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Aims:

* how can probe cosmology and the
expansion history of the universe at
early and late times with GWs

* in practice how one tries to do it

* current status of results
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E = Energy (GeV)
Key
€ quark

(V) neutrino QA ion * star

\\e=v4 - bosons
electron o atom &  galaxy

meson

black
baryon \” photon 0 hole

). gluon

muon

tau

Particle Data Group, LBNL © 2014 Supported by DOE

Daniele Steer

LIP)EINIS | Universite (12 VIRGD

LABORATOIRE DE PHYSIQUE Pa.ris Cité

DE L'ECOLE NORMALE SUPERIEURE




GWs for cosmology

LIICTARY AETLIE | ININERCE A

Dark energy

accelerated Atoms
Dark

expansion
Cosmic Microwave Structure 4.6% Energy
F&ogkground radiation  formation v 72%
Accelerators is visible Dark
e b\ Matter
23%

Inflation

@

Z

o
O
(73
(%]
=
m
s
=
=
z &
@
=
m
el
v
=
&

Mean expansion rate of universe today:
Hubble constant H,, tension
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® Pedro’s lectures with EM sources:

Redshifts z = easy!

Distances dL(Z) = hard! > Distance ladder: parallax, cepheids, SN...
With many difficulties

o GW sources:

Redshifts z = hard!
Distances d eas: 1 > No need for a distance ladder: d;(z) comes directly
L(Z) = , from the observed signal
more straightforward

® Pedro’s lectures focused on scalar modes:

Linear and non-linear perturbation theory: breaks down quickly

e GWs: transverse and traceless tensor modes

Linear perturbation theory fine



® Lecture |: — Overview on early- and late-time cosmology with GWs; current and future experiments,
— orders of magnitude

® Lecture 2:— Late-time cosmology: GWs and d;(2)
— GWs in theories beyond GR, di(z)
— standard sirens I: Measuring H, with GWs and O3 results of LVK
— Back to early-time universe: an example of what physics we can probe.

® Lecture 3 (Chiara Caprini):
— cosmological stochastic GW background: early-universe cosmology with GW's

® Lecture 4 (Nicola Tamanini):
— Standard sirens Il:

® Lecture 5 (Tania Regimbau):
— astrophysical stochastic GW background:



Overview



Gravitational waves for cosmology

late-time universe

|

Individual resolvable

astrophysical sources

and populations of sources

at cosmological distances

e.g. binary neutron stars (BNS),
binary black holes (BBH),
neutron star-black-hole binary (NS-BH)
Rotating asymmetric neutron stars
supernova explosions...

l

— Expansion rate H(z)

— Hubble constant H|,

-Q

— beyond ACDM, dark energy w(z)

— late-time modified gravity (modified GW propagation)
— astrophysics; eg populations of BBHs




Gravitational waves for cosmology

late-time universe

|ndividual resolvable Hanford, Washington (H1) Livingston, Louisiana (L1)
astrophysical sources

and populations of sources
at cosmological distances

e.g. binary neutron stars (BNS),
binary black holes (BBH),

neutron star-black-hole binary (NS-BH) wv\/\/\/\/\/v%
Rotating asymmetric neutron stars g R S /LA | )
supernova explosions... o Reconsced tamplee | mm Seconrcad tamplae)
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— Hubble constant H, Ef /

— Qm

— beyond ACDM’ dark energy W(Z) 030 035 0.40  0.45 0.30 0.35 0.40 0,45
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— late-time modified gravity (modified GW propagation)
— astrophysics; eg populations of BBHs Transient deterministic signal

Normalized amplitude
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Gravitational waves for cosmology

late-time universe

|

Individual resolvable
astrophysical sources

and populations of sources
at cosmological distances

e.g. binary neutron stars (BNS),
binary black holes (BBH),

neutron star-black-hole binary (NS-BH)

Rotating asymmetric neutron stars
supernova explosions...

l

— Expansion rate H(z)

— Hubble constant H,

-Q

— beyond ACDM, dark energy w(z)

— late-time modified gravity (modified GW propagation)

— astrophysics; eg populations of BBHs

Very early universe until today

I tztpl

Stochastic GW background
astrophysical and cosmological

origin I

dpgw
ng(t():f):é ICO;E (t07f)

— population of BH, white dwarfs..
— inflationary GWs

— |Ist order Phase transitions
— topological defects

— scalar induced GWs

— primordial black holes

— axions

— early modified gravity...

More speculative. Early universe sources beyond standard
model of particle physics!



Gravitational waves for cosmology

late-time universe

|

Individual resolvable

astrophysical sources

and populations of sources

at cosmological distances

e.g. binary neutron stars (BNS),
binary black holes (BBH), v
neutron star-black-hole binary (NS-BH)
Rotating asymmetric neutron stars

Very early universe until today

I tztpl

Stochastic GW background
astrophysical and cosmological

origin I

dpgw
ng(t():f):é ICO;E (t07f)

Primordial cosmology

supernova explosions... Individual resolvable l
cosmological sources — population of BH, white dwarfs..
e.g. cosmic string GW bursts  _ jnflationary GWs

— | st order Phase transitions

— Expansion rate H(z) — topological defects

— Hubble constant /), — scalar induced GWs

-Q, — primordial black holes

— beyond ACDM, dark energy w(z) — axions

— late-time modified gravity (modified GW propagation) — early modified gravity...

