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TEMPERATURE	
  ANISOTROPIES	
  FROM	
  PLANCK	
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POLARIZATION	
  IN	
  CMB	
  FROM	
  BICEP2	
  

BICEP2	
  collabora;on,	
  arXiv:1403.3985	
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South	
  Pole	
  Telescope	
  

BICEP	
  (Background	
  Imaging	
  of	
  
Cosmic	
  Exragalac7c	
  Polariza7on)	
  

宇宙河外偏振背景成像	
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Gravita;onal	
  Waves	
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Scalar	
   Gravita;onal	
  Waves	
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W9+ACT+SPT
+BAO+HST	
  

P13+WP	
  

Some	
  hints	
  from	
  CMB	
  before	
  BICEP2	
  

W.	
  Zhao,	
  Grishchuk,	
  2010	
   C.	
  Cheng,	
  QGH,	
  Y.	
  Ma,	
  2013	
   W.	
  Zhao,	
  C.	
  Cheng,	
  QGH,	
  2014	
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BICEP2	
  collabora;on,	
  arXiv:1403.3985	
  

Discovery	
  of	
  relic	
  gravita;onal	
  waves	
  (BICEP2)	
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r = 0.2+0.07
�0.05, with r = 0 is disfavored at 7.0�



Pt = At

✓
k

kp

◆nt

nt = �0.06+0.25
�0.23r = 0.21+0.04

�0.10

The	
  ;lt	
  of	
  primordial	
  gravita;onal	
  waves	
  spectra	
  

C.	
  Cheng	
  and	
  QGH,	
  arXiv:1403.5463	
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Our	
  results	
  provide	
  	
  
strong	
  evidence	
  for	
  suppor;ng	
  infla;on,	
  	
  

and	
  	
  
the	
  alterna;ve	
  models,	
  	
  

for	
  example	
  the	
  Ekpyro;c	
  model	
  (nt	
  =2),	
  	
  
is	
  ruled	
  out	
  at	
  more	
  than	
  5σ	
  level.	
  	
  

C.	
  Cheng	
  and	
  QGH,	
  arXiv:1403.5463	
  

nt = �r/8Consistency	
  rela;on:	
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Aeer	
  our	
  paper	
  appeared	
  on	
  arXiv,	
  several	
  groups	
  also	
  did	
  
the	
  similar	
  work	
  and	
  reported	
  a	
  blue	
  ;lted	
  spectra	
  of	
  relic	
  
gravita;onal	
  waves.	
  	
  
	
  
We	
  believe	
  that	
  this	
  apparently	
  blue	
  ;lt	
  is	
  not	
  reliable.	
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C.	
  Cheng	
  and	
  QGH,	
  arXiv:1403.7173	
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C.	
  Cheng	
  and	
  QGH,	
  arXiv:1403.7173	
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Physics??	
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BICEP2	
  collabora;on,	
  arXiv:1403.3985	
  

(+nrun)	
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C.	
  Cheng	
  and	
  QGH,	
  arXiv:1403.7173	
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It	
  indicates	
  that	
  the	
  apparently	
  blue	
  ;lted	
  spectrum	
  of	
  relic	
  
gravita;onal	
  waves	
  is	
  not	
  reliable	
  and	
  it	
  can	
  be	
  explained	
  by	
  
the	
  tension	
  between	
  B2	
  and	
  P13+WP	
  in	
  the	
  ΛCDM+r+nt	
  model.	
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Actually	
  it	
  is	
  dangerous	
  to	
  use	
  the	
  CMB	
  temperature	
  spectrum	
  
to	
  constrain	
  the	
  proper;es	
  of	
  relic	
  gravita;onal	
  waves,	
  e.g.	
  the	
  
;lt	
  nt	
  ,	
  because	
  the	
  relic	
  gravita;onal	
  waves	
  just	
  make	
  a	
  small	
  
contribu;on	
  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	
  ac;ve	
  neutrinos,	
  the	
  number	
  
of	
  rela;vis;c	
  species	
  and	
  so	
  on.	
  	
