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|) General introduction

2) From Einsteins equations to GVVs: basic linearized theory
— wave equation
— polarizations, etc
— generation of GWs
— energy carried by GWs

3) example: inspiral of compact binary system
— wave form
— characteristic scales, link with observations
4) The sources: on black holes (BH) and neutron stars (NS)

5) GWs in an expanding universe; cosmology

6) The post-newtonian expansion of Einsteins equations
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* Shape of the GW signal depends on the properties of the source
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* Shape of the GW signal depends on the properties of the source
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* From data, [See lectures by E. Chassande-Mottin] can extract properties

of the source using the detailed theoretical predictions
of expected signal.
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Inspiral Merger Ring-

down
* eg GW170814 (first event seen by Virgo) (
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Observations: |) Frequency and amplitude increase with t => initial phase cannot be due to a perturbed system
returning back to stable equilibrium. (Oscillations about equilibrium have ~ const frequencies, and decaying amplitudes).

2) Must be dealing with compact objects, not stars whose radius is too large to explain data
[Lectures by S. Bernuzzi].

Here: analytic calculations: focus on basic linearized perturbation theory, about a Minkowski and FLRW
background assuming General Relativity.

Perturbation theory of a different kind (quasi-normal modes) can also be carried out to study the ringdown phase (see 0905.2975
for a review; and also 2103.14750 for recent progress on ringdown in modified gravity )
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— FLRW universe:

ds* = —dt* + a*(t)dz”
— Hubble parameter: H(t) =
a(to)

a(t)

— Hubble constant today: /7

— redshift: 1 + z =

Characterizes local
time-scale in universe

Tested cosmology,
t > 10 3sec
T < 100 MeV

Tested particle
physics

T < 1TeV

c¢/Hy ~ Gpc
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e.g. binary neutron stars (BNS),
binary black holes (BBH),
neutron star- black-hole binary (NS-BH)...

l

— Expansion rate H (2)
— Hy, Hubble constant
- Q,,
— beyond ACDM
dark energyw(z)and dark matter
— modified gravity (modified GW propagation)
— astrophysics; eg BH populations, PISN mass gap?
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e.g. binary neutron stars (BNS),
binary black holes (BBH),
neutron star- black-hole binary (NS-BH)...

l — quantum processes during
— Expansion rate H (z) inflation
— Hy, Hubble constant — primordial black holes
- Q — Phase transitions in Early
— beyond ACDM universe
dark energyw(z)and dark matter — topological defects, eg
— modified gravity (modified GW propagation) cosmic strings

— astrophysics; eg BH populations, PISN mass gap? — e



GWs & properties of the very early universe t>tp,

* not individual sources, but observation of a stochastic GW background (SGWB) of cosmological origin

* SGWB: superposition of GWs arriving at random times and from random directions,
overlapping so much that individual waves not detectable

* Analogue of the CMB of photons, but crucial difference due to the weakness of GVV interactions
Tgee ~ 3000K, Zgee ~ 1100

— reminder: particles which decouple from primordial plasma at ¢ ~ gec or T ~ Tyec give snapshot of state of universe
t <ty at that time
ec
T>Ty they are coupled and interactions obliterate all information.
ec

* In thermal equilibrium when

rate of process F ~ NO | v ‘ > H For light/massless particles
maintaining thermal —————— at temperature T

equilibrium / l \ n~ T3

and drop out when ' ~ [ of particles H? ~ T Mp?
3
r T
2 m2
* Neutrinos: o~ GFT <> ~ ( , )
H neutrino IMeV

T2 ,
* Gravitons o~ G%VTZ ~ s I N T
Pl H) . Mpy
graviton




— gravitons decoupled below Planck scale!
— do not loose memory of conditions when produced
— retain spectrum/shape/typical frequency & intensity of physics at corresponding high energy scales.

Stochastic GW Background:

=> Direct access to earliest stages in the evolution of the universe, which we cannot access
through EM radiation.
=> Predictions based on physics beyond the standard model of particle physics (and possibly beyond GR)
=> Corollary: |) predictions uncertain (based on untested physics)
2) if SGWB of cosmological origin detected, then huge discovery potential

unknown events
size of the Universe CMB last scattering  in high energy early Universe

‘L ‘l‘ Sources?

P Gravitational — quantum processes during inflation
| — primordial black holes

\ directly tell you‘about éle e r'ly Un‘lvers? inflation — Phase transitions in Early universe
{m.-. il — topological defects, eg cosmic strings

energy scale

16
~10 GeV()

[ https://gwpo.nao.ac.jp/en/gallery/00006 | .html ]

Tested cosmology, T'< 100 MeV Tested particle physics T < 1TeV



|) General introduction

2) From Einsteins equations to GVVs: basic linearized theory
— wave equation
— polarizations, etc
— generation of GWs
— energy carried by GWs

3) example: inspiral of compact binary system
— wave form
— characteristic scales, link with observations
4) The sources: on black holes (BH) and neutron stars (NS)

5) The post-newtonian expansion of Einsteins equations

6) GWVs in an expanding universe; cosmology



Sections 2 and part of 3 will be handwritten
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Summary: taking into account the energy loss into gravitational radiation,
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and the signal observed at at the detector is

h(t —to) = F1(0,9,9)hy (t) + Fx (0, 6, 9)hx (t)

Detector frame

Radiation frame Source frame




— Inspiral phase, neglecting expansion (z<<I)
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(dominant quadrupolar mode calculated to lowest order in the Newtonian expansion, for

point particles of mass m| and m2; no tidal effects, no spins,..., assuming circular orbit; and using quadrupole formula)

T

Inspiral

— Numerical relativity
m Reconstructed (template)
T T

T
Merger Ring-
d

* Merger frequency: Assuming merger at innermost stable circular orbit (ISCO)

M=total mass
Follows from Keplers laws

1 c?
f merger — m G_M