— astrophysics; eg populations of BBHs More speculative. Early universe sources beyond standard

model of particle physics!



An example: Cosmic Strings W R

5 \I\l‘ l\.\\ 1 ; (_—/J ,/ /\‘;’.’ %
o e
— Line-like topological defects, may be formed in a symmetry breaking O i
phase transition, time f, temperature T,. Stable, once formed cannot disappear. = -~ -+
— only one parameter describing physics of strings: their tension e
P RS DS
e .///\l;~~~/_}< <
2 X \\‘ /J'ig 7 r_/_/;
T‘ e o
- l /, N / /
Gu ~ 107° -
1016 GeV

— loops are created for all times 7 > 1, , oscillate relativistically and emit GWs:

* individual loop, close by, emits a particular short, and periodically repeating, GWV burst signal.
* effect of all loops is to generate a SGVVB

: Repeating short burst
Stochastic GW background o P 8
1.21
ll I| /, '; -
/ : | /4 / | 1.0
’ ll \ \_/,/' V4
/ A v 1 08
/ \ i 7 I
/ v 4 L2250 isa 4~ 0.67
{1 -_______‘. DECIGO  _| =
L__21 BBO 0.4
(I of I
L_01 CE ] 0.2
L_01 HLVK .
1 uw (03) _| 0.01 /\/\/ \/\/\
10—18 L STABLE-N — SUPER i — DW—SM DW-DR __ —().2-' ' ' ' ' ' '
R I TTTIT AR TTT MW TTTTT AR TTTT BT AR TTTY AW AT AR TTT B AR TTTT AR ETIT SR TTT AR AR TTT AR TTIT M RTTTT ERNARTTTT AN RTTIIT SR 7.5 —-5.0 —2.5 0.0 2.5 5.0 7.5
10—10 10—8 10—6 10—4 10—2 1 102 104 106 Time [hours]

f [Hz|

— Experiments, current and future, can either put constraints on, or measure G PTAs: G < 10710



Gravitational waves for cosmology: detectors

late-time universe

|

Individual resolvable
astrophysical sources

and populations of sources
at cosmological distances

e.g. binary neutron stars (BNS),

binary black holes (BBH),

neutron star-black-hole binary (NS-BH)

Rotating asymmetric neutron stars
supernova explosions...

l

— Expansion rate H(z)

— Hubble constant H,

-Q

— beyond ACDM, dark energy w(z)

— late-time modified gravity (modified GW propagation)
— astrophysics; eg populations of BBHs

—flat ACDM ds® = —dt* + a*(t)dz”
a(t)

H(t) = %

— Hubble parameter:

— redshift; 14+ 2=



Gravitational waves for cosmology: detectors

late-time universe

|

Individual resolvable
astrophysical sources

and popul.atlo.ns of sources "Compact binary coalescences”
at cosmologlcal distances e CBCs

e.g. binary neutron stars (BNS),
-binary black holes (BBH),

:neutron star-black-hole binary (NS-BH) - Precisely what sources can be used
Rotating asymmetric neutron stars —~~~~ cecceceeceeiieaen. » depends on the detector(s): frequency
supernova explosions... band, noise/ sensitivity,...

l

— Expansion rate H(z)

— Hubble constant H|,

-Q

— beyond ACDM, dark energy w(z)

— modified gravity (modified GWV propagation)
— astrophysics; eg populations of BBHs



* GW detectors: designed to be as sensitive as possible to time-
varying changes in the separation between two freely-falling objects

Laser
interferometers.
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PTA: 1 A
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pulsar Earth

Ultra-stable millisecond pulsars used as beacons “clocks sending signals”.
In reality though messy astrophysical objects. ... Measure TOA of pulse, and
compare to expected TOA determined from detailed timing model for the pulsar



GEO600

gLiIGo Advanced LIGO
J—— Hanford, 4km
-

gLIGO . : w Advanced LIGO

{ B Sl Al 5 INDIA, 4km
“‘ﬁﬁ?' Advanced Virgo Under
N2 | 3 km development
Advanced LIGO . ¢

Livingston, 4km

WK 10Hz S fagw S5 kHz

1 AU (150 million km)

NANOGrav
Sun
LISA collaboration arXiv:1702.00786 \»E PTA

LSA10# Hz S fow S 1Hz 107 "Hz < fow <107 °Hz

} {
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Observatories
& experiments

Timescales

o
S
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For a discussion of

kHz-GHz detectors, see: Cosmic

[Living Rev.Rel. 24 (202]) ek
[,2011.12414]

Ground-based " Space-based observatory ' Pulsar timing array Cosmic microwave
experiment : ; background polarisation

billions of years

M]

Cosmic fluctuations in the early Universe

e

Compact object falling
onto a supermassive
black hole

oh | Nag,y

UEE)
Merging stellar-mass black holes Merging white dwarfs

in other galaxies In our Galaxy

[LISA collaboration, LISA Definition Study Report, 2402.07571]

