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Gravity

Gravity is the least understood fundamental interaction with many open questions. Should we not now investigate
general relativity experimentally, in ways it was never tested before?

Gravity
T Main organizing principle in the Universe
A Structure formation
T Most important open problems in contemporary science
A Acceleration of the Universe is attributed to Dark Energy
A Standard Model of Cosmology features Dark Matter

A Or does this signal a breakdown of general relativity?
Large world-wide intellectual activity
T Theoretical: combining GR+ QFT,c os mol ogy,

1 Experimental: astronomy (CMB, Euclid, LSST), particle
physics (LHC),Dar k Matt er searche

Gravitational waves
1 Dynamical part of gravitation, all space is filled with GW
T Ideal information carrier, almost no scattering or attenuation
T The entire universe has been transparent for GWSs, all the way back to the Big Bang

Gravitational wave science can impact
T Fundamental physics: black holes, spacetime, horizons, matter under extreme conditions

T Cosmology: Hubble parameter, Dark Matter, Dark Energy



Binary black hole merger GW150914

The system will lose energy due to emission of gravitational waves. The black holes get closer and
their velocity speeds up. Masses and spins can be determined from inspiral and ringdown phase
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LIGO and Virgo

Observe together as a Network of GW detectors. LVC have integrated their data analysis

LIGO and Virgo have coordinated data taking and analysis, and release joint publications
LIGO and Virgo work under an MOU already for more than a decade
KAGRA in Japan will join the global network
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Virgo Collaboration

Virgo is a European collaboration with 540 members, 352 authors, 104 institutes, 11 countries

Advanced Virgo (AdV) and AdV+: upgrades of the Virgo interferometric detector
Participation by scientists from France, Italy, Belgium, The Netherlands, Poland, Hungary, Spain, Germany
A Institutes in Virgo Steering Committee
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Virgo detector is part of the international network
of 2nd generation detectors
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LIGO and Virgo completed observation runs O1 and O2

Gravitational waves were discovered with the LIGO detectors on September 14, 2015. In total 3
events were detected in O1. The Advanced Virgo detector joined at the end of O2

We knew about only 2 events in O2 at the time Virgo turned on
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Scientific achievements: properties of binary systems

A G WT-ICA Gravitational-Wave Transient Catalog of Compact Binary Mergers Observed by LIGO
and Virgo during the Fir stlGaAVYirdo Colmmmtom arOwlsld.i2907 n g

GRAVITATIONAL-WAVE TRANSIENT CATALOG-1  BLGO @VRD ¥ Gegroln

- J J

GW150914 ol Gw151012 I GW151226
Tr— A - _— AN AAAAAAAAAA
o N\'/\‘vl' | \/\/V\./\/\\";“'f~ PAAAN

GW170729 GW170809

)U GW170814 -4
|- ~AAMA

0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4

. =
GW170818 ' GW170823 ' GW170817 : BINARY NEUTRON STAR
VY '#"

|iy
P /\/\/\/\V".jk J :’l. =
| |

0.2 0.3 0.4 " . ¥ 1 20 30
TIME [SECONDS) TIME [SECONDS) T™E SECONDS]

UGO-VIRGO DATA: HTTPSA/DOLORG/10.7935/82H3 4823 B WAVELET (UNMODELED) B €INSTEIN'S THEORY IMAGE CREOIT: S. GHONGE, K. JANI | GEORGIA TECH



https://arxiv.org/abs/1811.12907

Table of O1 and O2 triggers with source properties
See arXiv:1811.12907

Event  m/Ms m:/Ms MM Xeft M /M ar  Enad/(Moc?) Cpear/(ergs™)  Di/Mpc 2 AQ/deg?
GWI50914 35678 30670  2867% —0017017 630733 069700 30704 3604510 430710 0.09°00 194

GWI151012 232710 13,6754 152720 0.04703% 35799 0.67751 15703 32708x 10 1060738 021700 1491
GWI151226 13.7°5% 77732 8.9%03  0.18702)  20.570% 0747007 10700 34707 %10 4407150 0.097001 1075
GW170104 31.0777 20.1732 21577 =0.0470) 49475 0.6071) 22702 327 x 10 960750 0.197007 912
GWI170608 1127% 7.57% 7903 004700 17.97%7 069700 0871 3473 x10° 320018 0.07700 524

