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Introduction



I n fl at I O n Starobinsky, Sato, Guth

The Universe rapidly expanded thanks to the vacuum energy
density and goes into the almost De Sitter phase.

But, the inflation must end to (re)heat the Universe.

‘ Time translational invariance must be broken.

In fact, the spectral index of the curvature . Planck 2013 results. XXII
perturbations deviates from unity . ° ‘ =i i
at 5 sigma level, which confirms the violation .5 o Jnnliien
of time translational invariance. | | e
ns—1=—-2e—n, e=—H?/H, n=¢/(He). 28 _ESO
= 0.94 Plggz — )0.98 100 | ® N.=60
De Sitter spacetime not only has time

translational invariance but also is homogeneous and |sotrop|c

How much can the isotropy be broken during inflation ?



Observational constraint on statistical anisotropies

Powerspectrum of the primordial curvature perturbations can depend
not only on the magnitude of a momentum but also on the its direction,
if the Universe is not exactly isotropic .

P (k)= P(k) |1+ g« (k-v)?|. g« = 0.002+0.016

(Kim & Komatsu)

(consistent with isotropy)

Amplitude can be different
for red and blue directions.

® Is it possible to realize anisotropic Universe in the inflationary Universe ?

® How is the anisotropy of the perturbations (g=) related to that of the
background (that is, breaking of the rotational symmetry of the background) ?



Cosmic no hair conjecture

Gibbons & Hawking, Wald

Given the cosmological constant and matter which satisfies

f

® Dominant energy condition: p >0, p > |P|.

® Strong energy condition: p+3P >0, p+ P >0.

"

‘ The Universe approaches the de Sitter state
and hence will be i1sotropized.

However, inflaton potential is not exactly cosmological “constant” because,
otherwise, it does not roll along the potential and does not end.

‘ In a realistic model of inflation, anisotropy
with at most the slow-roll order may be allowed.



Anisotropic inflation



Anisotropic inflation

Watanabe, Kanno, Soda

1 1 1.
S = [da*v=g | SR - Zg"0ud0u6 — U(9) = 5 1*(&) Fyus P
(non-trivial kinetic term)

® f(p) breaks the conformal invariance of vector field.
With conformal invariance, vector field is decoupled from
cosmic expansion and no interesting effects are generated.
(Note that FLRW is conformal to Minkowski.)

® No ghost and/or tachyonic instabilities different from the following models:

1 .
L= —ZFWFW — V(ALAR), Vector potential (Ford)

1 . :
L= —4FMVF’W + A(A AP — m?), Lorentz violation (Ackerman et al.)

1 1 R .. ]
L= —ZFMUF“V = (mz — g) A AR Non-minimal coupling (Golovnevet al.)



Behavior of vector field

1 1 1
S = fd$4v —9 IER . Eg‘u”@“gb&,qb —U(¢) — Zfz(ﬁb)FuuFMV] :
(non-trivial kinetic term)

U a
2e [dbgy  2c[de (-%) . —2ca

® special coupling:  f(¢) = e
(c : constant, e« : scale factor)

1 , 1 .
\/__gav (vV=gf2Fm) = e (f2eA).

mmm)  Vector field on large scales : 0=
=) A x - x el4e—Da
eaf2

‘ If 4c-1>0, vector field (E) on large scales can survive, that is,
there can be a homogeneous (background) vector field.

‘ Bianchi (homogeneous but anisotropic) Universe can be realized.



Background



Bianchi type | Universe

® Bianchi I metric (homogeneous but anisotropic) :
ds? = —dt? 4 €21 [e747() qg2 + €270 (dy? 4 d2?)] .

(shear o ~df}/ da )

® homogeneous vector field : A, = (0, A:(%),0,0).

1 1

I - — 2 pur\ 2 _a+4p j;
® EOM of vector field: o= \/_—93” (\/—gf ol ) = 5, 0 (f e A;c) 5.

Integration
g C 4

> Ay = 2gataB (Ca : const)




Background EOMSs

3

<H 3H? = U(g)
) .1
ﬁ+3Hﬁ—§V
SH3HI+ Uy =Uf =

—»

2_ 12 h
=_¢"+U@) + V.

1
V.,
o

o
foy,
f

Quantities related to vector field can be written by single quantity V:

po IPAE _
= 2(a2p) T F24(ath)
A_1 A_1 Az 2 Ava |
S==ja— P = — = —— = — 5 .
‘ Y 2V7 6V? (ﬂ- ) €T 3V7 (T[' ) b 3V b



Attractor solution ??7?

Watanabe, Kanno, Soda

U(¢) = %m2qb2, F(6) = e2°%°  as a concrete example.

