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Abstract: At large scales the CMB spectrum measured by WMAP appears to have an anomalously low power of the quadrupole and an as)
of power at | < 40. We show that with an initial stage of fast roll of the inflation and a gradient in the initial conditions a simple chaotic infle
model may be capable of explaining both anomalies.
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1. Introduction
CMB, WMARP, inflation

2. CMB anomalies at low 7/

low quadrupole, axis of evil, power asymmetry

3. Initial fast roll stage of the inflaton

dynamics, power spectrum, low quadrupole

4. Fast roll + gradient

motivation, modulation, hemispheres & slices, rough fit

..5. Discussion and conclusion
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The CMB

 afterglow of the big bang

* emitted at z_~1100 or t.~380k years

* black body spectrum T,~2.7K

* [sotropic to very high accuracy

 temperature anisotropies §T/T ~ 10

» perturbations explain large scale
structure of the Universe with ACDM
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WMAP

» precision measurement of the CMB
anisotropies

* results tightly constrain many
cosmological parameters

 flat ACDM most favored

* power spectrum seems to confirm
Inflation as source of perturbations
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WMAP spectrum

 measure 61(n) 1
. . ol
» multipole expansion: - (n) =} _aimYin(n)
« 2-point correlation function: ™
C(0) = <5g (ny) 6;7(112)> with n; - ny = cos 6

_ Z aiiL Ci Pi(cos @) with C; = <’alm|2>

. at low E prlstlne mformation about
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WMAP spectrum

* measure 51(n)
: : 0T
» multipole expansion: (1) =} _amYin(n)
« 2-point correlation function: ™
C(8) = <5{? (ny) 6;7(n2)> with n; - ny = cos 6

_ Z 2l +1 Cg Pg COS 9) with CE — <}Gl-m.|2>

. at low E prlstlne lnformation about
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WMAP spectrum

 measure 61(n) -
» multipole expansion: - (n) =} _aimYin(n)
« 2-point correlation function: ™
o1 oT _
C(0) = < T (ny) T (112)> with n; - ny = cos 6

= Z Cus C; P(cosf) with C; = (|aim|?)

. at low £ prlstlne lnformation about
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Inflation

* Initial stage of accelerated expansion
[Guth, 1981]

 solves horizon and flatness problems

* simplest mechanism is a slowly
rolling scalar field
[Linde; Albrecht & Steinhardt, 1982]

» explains origin of perturbations as

~==guantum fluctuations: 6¢ — op & o7 ..
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Inflation
. . . .oV
e equation of motion ¢ + 3H ¢ A 9o —{

» use chaotic inflation potential V = §m2902

— ¢+ 3Ho+m e =0

ST 7 (1 1 f
' HQZ— — .y 52 L %0
with 3P =3 (290 +2m‘ﬁ)
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Inflation

e perturbations ¥ = ¥o +9¢, gu = gy, + g

« quantum perturbations created during
Inflation are stretched to classical
perturbations and beyond horizon

» seeds for large scale structure of the
universe

* Inflation predicts flat nearly scale
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at large scales, CMB spectrum
exhibits some anomalies:

* low power of the quadrupole

« alignment of low multipoles

« asymmetry in power Iin different
hemispheres

separately low statistical significance,
-t very suggestive together
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Low quadrupole (£=2)

2000

roughly a 2o effect
[Tegmark et al, 2003]
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Axis of evil

» alignment of quadrupole and octopole
[Tegmark et al, 2003]

needs 1-in-60 fluke ‘ \
* [Land et al, 2003] find . |

that alignment

extendsupto /=5

B W,
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< EMB anomalies atlow ¢

Power asymmetry

e power spectrum for two hemispheres
» for £<40, power is lower in N than in S
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Power asymmetry

« 30 asymmetry [Eriksen et al, 2003]
« “escapes explanations in terms of
difference in the foreground propertles

[Maino et al, 2000] 200)
— 15430:'-
= 3T |
- = I
~ Rl
® : !
- = soof
i Z
3 o
ﬁ%ﬁ' ‘:F
=

NRAITE ERES T oapmcowpwrs bk TR R iases =l el YNNI



< CMB anomalies atlow £: %"

F

Power asymmetry

e power spectrum for two hemispheres
» for £<40, power is lowerin N than in S
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CMB anomalles at: Io

Power asymmetry

« 30 asymmetry [Eriksen et al, 2003]
« “escapes explanations in terms of
difference in the foreground propertles

[Malno et al, 2000] 200y
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Power asymmetry

* [Gordon, 2006] tests linear modulation
of the primordial spectrum:

oT , . oy OF .
() = (1- f(8) = (@)

with f() =w - n

» analysis sensitive to £ < 10, Ax* ~ —9
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* something seems to be going on at
large scales / low ¢

« we want to construct a mechanism that
explains non-isotropy and lack of
power of fluctuations at low 2

* |large scales leave horizon during
Inflation before small scales, so a
modification of the standard lore of
slow-roll inflation at early phase could

~==gxplain anomalies
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* mechanism to suppress CMB power
spectrum at low £ [Contaldi et al, 2003]
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Slow roll phase

» accelerated expansion
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“Initial fast roll stage . 1%

Slow roll phase

» accelerated expansion
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* mechanism to suppress CMB power
spectrum at low £ [Contaldi et al, 2003]
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Slow roll phase

» accelerated expansion
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Fast roll phase

» decelerated expansion!

