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How can GW help to probe cosmology?
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This talk: overview of LISA potential in probing both aspects,
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What is/will be known about the SGWB
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GWs in the primordial universe

GWs are tensor perturbations of the FRW metric:

ds® = —dt* + a®(t)[(6;j + hij)daz’da’]

‘hij‘ <1 h;} — @j hg — 0 superimppsed on the homogeneous and
isotropic background

G +0G,, =8rG (T,, +d1,,)

hij H3H hgjl+ k* h;j ={167G I1;."

GW source:

Hubble expansion : )
tensor anisotropic stress



GWs in the primordial universe
GWs are tensor perturbations of the FRW metric:

ds® = —dt* + a®(t)[(6;j + hij)daz’da’]

‘hij‘ <1 h"i: — 33’ hg — 0 superimppsed on the homogeneous and
isotropic background
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GWs in the primordial universe

GWs are tensor perturbations of the FRW metric:

ds® = —dt* + a®(t)[(6;j + hij)daz’da’]

‘hij‘ <1 h::: — 8]. h“,Z — 0 superimpf)sed or.1 the homogeneous and
isotropic background

G +0G,, =8rG (T,, +d1,,)

hij + 3H h;j + k* h;; ={167G11},"

ACTIVE GW SOURCE:
tensor anisotropic stress
can act an any time in the universe



SGWB from a generic stochastic source
in the radiation era

hij -+ 3H hij -+ k2 hij — 167TG Hg;T

Possible sources of tensor anisotropic stress in the early universe:

Scalar field gradients 11, 5 [az ¢aj ¢]TT
Bulk fluid motion  II;; ~ [72 (,0 + p)Uin]TT
Gauge fields  1I;; ~ [_EiEj — Bz’Bj]TT

Second order scalar perturbations, I1; from a combination of 0;V, 0; P



Why sources in the early universe produce SGWBs?

A GW source acting at time tx in the early universe cannot produce a signal
correlated on length/time scales larger than the causal horizon at that time

g* characteristic length-scale of the source
typical size of the tensor anisotropic stresses



Why sources in the early universe produce SGWBs?

A GW source acting at time tx in the early universe cannot produce a signal
correlated on length/time scales larger than the causal horizon at that time

Angular size on the sky

today of a region in Q. — b
which the SGWB signal ©dy (24)
is correlated

Angular diameter distance

O(z« = 1090) ~ 0.9 deg O(T, = 100 GeV) ~ 10~ *deg

Suppose a GW detector angular resolution of 10 deg —» =z, S 17

Y

Only the statistical properties of the signal can be accessed
hij(x,t) must be treated as a random variable



Why sources in the early universe produce SGWBs?

A GW source acting at time tx in the early universe cannot produce a signal
correlated on length/time scales larger than the causal horizon at that time

characteristic frequency of the GW signal

e — (. H Ratio of the typical length-scale of the GW sourcing
o TR process (size of the anisotropic stresses) and the
Hubble scale at the generation time

Hz

f=J = 100 GeV

a.  1.65x 1077 (g(T*)>1/6 T,



Characteristic frequency of the GW signal

€, = 1 Log(1+z)
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Discovery potential of primordial SGWB detection

reheating, baryogenesis, phase

transitions, dark matter...

Earth-
Eocod IIJISA PTA 3(

<1019 GeV  100GeV 100 MeV MeV eV

Inflation EWPT QCDPT BBN Recombination

light elements CMB

CMB
anisotropies



GWs can bring direct information from very early stages of the universe
evolution, to which we have no direct access through em radiation —>
amazing discovery potential
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Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



No guaranteed GW signal: predictions rely on untested
phenomena, and are often difficult to estimate (non-linear

dynamics, strongly coupled theories... )

g gluon ih & ® baryon
: galax
€ electron &% ion » galaxy

Muon t tau N
Q black
N neutrino atom

hole

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



Many GW generation processes are related to PHASE TRANSITIONS

4 gluon A & ® baryon

: galax
€ electron &% ion » galaxy

mNIOH t u

black
N neutrino @ atom Q

hole

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF



Inflation: phase transition of the Inflaton field
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GW signal from (slow roll) inflation