Cosmological sources >



Characteristic detector| GW frequency to which fowL |L vs Acw

size (km) detector sensitive (Hz)
LVK ~ 1 10 —10* fowLl <€ 1|L <€ Agw
LISA ~ 10° 107*—10"1 fawL ~ 1| L ~ Acw
PTA ~ 10*7 1072 —10"" fawL > 1|L > Aaw

LVK LISA PTA [Romano+Cornish]

* To detect higher GW frequencies — smaller experiments. [Living Rev.Rel. 24 (2021) 1,2011.12414]



GEO600
; gLIGo Advanced LIGO
LVK: 10 HZ S, fGW S 5 kHz __‘_;_‘,33,;‘ Hanford, 4km

g4LIGOo ) s - : Advanced LIGO
{ RS 32 INDIA, 4km
Advanced Virgo Under
3 km development

* LVK is an interferometer network Advanced LIGO - : B vently

Livingston, 4km £l operational

l\'.\(.' skm

|/ Localisation
Interferometers have bad angular resolution: not pointing instruments

For late-time GW cosmology accurate localisation useful as e.g.
— some of the GWV sources may also emit EM radiation: to detect that with EM telescopes
(which by their very nature are directional) need the localisation.
— useful to associate GW events with data from galaxy catalogues.

==> Network: localization determined through triangulation, using the observed time delays of the
signal at several detectors.

2/ instrumental noise uncorrelated between detectors:
any correlated noise between detectors could be attributed to a SGVVB.



GEO600

gLIGo Advanced LIGO

LVIK: 10 Hz S, fGW S 5 kHz __‘_;_‘,33,;‘ Hanford. 4km

g4LIGOo ) é : Advanced LIGO
{ TSl S INDIA, 4km
: Under

Advanced Virgo ‘
development s
l KAG skm

3 km
)
Recently
operational

Advanced LIGO
Livingston, 4km

* LVK is an interferometer network

|/ Localisation
Interferometers have bad angular resolution: not pointing instruments

For late-time GW cosmology accurate localisation useful as e.g.
— some of the GWV sources may also emit EM radiation: to detect that with EM telescopes
(which by their very nature are directional) need the localisation.
— useful to associate GW events with data from galaxy catalogues.

==> Network: localization determined through triangulation, using the observed time delays of the

signal at several detectors.

2/ instrumental noise uncorrelated between detectors:
any correlated noise between detectors could be attributed to a SGVVB.
—— ET 10km —— ET 20km LIGO 05
- ET 15km CE 40km Virgo O5 ,
* Plans to build new interferometers on earth beyond LVK (late 2030s?)
— Einstein Telescope in Europe & Cosmic Explorer <
in the USA, with L ~ 10 — 40 km KRS
10° 10! f [H;?Z 10

few Hz < fow < 10*Hz



late-time universe

|

Individual resolvable
astrophysical sources
and populations of sources
at cosmological distances
e.g. binary neutron stars (BNS),
binary black holes (BBH), v
neutron star-black-hole binary (NS-BH)  Primordial cosmology
Rotating asymmetric neutron stars

supernova explosions... Individual resolvable
cosmological sources
l e.g. cosmic string GW bursts

— Expansion rate H(z)

— Hubble constant H|,

-Q

— beyond ACDM, dark energy w(z)

— modified gravity (modified GWV propagation)
— astrophysics; eg populations of BBHs



Current LVK observations: only compact binary coalescences,
no cosmic strings, supernovae...!

Updated - O1 02 == O3 == O4 05
2025-01-26
80 100 100-140 150 -160+ 240-325
LIGO /\/Iijc Mpc Mpc .Mpc I Mpc
30 40-50 50-80
| Mpc Mpc Mpc See text
Virgo ] 1}
0.7 1-3 =10 25-128
KAG RA Mpc Mpc Mpc Mpc
| | | T | T | | | T | T T | | T
G2002127-v28 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

01+02+03 = 90, O4a* = 81, O4b* = 105, O4c* =9, Total = 285

* O4a, 04b, and O4c entries are preliminary candidates found online.
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LIGO-G2302098(902a99b7), updated on 16 February, 2025 Time ( Day5)

Credit: LIGO-Virgo-KAGRA Collaboration

« Ol o 3 BBHs

*« O2 o 7 BBHs
o | BNS with EM counterpart GW 170817

* O3 © 4 events compatible with NSBH masses
O 2 events compatible with BNS masses
o ~80 BBHs.

* O4a ; O4b and since end January O4c¢

For all of these have the SNR and
posterior distributions for
masses,
distances,
sky localisation,
spins...

