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Probing	  the	  infla:onary	  universe	  from	  low-‐l	  CMB	  data	  
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Successes	  of	  Infla-on:	  
	  
	  
q  The	  Universe	  is	  big	  

q  Homogeneity	  and	  isotropy	  

q  Flatness	  problem	  

q Why	  no	  magne:c	  monopole?	  

q  Nearly	  scale-‐invariant,	  adiaba:c	  and	  
Gaussian	  density	  perturba:ons.	  	  

q  Nearly	  scale-‐invariant	  relic	  gravita:onal	  
waves.	  

q  ......	  
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Nearly	  scale-‐invariant!	  

⇣ = �N = H�t =
H

�̇
�� = � 1p

2✏Mp

��

Ps =
H2/M2
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8⇡2✏

ns ⌘ 1 +
d lnPs

d ln k
= 1� 6✏+ 2⌘

Scalar	  perturba-ons:	  
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q There	  are	  three	  kinds	  of	  perturba:ons:	  scalar,	  vector	  and	  tensor	  
(gravita:onal	  waves)	  perturba:ons.	  	  

q At	  the	  linear	  order,	  these	  three	  kinds	  of	  perturba:ons	  evolve	  
independently	  and	  therefore	  we	  can	  analyze	  them	  separately.	  	  

q Since	  there	  are	  no	  rota:onal	  velocity	  fields	  during	  infla:on,	  the	  
vector	  perturba:ons	  are	  not	  excited.	  	  

Pt =
H2/M2

p

⇡2/2

r = Pt/Ps = 16✏

nt = �2✏

Gravita-onal	  waves:	  

nt = �r/8



BICEP2	  collabora:on,	  arXiv:1403.3985	  

Discovery	  of	  relic	  gravita:onal	  waves	  (BICEP2)	  

r = 0.2+0.07
�0.05, with r = 0 is disfavored at 7.0�
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Naturalness	  of	  infla:on?	  

A	  small	  dimensionless	  parameter	  �T

T
⇠ 10�5



Lyth,	  1997(PRL)	  

r = 16✏
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Our	  Universe	  
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Warped	  D-‐brane	  infla:on	  

Baumann,	  McAllister,	  2007	  
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Monodromy	  axion	  infla:on	  in	  string	  theory	  

V ⇠ �2/3

V ⇠ �

Silverstein	  and	  Westphal,	  2008	  

McAllister,	  Silverstein	  and	  Westphal,	  2008	  
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V ⇠ �2

V ⇠ �3, ...

Marchesano,	  Shiu,	  Uranga,	  2014	  

McAllister,	  Silverstein,	  Westphal,	  Wrase,	  2014	  

…………	  



A	  Toy	  Model	  

⇢V,n+1 � ⇢V,n = �

ns = 1� 5

3N

r =
16

3N

QGH,	  JCAP	  05(2007)009	  

String	  landscape	  infla:on	  
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The	  effec:ve	  poten:al	  of	  inflaton	  

V(φ)	  

φ	  

???	  
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Everything	  is	  encoded	  in	  the	  data.	  

How	  to	  correctly	  extract	  the	  informa:on	  from	  the	  data?	  

Global	  fikng	  may	  not	  be	  the	  best	  strategy.	  



Scalar	   Gravita:onal	  Waves	  (r=1)	  

q  Relic	  gravita:onal	  waves	  damp	  
significantly	  inside	  the	  horizon.	  
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�N ' ln 2500/150 ' 2.8�N ' ln 150/2 ' 4.3

nrun	   neutrino	  mass	  

dark	  radia:ons	  

lensing	  

`
max

= 150

Sachs-‐Wolfe	  

q  On	  large	  scales	  (>1°	  )	  any	  causal	  effects	  
have	  not	  had	  :me	  to	  operate.	  	  

q  Low-‐l	  CMB	  power	  spectra	  are	  
dominated	  by	  the	  Sachs-‐Wolfe	  effect.	  	  



C.	  Cheng,	  QGH,	  arXiv:1405.0349	  
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B2+W9	  (TT,	  TE)	  
B2+P13	  (TT)	  +	  W9	  (TE)	  



QGH	  and	  M.	  Li,	  2003	  

ns = 1� 6✏+ 2⌘ + rµ

µ = H2k2/a2M4
s

Chao:c	  Infla:on	  
(monodromy	  
axion	  infla:on)	  
V ⇠ �n

Power-‐law	  Infla:on	  
V ⇠ exp(�

p
2/p�/Mp)

�t�x & 1/M2
s

V ⇠ 1/�n

Inverse	  power-‐law	  	  
infla:on	  
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C.	  Cheng,	  QGH,	  arXiv:1405.0349	  



