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Stochastic gravitational wave background

GENERAL: the superposition of sources that cannot be
individually resolved

 Astrophysical: binaries too numerous and with too low SNR to be
identified (talk by Irina, poster by Jésus...)

 Cosmological:

- signals from the early universe with too small correlation scale
with respect to the detector resolution

- inflation: intrinsic, quantum fluctuations that become effectively
classical (stochastic) due to the evolution

SGWB in cosmology:
probe of the early universe and high energy physics



SGWB from the early universe: generalities

5900 — —2§b Perturbations on FRW universe
dgoi = 0gi0 = (0; B + 5;)

1
09i; = =290y + (905 — §5z‘jv2)E + 0iFy + 05 F; Oihij = hi; = 0

Evolution equation:

. : V2 Source: tensor
hii(x,t) + 3 H hij(x,t) — — hii(x,t) = 167Gl (%, 1) anisotropic

2
a stress

Perfect fluid

\ In the cosmological context:
T 5T energy momentum tensor of the matter content of the
prvo— TRV il universe (background + perturbations)

1
(5Tij — ﬁégij -+ a’ [5]? (Sij + (87,83 — géijVQ)a + 28(7;’03‘)
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SGWB from the early universe: generalities

hij(x,t) Z / d3k o kX 6fj(f<) The evolution equation decouples

for each polarisation mode
r=-, X

B (k) + 2H WL (k, ) + k2 by (k, 1) = 167G a2 T, (k, 7)

Solution of the homogeneous equation

a//
H, (k,n) = ah, (k1) ) + (1 = 20 ) Hillon) =0
Power-law scale factor (it covers matter and a /CL N HQ
radiation domination, and De Sitter inflation)

CASE 1: Sub-Hubble modes, relevant for propagation after the source stops

In this limit, GWs
k2 > 7?2 he(k,n) = Ar (k) SLUN B; (k) o~ ik are plane waves
a(n) a(n) with redshifting

amplitude




SGWB from the early universe: generalities

hij(x,t) Z / d3k o kX 6fj(f<) The evolution equation decouples

for each polarisation mode
r=-, X

B (k) + 2H WL (k, ) + k2 by (k, 1) = 167G a2 T, (k, 7)

Solution of the homogeneous equation

a//
H, (k,n) = ah, (k1) ) + (1 = 20 ) Hillon) =0
Power-law scale factor (it covers matter and a /CL N HQ
radiation domination, and De Sitter inflation)

CASE 2: Super-Hubble modes, relevant for inflationary tensor perturbations

T dn’ the constant
k? < H? h.(k,n) = A.(k) + B,(k) / a2 (1) mode is a

solution




SGWB from the early universe: generalities

B (k) + 2H WL (k, ) + k2 by (k, 1) = 167G a2 T, (k, 7)

Solution of the sourced equation

First we analyse what can be said in general about the SGWB

signal generated by a sourcing process occurring at a given time t:

in a phase of standard cosmic expansion of the universe (not
inflation) and therefore operating causally



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 length-scale of the source
*  (typical size of variation 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

Number of uncorrelated regions accessible today ~ ©_ 2

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

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

Only the statistical properties of the signal can be accessed



Why sources in the early universe produce SGWBs?

We access today the GW signal from many independent horizon volumes:
h;j(x,t) must be treated as a random variable

Notable exception: SGWB from inflation (intrinsic quantum fluctuations that
become classical and stochastic outside the horizon)

The universe is homogeneous and isotropic, so the GW source is operating
everywhere more or less at the same time with the same average properties
(“a-causal” initial conditions from inflation)

Under the ergodic hypothesis, the ensemble average can be substituted
with volume / time averages: we identify this average with the volume /
time one necessary to define the GW energy momentum tensor

(hijh'7)
327G

1
GW __ af



Why sources in the early universe produce SGWBs?

The SGWB is in general homogenous and isotropic, unpolarised and gaussian

/ There are

As the FLRW space-time exceptions!