(at least |7 parameters describe the
waveform)


https://gracedb.ligo.org/
https://emfollow.docs.ligo.org/
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Individual resolvable

astrophysical sources

and populations of sources

at cosmological distances

e.g. binary neutron stars (BNS),
binary black holes (BBH),
neutron star-black-hole binary (NS-BH)
Rotating asymmetric neutron stars
supernova explosions...

l

— Expansion rate H(z)

— Hubble constant H|,

-Q

— beyond ACDM, dark energy w(z)
— modified gravity (modified GWV propagation)
— astrophysics; eg populations of BBHs

LVK O3 run, 7 < 0.9

max ~v

Density

Masses In the Stellar Graveyard

LIGO-Virgo-KAGRA Black Holes
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https://arxiv.org/abs/2111.03604
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Individual resolvable
astrophysical sources

and populations of sources

at cosmological distances

e.g. binary neutron stars (BNS),
binary black holes (BBH),
neutron star-black-hole binary (NS-BH)
Rotating asymmetric neutron stars

supernova explosions...

l

— Expansion rate H(z)
— Hubble constant H|,
-Q

— beyond ACDM, dark energy w(z) and dark matter
— modified gravity (modified GWV propagation)
— astrophysics; eg populations of BBHs

Event rate (counts/s)

Event rate (counts/s)

Frequency (Hz)

BNS-GWI170817, z ~ 0.01

1.74 s
1750 4 Lightcurve from Fermi/GBM (50 — 300 keV)
1500 A
1250 A
1000 1 ~ . n ﬂ ” H-| H.”AUH] i el Lala n” il ‘ﬂﬂ ﬂvm nﬂlﬂ
o y o I L
o T AT ey
Lightcurve from INTEGRAL/SPI-ACS
120000 4 (> 100 keV)
117500
115000
112500 A
PO Gravitational-wave time-frequency map
300
200
100

50
-10 -8 -6 —4 -2 0 2 4 6

Time from merger (s)

B. P Abbott +, APJL, 848:L13 (2017)
Caw — C
C

—3x1071° < < +7x 10716
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Individual resolvable

astrophysical sources . . . — . .
and populations of sources 7l oo
at cosmological distances 5 SHOES and Panthebn+ GW standard sirens
e.g. binary neutron stars (BNS), L1 | collaborations,

binary black holes (BBH), T } b

neutron star-black-hole binary (NS-BH) £ o TR S I

Rotating asymmetric neutron stars ot Planck

supernova explosions... oo

l 2000 2004 2008 %ear ofzgiincation 2020 \ 2024 2028 203:
dark siren contribution

GW170817 + EM counterpart
— Expansion rate H(z)

— Hubble constant H|,

-Q

— beyond ACDM, dark energy w(z) and dark matter
— modified gravity (modified GWV propagation)

— astrophysics; eg populations of BBHs



properties of GWV signals

* [ransients = short duration signals relative to the observation time-scale (~years)
* Persistent = long duration signals relative to the observation time-scale (~years)

* Coherent/deterministic = well defined phase evolution [Figure inspired by
* Incoherent/Stochastic = non-predictable/random phase evolution Aenkins, PhD]
Transients Persistent

Eg Signal from compact

ﬁvf\vﬂw Av/\v/\vw ALY

Coherent binary mergers (CBC)
Eg Spinning NS with a bump on it
Early inspiral of a CBC
Super radiance from BH
Eg Burst from cosmic strings
Incoherent

Persistent incoherent signals —>

Eg core collapse of a supernova stochastic GW background




properties of GWV signals

* [ransients = short duration signals relative to the observation time-scale (~years)
* Persistent = long duration signals relative to the observation time-scale (~years)

* Coherent/deterministic = well defined phase evolution [Figure inspired by
* Incoherent/Stochastic = non-predictable/random phase evolution Aenkins, PhD]
Transients Persistent

VAV/\V/\VAVA o ‘ffjvﬁj\vw VWV

Coherent X '(X"‘. W
V/\o\' > ’A“d e Eg Spinning NS with a bump on it
P\aﬁes Early inspiral of a CBC
e Super radiance from BH
Eg Burst from cosmic strings
e "} n ||
“| mﬂ *ﬂnll
)
Incoherent “suo” \m‘tS{

upé?slstent incoherent signals —>
stochastic GW background

Eg core collapse of a supernova




Gravitational waves for cosmology
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|

Individual resolvable
astrophysical sources

and populations of sources
at cosmological distances

e.g. binary neutron stars (BNS),

Very early universe until today

I tztpl

Stochastic GW background
astrophysical and/or cosmological

origin I

binary black holes (BBH), v [ dpgw
neutron star-black-hole binary (NS-BH) Qgu (o, ) = oe df (to,.f)
Rotating asymmetric neutron stars Individual resolvable
supernova explosions... cosmological sources l
l e.g. cosmic string GW bursts  — population of BH, white dwarfs.
: : — inflationary GWs
Primordial cosmology — |Ist order )I;hase transitions
— Expansion rate H(z) — topological defects
— Hubble constant H|, — scalar induced GWs
-Q — primordial black holes
— beyond ACDM, dark energy w(z) and dark matter — ultra light dark matter
— modified gravity (modified GWV propagation) — axions...
- aStrOPhYSiCS; cg POPUIationS of BBHs More speculative. Early universe sources beyond standarc

model of particle physics!



