Cosmology after BIC

Qing-Guo Huang

EEZaRMIIE, AR
2014.04.10

27




TEMPERATURE ANISOTROPIES FROM PLANCK




POLARIZATION IN CMB FROM BICEP2

B signal

BICEP2

K I I I 1
=. 41 O
(¢p) (o)
-
I
o
P R
VAP A R R ]
1 v L. ¢+ o E IR A
L I T N N N
N N R
D L T T I 2T N W S S N )
N N A R R
. oo LR TR ST R W W S O
[} D B ORI e B |
TR TR R I N WY L]
‘e -—_~\\\\\\-—§\\\|l
..... LI W TR TR NI T S TR
- in.ao:l///&.;»:”,//l.
veese s imma v LN\ ——\\11
" a:\\\'~\~—/fl\f|.-—~.
ch s N~ E 2 I PSS ettt I
- . l'.-—h\\\t‘\\ﬁ |
I I A I B N e - —— -
|_.\\.o¢..|l//—‘ll/ ”.“I/I L]
ce e e e NS ==\ NNV VN l®))
AN s s ANNr 2 =S NS=2 Y e
CNN Y s~ \~I|—\\\\\ T 4V B
‘...\\\\. \sll|\ \\‘-\\\\. d
\\._\\\\l.ssll/ -———~ e ¢ Rl
ss.l—~§o//|\o///?// . n
..l//o-//yﬁs_//’ . \ s .
. D /r-_oll\\ | « ¢+« O
vt s el s | ] ——— ] 1+ - » —
NN IR IO - T T B B N
s MV sSSUf S omr )l 0 v e e LY - nU cC
PORY l/// SN~=r ) ¢ ==—" . e
~ \‘l// /”ﬂ.\~.l|\\. - C
et Sr== | SN\ ¢ = ==~ =
:.\\\‘\\\ SSSA\ Vv e (/p)
~ s -l\\\""—’—. SN s e a
[ // \\\\\\ LR SRR
c o s VINEERNS - - Al o= ] - - —
¢ - ——— ~NA\ | 1 vt v | ] ¢ = o h
..Ill\\.—w*——l‘l.—.s\.. g
ca NS =r 0 SS~=1 1+ 0 - —
B .l\\\-.\\|ll_ Cm—— AN
L AU 4 | = o = __mnll.f. R
L B A | N B S W W T
" ] «\ Lo SO T I SN N I W S
...-/// /’——Il‘\-_-.‘
-.s.// — 1 [ B I R T R R
et 1 o=~ \\\\\\\\\\ o o o
. e 0 \\\\«\\\\\\s- - -
“ e R A | I » =mm—— | | ¢ ==
v v s s VANNSSASS~=21 ) R~
v VANNSNSS VY . L I
..... NN —-- [ I A B o g .
I L A I U ST A
L A A L I T S R |
¢ - - e s . . =
........... ¢
L T N I . N
() .
o
(o)
| 1 1 1

o W o
LA S S 1

[‘6ep] uoneupeg

BICEP2 collaboration, arXiv:1403.3985









Quadrupole

Anisotropy
Isotropy

Thomson Thomson

—~ 5 [} Scattering

— 5 ! Scattering

[Linear
No Polarization Polarization




Gravitational Waves
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Density Vorticity Gravity Waves
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Lines indicate orientation ——
and degree of polarization

In the 1990s, physicists theorized that rapid inflation during the big bang
would also generate gravity waves, which would leave their mark by
polarizing light in the cosmic afterglow. Extremely sensitive telescopes at
the South Pole have detected such skewed light waves, but scientists
have spent almost a decade ensuring that the phenomenon was not

the result of other factors.
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Some hints from CMB before BICEP2
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Discovery of relic gravitational waves (BICEP2)
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The tilt of primordial gravitational waves spectra

BICEP2 only T
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Our results provide
strong evidence for supporting inflation,
and
the alternative models,
for example the Ekpyrotic model (n, =2),
is ruled out at more than 50 level.

Consistency relation: 71 = —7/8

C. Cheng and QGH, arXiv:1403.5463
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After our paper appeared on arXiv, several groups also did
the similar work and reported a blue tilted spectra of relic
gravitational waves.

We believe that this apparently blue tilt is not reliable.
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Physics??
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It indicates that the apparently blue tilted spectrum of relic
gravitational waves is not reliable and it can be explained by
the tension between B2 and P13+WP in the ACDM+r+n, model.



