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~ Multi-messenger cosmolog

Scalar perturbations

Graviational waves

Primordial magnetic fields
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Backreaction effects lead to correlated signal in
gravitational waves & primordial magnetic fields

[LISA, LiteBIRD, SO] [Fermi telescope, CTA, SKA]



Sourced gravitationalwayes

hij + 3Hhij + k*hs; = 167 GIL;"
T~ the transverse-traceless part
of the anisotropic stress tensor
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[B. Thorne, T. Fujita, M. Hazumi, N. Katayama, E. Komatsu, M. Shiraishi, 2018]
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[B. Thorne, T. Fujita, M. Hazumi, N. Katayama, E. Komatsu, M. Shiraishi, 2018]

the transverse-traceless part
of the anisotropic stress tensor

« gauge fields,

« scalar field gradients,

« gradients of second
order scalar perturbations



Sourced gravitationalwayes

hij + 3Hhij + k*hs; = 167 GIL;"
T~ the transverse-traceless part
of the anisotropic stress tensor

gauge fields,

« SCufor-frefd gradients,
« gradients of second
order scalar perturbations
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- Characteristic signatures from gauge fields

[Litebird]

« Polarization: B-modes , .
+ parity odd CMB correlations « Chiral gravitational waves

TB +#0,EB # 0 « Non-zero tensor non-Gaussianity

E-modes

WMAP Science Team

[M. Shiraishi, 2019]



"~ Dilution during inflation due 1@ ct

Ay~ 1/a(t)

~ ~\ 2
fA (@)L, F", XFF, (FF)

To avoid dilution, new terms in the gauge theory are required or a coupling with inflaton!



SpectaforChrgm
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Natural inflation
[K. Freese, J. A. Frieman and A. V. Olinto, 1990]



Spectator Chromo-rigi
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Chromo-natural inflation additional friction

[P. Adshead , M. Wyman, 2012]
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Chromo-natural inflafion additional friction

[P. Adshead , M. Wyman, 2012]
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Spectator Chromosnaii

S = / d*z \/—det (9w) [ le__(a¢) 1402

2 4 X 1 a a uv X a a uv
= _ 1 eyl —— e O )\P &
2(8x) L ( —I—cos(f)) 1 Fiw 4f F

[E. Dimastrogiovanni, M. Fasiello, T. Fujita, 2017]
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[E. Dimastrogiovanni, M. Fasiello, T. Fujita, 2017]

F%, = 8,A% — 0,A% — ge"™ AP AC

Isotropic (attractor) solution for the background:
[A.Maleknejad and M.M.Sheikh-Jabbari, 2011]




Dictionary of perturbations

Scalar perturbations:

. inflaton 5¢
. axion 5X
. gauge field 0()

meftric P



Dictienary of perturbafions

Scalar perturbations:

. inflaton 5¢
.« Qaxion 5X

[E. Dimastrogiovanni, M. Fasiello, T. Fujita ,2017]

[A. Papageorgiou, M. Peloso, C. Unal, 2019]
. [T. Fujita,T. Murata, |. Obata, M. Shiraishie, 2023]
. gauge field ()

. [E. Dimastrogiovanni, M. Fasiello,
« metric @ A. Papageorgiou, 2024]

Primordial black holes

[Planck] [NASA/ESA/Gaia/DPAC]



Dictionary of perturbations

Tensor perturbations:

« metric 5g7;j D) hij D) QpR’L

- gauge field (SA? D 1ig D TR,L



Dictionary of perturbations

Tensor perturbations:

« metric 0g;; O hij D YR

+ gauge field §A? D Tiy D TrL

Primordial graviational waves Primordial magnetic fields
) -Example ?lochashc‘Gravwlaliovna\ Wavev /om..m,<“\
S = L7

[LIGO/VIRGO]

[INASA/DOE/LAT Collaboration]



- Chiral GW production fiom fenggiperiurbations

OTn + 1+ 25 (moeva(mg +6)| Trr = Fwn)
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~ Chiral GW production from fens

OTr L + |1+ % (megFa(me +8))| TrL = f(Yr.r)

Transient tfachyonic instability
only in one of polarizations




~ Chiral GW production fiom fen§gperturbations -

OTr L + |1+ % (megFa(me +8))| TrL = f(Yr.r)




~ Chiral GW production fiom fen§gperturbations -

OTr L + |1+ % (megFa(me +8))| TrL = f(Yr.r)




- Chiral GW production fron tengel

OTr L + |1+ % (megFa(me +8))| TrL = f(Yr.r)




~ Chiral GW production from ten
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OTr L + |1+ % (megFa(me +8))| TrL = f(Yr.r)




e ChWCIl GW pro dUC TIOH fromt; e

OTn + 1+ 25 (moeva(mg +6)| Trr = Fwn)

chirality
Tr(z) > Tr(x)
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~ Chiral GW prOdUc’rlon fromTeDerTurbohong

8 ZpRL + ( )wRL — f(TR,L)

Chiral gravitational waves! wR(I’) =>> ¢L($)