  

nrun	
   neutrino	
  mass	
  

dark	
  radia;ons	
  

lensing	
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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	
  polariza;on	
  data	
  like	
  those	
  released	
  by	
  B2	
  is	
  	
  
supposed	
  to	
  be	
  the	
  best	
  one	
  for	
  us	
  to	
  constrain	
  the	
  ;lt	
  of	
  
primordial	
  gravita;onal	
  waves	
  spectrum.	
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Ø Infla;on	
  in	
  the	
  early	
  universe	
  
Ø Discussion	
  and	
  summary	
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Infla7on	
  in	
  the	
  early	
  universe	
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100�k = �0.10+0.62
�0.65 (95%; Planck+lensing+WP+highL+BAO)
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Maker-­‐dominant	
  era:	
   a ⇠ t2/3, H ⇠ 1/t ) |⌦k| ⇠ t2/3

a ⇠ t1/2, H ⇠ 1/t ) |⌦k| ⇠ tRadia;on-­‐dominant	
  era:	
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Original	
  idea	
  of	
  infla;on	
  

A.	
  Guth,	
  1981	
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Friedmann	
  Equa;on:	
  

Spa;ally	
  Flat!	
  

|⌦k| ⇠
1

a2H2
⇠ e�2Ht
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infla;on	
  

a(t) ⇠ e

r
Vfalse
3M2

p
t

It	
  does	
  not	
  work!	
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rehea;ng	
  

Slow-­‐roll	
  infla;on	
  

A.	
  Linde,	
  1982	
  
A.	
  Albrecht,	
  P.	
  Steinhardt,	
  1982	
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R = a(t)Rc

v =
dR

dt
= HR ) Rcausal = 1/H

�⇤ = H/2⇥

What	
  is	
  the	
  origin	
  of	
  cosmic	
  structure?	
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�N

Rehea;ng	
  

�

� + ��

Rehea;ng	
  

� � V (⇥) � const.

ln a

ln �

� � a�4

dynamics	
  of	
  infla;on	
  

a ⇠ eHt ⇠ eN

⇣ ⇠ �⇢/⇢ ⇠ � ln a ⇠ �N

⇠ N(�i + ��i)�N(�i)
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Near	
  scale-­‐invariance!	
  

⇣ = �N = H�t =
H

�̇
�� = � 1p

2✏Mp

��

Ps =
H2/M2

p

8⇡2✏

ns ⌘ 1 +
d lnPs

d ln k
= 1� 6✏+ 2⌘

Scalar	
  perturba7ons:	
  

Pt =
H2/M2

p

⇡2/2

r = Pt/Ps = 16✏

nt = �2✏

Gravita7onal	
  waves:	
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Poten;al	
  of	
  inflaton	
  in	
  single-­‐field	
  slow-­‐roll	
  infla;on	
  

Nearly	
  scale-­‐invariant	
  density	
  perturba7on	
  predicted	
  by	
  infla7on	
  	
  
is	
  confirmed	
  by	
  Planck!	
   38	
  



Naturalness	
  of	
  infla;on?	
  

A	
  small	
  dimensionless	
  parameter	
  �T

T
⇠ 10�5
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Lyth	
  bound	
  and	
  challenge	
  for	
  string	
  infla;on	
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Lyth,	
  1997(PRL)	
  

r = 16✏

Lyth	
  Bound:	
  

d�

Mp
=

r
r

8
Hdt =

r
r

8
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✓
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For r = 0.2,
|��|
Mp

' 0.16�N
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Our	
  Universe	
  

	
  	
  CY3	
  

M2
p ⇠ M8

s

g2s
V6

Warped	
  D-­‐brane	
  infla;on	
  

Baumann,	
  McAllister,	
  2007	
  

Single	
  brane:	
   |��| =
p

T3r  2p
NB

Mp

A	
  stack	
  of	
  D-­‐branes	
  (N):	
   |��| =
p
T3r  2p

N
Mp

�� ⌘
qX

(��i)2  2Mp
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Arkani-­‐Hamed,	
  Cheng,	
  Creminelli	
  and	
  Randall,	
  2003(PRL)	
  

Extra-­‐natural	
  infla;on	
  

S ⇠
Z

d

4
x


f

2

2

(@✓)

2 � 1

R

4
cos ✓

�
=

Z
d

4
x


1

2

(@�)

2 � 1

R

4
cos

�

f

�

where f =
1

2⇡g4R

Requiring slow-roll parameter ✏ ⇠
M2

p

f2
⌧ 1 yields f � Mp.

