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Common thread

Where should we seek direct probes
of early Universe physics ?
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Inflation




Why should cosmology care about GWs?

Seeing ONE astrophysical event = Nobel prize... but worth it to look even harder ?

Detection = Access to inflation energy scale
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In high energy early Universe
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DIRECT probe of pre-CMB physics ! (1!!!)
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Frequency < Energy scale to probe
(after inflation)



Our target?

Inflation

m===  Amplified waves from vacuum

\ Planck constraint =
L best constraint

Q.. (k) almost scale invariant
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Gravitational wave production



Our target: sourcedgravitational waves

=== Amplified waves from vacuum
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L best constraint
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= What is the new slope np ?
= Can we learn on the content?
» |s this detectable?

Gravitational wave production

Inflation ~

Density fluctuations of other
fields (scalars, spin-1...)
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Model-independent estimation of 7

Lk, o ’.IL"’S"““:e £ 1Y [transfer func.] x f f dr'dr" Gy (1 }GI(T")[I'I-mrrela,tﬂr(T’ )]

Vastly studied [caprini, Domcke, Domenech...],



Model-independent estimation of 17

Lk, o Tm“r"e — pt“dd»!f x [transfer func.] x f f dr'd7" G, (7")G1(7")[[I-correlator (7, 7")]
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Equation of state ¢ = 2(1 + 3w)-|— ~ —1 if slow-roll




Model-independent estimation of 1y

Lk, o Tm“r“e — ptﬂdd»}f x [transfer func.] x f f dr'd7" G, (7")G1(7")[[I-correlator (7, 7")]

Vastly studied [caprini, Domcke, Domenech..],

Equation of state ¢ = 2(1 + 310)-'— ~ —1 if slow-roll
Simple
parametrization: _ }
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When can seales source gravitational waves?

Careful treatment of sub-Hubble modes!

For each frequency k:

Vacuum
fluctuations

source field perturbation (a.u.)

§ - S time (a.u.)

- Try:

Q;‘;ﬂdaf" X f = (source 2-pt. function)y
0 - |

< Divergent ! (vacuum energy-like problem)



When can seales source gravitational waves?

Careful treatment of sub-Hubble modes!
| - Try:

For each frequency k: o 3k

source field perturbation (a.u.) Q;?ﬂday ¢ f I (SDI.II‘CE 2'Pt" ﬁlﬂCtiDﬂ)k
0 :

< Divergent! (vacuum energy-like problem)

Adiabatic reqularization scheme [Parker, Durrer]

™ time (a.u.)

cutoff(t) dk .
Qfeday o f | ?(suurce 2-pt. function)
ﬂ <

= Modes need to be populated to source GWs!

(& close to proper renormalization schemes [Marozzi et al. “11, Braglia&Pinol '25]) 6



Model-independent estimation of 17

ng(k) x k™, |nr=2(n-2)(qg+1) Peowree(K) < K" & few

g =2/(1+ 3w) assumptions

~ const.

1,610

oRD. 2512

\

tensor spectral index nr


https://arxiv.org/abs/2512.14670

Model-independent estimation of 1y

Qyw(k) x k™,

nr

2(n—2)(g +1)] =0k

q=2/(1+ 3w) ~ const.
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Slow-roll inflation: g ~ —1 so

HTEOVR!

GW spectral index almost
independent of that of the source

(« dilution compensates small
scale »)


https://arxiv.org/abs/2512.14670

Model-independent estimation of 1y

Qyw(k) x k™,

nr

(n—2)(g+ )] 0

q=2/(1+ 3w) ~ const.

Slow-roll inflation: g ~ —1 so

HTEOVR!

GW spectral index almost
independent of that of the source

O(ESR) corrections [Caprini et al.]

Use: fast estimation for
model-building
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We have slope.
Next: AMPLITUDE =


https://arxiv.org/abs/2512.14670
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_Cosmological magnetic fields

= EV|dence for magnetic fields in the mtergalactlc voids (from GeV photon deV|at|on)

:}-pnmordlalorlgln? . ; A S 15
T | e . \B ‘.




_Cosmological magnetic fields

= EV|dence for magnetic fields in the mtergalactlc voids (from GeV photon deviation)

— primordial origin? ] _: N
. g NB .