<h7;j(X7 771) hlm(Ya 772)> — Fijlm(\X — Y‘a i, 772)

If the sourcing process preserves parity

<h—|—2 (k, U)h+2 (ka 77) o h—2(k7 n)h—2<k7 77)> — <h—|— (kv U)hx (kv 77)> =0

+ X
to eijzlzzeij

Helicity basis e

Central limit theorem: the signal comes from the
superposition of many independent regions



Characterisation of a SGWB

Power spectrum of the GW amplitude h.(k,1)

Gaussianity: the two-point

* B 3 2 correlation function is
(o (ks 1) hp(q’ n)) = 3 2 )(k — ) Opp (K, 1) enough to fully describe
= ' \ the SGWB
Statistical Unpolarised
homogeneity and
isotropy
o gk
<hz‘j (x,7) hi; (x,m)) =2 / T hc(k7 n) Related to the variance of the
0

GW amplitude in real space

For freely propagating sub-Hubble modes, and taking the time-average:

(he(kym) hy(a,m)) =

(Ar(k) A, (q)) + (Br(k) B;(q))]

1
a?(n)

a*(n)

hc(kv 77) X



Characterisation of a SGWB

Power spectrum of the GW energy density

e — (hij(x,t) hij(x,1)) _ (his(x,m) 15 (x,m)) _ /+OO dk dpcw
W 327G 327G a?(n) 0 k dlogk

870

(. (en) B (am)) = =5 0% (ke — @) 8,y " (k)

For freely propagating sub-Hubble modes, and taking the time-average:

dpaw _ k* hg(k,n)
dlogk 167G a?(n)

h?(k,n) ~ k% B2 (k,n)

~ 1 GW energy density scales like radiation for
PGW a(n)4 freely propagating sub-Hubble modes
(free massless particles)




Evolution of the SGWB in the FLRW universe

Evaluated today, for a source
that operated at time 1

2o, (a. \*/ 1 d
h2 Qaw (k, no) = —~ (—) ( pGW(hm))

GW energy density parameter

Pe h px dlogk

characteristic frequency of the GW signal

Ratio of the typical length-scale of the GW sourcing
process (size of the anisotropic stresses) and the
Hubble scale at the generation time

(. H,

P 1.65 x 107 [/ g(T)\"° T. o
= [o— = 7



Characteristic frequency of the GW signal
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Discovery potential of primordial SGWB detection

GWs can bring direct information from very
early stages of the universe evolution, to which
we have no direct access through em radiation

reheating, baryogenesis, phase
transitions, dark matter...

Earth-
 based IIJISA PITA Y
| | | vas >
<1019 GeV  100GeV 100 MeV MeV eV
Inflation EWPT QCDPT BBN Recombination

CMB
anisotropies

light elements CMB




Discovery potential of primordial SGWB detection

Tested

cosmology
transitionsf dark matter...
. Earth-

fui based JISA  PTA 1 Y
X | —>

Mp; | <10'°GeV  100GeV 100 MeV 'V eV
Inflation EWPT QCDPT BBN Recombination

New physics Tested physics



h?Qaw

What is/will be known about a stochastic GW background:

10-7}
910
013
016

10—19 -

f [HZ]

CMB BBN
PTA
Planck
LiteBird
CC and Figuero
10—19 10—14 10—9 10—4 10

Are there signals to populate this diagram?

a arXiv:1801.04268



Examples of SGWB sources in the early universe

e Inflation:
- quantum tensor fluctuations (at first and second order)
- tensor modes from additional fields (scalar, gauge...)
- GWs linked to primordial BHs
- preheating
- modifications of gravity

e (Other phase transitions:
- stable topological defects (in particular strings)
- first order phase transitions
- bubble wall collisions
- bulk fluid motion (compressional and vortical)
- magnetic fields

e Foreground from astrophysical sources (galactic binaries, stellar origin BHB...)
- to be accounted for or subtracted of the spectral shape is known



SGWB from a stochastic source in the radiation era

CL”

) + (1 = ) Hi.n) {1676 0 ()

a

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 stochastic source in the radiation era

For most processes in the early universe, the source
must be treated as a stochastic variable

273 5(3) k — Anisotropic stress
(I, (k, 7) H;(q, ()) = (27) ( 2 ) Orp I1(k,7,()  power spectrum
4 k at unequal time

Suppose the source operates in a time interval nfn - Nin in the radiation
dominated era

1 n
HE (e < i) = 5 [ dra(r)® sinfk(y - 7)1 k. 7)
n

in

Matching at nrn with the homogeneous solution to find the GW signal today

Hy* (k, 1 > nan) = A3 (k) cos(kn) + By (k) sin(kn)