Actually it is dangerous to use the CMB temperature spectrum
to constrain the properties of relic gravitational waves, e.g. the
tilt n,, because the relic gravitational waves just make a small
contribution to the CMB temperature spectrum which can be
affected by a lot of complicated physics, such as the running of
spectral index, the total mass of active neutrinos, the number

of relativistic species and so on.
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All of these complicated physics can bring strong bias on the
data analysis.
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In a word, the polarization data like those released by B2 is
supposed to be the best one for us to constrain the tilt of
primordial gravitational waves spectrum.
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» Inflation in the early universe
» Discussion and summary
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Inflation in the early universe
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Q<1

MAP330006

Radiation-dominantera:  a ~ t'/2, H ~ 1/t = Q| ~t

Matter-dominant era: a ~ t2/3, H~1/t = Q| ~ +2/3
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Photosphere
(redshift = 1100)

Copyright © 2008 Pearson Education, Inc., publishing as Pearson Addison-Wesley.
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Original idea of inflation

PHYSICAL REVIEW D VOLUME 23, NUMBER 2 15 JANUARY 1981

Inflationary universe: A possible solution to the horizon and flatness problems

Alan H. Guth*

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 11 August 1980)

The standard model of hot big-bang cosmology requires initial conditions which are problematic in two ways: (1)
The early universe is assumed to be highly homogeneous, in spite of the fact that separated regions were causally
disconnected (horizon problem); and (2) the initial value of the Hubble constant must be fine tuned to extraordinary
accuracy to produce a universe as flat (i.e., near critical mass density) as the one we see today (flatness problem).
These problems would disappear if, in its early history, the universe supercooled to temperatures 28 or more orders
of magnitude below the critical temperature for some phase transition. A huge expansion factor would then result
from a period of exponential growth, and the entropy of the universe would be multiplied by a huge factor when the
latent heat is released. Such a scenario is completely natural in the context of grand unified models of elementary-
particle interactions. In such models, the supercooling is also relevant to the problem of monopole suppression.
Unfortunately, the scenario seems to lead to some unacceptable consequences, so modifications must be sought.

A. Guth, 1981
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Friedmann Equation:

1
a

Spatially Flat!
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INFLATIONARY COSMOLOGY
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inflation

It does not work!
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Slow-roll inflation

*—

reheating

M2 1
S = d*z/—gR + / d*z\/—g [5(a¢)2 — V(qb)] \/‘
1 /1. . .
= i (5(/)2 ; v<¢>) §4 3G+ V'(9) = 0
M2 I\ 2 V
6:719(‘/?) <<1 HQZSMZ?
’ a(t) ~ et
‘n=M§7 <1 SHop ~ —V'
A. Linde, 1982

A. Albrecht, P. Steinhardt, 1982



What is the origin of cosmic structure?

A
-
Y

= —=HR = R.qusa1 = 1/H
YT =1/

dp = H/27
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| 1 o~ V(p) ~ const.
np

Reheating

Reheating ¢+ 00
3 — C~dp/p~dlna~doN

~ N(¢p; +0¢;) — N(¢s)

¢

dynamics of inflation
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Scalar perturbations:
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Near scale-invariance!

Gravitational waves:
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Potential of inflaton in single-field slow-roll inflation

Tensor-to-Scalar Ratio (r)
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Naturalness of inflation?

=~ 10> {=> A small dimensionless parameter
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Lyth bound and challenge for string inflation
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Lyth Bound:

A
Mp

For » = 0.2, ~ (0.16AN

Lyth, 1997(PRL)



Warped D-brane inflation cy
3

Our Universe

2
Single brane: |Ad¢| = /Thr < ——M
g | ¢| 3T > \/@ D

2
A stack of D-branes (N): |A¢| = +/T5r < \/—NMP

AD =/ (Ag)? < 2M,

Baumann, McAllister, 2007
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Extra-natural inflation

A five-dimensional U(1) gauge theory compactifies on a circle with size R.

The effective action for the Wilson line 0 = 741450@5

’ 1 1 1
S ~ /d4x [%(89)2 — g 008 9] = /d4x [5(8¢)2 ~ i COS%

1
27Tg4R

where f =

2

Requiring slow-roll parameter € ~ f—;) < 1 yields f > M,

Arkani-Hamed, Cheng, Creminelli and Randall, 2003(PRL)



| gL
~N —— Y 5 M < M
94R RM g P

for R > 0y ~1/My, gs <1

Extra-natural inflation cannot be embedded into string theory.



