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Introduction



Inflation and observations

* The predictions from inflation are consistent with observations, such as CMB

* The leading order spectral features of quantum fluctuations, such as
scale-invariance, Gaussianity and. statistical isotropy,
respect the symmetries of the de Sitter spacetime.

|

In reality, the inflationary universe should not be exactly de Sitter.

How the de Sitter symmetries are brokne affects the spectral features as
spectral tilt, non-Gaussianities, statistical anisotropy,
which will be crucial to test models with observations.

implying a rotational symmetry breaking effects
in the very early universe.



Anomalies indicating the statistical anisotropy have been reported,
though statistical significance is still uncertain.

See .e.g., Copi, Huterer, Schwarz and Starkman , arXiv: 1004.5602 (10)

= However, many models suffer from either instabilities, fine-tuning,

or naturalness problems.
Himmetoglu, Contaldi and Peloso (09), Esposito-Farese, Pitrou and Uzan (10)

» The'goal of our study is to present more accurate formula for the spectra of the

cosmological perturbations ina cosmic isotropization model.
Gumrukcuoglu, Contaldi and Peloso (07), Pitrou, Pereira and Uzan (08), Kim and Minamitsuji (10,11), Dey and Paban (11)
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ds® = —d7r* 4 sinh® (3H;7) [tanh T ( ) (dz] + dz3) + tanh3 ( E )tl’.l‘fi]

This simple model may provide a good test on an pre-inflationary anisotropy.

1) The initial geometry is the singularity-free Kasner spacetime.

ds® ~ —d7r? + 72dx? + (dof + dx3).

—The adiabatic vacuum ( # Bunch-Davies vacuum) can be defined only in this branch.
c.f., All the other Kasner branches are initially singular, e.g.

_2 4
ds® ~ —dr® + 77 3da> + 73 (da] + dx3).

— No adiabatic vacuum state can be defined.

2) Nevertheless, it contains a large initial anisotropy.



Cosmic isotropization



We consider a model of the cosmic isotropization,
due to almost constant potential energy of a scalar field.
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The isotropization due to the potential term requires m <« H;.
= Scalar field is almost unchanged during isotropization ¢ = ¢, .
Ty = 1/m > 155, = 1/H,;
v’ The initial (anisotropic) geometry is regular.
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ds* ~ —dr? + Tgr'f.!'i T (rf,:'% + fhﬁ)

The background geometry can be approximated by the Kasner-de Sitter universe
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Correspondence with the isotropic limit b — a

Scalar'modes (2D) Vector. mode (2D)
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Firstly, we will focus on the quantization of the massless scalar field,
as the mimic of the metric perturbations.

S¢ = —3 / d*z\/—g (,g“""(“)#@(‘)‘yq’))

on the Kasner de Sitter background

. .. 2 _2 (3H; T - : c c3H;T .
ds? = —dr? + sinh¥ (3H,7) {tauh ) (Te) (dz? + dr3) + tanh3 (Tr)u‘.r“:]

We then derive the spectrum of the vector mode (2D).



Scalar field perturbations



Quantization of a scalar field

* The canonical quantization of the scalar field

O = / dgk(uka-k + 'u,i';a,L),

1E
aH;

* Equation of motion for the mode function
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= the dominant term of the vector mode
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* The final spectrum of the scalar field contains the direction dependence
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k
Non-planar modes 0 < r = f <1

v The adiabaticity condition is satisfied in the-early time

df2?(: 9 2
() diﬂ 1 2¢e V3 em2em 1 + 4™ tanher
elxr) := - = - — = .
() V1+e L.;,:.L_H + r2 tanh E.r}

< 1

v’ The early time solution ex>> 1 : WKB approximation
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The accuracy is improved order by order, by
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* The late time solution ex < 1 : deviation from the de Sitter mode functions
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> =1/3 — r?
€ is regarded as an expansion parameter in the late-time limit

The mode functions for the positive and negative frequency modes .
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uy ()

us(x)

us(x)

« 0th order solution: de Sitter mode functions

Cug(z) = ( —1+ ?k.l,ug) /% vo(x) = ( —1-— ifz::-:l’f?')e_ih”a = uy(x)

* Higher corrections which follow the boundary conditions u; (0) = v;(0) =0 -
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The other solution is as the complex conjugate v; (x)=(u;)* (x)

- - - - -

The accuracy is improved order by order, by the factor | E. ..., (z) ~ ¢k 13,
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* Matching of the WKB and perturbative solutions at the time which  Ewkp = Focym.
= (k)"

\ 3/2
For simplicity, we choose  ==%% = (%) so that =. = 1.

