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CMB	
  is	
  an	
  extremely	
  rich	
  

	
  source	
  of	
  informa?on	
  about	
  our	
  universe!	
  



CMB	
  PolarizaRon	
  
•  PolarizaRon	
  generated	
  by	
  

local	
  quadrupole	
  in	
  

temperature.	
  

•  Sources	
  of	
  quadrupole:	
  

•  Scalar:	
  	
  E-­‐mode	
  

•  Tensor:	
  E-­‐mode	
  and	
  B-­‐

mode	
  

EE	
  

BB	
  

BB	
  lensing	
  

Credit:	
  W.	
  Hu	
  



The	
  Planck	
  satellite	
  

l  1st  release 2013: Nominal mission,15.5 

months, Temperature only. 

l  2nd release 2015: Full mission, 29 

months for HFI, 48 months for LFI, 

Temperature + Polarization 

 

Launched in 2009, operated till 2013. 

2 Instruments, 9 frequencies. 

LFI: 

•  22 radiometers at 

30, 44, 70 Ghz. 

HFI:  

•  50 bolometers (32 polarized) at 

100, 143, 217, 353, 545, 857 Ghz. 

•  30-353 Ghz polarized. 



ΛCDM	
  and	
  Planck	
  

χ2=2546	
  for	
  2479	
  degrees	
  

of	
  freedom	
  (PTE=17%)	
  

Excellent	
  fit	
  to	
  the	
  data	
  

Most	
  of	
  parameters	
  at	
  the	
  ~1%	
  level.	
  	
  

No	
  significant	
  devia?on	
  from	
  

ΛCDM	
  in	
  extended	
  models	
  

General	
  relaRvity+standard	
  model	
  parRcles.	
  Homogeneous	
  and	
  isotropic	
  universe.	
  	
  

Cold	
  dark	
  maber,	
  dark	
  energy,	
  baryons,	
  radiaRon	
  (photons+3	
  neutrinos).	
  

Basic	
  ΛCDM	
  controlled	
  by	
  6	
  parameters:	
  ωm,	
  ωb,	
  As,	
  ns,	
  τ,	
  θ



Comparison	
  with	
  other	
  datasets:	
  
BAO  

Cluster counts (σ8-Ωm) 

Supernovae (Ωm) 

Planck collaboration XXIV 

Betoule	
  et	
  al.	
  2014	
  

Weak Lensing (σ8-Ωm) 

Yp
BBN

	
  

yDP	
  

BBN 

Hubble	
  parameter	
  

[Km/s/Mpc]	
  
67.8	
  ±	
  0.92	
  
69.7	
  ±	
  2.1	
  

Planck	
  

WMAP	
  

Direct measurements H
0 

H
0
=67.8±0.92 

(PlanckTT+lowP+lensing) 

 

H
0
=72.8±2.4    [2σ tension] 

(Riess+11) 

H
0
=70.6 ± 3.3  [1σ tension] 

(Efstathiou+14) 

 

H
0
=74.3 ± 2.6  [2.5σ tension] 

(Freedman+12) 

 

H
0
=73.±1.8    [2.7σ tension] 

(Riess+16) 

 

[Km/s/Mpc] 



Comparison	
  with	
  other	
  datasets:	
  
BAO  Supernovae (Ωm) 

Betoule	
  et	
  al.	
  2014	
  

Yp
BBN

	
  

yDP	
  

BBN 

Baryon	
  acousRc	
  oscillaRons	
  

measure	
  sound	
  horizon/	
  

	
  distance	
  raRo.	
  

	
  	
  

Measure	
  relaRve	
  luminosity	
  

distance	
  with	
  z,	
  z=0-­‐1.4	
  

Primordial	
  Helium	
  and	
  

deuterium	
  abundances	
  good	
  

agreement	
  with	
  BBN+Planck	
  (but	
  

2.3σ	
  w.	
  latest	
  Ydp.).	
  	
  

BOSS	
  RD12	
  Alam+	
  2016,	
  arXiv:1607.03155v1	
  

Cooke	
  +	
  2016	
  arXiv:1607.03900v1	
  	
  

	
  	
  
w.theory	
  

w.	
  exp.	
  



