fusion Ends
Cosmic Microwave Background
Neutral Hydrogen Forms
Modern Universe
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0.01s 3 min 13.8 Billion yrs
Age of the Universe

http://bicepkeck.org/visuals.html

*  Ta BapuTtikd KOUATA IOV £XOVV TETPATIOALKN LOPQT

SLVOLV EVA TETPATIOALKO ATIOTUTIWUA OTIG KBAVTIKES sl /TN
SLOKVUAVOELS — e — | B0 |
* Ta @wtdvia koopoAoykov vtofabpov okédalopeva oo 1IN N_/
QUTEG TIG SLAKVUAVOELG ATTOKTOUV TETPATOALKN TOAwo™N B | / — —
* Aviyvevon ¢ moAwong B = aviyvevon tov mAnBwpilopov SN LR /



Ta emopeva melpapata * HETPTON TNG
moAwonG B (CMB-S4, CORE+?)

plot adapted from J. Carlstrom’s P5 talk
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Lensing of EE

Inflationary
Gravitational
Waves

Eotiaon ueow vAng,
Amotvmwua mAnBwpiopov UETPNOTN TOU POAOU TWV V




Prospective CMB on ground , CMB-54

I |
—— Space based experiments
Stage-| — = 100 detectors
Stage-Il — = 1,000 detectors
Stage-Ill —= 10,000 detectors
= = 1 Stage-IV — = 100,000 detectors

Stage I
ramping u
~10,00 dgtec[;ors
Stage IV
~2020 - CMB-S4
~500,000 detectors

CMB-S4: A coordinated community wide |
program to put order 500,000 detectors
spanning 30 - 300 GHz using multiple
telescopes and sites to map =70% of sky.
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Large Dark Energy surveys

DESI 2018 (BAO and Galaxy clustering)
EUCLID 2021 ESA M2 mission
LSST 2021 Firstlight 2021

Planck+BSH
Planck+WL

Equation of state of dark energy )75 et
H : . v Planck

Deceleration and acceleration of the Universe TR TR TR T

Sum of the masses and the number of v ZMy [2V] Cerbolini 2013




Xm, and N4 from CMB/Large Surveys

Y m, <021 N, =3.15+023 Planck TT +lowP+BAO
Y m,<0.17 N, =304%0.118 Planck TT,TE,EE +lowP+BAO

- CMB
SZ+Lensing PS
CMB+BAO
SZa+BAO (WIG)
SZa+BAO (CCCP)
SZa+BAO (CMBlens)

Planck+WP-+highL
Planck+WP+highL+BAO

A mission such as COrE+
could measure
the sum of neutrino masses

2015
439 clusters
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Tension with Large Scale Structure (Planck SZ, X-ray) , in the og-() , plane. In general
«recent » variables (H, og) below values measured at recombination. Cluster
measurement uncertainties or new physics (sterile neutrinos ?)



Neutrinos : Reactor, accelerator and cosmic

Flux (cm*? st MeV1)

1 024

1 020

CMB
1016 ‘
1012
solar
10° Supernova
Ty m Geéological
Reactors
100
o4 /\ Atmospheric
108 Cosmic
° Energy(eV)
1012 DCHOOZ/JUN

DUNE/HK/KM3 KM3NEt-It KM3NEt-Gr?
106 10°3 1 10° 106 NEqfdr 1012 1015 1018
ueV meV eV keV MeV GeV TeV PeV EeV




The point of view of the neutrino

Atmosph/Accelarator Reactor/Accelerator Solar/Reactor

04<sin’0,<06  sin°@,=0.023+0.02 sin’6,=0.30%001

Am? / meV?

Solar
753

Atmospheric
2400x=100

Normal Inverted Tasks

3 2 ————— « Precision for 6,, and 6,,
TI_ g » Mass ordering?
1 » CP-violating phase 67
* Dirac or Majorana?

Atmosphere » Absolute masses?
* Steriles ?

Atmosphere Open Questions
2 *Relation to formation and
Sun evolution of cosmic stuctures
1 3 *Relation to dark matter?

*Relation to dark energy?

First version of slide due to G. Raffelt



Measurening the neutrino mass hierarchy and/or
directly the mass and nature
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20 mEV : disfavorcq
: : : 3

0.5-5
evts/y/ton
2020 2025 2030

Year

cosmology

Mass hierrarchy by 2025?

