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Outline

o (ravitational waves as probes of Fund. Physics

o Use W as a messenger, a wivdow into the

origin and evolution of the Universe

“nformation is carried & retrieved in thelr

®

Gieneration, Propagation and Detection



Years after the Big Bang

The Big Bang
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Basic Concepts

o (ravity much weaker than the
other fundamental forces
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Probing Gravity at all scales
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Curvature, & (cm'z)
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Basic Concepts

e Broad-band spectrum of GW

From CWMB (101? Hz) +to crystals (100 GHz)

o (Con explore deeper and earlier than any carrier



SOURCES
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NANOGrav
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Basic Concepts

o Caunsal origin of sources (lightcones)
(We canvot geverate them appreciably on Earth)

o Point sources & Stochastic W backgrounds



Past lightcone
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Stochastic GW Background
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Basic Concepts

o Caunsal structure of spacetime
(origin of scales withiv inflation)

o Point sources & Stochastic W backgrounds



Physical scales

Horizon crossing --

et comoving scale 1/k ~ TT==<,
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Horizon crossing
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After Inflation
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Basic Concepts

® (geveration
® Propagatiov

o Detection



Generation GW

Generation of GW v the Early Universe

Inflation (Vacuum - GM)

Preneating after nflation (Resonant - QW)

Phase transitions (turbulence — classical)

Cosimic strivgs and other (wow-)topological defects
Second order scalar perturbations at reentry
aravitational collapse of mhomoaneneities (classical)
Thermal plasma from rel. particle momenta (QFT)
BBN bound (rate of expansion)




Generation GW

Geveration of GW v the Late Uuiverse

o (everic Violent astrophysical phenomena

o Asymmetric Supervova explosions

o Black Hole scattering and collisions (meraers)
o Neutron star collisions (Kilonovas)

o Pulsars

o EMRIS

o Tormation and accretion of SMBH of 109 W,




Propagation GW
Propagation of GW

o tarly Universe
Depends on wmatter content (EOS w =1,1/3, 0)

o Late Universe
Extra fields, e.q. Horndeski or massive gravity
(introduced to accomnt for DE)
weak, Strong and Microlensing of Gw



Detection GW
Detection of GW

CWMB polarization avisotropies (107 He). - indirect
Pulsar timing array (nHe) g
Astrometry (nHz) ”
Time delay interferometers (mHz). - direct
Laser Tuterferometers (kHz) g
Crystals, microwave cavities (MHz)
BEC, atomic interferometry (GHz) g

/"



Basic Concepts

o Need a mathematical formalism based on GR

o Derive rigorously (gange choices) GW equations
n multiple contexts (Mink. / FLRW / Schw.)

o Origiv, propagation and detection opens

a door \nto fundamental physics (GR, QW, TD)



Formalism

Linear perturbation of Einstein Eds.

Expansion aronnd arbitrary backorommd (M, FRW)
wave edquation — duadrupolar formula — everay loss
Production durivg nflation (Bogolinbov transt.)

Production during prel

Second order sca

Non-topological ¢

ar pe

eating (QW resonant)

rT. Aas SOUrce Upov reentry

efects as source npow reentry



Formalism

Phase transitions + cosmic defects (loops & cusps)
Thermal plasma stirring (SGWB)

Pulsar emission as standard clock

BBH (nspiral + merger + ringdown)

Primordial vs Astrophysical BH (source confusion?)
Standard and Dark Sirens (Coswmology)

Freefall and detectors (aange coord dependence)
Gravitational memory effect (linear & vwon-livear)




Energy Released

Intensity (Flux)




Basic Concepts

o Sources of Twformation

e Photons versus Gravitons



Sources of information

Scientific method is similar +o that of Cosmology,
oand different from particle physics

Make hypothesis & contrast with observations
Canvot make GW experiment (e.g). Hertz i EM)

Multimessengers (e.0. NS, SNe, accretion disks)



Sources of information

we measure on Earth (orbit), far from +he source

Tuference depends on enviroument (like Aristotle)

Astrophysics complicates our inference
How to calibrate detectors? (e.q. binary pulsar)
Con we reachh precision physics with W7

(e.9. masses and spins of BH)



Example: BNS = Kilonova

o Stiffuess of NS uwnder deformations/accelerations
o Tguation of state of nuclear matter

o WMultilayer structure of ivner veuntron star

o Velocity propagation of W = ¢ (light)

o Rute of expausion of the Universe (H,)

o Rates of r-processes vuclear wmatter high eneray
o Abundauce rare elements of periodic table

o Watter-evergy content of Universe from source



Example: Detection methods

e (WP polarization (B wodes)
o Astrometry (coherent motion stars v sky)

—

e Time arriva

—

e Time arriva

radio pu
aser piu

ses from PSR (PTA)
ses satellites (LISA)

o Laser interferometry (LLGO-Virgo-KAGRA)
o Atowmic nterferometry

o Resonant ba

r detectors (crystals) + EM cavities

e DEC suspended inside Fabri-Perot interferometer



Example: GW as tests of GR

o Speed propagation (GWIF0P17)
o Euergy loss system (PSRAA13+16)
o Structure ST around Kerr BH (EMRI)
e EXxotic compact objects (Boson stars)
e Superradiance
o ST inside BH = wormhole?
e Nature of DM (PBH)
o Horndeski/massive gravity in propagation GwW




Photons versus gravitons

(Gieneration

o EWM waves from accelerated charaes only —
photon 1s nentral

o (W from accelerated asymmetric masses —

aW also carry energy, thus non-linear



Photons versus gravitons

Propagation
SZE: Yy lnteracts with e v
Iy in TGW

o HKZ:.p"interacts w

o TSW: vy interacts wit

clusters

I d in volds

aravitational lensivg of both y and GW
Redshifting and Shapiro time delay of both
GW mix with grav. do.f. in Horndeski
Event Horizon Telescore and EMRTs




Photons versus gravitons

Detection

o At same eneragy, Y interacts with matter much
more strongly than Gw

e Need huge eneraies and luminosities GW

o (W low freduevcy act as background for matter

o Aungular resolution point sources (marcsec, dea)

o SEHWP of uuresolved sounrces



