Gw detectors offer the amazing opportunity to probe the inflationary power
spectrum (and the model of inflation) down to the tiniest scales

BUT! The signal in the standard slow roll scenario is too low and
(P)reheating generates a signal with high amplitude, but at high frequency
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GW signal from (non-standard) inflation

There is the possibility to enhance the signal going beyond the standard inflationary
scenario: adding extra fields, modifying the inflaton potential, modifying the
gravitational interaction, adding a phase with stiff equation of state...

hz‘j -+ 3H hij —+ ]ﬂ2 hij — 167TG HZ;T

T T T T T T T T T T T T ' T T T T T T . T
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GW signal from (slow roll) inflation

2 —2e 2 I\ 2
¢ tensor spectrum P, = g H ( k ) € = Mp (V ) <1

Wm%l aH 2 V
4 - ; - N
3 FN |1 fe 16
0 — 2 QarPs [ L L Jea) 19
W)= 1o drn(f*) 2<f)+9
- R ' J
e tensor to scalar ratio r = Ph / PR r. < 0.07 Planclk+BICEP
1mit
0.05
e scalar amplitude at CMB pivot scale Py ~2-1077 ke = Y
pC

e GW signal extended in frequency: Hgy < f < Hiyp

continuous sourcing of GW as modes re-enter the Hubble horizon



r (SNR = 10)

general constraints on (r,nr) from LISA

K,.=0.05/Mpc

0.010

0.001

104
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just one example, quite constrained by now:
inflaton-gauge field coupling

AL = _ﬁ¢FMVﬁ‘MV Hij ~ [—EZEJ — B@’Bj]TT

40 30

10-8 -

z ,, M
d 107" AN f A — 2P
o NV 7l E—
h N 35
Y —rom
RN/ -== h* QN - .
10-14 y — N = ~4¢€ + (47 - 6)(€-n) quadratic
inflaton
‘ potential
;f"” 1 |

107 1074 0.1 100
f [Hz]

OTHER S_IGNATUR.ES.: N. Bartolo et al, arXiv:1610.06481
non-gaussianity, chirality N. Bartolo et al, arXiv:1806.02819



GW signal from second order scalar perturbations:
PBH and LISA

Mpgy|g]
1(915 1018 1021 1024 1027 1030 1033 1036
10% : — _ .
Lo-1L . .
“oaLs: & There is a mass window for
02, which PBH can still constitute
S % the whole of the dark matter
1074 3
Lo-5L A. Riotto, https:// indico_f.math.cnrs.frz event/S766/contributions/5153/
g attachments /2801 /3587 /Paris2021.pdf
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https://indico.math.cnrs.fr/event/5766/contributions/5153/attachments/2801/3587/Paris2021.pdf
https://indico.math.cnrs.fr/event/5766/contributions/5153/attachments/2801/3587/Paris2021.pdf
https://indico.math.cnrs.fr/event/5766/contributions/5153/attachments/2801/3587/Paris2021.pdf

GUT phase transition or similar: related to the breaking of the
symmetries of the high-energy theory describing the universe
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GW signal from cosmic strings

Cosmic strings (or other kind of topological defects) are non-trivial field
configurations left-over after the phase transition has completed

A network of cosmic strings emits GWs
(though the results are very model dependent)

1
<P>=ne 1P| =0

https:/ /curl.irmp.ucl.ac.be/~chris/strings.html


https://curl.irmp.ucl.ac.be/~chris/strings.html

GW signal from cosmic strings

107 ! ! : {  One model of
| / \ '
: / " ; Nambu Goto
10-9 N ; Y local strings
Gu =101
- Gu=10"1°
Gu=10"1
1 Gu=10""
10_15 L ! ] |
10~° 10°° 10-3 1 103 106

frequency (Hz)