Comparison	
  with	
  other	
  datasets:	
  
BAO  

Cluster counts (σ8-Ωm) 

Supernovae (Ωm) 

Planck collaboration XXIV 

Betoule	
  et	
  al.	
  2014	
  

Weak Lensing (σ8-Ωm) 

Yp
BBN

	
  

yDP	
  

BBN 

Hubble	
  parameter	
  

[Km/s/Mpc]	
  
67.8	
  ±	
  0.92	
  
69.7	
  ±	
  2.1	
  

Planck	
  

WMAP	
  

Direct measurements H
0 

H
0
=66.9±0.91 

(PlanckTT+SIMlowHFI) 

 

H
0
=72.8±2.4    [2σ tension] 

(Riess+11) 

H
0
=70.6 ± 3.3  [1σ tension] 

(Efstathiou+14) 

 

H
0
=74.3 ± 2.6  [2.5σ tension] 

(Freedman+12) 

 

H
0
=73.±1.8    [3σ tension] 

(Riess+16) 

 

[in Km/s/Mpc] 

Hildebrandt+	
  16	
  



	
  Counts	
  of	
  clusters	
  of	
  galaxies	
  

•  Number	
  of	
  clusters	
  as	
  a	
  funcRon	
  of	
  z	
  
sensiRve	
  to	
  cosmological	
  parameters.	
  

•  Clusters	
  can	
  be	
  detected	
  through	
  
Sunyaev-­‐Zeldovitch	
  effect	
  in	
  CMB	
  
surveys	
  (e.g.	
  Planck,	
  ACT,	
  SPT).	
  

•  To	
  compare	
  observaRons	
  to	
  
predicRons,	
  we	
  need	
  to	
  know	
  the	
  
redshiN	
  and	
  the	
  mass	
  of	
  the	
  observed	
  
clusters.	
  

•  RelaRon	
  between	
  SZ	
  observables	
  and	
  
mass	
  calibrated	
  on	
  X-­‐ray	
  observaRons.	
  
Mass	
  esRmate	
  assume	
  hydrostaRc	
  
equilibrium	
  and	
  is	
  thus	
  biased.	
  	
  

•  Amplitude	
  of	
  mass	
  bias	
  is	
  KEY	
  quanRty.	
  

Credit:	
  J-­‐B	
  Melin	
  	
  

Mass	
  funcRon	
  	
  Completeness!	
  

SZ	
  observable	
  

	
  (Integrated	
  thermal	
  pressure)	
  

True	
  

Cluster	
  	
  

Mass	
  

Bias	
  	
  

Mx=Mtrue	
  (1-­‐b)	
  



Planck	
  collaboraRon	
  XXIV.	
  2016	
  

•  Tension	
  can	
  be	
  relieved	
  with	
  non-­‐zero	
  neutrino	
  mass,	
  but	
  

detecRon	
  disappears	
  if	
  BAO	
  data	
  is	
  also	
  included.	
  

	
  

•  For	
  perfect	
  agreement	
  with	
  CMB,	
  	
  (1	
  −	
  b)	
  =	
  0.58	
  ±	
  0.04.	
  

1σ lower	
  than	
  WtG.	
  

•  Number	
  of	
  clusters	
  as	
  a	
  funcRon	
  

of	
  z	
  sensiRve	
  to	
  cosmology.	
  

	
  

•  Detected	
  through	
  Sunyaev-­‐

Zeldovitch	
  effect	
  in	
  CMB	
  surveys.	
  	
  

	
  

•  Need	
  to	
  know	
  the	
  mass	
  of	
  the	
  

observed	
  clusters	
  -­‐>	
  Need	
  Ysz-­‐

mass	
  relaRon-­‐>	
  Calibrated	
  with	
  X-­‐

ray	
  observaRons-­‐>	
  Assume	
  

hydrostaRc	
  equilibrium-­‐>	
  mass	
  

bias!	
  

	
  

•  Mass	
  bias	
  can	
  be	
  measured	
  from	
  

lensing	
  measurements.	
  

Cluster	
  counts	
  with	
  Planck	
  2015	
  



15	
  cepheids	
  w.	
  

parallaxes	
  

8	
  late	
  DEB	
  

785	
  cef.	
  

2	
  early	
  DEB	
  	
  

(372	
  cepheids)	
  

1	
  water	
  maser	
  (139	
  cef.)	
  

18	
  SN	
  with	
  ~700	
  

cepheids	
  in	
  hosts	
  

300	
  SN	
  

Direct	
  H0measurements	
  

distance	
  ladder	
  

<~Mpc	
  

>50Mpc	
  

Riess+	
  16	
  

Supernovae	
  magnitude-­‐	
  

distance	
  relaRon.	
  

