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Outline

« WMAP 5-year data plus many others

low CMB quadrupole , running spectral index,
nongaussianity (south-north asymmetry, axis of evil,..)
— challenges to standard slow-roll inflation?!
 |nflaton coupled to other quantum fields
natural, needs for reheating,..
still single-field inflation (versus multi-field inflation)
e A phase transition to inflationary epoch
- a pre-inflation radiation-dominated era?

- a phase transition with formation of black holes or
topological defects? ( Carroll, Tseng, & Wise 08 preferred point, line, or plane)
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COBE - DMR Map of CMB Anisotropy
Four Year Results
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ClU+1)/2x (uK)?

Eriksen et al 04

South-North Power Asymmetry Bark 04
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Land & Magueijo 05 “AXiS Of Evil” (Lb)—(—110°60%)

\ |I=2, quadrupole
‘\ ’ =3, octopole
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Significance of the largest scale CMB fluctuations in WMAP

Angelica de Oliveira-Costa,** Max Tegmark.,] Matias .Zﬂh:fl:?ln:iElga.,2 and Andrew Hamilton®
'Department of Physics & Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104, US4
*Department of Physics, Harvard University, Cambridee, Massachusetts 02138, USA
*JILA & Department of Astraphysics & Planetary Sciences, University of Colorado, Boulder, Colorado 803089, USA
(Recerved 16 July 2003; published 25 March 2004)

We investigate anomalies reported in the cosmic microwave background maps from the Wilkinson Micro-
vave Anisotropv Probe (W P) satellite on verv larse anoular scales and discuss possible mterpretations
Three independent anomalies mvolve the quadmupole and octopole: (1) The cosmic quadrupole on its own 15
anomalous at the 1-in-20 level by being low (the cut-sky quadrupole measured by the WMAP team is more
strikingly low, apparently due to a comncidence 1n the ortentation of our Galaxy of no cosmological signifi-
cance); (2} the cosmic octopole on its own 15 anomalous at the 1-in-20 level by being very planar; (3) the
alignment between the quadrupole and octopole 15 anomalous at the 1-in-66 level Although the a priori chance
of all three occurring 15 1 10 24000, the multitude of alternative anomalies one could have looked for dilutes the
significance of such a posteriori statistics. The simplest small universe model where the universe has toroidal
topology with one small dimension of order one-half the horizon scale, in the direction toward Virgo, could
explain the three items above. However, we rule this model out using two topological tests: the § stafistic and

the matched circle test.




Foreground problem??

DMR 53 GHz Maps

COBE's Orbit

Before Dipole Subtraction

DIRBE 1.25,2.2, 3.5 pm Composite Image of Galactic Bulge
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Size of a casually
connected region
(horizon -- distance
travelled by light in
400,000 yrs) is about
1° now

e

At last scattering surface, 400,000 yrs after big-bang

Ll

® 7° angular scale
® Each 7° pixel contains many

1° regions

\ @ Measuring super-horizon
temperature fluctuations

® So smooth (1 in 10°)!! Why??

® Primordial density fluctuations
that seed large scale structures

COBE DMR MAP



Inflation and Primordial Density Fluctuations
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I : tenor/scalar

WMAP3 and chaotic inflation
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Inflation and Primordial Density Fluctuations

Evolution of cosmolo ;u.i cleusi\‘y per o
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A Challenge to Standard Slow-roll inflation!?

o= (3 (&)

4 h

Slow-roll kinematics Quantum fluctuations

e Slow-roll conditions e Chaotic inflation —
violated after horizon classical fluctuations driven
crossing by a white noise
eGeneral slow-roll or by a colored noise
condition _ _ _

In-1|~|dn/dInk| coming from high-k inflaton
eMulti-field eDriven by a colored noise

from Interacting quantum
ectC environment



Our Inflaton-Scalar Interacting Model

To mimic the quantum environment, we consider a
slow-rolling mflaton @ coupled to a quantum massive
scalar field o, with a Lagrangian given by

2 2
¥ L L L) ri I .i.|-| I:-JI .i.|-|
L= Eg”ﬁ',m L.iz,fﬂ-l—ay'wt-if_,ﬂ' O =V Leﬂ]——; ot - ¢,

1)
where V(@) 1s the inflaton potential that complies with
the slow-roll conditions and ¢ 15 a coupling constant.

Single-field inflation { o ) =0



Trace out sigma field to obtain :

Feynman & Vernon 1963

LE*HEE-I"TIH equatlon tor w Influence Functional Method

2 I.l' 2 i

¢ +2aHo — Vi +a® (V/(9) + 9 (0%)¢) — g*a’p x

fu“iff.',‘i(?fjﬁ[r} — 1) iG_II:E.:EI]-:ﬁﬂ[:EI] = ﬂ%i (3)
/
Dissipation Noise
Voo "H’
. :: Y #l‘:-fft_‘
imaginary part real part
Colored,  (E(@)e(z")) = gta*(n)a*(n' )Gy (x,2")

dependent
on history Gy (z.z') = (o(x)o(z"))* + (o(z")o(x))?



