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|. Introduction

= Galactic magnetic fields

AU ( : [Sofue et al., Annu. Rev. Astron.
//L Astrophys. 24, 459 (1986)]

= Magnetic fields in clusters of galaxies
0.1 — 10uG
10kpc — 1Mpc

[Clarke et al., Astrophys. J. 547, L.111 (2001)]

* Recent reviews (examples)

[Kandus et al., Phys. Rep. 505, 1 (2011)] [Yamazaki et al., Phys. Rep. 517, 141 (2012)]

[Maleknejad et al., Phys. Rep. (2013)]
[Durrer and Neronov, Astron. Astrophys. Rev. 21, 62 (2013)]



Origin of cosmic magnetic fields

1. Astrophysical process: Plasma instability

[Biermann and Schllter, Phys. Rev. 82, 863(1951)]

[Weibel, Phys. Rev. Lett. 2, 83 (1959)]

[Hanayama et al., Astrophys. J. 633, 941 (2005)]

[Fujita and Kato, Mon. Not. Roy. Astron. Soc. 364, 247 (2005)]

2. Cosmolosical processes:

= Electroweak/Quark-hadron phase transitions
[Baym, Bodeker and McLerran, Phys. Rev. D 53, 662 (1996)]

[Quashnock, Loeb and Spergel, Astrophys. J. 344, L49 (1989)]

= Density perturbations  [ichikietal, Science 311, 827 (2006)]
[Kobayashi, et al, Phys. Rev. D 75, 103501 (2007)]



Origin of cosmic magnetic fields (2)

= Coherence scale
= Strength

— It is difficult to obtain the results to
explain the observations.

— > The most natural origin of large-scale
magnetic fields:

Electromagnetic quantum fluctuations
generated at the inflationary stage



Inflationary cosmology

[Sato, Mon. Not. Roy. Astron. Soc. 195, 467 (1981)]

[Guth, Phys. Rev. D 23, 347 (1981)]

[Starobinsky, Phys. Lett. B 91, 99 (1980)]

[Linde, Phys. Lett. B 108, 389 (1982)]

[Albrecht and Steinhardt, Phys. Rev. Lett. 48, 1220 (1982)]

Inflation:

Exponential cosmic acceleration in the
early universe

j> 1. Homogeneity, Isotropy, and Flatness

2. Primordial density perturbations



Obstacle

- Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric is conformally flat.

- The Maxwell theory Is conformally invariat.

— =

The conformal invariance has to be broken at
the inflationary stage.



Breaking mechanisms

@ Coupling of a scalar field to electromagnetic
fields

[Ratra, Astrophys. J. 391, L1 (1992)]
[KB and Yokoyama, Phys. Rev. D 69, 043507 (2004); 70, 083508 (2004)]

2. Non-minimal coupling of electromagnetic
fields to gravity

[Turner and Widrow, Phys. Rev. D 37, 2743 (1988)]
[KB and Sasaki, JCAP 0702, 030 (2007)]

3. Trace anomaly [Dolgov, Phys. Rev. D 48, 2499 (1993)]



Motivation and Purpose (1)

j‘ By comparing the theoretical predictions
of a toy model with observations, we
obtain phenomenological implications on
moduli inflation.



Motivation and Purpose (2)

Model (a) Coupling of the electromagnetic field
/\ to a scalar field

(b) That to a pseudo scalar field (inflaton)

L Both couplings: Novel point

* |n the past works: Only (b)

\/ E.g.: [Barnaby and Peloso, Phys. Rev. Lett. 106, 181301 (2011)]
[Barnaby, Namba and Peloso, JCAP 1104, 009 (2011)]

Observables
(1) Large-scale magnetic fields

(1) Non-Gaussianity
(111) Tensor-to-scalar ratio



1. Model

TN
/
Mz N1 1 Y .
L =\Z2RUL _xXp, FHw _ Zg —_ [, FW
N A A I
1 1

—59"0,20,% ~U(®) - 59"0,Y9,Y —V(Y)

