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2015	
  Release	
  

•  28	
  papers	
  
•  Disclaimer:	
  this	
  talk	
  

will	
  cover	
  only	
  a	
  very	
  
small	
  part	
  of	
  all	
  these	
  
results!	
  
–  Cosmological	
  

parameters	
  (February	
  
2015)	
  

–  Likelihood	
  (July	
  2015)	
  



CMB	
  in	
  2	
  slides	
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CMB	
  is	
  an	
  extremely	
  rich	
  
	
  source	
  of	
  informa5on	
  about	
  our	
  universe!	
  



CMB	
  PolarizaCon	
  
•  PolarizaCon	
  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	
  



The	
  Planck	
  mission	
  
l  Third	
  generaCon	
  satellite	
  missions.	
  
l  Launched	
  in	
  2009	
  to	
  L2,	
  operated	
  

unCl	
  2013.	
  
	
  
	
  
	
  

WMAP 

COBE 

Planck 

Credit: modified from Nasa. 

L2	
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9	
  Frequencies,	
  2	
  instruments	
  

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 

 

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. 



What	
  changed	
  since	
  2013?	
  



4	
  things	
  that	
  changed	
  since	
  2013	
  and	
  
that	
  are	
  relevant	
  for	
  cosmology	
  

1.   Full	
  mission	
  data	
  (more	
  than	
  double	
  w.r.t.	
  2013).	
  
Also	
  use	
  smaller	
  galacCc	
  masks.	
  

2.   Calibra5on	
  -­‐>	
  +2%.	
  Planck	
  2015	
  and	
  WMAP	
  now	
  
perfectly	
  agree	
  

3.   Systema5cs	
  becer	
  handled	
  (e.g.	
  l~1800	
  dip	
  due	
  to	
  
the	
  4K	
  line).	
  	
  

4.   Polariza5on.	
  	
  
1.   Low-­‐l	
  	
  (large	
  scales,	
  l<30)	
  polarizaCon	
  from	
  Planck	
  LFI	
  

instead	
  of	
  WMAP9	
  polariza5on	
  (used	
  in	
  2013)	
  to	
  
constrain	
  reionizaCon.	
  	
  

2.   High-­‐l	
  (small	
  scales,	
  l>30)	
  polarizaCon	
  from	
  HFI.	
  



Planck 2015 
Temperature anisotropies 

4K	
  line	
  

Error	
  bars	
  

CalibraCon	
  

Planck 2013 
Temperature anisotropies 

4K	
  line	
  

Error	
  bars	
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2015	
  PolarizaCon	
  power	
  spectra	
  

EE	
  

TE	
  

Planck	
  2015	
  
Pre-­‐Planck	
  measurements	
  



CMB	
  lensing	
  

1)	
  Modifies	
  the	
  angular	
  power	
  spectrum	
  at	
  high-­‐l	
  	
  
(e.g.smooths	
  the	
  peaks/throughs)	
  
	
  

Planck	
  detects	
  lensing	
  in	
  the	
  angular	
  
power	
  spectrum	
  at	
  10σ!	
  

2)	
  Breaks	
  isotropy	
  of	
  the	
  CMB.	
  
Lensing	
  potenCal	
  reconstructed	
  from	
  the	
  
non-­‐gaussian	
  4-­‐point	
  correlaCon	
  
funcCon.	
  

	
  
	
  

Planck	
  2015	
  detects	
  lensing	
  from	
  4-­‐p.	
  
funcCon	
  at	
  40σ!	
  	
  

(25σ in 2013)	
  



Results	
  on	
  ΛCDM	
  



ΛCDM	
  results	
  from	
  TT	
  	
  

2013=Planck	
  Nominal	
  2013	
  TT+low-­‐l	
  WMAP	
  polarizaCon	
  
2015=Planck	
  Full	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  2015	
  TT+low-­‐l	
  Planck	
  LFI	
  polarizaCon.	
  	