From individual signals to the stochastic GW background (SGVVB)

* Consider cosmic population of sources (astrophysical/cosmological) distributed in the universe

* For each source, amplitude GW signal alL_1 :
= beyond some distance the signals will be too faint to distinguish from the noise in a detector

=detection horizon (dependent on the source and detector);

—and even in the detection horizon, if the number of sources increases sufficiently, signals may overlap

(in time and frequency domains) so can’t be detected individually

* The combined GWV signal of these is the SGWB — which can be of astrophysical or cosmological origin.

« SGWB associated with distant sources, and its detection and characterisation

can probe the high redshift primordial universe

Updated - O1 02 == 03 == O4 05
2025-01-26
80 100 100-140 150 -160+ 240-325
LI G O Mpc  Mpc Mpc Mpc Mpc
30 40-50 50-80 See text
1 Mpc Mpc Mpc
Vi rgo 0
0.7 1-3 =10 25-128
Mpc Mpc Mpc Mpc
KAGRA | R | T
T T T T T T T T T T T T T T T

G2002127-v28 2015 2016

2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Background



From individual signals to the stochastic GW background (SGVVB)

* Consider cosmic population of sources (astrophysical/cosmological) distributed in the universe

* For each source, amplitude GW signal a’L_1 :
= beyond some distance the signals will be too faint to distinguish from the noise in a detector

=detection horizon (dependent on the source and detector);
—and even in the detection horizon, if the number of sources increases sufficiently, signals may overlap
(in time and frequency domains) so can’t be detected individually

* The combined GWV signal of these is the SGWB — which can be of astrophysical or cosmological origin.

 SGWB associated with distant sources, and its detection and characterisation
can probe the high redshift primordial universe o0

* To access the cosmological background, (C.Caprini) & OPeo° ®
crucial to understand the astrophysical background e 353 ?o
(T.Regimbau) which will inevitably be present. o te % N P <

@ o:)
® o %. %O
o o °
ool' o o® N

* Note: the cosmological SGVVB is expected to be nearly %0, c 6 °.0

isotropic; unpolarised; gaussian. X,
the astrophysical one may be anisotropic Background

(galaxy distribution anisotropic up to ~100Mpc)



Photons decoupled from T~ 3000K, Gravitons decoupled from 7,

* particles which decouple from primordial plasmaat ¢t ~¢,,. or T ~ T,,. give snapshot universe at that time.

t < tgec
T > Tdec

they are coupled and interactions obliterate all information.

* In thermal equilibrium when
For light/massless particles

rate of process T ~ nO"’U| > H at temperature T
maintaining thermal r ¥ n o~ T°
equilibrium . \\ . . v~ 1
number density typical velocity
of particles X-section H? ~ T4]\41—:12

interaction

and drop out when ['~ H

3
Eg Neutrinos: o ~ G717 b oy
H neutrino 1MeV

T? r 7 \°
Gravitons 0 ~ G?VTQ ~ — (—) ~ (_>
Mf4)l H graviton Mp)

=> retain spectrum/shape/typical frequency & intensity of physics at corresponding high energy scales
=> but making predictions uncertain for such sources,
=> and need to deal with an astrophysical component



SGWB

* Compelling evidence for a GW background in nHz frequency band

Assuming General relativity, and an unpolarised, stationary, isotropic and Gaussian SGVVB
(compatible with the cosmological principle), then the average correlation between pulse
arrival times from 2 different pulsars separated by some angle should satisfy the [Credit: D. Champion]
Hellings&Downs curve [1983]

NANOGrav collaboration, [NANOGrav, Pulsar Timing Array gffgulsl search
|5 year data set; 68 pulsars 2306.16213 ] (EPTA); 25 pulsars 2306.16214]

O
Ne

g
o)

o
o

Correlation coefficient

O
=

é\é :

0 30 60 120 150 180 °% 20 40 60 s 100 130 10 160 180
Separation Angle Between Pulsars, Eap [degrees] Angular separation (deg)

=
o

correlation between pulse arrival times from 2
different pulsars separated by some angle

3.5 — 46 (NANOGrav) ~3—3.50 (EPTA+IPTA) ~ 26 (PPTA) (CPTA)
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Detectors working in different frequency bands:
probe different GW sources with different characteristics.
Work individually; as well as together

Galaxy-scale detector Spacecraft
Stochastic NANOGrav 2018
background
NANOGrav by 2030
Supermassive
binaries
Massive

binaries

LISA

Extreme mass
ratio inspirals

- "lf*'

10* 102
Frequency (Hz)

10710 108 10°®

10°



Examples of cosmological SGWB sighals: Next generation detectors (SKA, LISA and ET/CE)

[Caprini et al,

2406.02359]
----- CS - BOS model =model A |
I s . \ — & Lish
=+ Inflation model m— T = == SKA ’ WN Only
LISA | Noise only =~ === SKA
Cosmic strings: model B
- - L e L
10-8 - - By -
Frequency [Hz| - - =
-
+" "o
< L 2
Same cosmic strings: model A 3% ).
e, . .
L AR . .
L .' “ *
L SR . .
® o . *
o o * *
.0 % *
* o “ *
]_0_14 7 .'. .: " *
—— Model A | Gp=7.9 x 107! R "
= = Model B|Gpu =25 x 101! S ’,
10—16 i * o %
== = Strong FOPT | T, = 6 x 10" GeV S .
+ FOPT|T. = 8 x 106 GeV R ’
10718 : : l * l l ;
1078 1076 1074 1072 10° 102 10?