-0.06
GW170729 507153 344757, 358793 0377030 80.3%35 0.817007 49715 42708 x 10 27607150 0.4870)0 1069
GW170809 352753 238732 25072 00779017 564732 070700 27700 35706 %10°° 99073 0207005 310
GW170814 30.7535 25.6775 24377 007707 53.633 0737000 28707 377310 56077 0.12°00 99
GWI70817 146713 1.27°00 11867000 0.007007 <28 <0.89  >004  >0.1x10° 4075 0017 22

GW170818 35.5777 269733 267777  —0.09'0) 59.873% 0.67°000 27702 3473 x10°° 1020730 0207007 35
GW170823 39.5%101 294767 203*37  0.087) 656702 07100 33707 3.655x10°° 1860750 0347017 1780

LIGO ([[2)JJEGQ & ssmene (CYIVIRGD


https://arxiv.org/abs/1811.12907

Table of O1 and O2 triggers with source properties
See arXiv:1811.12907

Virgo data contributed to Parameter Estimation of 5 events

Event m/Ms  ma/Ms  M/M, Yeft M; /M, as Ena/(Moc?) Cpeac/(ergs™) Dy /Mpc z AQ/deg’
GWI150914 35.673% 30.6710  28.671¢ —0.01%)12 63.173 0.6970% 31704 36701 x 10 4307130 0.0970% 194
GWI51012 232710 13.67HL 152729 0.047035 357797 0.67°08 157903 3278 x 10 1060738 02170 1491
GWI151226 13.7:%% 77732 8.9%03  0.187029 20570 0.747507 10700 3470710 4407150 0.09700¢ 1075
GW170104 31.0777 20.1732 21577 =0.0470) 49475 0.6071) 22702 327 x 10 960750 0.197007 912
GWI170608 11.273% 7.5t1%  7.9%02 004751 17974 069700 08701 3473 x10°° 320712 0.077002 524
GW170729 507153 344757, 358793 0377030 80.3%35 0.817007 49715 42708 x 10 27607150 0.4870)0 1069
GW170809 352753 238732 25072 00779017 564732 070700 27700 35706 %10°° 99073 0207005 310
GW170814 30.7535 25.6775 24377 007707 53.633 0737000 28707 377310 56077 0.12°00 99
GWI70817 146713 1.27°00 11867000 0.007007 <28 <0.89  >004  >0.1x10° 4075 0017 22
GW170818 35.5777 269733 267777  —0.09'0) 59.873% 0.67°000 27702 3473 x10°° 1020730 0207007 35
GW170823 39.57 %1 294787 29.3*17  0.08701  65.670% 0717008 33700 3.6705x 10 1860750 0347013 1780

LIGO ([[2)JJEGQ & ssmene (CYIVIRGD


https://arxiv.org/abs/1811.12907

Event rate
LVC is collecting data. We will continue O3 until April 30, 2020

O3 now has Cumulative Count of Events and (non-retracted) Alerts
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Release of Open Public Alerts
Procedures defined in MOA between KAGRA, LIGO and Virgo

LIGO and Virgo Collaborations release Open Public Alerts, with low latency, for all interesting signal
triggers, and follow-up information sufficient for non-GW observers to find hosts

5190425z
FAR < 1/100 yrs

Query-

Search for:

uID

7461 deg2 in 90% c.r.
Distance 156N41 Mpc
L, V

5200116ah
5200115j
5200114f
5200112r
5200108v
BNS

5200106av

5200106au

Terrestrial

NSBH

5200105ae
5191225aq
5191229n

$191220af

5191216ap

MassGap
BBH

5191215w

5191213ai

5191213g

50% area: 1378 deg® 31912129
90% area: 7461 deg

$191205ah
5191204r
5191129u
o 5191124be
5191120at
5191120a]
5191117j
5191110af
5191110x
$191109d

GCN 24168, 24228

5191105e

Latest — as of 27 January 2020 14:32:30 UTC

Tast and MDC events and superevents are not included in the search results by default; see the query help for information on how to search for events and superevents in those categories.