.2 2
. P ¥ —m g
— >V — W === — A

1

— more like matter dominated universe

Pirsa: 06120016



“Initial fast roll stage . +'¥

+ initial conditions: Yini, Pini
— determine N = 27935 i
e If N ~ N,.:n quantum perturbations

during beginning of inflation are
observable on the largest scales in CMB

* Initial fast roll stage modifies spectrum
at the onset of accelerated expansion
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“lInitial fast rol stage

+ initial conditions: Yini, Pini
— determine N = 279035 jn:
e if N ~ N,.:n quantum perturbations

during beginning of inflation are
observable on the largest scales in CMB

* Initial fast roll stage modifies spectrum
at the onset of accelerated expansion
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Slow roll phase

» accelerated expansion
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Fast roll phase

* decelerated expansion!
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Imtlal fast roII stage

+ initial conditions: Yini, Pini
— determine N = 2793 i
e If N ~ N,.:n quantum perturbations

during beginning of inflation are
observable on the largest scales in CMB

e Initial fast roll stage modifies spectrum
at the onset of accelerated expansion
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Fast roII phase

* decelerated expansion!
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— more like matter dominated universe
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Imtlal fast roII stage

+ initial conditions: Yini, Pini
— determine N = 279035 i
e If N ~ N,.:n quantum perturbations

during beginning of inflation are
observable on the largest scales in CMB

* Initial fast roll stage modifies spectrum
at the onset of accelerated expansion
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Calculation of perturbations

« start with fast roll initial conditions

e Use gauge invariant equations of
motion for perturbations

« canonical quantization variable is

Mukhanov variable v = « (&p " % q))
with equation of motion
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“Initial fast roll stage

Calculation of perturbations

« start with fast roll initial conditions

e Use gauge invariant equations of
motion for perturbations

* canonical quantization variable is

Mukhanov variable v = « (&p " % @)
with equation of motion

I/
> 2 S
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Calculation of perturbations

Z”
v{;+(k2 Z)@kzo

* In fast roll regime, e.o.m. is
approximately solved by

_ (2)( k )
— 1+ 2hgn Hy /' ( kn -
ok 8hg \/ 0% o 77 2hg

— choose as vacuum at initial time n=0
-2 umerical mode by mode integration....




Perturbation spectrum

* at small scales matches onto slow roll
 cutoff spectrum with wiggles
» cutoff at scales of transition fast to slow
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Perturbation spectra for

different vacua

 very similar with same main features
(please ignore different normalization!)
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k/(aH). [Contaldi et al, 2003]
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v < sInitial fast roll stage . 1%

CMB spectrum

 at very large scales dominant
contribution to fluctuations in the CMB
due to Sachs-Wolfe effect:

s T dF 2
_ I 9R 52
Ci=9 | % % ji (HO)

« matching of £ and H and thus [
requires precise knowledge of
complete history of the universe
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Position of the feature

* depends on number of e-folds NV |
— depends on initial conditions ¥ini; Fini
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Adding a gradient

* Initial conditions need not be the same
at all positions in space

* |f close to uniform, can expand in
multipoles and leading correction is
dipole which is a gradient

 choose initial slice such that ¢in; = const
and a gradient in ¥ini
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* remember, we want to have a
mechanism for an asymmetry in the
spectrum
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 Fast rolk+ gradient - v

.4

* remember, we want to have a
mechanism for an asymmetry in the
spectrum
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“ Fast rolk+ gradient . ¢

-
.

* Introduce gradient in initial conditions
%m(fﬂ) = Az + B , %m = const.

— expect position of feature of spectrum
to vary in x-direction

— asymmetric spectrum with axis

— for large vin: feature is at
unobservably large scales

* small gradient of order a few percent
~are needed for observable effects
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Modulation function

* try to find modulation function similar to
the one [Gordon, 2006] used to
analyze CMB power asymmetry

* use exponential cutoff to mimic spectra

KB3e2 — A, (1 _ e—<’f/’ff>“) g1
* define modulation function as
e C'(M, N) = f Cisorsp(m, )



. Fast roll-+ gradient . +3

Modulation function

« without gradient but fast roll initial stage

f=f(0)=1—exp —(%) , cosf =m-n

* now want angular cutoff scale to vary
across sky

1
fr =6pexp|— (1 +acosB)]| , cos3 = 5&-(ﬁ1—l—f1)

where a is gradient direction
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