Calibrate	
  SN	
  relaRon	
  with	
  	
  

cepheid-­‐determined	
  distances	
  	
  

Calibrate	
  cepheid	
  

period-­‐luminosity	
  

relaRon	
  with	
  

geometric	
  distance	
  

calibraRons	
  

GalacRc	
  cefeids	
  

parallaxes	
  also	
  checked	
  

with	
  Gaia	
  DR1	
  release	
  
Casertano+	
  16	
  arXiv:1609.05175	
  



Direct	
  measurements	
  H0	
  

Hubble	
  parameter	
  

[Km/s/Mpc]	
  67.8	
  ±	
  0.92	
  
69.7	
  ±	
  2.1	
  

Planck	
  

WMAP	
  

Direct measurements H
0 

H
0
=67.3±0.96 

(PlanckTT+lowP_LFI) 

 

H
0
=66.9±0.91 

(PlanckTT+SIMlow_HFI) 

 

H
0
=73.±1.8    [~3σ tension] 

(Riess+16) 

 

 

 

 

 

[in Km/s/Mpc] 

Riess+	
  16	
  

H0	
  can	
  be	
  also	
  measured	
  from	
  mulRply-­‐imaged	
  quasar	
  systems	
  with	
  measured	
  

gravitaRonal	
  Rme	
  delays.	
  H0licow	
  project	
  from	
  3	
  lenses:	
  	
  	
  

	
   Bonvin	
  et	
  al.arXiv:1607.01790	
  



What	
  if	
  it’s	
  not	
  systemaRcs?	
  
•  Extensions	
  of	
  LCDM.	
  Since	
  CMB	
  measurements	
  of	
  H0	
  are	
  indirect	
  

and	
  assume	
  LCDM,	
  one	
  might	
  consider	
  extensions	
  of	
  LCDM	
  (e.g.	
  

extra	
  relaRvisRc	
  species).	
  It	
  was	
  shown	
  however	
  that	
  there	
  is	
  no	
  

easy	
  extension	
  of	
  LCDM	
  that	
  can	
  accommodate	
  all	
  the	
  

observaRons	
  (see	
  Di	
  ValenRno+	
  2016,	
  Bernal+	
  2016	
  )	
  

•  Peculiar	
  veloci?es.	
  If	
  we	
  live	
  in	
  a	
  large	
  void	
  and	
  peculiar	
  velociRes	
  

are	
  not	
  properly	
  taken	
  into	
  account	
  when	
  measuring	
  redshiHs,	
  the	
  

local	
  measurements	
  of	
  H0	
  might	
  be	
  biased	
  (e.g.	
  Keenan	
  2013,	
  Romano+	
  

2016).	
  However,	
  simulaRons	
  show	
  it	
  would	
  need	
  to	
  be	
  a	
  very	
  

atypical	
  void	
  (e.g.	
  Marra+	
  2013,	
  Odderskov+	
  2016).	
  

Odderskov+	
  2016	
  



Not	
  only	
  a	
  Planck	
  tension	
  

*The	
  direct	
  measurement	
  tension	
  is	
  NOT	
  only	
  a	
  Planck	
  problem:	
  

	
  

•  WMAP9+BAO	
  (BOSSDR11+6dFGS+Lyman	
  α)+high-­‐z	
  Sne	
  	
  

H0=	
  68.1	
  ±	
  0.7	
  (2.5σ	
  tension)	
  (Aubourg+	
  2015)	
  

•  WMAP9+ACT+SPT	
  +	
  BAO	
  (BOSSDR11+6dFGS)	
  	
  	
  

H0	
  =	
  69.3	
  ±	
  0.7	
  (1.9s	
  tension)	
  	
  (Bennet+	
  2014)	
  

•  SPT	
  alone	
  prefers	
  very	
  high	
  H0=75.0	
  ±	
  3.5	
  	
  

	
  

Planck15	
  	
   	
   	
  H0=66.9±0.9	
  	
   	
   	
  	
  

+SIMlowHFI	
  

Riess+	
  2016	
   	
  H0=73.02±1.79	
   

	
  

WMAP	
  	
  	
  	
  	
  	
   	
   	
  H0=69.7±2.1	
  [Km/s/Mpc]	
  

	
  

3σ tension 	
  



Planck	
  and	
  WMAP	
  

WMAP	
  

Planck	
  

S
ig
n
a
l-­‐
to
-­‐N
o
is
e
	
  

Planck	
  sample	
  variance	
  limited	
  Rll	
  l~1600	
  (data	
  points	
  Rll	
  ~2500,	
  fsky~40-­‐70%)	
  	