  

•  Very	
  good	
  consistency	
  between	
  2013-­‐2015.	
  
	
  

•  Error	
  bars	
  improved	
  by	
  ~30%	
  
	
  

•  CalibraCon	
  change	
  shiks	
  109Ase−2τ.	
  	
  	
  
•  2015	
  constraint	
  on	
  opCcal	
  depth	
  weaker	
  and	
  lower	
  than	
  2013.	
  
We	
  use	
  large	
  scale	
  polarizaCon	
  from	
  Planck	
  LFI	
  !	
  

	
  	
  
	
  
	
  	
  

+3.5	
  sigma	
  shiS	
  

-­‐1	
  sigma	
  shiS	
  
30%	
  weaker	
  	
  
constraint	
  



Excellent	
  agreement	
  	
  
between	
  TT,	
  TE	
  and	
  EE	
  
Despite	
  remaining	
  uncharacterized	
  systema5cs	
  in	
  polariza5on	
  at	
  
muK2	
  level	
  	
  
Improvement	
  in	
  error	
  bars	
  up	
  to	
  50%	
  

Planck	
  2015	
  Polariza5on	
  at	
  high-­‐l	
  



•  ΛCDM	
  is	
  very	
  good	
  fit	
  to	
  the	
  data	
  
•  Remaining	
  systemaCcs	
  present	
  in	
  

polarizaCon	
  spectra,	
  possibly	
  due	
  to	
  
unaccounted	
  beam	
  missmatch.	
  

ΛCDM	
  best	
  fit	
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Comparison	
  with	
  other	
  datasets:	
  
BAO  

Direct measurements H0 Cluster counts (σ8-Ωm) 

Supernovae (Ωm) 

H0=67.8±0.92 
(PlanckTT+lowP+lensing) 
 
 
H0=72.8±2.4    [2σ tension] 
(Riess+11) 
 
H0=70.6 ± 3.3  [1σ tension] 
(Efstathiou+14) 
 
H0=74.3 ± 2.6  [2.5σ tension] 
(Freedman+12) 
 
 
 
 

[in Km/s/Mpc] 

Planck collaboration XXIV 

Betoule	
  et	
  al.	
  2014	
  

Weak Lensing (σ8-Ωm) 

VS	
  



Extensions	
  of	
  ΛCDM	
  



Curvature:	
  
CompaCble	
  with	
  flatness	
  at	
  the	
  

level	
  of	
  10-­‐3	
  
	
  

Sum	
  of	
  neutrino	
  masses:	
  
Bound	
  already	
  stronger	
  than	
  what	
  
achievable	
  by	
  Katrin	
  (triCum	
  beta	
  

decay)	
  
	
  

Number	
  of	
  relaCvisCc	
  species:	
  
CompaCble	
  with	
  standard	
  

prediCon	
  	
  Neff=3.046	
  with	
  3	
  acCve	
  
neutrinos	
  

	
  
Helium	
  abundance	
  

Good	
  agreement	
  with	
  
measurements	
  of	
  primordial	
  

abundances	
  and	
  BBN	
  predicCons	
  
	
  

Running	
  of	
  the	
  scalar	
  spectral	
  
index	
  

CompaCble	
  with	
  no	
  running	
  
	
  
	
  

(PlanckTT+lowP+Lensing+BAO)	
  

(PlanckTT+lowP+Lensing+ext)	
  

(PlanckTT+lowP)	
  

(PlanckTT+lowP)	
  

(PlanckTT+lowP)	
  

Excellent	
  agreement	
  with	
  ΛCDM!	
  



