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Magnetogenesis from axion-SU(2) inflation
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« SU(2) gauge fields during inflation.
« Backreaction during axion-SU(2) inflation.

« Consequences for magentogenesis.
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« Polarization: B-modes
+ parity odd CMB correlations
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6 May 2024

natures of GWs from gauge fields
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gauge fields during inflation .

1) A homogeneous and isofropic background solution:

2) Dilution: A'u ~ l/a(t)

3) Respect gauge symmetry:

6 May 2024

Can be realised for SU(N) gauge fields.
[A.Maleknejad and M.M.Sheikh-Jabbari, 2011]

New terms in gauge theory are required
or a coupling with inflaton.

~ ~\ 2
f(@)Fg P, XFF, (FF)
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JAUQe fields during inflation .

Gauge-flation: [AMaleknejad and M.M.Sheikh-Jabbari, 2011]

~ 2
N /d4 \/_det(g;w)l PIR_ZFSVFGMV+ % (F/.(ZVFGMV) ]

Chromo-natural inflation: [P. Adshead , M. Wyman, 2012]

= / d*z\/~det(g,u) [ Mo ! ((3x) <1+cos(>?<)))—}lF;fyFa“” 8’},\5‘“ F‘““’]
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§JaU0e fields during inflation .

Gauge-flation: [AMaleknejad and M.M.Sheikh-Jabbari, 2011]

~ 2
N /d4 \/—det(g,w)! PlR_ZFLLyFauV_i_ % (FﬁVFa“V) ]

Chromo-natural inflation: [P. Adshead , M. Wyman, 2012]

= / d*z\/~det(g,u) [ Mo ! ((3x) <1+Cos(§)))—}lFﬁyFa“” 8Xf)\F“ F‘““’]

Natural inflation
[K. Freese, J. A. Frieman and A. V. Olinto, 1990]
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e fields during inflation \I

8

Gauge-flation: [A.Maleknejad and M.M.Sheikh-Jabbari, 2011]

o /d4 \/—det(g,w)[ PIR ingFauv_l_% (Fa Fa;w)zl

Chromo-natural inflation: [P. Adshead , M. Wyman, 2012]

= / d'z/~det(g) [ Mo L (((9><)2 —p (1 +cos(§)>) —%F[ZVFW 8>})\F“ F““”]
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§JaU0e fields during inflation .

Gauge-flation: [AMaleknejad and M.M.Sheikh-Jabbari, 2011]

~ 2
N /d4 \/—det(g,w)! PlR_ZFLLyFauV_i_ % (FﬁVFa“V) ]

Chromo-natural inflation: [P. Adshead , M. Wyman, 2012]

= / d*z\/~det(g,u) [ Mo ! ((3x) <1+Cos(§)))—}lFﬁyFa“” 8Xf)\F“ F‘““’]

However, both models may be realised as a spectator sector.

[E. Dimastrogiovanni, M. Fasiello and T. Fujita, 2017]
[O.l. and E. |. Sfakianakis, 2021]
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- Chromo-natural inflation .

10

T

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

5= [ atay/~det(gu) [ "2 R 067 - V(0

5 (@07 —ut (14 cos

Fo, = 8,A2% — 8, A% — ge®* Ab A¢

1 X
__Fe poun )\Fa, Fa,tu/
))> ilw 37 ]
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TOr Chromo-natural inflation .

11

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

5= [ atay/~det(gu) [ "2 R 067 - V(0

5 (@07 —ut (14 cos

Fo, = 8,A2% — 8, A% — ge®* Ab A¢

1 X
__Fe poun )\Fa, Fa/u/
))) ilw 37 ]

Isotropic solution for the background:
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e —————— e Chromo-natural inflation

12

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

M3 1
_ 4. | Plp + 2
5= [ dta\[=det(a) | "R R 5007 - V(0
_1 2 _ 4 X _1 a 1a pv X a fra pv
2 ((8x) L (1+cos(f)>) 4FWF +—8f)\FWF ]
Fj, = 0,A; — 0 A7, — ge“bcAZA,cj

40

[A. Maleknejad, M.M. Sheikh-Jabbari, J. Sodd]
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r Chrohﬁo—no’rurol inflation .