A	
  five-­‐dimensional	
  U(1)	
  gauge	
  theory	
  compac;fies	
  on	
  a	
  circle	
  with	
  size	
  R.	
  
	
  
The	
  effec;ve	
  ac;on	
  for	
  the	
  Wilson	
  line	
  	
  	
  ✓ =

I
A5dx

5
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g24 ⇠ gs/
p
M6

s V6 M2
p ⇠ M8

s

g2s
V6

f ⇠ 1

g4R
⇠ g1/2s

RMs
Mp < Mp

for R > `s ⇠ 1/Ms, gs < 1

Extra-­‐natural	
  infla;on	
  cannot	
  be	
  embedded	
  into	
  string	
  theory.	
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The	
  poten;al	
  of	
  inflaton	
  field	
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V ⇠ �p r =
4p

N
ns = 1� p+ 2

2N

dns

d ln k
= �p+ 2

2N2

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

d ln k
= �0.0008.
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C.	
  Cheng,	
  QGH,	
  W.	
  Zhao,	
  in	
  prepara;on	
  

ns = 1.0447+0.0295
�0.0297, dns/d ln k = �0.0253± 0.0093
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C.	
  Cheng,	
  QGH,	
  arXiv:1404.1230	
  

Chao;c	
  Infla;on	
  
Power-­‐law	
  Infla;on	
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Monodromy	
  axion	
  infla;on	
  



Power-­‐law	
  infla;on	
  

V (�) = V0 exp

✓
�
r

2

p

�

Mp

◆

ns = 1� 2

p

r =
16

p
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V (�) = V0 + µ4
X

i=1

↵i

✓
�

Mp

◆i

Usually	
  

Since	
  φ>	
  Mp	
  ,	
  	
   V (�) = V0 + µ4
X

i=1

↵i

✓
Mp

�

◆i

C.	
  Cheng,	
  QGH,	
  arXiv:1404.1230	
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For	
  example,	
   V (�) = µ4

✓
Mp

�

◆n

C.	
  Cheng,	
  QGH,	
  arXiv:1404.1230	
  

�2
N = 2n(N⇤ �N)M2

p

r =
4n

N⇤ �N

ns = 1� n� 2

2(N⇤ �N)

In particular, for n = 2, ns = 1 and r =

8

N⇤ �N
.
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Landscape	
  infla;on	
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Λ	
  

Supernova	
  cosmology	
  project	
  collabora;on,	
  
S.	
  Perlmuker	
  et	
  al,	
  APJ	
  517(1999)565	
  

Supernova	
  search	
  team	
  collabora;on,	
  A.G.	
  
Riess	
  et	
  al,	
  APJ	
  116(1998)1009	
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Ø 	
  Why	
  is	
  the	
  cosmological	
  constant	
  so	
  small?	
  (Quantum)	
  

< ⇢ >V AC=

Z E

0

d3k

(2⇡)3
1

2

p
k2 +m2 ' E4

16⇡2

E ⇠ M
pl

, < ⇢ >
obs

⇠ 10�120 < ⇢ >
V AC

E ⇠ vEW ⇠ 102GeV, < ⇢ >
obs

⇠ 10�60 < ⇢ >
VAC

56	
  



10�120M4
p

infla;on	
  
M4

s ⇠ (1016 GeV)4

EW4 ⇠ (102 GeV)4

Very	
  Early	
  Universe	
  

Today	
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The	
  tunneling	
  rate	
  per	
  unit	
  
volume	
  is	
  Γ.	
  

p(t) ⇠ e�
4⇡
3 �Ht

where	
  the	
  dimensionless	
  
parameter	
  β	
  is	
  β=Γ/H4	
  .	
  