The potential of inflaton field
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V(g) = g2

SPACE-TIME FOAM

HEATING
OF UNIVERSE

SCALAR FIELD

For p=2 and N =50, r =0.16, ns = 0.96,

P + 2

~ 2N?2
dn
Tk —0.9008
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+ Home — Data

LAMBDA - Data Products

+ Overview + Experiments — Space-Based + Ground-Based + Other + Graphics
WMAP
S WMAP Cosmological Parameters
e Monte Carlo Markov Chain: wmap_lcdm_tens_wmap9_chains_v5.tar.gz ( 359.06 MBytes )
Documents
ST WMAP Cosmological Parameters
Images
Education Model: ledm+tens
Data: wmap9
10°A% 2.26 +0.15 H, 72.6 + 2.9 km/s/Mpc
€(€ + 1)Ca20/(27) 5750158 uK? dA(zeq) 14248 + 123 Mpc
da(z.) 14083*137 Mpe D,(z = 0.57)/rs(za) 12.95 + 0.39
n (6.34 £ 0.18) x 10~1'° ' - 0.00969 + 0.00037
leq 136.4 £+ 4.2 (. 302 02 + 0.70
n, (2.605 £+ 0.074) x 107 em ™3 (n, ().Qs)m
g > —0.048 (95% CL) Q, 0.0442 £ 0.0027
Qyh? 0.02320 =+ 0.00066 Q. 0.210 %+ 0.027
Q.h? 0.10951 50021 Q) 0.746 = 0.029
Q,, 0.254 4+ 0.029 Q,,h? 0.1327 + 0.0051
< <0.38 (95% CL) > re(za) 152.8 + 1.3 Mpec
re(za)/Dyo(z = 0.106) 0.359 £ 0.016 re(za)/Du(z = 0.2) 0.1955 + 0.0079
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C. Cheng, QGH, arXiv:1404.1230
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Power-law inflation

V(¢) = Voexp (— %Mi>
p



Usually V(p) = Vo + u Zo‘i (Mip)

=1

Since > M, V(p) =V, + M4Z&i (%)Z
1=1

C. Cheng, QGH, arXiv:1404.1230



M\" '
For example, V(¢) = u* (_p) 0601 &5 L wo
¢ B2+W9+SNLS+BAO+HST
0.451
2 2
O =2n(N. — N)My
S0.30
4dn
rTr = ———
N, — N 0.15F
_1 n—2 AN
T TN, - N) 00975950 0975 1.000 1.025 1.050
nS
8
In particular, forn =2, ng=1andr = ———.
P s N.— N

C. Cheng, QGH, arXiv:1404.1230
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Landscape inflation
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@ Nobel Media AB National University

Saul Perimutter Brian P. Schmidt  Adam G. Riess

The Nobel Prize in Physics 2011 was divided, one half awarded to Saul
Perimutter, the other half jointly to Brian P. Schmidt and Adam G. Riess
"for the discovery of the accelerating expansion of the Universe through

observations of distant supemovae”. .



» Why is the cosmological constant so small? (Quantum)

<p> /E Tk 1 k? + m? Lk
— — m- >~
povac= | @2r)32 1672

E ~vgw ~ 102GeV, < p >ops~ 1079 < p >yac
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Turner, Weinberg and Widrow, PRD 46(1992)2384

V(o)

The tunneling rate per unit
volumeiis T.

p(t) ~ e FOH!

where the dimensionless
parameter B is B=I/H*. )

The lifetime of the field in In order for percolation and thermalization to be
this meta-stable vacuum is achieved, a low bound on B is obtain
estimated as

9

>

3 5N4W
AdmBH

T

We focus on the case with t << H!, or equivalently
B>>1.



Chain Inflation

T<H! simplified to be

\‘\

QGH, JCAP 05(2007)009
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A Toy Model

Pvin+1 — PVn — 0

o
pv = My — —t
-

pv Mg -2t

1= 3M2 ~ 3M?2
fend 2 T 3/
N, = ) Hdt:s\/gMpUpV*
o/T 2/3
H? ~ (ﬁN)
H 1




Observational Consequences

P — HQ/MZ? L 3 0'/7' 2/3N5/3
o 8m2e  211/372 M? i

p, My 2 (a/T)”B N3

m2/2 w2 \ M3
dIn P 5
s =1 =1-
M =t ik 3N,
16
TEPt/PSZ




Py obs ~ 2 x 1077

{8
/T

~ —15

pv/Mj ~32x107"  H,/M,~33x10">
Requiring 0 < py . ylelds

T/t, <23 x10°  7/H 1 <69

Requirement of ¢, < 7 < H ~1is quite reasonable.