13

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

5= [ atay/~det(gu) [ "2 R 067 - V(0

5 (@02~ 1 (14 con

Fo, = 8,A2% — 8, A% — ge®* Ab A¢

1 X
__Fe poun )\Fa Fa/u/
))) ilw 37 ]

Chromo-Natural inflation attractor:
[P. Adshead , M. Wyman, 2012]

A @ S f Uy
f x = 29Q + R Q= HQ+39)\Q2

The axion effective potential is
minimized when: Q

N (—fo(x))1/3
—\ 39)\H
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Tensor perturbations

14

5A,11 = a(0,t+,tx,0), JAi =a(0,tx,—t+,0), dg11 = —dg22 = a’hy, 8g12 = a’hy

hr + hgr 1 _hp —hg ; _tp+tR ; tr —tr
. = _

V2 iv2 T V2T T iR

hy =
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Tensor perturbations

15

2 .
Vi1 + (k2 — ?> Yr,L = fi(Tr,L,mqQ,Q, k,n)

T 1 + {k2 - %[mQﬁikn(mQ +&)] } Tr, = f2(Yr,L, mQ, Q. k,n)

V2 1
tpp=——T
Mpa¢L,R, LR 5. TL.R

hr.r =
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Tensor perturbations

2 .
Vi1 + (k2 — ?7_2) YrL = fi(TR,L,mQ,Q, k,n)

Th 1 + {k2 + %[meik’l](mQ +&)] } Tr, = f2(Yr,L, mQ, Q. k,n)

s ~ofHX “T
, , 2

— kmin , kmax

[P. Adshead, E. Martinec, M. Wyman, 2013]
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Tensor perturbations

17
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Backreaction

RGW<1

Overproduction of.scalar perturbations

[E. Dimastrogiovanni, M. Fasiello and T. Fujita, 2017]
[A.Papageorgiou, M. Peloso, C. Unal, 2019]
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e — ard Model weak bosons as the SU(2) sector 9

91.2 GeV/@ 80.4 GeV/c?

SU(2)  +— ‘;ZO ;1Wi

Z boson W boson

*

Backreaction

RGW<1

Overproduction of.scalar perturbations

g x O(0.1)
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e — ard Model weak bosons as the SU(2) sector 20

91.2 GeV/@ 80.4 GeV/c?

sU(2)  +— ‘;ZO AN

Z boson W boson

*

_ To study magnetogenesis
Backreaction

we need to know
Rew<1 dynamics in

Overproduction of-scalar perturbations fhe backreaction regimel!

g x O(0.1)

6 May 2024 Oksana larygina



21

action in axion-U(1) inflation N

[M. Anber, L. Sorbo, 2009]

M? 1 1 3
pl 2 a a v A ¢ v
— _ __F F py - 4L _Fa Fa,,u

S = /d4a:\/—_g

F,, =0,A, —0,A,
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Kreaction in dxion—U(]) Iglilelilelg l

— —

é=—3Ho + V2¢ m2¢ + E.-B [M. Anber, L. Sorbo, 2009]

a3mp
—HE——Vxé—O‘—A(qu quxE)

2
a amy

! F
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Q=-—2 3 (QPK pv + pEM)
\

— Qo —

6-E=——Av¢.§
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—DCIC KT COC TIoN inﬁdxion—U(]) inflation .

¢=—3H¢+ V2¢ m’¢ + — A E.B
a,mp
< E:-HE——QVXE—O‘—A(qu quxE)
a Cl,mp
. a
i=—7 5 (2pK pv + PEM)
\
)
V.E:_a_Av¢.B
amy,
\ ) 1
H 23—2(,0K+PG‘|‘PV‘|‘PEM)
\ mp

Homogeneous backreaction:
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Kreaction in dxion—U(]) Iglilelilelg l

4 . . ]_ Q{A — —
b= —3Hp+ %G —m2p+ > F.B
e i T
\ B=-HE-VxB- "2 (35 -VexE)
a amy
&Z—%(ZPK—PV-I-PEM)
\ mp
(O R__ A 7
a,mp
\ ) 1
H* = o5 (px +pe+ pv + pEM)
\ "

Homogeneous backreaction:

neglect: V26, Vo x E, (V$)?)
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Kreaction indxion—U(l) inflation

.......

( 1 QA
= 3H¢+ — — m? 7. B
6= —8H}+ ;9% —m*o+ 5 (E B
2, - 1 . aAp (= =
¢ E=-HE-—(VxB)——— (qu—M)
p
a
s @ o
| = (20K — pv + pEM)
)
— — (0] — —
V.-E=-—2%
am
\ ) 1 7
H* = o5 (px +pe+ pv + pEM)
\ "
Homogeneous backreaction:
neglect: Vi, Vo x E, (V¢)?)
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ackreaction in axion-U(1) inflation

26

[S-L. Cheng , W. Lee, K.-W. Ng, 2014] [J. Garcia-Bellido, A. Papageorgiou, M. Peloso and L. Sorbo, 2023]
[V. Domcke ,V. Guidetti, Y. Welling, A. Westphal, 2020]

6 May 2024 Oksana larygina



27

ackreaction in axion-U(1) inflation

Sensitivities
ET
BBO
DECIGO
NANOGRAV
THEIA
SKA

LISA

HLVK

[J. Garcia-Bellido, A. Papageorgiou, M. Peloso and L. Sorbo, 2023]
YA flashing beacon in axion inflation™