) ]

L c—1 ll | (C_ 11 . 1) 6—4(6—1)(0&—0{*) -1

m2 2 c2 I,

If ..... iIssubdominant, | converges to (c-1) /c2.
This Is an attractor solution.

Note that this solution exists only if ¢ D) <1 1 =0(1).

. : _1 YA
But, the current constraint on g= yields 7 = CCQ ~e—1<107°x (1'3_'3) (63) '

Thus, unfortunately, the attractor solution is not realized in our Universe.
So, we have to consider another class of solution (perturbative solution).

P VQ — [*6—4(0—1)(@—%)'
m



Perturbations



(Linear) Perturbations in 2D symmetry

Bianchi Universe has less symmetry than FLRW Universe
(3D = 2D (y-z) rotational symmetry) A, = (0, Ax(2), (i,})) .

‘ Only two types of perturbations : 2D scalars & 2D vectors

-
® 2D scalars :6g00, 6g0x, 1 ofog0a, 600xx, 1 ofdogxa, 2 ofoJab (metric)
3¢, A0, 8AX, 1 of 6Aa (matter)

(7+4=11 components) ( _
a=yorz)

® 2D vectors : 1 0f6(0a, 1 of 60xa, 1 of 8Jab (metric)

1 of 3Aa (matter)
\ (3+1=4 components)

f

® General covariance : 4=3S+ 1V gauge d.o.f & 4 =3S + 1V constraint egs.

® U(1) gauge symmetry: 1 =1 S gauge d.o.f. & 1 =1S constraint eq.

mm) 3=11-6-2 2Dscalars & 2=4-2 2D vectors



2D scalar perturbations

a _2A e2(a=28)p eQ(Oé-I—ﬁ)By 0
- e2(a=28)p  2¢2(a=28)c 0 0
2l = e2(eth) B, 0 2¢2(at+8) 0
< 0 0 0 —2e2(a+B)
. 5¢, 514.“ m— (5At,0,514.y,0)

(A, Bx, By, 6At are non-dynamical and can be integrated out.)

3 canonically normalized variables :

op — @Eeo‘+55¢, C — gzﬁea‘l'ﬁc*, 0Ay — AEf%éAy
(3D scalar) (3D tensor)

(k = /K2 + (e—35ky)2)

3
‘ Sscalar — fdt (g ;(3 eOé—ZB (LQO%O + Egg + ﬁAA + ﬁ%ﬁg + LQOA + EQ.A) :
T \ - 7 \ & 4

" v~

Auto-correlation Cross-correlation




Anisotropy

3
Sscalar — /dt (g |;3 ea—2;8 (Lw + EQQ + ﬁAA + ﬁsog + |_<.0A 4+ EQA)7
T
~ 7.2
1 1D 1 k 1
LPP = —|g0| — —ﬁkOlz + —H2(2 + 2ey + 3Ny + 5m92990)|90|2
J 2 2e2(a=2p8 2

LPA = VBeHVISING(¢ — Hp)A* 4 (c.c.) (£9x varT < £94 o feul < 74 VT)
.

(5m;‘;@ — 2 [1202 sin?0 — (4c® + c+ 1)} I+ O(egl), sinf= 6_36]65,/[;'.)

L ro<oen. |-

(almost scale invariant)

mm) Pep(k) = P'So(k) + P3°(k) = P(k) [1 + gisin0)] .
T
Ecpso reA gt e

int int

(inppliny = i2 /T d f “dry (0] [HEE () [H (72)  eidm)ep(7)] ]| 0 -

2

< O(eg) <= |c—1 < O0(ep) .




o

Poo(k) = Pio(k) + P30*°(k) = P(k) [1 + g.sin?6].

eNid _ 1 )2 247,

mm) g+~ 241 % (2%_” ; >

(unless o is extremely small accidentally)

r5=2(EH_|'47“‘1’—2((;—1)) ,

J 3
VP — A = 2€H+5?7H—2(c—1).
¢ 3
‘ shear ~ anisotropy ~ eyl < 10_8€H( e )( 0 )2.
10—3/ \10-2

gx — 0.002 £ 0.016 (Kim & Komatsu)

breaking of rotational sym. <<< breaking of time translational sym.
shear = O(10™%¢) ns — 1 = O(e)



Summary

® \We have reexamined anisotropic inflation model.

® \We found a new perturbative (background) solution
Instead of the attractor solution, which unfortunately
Is ruled out from the current constraint on g...

® Based on this perturbative solution, we gave a new
formula of g..

® \\e found that the magnitude of the breaking of
rotational symmetry during inflation is much smaller
than that of time translational symmetry.