Lower limit of IH
by 2025-20307?

m 2 2
33 4 A 70017 A0
(] A ‘ ‘\ /1/ !

M,



Future Xm, measurements (2025-2030)

Forecast sensitivities

5(Zm,) meV S(N,,) '
Planck +BOSS BAO — 100 0.18 Current Cosmology. (95% U.L) /|
Planck+eBOSS (BAO+GC) — 40-100 0.13-0.18
Planck+DESI  (BAO+GC) — 17/24 0.08-0.12
> 2025 -Future Cosmology - - -
CMB-S4+BOSS BAO  — 25 0.02
CMB-S4+DESI BAO N 16 0.02
PLANCK+LSST N 23 0.07
PLANCK+EUCLID - 25 0.06

¢ What if we do not detect the minimal model?
If the minimal neutrino sector, with Xm, = 58 meV and N = 3.046, is
not robustly detected, it would imply something is “broken” in another 6(Xm,) =16 meV &
aspect or aspects of cosmology, including possibly: non-constant dark o(N eff) = 0.020
energy, a non-power-law primordial perturbation spectrum, extra
particle or radiation species, non-zero curvature, as well as other
possibilities, e.g., a nonthermal cosmological neutrino background.

Not a competition with v experiments but comparison portal to new physics
for both Standard Models.



The “ultimate” repetition of the “cosmological experiment of Thales at the shadow
of the Pyramid
Primordial CMB light and gravitational lensing probe matter (incl. dark matter) in
the Universe




Cosmology and dark matter

M. Cirelli

vector
DM

WIMPless
DM

Neutrinos

Mimet;
b DM

WIMPs will be put in a severe, if not conclusive, test during the next 10 years. In case of discovery

both accelerator and non-accelerator experiments will be needed to determine the physical
properties of WIMPS.

[ AM STILL A BELIEVER IN WIMPS



Future sensitivities
dark matter

G2 will reach 1047 cm? at
100 GeVin 2020-2025
G3 will approach
neutrino floor ca 2030
Extreme purities needed:
* 1 event/ton/year
Complementarity with
Bolometers and CCD
Beyond the neutrino
floor =» directionality
and annual modulation
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Jiautrino detection hmit”

Wimp mass

v  APPEC SAC = Decide ca 2019-20 G3 multi-ton experiment.
v'Costs and scales make global coordination imperative



Complementarity between
Direct Detection (DD), Indirect Detection (ID), LHC

— XENON1T Excluded by DD and ID
_ e« Survives DD, ID, and LHC Excluded by ID but not DD
WIMPs e Excluded by LHC but not DD or ID Excluded by DD but not ID

10~

Direct Detection

) 10—*

2
- ~ g 10—11

X o
WIMPs
T X
Collider Searches
X
WIMPs m(x}) (GeV)

X Complementarity with LHC, also in case of high WIMP masses

Indirect Detection rationale for next collider



H peAetn twv Blatwv @awvopevwy YIVETAL LE TN KO(LVOUpYLC*“
AOTPOVOULA “TIOAAATIAWY ayYEALLPOPWV” ” 8

ot ayyeAla@opot:
e dwTOVIX LPNANG svépys‘tag
e Netpiva

e Bapuvtikd kOpata

e ®opTiopéva owpatidia, TToAV VPMANG EVEPYELAG

. 3
-

-

=7 5,000,000km

e ApYOTEPQ, CWUATIOIX OKOTELVIG VANG?

Dark matter and energy, neutrinos do not suffice to
understand the formation of structure, we also need to
understand the regulating role of violent phenomena



60 ypovia mpiy
Conférence Chapel Hill Janvier 1957

In January 1957, the U.S. Air Force sponsored
the Conference on the Role of Gravitation in
Physics, a.k.a. the Chapel Hill Conference,
a.k.a. GRI.

The organizers were Bryce and Cecile DeWitt.
44 of the world’s leading relativists attended.

The “gravitational wave problem” was
solved there, and the quest to detect
gravitational waves was born.