« Primordial
magnetogenesis »

§ B
s

Inflatic‘>vn ; A% !‘ . & .
e ! f-t. o
A & B
~“ Cosmological ' $'e l
magnetic fields . e W " S ;,‘
Lt s
B A g M B

A
t". "‘\ r’
( -; AR 3‘ g

|B| > 10 G Ag ~ Mpc



Cosmological magnetic fields

. Ewdence for magnetic fields in the mtergalactlc voids (from GeV photon deviation)
——> primordial orlgln? , g yhem

« Primordial

: ] magnetogenesis »
Inflation 8 8

Gravitational
waves

osmological
magnetic fields




Cosmological magnetie fields

= Evidence for magnetic fields in the intergalactic voids (from GeV photon deviation)
—— primordial origin? '
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« Primordial h ~y
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GW signal produced by primordial magnetic
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fields & combined direct probes B >107°G Ap ~ Mpc



‘To amplify or not to amplify, that is the question

S = /x/ —gd*z [E(qﬁ)
| spacetime geometry inﬂato.n

4

Minimally-coupled scalars:
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A
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tensors:
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i + (kz—E)kaG

=> vacuum perturbations get
amplified 5




‘To amplify or not to amplify, that is the question

S = / V—gd'z [ﬁ(qb) -

electromagnetism

spacetime geometry inflaton

4

Minimally-coupled scalars:
ull + (kz—z—)ukzﬁ
A

tensors:

r

" a'
xk‘l‘(kz—'E)x;—,:ﬂ

=> vacuum perturbations get
amplified

A

1 F FH

v

Massless gauge field:

AE —|—k2.‘4k =0
X X

Conformal invariance (in 4D)
Specific to force carriers




‘To amplify or not to amplify, that is the question

[Fleury et al. “14: most general couplings]

g . | 1 1 | e
. 4 . ; . v
S = / V—gd'z [z:((,b) ~ G FuwF* — Zir(§) Fu P — Ezg(qb)(*F)WF‘”]
| spacetime geometry inﬂatdn electromagnetism “kinetic” coupling “chiral” coupling
Minimally-coupled scalars: Massless gauge field:
" %
tensors: — .
a" X X
Xk + (kz — E) Xk =0 Coupling-dependent
. . . lification!
> turbati . Conformal invariance (in 4D) amplification
vacuum perturbations ge Specific to force carriers
amplified 5




Model’s parameters

H
Slow-roll: {%r [glf()) & ’}"1_3(1 + ’51)—

%

Parameter

Theory
interpretation

Phenomenological

effect

10



Model’s parameters

H
Slow-roll: 5¢r [glf()) & ”r[g(l + ’El)—

¢
Parameter 0 g "}/1 < 4
Theory . Electric charge 7 il an
interpretation renormalization € —e = e/ £ Isobol, burrer]
Controls spectral index
| n 2 1—m1
Phenomenological (Blue ‘E(k.)’ X k
effect

Fields) ’é(k)‘z . kl_'—ﬂ“

frequency k

10



Model’s parameters

H
Slow-roll: {‘3(;,: [glf()) & ’"}"[_g(l + ’El)—

' ¢
Parameter 0 g "}/1 < 4 72 - R
Theory Electric charge . - o 1 aMy B

interpretation renormalization Axion inflation: v, = \/2esr 7l = 0(1 - 10)
[Barnaby et al.]

Controls spectral index Controls polarization (P-odd) and amplitude
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Interaction
model Anisotropies
Action coupling ¢ * II;j anisotropic
to the A, field part of T,,,,(B, E)

Roadmap

Observables

Tensor power
spectrum P, energy

1
Electro-
magnetism

Power spectra of
B, and E,

.

——1

Polarized
gravily waves

hi; is sourced by IT;;

Constraints

Allowed coupling
parameters from
known data

1
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Do you see anything?

1) Nearly scale-invariant GW power spectrum (alike std. inflation) |
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Do you see anything?

1) Nearly scale-invariant GW power spectrum (alike std. inflation)
2) Polarized (unlike std. inflation)
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Do you see anything?

1) Nearly scale-invariant GW power spectrum (alike std. inflation)
2) Polarized (unlike std. inflation)
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Exponential
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“Secondary v.s. primary background

Standard inflation: :;uum
Gw B

2 gw X (Einﬂation / EPla.nck ) 2

<1
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“Secondary v.s. primary background

Standard inflation: vacuum

oy 5

ng X (Emﬂatmn / EPla.nck)2

<1
Here: vacuum

—

GW B

-ng X ( 1nﬂat1011/ EPlapck)

Nalvely less signal, but exponential

boost (), oc exp(~y2) canreverse
this trend!