Gravity term

Breaking of the conformal invariance —

Mp ~ 2.4 x 10'® GeV : Reduced Planck mass

R : Scalar curvature
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Model (2)

e

M2 21 SN 1y -
— LRI -XF, FW —qg,.—F, F*
2 N4 st
—_—L

1 ., L owg v
=59 020, —U(®) = 59" 0,Y,Y — V(Y)

Coupling of a scalar field ® to the
electromagnetic field

X =exp(—AP/Mp), X :Normalization constant

U(®) : Potential of ¢
F, =V, F, -V, E,  F,:U(1)ygauge field

11



12

Model (3)

’_——~

ME 1 R U SRR
= — R — — N =g, — .
L R — 2 XFF (\\4gpSMFWF’/
———w—‘—

1 1

—59"0,20,® —U(®) - 5¢"9,Y0,Y - V(V)

Coupling of a pseudo scalar field Y (inflaton)

to the electromagnetic field
9ps : Dimensionless constant

~

F),, : Dual tensor of F),, M - Mass scale

_ 1 _ _ -
V(Y)~V —=m?Y? :potential of Y~V : Normalization
2 constant

(Feature of moduli inflation) m - Mass of 3
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Equations of motion (EoM) (1)

Flat FLRW space-time

ds® = —dt* + a° (t)de a(t) : Scale factor
EoM for &
. , H = a/a :Hubble parameter
O+ 3HOD A U(2) = 0

d® —9/ot
EoM for Y (inflaton)
i gy + W

dYy
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Equations of motion (EoM) (1)

EoM for the U(1)y gauge field

* Fy= 0;F7(t,z) = 0 : Coulomb gauge

) X ; 1 1

|

Breaking of the conformal invariance

€ijk . Totally antisymmetric tensor
(€123 = +1)



Slow-roll inflation

a(t) = agexp [His (t — t)] ~—— Y2/2 < V(Y)

( -

DO | Qo

Y:Ykexp<

\ -

e

2m
SHinf

;

Hinf (t _ tk)

k/(a,kHinf) =1

Hins : Hubble parameter at the inflationary stage

af : Value of the scale factor at ¢ = ¢,

Lk : Time when a comoving wavelength 27 /k of the U(1)y
gauge field first crosses the horizon during inflation
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Quantization of U(1)y gauge field

Canonical momenta 7 =0, m = XaF,(t,x)

Canonical commutation relation k : Comoving
‘3 wavenumber
L
Fi(t, @), m(t,y)] = ¢ / e (5 (/)] k= |k|

A

Fit) - | (er)é/z B(R)EL(t R)e™ + B (R)E7 (1 k)e ™

[z’;(k),z;"f(k’)} — Bk — k), [Z'}(k:)}i}(k’)} - [ET(k),BT(k')} — 0

b(k), bt(k):Annihilation and
Normalization condition creation operators

(k) I (k, t) = Iy (k) 7 (ko ) = <= [0y — (Kik;/K7) ]
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Circular polarization of U(1)y gauge field

. x> axis to lie along the spatial momentum k&
direction
— Transverse directions z! (1=1,2 )

- Circular polarization: F.(k,t) = Fi(k,t) £ iFy(k,t)

Y (BT (k)

: Normalized amplitude

X

3 X\ .
Fj:(kat) + (Hinf + _) F:l:(kat) +

F+(kat)
F—l—(ka tk)

C+(]€,t)



C+(k7 t)

1.0

0.9 -

0.8 -

0.6

0.5

04 _J [ Lo ! !

