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The	  Planck	  2015	  temperature	  map	  



The	  Planck	  2015	  polariza2on	  map	  

Fluctua2ons	  larger	  than	  10	  degrees	  have	  been	  removed	  



Health	  warning	  

•  All	  results	  involving	  2015	  E-‐polariza2on	  are	  
considered	  preliminary	  

•  The	  idea	  is	  that	  if	  E	  results	  agree	  with/
reinforce	  T	  results,	  then	  it	  makes	  us	  feel	  good.	  

•  No	  physics	  alarm	  bells	  ring	  if	  T	  and	  E	  do	  not	  
agree	  -‐	  it	  could	  well	  be	  a	  residual	  systema2c.	  

•  The	  final	  2016	  polariza2on	  data	  set	  is	  
expected	  to	  be	  much	  beTer	  characterized	  



Planck 2013 
Temperature anisotropies 



Planck 2015 
Temperature anisotropies 





Best fit 𝜦CDM model 
 
Coadded, foreground cleaned 
spectrum 
Residual beam mismatch 
expected dominant residual contribution at muK2 level 



Pre Planck 2015 state of the art 
Crites et al. 2014 



Excellent agreement between 
TT, TE and EE in parameter 
analyses 
Despite remaining uncharacterized systematics in 
polarization at muK2 level 

Conditionals on TT 



10º 

Unlensed 

2’	  deflec2on	  	  
5’	  beam	  

Photon	  paths	  are	  deflected	  when	  	  
crossing	  the	  large	  scale	  structure	  

gravita2onal	  wells	  



Photon	  paths	  are	  deflected	  when	  	  
crossing	  the	  large	  scale	  structure	  

gravita2onal	  wells	  

10º 

Lensed 

2’	  deflec2on	  	  
5’	  beam	  



Lensing	  is	  detected	  at	  40σ	  	  
(25σ	  in	  2013)	  

Reconstructed	  	  lensing	  map	  
Map	  of	  the	  dark	  maTer	  distribu2on	  at	  large	  scales,	  at	  z	  ~	  2	  



Baryon	  Acous2c	  
Oscilla2ons	  

Good agreement between CMB 
and BAO. 
 

BAO provides a geometrical 
constraint 
BAO helps tighten the matter 
density constraints. 



A	  flat	  universe	  with	  dark	  energy	  
	  



Neutrino	  masses	  
1. Total neutrino mass Mν = Σmν#

 
•  With lensing extraction: 
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Fig. 24. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands are a conservative constraint H0 = 70.6 ±
3.3 (Efstathiou 2014)). Solid black contours show the con-
straint from Planck TT+lowP+lensing (which mildly prefers
larger masses), and filled counters are the joint constraint Planck
TT+lowP+lensing+BAO.

6.3. Neutrino physics and constraints on relativistic
components

In the following subsections, we update Planck constraints on
the mass of standard (active) neutrinos, additional relativistic de-
grees of freedom, models with a combinations of the two, and
models where that are massive sterile neutrinos. In each subsec-
tion we emphasise the Planck-only constraint, and the implica-
tions of the Planck result for late-time cosmological parameters
measured by other observations. We then give with a brief dis-
cussion of tensions between Planck and some discordant exter-
nal data, and whether any of these model extensions can help
to resolve them. Finally we give constraints on neutrino interac-
tions.

6.3.1. Constraints on the total mass of active neutrinos

Detection of neutrino oscillations has proved that neutrinos have
mass. The Planck base model assumes a minimal standard mass
hierarchy with

P
m⌫ ⇡ 0.06 eV, but less minimal masses are

possible, and also a degenerate hierarchy with
P

m⌫ >⇠ 0.1 eV. At
this time there are no compelling theoretical reasons to strongly
prefer any of these possibilities, so an extension of the base
model allowing for larger masses is perhaps one of the most
well motivated. There has also been significant recent interest in
larger masses as a possible way to lower �8, the late-time fluctu-
ation amplitude, as apparently preferred by various lensing and
cluster observations. Though model dependent, constraints from
cosmology on the total mass are already significantly stronger
than from beta decay.

Here we give constraints assuming three species of degener-
ate massive neutrinos, neglecting the small di↵erences in mass
expected from the observed mass splittings. At the level of sen-
sitivity of Planck this is an accurate approximation, but note
that it does not quite match continuously onto the base model
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Fig. 25. Constraints on
P

m⌫ for various data combinations.