Frequency [Hz|

* Models A and B are meant to describe exactly the same physics!
* If Model B is the unique source of the SGVWVB signal in PTA
then actually already exclude it!
* Model A would lead to an extremely loud signal in ET, with SNR ~ 10°
* Different spectral shapes, depending — amongst other things — on the properties of the source.
Is the source producing GWs at t. “short/long” duration relative to the Hubble time H~!(z.)?

log. (Gu) = — 10.6319-24,
810(G) 022 Gu> 4.0-63)x 1071



Characteristic frequency today?

Consider a source of GWs operating at a time ¢ = t., for order one Hubble time.

* Characteristic frequency today depends on:
— production mechanism (model-dependent)
— kinematical (depending on the redshift from the production era)

* GWs produced with frequency f. at 1 = . have characteristic frequency today of

(assuming standard thermal history

f = ﬁf* — 1.65 X 103 Hz L 8 % ﬁ< and radiation era)
) 1010 GeV 100 H.

F

temperature (energy density) of the
universe at the source time

——

» But expect by causality that /. ~ 7= > H(t.) so [ﬁ > 1, with value depending on production mech.

*

=2 0 1.65%10° Hz I
Sy 1010 GeV



* GWs produced with frequency f. at = t. have

characteristic frequency today of

=2 1.65%10°H I
= —J. ~ 1. Z
a 1010 GeV

)

— CE LISA
m— ET = == SKA | WN only
LISA | Noise only =~ === SKA

- —
----——

= Model A | G =17.9 x 101 o v
= = Model B| Gp = 2.5 x 1071} AEIK
= Strong FOPT | T} = 6 x 107 GeV .

L4 .
*+ FOPT|T, =8 x 10° GeV o :'

L 4

10-8 10-6 10-4 10-2 100 102 10
Frequency [Hz]

==> ground based interferometers (LVK, ET, CS..) correspond to scales 10° GeV < 7. < 10"V GeV

==> GW/s in the GHz band would correspond to GUT scales cosmological sources.

(No known astrophysical sources are known)

==> LISA frequencies included energy scale of EW symmetry breaking 7. ~ 100 GeV

==> nHz frequencies of PTAs coincide with chiral symmetry breaking and quark-gluon confinement

(QCDPT), 7. ~ 150 MeV



102 — CE —— LISA === AFG|LISA
Crucially important to B EITSA | Noise ol - :Ei YRR S| B
. — o1se only —— =ns AFG | CE
understand the astrophysical 104 |
foregrounds.
10—6_

* Some astrophysical foreground
are so loud that they must 107%1

be considered as a noise in % — : ‘//
the detector. % 10-104 II "‘;‘ .
/ AN
/ \
107124 / \
* Others are weak relative v A \\
to noise, and must be searched (g b \
for just as the cosmological 107 T o g \\
SGWRB ——— Model A |G =8 x 10 / \
(gt || 7 Model B Gu=4x 10716 4 \
= DW | Ty = 10° GeV L 2
= = FOPT |T. = 10" GeV ," L A
1018 7z : . VA 4 . . .
1078 1076 10~ 1074 % 100 102 104
Frequency [Hz
LISA. FRY
— galactic white dwarf binaries: loud *
— extra galactic WDB and SMBHB: weak
Contribute a signal, SNR ~ 314
SKA. (Assuming 50 ms pulsars, 7, = 15yrs ET (CE).
— assumed a SMBHB background with amplitude — weak signals from unresolved compact

and spectrum obtained from simulations Binary mergers, SNR =~ 50 (72)



® Lecture |: — Overview on early- and late-time cosmology with GWs; current and future experiments,
— orders of magnitude

® Lecture 2:— Late-time cosmology: GWs and d;(2)
— GWs in theories beyond GR, di(z)
— standard sirens I: Measuring H, with GWs and O3 results of LVK
— Back to early-time universe: an example of what physics we can probe.

® Lecture 3 (Chiara Caprini):
— cosmological stochastic GW background: early-universe cosmology with GW's

® Lecture 4 (Nicola Tamanini):
— Standard sirens Il:

® Lecture 5 (Tania Regimbau):
— astrophysical stochastic GW background:



Late time cosmology with binaries:
characteristic scales and orders of magnitude.



WK 10 Hz S fgw S 5 kHz

BLIGO advanced LIGO
. Hanford, 4km

LISA: 107 Hz S fow S 1 Hz
eSA | Nagy

R=d=dzH,y...)
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Strain
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|

-1.0 H

—— Numerical relativity
B Reconstructed (template)

Merger Ring-

{ 94 s00

|

|

down

-

i

e The inspiral phase can be understood with perturbation theory (the
“post-Newtonian (PN) expansion” of the Einstein equations) presented below,
more details in (Thorne 1980 ; Blanchet 2006 ; Poisson and Will 2014).