- Viable parameter spaceofspec’r’rr jon-SY(2) inflation
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Backreaction neglect backreaction

RGW<1

Overproduction of.scalar perturbations

[E. Dimastrogiovanni, M. Fasiello and T. Fujita, 2017]
[A.Papageorgiou, M. Peloso, C. Unal, 2019]



he'SU(2) sector

~ Identifying Standard Model weak:

91.2 GeV/c? 80.4 GeV/c?

 WH
1

SU(2) +— ; ZO

Z boson W boson

g x 0(0.1)

*

Backreaction

RGW<1

Overproduction of.scalar perturbations




~ Identfifying Standard Model weak bosongigs he'su(2) sector

91.2 GeV/c

SU(2) +— ; ZO

80.4 GeV/c?

 WH
1

Z boson W boson

g x 0(0.1)

*

Backreaction We need to know the
dynamics in

Row<1

the backreaction regimel

Overproduction of.scalar perturbations




~ Fiducial parameters for numericg
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B ———]

—_— [Ol, E. I. Sfakianakis, R. Sharma, A. Brandenburg, 2023]

The Pencil Code
Backreaction

* * ok

Overproduction of scalar perturbations




~ Novel backreaction-supportedatiractor

[Ol, E. I. Sfakianakis, R. Sharma, A. Brandenburg, 2023]
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~ Oscillatory 'fe'd’ru'resfih gravfrgt
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, E. I. Sfakianakis, R. Sharma, A. Brandenburg, 2023]

SKA

IPTA

- PPTA
NANOGrav
EPTA

LISA
DECIGO




imgl| < V2 instability band leads to primordial black holes production

[E. Dimastrogiovanni, M. Fasiello, A. Papageorgiou, 2024]
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~ Primordial magnetic fieldsin in

[NASA/JPL—CGITech]

from blazar observations
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- Primordiall mdgne’rlc fields in
from blazar observations

CMB
e—l—
eV ! A VAVAYS
JAVAVAV; VAV
5. R e_
INASA/JPL-Caltech]
extragalactic CMB

background light



Prlmordlal mdgne’rlc f i SR v0|ds
from blazar observations S

CMB
ot
JAVAVAV A VAV
=T'e o :
[NASA/JPL—Col’rech] [INASA/Fermi telescope]
extragalactic CMB TeV blazars should be observed

background light to have GeV halos



~ Primordial magnetic fieldsin infet
B —— from blazar observations

CMB

ot
TeV ~
JAVAVAV
B 2ot k. S e_ /
[INASA/JPL-Caltech] [INASA/Fermi telescope]
extragalactic CMB But we do not observe cascade

background light photons associated with the source



- Primordial magnefic fieldsin infet
o from blazar observations

R
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RS
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[INASA/JPL-Caltech] [INASA/Fermi telescope]
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- Primordial magnetic fieldsin in boide
- from blazar observatior —
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[NASA/JPL Col’rech] [INASA/Fermi telescope]

extragalactic
background light



* Primordial magnetic fields in
~ from blazar observations

CME = GeV Y

S ® Ny
ANS ® 1 ® N
[NASA/JPL Col’rech] [INASA/Fermi telescope]
e AL’\t
extr lacti
agalacTtic GeV v

background light
CMB



T blozor obs'kér\’/d’nons”

B > 1071°G with correlation length > Mpc

Zeeman splitting

Magnetic diffusion

[INASA/JPL-Caltech] [INASA/Fermi telescope]

lower bound on
primordial magnetic field

-12-11-10-9 -8

[A. M. Taylor, I. Vovk and A. Neronov, 2013]

[Tavecchio et al, 2010; Neronov, Vovk, 2010;
Ando, Kusenko, 2010; Chen et al. 2014; Fermi-LAT 2018; ...]
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91.2 GeV/c 80.4 GeV/c?
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1

SUR) — A

Z boson

W boson
[Ol, E. I. Sfakianakis, R. Sharma, A. Brandenburg, 2023]

— backreaction
-+ no backreaction

Left

Ws =a(Y,+30,Y),

9 = 0 [(Q + 6Q) 8ai + s (My + 0aM) + €iac (Ue + .U

3
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91.2 GeV/c 80.4 GeV/c?

AN
1

SUR) — A

Z boson W boson

[Ol, E. I. Sfakianakis, R. Sharma, A. Brandenburg, 2023]

— backreaction
* no backreaction

Left

A, = WE’ sin 0w Y B, cos Oy

= Wj’ cos Oy — B, sin Oy

1
4]° = 1 (IT¢)” + |Tr|?)



[A. Brandenburg, Ol, E. |. Sfakianakis, R. Sharma, 2024]

run G, mp=>5.71
run C1, mo =2.37
—— runH, mp=2.34

1071 107> 1074 10713
f(in Hz)



=== run G, mp=>5.71
run C1, mo=2.37
—— runH, mp=2.34

10-Y7 10716 10715 10°4 10713
f(in Hz)

Correlated signal from primordial magnetic fields and gravitational waves



[A.

