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papers now out 



the Planck detectors 



(nearly) raw data stream 



the sky seen by Planck 

(1 cm) 

(0.3 cm) 
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Planck 2015 raw temperature maps 



planck 2015 component maps 

Maximum posterior intensity maps derived from the joint analysis of Planck, WMAP, and 408MHz observations 



Planck data vs ΛCDM model  



how to constrain parameters 

P (✓|D,H) =
P (D|✓, H)P (✓|H)

P (D|H)
Bayes theorem: 

posterior 
likelihood 

prior 

parameters 
data 

hypothesis 
(e.g. model) 

•  pick a model H with parameters θ, decide on a prior 
•  get code to compute ‘observables’ (camb or CLASS for us) 
•  get likelihood (encapsulates data) 
•  explore posterior with MCMC (e.g. cosmomc) 
•  obtain credible intervals, model probabilities, etc. 



flat LCDM model parameters 

0.03% ! 

ns ≠ 1 

age [Gyr]: 
13.80 ± 0.04 

Ωb ≈ 5% 



curvature 

Ωk=0.000±0.005 (95%) 



2013 à 2015 consistency 

Main analysis changes: 
•  Beams, ‘4K’ lines, orbital dipole calibration: change in amplitude 
•  low-l polarization: change in reionisation optical depth 
•  full mission data (29 months HFI, 48 LFI vs 15.5 both in 2013) 
•  more aggressive sky coverage 
•  minor changes to likelihood and foreground modeling 
(note that shifts in amplitude and τ nearly compensate for σ8!) 



2013 TT power spectrum 



2014 TT power spectrum 



consistency with non-Planck data 

BAO 

BAO 

RSD 

RSD 
•  BAO: good 

except in Ly-α 
•  JLA SN-Ia now 

also okay 
•  H0 unchanged, 

revised anchor: 
H0=70.6±3.3 

•  RSD okay-ish? 



consistency with lensing data 

WL, Heymans et al 

CMB lensing 

•  WL still young technique 
•  CFHTLenS analyses marginally 

compatible with each other 
•  region ~Planck needs high H0 

•  CMB lensing now quite mature 
•  relatively good agreement with 

primary CMB 
•  (still a slight ‘lensing excess’ in 

power spectrum) 



CMB lensing 

(and ~10σ detection of 
 lensing x B-modes) 

(SPT) 

(ACT) 



all the structure in the universe (?) 



dark energy equation of state 

from ensemble of  
w0+(1-a)wa curves 
(we also tried cubic in a) 

PCA 
(we also tried more bins) 

no deviation from w=-1 

(constant w: w=-1.02±0.04)  



testing “modified gravity” 

parameterisation of  
late-time perturbations: 

functions ~ ΩDE(a) 
ΛCDM background 
 
•  no scale de-

pendence detected 
•  deviation driven by 

CMB and WL 
•  CMB lensing pushes 

back to LCDM 

“modification of GR” 
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neutrino masses 

Σ mν < 0.21 eV (95%) 

TT+lowP 
samples 

TT+lowP 
+lensing 

TT+lowP 
+lensing+BAO 

TT+lowP+BAO 



neutrino properties 

•  significant detection of “neutrino anisotropies” 
•  compatible with expected values 



relativistic degrees of freedom 

•  expected value consistent with data 
•  zero is not consistent 
•  Neff = 4 starts to be excluded (but model dependent) 
•  no sign of any extra light degrees of freedom 



dark matter annihilation 

Most of parameter space 
preferred by AMS-02/ 
Pamela/Fermi ruled out 
at 95%, under the 
assumption 
<σv>(z=100)= 

 <σv>(z=0) 
 
Thermal Relic cross 
sections at z~1000 ruled 
out for: 
m~<40 GeV (e-e+) 
m~<20 GeV (µ+µ-) 
m~<10 GeV (τ+τ-). 
 