C.	  Cheng,	  QGH,	  arXiv:1404.1230	  
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Chao:c	  Infla:on	  
(monodromy	  
axion	  infla:on)	  
V ⇠ �n

Power-‐law	  Infla:on	  
V ⇠ exp(�

p
2/p�/Mp)

V ⇠ 1/�n

Inverse	  power-‐law	  	  
infla:on	  



How	  to	  reconcile	  Planck	  with	  BICEP2	  
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P13+WP	  

W.	  Zhao,	  C.	  Cheng	  and	  QGH,	  arXiv:1403.3919	  

q  The	  TT	  and	  TE	  power	  spectra	  generated	  
by	  the	  relic	  gravita:onal	  waves	  are	  
significant	  only	  the	  large	  scales.	  We	  
take	  l_max=100.	  

q We	  fix	  the	  background	  parameters	  
(Ωbh2,	  Ωch2,	  100	  θMC,	  τ)	  at	  their	  best-‐fit	  
values	  in	  the	  ΛCDM	  model	  from	  Planck,	  
and	  the	  free	  running	  parameters	  are	  As,	  
ns	  and	  r.	  

NO	  TENSION	  between	  Planck	  and	  BICEP2	  on	  large	  scales.	  

CTT
` = CTT

`,s + CTT
`,t

CTE
` = CTE

`,s + CTE
`,t

CTT
`,t > 0, CTE

`,t < 0

q  The	  tensor-‐to-‐scalar	  ra:o	  is	  peaked	  at	  
around	  0.2.	  	  

q  The	  spectral	  index	  ns>1.	  	  
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Planck	  collabora:on,	  arXiv:1303.5076,	  1303.5082	  

r0.002 < 0.13, @ 95% CL

ns = 0.9650± 0.0080

The	  apparent	  tension	  comes	  from	  the	  
assump:on	  of	  the	  base	  six-‐parameter	  
ΛCDM	  model	  with	  a	  power-‐law	  scalar	  
power	  spectrum.	  	  

The	  suppression	  of	  high-‐l	  
power	  spectrum	  implies	  ns<1.	  

A	  red-‐:lted	  scalar	  power	  
spectrum	  on	  small	  scales	  
DOES	  NOT	  sufficiently	  implies	  	  
ns<1	  on	  large	  scales	  scales.	  	  

CTT
` = CTT

`,s + CTT
`,t
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�N ' ln 2500/150 ' 2.8�N ' ln 150/2 ' 4.3

Running	  spectral	  index	  

ns<1	  
ns>1	  



C.	  Cheng,	  QGH,	  W.	  Zhao,	  arXiv:1404.3467	  
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+nrun	  



C.	  Cheng,	  QGH,	  W.	  Zhao,	  arXiv:1404.3467	  
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The	  :lt	  of	  relic	  gravita:onal	  waves	  power	  spectrum	  
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Scalar	   Gravita:onal	  Waves	  (r=1)	  

q  Because	  the	  relic	  gravita:onal	  
waves	  damp	  significantly	  inside	  
the	  horizon,	  we	  should	  use	  the	  
low-‐l	  data	  to	  probe	  the	  
property	  of	  tensor	  power	  
spectrum.	  
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C.	  Cheng	  and	  QGH,	  arXiv:1403.5463	  
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29	  
C.	  Cheng,	  QGH,	  arXiv:1405.0349	  

BICEP2,	  TE	  from	  WMAP,	  and	  
TT	  from	  WMAP	  and	  Planck	  
respec:vely.	  (l_max=150)	  
	  
Again	  a	  scale-‐invariant	  
tensor	  perturba:on	  is	  
compa:ble	  with	  the	  data	  
quite	  well.	  
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Summary	  
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Ø  A	  red-‐-lt	  tensor	  power	  spectrum	  is	  compa:ble	  with	  the	  

data,	  and	  the	  simplest	  version	  of	  infla:on	  is	  consistent	  
with	  the	  data.	  

Ø  A	  blue-‐-lted	  scalar	  power	  spectrum	  is	  preferred	  on	  the	  
large	  scales	  (e.g.	  l<150).	  	  

Ø  The	  infla:on	  model	  with	  inverse	  power-‐law	  poten:al	  can	  
fit	  the	  data	  quite	  well.	  

Ø  The	  space-‐:me	  non-‐commuta:vity	  can	  help	  chao:c	  
infla:on	  and	  power-‐law	  infla:on	  to	  fit	  the	  data.	  
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Ø  A	  nega:ve	  running	  of	  spectral	  index	  is	  favored	  at	  around	  3	  

sigma	  level.	  	  

Ø  Furthermore,	  a	  posi:ve	  running	  of	  running	  is	  preferred	  at	  
around	  1.7	  sigma	  level.	  	  



Thank You! 
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