Brandenburg, Ol, E. I. Sfakianakis, R. Sharma, 2024]

_________________

radio data

Blazar observations

10° 107°
L [Mpc]

10—17

0.001

10716

--- run G, mg=>5.71
------ run C1, mg =2.37
—— runH, mp=2.34

10—15 10—14 10—13
Hz)

' gauge field vev
reaches zero close
to the end of inflation




=== runG, mg=5.71
run C1, mo =2.37
—— runH, mg=2.34

100 10°® 0.001
L [Mpc]

[A. Brandenburg, Ol, E. |. Sfakianakis, R. Sharma, 2024]
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[Sauter, 1931,
Heisenberg and Euler, 1936,
Schwinger, 1951]



[-K-. FreeseJA e, ek AXI )
FReman and AV < i S T ‘ &
Olinto, 1990]

[M. M. Anber and L.

a

Sorbo, 2009] . 1 1 . -
S = /d T\/—g —§8uq58“q5 — V(o) — ZFWF — 4fq§FWF
|

Abelian gauge field



[KFreeseJA i : - i |
Olinto, 1990]

[M. M. Anber and L.
Sorbo, 2009] Q

S = / d*z\/—g [‘%%’53‘”9’5 —V(¢) - EF w B = 1

Effective current description of the Schwinger effect

[Kobayashi et al, 2014]
[Bavarsad et al.’ 18]
[Gorbar et al, 2021]
[Domcke et al, 2018; 2020]
[Fujita et al, 2022]

[von Eckardstein et al, 2025]

Inhomogeneous 3D lattcie simulations using



S o

9-px + Hpy = 5 ((o8) (%) + (o) (B B))

— pEB/Piot M0J) ™ pEB/pror m = 1077

pEB/IOtota px/ptot

= pEB/Prot (Jeol) PEB/ Prot m = 1074

Px//)tot (Jcol)

[Ol, A. Brandenburg, E. Sfakianakis, 2025]

Schwinger
suppression
challenges
gauge preheating!




Ol

universal suppression for large couplings!



Similar suppression for

o linear

o hon-linear

o homoheneous

o INhomogeneous regimes

—> semi-andalytfical techniques

are possible!

non-linear,

linear, vac

full non-linear, vac

, Schwinger




Consequences for magneiggenesis.

[R. Sharma, A. Brandenburg, K. Subramanian, A. Vikman, 2024]

Lower bound from
blazar obs.

|

107> 107 1072 10-¢ 0.001

L (Mpc)

ampl/f = 35, 50, 60,75, 90



[R. Sharma, A. Brandenburg, K. Subramanian, A. Vikman, 2024]

107°
Lower bound from
10-2 blazar obs.

10—12

10—15

1071°
10—15 10—12 10—9 10—6

ampi/f = 35, 50, 60, 75, 90

[Ol, A. Brandenburg, E. Sfakianakis, 2025]



Consequences for magnefogenesis
[R. Sharma, A. Brandenburg, K. Subramanian, A. Vikman, 2024]

Lower bound from
blazar obs.

ampi/f = 35, 50, 60, 75, 90

[Ol, A. Brandenburg, E. Sfakianakis, 2025]
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Pure axion-U ( 1 ) inflation 'Wi’rh'ou’r ’rheSchwmger e:ffédﬁ

Stron
,8 = 33.5, Hl/ﬂjp =7.0 x 10_14 bOCk?eOC_I_ion
B =335, m/Mp=6.7 x 10714

B =335, m/Mp =6.4 x 10714
B =465 m/Mp =4.2 x 10719

= 46.5 m/Mp =4.0 x 10717
B =465 m/Mp =3.9 x 10717

Weak
backreaction

104 10V
f [Hz]

[R. von Eckardstein, K. Schmitz, O. Sobol, 2025]
using the Gradient Expansion Formalism (no inhomogeneities)



“Fermionic” axion-U(1) inflation with the Schwinger effect

-=-= m=25x10"°Mp
m=2.5x10"% Mp
m=1.6x 107% Mp

107% 107 10712 107 107
f [Hz]

[R. von Eckardstein, K. Schmitz, O. Sobol, 2025]
using the Gradient Expansion Formalism (no inhomogeneities)
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Inhomogeneous 3D lattcie simulations with
The Pencil Code
a high-order finite-difference code for compressible MHD

/| Significant
progress . | suppression

a/f =60, no Schwinger

Work in

= a/f=90

aff =45 - a/f=120

a/f =60

[2025 . xXxXX]




« Backreaction effects during axion-SU(2) inflafion lead to a novel attractor solution
and produce correlated gravitational wave and primordial magnetic field signals.

« Schwinger effect can strongly quench gauge-field growth, challenging axion-U(T1)
magnetogenesis and preheating.
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« Backreaction effects during axion-SU(2) inflafion lead to a novel attractor solution
and produce correlated gravitational wave and primordial magnetic field signals.

« Schwinger effect can strongly quench gauge-field growth, challenging axion-U(T1)
magnetogenesis and preheating.