Auclair et al, arXiv:1909.00819

e The signal extends over many frequencies since the GW production is

continuous throughout the universe evolution

 The energy density of the cosmic string network is a constant fraction of

the universe’s one



Electroweak phase transition
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Electroweak phase transition: phase transition of the Higgs field,
driven by the temperature decrease as the universe expands

Second order phase transition First order phase transition
E T>1Te
&~ & - T=Tc
3. S -
5 3
S "3
= T <Te
| l | ! ! |
p Y

Image credit: E. Senaha, Symmetry 2020



Electroweak phase transition: phase transition of the Higgs field,
driven by the temperature decrease as the universe expands

Second order phase transition

_Standard Model of particle
physics:
no GW production

cross—-over

5 GeV

2nd order

Higgs mass

M. Hindmarsh et al, LS

arXiv:2008.09136 Temperature

First order phase transition

E T >1Tc
/&T\_
S o

Beyond Standard Model of
particle physics:
GW production possible

Very strong case for LISA

singlet/multiplet extensions of MSSM (SUSY
motivated or not)

SM plus dimension six operator (EFT approach)
Dark Matter sector uncoupled to the SM
Warped extra dimensions



GW signal from the EW phase transition

L

T<Tc

| | | | |

Ve (¢; T)

“False” wvacuum

hij + 3H hij —+ ]CQ hz'j — 167TG HZ;T

e collisions of bubble walls H,,;j ~ [8@8 qu ]TT

e sound waves and turbulence in the fluid Hij ~ [72 (,0 + p)ij]TT

e primordial magnetic fields (MHD turbulence) II;; ~ [-E;E; — B; B, ]



Ve (¢; T)

GW signal from the EW phase transition

7

T<TC

“False” wvacuum

2

The characteristic scale of the tensor

stresses determine the GW frequency: c. — (. H
connected to the bubble size * i

f =

Hz

£ 0n 165 107 (g(TH\"® T,
" 100 GeV

A € x

T~ 100Gev ., =000 — (7~ i) uisa



One example of GW signal from the EW phase transition
“Higgs portal” scenario

I.=59.6 GeV, a=0.17, B/H,=12.5

1079
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& f | 1s still under
10712} | investigation
1013
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f *
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d (87‘() 3
B=—InP(T,) R, = Max (v, Cs)

dt

nucleation rate



One example of GW signal from the EW phase transition
“Higgs portal” scenario

I.=59.6 GeV, a=0.17, B/H,=12.5

1079
| What about the

1010 amplitude?

dAREFUL NOTE:

é;o 10~} The spectral shape
& f | 1s still under
10712} | investigation
' MHD turbulence |
10-13}
\, sound waves
10_14 ‘ — ‘ ] . Y ‘ N
107° 10~4 0.001 0.010 0.100
f [Hz]
2 2
™~ Slrad % *
dlnk Prad Hy By + \/H/prad

Fraction of the “tensor’energy density \

available for GW production Source dynamics



LISA (mHz) is sensitive to energy scales around the TeV scale, so it can
can probe the EWPT in BSM models and more exotic PTs beyond the EWPT

connections with baryon asymmetry, dark matter : LISA could
act as a probe of BSM physics, complementary to colliders

104.‘
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Future prospects concerning GW from PT

near-linear regime well understood: acoustic waves are the dominant
source of GW. Role of non-linearities to be better understood

most favourable scenarios beyond SM lead to strong PTs that
maximise the signal -> short characteristic time of formation of non-
linearities

the GW signal spectral shape must be predicted very accurately to
make detection forecasts

are we able to distinguish scenarios? improve the link spectrum vs.
PT parameters (in particular, role of the wall velocity)

data analysis techniques must be developed (type SGWBinner, to
perform foreground subtraction...)