(which assumes two massless and one massive neutrino withP
m⌫ = 0.06 eV).

Masses well below 1 eV only have a mild e↵ect on the shape
of the CMB power spectra, since they became non-relativistic
after recombination, and the e↵ect on the background can be
compensated by changes in H0 to keep the same observed an-
gular scale ✓⇤. There is however some small e↵ect as the neutri-
nos starts to become less relativistic at recombination (e.g. early
ISW), and from the late-time e↵ect on lensing on the power spec-
trum. The Planck power spectrum constraints are (95%):
X

m⌫ < 0.71 eV (Planck TT+lowP) (35a)
X

m⌫ < 0.21 eV (Planck TT+lowP+ BAO) (35b)
X

m⌫ < 0.47 eV (Planck TT,TE,EE+lowP) (35c)
X

m⌫ < 0.18 eV (Planck TT,TE,EE+lowP+BAO). (35d)

The Planck TT+lowP constraint has a broad tail to high masses,
as shown in Fig. 24, which also illustrates the acoustic scale
degeneracy with H0. Larger masses imply a lower �8 through
the e↵ects of neutrino free streaming on structure formation, but
the larger masses also require a lower Hubble parameter, which
increases the tension with direct measurements. Masses below
⇠ 0.4 eV can be an acceptable fit to the direct measurements,
and the combination with BAO helps to break the acoustic scale
degeneracy and tightens the constraint around zero.

As discussed in detail in Planck Collaboration XVI (2014),
the lensing data favours slightly tilted spectra compared
to ⇤CDM, which slightly favours moderate neutrino mass.
Combined with the CMB power spectrum, which prefers more
lensing smoothing and hence minimal neutrino mass, the joint
+lensing constraint has less weight very near zero, as shown in
Fig. 25. However the tail to high masses is now slightly smaller,
giving a slight improvement on the Planck TT+lowP result
X

m⌫ < 0.68 eV (95%,Planck TT+lowP+lensing). (36)

The polarization spectra improve the constraint significantly, but
lensing weakens it slightly to
X

m⌫ < 0.54 eV (95%,Planck TT,TE,EE+lowP+lensing).
(37)
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Fig. 24. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands are a conservative constraint H0 = 70.6 ±
3.3, Eq. (29)). Solid black contours show the constraint
from Planck TT+lowP+lensing (which mildly prefers larger
masses), and filled counters are the joint constraint Planck
TT+lowP+lensing+BAO.

cosmology on the total mass are already significantly stronger
than from beta decay.

Here we give constraints assuming three species of degener-
ate massive neutrinos, neglecting the small di↵erences in mass
expected from the observed mass splittings. At the level of sen-
sitivity of Planck this is an accurate approximation, but note
that it does not quite match continuously onto the base model
(which assumes two massless and one massive neutrino withP

m⌫ = 0.06 eV).
Masses well below 1 eV only have a mild e↵ect on the shape

of the CMB power spectra, since they became non-relativistic
after recombination, and the e↵ect on the background can be
compensated by changes in H0 to keep the same observed an-
gular scale ✓⇤. There is however some small e↵ect as the neutri-
nos starts to become less relativistic at recombination (e.g. early
ISW), and from the late-time e↵ect on lensing on the power spec-
trum. The Planck power spectrum constraints are (95%):
X

m⌫ < 0.72 eV (Planck TT+lowP) (49a)
X

m⌫ < 0.21 eV (Planck TT+lowP+ BAO) (49b)
X

m⌫ < 0.48 eV (Planck TT,TE,EE+lowP) (49c)
X

m⌫ < 0.16 eV (Planck TT,TE,EE+lowP+BAO). (49d)

The Planck TT+lowP constraint has a broad tail to high masses,
as shown in Fig. 24, which also illustrates the acoustic scale
degeneracy with H0. Larger masses imply a lower �8 through
the e↵ects of neutrino free streaming on structure formation, but
the larger masses also require a lower Hubble parameter, which
increases the tension with direct measurements. Masses below
⇠ 0.4 eV can be an acceptable fit to the direct measurements,
and the combination with BAO helps to break the acoustic scale
degeneracy and tightens the constraint around zero. The polar-
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Fig. 25. Constraints on
P

m⌫ for various data combinations.

ization helps tighten the constraint, but the improvement in the
joint BAO constraint is not currently stable between likelihoods.