1 Nfin
Af,,ad(k) — 6]:G / dr CL(T)3 sin(—k7) IL.(k, 7),
Nin

1 TNfin
Br(k) = <22 [ dra(r)® cos(hr) T, k.7
n

in



SGWB from a 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 (ka 770) (freely propagating sub-
dlogk 167G a2 Hubble modes)

d 4 G Mfin TNfin
PEW (1) = - —%/ dr ag(T)/ d¢ a”(C) cos[k(n — Q)] T(k, T, ()
7 Yl

in



SGWB from a FAST 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)
d,OGW 4 G MNfin MNfin
ko) =~ | dr ey | dc g eoslior=0)) 140
Min in
ai ai ~ ] H(k)
SUPPOSE:

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



SGWB from a FAST stochastic source in the radiation era

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

3 3 2
h*Qaw (k, o) = 52 f* Qg (g_o) (AnH..)* ( o ) Pow (k)
T g« Prad

-
(k) = puPaw (k)

From the time integrals



SGWB from a FAST 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
9.2 Qo (g_o) (AnH.)? (p_n> Paow (k)

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
for sub-Hubble sources



SGWB from a FAST stochastic source in the radiation era

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

1 2
3 go \° p1i
h2ﬂgw(kﬁ 77()) = ——= hQQO d (— (A?]H )2 —
’ 272 - g« " Prad
(27)° 0¥ (k — q)
<Hr(k7 T) H;(qa C)> — 1 -3 57"}9 H(ky T, C)
: | White noise
Independent on k for A E ki, ~ 1
large enough scales <, 100:_ characteristic size of
(uncorrelated) E B the shear stresses
= 0.010
1 Y
e < H, | details
0.001 |
005 010 050 1 5 10

KL,




SGWB from a FAST stochastic source in the radiation era

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

3 g0 3 P11 ?
W Qcw (k — —h2Q0 = AnH,)?
aw (k,mo) 972 rad (g*) (AnH.) (prad)

3 53 (k
(1, (k,7) Wy g, ¢)) = 220 0=

Orp 1L(K, T, ()

1/ng < k < Hye < 1/(asly)

b\/d b\/d
Range of validity Causality of the
of the solution sourcing process



SGWB from a stochastic source in the radiation era

* Characteristic time of the source evolution ot, = b
Urms
¢ Characteristic time of the GW production 1
from the Green’s function: 5tgw ~ A
* GW production goes faster than source evolution for all Vrms
relevant wave-numbers including the spectrum peak k> /
*

e One assumes that the source is constant in time for a finite 5 NS
time interval which can be larger than the Hubble time Lein ~ te

e One can then easily integrate to find the GW spectrum

In*[1 4+ M. 6tsn] if k 6tgn < 1

In°[1+ (k/H,)"']  if kotg, > 1

A. Roper Pol et al, arXiv:2201.05630



SGWB from a stochastic source in the radiation era:

kpeax = 47 /1,

2
ng,peak X ( ALl ) (7’[*6*)2

Prad

example

Transition from k°> to k!

Can be smoother if

at k= 1/0tgn St > 1/,
Runs E
| | |||=|||| | | ||||||| T T 1 7]
kHY | kawH! run E1 .
I run E2 N QM =8&8.1x10
-1 _
run E3 k" =65
run B4 - Halte = 1.40
run E5 H*étﬁn = 2.90
: Qs (kaw) =
N k83 55x 107!
N
\\, | Qaw(kew) =
Y 4.3 x 1071
\o
*
103

A. Roper Pol et al, arXiv:2201.05630



Examples of signals

e First oder phase transitions

e Inflation



Sources of tensor anisotropic stress
at a first order phase transition:

GW sourcing process hm + 3H h’LJ + k2 hz‘j = Iy & H;.Z;.T

Ve (0; T)

| | | | | | | | |

/-

T<T(‘<

o
e Bubble collision TT
(scalar field gradients) 1L ~ [0i90; ¢]
e Bulk fluid motion Hg;-T [72 (p + p)ij]TT

e Electromagnetic fields it ~ —E,E; — B; B, ]



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

Negligible GW production

Higgs mass

Standard Model
of particle physics:

Cross-over

cross—over
- 125 GeV

2nd order
- 80 GeV

Hggs phase

Symmetric phase

150 GeV

Temperature

M. Hindmarsh et al,

arXiv:2008.09136

Beyond the Standard Model:
First order phase transition
Possibly observable GW production

Examples of scenarios leading to
observable signals:

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

- SM plus dimension six operator (EFT
approach)

