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why chasing Gravitational Waves ?

= Fundamental Physics:

» Gravity and Space-Time
v’ strong Field Gravity & relativistic motion
v Black Hole properties and Event Horizon
o ..

» Equation of State of matter beyond nuclear density
o Neutron Star Physics
®

= Cosmology Hyp For Black
ole
> Dark Energy and accelerated expansion ble floy !

> Dark Matter
> ...

= Astrophysics _ _ evolution of stars and
» Compact Objects and stellar evolution structures

> Nucleosynthesis of elements Blac

» Gamma Ray Bursts
> “es G.A.Prodi, Vulcano 25 May 2018



GWs from compact binary coalescences il

* The most efficient emitters among expected GW sources
 Up to ~ 10% total mass converted in gravitational radiation

(BBH circular orbit)

£ 15 :_ e - Last inspiraling cycles enter the bandwidth of earth-based detectors.
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INSPIRAL o/ o RINGDOWN
GW emission described by quadrupole - - Only numerical . N Perturbative and
formula. Analytical solution available =N solution available = numerical solutions
GW can be used as a standard candle. General Relativity in strong field
highly non-linear regime
Chirp Mass (m; m,)*> (m; + m,) /> NS would bring more physics
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The Network of Gravitational Wave Detectors
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Directional Sensitivity of Detectors

Each interferometer senses only one of the two GW polarizations:
* measures the linear combination

Rger = Fihy + Fhy
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The LIGO network of two detectors

= Detection confidence: discriminate GW candidates from noise fluctuations
v At least two detectors in coincidence observation are required
unless for searches of persistent and well parametrized signals, e.g.

periodic GWs
v" multimessenger searches with other detectors can help

LIGOs arms are almost aligned

= Sky coverage of LIGOs is very similar to that of a single detector
—> almost blind to one GW polarization per each direction:
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Benefits of adding Virgo detector

= Detection confidence: lower background and higher Signal-to-Noise Ratio

" |ncreased time coverage of the survey by detector pairs

= coverage of sky and both GW polarizations: better waveform reconstruction
|
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S

Recap of recent observational campaigns V.E@

Sep.12 Jan.19 Nov.30 Aug.25

2015 2016 2017 Aug.1 2018

* 01 ~49 days of coincident LIGO data
* 02 ~120days of coincident LIGO data -
~16 days of coincidence with data %
10 GW alerts for EM follow-up g
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Averaged distances to which
Binary Neutron Star could be detected

VIRGO : 26 Mpc
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O observations 2015-17 vs 2010:
averaged observable volume of Universe : ~100x gain for BBH like GW150914
c.APros30xgainfor BNS coalescence events



LIGO-Virgo Black Holes

Data Release: losc.ligo.org

published Black Holes of Known Mass

Solar Masses

GW150914

GW170814
GwW170104

LVT151012

GW151226
GW170608

GW170814
540%139

GW170608 | GW151226
3407149 44011890

0 L 2

Distances (Mpc) GW150914 GW170104
90% probability 4407+169 8801330

LIGO/VIRGO

unexpected population
of Binary Black Holes:
* higher mass
x-ray binary BHs are
lighter
* merger rate
compatible with
highest expectations
12-213 Gpc3 yr!
e testbed for checking
General Relativity
* no related
electromagnetic
emission found



LIGO-Virgo Black Holes Data Release: losc.ligo.org

40 unexpected population
- of Binary Black Holes:
* higher mass
.30 x-ray binary BHs are
®
= GW150914 '
=P _ lighter
4 * merger rate
© GW170814 ) :
> 20 compatible with
S Is GW170104 _ highest expectations
§ 12-213 Gpc3 yr!
“ 10 LVT151012 . e testbed for ChECking
T GW151226 General Relativity
GW170608 S * no related
LIGO/Virgo/Patricia Schmidt .
oL ' ‘ ' ' electromagnetic
10 20 30 40 50 60

primary mass (M) emission found
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> Data Rel ;
PRL 118, 221101 (2017) GW170104 and previous ht?pi://lisgﬁgo.org/events/GW170104/

> Selected BH Binary Properties: distriI?ution of primary BH component mass
10
matching templates comparison:
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.221101
http://iopscience.iop.org/article/10.3847/2041-8213/aa9f0c/meta