Superevent ¥

Search

Labels T_start o

EM_READY PE_READY ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1263211019.170712 1263211020.170712

1263087406.735840

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM_SENT 1263097407.752869

EM_READY ADVOK EM_Selected SKYMAP_READY DQOK GCMN_PRELIM_SENT 1263002916.239300

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_REAL] 1262879936.093931

EM_READY PE_READY ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_REAI] 1262512856.558755

EM_READY ADVNO EM_Selected SKYMAFP_READY EMBRICGHT_READY PASTRO_READY DQOK ¢ 1262370881.578613

EM_READY ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK 1262370887.292480

EM_READY PE_READY ADVOK SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCl 1262276084.057208

EM_READY ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK (] 1261346253.870117

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_REAL] 1261020955.119478

EM_READY PE_READY ADVNO EM_Selected SKYMAP_READY EMERIGHT_READY PASTRO_REA[] 1260879872.690032

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READ] 1260567236.472999

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_REAL] 1260484270.333152

EM_READY ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK ] 1260287963.899585

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY FASTRO_READ] 1260246866.142224

EM_READY ADVNO EM_Selected SKYMAP_READY EMERIGHT_READY PASTRO_READY DQOK ¢ 1260174466.641861

EM_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK G 1259617946.568738

Important Event
Information

EM_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK G 1259514944.091822

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_REAL] 1259070047.197372

ADVMNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM 1258624776.099619

ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM 1258315735.323325
ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM 1258302232.438461
ADVNO EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_READY DQOK GCN_PRELIM 1258006120.454868

ADVNC EM_Selected SKYMAP_READY DQOK GCN_PRELIM_SENT

1257462422.183200
PE_READY ADWNO EM_Selected SKYMAP_READY EMERIGHT_READY PASTRO_READY DQOK G 1257444540.210120
EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_REAL] 1257296855.220703

EM_READY PE_READY ADVOK EM_Selected SKYMAP_READY EMBRIGHT_READY PASTRO_REAL! 1256999739.933105

T_end
1263211021.170712
1263097408.769043
1263002916.252885
1262879937.093931
1262512857.558755
1262370882.623047
1262370888.456543
1262276685.059117
1261346254.870117
1261020956.119478
1260879873.690394
1260567237.487849
1260484271.365682
1260287964.899585
1260246867.145035
1260174467.641861
1259617947.568738
1259514945.124422
1259070048.244883
1258624777.099619
1258315736.367101
1258302233.438461
1258006121.454868
1257462422.287284
1257444541.210120
1257296856.2781860

1256999740.933105

-~ -

2.66
3.12
3.66
7.67
1.26
6.45

3.96

1.00
2.00
3.54
3.36
1.24
3.06
2.65
1.67
6.10
2.86

2.49

2.93

2.28



Press Release on January 6, 2020 at IAU meeting in Hawalii

GW190425: confirmation of our BNS merger detection in 2017. First released event of O3 run
Marie-Anne Bizouard was present during the press announcement

System is more massive than BNS observed in our galaxy
Remarks:
A Competitive situation among waveform enthusiasts

A Attempts to change draft after VSC approval (e.g. references)
A Virgo not too visible: discussed with LIGO management

LIGO-Virgo detect a second binary neutron star collision
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Some scientific highlights: black holes



Precision tests of GR with BBH mergers

Bayesian analysis increases accuracy on parameters by combining information from multiple events
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Inspiral and PN expansion
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Ringdown terms: quasi-normal modes; do we see Kerr black holes?

Towards high precision tests of gravity
Combining information from multiple events and having high-SNR events will allow unprecedented

tests of GR and other theories of gravity

Our collaborations set ambitious goals for the future

We need to improve:

- sensitivity of our instruments over the entire frequency range

- optimize our computing and analysis
- improve our source modeling (NR)



Fundamental physics: did we observe black holes?

Our theories fpredicto the existence of other
holes, boson stars, gravastars, firewalls, etc. Why do we believe we have seen black holes?

Radiated particles break
their correlations with
their infalling partners.

The energy that is
released creates a
firewall around the
black hole.
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Is a black hole created in the final state?

From the inspiral we can predict that the ringdown frequency of about 250 Hz and 4 ms decay time.
This is what we measure (http://arxiv.org/abs/1602.03841). We will pursue this further and perform
test of no-hair theorem. This demands good sensitivity at high frequency
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http://arxiv.org/abs/1602.03841

Exotic compact objects

Gravitational waves from coalescence of two compact objects is the Rosetta Stone of the strong-field
regime. It may hold the key and provide an in-depth probe of the nature of spacetime

Quantum modifications of GR black holes
A Motivatedby Hawk i ng 6 sparadoxf or m
A Firewalls, fuzzballs, EP = EPR, &

Fermionic dark matter
A Dark matter stars

hial
Boson stars wormhole

A Macroscopic objects made up of scalar fields

ht) [10-*7]

Gravastars

A Objects with de Sitter core where spacetime is
self-repulsive

A Held together by a shell of matter
A Relatively low entropy object

gravastar

kMo ME BROOMNE RO MBS

GW observables
A Inspiral signal: modifications due to tidal deformation effects
A Ringdown process: use QNM to check no-hair theorem