  

	
  

WMAP	
  sample	
  variance	
  limited	
  Rll	
  l~600	
  	
  	
  	
  (data	
  points	
  Rll	
  l~1200)	
  

	
  

	
  



Compare	
  apples	
  to	
  apples	
  

Planck	
  

TT	
  	
  	
  2-­‐2500	
  

TE,EE	
  2-­‐30	
  

WMAP	
  

TT	
  2-­‐1200	
  

TE	
  2-­‐800	
  

Only	
  TT,	
  same	
  τBaselines	
  

TT	
  2-­‐800	
  

•  Same	
  prior	
  on	
  the	
  opRcal	
  depth,	
  temperature	
  only,	
  same	
  mulRpole	
  region	
  (although	
  

noise	
  properRes	
  and	
  fsky	
  are	
  sRll	
  different).	
  	
  

•  Planck	
  and	
  WMAP	
  agree	
  very	
  well	
  when	
  compared	
  properly.	
  	
  

•  This	
  confirms	
  the	
  findings	
  of	
  comparison	
  at	
  map/power	
  spectrum	
  level.	
  

•  S?ll	
  need	
  to	
  prove	
  that	
  shiNs	
  between	
  lmax=800	
  and	
  lmax=2500	
  

for	
  Planck	
  itself	
  are	
  consistent	
  with	
  expecta?ons!	
  

H0	
  [Km/Mpc/s]	
  

Planck	
   WMAP	
  



Are	
  the	
  cosmological	
  parameters	
  inferred	
  from	
  

the	
  low	
  (l<800)	
  and	
  the	
  (l<2500)	
  consistent?	
  

0.12 0.13 0.14 0.15

ωm

0.021 0.022 0.023 0.024

ωb

1.035 1.040 1.045

100θ∗

0.03 0.06 0.09 0.12

τ

0.93 0.96 0.99 1.02

ns

1.74 1.80 1.86 1.92

109
Ase

−2τ

2.96 3.04 3.12 3.20

ln(1010
As)

64 68 72 76

H0

0.70 0.75 0.80 0.85

σ8

Planck	
  l<800	
  

Planck	
  l<2500	
  

WMAP	
  



SimulaRons	
  
	
  

• We	
  simulate	
  ~5000	
  	
  TT	
  power	
  spectra	
  and	
  esRmate	
  

cosmological	
  parameters	
  from	
  each	
  different	
  l-­‐ranges	
  

(e.g.	
  l<800	
  and	
  l<2500).	
  

	
  

• We	
  only	
  use	
  TT	
  data	
  and	
  use	
  a	
  prior	
  on	
  the	
  opRcal	
  

depth	
  𝛕=0.07+-­‐0.02	
  as	
  a	
  proxy	
  of	
  the	
  large	
  scale	
  

polarizaRon	
  data	
  (but	
  we	
  also	
  tested	
  the	
  a	
  prior	
  
𝛕=0.055+-­‐0.01,	
  compaRble	
  with	
  the	
  latest	
  HFI	
  results	
  2016	
  ).	
  

	
  

	
  

	
  

19	
  

“Planck	
  2016	
  intermediate	
  results.	
  LI.	
  Features	
  

in	
  the	
  cosmic	
  microwave	
  background	
  

temperature	
  power	
  spectrum	
  and	
  shiHs	
  in	
  

cosmological	
  parameters	
  ”	
  

arXiv:1608.02487	
  	
  



20	
  

Understanding	
  the	
  shiHs	
  with	
  simulaRons	
  
Differences	
  	
  in	
  parameters	
  

between	
  l<800	
  and	
  l<2500	
  best-­‐

fits:	
  

Parameter	
  shiHs	
  in	
  the	
  data	
  

Parameter	
  shiHs	
  in	
  the	
  

simulaRons,	
  (	
  ~5000	
  sims)	
  

Planck	
  collaboraRon	
  LI	
  2016	
  



Parameter	
  shiHs	
  and	
  their	
  

staRsRcal	
  significance	
  

21	
  

χ2=	
  ΔpT	
  Σ-­‐1	
  Δp	
  

	
  

Δp	
  =	
  p[2-­‐2500]	
  -­‐	
  p[2-­‐800]	
  

PTE=15.9%,	
  equivalent	
  to	
  

1.4σ.	
  

	
  	
  

i.e.	
  15.9%	
  of	
  the	
  sims	
  exceed	
  

the	
  data.	
  Corresponds	
  to	
  the	
  

number	
  of	
  outliers	
  larger	
  than	
  

1.4σ	
  for	
  a	
  1D	
  gaussian.	
  