To summarise the part about SGWB from the primordial universe:

Several phase transitions might have occurred in the early universe, leading
to GW production

Inflation: new physics but observationally motivated, extended GW signal in
frequency, only accessible by CMB unless one goes beyond the standard slow
roll scenario. Particularly interesting for LISA IMO: PBH

Cosmic strings: new physics but theoretically motivated, GW signal strongly
model dependent, extended in frequency, can be accessed/constrained at
PTA, LISA, LIGO /Virgo. LISA can provide good constraints

Electroweak PT: at the limit of tested physics, GW signal can be accessed/
constrained only for models beyond the standard model of particle physics —>
tests of models, complementary to particle colliders: Particularly interesting
for LISA

SGWBs from the primordial universe might seem speculative but their
potential to probe fundamental physics is great and amazing discoveries
can be around the corner -> must improve data analysis techniques!



How can GW help to probe cosmology?

Dark Energy
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Using GWs to measure the background
expansion of the universe

3 a wo+w
H(z)—HO\/QM (z+1)° 4+ (1 —Qr — Qur) (2 +1)° + Qp exp [_Z"iﬂ (2 + 1)30+wo+wa)

e Hubble factor, written for one specific model of dark energy
e No contribution from radiation, negligible in the late universe

z g=1
dL(Z) — (1 + Z) Q (/O H(Z’)) Flat space hyper

surfaces

Measuring the luminosity distance as a function of redshift provides
access to the cosmological parameters, in particular Ho at low redshift

z < 1 cz= Hydp(2) Hubble law



Using GWs to measure the background

expansion of the universe

82.5 A

T Forecast
200 KP GW170817 errors
' SHyES
—_— _ —  CPH HST+ HSL“;
N — _ SHOES | GAIA2
9 75.0 - £ *
= : x
37251 & & ! 11+
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e Remarkable agreement if ones thinks that the two methods measure physical
phenomena that are 13 billion years apart

e Not enough in the era of precision cosmology

e Does this require new physics?

J.M. Ezquiaga and M. Zumacalaregui, arXiv:1807.09241 Nissanke et al, arXiv:1307.2638



Measurement of di(z): standard candles

Nobel prize in physics 2011:
discovery of the late-time acceleration of the universe
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Measurement of di(z): standard candles

Nobel prize in physics 2011:
discovery of the late-time acceleration of the universe

L 10000
)=\ 7

Flux measured directly
Intrinsic luminosity known from
calibration

Measurement of the luminosity
distance is NOT SO EASY
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Measurement of dp(z): standard sirens

GW emission by compact binaries
can also be used to test the expansion of the universe

B. Schutz, Nature 323, 310 (1986)



Measurement of di(z): standard sirens

GW emission by compact binaries
can also be used to test the expansion of the universe

e Measurement of the luminosity

distance: no calibration needed,
EASY AND DIRECT

e Measurement of the redshift:
IMPOSSIBLE!

B. Schutz, Nature 323, 310 (1986)



Inspiral of compact binaries at cosmological distance

20
h5.0,0) =~ (G MO [ ()] (0 ) cos(20(45)
ht5.0,) = o (G M) [ f(EPF cos sin(20(15)
—

Propagation effect at
the observer

Still measured by the source clock,
we want it in the observer’s clock

“Gravitational Waves”, M. Maggiore, Oxford University Press 2008



Inspiral of compact binaries at cosmological distance

4
h—l— (7_7 (97 90) — dL(Z)
4

1 +(30826’)

(G M) ()] cos(20(7))

hy(T,0,0) = (G /\/lc)5/3[7rf(’r)]2/3 cos @ sin(2P(7))

dL(Z)

Redshifted chirp mass
M, = (1 + Z)Mc degeneracy among the redshift and the
true chirp mass

Assuming that the redshift - 907 8/3
1s constant f O — 5

(G M2 fo 112



Measurement of di(z)
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Measurement of di(z)

M. = (1+2)M,

How can we break this degeneracy and use GW emission to
build the Hubble diagram di(z)?