C (K, tg) = O(0.1)
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Evolution of C'(k,t) (1)

- After Hypt ~ 10 ,C (k,t)
approaches a constant:

IR : End of
inflation

For the

case of
Y =0
(Dotted line)

For the case

SSmmmsmemmemoeeoceooeeoende L of dynamical

Y
(Solid line)

Hinft
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Evolution of C,(k,t) (2)

Values of parameters for Fig.1
X(tx) = exp (xk), xt = —0.940
Hine = 1.0 x 101°GeV,  m =2.44x10°GeV
Y, = 7.70x10"*Mp, M = 1.0 x 107 Mp

V =507Tx10"" M3, gps=1.0
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Evolution of C'(k,t) (3)

- COBE normalization
(Amplitude of power spectrum of the curvature perturbations)

A%(k) = 2.4 x 1077 at k= 0.002Mpc "

- Planck result
(Spectral index of power spectrum of the curvature perturbations)

ne = 0.9603 + 0.0073 (68% CL) at k= 0.05Mpc—

[Ade et al. [Planck Collaboration], Astron. Astrophys. 571, A22 (2014)]

Slow-roll parameters:

_ MR (V'(YV)\T L VYY)
V= (V(n), =M

nge ~ 1— 6ey + 20y

- V = 3H2, M3 :Friedmann equation
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[11. Current strength of the magnetic fields
Proper magnetic field
Byt ) = %Bm(iafﬂ) = %Eijk;aij;(t, )
- Instantaneous reheatingat { = (R

- After reheating, 0. > H.

O ( : Cosmic conductivity

j‘> Bproper &—2




22

Current strength of the magnetic fields (2)

pi(L,1) = 8;)((1 )\/;Eexp[ (m—zfﬂ( )4|c+ktR>r
| |

Tachyon instability

o (X(tg) ™!
Clgel Y o
£—§MXHmfv gsz(t—tk)

L = 27 /k : Comoving scale

* X (tgr) = 1 : After inflation, the Maxwell theory
IS recovered.
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Current strength of the magnetic fields (3)

B(Hy . to) [G]

Hine |GeV] m [GeV] Y./ Mp Cy(k,tr)

7.15 x 10764
7.15 x 10764

1.0 x 101 2.44 x 1010 7.70 x 1072 0.528

1.0 x 1010 244 % 10° 7.70 x 102 0.528

2.33 x 10764

)
)
)

d) 2.33x107%
) 2.85x107%
)

2.85 x 1064

1.0 x 10® 1.0 x 107 1.62 x 101 0.172

1.0 x 10° 1.0 x 10° 1.62 x 101 0.172

1.0x 10%  80x10%2 2.23x 10! 0.211

1.0 x 102 8.0 2.23 x 101 0.211

Current strength of magnetic fields on the
Hubble horizon scale H;," :

-For Fig. 1

B(H;  tg) ~ 10764 G

to : Present time
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V. Non-Gaussianity of curvature perturbations

- Perturbed Einstein equation
Metric perturbation

@ = Matter density perturbation

@Scalar mode (Curvature perturbation)

— Temperature perturbation of the cosmic microwave
background (CMB) radiation: T 10_5

T I
(2) Vector mode

@Tensor mode (Primordial gravitational wave)
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Non-Gaussianity of curvature perturbations (2)

* We suppose that the U(1)y gauge field F,
couples to another Higgs-like field ¥,
which develops a vacuum expectatlon

value, through the kinetic term |Dy|” .
[Meerburg and Pajer, JCAP 1302, 017 (2013)]

D, = 0, + ig'F}, : Covariant derivative for
g Gauge coupling
—> The gauge symmetry can spontaneously be

broken, so that the gauge field acquires Its
mass.



Non-Gaussianity of curvature perturbations (3)

- The number of e-folds of inflation could
be changed by the perturbations of .

- The curvature perturbations can be
generated through the perturbations of .

j> The local-type non-Gaussianity in terms of
the curvature perturbations is produced.

* AN formalism

[Sasaki and Stewart, Prog. Theor. Phys. 95, 71 (1996)]
[Starobinsky, JETP Lett. 42, 152(1985)]

[Lyth and Rodriguez, Phys. Rev. Lett. 95, 121302 (2005)]
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Non-Gaussianity of curvature perturbations (4)

D(x) = O (x) + f1o°H (D] (x) — (D] (x)))

|

Quantity showing the non-Gaussianity

[Ade et al. [Planck Collaboration], Astron. Astrophys. 571, A24 (2014)]