K1?
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“Secondary v.s. primary background

Standard inflation:  vacuum

/. .
Gw B —
S
| | P % :\fm::iilsps(;nt
= i 7 self- i
ng X (Emﬂatmn/ EPla.nck) for s"/eets'- S
Here: vacuum e”O[
| 4 B vy
GwW4& B
: Less GW than
: 4 standard case
ng X ,(Einﬂatiun/EPlan{:k) :
o | o A 11 12 13 14
Naively less signal, but exponential Energy scale log(E;,/GeV)

boost (), o< exp(~y2) canreverse
this trend!

14
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“Secondary v.s. primary background

Standard inflation:  vacuum
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Naively less signal, but exponential Energy scale logiF/GeV)

boost (), oc exp(~y2) canreverse
this trend!
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Conclusion

BLLERCUTAN Gravitational waves = powerful direct probes
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Conclusion

BLLERCUTAN Gravitational waves = powerful direct probes

LT 8  New formula to estimate GW slope index

15126610
PRI nr =2(n —2)(g+1) —> great for model building

15
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Conclusion

BLLERCUTAN Gravitational waves = powerful direct probes

LT 8  New formula to estimate GW slope index

15126610
PRI nr =2(n —2)(g+1) —> great for model building

4 00862 Do not under-estimate secondary GW!
\/"‘M : : .
S Can easily overcome « primary » GW signal

15
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TO THINK... WERE SEEING
LIGHT THAT LEFT THOSE

GEESE CENTURIES AGO.

\

BY NOU, THEY COULD
BE LONG DEAD.

...WHAT? THEYRE A FeW
HUNDRED YARDS AWAY.
I HEAR THEM HONKING.

AH, YES. YOURE
HEARING HOW THEY
ONCE SOUNDED.

[Credits: xked]



_List of assumptions

as soon as:
= Blue enough source (n>0) '
= Accelerated expansion (w<-1/3, w constant)
=> Cutoff = Hubble horizon
=» Conclusion: if slow-roll,



List of assumptions (2)

To summarize, let us recall the assumptions leading to
relation (2): (i) we consider an inflationary phase with
constant equation of state w < —1/3; (i) only super-
horizon perturbations generate GWs, as is the case if the

2 MA—2n- 3"3V'J112”;2 n)

source field ¥, was amplified from the vacuum; (i) ¥, is en p2(n=2)(g+1)

272 MDA

a Gaussian field; (iv) its spectrum — a generic power law
of k, of a, and of an arbitrary energy scale — is not red,
n = 0; (v) a technical but not very restrictive inequality . Y . .
between n and w must be satisfied - see Figure 1. = Corrections exist if the amplitude changes with k:

Would assumption (i), (i) or (iv) be relaxed, our :
derivation may however still proceed, as long as the de-

pendence on k& of the bounds dominating integrals (17)

[C. Caprini 1801.04268]

If xi cannot be treated as independent of expansion:

m (4m€ — 6) (e — n)

Corrections, but
still generically
close to zero!



Conclusion

= Lots of possible improvements:
include back-reaction [purrer, Sobol, Vilchinskiil, NOn-gaussianities [Caprini, Sorbo], post-inflation
contributions, numerical treatment [Schoberl]...

31



Polarization: antisymmetric power spectrum
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Extra equations

Y3+ |71(2 =)

L y ' 1 . LV 1 o - LV
Qb -+ 3H(v') + 0@‘/ - —18011 <FIUI/F'L‘ > — 1 o2 <F/,U/F'L' >
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Extra equations

[ ap[Ss(ph Sk — pD(1 + u?)(1 + 87
+ Ap(Ip) As(|k — p)) 44|

/ BpSs(p) As(lk — p)4(1 + p2)B ,

| Sk, 7 =7')[B,& = 0] = iy

2
-~ (4m)3

+ 02(7)6’2(7')Sn(k, .7 )[FB,0] ,




- Compact analytical transfer function

Propagates GWs through any arbitrary number of eras with wy, w,, ..., w,,!

. - A ;\. @ ‘ ‘1;‘ hea B #:0) &Y (Z)
"\11'[("] <B;> = M; 11 [' i 1] (Bli%l Mi[z] = ((1/,- + 1)jy, () — zju,+1(x)  (vi + Dy, (z) — J'y,,l_H(.r)>

Tz' = ﬂ[z'+1[7"-z’+1]—l*ﬁ[i [(Il]

: 1pol.
( 'I"/Helld ) PT.end
(l;];Hﬁ 24 125211)01.

gw.en

at H?2

e 1 1
leol.(k) _ Zend""end — To_1---T7M; [711]—1

gwW,n

Ipol.
d =+ PT.end



“Evidence for extra-galactic magnetic fields

[Neronov et al.]