(Pirani, Feynman and Babson)

Sticky bead argument (Feynman)




Bapuvtikeg avtevves otn yn (LIGO/VIRGO 2000’s) kot to
Staotnua (LISA 2030’s)




[oyKOGHI0 O1KTLO OVIYVELTMV

Operational
Under Construction

Planned




ExmAnktikn teyvoloyia

mode cleaner \ .
d’entrée (L = 144 m) cavités Fabry—Perot
(L = 3 km, finesse = 50)

beam
splitter

A= 1.064um

P-20W miroir de

recyclage mode cleaner
de sortie (L. = 2.5 cm)

photo—détecteurs
X Aviyvevon piag adiayng 10%m-

\\ 10371000 1116 SLaL=TPOV £VOG TPWTOVIOH
AVhs * Pkt -
RN




OUYXWVELOT LEAAVWV OTIWV

-0.76s




MeBodog aviyvevong




14 Septembre 2015 LIGO: 0 nxog TG cvuyxwvevong 0vo peAavwyv
OTIWV

512 T T T

256 |- |
128 | ' -
64 - - |

32| A
LIGO Hanford

512 : i i i : ]

256 [ 5|

Frequency (Hz)

128 7]

64 1

LIGO Livingston

| | |
0.5 0.6 0.7 0.8

Time (sec)

Barry C. Barish (Caltech) Kip S. Thorne (Caltech)

2017 No%n P
-
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14 Avyovotov 2017 4° cuyxwvevon HEAXVWV OTIWV
Towroxpovn aviyvevon LIGO/VIRGO

R A

Masses in the Stellar Graveyard

[Nt avteg oL peyaieg pales; PBH (Apxeyoves pavpeg
TPUTIEG; VTTOWTPLEG YLK LEPOG TN G OKOTELVNG VATNG)



17 Avyovotov 2017 17 cvuyXwVevoT AOTEPWV VETPOVLWV
Tavtoxpovn aviyvevon LIGO/VIRGO
kot 70 TtapatnpnTnELa 6T Y1 KoL TO OLACTNUO GE OAO TO KOO0

https://youtu.be/e7LcmWiclOs




17 Avyovotov 2017 17 cvuyXwVevoT AOTEPWV VETPOVLWV
Tavtoxpovn aviyvevon LIGO/VIRGO
kot 70 TtapatnpnTnELa 6T Y1 KoL TO OLACTNUO GE OAO TO KOO0

R LiGo - Virgo

INTEGRAL/SPI-ACS

counts/s (arb. scale)
normalized F,

8 -6 -4 2 -0 400 600 1000
Swope +10.9 h wavelength (nm)

o

ST 3 ‘ i
UL I I i
—_—

. Gemini-South, 2MASS, Spitzer, NTT, GROND, SOAR, NOT, ESO-VL S \
g I

/ \

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LWA, ACKA, OVRO, EVN, e-MERLIN, MeerkiAT, Parkes, ST, Effelsberg

100 -50 050 102 107
_H(s) t-t, (days)

1M2H Swope

w|[11.40n



Longer term future on ground
Einstein Telescope (ET)

oaance Reach of EY

massive stars:

ET will 5

observe binary § .

systems of 2 g
Z 3

At Cosmologlcal e. dist. Vs phys. M, v=0.10 |

d§tect10n Total mass (in Mo)
distance

Frequently, with
high SNR

=
N
=
b=
<4
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@
=
=
=
[
=
w

10_24
Einste
Telesg

-25
10 1 1

0
Frequency [Hz] 0 0.5

1 1.5 2
log b 0(Mass b / Msun)

Bose et al, 2009



Sources

CMB Polarization

The Gravitational Wave Spectrum

Detiectors

Gravitational Waves
Ground-Space complementarity

Sugermassive Black Hole BinarK Merger
Compact Binar; Inspiral & Merger

Extreme Mass+
Ratio Inspiral

Wave Period

Pulsars,
Supern'

ovae




Longer term future in space
LISA
Laser Interferometer Space Antenna L I S A

-

o
.
o

Galactic Backgre
| MBHBs at
% Verification Binaries
= EMRI Harmonics
LIGO-type BHBs
GW150914
Gal. Bin. (SNR > 7)
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0.001 0.01 0.1 1 10 100
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LISA (ESA L3: 2034) 4, A |
+  0.1-100 mHz = 1-1000 TeV (LHC) From De Lucia et al 2006

 Phase transitions,
* Topological defects...

