Super-horizon Resonant Magnetogenesis
during Inflation

Vicharit Yingcharoenrat

Kavli IPMU, University of Tokyo

M. Sasaki, V. Vardanyan and VY, PRD 107 (2023) 8, 083517

Cosmology from Home 2023



Outline

* |ntroduction
* Super-horizon resonant model
* Phenomenological validity

e Conclusions/Future Directions



Introduction

» Magnetic field on the intergalactic scales ~ Mpc

Measuredtobe ~ 10~/ = 107'* G Ando and Kusenko 10, Tavecchio et al. 10
and many others

e Inflation may be a working regime to explain this ngs ~ 10723

* There are many magnetogenesis models during inflation

| | -
5/”¢A = Zf(¢)2FWF”” 3¢A — Zl(ﬁb)FWFW + - Conformal invariance is broken

Maxwell: €2, o< (k/ a)4 = EXxponentially decreases by many e-folding humbers during inflation



Introduction: Obstacles

Some obstacles may arise during the production from inflation

e Strong-coupling problem Canonically
1 normalized
— . — € — C
L = @Y ELF + ey yA, + iy o =) 7V
AS=fA, =

If /* << 1 during the production, the perturbative calculation breaks down

 Back-reaction problem

The gauge field A is enhanced alot —> Qp, Qp, O
o a2as2
Prot = Py = 3H"Mp,

> 1 : Destroy inflation

others

Gasperini et al. 95, Demozzi et al. 09, Fujita and Mukohyama 12,
Green and Kobayashi 16, Moghaddam et al. 17 and many others



Introduction

- | -
» Resonant production in /() '/ model £ ;4 = 7 HP)F, Fr*  Bymesetal iz

Equation of motion: "= d/dn h==+1

Aii;(’?ak) n [kz n hkf']Ah(r],k) — 0 On large scales (k — 0): no

During inflation ¢ = @(£): () — AH)  a ~ &' ~ — 1/(Hn)

qzyk/a):y\/]_y

Mathieu equation

(Patel, Tashiro and Urakawa 19)

coupling of ¢ and A

A ox eH*

Sup-horizon
| amplification |

!

L;?- e el

Resonant model from axion-like coupling ¢FF during inflation and preheating



Introduction: No-go theorem
QB

1B, ~ 107> G & Qp ~ 1077

Horizon-crossing N End of inflation
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Super-horizon resonant model

e The action § = Jd4x\/—8 [gEH T gqb T gqu] eesz = f$)~

2

M3, I L
Zm =R Ly =500 V@) Ly = SO = F T omid,A

Inflaton Breaks conformal invariance

. Background: ds? = — d#* + a(f)’dx? and ¢ = ¢(¢)

3H*M, = 5¢2 + V(g) + 4

¢ +3Hp + 9,V = I(A

Assume slow-roll potential a(?) ~ exp(Ht) ~ de-Sitter



Super-horizon resonant model

» The production of A, during inflation driven by O(1)

- Introduce the long. mode via A, = A, + d ¥

FAW

Ay(t,x) =0 and §Y9,A(1,x) =0

d°k L A A
Fourier mode: Af(t,x) = J P Z e el (k) lAﬁ(t’ Ob+ A, k)*bﬁj]
A==
EOM: g | S ( ) | =0 F=a@)f
o =4/FA ‘ az 4\ F OF {}




Resonant model: Main idea

QB QB =p /ptot

Horizon-crossing End of inflation
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(1) QgNp) ~ 1072
(2) Qp, Qy, Qp < 1

1(3) No strong coupling |
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Super-horizon resonant model

e Our model: [ oscillates with frequency @ during inflation

/

L = _2ysin(27)  Positive definite = 4.
F — dz
z=w(t—t)/2 I. . onset of oscillations
« EOM of &f becomes a(z) =¢”* r=Hlw
Whittaker-Hil 7 1
A"+ |C 2 4 2 220) | A =0
equation : + | C(2) + 2g cos(4z) + 2p cos( z)] “
4k> 2 4m2r? 1
C(z) = _ L +5~' 0 = A D=y q = —;/2
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Super-horizon resonant model

« Numerical solutions with different k
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| 1 k
— 10
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The expo. growth happens when
the mode exits the horizon

Lo =

7Supeﬁhoﬁzon

| amplification if




Phenomenological validity

Corresponding k at the

. C end of inflation
e Estimate the magnetic field spectrum \

| 1 k
We use |\/ 2k | ~ exp(uAz) The time the mode spends Az, = — log (_f>

outside the horizon

= The mode that exits horizon earlier will experience amplification longer

= No amplification for k = k;

5 — u/r = 0 : Scale-invariant Qg

4O H 2 S—ulr
5 _— g — E S — ul/r > 0 : Blue-tilted Qp
dlogk My, ke

5 — ulr <0 : Red-tilted Qg

e Foru/r=1=dQg/dlogk ~ k* (Maxwell theory)



Phenomenological validity

 Energy density In the mass term

2 3—ulr
We use |/ 2k | ~ exp(ulAz;) : o ( . > (k>

dlogk_ﬁ My, E

 Requirethat (1) Qn(r) = 107 ng=5—plr

2x + ng(k — ANcyp) 2 — 23 1og(10) The CMB mode at

the horizon crossing

¢
x = log(H/Mp,)) xo = log(Hy/ Mp) k = log(kg/keyvp) ANcvg = log(as/ acyg)




Phenomenological validity
(2) No Q2 back-reaction: (2, < | # 2x + ng(k — ANcyp) S 0
(3) No €\, back-reaction: £2,, < | # 2x + (ng — 2)(k — ANcyg) S 0

(4) Successful inflation requires at least ANy = E(X — Xp)
(aOHO)_1 < (acpgH )~ !
All three constraints become

