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LECTURE 3
SGWB from the early universe: examples



SGWB from a generic stochastic source
in the radiation era
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Possible sources of tensor anisotropic stress in the early universe:

Scalar field gradients Hq;j ~ [8z¢ag ¢]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

First, solution of the GW propagation equation,
keeping the GW source as general as possible



SGWB from a generic stochastic source
in the radiation era

For most processes in the early universe, the source
must be treated as a stochastic variable
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4 k at unequal time

Suppose the source operates in a time interval nfn - Nin in the radiation
dominated era
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Matching at nrn with the homogeneous solution to find the GW signal today
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SGWB from a generic stochastic source
in the radiation era

GW amplitude power spectrum today for modes kno » 1
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GW energy density power spectrum today for modes kno » 1
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SGWB from a generic stochastic source
in the radiation era

GW amplitude power spectrum today for modes kno » 1

1

(or (K, 10) hip (@, 70)) = o [{Ar(k) A, (q)) + (Br(k) B, (q))]

GW energy density power spectrum today for modes kno » 1

dpaw . k? hg(k, 770) (freely propagating sub-
dlogk 167G a2 Hubble modes)
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ko) =~ | dr ey | dc g eoslior=0)) 140
Min in
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SUPPOSE:

AN = Nfin — Nin < H, knin < 1 I1(k, T, 1) constant over An



SGWB from a generic stochastic source
in the radiation era

GW energy density parameter today for modes 1/no<« k « 1/1in

3 90 g Pl ?
PQow(k,mo) = = P*Maa | = | (AnH.)? Pow (k
wlbm) = 52 120 (2 @ (L) Pow(h

Exercise: derive the GW
energy density power
spectrum, and this
approximated result



SGWB from a generic stochastic source
in the radiation era

GW energy density parameter today for modes 1/no<« k « 1/1in

3 90 g Pl ?
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GW( 7770) 92 rad (Q*) ( nH ) (prad) GW( )

-
(k) = puPaw (k)

From the time integrals



SGWB from a generic stochastic source
in the radiation era

GW energy density parameter today for modes 1/no<« k « 1/1in
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aw (K, o) 92 @

From the time integrals



SGWB from a generic stochastic source

in the radiation era

GW energy density parameter today for modes 1/no<« k « 1/1in

W Qaw(k,mo) =

=
O(10~ )

Value that would
guarantee a
detection in a
not so far future

3 3 2
s 1200 (2) (@ (L) Pt

9« Prad
= =
O(107°) O(107°)

Factor depending
slightly on the
generation epoch
through the
number of
relativistic d.o.f.

Only slow, very
anisotropic processes
have the chance to

generate detectable
SGWB signals!



SGWB from a generic stochastic source

GW energy density parameter today for modes 1/no<« k « 1/1in
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Independent on k for
large enough scales
(uncorrelated)

in the radiation era
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SGWB from a generic stochastic source
in the radiation era

GW energy density parameter today for modes 1/no<« k « 1/1in
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Examples of SGWB sources in the early universe
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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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No guaranteed GW signal: predictions rely on untested
phenomena, and are often difficult to estimate (non-linear

dynamics, strongly coupled theories... )
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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



Phase transition: some field in the universe changes from one state to
another, which has become more energetically favourable due to a change
in external conditions (e.g. a change in temperature)

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



Inflation: phase transition of the Inflaton field
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Inflation: phase transition of the Inflaton field

p+3Hp—Vip+V'(p)=0

V(p)

slow-rolling
inflaton

accelerated
expansion

V < (10'° GeV)*

reheating

Generation of a thermodynamical state:
particles in thermal equilibrium,

radiation-dominated phase
Image credit: Guzzetti et al, arXiv:1605.01615



GW signal from inflation

Amplification of tensor metric vacuum fluctuations by
the exponential expansion

(k) + 2 H 1 () + k2 By (k, ) = 167G o’ TIHET)

v canonically normalised free field v+ = a Mp; h4+
v quantisation

v homogeneous wave equation: harmonic oscillator with time dependent
frequency

VL (t) + (k* — a*H?*)v4(t) =0

-/ N

k> aH sub-Hubble modes k < a H super-Hubble modes
w?(t) = k? w?(t) = —a*H?
free field in vacuum super-Hubble modes have very large

zero occupation number occupation number
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GW signal from (slow roll) inflation
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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



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
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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

(P)reheating generates a signal with high amplitude, but
unfortunately at very high frequencies
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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...
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just one example: inflaton-gauge field coupling
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OTHER SIGNATURES:
non-gaussianity, chirality
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M
i
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quadratic
inflaton
potential

N. Bartolo et al, arXiv:1610.06481
N. Bartolo et al, arXiv:1806.02819



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

T>1Te
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_Standard Model of particle

physics: : T < T¢
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_ | _
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2nd order

Beyond Standard Model of
particle physics:
EPese GW production possible

M. Hindmarsh et al, LS
arXiv:2008.09136 Temperaturs

Higgs mass
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GW signal from the EW phase transition
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GW signal from the EW phase transition

L

T<Tc

| | | | |

Ve (¢; T)

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

]TT

e sound waves and turbulence in the fluid  1l;; ~ [72 ( P + p)vivj

e primordial magnetic fields (MHD turbulence) II;; ~ [-E;E; — B; B, ]
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GW signal from the EW phase transition
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GW signal from the EW phase transition

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

T.=59.6 GeV, a=0.17, BIH,=12.5
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GW signal from the EW phase transition

| | | | |

L

T<Tc

“False” wvacuum

The characteristic scale of the tensor
stresses determine the GW frequency: €. =V, H,
connected to the bubble size

Hz

P 1.65 x 10°7 [/ g(TH\"® T,
T an 100 GeV
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PTA



QCD phase transition: phase transition related to the strong
interaction, confinement of quarks into hadrons
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QCD phase transition: phase transition related to the strong
interaction, confinement of quarks into hadrons

[s it first order?
Probably not, but it depends on the (uncertain) conditions
of the early universe
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One example of GW signal from the QCD phase transition:
MHD turbulence

A. Neronov et al, arXiv:2009.14174
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e We tune the characteristic size of the stresses to be the one of the “largest
processes eddies”, typical of MHD turbulence

* The magnetic field giving rise to the GW signal stays around for the entire
universe evolution: at recombination it can modify the CMB spectrum to ease the
Hubble tension, and it seeds the magnetic fields observed in matter structures



To summarise:

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 (there are well motivated scenarios!)

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

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

QCD PT: tested physics but difficult to predict, GW signal can be accessed/
constrained by PTA only for models beyond the standard model of particle
physics —> test of the early universe

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