The fmal amplitude of the scalar field
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Y The po Invy eonnontrviirmm
H? 0(11 — 9072 + 9974) [ H\® [ /HN\7
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r=cost = ks/k

v" The quartic order direction-dependence is as large as the quadratic one
c.f. Ackerman, Carroll and Wise (07)

P(k) = Po(k) {1+ g(k) cos® 0}

v' The leading order nontrivial corrections were obtained.

The nonvanishing corrections appear at the 6" order of WKB approximation,
because of the de Sitter expansion and the high-momentum effects.



Planar modes r =

e(x)
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* The 0% order solution in the early time

2
02 = 2 (rg + 1 ) + Vi(x), forexr>1

EEEI

sub-leading corrections

/ 0 (@), | 223y 22/3};

bo = 4 | = : — J_i7(ge” "), for cx > = — .= =

o V 6H; sinh(mr) =" 1 ) | ! 3H; ‘ 3H;

The 1t order correction improves the accuracy, by the factor B = Q1 i(
Do H;

* The WKB approximation is valid around x = x;

B T ) B
) = _;2 exp {é /1, f‘f.z'fil(,r")} + 5 exp { — s/:r d.r"f?(.i‘f]}

L1 4
The matching point determined by F. . = Fwxn - o (
.l'TEf[%_qf :Il:' ."TE_E?" E_ii%_qe ::1.;
B+ o I.'I - . ) B_ s I.'I = -
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* At thelater time x,, the WKB'solution is matched to the late-time solution

In the late time limit, 2\ % . _
olx —0) = —(A+ +A_) =~ (%) ((?_“I’ — ('_’_?Trt’.':iw]
U(k) = ka 13 f r)dr + qe™*"* — = = independent of the matching points

» The power spectrum of the scalar field

2 0s (21 52/31...
ety (_ e

-~

2w sinh w7 3H;

Kim and Minamitsuji (10), Dey and Paban (11)

: 1
v' The power of a scalar fluctuation has a sharp peak around the plane P « —
Gumrukcuoglu, Contaldi & Peloso (07)

~ Giant rings? Kovetz, Ben-David and Itzhaki (10) , Rathaus and Itzhaki (12)

Since the purely planar mode r = 0 remains classical, there should be a cut-offon r.

—— > Vector mode can be quantized almost.in the same way:.
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* We have considered an anisotropic universe model,
where isotropization is due to the potential term and
the initial geometry is singularity-free.

. : L2 _2 3H; T . . o v r3HT .
ds® = —dr? + sinh¥ (3H,7) [tauh ) (T“) (dz? + dz3) + tanh® (Ti)ih“:]

i 5 i

* The spectrum of the perturbations has a sharp peak around the plane.

* The analysis of the scalar modes is in progress.
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Appendix



A bound from CMB anisotropy

The primordial power spectrum, around the plane, takes the form of
P(k) = Po(k) (1 + G(k, %) )

isotropic part
(scale invariant)

corrections due to the anisotropy G(k,Q;) = coth () : F-ff| cos 0. ) — 1.
i
A scale-invariant power spectrum  k°Py(k) =
The angular power spectrum of the CMB anisotropy
om0 - «
Apm = d€1Y ””ILEH?(QJI {ﬂf.'r'nﬂ-;_'*,-.-“{:’ = Omm/’ {Crérrr + AC f{’rrt{::"(])}

Neglecting ISW corrections

0+ 1 A,
Sy -




Corrections to the angular power spectrum due to anisotropy localized on the plane

7 o |
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o 1
X / dkkgﬁj(k]jf(k??g}jff(k?},.;cj/ drP;" (r)Pyt(r) f(k,7),
Jk

i < T

PPV P ey [EFDRE D) —m)( —m)!
= (7T D+ (1) )v (£+m)l(r +m)!

ACrm(ro)
Cy

oo dy e . 02/ gﬁ.yr
X / ?jf(-yT?:kHi)jfr(y??a-:cHé) / d-g-Pfraa[T)ngl{-r'](coth( . )_1)_.
. 'Ifiz-.,f';Jrf,' = Jro :

Non-zero contribution from the anisotropic part is obtained for the cases

1) £ = even and {' = even
2) £ = odd and ¢’ = odd.

We focus on the case [/ — ¢
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The leading order contribution is given by

ACpm ~ ._ _
o = o~ C(t,m) [(L‘i.ﬂ;*) In g 1} :

v The anisotropic part is highly dependent on the cut-off of the planarity parameter r; .

v’ Avoiding too large anisotropic corrections put a bound

1
I'o > (."X)|:_ ~ :|
0 : C'(l,m)(Kkipny)

3.70
£=2 m=0 ro = GKP[ — et ]
If k;;n.=1, 719 > 0.0246

A bound is given for each ¢,
but the right-hand-side becomes smaller as £ increases.



