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Outline WHSD
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 Fundaments of gravitational waves physics
e Detection and inference

e overview: binary black holes

e overview: binary neutron stars

e Conclusions
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Gravitational waves V)
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Polarisation states iESD
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» In GR two transverse polarisations: + (plus), x + (plus)
(Cross)
h=hie" +hye” <, i

e Extensions of GR predict up to six polarisation

states % (Cross)
* Excluded by GW observations, e.g. LVC, .
arxiv:1709.09660, arXiv: 1811.00364 JENRY

Walter Del Pozzo 4 Leptons interactions with nuclel, Marciana marina, 2019



sources of GW
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 Compact binary systems coalescence
(CBC)

* Supernovae
e SpinNing neutron stars
e Stochastic background
e astrophysical
e cosmological

e Unknown
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GW primer £
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GW primer
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INnterferometric detection of GW
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The gravitational wave detectors network
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= KAGRA

aLIGO - India
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CBC solutions in GR

UNIVERSITA DI PISA

* Binary black holes solutions are constructed

combining: Quasi-circular Plunge Ringdown

inspiral and merger

e post-Newtonian theory in the weakly non-linear

inspiral regime (Blanchet, LRR 2014) “/ C )()f _

 direct numerical solution in the highly non- M
inear merger regime (Lehner & Pretorious,
arxXiv:1405.4840) h(t)

* perturbation theory in the ringdown regime i U 0 WY 1 N /) ‘ ‘ ‘ ‘ l A .
(Berti et al, arXiv:0905.2975) W N ” ”V' Time ¢

e Effective one body (Buonanno & Damour, arXiv:
9811091, Bohe+,arXiv:1611.03703) gy
Post-Newtonian Numerical perturbation
techniques relativity =~ methods

* Phenomenological (e.g. Khan+,arXiv:1508.07253)
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What physics can be probed Vo)

* Matching observed data with a solution to
Einstein’s equations allows to probe
(Sathyaprakash & Schutz, LLR 2009)

* Laws of space-time dynamics
e Nature of black holes
e Neutron star interiors

* Large scale structure and cosmology
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CBC analysis RS
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* [he detector output is linear

d(t) = h(t:0) + n(t)

e where h(t;0) isthe gravitational
wave strain and n(t) is the noise time

series S
0.6 } | | |
0.3} |
0.0 passmnanAI A 1#
-0.3 ! |
~0.6 |
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Noise
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GW signal models Voo
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» h(f.0) depends on a set of D parameters 6

 D=15In general: masses, orientation, sky location,
reference time and phase, luminosity distance, spin
veclors

 More parameters for extra physics (e.g. BH charges, tests
of GR, tidal effects, etc...)
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Detection of CBC vike

UNIVERSITA DI PISA

e Construct a template bank

x1| < 0.9895, |x2| < 0.05

 Compute likelihood ratio between the x1,2| < 0.05
hypotheses s |O 9<14o.9895
GW151226
 S:signal of known shape plus noise LVT151012 (gstlal

LVT151012 (PyCBC) 7~ = i

* N: noise
 Compute signal-to-noise ratio (SNR)

* Rank according to the empirical

noise distribution
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GW localisation Bs
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* Each detector sees a ditferent signal

h= 2™ [F b (0, )+ Fyhy (0, f)]

\NA S 2
\/
Y.
0 Zw Fy = 5 (1 + cos® 0) cos 2¢ cos 21) + cos 6 sin 2¢ sin 21
1
~ = 9 (1+COS2 ‘9) cos 2¢ sin 21) + cos 6 sin 2¢ cos 21)
¢
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GW rapid localisation
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* Relative amplitudes and time o . 50
differences allow for rapid ‘ .
localisation O(100) s / N

 Localisation of GW170817 0° |

T 15h 12h
(arXiv:1710.05833) .  ‘ »
18h |
-30° ' } -30°
— GE X-ray/optical afterglow Kilonova Radi(Eerglow — | ‘ T I 1

I o : 0 25 50 735
w1 1¢ 1 o w8107t tmerger (8) MpC

Dete-ction -Rapid localization Full parameter estimation
Singer at al, arXiv:1404.5623 LVC, arXiv:1710.05832
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Inference e
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For candidate events, estimate p(0|SI)p(D|OST)
posterior distributions using Bayes’ P

theorem

(0| DST) =

f@p 9\51) (DWSI)

= = i‘--

High dimensional parameter space
Markov Chain Monte Carlo

Nested Sampling

* Open source (Veitch et al, arXiv:

1409.7215): https://github.com/ ¥ r _3
Iscsoft/lalsuite ity s

LVC: arXiv:1602.03840

Walter Del Pozzo 19 Leptons interactions with nuclel, Marciana marina, 2019



Overview of known signals V)
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How many black hole binaries? VLo

|
—_— 01402

U | flat in log

power law

10! , 102
R (Gp(‘:_"‘)’ y_l)

N U SR Rggy € 10 — 100 Gpe® yr™!