As discussed in detail in Planck Collaboration XVI (2014)
and Sec. 5.1, the Planck CMB power spectra prefer somewhat
more lensing smoothing than predicted in ⇤CDM (allowing the
lensing amplitude to vary gives AL > 1 at just over two sigma).
The neutrino mass constraint from the power spectra is there-
fore quite tight, since increasing the mass lowers the predicted
smoothing even further compared to ⇤CDM. On the other hand
the lensing reconstruction data, which directly probes the lens-
ing power, prefers lensing amplitudes in the lower range of those
predicted in ⇤CDM. The Planck+lensing constraint therefore
pulls constraints slightly away from zero towards higher neu-
trino masses, as shown in Fig. 25. Although there is less weight
at zero, the lensing data are also incompatible with very large
masses, and this leads to less probability in the high-mass tail,
and joint 95% limit is actually tighter than the Planck TT+lowP
result:
X

m⌫ < 0.70 eV (95%,Planck TT+lowP+lensing). (50)

The polarization spectra improve the constraint significantly, but
lensing weakens it slightly to
X

m⌫ < 0.58 eV (95%,Planck TT,TE,EE+lowP+lensing).
(51)

We take the combined constraint including BAO, JLA and H0
(“ext”) as our best limit
P

m⌫ < 0.23 eV
⌦⌫h2 < 0.0025

9>>=
>>; (95%, Planck TT+lowP+lensing+ext).

(52)
This is weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, which is less stable but
tighter in both CamSpec and Plik despite systematics, and
hence should be conservative. Marginalizing over the range
of neutrino masses, the Planck constraints on the late-time
parameters are then

H0 = 67.7 ± 0.6
�8 = 0.81+0.025

�0.012

9>>=
>>; (68%, Planck TT+lowP+lensing+ext).

(53)
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Fig. 24. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands are a conservative constraint H0 = 70.6 ±
3.3, Eq. (29)). Solid black contours show the constraint
from Planck TT+lowP+lensing (which mildly prefers larger
masses), and filled counters are the joint constraint Planck
TT+lowP+lensing+BAO.

cosmology on the total mass are already significantly stronger
than from beta decay.

Here we give constraints assuming three species of degener-
ate massive neutrinos, neglecting the small di↵erences in mass
expected from the observed mass splittings. At the level of sen-
sitivity of Planck this is an accurate approximation, but note
that it does not quite match continuously onto the base model
(which assumes two massless and one massive neutrino withP

m⌫ = 0.06 eV).
Masses well below 1 eV only have a mild e↵ect on the shape

of the CMB power spectra, since they became non-relativistic
after recombination, and the e↵ect on the background can be
compensated by changes in H0 to keep the same observed an-
gular scale ✓⇤. There is however some small e↵ect as the neutri-
nos starts to become less relativistic at recombination (e.g. early
ISW), and from the late-time e↵ect on lensing on the power spec-
trum. The Planck power spectrum constraints are (95%):
X

m⌫ < 0.72 eV (Planck TT+lowP) (49a)
X

m⌫ < 0.21 eV (Planck TT+lowP+ BAO) (49b)
X

m⌫ < 0.48 eV (Planck TT,TE,EE+lowP) (49c)
X

m⌫ < 0.16 eV (Planck TT,TE,EE+lowP+BAO). (49d)

The Planck TT+lowP constraint has a broad tail to high masses,
as shown in Fig. 24, which also illustrates the acoustic scale
degeneracy with H0. Larger masses imply a lower �8 through
the e↵ects of neutrino free streaming on structure formation, but
the larger masses also require a lower Hubble parameter, which
increases the tension with direct measurements. Masses below
⇠ 0.4 eV can be an acceptable fit to the direct measurements,
and the combination with BAO helps to break the acoustic scale
degeneracy and tightens the constraint around zero. The polar-
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m⌫ for various data combinations.

ization helps tighten the constraint, but the improvement in the
joint BAO constraint is not currently stable between likelihoods.