6 May 2024 Oksana larygina



. . . . . |
neouUs backreaction in axion-U(1) inflation. ~

28
Lattice simulations.

[A. Caravano, E. Komatsu, K.D. Lozanov and J. Weller, 2022]
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NM. . . . . \
eous backreaction in axion-U(1) inflation. ~

29
Lattice simulations.

CL Inhomogeneous
CL Homogeneous
Gradient Exp.
Iterative

Linear

[D.G. Figueroaq, J. Lizarraga, A. Urio and J. Urrestilla, 2023]

<>

Cosmolattice
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" Homogeneous backreaction in axion-SU(2) inflation i

[E. Dimastrogiovanni, M. Fasiello and T. Fujita, 2017]
[T. Fujita, R. Nomba and Y. Tada, 2018]

A
Q” 4+ 2HQI i (Hl i H2) Q 1 292a2Q3 . QTCLX/QQ e a2 n e 07
3gA
X' 2HX + @) + ZaQ? (@ + HQ) + P Ty =

43k k
Tk = 3Z2 / (27)3 <€H B 5) Tl

A d d>k
T = 574 | (o (@mal — ) [Tl
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geneous backreaction in axion-SU(2) inflation N

[E. Dimastrogiovanni, M. Fasiello and T. Fujita, 2017]
[T. Fujita, R. Nomba and Y. Tada, 2018]

Q" +2HQ + (H +H?) Q + 29°a Q3——axQ2+a2 sr =0,

f
" / 2 3gA 29X _
X +2Hx +aUy(x )—I—Ta (Q +HQ) +a T, =0,

P k
=50 | 2r)? (€H - 5) Tal’

X od [ &%
X = — / ary3 (@mQH — K) TP

2a* f dn

[A. Brandenburg, A. Johansen, P. Bourdin, W. Dobler, W. Lyra et al.]

6 May 2024 Oksana larygina



TN

eneous backreaction in axion-SU(2) inflation N

[E. Dimastrogiovanni, M. Fasiello and T. Fujita, 2017]
[T. Fujita, R. Nomba and Y. Tada, 2018]

Q" +2HQ + (H +H?) Q + 29°a Q3——axQ2+a2 sr =0,

f
" 9 / 2U % 2 =0,
X"+ 2HX + a"Uy(x) + 7 (@ +HQ) +a’ Ty =

P k
=50 | 2r)? (€H - 5) Tal’

A d d3k

Homogeneous backreaction

Assumption H = 0

[A. Brandenburg, A. Johansen, P. Bourdi
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Sial' parameters for numerical simulations 34 )

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

Backreaction

* * ke meo = 2.44, 3.29, 3.58, 4.19

Overproduction of scalar perturbations

6 May 2024 Oksana larygina



e —
round solution with backreaction

35

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

mo=3.58
— mo=329 ——— mo=419
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e —
round solution with backreaction

36

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

mo=3.58
— mo=329 ——— mo=419
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ensor perturbations

37

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

mg = 2.44

mq = 3.58
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quation of motion

5% o exp (O(1)N) 9 ~0 1H2Q +202Q° + T, ~ 0

| Tag| o exp (O(1)N) Uy + (3g)/f)HQ® + T Ux + (gAY HQ’ + TR =~ |
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Bmical attractor solution \l

40

Stage 111
AH?Q + 26°Q° + T,
Uy, + (39N fYHQ? + T ~

N

0%

Tih
Ter
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Bmical attractor solution \l

41

Stage 111
AH?Q + 26°Q° + T,
Uy, + (39N fYHQ? + T ~

N

0%

Tih
Ter

A 2H?
af 9@
A 1
U, = —%HQi” + = (4H?*Q + 2¢°Q°)
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Bmical attractor solution \l

42

Stage 111
AH2Q + 29°Q3 + TQ, ~ . Tk _
Uy + (39N F)HQ® + T =~ Tsr

Ay AP

of ¥ T 9Q
Uy =——"F7H — (4H = — = _
(= —S P HQ T (AHQ 4+ 20°Q) B=-HQ+3 05
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yAamical attractor solution

43

A series
g series

M series

0.010
RHF/(929Qin)
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Z)

pacCkreaction integrands N

H? d92/dInk H™? d932/dlnk H™? 49} /dink

Most of the
contribution comes
from a fixed narrow

range of wave
numbers!
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resolving_ the superhorizon modes \

46

Integration over a comoving strip:  npin < Inlk/a(n)H| < nmax

10* @
AV RV

10 15 20 25
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———— EEETake-home message about backreaction: % l

A new dynamical attractor solution for the axion field and the vacuum expectation value of the

gauge field, where the lafter has an opposite sign with respect to the chromo-natural inflation
solution.

« Phenomenology: redefining parts of the viable parameter space.