PRL118,221101 (2017)

GW170104 and previous detections

> selected tests of consistency with General Relativity:

self-consistency test on reconstructed
remnant mass and spin as inferred
from different parts of the signal
(inspiral and merger-ringdown phases)
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upper bound on graviton mass
my < 7.7107%3eV , 90%

testing the dispersion relation
E? = p2c? + Ap®c®* witha >0
GR A=0, massive graviton (a=0, A>0), ...
first local Lorentz invariance test in the Gravitational Sector
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.221101

Association of GW170817 and GRB170817A & Fundamental Physics V,EE
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 testing violations of local Lorentz Invariance
and Equivalence Principle

LIGO Scientific Collaboration and Virgo Collaboration, Gravitational Waves and Gamma-Rays from a
Binary Neutron Star Merger: GW170817 and GRB 170817A"” Astrophys. J. Lett., 848:113, (2017)
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GW170104 and previous detections

First test of GR in strong field and highly relativistic speed
by checking the phase evolution of the inspiral

90% upper limits on [d¢]|

d¢ describes possible deviations from GR
prediction per each Post Newtonian
order to the quadrupolar emission
formula (considering one PN at a time)

New upper limits have been set for each
PN order up to 3.5 except for 2.5 PN,
unmeasurable with inspiral signal
(degenerate with reference phase
evolution)

limits from 10 years of double pulsar
J0737-3039 are better only for the
qguadrupolar order OPN

0]

101

10°

10!

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

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

OPN 0.5PN 1PN 1.5PN 2PN 2.5PN 3PN 3.5PN
PN order

G.A.Prodi, Vulcano 25 May 2018




GW170104 and previous detections

First test of GR in strong field and highly relativistic speed
by checking the phase evolution of the entire BBH coalescences
posteriors on 5@
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GW170814 : Virgo is in the game! s

On August 14, 2017 at 10:30:43 UTC, Virgo & LIGO [ RattEiBNESE 30.5 50 Mo

. . . . +2.8
detected the first triple coincidence BBH event Secondary black holemassm  25.3 43 Mo
Chirp mass M 24.11“%'% Mg
Hanford Livingston Virgo -
1af (om— S — o . To— o—: —— . " S - _— Total mass M 55.9757 Mg
_ Final black hole mass M 53.2 fgg Mg
e .
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GW170814 : Sky localization & GW polarizations

Sky localization prediction greatly improved with Virgo GR polarization vs

No electromagnetic or neutrino counterpart reported non-GR polarization

PRL 118, 221101 (2017) Rapid Analysis — 90% confidence ~ G'aVitational-Wave P°'a’izat::“

Only LIGO : 1160 deg? e, PR
LIGO+Virgo : 100 deg? // i '—\ _ Tensor
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A D=0 250 500 750 1000 -: i s , Vector
. , _
300 Mpe (~. / . / non-GR

N . .
Full Analysis —90% confidence fe) ® Figure 10 from Wil (2014)
LIGO+Virgo : 60 deg? 3 detector network enables
The volume for GW170814 localization is 30 times smaller with investigations on GW polarizations.

the 3-detector network wrt the LIGO only network " icane 2o Mav20ie The tensor polarizations are preferred


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.221101
http://arxiv.org/abs/1403.7377

Plans for LIGO-Virgo-KAGRA Surveys

arXiv: 1304.0670v4 KAGRA & LIGO & VIRGO

First Detection Early sm=Mid Late  mmDesign Binary Neutron Stars Events
\ T T T T
_. 3 |7 — running at O2 sensitivity 825X |
60-80 120-170 190 8 10 |- — running at O3 sensitivity ]
Mpc Mpc Mpc - L |— — running at aLIGO O4 sensitivity no A+ upgrade
LGo | & = G
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. X . + d
First BNS 05-40 40-140 140 © 10" e :
Mpc Mpc Mpc E [ 02 —
o [ upgrade _
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Design sensitivity:
* 1000x gain in surveyed volume of the Universe with * <R> average astrophysical rate
respect to first generation detectors eV volume of the universe probed = (Range)?
* Binary BH detection rate: 50 - 500 /year e T coincident observing time
* Binary NS detection rate: 10 -300 /year
G-A-Prodi,Vulcano 25 May 2018