As discussed in detail in Planck Collaboration XVI (2014)
and Sec. 5.1, the Planck CMB power spectra prefer somewhat
more lensing smoothing than predicted in ⇤CDM (allowing the
lensing amplitude to vary gives AL > 1 at just over two sigma).
The neutrino mass constraint from the power spectra is there-
fore quite tight, since increasing the mass lowers the predicted
smoothing even further compared to ⇤CDM. On the other hand
the lensing reconstruction data, which directly probes the lens-
ing power, prefers lensing amplitudes in the lower range of those
predicted in ⇤CDM. The Planck+lensing constraint therefore
pulls constraints slightly away from zero towards higher neu-
trino masses, as shown in Fig. 25. Although there is less weight
at zero, the lensing data are also incompatible with very large
masses, and this leads to less probability in the high-mass tail,
and joint 95% limit is actually tighter than the Planck TT+lowP
result:
X

m⌫ < 0.70 eV (95%,Planck TT+lowP+lensing). (50)

The polarization spectra improve the constraint significantly, but
lensing weakens it slightly to
X

m⌫ < 0.58 eV (95%,Planck TT,TE,EE+lowP+lensing).
(51)

We take the combined constraint including BAO, JLA and H0
(“ext”) as our best limit
P

m⌫ < 0.23 eV
⌦⌫h2 < 0.0025

9>>=
>>; (95%, Planck TT+lowP+lensing+ext).

(52)
This is weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, which is less stable but
tighter in both CamSpec and Plik despite systematics, and
hence should be conservative. Marginalizing over the range
of neutrino masses, the Planck constraints on the late-time
parameters are then

H0 = 67.7 ± 0.6
�8 = 0.81+0.025

�0.012
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>>; (68%, Planck TT+lowP+lensing+ext).
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Fig. 24. Samples from the Planck TT+lowP posterior in theP
m⌫–H0 plane, colour-coded by �8. Higher

P
m⌫ damps

the matter fluctuation amplitude �8, but also decreases H0
(grey bands are a conservative constraint H0 = 70.6 ±
3.3, Eq. (29)). Solid black contours show the constraint
from Planck TT+lowP+lensing (which mildly prefers larger
masses), and filled counters are the joint constraint Planck
TT+lowP+lensing+BAO.

cosmology on the total mass are already significantly stronger
than from beta decay.

Here we give constraints assuming three species of degener-
ate massive neutrinos, neglecting the small di↵erences in mass
expected from the observed mass splittings. At the level of sen-
sitivity of Planck this is an accurate approximation, but note
that it does not quite match continuously onto the base model
(which assumes two massless and one massive neutrino withP

m⌫ = 0.06 eV).
Masses well below 1 eV only have a mild e↵ect on the shape

of the CMB power spectra, since they became non-relativistic
after recombination, and the e↵ect on the background can be
compensated by changes in H0 to keep the same observed an-
gular scale ✓⇤. There is however some small e↵ect as the neutri-
nos starts to become less relativistic at recombination (e.g. early
ISW), and from the late-time e↵ect on lensing on the power spec-
trum. The Planck power spectrum constraints are (95%):
X

m⌫ < 0.72 eV (Planck TT+lowP) (49a)
X

m⌫ < 0.21 eV (Planck TT+lowP+ BAO) (49b)
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m⌫ < 0.48 eV (Planck TT,TE,EE+lowP) (49c)
X

m⌫ < 0.16 eV (Planck TT,TE,EE+lowP+BAO). (49d)

The Planck TT+lowP constraint has a broad tail to high masses,
as shown in Fig. 24, which also illustrates the acoustic scale
degeneracy with H0. Larger masses imply a lower �8 through
the e↵ects of neutrino free streaming on structure formation, but
the larger masses also require a lower Hubble parameter, which
increases the tension with direct measurements. Masses below
⇠ 0.4 eV can be an acceptable fit to the direct measurements,
and the combination with BAO helps to break the acoustic scale
degeneracy and tightens the constraint around zero. The polar-
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ization helps tighten the constraint, but the improvement in the
joint BAO constraint is not currently stable between likelihoods.