Higgs self-couplings and potential
* Supersymmetry

Extra dimensions

Strings




Multi-messenger
Universe

UHECR R&D ground + Space

2018 | 2020 | 2022 | 2024 | 2026 | 2030 | 2032 | 2034 | 2036




Mesure of the Universe
(Cosmology, DM,neutrinos)

F TR s

Roadmap for CMB on ground
and space ca 2019-2020
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2018 | 2020

2022 | 2024 | 2026 2030 | 2032 | 2034 | 2036



An application’

Gravity-based early warning system

While gravitational waves
change distances by

1/1000 of the diameter of
Gravity d proton

Rupture = seismic waves - mass displacement

Seismic waves

- A Seismic waves change
l'* . SN distances much more

Image: IR

A gravity signal from the Tohoku-oki earthquake:
“First act”

INOAL
Prompt gravity signal induced by the 2011
Tohoku-Oki earthquake
Blind analysis: 99% statistical significance
«
1\

|
|
- 1
|




2"d act: elastogravity signals

Science

Observations and modeling of the elastogravity signals preceding direct seismic waves
Martn Valibe, Joan Paul Ampuers, Kévin Juhsl, Pescel Bermasd. Jean-Paud Mortagner and Manieo Barsugie

Schancn 358 (58T 115841188
OO 10 11 acdience aac(T48

Gravity guts info the warre
Thutbes Sotaride Wrge movenents of mess wisch shghly e
waves Tal Sropagele Yo he eahousha e gravity Seutelions Pave ¢
obmarved these Oravily SeutaBons i setmormeln’ records from the gres!
Sl would have sliowed an acoursle Magiiude esBmelion n mincie, e
ewrthyuace
Scknos Dl boe p 1784

GEOPHYSICS

Observations and modeling of the
elastogravity signals preceding direct

seismic waves

Martin Vallée,'* Jean Paul Ampuero,” Kévin Juhel,' Pascal Bernard,’
Jean-Paul Montagner," Matteo Barsuglia®

After an earthquake, the earliest deformation signals are not expected to be carried by the
fastest (P) elastic waves but by the speed-of-light changes of the gravitational field.
However, these perturbations are weak and, so far, their detection has not been accurate
enough to fully understand their origins and to use them for a highly valuable rapid
estimate of the earthquake magnitude. We show that gravity perturbations are particularly
well observed with broadband seismometers at distances between 1000 and 2000 kilometers
from the source of the 2011, moment magnitude 9.1, Tohoku earthquake. We can accurately
model them by a new formalism, taking into account both the gravity changes and the
gravity-induced motion. These prompt elastogravity signals open the window for minute
time-scale magnitude determination for great earthquakes.
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Fig. 2. Reconstruction of the observed elastogravity signals from the effects of the gravity

variation and its induced acceleration. Examples at dose distances [INU (GEOSCOPE) station in

Japan] and at optimal distances in terms of signal observability [MDJ (IRIS) station in northeast

B China] are shown. The induced acceleration un cancels the gravity variation Ag{ at early times and
| a AP w al achi Wi arrival time.

ULN ‘ \ " N ) X can dominate (INU) or only affect (MDJ) Ag; when approaching the P-wave arrival time.
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Fig. 3. Agreement between observed and modeled af signals and influence of the earthquake

" i i magnitude. Red (observed) and black (simulated) curves are in good agreement at all distances
and azimuths from the Tohoku earthquake. The simulation for a fictitious M,, = 8.5 earthquake

-1500 -1000 -500 (dashed blue curve) shows large amplitude differences, directly illustrating the magnitude

Time relative to Tohoku eanhquake origin time (s) determination potential existing in these prompt elastogravity signals.




A new method
is born

Tohoku analysis: lessons learned

+ Seismometers

+ Can detect gravity signals for M=9 in > few tens of seconds

+ Signals limited by seismic noise

» Important role of the gravity induced inertial acceleration in the modeling
» For Tohoku the gravity signal gives the magnitude before conventional system
* To detect M<? in 5-10 seconds new instruments are necessary

+ strainmeters with seismically isolated test masses

Strainmeters with seismically isolated test
masses
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