®; (x) : Gravitational potential with the
Gaussian statistical property
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Non-Gaussianity of curvature pertu rbations (5)

g 2
local 14
mf
g/ : Gauge coupling [Meerburg and Pajer, JCAP 1302, 017 (2013)]
Jocal g’ Hiyp [GeV] m [GeV] Yi/Mp  B(H, ' t) [G]
2.70 L.13x 107> 1.0 x 10'3  2.44 x 10" 7.70 x 1072 7.15x 1079
(B) 2.12 x 10% 1.0x 1071 1.0 x 10'*  2.44 x 10! 770 x 1072 7.15 x 1079

£r = 2.5590616
Planck result

local = 25457 (68% CL)

NL
[Ade et al. [Planck Collaboration], arXiv:1502.01592]
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V. Tensor-to-scalar ratio

Power spectrum of the curvature perturbation

X kns_l Tl g : Spectral index

Tensor-to-scalar ratio

Power spectrum of the tensor mode

TS =

Power spectrum of the scalar mode
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Tensor-to-scalar ratio (2)

2M2m*Y,?
rrs = 1661/(15;@)7 (i) = (2V PmQ;)Q
— k

[Barnaby and Peloso, Phys. Rev. Lett. 106, 181301 (2011)]
[Barnaby, Namba and Peloso, JCAP 1104, 009 (2011)]

rTS Hin¢ |GeV] m |GeV]| Y. /Mp

1.87 x10™° 1.0x 103 244 x 102 7.70 x 1072

(B) 1.87x107° 1.0x 102 2.44 x 10 7.70 x 1072

Planck result
rrq < 0.11 (95% CL) at k= 0.002Mpc

[Ade et al. [Planck Collaboration], arXiv:1502.02114]
Cf. [Ade et al. [Planck Collaboration], arXiv:1502.00612]
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V1. Conclusions

 We have studied the generation of the large-
scale magnetic fields from a kind of moduli
Inflation.

- We have first estimated the explicit values
of three cosmological observables such as
the current magnetic fields on the Hubble
horizon, local non-Gaussianity, and the
tensor-to-scalar ratio.

- The local non-Gaussianity and tensor-to-scalar
ratio obtained in this model are consistent with
the Planck results.
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Al

Non-Gaussianity of curvature perturbations (4)

- If 0. > H , the effect of the coupling
between £, and ¥ on the resultant
amplitude of the large-scale magnetic

fields can be negligible.

[Bassett, Pollifrone, Tsujikawa and Viniegra, Phys. Rev. D 63, 103515 (2001)]



A2

Axion monodromy inflation
V(Y)=AY?, ¢g=1
X =1, (e, & =0)

[Kobayashi, Seto and Yamaguchi, PTEP 2014, 103C01 (2014)]
[Higaki, Kobayashi, Seto and Yamaguchi, JCAP 1410, 025 (2014)]

_ _ A
Y=Yt, Y =-—
| 3I_-‘Tinf
Fz(t, 33) + HF@(t, 33) — Eﬁjajﬂ(t, CC) + ]\pl gSHmeJ aij(t, CC) =0
¢ = lg,s A
- 6M H?

inf



Axion monodromy Inflation (2)

Example
M = 3.55 x 10*GeV, gps = 1.0
€] =2.98,  Hpy = 6.51 x 10°GeV

ny = 0.9603
. g = 16ey = 0.106

This 1s consistent with BICEP2 result.

A3
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Power spectrum of the curvature perturbations

Evolution equation of quantum fluctuations of Y

a%&(;t(gt,m) N SHacSYéE:,m) B V%}(;Et,m) _ g‘ﬁﬂ,yﬁ““
Two-point correlation function in the Fourier space
< RpRyy >= (272/k%) Pr(k)5® (k + k') R = (H/Y)8Y
L\ e : Curvaturc_e
Pr(k) ~ AZ (Z) (1+ AZ fs(€) exp (47€)) perturbations
Hyr\* H? phys, Rev Lett 106,
A% = ( 2:;{) D;T; . ke =0.002Mpc' 1g1301 (2011)]