As discussed in detail in Planck Collaboration XVI (2014)
and Sec. 5.1, the Planck CMB power spectra prefer somewhat
more lensing smoothing than predicted in ⇤CDM (allowing the
lensing amplitude to vary gives AL > 1 at just over two sigma).
The neutrino mass constraint from the power spectra is there-
fore quite tight, since increasing the mass lowers the predicted
smoothing even further compared to ⇤CDM. On the other hand
the lensing reconstruction data, which directly probes the lens-
ing power, prefers lensing amplitudes in the lower range of those
predicted in ⇤CDM. The Planck+lensing constraint therefore
pulls constraints slightly away from zero towards higher neu-
trino masses, as shown in Fig. 25. Although there is less weight
at zero, the lensing data are also incompatible with very large
masses, and this leads to less probability in the high-mass tail,
and joint 95% limit is actually tighter than the Planck TT+lowP
result:
X

m⌫ < 0.70 eV (95%,Planck TT+lowP+lensing). (50)

The polarization spectra improve the constraint significantly, but
lensing weakens it slightly to
X

m⌫ < 0.58 eV (95%,Planck TT,TE,EE+lowP+lensing).
(51)

We take the combined constraint including BAO, JLA and H0
(“ext”) as our best limit
P

m⌫ < 0.23 eV
⌦⌫h2 < 0.0025

9>>=
>>; (95%, Planck TT+lowP+lensing+ext).

(52)
This is weaker than the constraint from Planck
TT,TE,EE+lowP+lensing+BAO, which is less stable but
tighter in both CamSpec and Plik despite systematics, and
hence should be conservative. Marginalizing over the range
of neutrino masses, the Planck constraints on the late-time
parameters are then
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Planck	  2015	  discovers	  anisotropies	  in	  
the	  neutrino	  background!	  	  

•  ceff	  	  and	  cvis	  parameterize	  non-‐ideal	  fluid:	  	  
–  Ideal	  fluid:	  (1/3,0)	  
– Scalar	  field:	  (1,0)	  
– Free-‐streaming	  par5cles	  like	  neutrinos:	  (1/3,1/3)	  

	  

5. Detection of Neutrino perturbation#
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6.4.1. Neutrino perturbation parameters

In this subsection, we investigate CMB constraints on the
neutrino perturbation parameters. According to Hu et al.
(1999); Hu (1998), the evolution of perturbations for
(massless) neutrinos are described by the following
set of equations Archidiacono et al. (2011); Hu (1998);
Trotta & Melchiorri (2005):
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where c2
e↵ is the neutrino sound speed in its own reference frame

and allows for non-adiabatic perturbations; c2
vis parameterizes

the anisotropic stress. The expected values for standard non-
interacting neutrinos are c2

e↵ = c2
vis = 1/3. A greater (lower) neu-

trino sound speed would increase (decrease) the neutrino pres-
sure leading to a lower (higher) perturbation amplitude. On the
other hand, changing c2

vis alters the viscosity of the neutrino fluid:
with a null value of c2

vis, neutrinos act as a perfect fluid, support-
ing undamped oscillations; in contrast, greater values result in an
overdamped perturbation amplitude (see Smith et al. (2012) for
details). Several previous works have put constraints on these
parameters (see e.g. Gerbino et al. (2013); Archidiacono et al.
(2013b); Diamanti et al. (2013); Archidiacono et al. (2011);
Smith et al. (2012); Trotta & Melchiorri (2005)), since any de-
viation from the expected values could be a hint of non-standard
physics in the neutrino sector. Non-standard interactions involve
for example the neutrino coupling with light scalar particles ??.
In this analysis, for simplicity, we assume Ne↵ = 3.046 and
massless neutrinos. We have checked that assuming a total mass
for the neutrinos of ⌃m⌫ ⇠ 0.06 eV has no impact on our con-
straints on c2

e↵ and cvis.
Top and bottom panels of Fig. 29 show the posterior distri-

butions of the perturbation parameters from Planck temperature
data, from full Planck temperature and polarization data and af-
ter inclusion of BAO. In Tab. 6.4.1, the 68% confidence level
around the mean value is also reported.