- Dark Matter sector uncoupled to the SM

-  Warped extra dimensions



Sources of tensor anisotropic stress
at a first order phase transition:

GW sourcing process hm + 3H h’LJ + k2 hij = Iy & H;.Z;.T

T>1T¢ Q
T="T¢
[

T<TC

Ve (0; T)
| | | | | | | | |

“Falge” vacuum

[ SIO [
The characteristic scale of the tensor stresses determine the GW frequency:
connected to the bubble size

Hz

g 0e 165X 107T (g(T.) Yoo,
ey 4LH, 100 GeV



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

- 0.54
Thl ° —
! vrms %*
T.=59.6 GeV, a=0.17, B/H,.=12.5
1078 N —
109 E LISA
SNR=20
10-10 T=4years ]

. MHD turbulence
10713 ¢
" | sound waves
10— 1 1 PR T N A | 1 1 PR TR N T B I | A 1 PR TR N T B A | 1 1 PR T T N N |
10‘5 10-4 0.001 0.010 0.100

f [HZ]

<U2>turb = 0.29 <U2>sound 5tﬁn =95 5t6



Can be probed both at LISA and at the High Luminosity LHC

g -
O 10% -
+ ]
(IR
S o
o O
C
O 3
g O 10
= Q)]
c <= *
5o 5
S~
T2 X
% Lﬂ 102 -
—
5 O
s O
= =
= O
- |
& 101 A =
(da e Not probed by HL-LHC
*  Will be probed by HL-LHC

101 100 CC et al, arXiv:1910.13125
a

Strength of the first order EW phase transition



Sources of tensor anisotropic stress
at a first order phase transition:

GW sourcing process hm + 3H h’LJ + k2 hij = Iy & H;.Z;.T

8

\Tj

¥
The characteristic scale of the tensor stresses determine the GW frequency:
connected to the bubble size

Ve (0; T)
| | | | | | | | |

“Falge” vacuum

Hz

a. 1.65x 1077 (g(T)\"°® T.
a L. H, 100 GeV

f~10nHz| PTA — (., H,~01 T, ~0.1GeV

f:f*



QCD phase transition and Pulsar Timing Array noise excess

In the Standard Model at zero baryon
chemical potential it is a cross-over,
negligible GW production

It depends on the (uncertain)
conditions of the early universe

D. Schwarz and Stuke, arXiv:0906.3434

M. Middeldorf-Wygas et al, arXiv:2009.00036
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PTA (nHz) are sensitive to energy scales around the QCD scale, so they can probe

physical processes connected to the QCDPT IF it is first order

PTA observatories (NANOGrav, Parkes, European) have recently measured

comimon noise excess

Z. Arzoumanian et al, arXvi: 2009.04496, B. Goncharov et al,
arXiv:2107.12112, S. Chen et al, arXiv:2110.13184

[t is compatible with the GW generated by fully developed MHD turbulence

at the QCD scale

A. Neronov et al, arXiv:2009.14174



QCD phase transition and PTA noise excess:
MHD turbulence from first order PT?

T, =100 MeV, g, = 10

]‘0_72 T T T T | T T | T
- —— NANOGrav broken PL :
- —— NANOGrav single PL ' ]
—8| —— PPTA , i . . .
0% E Regions compatible with the PTA
- — PTA = : observations, a GW spectrum
< 1077 T must lie within them
= el
I Y e i The parameters are
T 10710 |
I
!
/ !
L // : (T*, QB, K*H*)
1071/ i
4 i
4 2" s !
Vs |
10—12 /;/ //(,\ Lo il L
1077 107° 1077
f [Hz]

« For QCD temperature scales, the part of the GW spectrum falling in the region of best
quality PTA data is the sub-peak one

- Slopes (k3 or kl) fully compatible with PTA constraints

- Visible break in the spectrum occurring at k ~ HQC D

e The temperature scale is constrained to 2 MeV < Tx < 200 MeV, the magnetic field
energy density must be close to 10% of the radiation energy density and the magnetic
correlation scale must be close to the horizon



10—5 _| I/// [ QI\QACD - [ _E

N e ]

10 Q%{CD > (.1 //7

107 =

MB o~ TbP ,/'/ ;

107° \ .

O, 109 \_‘ Y N_ FR ;

- - \'\‘ /// UHECN

10-10F X ;

; Galli et al. 2021 ;

10—11§ .