[Barnaby, Namba

~ 5 ~—5.4 and Peloso, JCAP
fs(§) = 3.0 x 107 ¢ for2<¢§<3 1104, 009 (2011)]

[Meerburg and Pajer, JCAP 1302, 017 (2013)]
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Normalization with COBE and Planck data

) LM VY)Y _ V')
Slow-roll parameters: ¢, = 5 (V(Y)) v = Mg 7Y

Spectral index: n, ~ 1+ 6ey + 20y

With COBE and Planck data, we find

25

144

3 B _ _1/2
Mp V V
Y. =+ 4 14+ 4/12 1

g V2 M%mQﬁ—z * \/ Mlgmzﬁ—Q *

j= /20T

fs(€) exp (4m¢) = — x 10°




Normalization with COBE and Planck data (2)

For m/H;, < 1, we obtain
M

m ~ V6E——X (t) Hing
Mp

Hinf ME)
Y. ~ VoM —
i~ VoM m Eu X (L) M

Ek = (Vi) (6MX (tr))] (m*/Hy)

‘ 3 om \°
Hmekexp 5 —1 + 1+ <3H f)

(Nl)}

A6



Tensor-to-scalar ratio (4)
BICEP2 experiment
rrs = 0.20700f  (68% CL)

[Ade et al. [BICEP2 Collaboration], PRL (2014)]

% Inflationary models [KB, Cognola, Odintsov, Zerbini, arXiv:1404.4311]
(Examples) [KB, Myrzakulov, Odintsov, Sebastiani, arXiv:1403.6649]

[Kobayashi, Seto, PRD (2014); 1404.3102]

[Kobayashi, Seto, Yamaguchi, arXiv:1404.5518]

[Higaki, Kobayashi, Seto, Yamaguchi, arXiv:1405.0775]
[Nakayama, Takahashi, PLB (2014)]

[Harigaya, Ibe, Schmitz, Yanagida, PLB (2014)]
[Bonvin, Durrer, Maartens, GRG (2014)]

A7
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Evolution of C'(k,t) (3)

- COBE normalization
(Amplitude of power spectrum of the curvature perturbations)

A%(k) = 2.4 x 1077 at k= 0.002Mpc "

- Planck result
(Spectral index of power spectrum of the curvature perturbations)

ne = 0.9603 + 0.0073 (68% CL) at k= 0.05Mpc~.

[Ade et al. [Planck Collaboration], Astron. Astrophys. 571, A22 (2014)]

Cf. n, =0.968 + 0.006 (68% CL) at k= 0.05Mpc~"

[Ade et al. [Planck Collaboration], arXiv:1502.02114]

- V = 3H2, M3 :Friedmann equation



XDEE

X =exp(—A®/Mp)

dU (D)
dd

——— 3H® + dU(®)/dP = 0
i

b (1) <

O+ 3HD + =0

R D= (A%)_lln N2wHiye (&~ tn) +exp (At ) |

— EHMICEFROBERENEOND,

A9
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Origin of cosmic magnetic fields (1)

1. Astrophysical process:  Plasma instability

(a) Blermann battery mechanism
[Biermann, Schluter, Phys. Rev. (1951)]

[Hanayama et al., ApJ (2005)]

(b) Weibel instability
[Weibel, PRL (1959)]

[Fujita, Kato, MNRAS (2005)]



Al2

Origin of cosmic magnetic fields (2)

2. Cosmolosical processes:

- Phase transitions

(i) Electroweak phase transition (EWPT)

[Baym, Bodeker, McLerran, PRD (1996)]

(ii) Quark-hadron phase transition (QCDPT)

[Quashnock, Loeb, Spergel, ApJ (1989)]

- Density perturbations  fichikietal, Science (2006)]

[Kobayashi, et al, PRD (2007)]
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Inflationary cosmology

Inflation:

Exponential cosmic acceleration in the
early universe

j> 1. Homogeneity, Isotropy, Flatness

2. Primordial density perturbations
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Tensor-to-scalar ratio (2)

| — N
/ /

SN N T
E-mode polarization B-mode polarization

T

Only from the tensor mode

[E. Komatsu, The astronomical herald,
The Astronomical Society of Japan, 2003]
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V. Non-Gaussianity of curvature perturbations