As we can see, the obtained constraints on c2
e↵ are fully com-

patible with 1/3, showing no hints for deviations from the stan-
dard model. A vanishing value of c2

vis, that could imply an in-
teraction between neutrinos and other species, is also excluded
at more than 95% c.l. from temperature data and even more (at
about 9 standard deviations) when polarization data is included,
representing the first CMB-only-driven evidence for neutrino
anisotropies. These results are also consistent with the forecasts
discussed in Smith et al. (2012). The temperature value is o↵ by
little more than one standard deviation from the expected value
of 1/3. This is most probably due, as showed in Gerbino et al.
(2013), to degeneracies with other parameters as the scalar spec-
tral index that skews the posterior towards larger values. When
polarization data is included indeed this small tension disappears
and the constraints are fully compatible with the standard value.
Since TE power spectrum is able to constrain cosmological pa-
rameters better than TT, as shown in Galli et al. (2014), this re-
flects on c2

vis constraints.

Overall, we find a good consistency with the standard ex-
pected values c2

vis = 1/3 and c2
e↵ = 1/3.

Table 6. Constraints at 68%CL for the neutrino perturbation parame-
ters from the indicated datasets. All include lowP.

Parameter TT TT,TE,EE TT,TE,EE+BAO

c2
vis 0.57 ± 0.16 0.336 ± 0.039 0.338 ± 0.040
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Fig. 29. One dimensional posterior probability for the neutrino pertur-
bation parameters from the indicated datasets. Top Panel: posterior for
c2

e↵ . Bottom Panel: posterior for c2
vis.
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•  Exquisite detection of free-streaming nature of the species responsible for Neff~3. 

•  Further evidence for Cosmic Neutrino Backgound 

•  Planck ``sees the neutrino anisotropies’’ with high significance! 
 

Planck Collaboration: Cosmological parameters

6.4.1. Neutrino perturbation parameters

In this subsection, we investigate CMB constraints on the
neutrino perturbation parameters. According to Hu et al.
(1999); Hu (1998), the evolution of perturbations for
(massless) neutrinos are described by the following
set of equations Archidiacono et al. (2011); Hu (1998);
Trotta & Melchiorri (2005):

�̇⌫ =
ȧ
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where c2
e↵ is the neutrino sound speed in its own reference frame

and allows for non-adiabatic perturbations; c2
vis parameterizes

the anisotropic stress. The expected values for standard non-
interacting neutrinos are c2

e↵ = c2
vis = 1/3. A greater (lower) neu-

trino sound speed would increase (decrease) the neutrino pres-
sure leading to a lower (higher) perturbation amplitude. On the
other hand, changing c2

vis alters the viscosity of the neutrino fluid:
with a null value of c2

vis, neutrinos act as a perfect fluid, support-
ing undamped oscillations; in contrast, greater values result in an
overdamped perturbation amplitude (see Smith et al. (2012) for
details). Several previous works have put constraints on these
parameters (see e.g. Gerbino et al. (2013); Archidiacono et al.
(2013b); Diamanti et al. (2013); Archidiacono et al. (2011);
Smith et al. (2012); Trotta & Melchiorri (2005)), since any de-
viation from the expected values could be a hint of non-standard
physics in the neutrino sector. Non-standard interactions involve
for example the neutrino coupling with light scalar particles ??.
In this analysis, for simplicity, we assume Ne↵ = 3.046 and
massless neutrinos. We have checked that assuming a total mass
for the neutrinos of ⌃m⌫ ⇠ 0.06 eV has no impact on our con-
straints on c2

e↵ and cvis.
Top and bottom panels of Fig. 29 show the posterior distri-

butions of the perturbation parameters from Planck temperature
data, from full Planck temperature and polarization data and af-
ter inclusion of BAO. In Tab. 6.4.1, the 68% confidence level
around the mean value is also reported.

As we can see, the obtained constraints on c2
e↵ are fully com-

patible with 1/3, showing no hints for deviations from the stan-
dard model. A vanishing value of c2

vis, that could imply an in-
teraction between neutrinos and other species, is also excluded
at more than 95% c.l. from temperature data and even more (at
about 9 standard deviations) when polarization data is included,
representing the first CMB-only-driven evidence for neutrino
anisotropies. These results are also consistent with the forecasts
discussed in Smith et al. (2012). The temperature value is o↵ by
little more than one standard deviation from the expected value
of 1/3. This is most probably due, as showed in Gerbino et al.
(2013), to degeneracies with other parameters as the scalar spec-
tral index that skews the posterior towards larger values. When
polarization data is included indeed this small tension disappears
and the constraints are fully compatible with the standard value.
Since TE power spectrum is able to constrain cosmological pa-
rameters better than TT, as shown in Galli et al. (2014), this re-
flects on c2

vis constraints.