	
  

The	
  difference	
  is	
  not	
  

staRsRcally	
  very	
  significant.	
  	
  
	
  

χ2	
  of	
  the	
  parameter	
  differences	
  



Significance	
  of	
  biggest	
  outlier	
  

•  The	
  largest	
  outlier	
  in	
  the	
  

data	
  is	
  As	
  e
-­‐2τ,	
  at	
  1.7	
  σ.	
  	
  

•  This	
  includes	
  look	
  

elsewhere	
  effect	
  (there	
  are	
  

6	
  cosmo.	
  parameters,	
  we	
  

picked	
  the	
  one	
  with	
  the	
  

largest	
  shiH).	
  Without	
  

look-­‐elsewhere	
  is	
  2.2σ.	
  



Significances	
  

The	
  differences	
  are	
  not	
  staRsRcally	
  

very	
  significant.	
  	
  



Effect	
  of	
  lower	
  tau-­‐prior	
  
0.01



Consistency	
  between	
  frequencies	
  

Power	
  spectrum	
  features	
  are	
  

very	
  similar	
  across	
  frequencies.	
  

Cosmological	
  parameters	
  

inferred	
  from	
  different	
  

frequencies	
  are	
  in	
  very	
  good	
  

agreement.	
  



What	
  is	
  driving	
  the	
  shiHs	
  between	
  

lmax=800	
  and	
  lmax=2500?	
  

1.  Is	
  there	
  a	
  preference	
  for	
  extra-­‐lensing?	
  

	
  

2.  Is	
  it	
  the	
  low-­‐l	
  anomaly?	
  

26	
  



A	
  slight	
  preference	
  for	
  high	
  lensing	
  in	
  the	
  

power	
  spectrum	
  

•  AL	
  parametrizes	
  amplitude	
  of	
  

lensing	
  power	
  spectrum.	
  

	
  

•  In	
  LCDM+AL	
  model,	
  TT	
  power	
  

spectrum	
  prefers	
  a	
  ~2-­‐sigma	
  

larger	
  lensing	
  amplitude	
  than	
  

LCDM	
  predicRon.	
  	
  

•  We	
  do	
  not	
  think	
  this	
  is	
  	
  

physical,	
  because	
  the	
  lensing	
  

reconstrucRon	
  does	
  not	
  share	
  

this	
  preference	
  for	
  high	
  

amplitude.	
  	
  

•  This	
  could	
  just	
  be	
  a	
  sta?s?cal	
  

fluctua?on	
  in	
  the	
  data.	
  



Lensing	
  in	
  LCDM	
  

Low-­‐l	
  anomaly	
  

Lensing	
  in	
  LCDM+Alens	
  



Low-­‐l	
  “anomaly”	
  

See	
  also	
  Hannestad	
  03,	
  Shafieloo	
  03,	
  

Bennet	
  et	
  al.	
  2011,	
  Mortonson	
  et	
  al.	
  2009	
  and	
  many	
  others	
  

Is	
  it	
  the	
  low-­‐l	
  anomaly?	
  



Lensing	
  in	
  LCDM	
  

Low-­‐l	
  anomaly	
  

Lensing	
  in	
  LCDM+Alens	
  



EliminaRng	
  the	
  low-­‐l	
  reduces	
  further	
  

the	
  parameter	
  shiH.	
  



Conclusions	
  

•  Planck	
  consistent	
  with	
  BAO,	
  SN,	
  BBN.	
  Open	
  issue	
  with	
  
clusters,	
  weak	
  lensing.	
  Tension	
  with	
  direct	
  
measurements	
  of	
  H0.	
  

•  H0	
  tension	
  present	
  also	
  in	
  WMAP+BAO+SN.	
  

•  WMAP	
  and	
  Planck	
  in	
  very	
  good	
  agreement	
  if	
  compared	
  
at	
  same	
  scales.	
  	
  

•  WMAP+SPT	
  do	
  not	
  have	
  staRsRcal	
  power	
  of	
  Planck	
  

•  Planck	
  low-­‐l	
  Planck	
  high-­‐l	
  in	
  good	
  staRsRcal	
  agreement	
  

•  Smoothing	
  of	
  high-­‐l	
  peaks	
  and	
  low-­‐l	
  deficit	
  possibly	
  
responsible	
  for	
  shiHs	
  between	
  low	
  and	
  high-­‐l.	
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