Connection between dark energy and inflation
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No-cloning theorem: positive cosmological constant

In order to keep the no-cloning
theorem, or equivalently the
unitarity in quantum mechanics,

H.t
\ < J— * Uk
,’ Horizon during inflation \‘ L h ~5 Lq — € R *
! 1
' ! 2H
I T * t *

\ ] AZe A,
\‘ II

\

\\ /II t* ~ R* 1H(R*/€p)

\
\ /
S N Event Horizon at the end of inflatio ,/
N due to a small cosmological constant Q¢
.. / s Why small?
~ ~ P ”
~ -

~~———_—’

Please ask Henry Tye!

QGH and F.L. Lin, Phys.Lett.B 712(2012)143



E.O.S. of dark energy from Planck data
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Dark Energy

Before Planck

Dark Energy

After Planck

68



(TS/DV)/(TS/DV)PIonck

1.15 [

—
L
—_—

1.05 |

O
©
o1

O
©

Ll

1 L L
Acoustic-s

Ll 1

cale

AT
distance

' l 1

\ I
ratio (compa

red to BAO)

lllll

lllllll

llllllll

O
o0

69



Hy=673+12km s ! Mpc™?
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Three possibilities:

J The data analysis is wrong.
¢ The model is wrong.

J Both the data analysis and model are wrong.



Qn

0.45—

ACDM:
= BAO
" === SNLS+H,
= Jnion+H,
O 4 = Planck+WP
. ACDM+ANers:
me Planck+WP
| = Planck+WP
+BAO+Union2.1+H,

0.35

0.3 7]
0.25 .
|
|
I
0.2 I
o.15*«+4—m+——r—"~1—— . _L"/'/' |
65 70 75 80
Ho

C. Cheng & QGH, Phys.Rev.D 89, 043003 (arXiv:1306.4091)
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1.5

ACDM+ANef:

——— Planck+WP

—— Planck+WP+BAO
+Union2.1+HST

73



Qm

wpg = p/p = const.
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w:£:w0+wa(1—a)

P
Parameters | Planck+ WP+BAO+Union2.1+Hg | Planck+WP+BAO+SNLS+Hg
2 +0.00026 +0.00025 +0.00027
Qph 0.02246102-0002° 0.02202 4 0.00026 |0.02202720002°  0.0219370 0005
Qch?  |0.1266 £ 0.0042  0.120775005; |0.1207 £ 0.0021  0.1220 & 0.0025
1000pc  |1.04071712:9099% 1.04122 + 0.00060 |1.04122F70-099°8 1.04102 + 0.00061
+0.0134 +0.0127 +0.0126
T 0.0958 700155 0.087970 0155 |0.088240.0125 0.086170 0155
In(10'°A,) | 3.12+£0.028 3.2270:02% 3.091202% 3.09 £ 0.024
+0.0064 +0.0070
ng 0.9805 4 0.0080  0.958712-999%  10.9584 £+ 0.0063  0.9556710 2070
wo —1 —1.15 £ 0.07 —1.16 £ 0.06 —1.05 £ 0.15
+0.717
Wy - - - —0.596_ " 753
A Ny 0.5361 0227 _ i _
Hy 71.231138 71.28 £ 1.49 71.65 £ 1.33 71.69 £ 1.37
Qr, 0.295 +0.009  0.283 £ 0.012 0.27979-9%0 0.282 + 0.011
— In (like) 4968.69 4968.79 5114.43 5114.28

C. Cheng & QGH, Phys.Rev.D 89, 043003 (arXiv:1306.4091)
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Non-Gaussianity
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JNL ¢

3
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Planck 13:

d The non-Gaussianity parameters are
assumed to be scale-independent.

d The analysis of the trispectrum is still
absent.

S
Local Equilateral Orthogonal
2.7+5.8 —42 +75 -25+ 39

WMAP9: 37.2+19.9 51+ 136

-245+ 100
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Planck 2013: f,,=2.7+5.8 Prediction: -g,,<0(10%~10°)

QGH, JCAP 05(2013)030
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> Scale-dependent f?