» The merger phase generally requires numerical relativity other other techniques
such as effective one-body techniques, see e.g. (Deruelle and Uzan 2018) for an

introduction.

» The ringdown phase can also be approached with perturbative methods, namely
BH perturbation theory, see e.g. (Kokkotas and Schmidt 1999 ; Santoni 2024).

&y=mw+@w+”.

vic k1



very basics on GW

[see Maggiore, Poisson and Will, Speziale and Steer...]

~ 104 kg‘lm—ls—l space-time is elastic but very rigid (need massive energetic objects to
produce detectible GWs)

* perturbative treatment of Einstein’s equations

Assumption: in some coordinate system
. - = (2)
— background metric g, & perturb g, =g, +/h, + 10+ ... h | < 1

— And then attempt to solve Einstein’s equations order by order.

{6
Mepy = —Z—— ()
To first order G, (/) = T, .
c4
first order solution feeds back as
R1(G ct a source for the second order
To 2nd order. G(l)(h(z)) = — <T(2) + tG> tG = — G(z)(h) . solution (standard from
Uv 4 U uv | U uv . : :
C 8xG perturbatively solving non-linear

equations)



Minkowski background (solar system or sub-Hubble scales) S =T

- Weak field, Post-Minkowskian expansion: /" ~ ("

* If further impose the non-relativistic approximation v/c << | Post-Newtonian expansion

167G

—The 2 propagating d of f are obtained by (1) solving hij = 7 T;.l)
C

(2) and imposing the transverse and traceless conditions: hl.i =00hY=0

hET (1, %) = N gy(R)hy(t, %)

A(ky = = 5085 — 55“’95“1 — 80kPky) — k55 + 5(5“’9kckd + kKPS, + kkPk k) .

— Stress energy conservation reduces to 0”Tﬁ) =0:

matter does not interact with the gravitational field.
Sources follow geodesics in flat spacetime



Vacuum solutions: hij =0 hi=00h"=0

* Wave propagating in Z direction

hij(t’Z):eZﬂ'if(t—Z) hx _h+ ol = Z eZiz'l'f(t—Z)eghP,

(0 0 0 P=rx
polarisation tensors el.;.r

LR 8N oX 98 S
= X% = 33y € = 259,
e Resulting perturbed metric:

ds* = —dt* + (1 + h, cosk - x)dx* + (1 — h, cos k - x)dy* + 2h, cosk - x dxdy + dz*.
h(t)

* Taking a ring of particles in the (x, y) plane |
and Agy > L, (ignore space dependence of /1)) '

Yo

o
[~
/
~



Vacuum solutions: h; = (07 — Vz)hij =0 =00h"=0

* Wave propagating in Z direction

hlj(t’z):e27rif(t—z) hx —h+ 0l = Z eZiz'l'f(t—Z)eghP,

(0 0 0 P=rx
polarisation tensors el;.r

LR 8N oX 98 S
= X% = 33y € = 259,
e Resulting perturbed metric:

ds* = —dt* + (1 + h, cosk - x)dx* + (1 — h, cos k - x)dy* + 2h, cosk - x dxdy + dz*.
h(t)

Taking a ring of particles in the (x, y) plane |
and Agy > L, (ignore space dependence of /1))

Yo

o
[~
~

. . V2 ;
heSae | e
hi ~ a~' on sub Hubble scales A < H~! el—e % %
h
f= Je , dt = (1 + z)dt,
1 +z



* For a source localised in space, of characteristic size d and at distance |X| = R > d

1 - - -
4G it ——1x=yl.y) | |
d’y , In general no analytic solution.
source |

hlj(t’ .;C)) —_

c4 X—y|

Approx I:consider distances R = | x| > d large compared to the size of the source:

4G R y-N _
hi(t, X) ~ TJ A’y Tyt —— - ) % =RN

C C C

Approx 2: typical velocities v/c < 1. On using 0, 7" = () leads to

.. 2G . L[ oo = 1,
hi(t, X) ~ g Qi — R/c) Q== d°yT (&) = 3370y)

from which one can extract /1,

* GWs carry energy momentum and angular momentum from the source

3 a 1% C
Poy __¢ ﬂE Tt as Tow "2° 26 ey, 5.4
di 322G Jg Jt 5.5 bde gy
VKL C G

=~ g "



Example: Binary systems

— assume source in the (x, y) plane satisfies Newtonian equations (v/c < 1)
ie. Keplers orbits, eccentricity e,
semi-latus rectum p
total energy F « e? — 1
angular momentum L

Circular orbits: e = 0, bound elliptical orbits: e < 1
unbound hyperbolic orbits: e > 1

— Straightforward to calculate ();; as well as GW energy and
angular momentum radiation

— use conservation of energy and angular momentum

dr . di dr  di

To determine e(), p(¢) and h, (1, ﬁ)

bt T 2G .. R/
lJ([,X) ~ CLI__RQZJ(Z- _ C)

1 1
_ 3 00,4+ 2 2
Q= el Jd YT (8, y)(y,y; 37 5;)

Jew V< 20G . .. ...
dt 509




— e(t;)=0

< LA A
R A AR A AR TR V WVWVWWW
= bl adadaadlalabalaldin
S WAV
For circular orbits,

W\W i i the solutions are analytical

i

h+(t)

t
From [Speziale and Steer]

FIG. 14: Four waveforms, in the lowest order PN expansion, with initial values of eccentricity given by
e =0,0.3,0.5 and 0.7. Most GW power is emitted near the pericenter where the orbital velocity is the largest.
Also since more GW radiation is emitted as e increases, the merger occurs earlier.