There are a few methods to obtain the redshift information,
depending on the nature of the source and on the detector

Direct method: directly identify the galaxy hosting the event, via the
measurement of a (transient) electromagnetic counterpart

Statistical method: cross-correlate the sky position given by the GW
measurement with galaxy catalogues

Assume that one knows or constraints the intrinsic mass of the object



Measurement of di(z)

M. = (1+2)M,

How can we break this degeneracy and use GW emission to
build the Hubble diagram di(z)?

There are a few methods to obtain the redshift information,
depending on the nature of the source and on the detector

e Direct method: directly identify the galaxy hosting the event, via the
measurement of a (transient) electromagnetic counterpart

- Earth-based interferometers: sources with counterparts are
NS-NS binaries and perhaps NS-BH binaries

- LISA: sources with expected counterparts are massive BH-BH
binaries at the centre of galaxies



Measurement of di(z)

M. = (1+2)M,

How can we break this degeneracy and use GW emission to
build the Hubble diagram di(z)?

There are a few methods to obtain the redshift information,
depending on the nature of the source and on the detector

e Statistical method: in the absence of a counterpart, one can cross-
correlate with a galaxy catalogue to associate to the GW event a
group of galaxies with redshift compatible with the redshift range
inferred from the GW measurement with priors on the cosmological
parameters. One then searches for the unique set of cosmological
parameters aligning each event on the same dL(z) relation

- Earth-based interferometers: this method can be used with
stellar mass BH-BH binaries (the most numerous sources)

- LISA: this method can be used with Extreme Mass Ratio
Inspirals (EMRIs)

McLeod and Hogan, PDR77 043512 (2008)



Direct method with LISA

e Massive BH binaries mergers are expected to have counterparts if they
occur in gaseous disks at the centre of galaxies (the rate of these events is
uncertain though)

e The counterpart is expected in the radio emission, followed by optical
identification of the host galaxy

* One must select events with high SNR and good sky localisation (few!)

o Weak lensing (and peculiar velocity errors) affect the measurement of di
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Tamanini et al, arXiv:1601.07112 Speri et al, arXiv:2010.09049



Direct method with LISA

Speri et al, arXiv:2010.09049
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Direct method with LISA

Belgacem et al, arXiv:1906.01593

LISA MBHB standard sirens can be used to test modified gravity theories

B CMB+BAO+SNe

";/1 + 27‘[[1 _ 5(77)]~£4 1 k2iLA — 0 —0.80- HEE CMB+BAO+SNe+LISA_opt_hQ3

—0.88 1

general parametrisation:

~0.96
w — -
d% (Z) — T, 4 1 — =9 ~1.04
dr™(z) (14 2)"
~1.12-
~1.20-

080 088 096 104 112 120

—0



Statistical method with LISA

[t can be applied to sources for which no counterpart is expected,
present at sufficiently high redshift

e SOBHB sources with high enough SNR are too rare to be used as dark sirens

e EMRIs with SNR>100 can be used for cosmology
Results depend on the rates, which are uncertain

Qm

Model M1 (fiducial)
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A 4-year LISA mission
can provide:

3% constraints on Ho

7% constraints on wo

Laghi et al, arXiv:2102.01708

DE, 4yr

Model M1 (fiducial)

wo = —0.987+3973

w, = 0.029+3:832




To summarise the part about testing the expansion of the universe
with standard sirens:

GWs emission from compact binaries provide clean measurements of the
luminosity distance which does not require calibration

The construction of the Hubble diagram di(z) can be performed with and
without electromagnetic counterpart

One can then determine Ho in a way which is fully independent of both CMB
and SNIla

The network of Earth-based interferometers has already started to provide
results, especially thanks to GW170817

LISA can provide a percent measurement of Ho by combining the results of
bright and dark standard sirens, as well as constraint the expansion of the
universe at high redshift with bright sirens

The future is bright in what concerns GWs as a cosmological probe of the
late expansion of the universe, and the construction of the Hubble
diagram with GWs will help pinning down the present tension on the
measurement of the Hubble constant