The	
  life;me	
  of	
  the	
  field	
  in	
  
this	
  meta-­‐stable	
  vacuum	
  is	
  
es;mated	
  as	
  	
  

⌧ ⇠ 3

4⇡�H

In	
  order	
  for	
  percola;on	
  and	
  thermaliza;on	
  to	
  be	
  
achieved,	
  a	
  low	
  bound	
  on	
  β	
  is	
  obtain	
  

� & 9

4⇡

We	
  focus	
  on	
  the	
  case	
  with	
  τ	
  <<	
  H-­‐1	
  ,	
  or	
  equivalently	
  
β	
  >>	
  1.	
  

Turner,	
  Weinberg	
  and	
  Widrow,	
  PRD	
  46(1992)2384	
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simplified	
  to	
  be	
  ⌧ ⌧ H�1

QGH,	
  JCAP	
  05(2007)009	
  

Chain	
  Infla;on	
  

60	
  



A	
  Toy	
  Model	
  

⇢V,n+1 � ⇢V,n = �

⇢V = M4
s � �

⌧
t

H2 =
⇢V
3M2

p

=
M4

s � �
⌧ t

3M2
p

N⇤ =

Z tend

t⇤

Hdt ' 2

3
p
3

⌧

Mp�
⇢
3/2
V ⇤

H2 '
✓

�/⌧

2M2
p

N⇤

◆2/3

✏ ⌘ � Ḣ

H2
=

1

3N⇤
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Observa;onal	
  Consequences	
  

Ps =
H2/M2

p

8⇡2✏
=

3

211/3⇡2

✓
�/⌧

M5
p

◆2/3

N
5/3
⇤

Pt =
H2/M2

p

⇡2/2
=

21/3

⇡2

✓
�/⌧

M5
p

◆2/3

N
2/3
⇤

ns ⌘ 1 +
d lnPs

d ln k
= 1� 5

3N⇤

r ⌘ Pt/Ps =
16

3N⇤
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Ps,obs ' 2⇥ 10�9

�/⌧

M5
p

' 1.4⇥ 10�15

⇢V,⇤/M
4
p ' 3.2⇥ 10�9 H⇤/Mp ' 3.3⇥ 10�5

⌧/tp ⌧ 2.3⇥ 106 ⌧/H�1 ⌧ 69

Requirement of tp ⌧ ⌧ ⌧ H�1
is quite reasonable.

Requiring � ⌧ ⇢V,⇤ yields
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Connec;on	
  between	
  dark	
  energy	
  and	
  infla;on	
  

64	
  



Why	
  a	
  posi;ve	
  cosmological	
  constant?	
  
Why	
  so	
  small?	
  

How	
  	
  
to	
  fit	
  it	
  in	
  	
  

a	
  consistent	
  	
  
quantum	
  gravity?	
  

Λ	
  

65	
  



Bob

Alice

Horizon during inflation

Event Horizon at the end of inflation
due to a small cosmological constant

Lh

Lq

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

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

Why	
  small?	
  

Lh . Lq = eH⇤t⇤R⇤

⇤ & e�2H⇤t⇤⇤⇤

t⇤ ⇠ R⇤ ln(R⇤/`p)

Please	
  ask	
  Henry	
  Tye!	
  

|qi

|qi
L ⇠ 1/⇤1/2
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E.O.S.	
  of	
  dark	
  energy	
  from	
  Planck	
  data	
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Acous;c-­‐scale	
  distance	
  ra;o	
  (compared	
  to	
  BAO)	
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Riess	
  et	
  al.	
  (2011)	
  

Freedman	
  et	
  al.	
  (2012)	
  

H0 = 73.8± 2.4 km s�1 Mpc�1

H0 = 67.3± 1.2 km s�1 Mpc�1
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Three	
  possibili;es:	
  	
  

q  The	
  data	
  analysis	
  is	
  wrong.	
  	
  

q  The	
  model	
  is	
  wrong.	
  	
  

q  Both	
  the	
  data	
  analysis	
  and	
  model	
  are	
  wrong.	
  

✔	
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wDE = p/⇢ = �1

C.	
  Cheng	
  &	
  QGH,	
  Phys.Rev.D	
  89,	
  043003	
  (arXiv:1306.4091)	
   72	
  



73	
  



wDE = p/⇢ = const.