POV : you look
at a TeV blazar

~Ge\V shower O,

N 5
S R
Inverse Compton -
-
R '
Measure GeV shower depending on line of sight angle “"M e i
=» Information on deflection ‘: F 3 é
. PR A
We see too little abundance of GeV shower bW B
=> particles must have been deflected away = B-fields ? . _ ™ . 5
B BT
7z A S

19



Evidenece for extra-galactic magnetic fields

[Neronov et al.]

5eV showePex

inverse Compton

Measure GeV shower depending on line of sight angle
=>» Information on deflection
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We see too little abundance of GeV shower
=> particles must have been deflected away = B-fields ?

-«
05¢S e /
. 0’0‘0.0’0"’0.' - //
» .6‘0‘0‘0.000'0.0
00’0 > 0.0‘0 * 4440
K » * & 2 % .0.0.“... A 4
- L C K 0 20 C O OO 0 O O O )
12-11-10 -9 ] 7 i 3 2 1 O 1 2 i 1
[Neronov&Vovk]




Measurements extragalactic B-fields

[Credits: Durrer &
Neronov]



_ Evolution of extragalactic B-fields

EWPT QCDPT

[Credits: Jedamzik, Sigl, Kahniashvili,
Durrer, Neronov,...]




. Positive kernels

A positive kernel is a symmetrie function K : - R

satisfying (among other requirements) the Mercer con-
dition [28], namely: for any I € R, and f € L?*(I),
”/ fly) f(z)K(y, z)dydz = 0. We show here the follow-
ing result:

For any decreasing (resp. increasing) function ¢

n, Ry, K = ¢ omax (re Sp. K = ¢pomin) is a
positive kernel.

The choice of function ¢ : u — 1/u made for Ayy thus
ensures that Py given by (7) is always a positive quantity.

Proof: Given y,z € R, we write o(max(y, z)) =
jl L{scaimax(y.«1yds, with 1 denoting the indicator
function. As ¢ is monotonically decreasing. {s
o(max(y. z))} = {s € o(y)} N{s < @(z)}. Thus, after a

permutation,

// fly) f(z)K(y. z)dyd:z
/ (l.w(/fl:lr/llib. .,u‘llli!/) = 0. (29)
JO o/ 1

A similar proof follows in the case where ¢ is increasing.




“ Super-horizon limits

Problem: untractable analytical form =» super-horizon approximation

(‘j 2kr ) -ml-1p,

ax 7 . .
A Exact analytical solution

1.2x107

1.0x107 © 1 Naive superhorizon limit

8.0x10° : :
6.0x10° :: Ouranalytical

4.0x10° /\ approximation

2.0x10° &7 | \Y

0 1 2 3 4




~1-Self-consistency constraint

Standard slow-roll evolution was assumed!
1a — NO change in the Friedmann equation'

1b — NO change in the e.o.m. for ¢
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Energy scale dependence § parameter space

10Q(Tora/GEV)




2 — Observational constraint

Neat & useful analytical formalism for the transfer function!

2

(k/Hend )\ P2 :

ol () = Yenaena Lllp gy e (\/ E - \/T"ld : => Through arbitrary number of eras wy, w,, ...
12€ GI\)\Oond =+ PT}.)C(:];I

Scale-invariant power spectrum = Planck is just the best

E atH2 24

n n

vi=35v=9
—_— 1= 2,¥2=9
- 1= 35, v;2=
—= 1= 2,V2= 17
— Standard slow-roll
® Planck




. 2 — Observational constraint

Neat & useful analytical formalism for the transfer function!

leOI'(]f.) - (l‘in(l[{gnd i

gwm alH2 24

n n

- Planck constraint
+++ future LiteBIRD constraint

Tens = 10°GeV




Analyties v.s. numeries

N

1.0 20 10! 10?

Figure 8. The symmetric spectrum Sy for various values of vy, 72. Solid black lines correspond to the
numerical integral of the exact Whittaker functions, while solid red line correspond to our analytical
expression (2.59). To obtain the dotted purple lines (that is perfectly covered by the red lines) we
expanded the Whittaker function but performed the integral (2.54) numerically, which shows that
the formulae (2.56)(2.57) are correct. Furthermore, one observes an strong dependence on ~» that is
due to the exponential enhancement of one polarization when ~ is non-zero. In the left {resp. right)
panel we have set |7|= 1072/A (resp. 71 = 2), and k = 0, Ag = 0 (see the text). The vertical line

marks the value Alr 3.




Cosmice voids from inflation

InﬂatiOn

Clusters
abundance

: - - ‘ Inltlal density fluctuations of matter
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