Curvature:	
  
CompaCble	
  with	
  flatness	
  at	
  the	
  

level	
  of	
  10-­‐3	
  
	
  

Sum	
  of	
  neutrino	
  masses:	
  
Bound	
  already	
  stronger	
  than	
  what	
  
achievable	
  by	
  Katrin	
  (triCum	
  beta	
  

decay)	
  
	
  

Number	
  of	
  relaCvisCc	
  species:	
  
CompaCble	
  with	
  standard	
  

prediCon	
  	
  Neff=3.046	
  with	
  3	
  acCve	
  
neutrinos	
  

	
  
Helium	
  abundance	
  

Good	
  agreement	
  with	
  
measurements	
  of	
  primordial	
  

abundances	
  and	
  BBN	
  predicCons	
  
	
  

Running	
  of	
  the	
  scalar	
  spectral	
  
index	
  

CompaCble	
  with	
  no	
  running	
  
	
  
	
  

(PlanckTT+lowP+Lensing+BAO	
  +TE+EE)	
  

(PlanckTT+lowP+Lensing+ext+TE+EE)	
  

(PlanckTT+lowP+TE+EE)	
  

(PlanckTT+lowP+TE+EE)	
  

(PlanckTT+lowP+TE+EE)	
  

High-­‐l	
  PolarizaCon	
  further	
  improves	
  constraints!	
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Planck TT,EE,TE+lowP
WMAP9
CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

PolarizaCon	
  is	
  powerful:	
  Dark	
  Macer	
  AnnihilaCon	
  

Most  of parameter space 
preferred by AMS-02/
Pamela/Fermi ruled out at 
95%, under the assumption 
<σv>(z=1000)=<σv>(z=0) 

Thermal Relic cross 
sections at z~1000 ruled 
out for:  
 
m~<40 GeV  (e-e+)  
m~<16 GeV  (µ+µ-) 
m~<10 GeV  (τ+τ-). 

Only a small part of the 
parameter space 
preferred by Fermi GC is 
excluded 

95% cl 

★   Calore et al. 2014 

� Cholis and Hooper 2013 

dE
dt

= ρc
2c2ΩDM

2 (1+ z)6 feff
<σ v >
mχ



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	
  predicCon.	
  	
  

•  We	
  do	
  not	
  think	
  this	
  is	
  	
  physical,	
  
because	
  the	
  lensing	
  
reconstrucCon	
  does	
  not	
  share	
  
this	
  preference	
  for	
  high	
  
amplitude.	
  	
  

•  This	
  could	
  s5ll	
  just	
  be	
  an	
  
unlucky	
  sta5s5cal	
  fluctua5on	
  of	
  
the	
  data.	
  It	
  has	
  an	
  impact	
  on	
  
extensions	
  of	
  LCDM	
  whichcan	
  
provide	
  a	
  larger	
  lensing	
  
amplitude	
  in	
  the	
  power	
  
spectrum.	
  



Small	
  deviaCons	
  of	
  LCDM	
  due	
  to	
  the	
  
preference	
  of	
  lensing	
  

•  To	
  obtain	
  more	
  lensing	
  in	
  the	
  power	
  spectrum,	
  one	
  can	
  have:	
  
–  NegaCve	
  Ωk	
  (posiCve	
  curvature)	
  	
  
–  NegaCve	
  	
  	
  dark	
  energy	
  equaCon	
  of	
  state	
  	
  
–  Modified	
  gravity	
  models	
  that	
  modify	
  perturbaCons	
  

•  BUT!	
  StaCsCcally	
  not	
  very	
  significant.	
  AddiConally,	
  lensing	
  
reconstrucCon	
  does	
  not	
  share	
  this	
  preference	
  for	
  higher	
  
amplitude	
  amplitude,	
  it	
  drives	
  back	
  the	
  constraints	
  closer	
  to	
  
LCDM.	
  

95%	
  c.l.	
  



The	
  BICEP	
  story	
  

•  March	
  2014:	
  BICEP2	
  claims	
  detecCon	
  of	
  
in	
  tension	
  with	
  Planck	
  constraints	
  from	
  TT	
  alone,	
  
r<0.11,	
  unless	
  open	
  extensions	
  of	
  LCDM.	
  	