C.	
  Cheng	
  &	
  QGH,	
  Phys.Rev.D	
  89,	
  043003	
  (arXiv:1306.4091)	
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⌦m = 0.283± 0.012

w = �1.15± 0.07

⌦m = 0.279+0.011
�0.010

w = �1.16± 0.06

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

⇢
= w0 + wa(1� a)

C.	
  Cheng	
  &	
  QGH,	
  Phys.Rev.D	
  89,	
  043003	
  (arXiv:1306.4091)	
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w0 = �1.05± 0.15

wa = �0.596+0.717
�0.723

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

⇢
= w0 + wa(1� a)

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

⇣ ⇣

⇣ ⇣

fNL
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5

orthogonal	
  

F (k1, k2, k3) =
12�4

5
fNLP 2

� · F̃ (k1, k2, k3)

h⇥k1⇥k2⇥k3i = (2⇤)3�(3)(
3X

i=1

ki)F (k1, k2, k3)
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f local

NL

=
5

12
(1� ns)



Planck	
  13：	
  
	
  
q  The non-Gaussianity parameters are 

assumed to be scale-independent.	


q  The analysis of the trispectrum is still 
absent.	


WMAP9:	
  	
  37.2	
  ±	
  19.9	
  	
  	
  	
  	
  	
  	
  	
  51±	
  136	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐245±	
  100	
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V (�) =
1

2
m2�2 + �m4(�/m)n ⌘ 1

2
m2�2(1 + s)

Planck	
  2013:	
  fNL=2.7±5.8	
  

QGH,	
  JCAP	
  05(2013)030	
  

Predic;on:	
  -­‐gNL<O(104~105)	
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QGH,	
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  11(2010)026	
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Anomalies	
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Axis	
  of	
  Evil?	
  

Kim,	
  Komatsu,	
  1310.1605	
  

P (k) = P0(k)
h
1 + g⇤(k̂ · n̂)2

i

g⇤ = 0.002± 0.016 (68% CL)g⇤ = 0.29± 0.031 (68% CL)

Groemeboom,	
  Ackerman,	
  Wehus,	
  	
  
Eriksen,	
  0911.0150	
  

WMAP	
   Planck	
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Dipolar	
  modula7on?	
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[The	
  anomalous	
  regions	
  have	
  been	
  enhanced	
  with	
  red	
  and	
  blue	
  shading	
  to	
  
make	
  them	
  more	
  clearly	
  visible.]	
  	
  

d = (1 +Ap · n)s
iso

+ n
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A(k)=0.072	
  ±	
  0.022	
  (l<=64)	
  

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

A(k)=0.11	
  ±	
  0.04	
  (l<=40)	
  

WMAP5:	
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Flender&Hotchkiss,	
  arXiv:1307.6069,	
  JCAP	
  09(2013)033	
  

A(k) < 4.5⇥ 10

�3
on the ⇠ 10 Mpc scale, at 95%

` 2 [601, 2048]

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

Hirata,	
  JCAP	
  09(2009)011	
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Erickcek,	
  Kamionkowski,	
  Carroll,	
  0806.0377	
  
Lyth,	
  1304.1270	
  

A . O(10�2 ⇠ 10�1)f local

NL

⇣k(x) = ⇣k(1 +An̂ · d+ . . . )

f local

NL

⇠ O(1)

nfNL < 0

A(k) ⇠ fNL(k) = f⇤
NL

✓
k
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◆nfNL
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Discussion	
  and	
  summary	
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Infla7on	
  predicts	
  that	
  	
  
both	
  scalar	
  and	
  gravita7onal	
  waves	
  perturba7ons	
  	
  

are	
  nearly	
  scale-­‐invariant!	
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What	
  is	
  the	
  smoking-­‐gun	
  for	
  infla;on?	
  

Flatness,	
  	
  
Nearly	
  scale-­‐invariant	
  density	
  perturba;on?	
  

Nearly	
  scale-­‐invariant	
  	
  
Gravita;onal	
  waves	
  perturba;on!	
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“Standard	
  Model”	
  of	
  Cosmology	
  

Infla7on	
  +	
  ΛCDM	
  model	
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How	
  to	
  fit	
  the	
  infla;on	
  into	
  	
  
a	
  well-­‐established	
  fundamental	
  theory?	
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What	
  is	
  the	
  nature	
  of	
  infla;on?	
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Thank You! 
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