LVC: arXiv:1811.12907
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Neutron Stars
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e |atest stages in stellar life ’ lompino

mzl_SM@ Cavo

* Very compact

Arcipelago
Toscano

R~ 10— 20 km

Marina.di
Campo

* Very dense
De ™ 1017—18 kg m—S
* Pulsars

e Often found in binaries
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Neutron Star equation of state and perturbaticnsv.?@?

e Densities are such that details of nuclear
interaction matter macroscopically

* Equation of state
 Relation between density and pressure

e Relation between mass and radius

e Perturbations are observables for EOS

e deformations

e oscillations

Soft Stiff

|
MS2

MSO

Mass (Mg)

8 10 12 14 16
Radius (km
More ) ~ Less
Compact Compact

Lattimer, arXiv:1305.3510
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Binary Neutron Stars
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» Tidal field of the companion deforms neutron star

e Tidal deformability function

/ N\

guadrupole moment tidal field of companion star

2
A(m) = ko R2(m)
}' \ NS radius

second Love number

e [Iime-varying quadrupole => gravitational waves

 Energy exchange between internal and external degrees of freedom
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EOS signature durmg the msplra\ e
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2.5 2

e Tidal deformations change ii n f n
e phase o e A
gravitational wave ifZ C o U !l
D(t) = Ppp(t) + Piigar(t) e
(I)tidal(v) — 2 1227)7\;\45 :—i—j (1 | ];':7) (%)5 QSE;G (3179 — 919 Xa — 2280 Xczz + 260 Xi) (%)7:
= 500 - ' '
S
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(20 - 1000 Hz) 3
i3 50

Hinderer et al, arXiv:0911.3535
Vines et al, arXiv:1101.1673
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GW170817: masses Es
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Spin-mass-lambda degeneracy VikS
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Lo-
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| ambda constraints ViR§
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NS Radi vikS
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Which EOS? es
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Perspectives on A
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Multi-messenger observations Voo

* Multi-messenger observation
 BNS are progenitors for
 sGRB
e Kkilonovae

« GW travel at c (LVC, arXiv:
1811.00364)

_3Ix 107 < < 7x1071°

VEM

e First GW determination of Hubble
constant (LVC, arXiv:1710.05835)

Hy =702 kms ! Mpc™*

Walter Del Pozzo

32

Leptons interactions with nuclel, Marciana marina, 2019



Multi-messenger constraints
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On the merger remnant
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" " " -22 I I | | [ |
 Post-merger emission contains S APRa
details of non-zero temperature g | TMA
FOS > BBH
= Sy aLIGO
v— B N ¥
* From simulations characteristic
emission frequencies = 1023 |
& |
* EOS dependent S g
e [ikely observable with 3ro 02 03 05 081 2 3 4
generation interferometers f (kHz)

Hotokezaka et al, arXiv:1603.01286
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GW170817 post-merger

1

AG
VIRG

 No detectable post-merger
signal (but see Van Putten et al,
arXiv:1806.02165)

e Unknown fate for the remnant

e Collapse to a BH in ~ 1s? (Gill
et al, arXiv:1901.04138)

—  GEO600

Simulations
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— LIGO Livingston
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LVC, arXiv:1710.09320
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Phase transitions

UNIVERSITA DI PISA

- - 25 __l_;l | hl | I L I | IJ_
e Post-merger emission could =~ :
constraint nuclear phase -
1] S -
tranSItIOnS glﬁ— R 20 | | N N U LR ) I S O A | 1 1 |||||
E E ~ — 1.25 Mg 4+ 1.25 Mg — 1.35 Mg +1.35 Mg 7
1.0 B | — 14 My +1.2 Mg — 14 Mo +14 Mo _
 Detectable with 3ra 5 | s 13 Mpliili3)| Mo 15 Mo +15 Mo ~
. . O°5_Tl|1||||1||2||1|||||]— o 125 M®+1°365M® _
generation interferometers I |1l | -
. 1.35 M, + 1.35 M, 1.4 M + 1.4 M, 1.5 My + 1.5 Mg, Q B B
é’* 4_ - L BHBAs %010_ ------------- L . ¥ L 1 W T
= 2 K M — — : :
é 0 ﬂvh A W\JA\JnvnunVhUAVhVhVAVhVAVnVnthhVAVAUnUnUnUAVhUAVthVAVAUAVAVthVhVAVAVA‘; B Adv LIG O ET-D _
éj_ _z — DD2 H —— DD2 H % e DD2_§ 5 __ __
= 0o — _
3 4 g - _
z o 3 5 S i _
T ——12£ 0 Lo vl | | ! |
0 . 1702 10Y 101 107 10°
- - ——20 3
5] 2 - . | ‘ ‘ - —24% D [MPC]
i‘ ' - —28 =
! DD - DD : DD —32 §O
0
T et e Y e Radice et al, arXiv:1612.06429

Walter Del Pozzo 36 Leptons interactions with nuclel, Marciana marina, 2019



Summary van%G
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 The dawn of GW astrophysics
BBHs and GW behave just like GR predicts
Initial constraints on neutron star EOS:
* many more detections in the future
* Improved sensitivities
* multi-wavelength studies

* ook forward to a prolitic season in gravitational
ohysICS

 Cosmography
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Waveform systematics Vo
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mi = 1.35 M@, mo = 1.3 M@
« Unknown PN (Favata, arXiv:1310.8288, 0.012 T — i
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1602.00599, Dietrich et al, arXiv: - 0.002 4
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Wavetform systematics
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| ong noise transients vikS
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| ong noise transients V)
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Cosmography with GW V)
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1.0

 GW are self-calibrating sources

h ~ Dzl 2w

» Direct measurement of luminosity
distance

 Complemented with redshift information

« EM counterpart

* Host galaxy

* Determination of cosmological
parameters

0 100 200 300 400 500 600 700

Distonce [Mpc]
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Cosmography with GW Voo
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