Einstein equation

— Metric perturbation = Matter density perturbation

@Scalar mode (Curvature perturbation)

Temperature perturbation of the cosmic 0T 10_5
microwave background radiation (CMB): T —

(2) Vector mode

@Tensor mode (Primordial gravitational wave)



V. Tensor-to-scalar ratio

Power spectrum of the curvature perturbation

X ]Cns_l g : Spectral index

Tensor-to-scalar ratio

Power spectrum of the tensor mode

TS =
Power spectrum of the scalar mode

Al6
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Current strength of the magnetic fields (3)

- The resultant strength of the magnetic
fields satisfies the constraints suggested
by the back reaction problem.

[Demozzi, Mukhanov and Rubinstein, JCAP 0908, 025 (2009)]

Cf. [Kanno, Soda and Watanabe, JCAP 0912, 009 (2009)]
[Suyama and Yokoyama, Phys. Rev. D 86, 023512 (2012)]

[Fujita and Mukohyama, JCAP 1210, 034 (2012)]

[Fujita and Yokoyama, JCAP 1403, 013 (2014)]

* Observational constraints found from Planck
B <4.4 nG on 1Mpc

[Ade et al. [Planck Collaboration], arXiv:1502.01594]
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B35 D 5E B 1239 S5l ER

1. CMB B < 5x 109G

L= H S
2. BBN B < 107G
hyo = h/0.70 L~ 1.4 x10*h-y Mpc

[Grasso, Rubinstein, PLB (1996)] [Cheng, Olinto, Schramm, Truran, PRD (1996)]

3. 7757 —[EE5E0 Rotation measure (RM)
B<6x107 (n,g/10Tcm=3) " G

Neo BHBEFODBRAEDEHZRE  [Vallee, ApJ (1990)]



1l B. B35 DIRETHDREE
<EHRE>

BPFP(t ) = a ' Bi(t,x) = a %€;;10; Ar(t, )
<Fourier ZETCOBIBOIRILX—FE>
1 ‘ ‘
p(k,t) = 5 [[BYP (k,0)* + | BV (k, )] ——

> 1 (k)"
B0 = o (2) 14k 0P

a
Biroper(k, t) E Bi)roper(k’ t):l:?:Bgroper(kj t)
<BBOIRILX—FE>

]C?’
pB(L,t) = 13

[‘Biroper(k,t)‘z 4+ ‘BEI‘OI)er(k’t)P] :

pB(L’t) — 8% (g) I(kat)a Z(kat) = |C_|_(k‘,t)|2 +

Al9

PB (ka t) 1<
FHZEEMZEE
4k3 [ (2m)3
=M T5,

L

A27L—3 8B T IEIRIR




REDBISZDRE

yroper 1 1
By,l-' ope (t,ﬂ?) = ?Byé(t,a:) — EE{JkaJFA(t,Jf)

(2

EyPP (t,x) = a 'Ey,(t, @) = —a ' Fi(t, )

3

4_7[-2 “Byiroper(k’ t)|2 4 Byproper(k’t”ﬂ X

P By (La t) —

ByZ (k)" = (1/a%) (k/a)” |Fi (k. 1)’

A20



A21

— B(L,t) = \/2pp(L,t) ZRAL %,

B(L,ty) = 8.2 x 10'% exp (—2N) ([gef/]) (Z—?) VI(k,tr) [G]

_ 30/ (w2gr)]" pr/* | . 1 Etr OFS
N =45+ In ([Mpc]) + In { 1038/3 [GeV] ? e-folds £k
2
Q 4 — S ey N=|
PR = %QRTR IR TOEFOIRIILFT—FE, Ti: IRTORE

aR ( gr )1/3 Tho
ag N 3.91 TR
T.o (= 2.73[K])  BREDEE

gr(~ 100) : tgr TOMREXHAIMFDE B HER
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