(1) Qp(t) = 1072 (4 — np)x + ng(2k + x) = — 46 1og(10)

(2) QB <1 (4 — ng)x S — ng(2x + xp)

(B) 2, < | (6 —ng)x S — (ng — 2)(2k + x;)



Phenomenological validity

K:7ande:_14O

—15 . T
No Qg backreaction Eﬁ — 5 - ./Lt_/d
_90- No €2y, backreaction Allowed region: 11, < — 4 and
Sufficient magnetogenesis —32
- gnetoge HI/My < 10
§ —25 - : Low-scale inflation
T : Sy <1 32 3
g _30 __ ___3_2 ______________ : ______________ | ANCMB d 33
|
—35- |
| Both scale-invariant (ng = 0) and
40 Q%) 2 10_23:_3 g blue-tilted (ng > 0) cases are
- | —1L . excluded
-8 —6 —4 ) 0

Magnetic spectral index, ng



Resonant model: Summary
QB

Horizon-crossing End of inflation
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Phenomenological validity

d
» No strong coupling problem  F = a(t)f? e = f()~ : €oir ™ Iz

= We can start from eesz < lat #, and dynamically evolve it toward eesz ~ O(1) at ¢;

(f can be rescaled arbitrarily)

2

Standard parametrization: f ~ a“. For a = 2 (scale invariance), e ;. ~ a=*

Having weak coupling regime during inflation = egff ~ O(1) at , and evolve to eesz <L latt

» No (2. back-reaction

Qp and Qy scale in the same way Q,, ~ Q. ~ | Mode function |*/a’

= Keeping €2y, < 1 during the production = no {2 back-reaction

The suppression of {2 during inflation may be due to the Schwinger pair production
(Dunne and Hall 98, Frob et al. 14)



Conclusions/Future Directions

Conclusions

* We constructed a resonant model for magnetic field production
 The amplification happens on super-horizon scales

* \We obtained the allowed region In our parameter space compatible with all
constraints

Future directions

o Study the production of primordial GW in this resonant model

o Study a similar mechanism during reheating






Resonant model: Summary
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Super-horizon resonant model

» Comment on the massless mode mj =0

k — (

const .

(FA) =0 $ A ~ const. +J dt

F

No exponentially amplification of A if F'is a bounded function

e Introduce &/ = \ﬁ?A

, T, x 2 a1 w
. F . Kk’ 2 - k* » 1 (F r _ i‘
A+—A+§A+mAA=O :} A+ [¥+mA+— — | —= ng_O

F

Forf(gb)zFF : the coupling of @ «x k = suppressed enhancement on large scales



Super-horizon resonant model

)
Energy densities:  pg, = (TYV) = E<E”Eﬂ + B,B* + m{A,A") = pp + pg + py

E=F u B =F_u" ut = (1,0)

H HV U Uv
Conformal
4 INV. case 4
dps — : E l\\/ZkQQf(t, k)\2 : dpg ~ I E Exponentially decreases
d log k 472 \ a a d log k 412 \ during inflation
2
dog  f? (k>2 d (\/stzi(t, k))
dlogk 4m2\a/ |di
\/Ef Decrease less Strong constraints
2 compared to pg on our parameters

dpy my [k "1 2
(YL
a



Introduction: No-go theorem

» The production of A(#, k) is peaked at the horizon k.

[/ 2kA |* = 2kA2 5(klk — 1)

+ Requiring ¢ > 107" and AN: ~ 50 = Q> 1

If AN. ~ 11, the back-reaction can be avoided

Durrer et al. 11, Byrnes et al. 12
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Super-horizon resonant model

« Analytical approximation: neglect z-dependence in C(z)

Floquet theorem: Floguet exponent

%
|vV/2k A(2)| = eh(z) with pueC
K

"Periodic function

Re(u) = 0O : Stable solution

Re(u) # 0O : Unstable solution

The real part is determined by

|
/’tR(}/a 5) — = log

T

D +1/D?*— 1] with  D(y, ) = 26&)Sinh2(g\/ 1IC|)+ 1

Determinant of infinite matrix

This analytic solution is valid when £ — 0



Super-horizon resonant model

e Plot of i ver
Ol O i versus y Dotted: Floquet formula

§=107" Dashed: Numerical solutions
7 - : o®
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Longitudinal mode and initial conditions

d
E(a3f2)'(c) + Fk%y, =0

In the limit £ — 0 the mode y is exponentially decreasing

The mode y does not enter into the definition of magnetic field

We completely neglect the contributions of y in the energy density

» Initial conditions for &/ (z, k)

df(2) 2k
|\/ 2k Qf(z)\zzzi =1, [vV2k rp = —

L=



Finite reheating

Assume that reheating happens with H ~a# Qp ~ a*/~?

Note p=3 Kination:w =1andp ~ a=°

The constraints are modified to
(4 — ng)x + ng(2x + xy) +461og(10) + QO 2 0

4 —ng)x+ng2xk+x5) +0 <0

(6—nB)x+(nB—2)(2K+x0+ Q 4) <0

nB—

Q= AN, () —2)4 — ng)



Whittaker-Hill equation

A(ip) =

The formula for the real part of the Floquet exponent is

d?of
dz?

5—2 5—2 1 5—2 5—2 0 0

0 & & 1 & & O
0 0 & & 1 &G &

1
I :—log[aD-l_-\/Dz— 1]

T

+ |C + 2gcos(4z) + 2pcos(2z)| A =0

on =

T C = (iu = 2n)?
> q
= (i — 2n)2

Compute it numerically

D = 2A(O)sinh2(§\/ Cl) + 1



The exponent i versus y

U= max {0,0.6;/ _ 0.85|1og, o 5|*% }
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