 
Only a small part of the 
parameter space 
preferred by Fermi GC is 
excluded 

no detection of any energy 
injection in data 



inflation 

•  2015 consistent with 2013 results, Bicep2-Keck also consistent 
•  no significant evidence for features in initial power spectrum 



primordial nG 

•  Constraints based on T+E (2015) confirm temperature results 
and reduce error bars significantly 
•  2013 "hints" of non-Gaussianity in oscillatory feature models 
remain in temperature, but generally decrease in significance 
when polarization is included 
•  The 2015 analysis contains greatly extended template family 

and trispectrum: 
glocal
NL

= (�9.0± 7.7)⇥ 104



cosmic defects 

NG: Nambu Goto 
AH: Abelian Higgs 

SL: semilocal 
TX: texture 

•  (NG model changed significantly) 
 
•  TT not so different from last year 
•  Polarisation has big impact 
•  (B-modes are nearly as strong) 

(TT+lowP) 

(TT,TE,EE 
+lowP) 



conclusions 

status: 
•  new 2015 Planck data is a significant improvement over 2013 (better 

processing, more data, polarisation) 
•  flat ΛCDM continues to be a good fit to combined CMB, distance and 

large scale structure data 
•  scalar fluctuations consistent with pure adiabatic modes with 

featureless power spectrum 
•  no primordial non-Gaussianity detected, no defects, CMB anomalies 

similar to 2013 
•  no sign of extra light d.o.f., neutrinos behave as expected 
•  Planck 2015 release contains many more things! 

outlook: 
•  CMB: Planck ends 2016, next: B-modes, lensing, spectral distortions 
•  LSS: DES ongoing, MS-DESI soon; Euclid satellite, SKA, LSST: 2020+ 





SZ clusters 

WL 
WL +CMB 

•  cosmological constraints fully 
degenerate with mass bias 

•  widely varying results from 
different lensing approaches 

•  use spread as indication of 
systematics? if so then no 
disagreement with Planck CMB 



ISW cross-corr. 

(there is a funny issue when 
stacking CMB anisotropies at 
locations of known structures) 



astroparticle signals 



annihilation and energy injection 

pann 

(effectively z~600) 



energy injection and ionisation 

pann 



annihilation constraints 





reionisation 

•  low-l polarization is hard 
(systematics, polarized 
foregrounds) 

•  WMAP9: τ=0.089±0.014 
•  Planck 353GHz cleaned 

WMAP9: τ=0.075±0.013 
•  Planck low-l polarisation 

alone: τ=0.067±0.022 
•  TT+lowP: τ=0.078±0.019 
•  low-l polar independent 

TT+lensing+BAO: 
τ=0.067±0.016 

(CMB lensing breaks Ase-2τ 
degeneracy of TT) à reionization around z ≈ 8 to 10 

Ly-α opacity: reionisation complete by z ≈ 6 
difficult to reconcile with high optical depth from WMAP 



dark energy 

effective quintessence 
w(z) = w0 + (1-a)wa 

•  Planck and WL prefer high H0 and the ‘phantom domain’ 
•  no deviation from LCDM when adding BAO+JLA+H0 
•  const w: w=-1.02±0.04 (TT,TE,EE+lowP+lensing+ext) 



quintessence landscape 

εs ≈ 3/2(1+w) 
ε∞ early time 

similar to scalar 
field inflation 



early dark energy 

TT,TE,EE+lowP+BSH: 
Ωe < 0.0036  @95% 
w0 < -0.94    @95% 

[if DE important for z ≤ 50 only  
then Ωe ≤ 2% (95%CL)] 



effective field theory of DE 

à non-minimally coupled 
    K-essence model 



“modified gravity” 

parameterisation of  
late-time perturbations: 

functions ~ ΩDE(a) 
ΛCDM background 
 
•  no scale dependence 

detected 
•  deviation driven by 

CMB and WL 



evolution of deviation 

DE related parameterization: 
•  ΔΧ2 = -6.3    (Planck TT+lowP) 
•  ΔΧ2 = -10.6  (Planck TT+lowP+WL) 
•  ΔΧ2 = -10.8  (Planck TT+lowP+WL+BAO/RSD) 
•  roughly 3σ when projected on single combination 



MG impact on observables 

best-fit model 
is similar to 
-- model 
 
CMB data 
prefers lower 
low-l value 
and higher 
lensing in TT 
 
BUT NOT in the 
4-point lensing 
à CMB lensing 
prefers LCDM! 
 
à doesn’t look 
very significant 
after all J 



f(R) models 

universal but non-minimal coupling 

4 orders of magnitude 
improvement from RSD! 

best limit:  
TT+lowP+lensing+WL 
   +BAO/RSD 
B0<0.8x10-4  (95% CL) 

LCDM background 



coupled quintessence 

coupling strength β only to CDM 
à no screening mechanism 
à non-universal coupling 

Planck+BSH give 2.5σ tension 
with LCDM 
 
but no improvement in Χ2! 
à volume effect from marginalisation? 