  

•  May	
  2014:	
  Flauger+	
  2014,	
  Mortonson	
  &	
  Seljak	
  2014	
  
noCce	
  high	
  contaminaCon	
  of	
  dust,	
  Planck	
  collaboraCon	
  
(PIP	
  XIX)	
  publishes	
  at	
  intermediate	
  laCtudes	
  higher	
  
dust	
  polarizaCon	
  fracCon	
  then	
  assumed	
  in	
  BICEP	
  
foregrounds	
  models.	
  

•  September	
  2014:	
  Planck	
  collaboraCon	
  publishes	
  results	
  
on	
  dust	
  	
  polarizaCon	
  at	
  high	
  laCtudes.	
  Dust	
  can	
  
account	
  for	
  all	
  the	
  signal	
  observed	
  by	
  BICEP2.	
  	
  

DETECTION OF B-MODES BY BICEP2 17

FIG. 13.— Indirect constraints on r from CMB temperature spectrum mea-
surements relax in the context of various model extensions. Shown here is
one example, following Planck Collaboration XVI (2013) Figure 23, where
tensors and running of the scalar spectral index are added to the base ⇤CDM
model. The contours show the resulting 68% and 95% confidence regions
for r and the scalar spectral index ns when also allowing running. The red
contours are for the “Planck+WP+highL” data combination, which for this
model extension gives a 95% bound r < 0.26 (Planck Collaboration XVI
2013). The blue contours add the BICEP2 constraint on r shown in the center
panel of Figure 10. See the text for further details.

To fully exploit this unprecedented sensitivity we have ex-
panded our analysis pipeline in several ways. We have added
an additional filtering of the timestream using a template tem-
perature map (from Planck) to render the results insensitive to
temperature to polarization leakage caused by leading order
beam systematics. In addition we have implemented a map
purification step that eliminates ambiguous modes prior to B-
mode estimation. These deprojection and purification steps
are both straightforward extensions of the kinds of linear fil-
tering operations that are now common in CMB data analysis.

The power spectrum results are perfectly consistent with
lensed-⇤CDM with one striking exception: the detection of a
large excess in the BB spectrum in exactly the ` range where
an inflationary gravitational wave signal is expected to peak.
This excess represents a 5.2� excursion from the base lensed-
⇤CDM model. We have conducted a wide selection of jack-
knife tests which indicate that the B-mode signal is common
on the sky in all data subsets. These tests offer very strong
empirical evidence against a systematic origin for the signal.

In addition we have conducted extensive simulations using
high fidelity per channel beam maps. These confirm our un-
derstanding of the beam effects, and that after deprojection
of the two leading order modes, the residual is far below the
level of the signal which we observe.

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
our maps.

Taking cross spectra against 100 GHz maps from BICEP1
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

we find significant correlation and set a constraint on the spec-
tral index of the signal consistent with CMB, and disfavoring
synchrotron and dust by 2.3� and 2.2� respectively. The fact
that the BICEP1 and Keck Array maps cross correlate is pow-
erful further evidence against systematics.

The simplest and most economical remaining interpretation
of the B-mode signal which we have detected is that it is due
to tensor modes — the IGW template is an excellent fit to
the observed excess. We therefore proceed to set a constraint
on the tensor-to-scalar ratio and find r = 0.20+0.07

-0.05 with r = 0
ruled out at a significance of 7.0�. Multiple lines of evidence
have been presented that foregrounds are a subdominant con-
tribution: i) direct projection of the best available foreground
models, ii) lack of strong cross correlation of those models
against the observed sky pattern (Figure 6), iii) the frequency
spectral index of the signal as constrained using BICEP1 data
at 100 GHz (Figure 8), and iv) the spatial and power spectral
form of the signal (Figures 3 and 10).