10~ 3

0—13L A | | | 1
0% 102 10 10 10°% 10* 107 10 107

The magnetic field giving rise to the GW signal evolves in the radiation era

Banerjee and Jedamzik arXiv:0410032,
Durrer and Neronov, arXiv:1303.7121

It might modify the CMB spectrum and ease the Hubble tension at recombination,
seed the magnetic fields observed today in matter structures,
and be constrained by future gamma-ray telescopes

S. Galli et al, arXiv:2109.03816
Jedamzik and Pogosian, arXiv:2004.09487
Korochin et al, arXiv:2007.14331



Examples of signals

e First oder phase transitions

e Inflation



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



|hr(Keq )

GW signal from (slow roll) inflation

2 H2 [k \ % M2 (V'\°
e tensor spectrum — = = <1
P Ph T Mm%, (aH > - 2 < V

e transfer function from inflation to today, as modes re-enter the Hubble
horizon

Modes entering the Modes entering the

hint (keq)

Hubble horizon in Hubble horizon in
0.100 the matter era the radiation era
0.010 l
0.001 N
; 0.001
_47 ‘ o ‘ L ‘ L
0 50 100 500 1000 5000 104 < 1074
niMpc] a [ \ 4
< 1070}
E | ,
5 S 106 | |
Qaw (k,m0) = 3172 Pn(k) 1077 | l‘
1203 H; Mo Ll
10—87 | | nlll’l‘ iJ . |J| H |
0.05 0.50 5 5(

k/keq



GW signal from (slow roll) inflation

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

T m%, \aH 2 V
[ _ 5 _ )
3 N\ |1 [ fe 16
0 — 2 QuarPs L L Jea) 20
W)= g fhea? R(f*) 2<f) T
\. _ _ J
e tensor to scalar ratio r = Pr/Pr
. . 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

10—6 | | -----I---I:———J_l_ﬂl
~ CMB BBN
107° -
- NANOGrav
-10 |
. 10
= _
c\g 10~12 ‘
10~ 14 + Planck
—16 | e —— ~Y o
1077 LiteBird V4 105 GeV nr = —2¢
10—18 1 : L L ! 1 I L L L L L L L L L L L L L : :
10-19 10~ 14 1072 10~4 10

f [Hz]



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, but unfortunately at very high

frequencies
10_6 | | -----I---I:___J_l_ﬂl
~ CMB BBN
10—8 i
- NANOGrav
~10 |
= 10
5 _
c\g 10~ 12 ‘
10714+ Planck
—16 N e —— ~
1077 LiteBird V4 105 GeV nr = —2¢
10—18 1 : L L ! 1 I L L L L L L L L L L L L L : :
10719 10~ 14 1079 104 10

f [Hz]



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...

/!
H (k,n) + (/@2 - %) H,.(k,n) =|167G o’ 11,.(k, n)

T T T T T T T T T T T T ' T T T

1 0—6 L A I N N N N N

CMB BBN

NANOGrav

10—10 _ ’
| PTA
usa\Y /Y ___]

10"+ YPlanck SKA. —-===" .

10~ 19 10~ 14 1079 10~4 10
f [Hz]



just one example: inflaton-gauge field coupling

1 .
= —— i
AL 4AngWF

I;; ~ [-E;E; — B;B;]""

40 30
' T T T [ T
10-8}
\
W\
AN

g \,\‘\_\ \\ . \“;\\ “.v'/‘

ép 10°" ANRANANY

: N\

\\:\v \\ \ < / //,"“‘
\ . N ' M
N\ Yy 2 A~ total
/ AN/ 4 h” Qgw
N - h2 qsourced
7 AN === h" Qgw
/ - — =-4€ + (4 -6 E—q)
1014+ y (4€ - 6)(e-n) |
’/
””
-
L”” |

107 104
f [Hz]

OTHER SIGNATURES:
non-gaussianity, chirality

0.1 100

M
i
39

quadratic
inflaton
potential

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



To summarise:

SGWB might reveal a powerful tool to probe the early universe and high energy
physics

The spectral shape must be predicted with good accuracy in order to disentangle
the different sources (and also for foregrounds)

General considerations about the characteristics of the spectral shape are
possible in some cases, to pin down at least the class of SGWB sources

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

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

Inflation: new physics but observationally compelling, extended GW signal in
frequency, only accessible by CMB unless one goes beyond the standard slow roll
scenario (there are well motivated scenarios!)

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