Ja
Local Equilateral Orthogonal
27+£5.8 —42 +£775 -25+ 39
WMAP9: 37.2+19.9 51+ 136 -245+ 100
fmax = 500 fmax = 1000 fmax = 1500 €y = 2000  £iax = 2500
KSW
Local ......... 38 +18 6.4 +£9.7 6.9 +£6.2 9.1+5.8 08 +5.8
Equilateral ..... -119 1 —45 + 88 -41 £ 75 -40 £ 75 -37+75
Orthogonal . .. .. -163 + 109 -89 + 52 =57 £ 45 —45 + 40 -46 + 39
Diffps-10¥® .... (-1.5%13)x10* (-7.9 =3.1)x10° -39+ 18 10.0 £ 3.1 77+ 1.5
ISW-lensing . ... 32+1.2 1.00 + 0.43 1.00+ 035 0.83+031 0.81+0.31

local * k L
NL (k) = fao (k_o) Ny < 0
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Anomalies
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Axis of Evil?

WMAP Planck

g« = 0.29 £ 0.031 (68% CL) » 9. =0.002+0.016 (68% CL)

Groemeboom, Ackerman, Wehus, Kim, Komatsu, 1310.1605
Eriksen, 0911.0150



Dipolar modulation?

87



d:(1+Ap'n)Siso‘|_n

[The anomalous regions have been enhanced with red and blue shading to
make them more clearly visible.]



WMAPS:

A(k)=0.072 + 0.022 (I<=64)

A(k)=0.11 + 0.04 (I<=40)

Hoftuft, Eriksen, Banday, Gorski, Hansen and Lilje, APJ 699(2009)985 (arXiv:0903.1229)



Data set FWHM [°] A (,b) [°] Aln L Significance
Commander ............... 5 0.0787002  (227,-15)+19 8.8 3.50
NILC ..., 5 0.069700%¢ (226,-16) £22 7.1 3.00
SEVEM .................. 5 0.0660021  (227,-16)+24 6.7 2.90
SMICA .....oviennnnnnn. 5 0.065'0021  (226,-17)+24 6.6 2.90
WMAPSILC .............. 4.5 0.072 £0.022 (224,-22)+24 73 3.30
Commander ............... 8 0.043+9-:032 (218,-15)+62 2.1 1.20
NILC ...ttt 8 0.049%0.9%2 (223,-16) 59 2.5 l.40
SEVEM . ....ovvirinnn... 8 0.05079%32  (223,-15)+60 2.5 Lao
SMICA ... ... . ... 8 (225,-16) =63 2.0 l.1o

0.041°355
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Log-likelihood difference, AInLC
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Smoothing scale FWHM [degrees]



A(k) < 4.5 x 1072 on the ~ 10 Mpc scale, at 95%
¢ € (601, 2048]

Flender&Hotchkiss, arXiv:1307.6069, JCAP 09(2013)033

A(k)<0.015 (99%) on 1 Mpc

Hirata, JCAP 09(2009)011



Ge(x) = Ge(1+ AR-d +...)

= N(gb(x, tk) — N(Qbo)
= N'(¢o(tr)) (0¢(x) + dor(x)) + %N”(%(tk)) (6 (x) + 0o, (x))?

= (G090 +G09) + 2 hnlh) (G500 + 0O + -+ AS 01072 ~ 107 1) fr™
= (1 + ngL(k)CL(X)> Cs(x) + CL(x) + %fNL(k)CE(X) +e 11\(1)1(,:&1 -~ O(l)

i} k N NL
A(k) ~ fau(k) = fan (k_>
Erickcek, Kamionkowski, Carroll, 0806.0377 *

Lyth, 1304.1270 Ny, <0
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Discussion and summary
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Inflation predicts that
both scalar and gravitational waves perturbations
are nearly scale-invariant!
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What is the smoking-gun for inflation?

Flatness,
Nearly scale-invariant density perturbation?

Nearly scale-invariant
Gravitational waves perturbation!
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“Standard Model” of Cosmology

Inflation + ACDM model



How to fit the inflation into
a well-established fundamental theory?
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s=20 [aev=gns [atey=g Y007 -vio)

What is the nature of inflation?

What is the origin of inflation?
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/hat Powered the Big Bang?

Gravitational Waves can Escape from
Earliest Moments of the Big Bang

Big Bang plus
000 Years

gravitational waves

Big Bang plus
15 Billion Years
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