A Echoes: even for Planck-scale corrections 30 £ 0l 1-C

A Studies require good sensitivity at high frequency



Limit on the mass of the graviton

Bounds on the Compton wavelength _ of the graviton compared to Solar System or double
pulsar tests. Some cosmological tests are stronger (but make assumptions about dark matter)
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http://arxiv.org/abs/1602.03841

Bounds on violation of Lorentz invariance

First bounds derived from gravitational-wave observations, and the first tests of superluminal
propagation in the gravitational sector
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Several modified theories of gravity predict specific values of a:
- massive-graviton theories (a = 0, A > 0), multifractal spacetime (a = 2.5),
- doubly special relativity (a = 3), and Horava-Lifshitz and extradimensional theories (a = 4)



Combinations of component spins for GW150914

GW150914 suggests that the individual spins were either small, or they were pointed opposite from
one another, cancelling each other's effect. Spin maybe the key to formation channels

Precession is an important clue into how the black holes formed. If there is not any precession it is
more likely that the black holes formed together. If there is a lot of precession it is more likely that the
black holes formed separately and before coming together
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http://arxiv.org/abs/1602.03840

Primordial black holes as dark matter candidates

BBH events suggest that the individual spins were either small, or they pointed opposite from one
another, cancelling each other. Precession is an important clue into how the black holes formed

PBHs might have been produced from the collapse of large primordial density fluctuations in the

early Universe (perhaps at the QCD phase transition)

The shaded regions (right figure) correspond to the mass function imprinted by the QCD phase
transition, for different primordial BH abundances and a primordial scale invariant spectrum
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Some scientific highlights: neutron stars



Gamma rays reached Earth 1.7 seconds after GW180717

Space Telescop.

Ferm



Binary neutron star merger on August 17, 2017

Gamma rays reached Earth 1.7 s after the end of the gravitational wave inspiral signal. The data are
consistent with standard EM theory minimally coupled to general relativity
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Neutron stars are laboratories for extreme physics

Mass: from about 1.1 to about 2.2 solar mass

Density: up to several times nuclear density

Temperature: up to 1012 K

Magnetic field: up to 101 T

Held together by gravity and supported by degeneracy pressure and NN repulsion
Extrapolate behavior of QCD, superconductivity, and superfluidity

Equation Of State: many models




Source location via triangulation

GW170817 first arrived at Virgo, after 22 ms it arrived at LLO, and another 3 ms later LLH detected it
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GW170817: start of multi-messenger astronomy with GW

Many compact merger sources emit, besides gravitational waves, also light, gamma- and X-rays, and
uv, optical, IR, and radio waves, as wel | -detsctom e
global network allows identifying these counterparts
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Implications for fundamental physics

Gamma rays reached Earth 1.7 s after the end of the gravitational wave inspiral signal. The data are
consistent with standard EM theory minimally coupled to general relativity
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Test of Equivalence Principle

According to General Relativity, GW and EM waves are
deflected and delayed by the curvature of spacetime
produced by any mass (i.e. background gravitational
potential). Shapiro delays affect both waves in the same
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Dark Energy and Dark Matter after GW170817

GW170817 had consequences for our understanding of Dark Energy and Dark Matter

Merging Neutron Stars Deliver Deathblow To Dark Matter And Dark Energy

Alternatives

@

GW170817 falsifies Dark Matter Emulators

No-dark-matter modified gravity theories like TeVeS
or MoG/Scalar-Tensor-Vector ideas have the
property that GW propagate on different

geodesics (normal matter) from those followed by
photons and neutrinos (effective mass to emulate
dark matter)

This would give a difference in arrival times
between photons and gravitational waves by
approximately 800 days, instead of the 1.7 seconds
observed (arXiv:1710.06168v1)
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Dark Energy after GW170817

Adding a scalar field to a tensor theory of gravity, yields

two generic effects:

1. There's generally a tensor speed excess term, which
modifies (increases) the propagation speed of GW

2. The scale of the effective Planck mass changes over
cosmic times, which alters the damping of the
gravitational wave signal as the Universe expands

Simultaneous detection of GW and EM signals rules out a
class of modified gravity theories (arXiv:1710.05901v2)

A large class of scalar-tensor theories and DE models are
highly disfavored, e.g. covariant Galileon, but also other
gravity theories predicting varying cg such as Einstein-
Aether, Horava gravity, Generalized Proca, TeVeS and
other MOND-like gravities