« Characteristic oscillatory features in the primordial gravitational wave background that are
potentially detectable with upcoming gravitational wave detectors.

6 May 2024 Oksana larygina



e-home message about backreaction: l

48

A new dynamical attractor solution for the axion field and the vacuum expectation value of the

gauge field, where the lafter has an opposite sign with respect to the chromo-natural inflation
solution.

« Phenomenology: redefining parts of the viable parameter space.

« Characteristic oscillatory features in the primordial gravitational wave background that are
potentially detectable with upcoming gravitational wave detectors.

But

. Scalar perturbations? Pa™
« End of inflation |H/H? ~ 1 /

« Inhomogenious backreaction

6 May 2024 Oksana larygina



calar perturbations

49

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

[E. Dimastrogiovanni, M. Fasiello, A. Papageorgiou, 2024]
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Scalar perturbations

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

Sensitivities

— ET
—— BBO
— DECIGO |
NANOGRAV |
THEIA |
SKA
LISA
HIVK

[E. Dimastrogiovanni, M. Fasiello, A. Papageorgiou, 2024]
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—— Quadratic
---Alpha-attractor
Const H

—:— ConstH

—— Quadratic
—-— Alpha-attractor
Const H

—-— Const H

Energy Densities

/7 .
/ / —— Quadratic
/

Const H

---Alpha-attractor —-— Const H

20 25 30
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- ,ﬁ‘
Tensor pertutbations

52

—— R, k=4.79e-04
—— R, k=1.30e-03
—— R, k=4.32e-03

—— R, k=4.79e-04
—— R, k=1.30e-03
— R, k=4.32e-03
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Ditference with no backreaction regime

— backreaction
-+ no backreaction

Left
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. . . .
uTions with the radiation-dominated era N

54

V2kx Ty () = co(k)

— Quadratic
—-— Alpha-attractor _
—-— Const H P

Assuming instanteneous reheating:

O*Ty, + k*Ty, =0

T a co(k) azH}
NG

6 May 2024 Oksana larygina
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91.2 GeV/c? 80.4 GeV/c? I

sU(2) jZO ANV

Z boson W boson

transverse vector perturbations

We = alVa+8¥) | \

Wia =a [(Q + 5@) Oai + O; (Ma + 8(,,M) + €iac (Uc + 8CU) + tz’a]
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91.2 GeV/c? 80.4 GeV/c? I

)\ N\ JE
W

sU(2) +— ZO

W boson

Z boson

Ws =a(Y,+0,Y),

Wi =a[(Q+9Q) dai + 0; (Mg + 9 M) + €iqc (Ue + 0:U)

fraceless and fransverse tensor

SW3 =0,

5Wz—3 = at;3
- 1, - -
ol = 2 (212 + %)
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91.2 GeV/c? 80.4 GeV/c? I

)\ N\ JE
W

sU(2) +— ZO

W boson

Z boson

Ws =a(Y,+0,Y),

Wi =a[(Q+9Q) dai + 0; (Mg + 9 M) + €iqc (Ue + 0:U)

fraceless and fransverse tensor

A, = Wﬁ’ sin 0w + B, cos Oy

Z, = W,i’ cos Oy — B, sin Oy

A2 = = (ITH2 + TR P2)

| =
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agnetic field energy spectrum

B2

pp = (7-) = /dlnkAB(k)

1
(2m)?

K~ o
Ap(k) = 5|4

1 acgHj 1

2 ;2
Gr2 16|C2| sin® kT
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“Magnetic field energy spectrum

B2
1 Ek° -
Ag(k) = ~ AP
B(K) = Gz A
An(k) — __(TL2 TR2)N e’ f 2 gin? k
B(k) (27)? T + [T @r? ot 16|cz| sin“ kT

pr 96(2m)? \ M,
H
Ap(k)|. =3.7x1077——27 G
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roresent-day magnetic field and GWs

60

Hy

— -7

co| pG

10716 107 1071 10713
f(in Hz)
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Conclusions

Backreaction ‘helps’ with sustainging the primordial magnetic field.

Axion-SU(2) inflation can potentially produce magentic fields compatible with blazar observation:s.

Rich phenomenology in primordial gravitational waves
and primordial black hole production . /\\
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{ordita program -

62

‘Axions in Stockholm 2025’
23 June - 11 July, 2025

Week 1: "*Axions and gauge fields in the early and late universe”.
Week 2: conference.
Week 3: “Direct and indirect axion searches’.

- University

Organizers:

Francesca Calore
Oksana larygina
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Alexander Millar
Hiranya Peiris
Evangelos Sfakianakis
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Conclusions

Backreaction ‘helps’ with sustainging the primordial magnetic field.

Axion-SU(2) inflation can potentially produce magentic fields compatible with blazar observation:s.

Rich phenomenology in primordial gravitational waves
and primordial black hole production . /\\
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