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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 Matter 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



Event GW150914

On September 14, 2015 we detected with the LIGO detectors for the first time gravitational waves
(vibrations in the fabric of space and time) from the collision of two black holes
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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 is expected to join in 2019

Virgo and LIGO
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Virgo Collaboration

Virgo is a European collaboration with 482 members, 360 authors, and 96 institutes

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

T APC Paris T INFN Perugia T LAPP Annecy T RMKI Budapest
T ARTEMIS Nice T INFN Pisa T LKB Paris T UCLouvain, Uliege,
1 IFAE Barcelona T INFN Roma Sapienza T LMALyon UAntwerp

ILM and Navier
INFN Firenze-Urbino
INFN Genova

T INFN Napoli
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University of Sannio
Univ. of Valencia
University of Jena

INFN Roma Tor Vergata
INFN Trento-Padova
IPHC Strassbourg

LAL Orsay ESPCI Paris
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Advanced Virgo project has been formally

completed on July 31, 2017 o] Lithuaniar ™
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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 sitlG@¥imgo Collamation, ar\blslé.i2®07 n g
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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

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

GW180817 is a binary neutron star merger event. The others are black hole mergers

Event mi/Me  ma/Ms  M/Ms Xeff M; /M, ag Ewa/(Moc?) Chea/(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
GW170608 11.273% 7.5713  7.9%2 004701 17972 069700 08701 3473 x 10 320112 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 30.7735 25.6°3% 24311 0.07°017 53.673% 0.73°007 28707 3.770Ix 10 560100 0.127007 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
GWI170823 39.571%1 294765 2932 (0.08701 656702 0717508 33702 3.6705x 10 1860750 0.34701% 1780

LIGO ([[2)JJEGQ & ssmene (CYIVIRGD


https://arxiv.org/abs/1811.12907

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 time 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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Inferring neutron star properties. masses

Early estimates now improved using known source location, improved waveform modeling, and re-
calibrated Virgo data. Chirp mass can be inferred to high precision. There is a degeneracy between

masses and spins

Observation of binary pulsars in our galaxy indicates spins are not larger than ~0.04
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Inferring neutron star properties: spins

Constrains on mass ratio g, ... dimensionless spin, ... effective spin, and ... effective spin

precession parameter. See htips://arxiv.org/abs/1805.11579

No evidence for NS spin
contributes to GW phase at 1.5 PN, and degenerate with g

... Starts contributing at 2 PN
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https://arxiv.org/abs/1805.11579

Solving an astrophysical conundrum

Neutron stars are rich laboratories with extreme matter physics in a strong gravitational environment.

Stability is obtained due to quantum physics

Structu re Of neutron Starsf) ANI:UTHON.SWI”AH' StJE:‘ACEandINH:HIOH.

A Structure of the crust?

A Proton superconductivity

A Neutron superfluidity
AfaPinningo of f1l ui
A Origin of magnetic fields?

A More exotic objects?

Widely differing theoretical predictions for
different equations of state

A Pressure as a function of density
A Mass as a function of radius
A Tidal deformability as a function of mass
A Post-merger signal depends on EOS

A /i Ha rhgpérmassive neutron star

Demorest et al., Nature 467, 1081 (2010)
Bernuzzi et al., PRL 115, 091101 (2015)
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Probing the structure of neutron stars

Tidal effects leave their imprint on the gravitational wave signal from binary neutron stars. This provides
information about their deformability. There is a strong need for more sensitive detectors
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Event GW170817: tidal deformability, EOS, radii

Tidal deformability gives support for fAisofto EO
now be excluded. We can place the additional constraint that the EOS must support a NS with

16 (my + 12ma)miAy + (ma + 12mq)m3As

Leading tidal contribution to GW phase appears at 5 PN: A = — =
13 (m1 +ma)®

Employ common EOS for both NS (green shading), EOS insensitive relations (green), parametrized
EOS (blue), independent EOSs (orange). See: LVC, hitps://arxiv.org/abs/1805.11581
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