On characteristic scales for binary systems, and detector reach

R=d=dzH,y,...

WK 10 Hz S fgw S 9 kHz

ELIGO Advanced LIGO r 3P
JE— IHanford, 4km &.4’ o

gLIGo

111111




Binaries on Circular orbits: orders of magnitude

3/5
(m1m2)

(my + my)»

—5/8 3/8
1 (GAH 5
— Inspiral phase:  fow = — < > ) <256T> with chirp mass /4 =

time to coalescence 7 =17 — 1.

—— ET 10km —— ET 20km LIGO O5
6G —— ET 15km CE 40km Virgo O5
: m . 1072
— Assuming merger at ISCO a = > withm =m; + m,
C
=> Merger frequency:
&10°%
/ 1 3 ]
merger — =
s 63/2 \ Gm S
n 10
\/
* BNS, miy 2 ~~ 14M@ fmerger ~ 1.5 kHz 0 10! f[Hl]b2 10°

* stellar mass BHs, miy2 ~ 35M@ fmerger ~ 60 Hz



BH Perturbation
Theory

Binaries on Circular orbits: orders of magnitude -/ ¢

Amplitud

~5/8 3/8 3/5
1 (G 5 (mm,)
— Inspiral phase: fow = — > YT with chirp mass ./ = - il—rznz)w

time to coalescence 7 =17 — 1.

—— ET 10km —— ET 20km LIGO 05
6G —— ET 15km CE 40km —— Virgo O5
: m . 1072
— Assuming merger at ISCO a = > withm =m; + m,
c
=> Merger frequency:
Q'_|10_23_
/ 1 3 ]
merger — =
- 63/2 \ Gm SN
n 10
* BNS, m1,2 Y 1.4M® fmerger Y 1-5 kHZ 10_25100

* stellar mass BHs, miy2 ~ 35M@ fmerger ~ 60 Hz

* Supermassive BBHs, my o ~ 1O6M® fmerger ~ 10_3 Hz

1400

10—15 4
1200

1016 4
1000

10—17 4

[es]
o
o

10—18 4

SNR (MBHB)

[)]
o
o

107193 400

— nHz frequencies (PTA) do not correspond to of SMBHB coalescence,
but emitted by binaries with masses 10" — 10'°M_,on broad orbit
(period ~ year(s)) a o e

1020+ 200

Strain Amplitude Spectral Density [1/+v/Hz]

102 107! 10°
Frequency [Hz]



* Time to merger

If GWs enter frequency band of a detector at observed frequency fiow

3\ °/3
T ~ 10—3f1_8/3 ( C ) fmerger > flow
v\ GM
* BNS, entering LIGO-Virgo detector window at observed frequency flow ~20Hz T ~ 4min
m1,2 ~ 14M® fmerger ~ 15 kHZ
* BNS, entering ET detector window at observed frequency flow ~1Hz T ~5 days
=> cannot neglect the rotation of the earth
—— ET 10km —— ET 20km LIGO 05
=>Given the merger rates for BNS, BBH and BH-NS, - Pk CF 40km — Virgo 05
expect a typical BNS signal will be overlapped by a number
of BBH signals, which may merge at similar times
g’—lo 23
8
* stellar mass BHs entering LIGO-Virgo detector window 3
mi2 ~ 35Mo T ~0.1s o
fmerger ~ 60 Hz _—
10-25 | ' |
10° 10* 10? 10°
[ [Hz]
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* Supermassive BBHs,

mi a2~ 106M@

T ~ 1 month

* stellar mass BHs entering LISA detector window

flow ~ 10_2 Hz
T ~ 20 yrs



5/3 2/3
* Amplitude/distance h o~ 4 (GM Tfaw
R 62 C

e stellar mass BHs in LIGO-Virgo
miy2 ~ 35M® fmerger ~60Hz ph~ 10_21 gives R ~ 400 Mpc

converted to a redshift assuming the Planck values of
cosmological parameters dHy ~ cz

Horizon redshift as a function
of total source frame mass for
an SNR detection threshold of rho=8.
For LISA assumes 4 yrs obsv.

103 3
[ z>20; dark era preceding birth of
1021 0?2 first stars: any detected BHs must
§ alIGO be primordial
R I N AP e A L
S 1 Voyager
v 10 ; LISA
ET
- CE ,
100 Conclusions:
: |/ LVK,ET ==> BNS+ stellar mass and
- intermediate mass BHs
107! 05 2/ LISA ==> merger of supermassive BHs
Mot /My 3/ cannot neglect expansion of the universe

[2006.0221 1]