To solve Eq. (3), let us first drop the dissipative term
which we will discuss later. Then, after decomposing @
mto a mean field and a classical perturbation: o(n, r) =

o(n) + ¢(n, ¥), we obtain the linearized Langevin equa-
tiom,

@+ 2aHp — Tﬂap—l—fﬁmmﬁ? o€ a?, (6)

where the effective mass 1s m@aﬁ =V"(6) + g*{?)|and

the time evolution of @ 1s governed by V (¢). Lhe equa,—
tion of motion for  from which we construct ita Green's
function can be read off from its quadratic terms in the
Lagrangian (1) as

+2aHe — Vi +a’m? go =0, (7)

2 2 ﬂ

where m?2_g = m% + %0




nolse-driven power spectrum
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Dominant passive fluctuations and low CMB quadrupole

000

4000

[

"
-

2000

2000

O

1000 - 7

T AT R Ll
10 100 1000

1
L

assuming no active de Sitter quantum fluctuations



Conclusion (1)

 We propose a new dynamical source for density
perturbation: Colored Quantum Noise

- give a low CMB quadrupole
e Can be applied to trapped inflation ( )

 Working on running spectral index and non-
Gaussianity, both are natural with colored noise

—n_

Dissipation?

Relative large
three-point functions

(&(x )E(m2)E(T3))



A Phase Transition

A ~ radiation component

B ~ vacuum energy
Our simple model




Equation for inflation fluctuation

V2ka?2  V2Aa

p(t,¥) =2+ ¢(t, ) Lo(t,y) =0
ds® = g, dy"dy” = dt* — o®(t)di”
. Q ; K . dp(t)
) +3=grt)+ (= ) () =0 (1) = 22
B0 +320 0+ (5 ) ) =0 (0= 4
dt  dt da | ¢ _ ¢ a’
2A doy(x
Blx+a.)* + Al ojl(x) + [4B(m +a.)’ + ] () + K op(x) =0, dy(x) = o)
T+ a, dx
- N | 11 .,
Initial condition ~ op(x) = EEQ ka/VA
radiation- | |
dominated = \/_
when a is small .. 1 vk bl
_ @L(m)[ + ethe/ VA




P2 x k32,

k = aH

horizon crossing k mode

A ~ radiation component

B ~ vacuum energy

But...

A smooth power
spectrum is obtained
under two conditions

or

The power spectrum is a smooth curve...
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(1) a(t) is a smooth transition function

(2) initial a(t) can’t be too close to the phase transition point

x it will lead to oscillations on power spectrum

e.g. Contaldi et al. 03, Powell & Kinney 07



The meaning of z :

Log (1/H)
AT~ 4300Mpct
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Transition point

: radiation-dominated

Red line : inflation (vacuum energy dominated)



Numerical results B=1 A=7.5 1 and 0.1 A ~ radiation component

B ~ vacuum energy
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B=0.1, A=7,5,1and 0.1
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Using WMAP3 data to the chi-square fitting of the CMB anisotropy spectrum

2 =120z = 1000|2 = 3000|2 = 10*/2 = 107
x2(B0.1A7) 59 49.83 | 47.97 | 47.43[| 47.11
Y2(BO.1A5) | 67.3 | 49.66 | 47.89 | 47.32 | 47.11
Y2(BO.1A1) | 80.08 | 49.08 | 47.67 | 47.23\| 47.09
Y2(BO.1AO.1)| 77.98 | 48.63 | 47.49 | 47.2 | 47.08

Note the chi-square fitting for ACDM model is 47.09 in WMAP3 data

N = N_+N_,p >~ 71.5 e-folds

Using WMAP1 data to the chi-square fitting of the CMB anisotropy spectrum

» N, ~ 7

> = 120/ = 1009]> = 30002 = 10|z = 10°
Y (BO.1A7) | 67.13 | 64.49 | 64.66 | 64.87 | 64.99
V2(B0.1A5) | 69.68 | 64.49 | 64.68 | 64.87 | 64.98
Y2(BO.1AL) | 7451 | 64.50 | 64.75 | 64.91 | 64.99
(*(B0.140.1)| 73.54 |\ 64.51 /| 64.80 | 64.95 | 64.99

Note the chi-square fitting for A

N = Nz + Ncm,b ~ (67

M model is 64.99 in WMAP1 data



A black hole In inflation cho, Ng, wang 09

M - black hole mass

Schwarzschild-de Sitter H - Hubble parameter ~ cosmological horizon

singularity t=2c

2 7l -:1' i -1
ds? = — (1 - M — HEFE) dt* + (l — 2 — ngg) dr? + 7202,

r r

change to the planar coordinates, see e.g. Shiromizu et al. 01

ds* = —f(r, T]lr:ETE + R, (dr® + r2d0F),
dr = a7 (7)dt is the conformal time

i1 - 2 L} _E
flr.7) = a*(71) {1 — M } {1 M }

2a(T)r i 2a(T)r (1 “_-] — EHE
aGMm 1! _
hir.7) = a*(7) [1 + Qn(’r]?'} alt)=—1/(HT)




Inflaton o o B Y »
fluctuations r-""‘(ﬂ:;*qi(“‘”ﬂimwﬂ?ﬂ ?i(r!’r)—_/ﬂ dk k= ji(kr ) ew(7),

dr = a~Y(7)dt is the conformal time

| ALY I ) I )
=60+ + o+
AR = GMH
(41 Expansion
Pl — 20,01 — Pl - 20,00 + ( Jﬁm —(. parameter




Power spectrum
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Possible effects to CMB anisotropy

early universe




Final Conclusions

Hints from WMAP data on beyond
standard slow-roll inflation 1?

A fine tuning — physics just at 60 e-foldings
Maybe there Iis a window to see the first
few e-foldings of inflation !?

Or we are all fooled by probabllity — it is
iIndeed a Gaussian guantum process

Nongaussianity Is an important check