Subtracting the various dust models and re-deriving the r
constraint still results in high significance of detection. For
the model which is perhaps the most likely to be close to re-
ality (DDM2 cross) the maximum likelihood value shifts to
r = 0.16+0.06

-0.05 with r = 0 disfavored at 5.9�. These high val-
ues of r are in apparent tension with previous indirect limits
based on temperature measurements and we have discussed
some possible resolutions including modifications of the ini-
tial scalar perturbation spectrum such as running. However
we emphasize that we do not claim to know what the resolu-
tion is.

Figure 14 shows the BICEP2 results compared to previous
upper limits. The long search for tensor B-modes is appar-
ently over, and a new era of B-mode cosmology has begun.

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and
Technology Development Fund and grants 06-ARPA206-
0040 and 10-SAT10-0017 from the NASA APRA and SAT



The	
  Bicep2/Keck+Planck	
  analysis	
  
•  February	
  2015:	
  Joint	
  analysis	
  Bicep2/Keck+Planck	
  collaboraCons	
  
•  Used	
  all	
  auto	
  and	
  cross-­‐spectra	
  BB	
  of	
  BICEP2/Keck	
  at	
  150	
  and	
  Planck	
  at	
  

217,	
  353	
  (detsets)	
  at	
  l=20-­‐200.	
  
•  Dust:	
  power	
  law	
  with	
  Dl~l-­‐0.4	
  and	
  	
  modified	
  black	
  body	
  frequency	
  spectrum	
  

(Fixed	
  Td,	
  prior	
  on	
  β)	
  
•  Standard	
  ΛCDM	
  +	
  r	
  +	
  Ad	
  

	
  

r	
  	
   Ad	
  	
  

•  r	
  =0.048±0.035,	
  r	
  <	
  0.12	
  at	
  95%	
  C.L.	
  
•  5.1	
  sigma	
  detecCon	
  of	
  dust	
  power	
  
•  Adding	
  Planck	
  TT,	
  r<0.08.	
  

Planck,	
  Bicep	
  &	
  Keck	
  collaboraCons	
  2015	
  



Current	
  constraints	
  
•  BICEP2/Keck	
  data	
  at	
  150GHz	
  and	
  95GHz	
  
•  Planck	
  polarized	
  (30–353	
  GHz)	
  +WMAP	
  23	
  &	
  33GHz	
  
•  ΛCDM	
  +	
  r	
  +	
  Ad+As	
  

BK+Planck+WMAP,	
  BB	
  alone	
  

PlanckTT+lowP+lensing+BSH	
  

BK+Planck+WMAP,	
  BB	
  +	
  
PlanckTT+lowP+lensing+BSH	
  
	
  

•  For	
  the	
  first	
  Cme,	
  constraints	
  from	
  BB	
  alone	
  are	
  stronger	
  than	
  the	
  
ones	
  from	
  TT	
  .	
  

•  CombinaCon	
  of	
  Planck	
  TT+BB	
  data	
  and	
  BICEP/KECK	
  BB	
  provides	
  
strongest	
  constraints	
  on	
  tensor	
  to	
  scalar	
  raCo	
  to	
  date.	
  

BICEP2&KECK	
  2015	
  (1510.09217)	
  



What’s	
  next?	
  upcoming	
  

Modified	
  from	
  Wacs	
  2015	
  

r<~10-­‐2	
  
	
  

CLASS	
  (	
   )	
  



What’s	
  next?	
  <2020	
  

Errard+	
  2015	
  

r<~10-­‐3	
  
(when	
  combined	
  with	
  

Planck)	
  

Advanced	
  ACTpol	
  (ground)	
  

BICEP3+KECK	
  (ground)	
  

CLASS	
  (ground)	
  

EBEX	
  10K	
  (balloon)	
  

PIPER	
  (balloon)	
  

SIMONS	
  Array	
  (ground)	
  

Spider	
  (balloon)	
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  >2020	
  

COrE	
  (satellite)	
  

LiteBIRD-­‐ext	
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  2015	
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