Overall, we find a good consistency with the standard ex-
pected values c2

vis = 1/3 and c2
e↵ = 1/3.

Table 6. Constraints at 68%CL for the neutrino perturbation parame-
ters from the indicated datasets. All include lowP.
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Fig. 29. One dimensional posterior probability for the neutrino pertur-
bation parameters from the indicated datasets. Top Panel: posterior for
c2

e↵ . Bottom Panel: posterior for c2
vis.
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In this subsection, we investigate CMB constraints on the
neutrino perturbation parameters. According to Hu et al.
(1999); Hu (1998), the evolution of perturbations for
(massless) neutrinos are described by the following
set of equations Archidiacono et al. (2011); Hu (1998);
Trotta & Melchiorri (2005):
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ȧ
a

q⌫
k

◆
� ȧ
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interacting neutrinos are c2
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ing undamped oscillations; in contrast, greater values result in an
overdamped perturbation amplitude (see Smith et al. (2012) for
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Smith et al. (2012); Trotta & Melchiorri (2005)), since any de-
viation from the expected values could be a hint of non-standard
physics in the neutrino sector. Non-standard interactions involve
for example the neutrino coupling with light scalar particles ??.
In this analysis, for simplicity, we assume Ne↵ = 3.046 and
massless neutrinos. We have checked that assuming a total mass
for the neutrinos of ⌃m⌫ ⇠ 0.06 eV has no impact on our con-
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butions of the perturbation parameters from Planck temperature
data, from full Planck temperature and polarization data and af-
ter inclusion of BAO. In Tab. 6.4.1, the 68% confidence level
around the mean value is also reported.

As we can see, the obtained constraints on c2
e↵ are fully com-

patible with 1/3, showing no hints for deviations from the stan-
dard model. A vanishing value of c2

vis, that could imply an in-
teraction between neutrinos and other species, is also excluded
at more than 95% c.l. from temperature data and even more (at
about 9 standard deviations) when polarization data is included,
representing the first CMB-only-driven evidence for neutrino
anisotropies. These results are also consistent with the forecasts
discussed in Smith et al. (2012). The temperature value is o↵ by
little more than one standard deviation from the expected value
of 1/3. This is most probably due, as showed in Gerbino et al.
(2013), to degeneracies with other parameters as the scalar spec-
tral index that skews the posterior towards larger values. When
polarization data is included indeed this small tension disappears
and the constraints are fully compatible with the standard value.
Since TE power spectrum is able to constrain cosmological pa-
rameters better than TT, as shown in Galli et al. (2014), this re-
flects on c2

vis constraints.

Overall, we find a good consistency with the standard ex-
pected values c2

vis = 1/3 and c2
e↵ = 1/3.

Table 6. Constraints at 68%CL for the neutrino perturbation parame-
ters from the indicated datasets. All include lowP.
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Fig. 29. One dimensional posterior probability for the neutrino pertur-
bation parameters from the indicated datasets. Top Panel: posterior for
c2

e↵ . Bottom Panel: posterior for c2
vis.
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Atomic	  physics	  with	  Planck	  

•  The	  HI	  2s-‐1s	  two	  photon	  rate	  is	  important	  for	  
recombina2on	  dynamics	  

•  Not	  well	  determined	  in	  the	  lab	  (error	  of	  ~40%)	  
•  Theory	  says:	  	  

•  Planck	  measures	  	  

	   	   	  ~8%	  error!	  
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2s!1s

= 8.2206s�1
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CosmoRec TT + lowP + BAO

CosmoRec TTTEEE + lowP + BAO

RecFast TTTEEE + lowP + BAO

Atheory

2s!1s

= 8.2206 s�1

(Labzowsky et al. 2005)

A2s!1s = 7.71± 0.99 s�1

(Planck TT+lowP+BAO)

A2s!1s = 7.75± 0.61 s�1

(Planck TT,TE,EE+lowP+BAO)

Planck measurement of the HI 2s-1s two-photon rate

• Planck measurement in excellent 
agreement with theoretical value

• Planck only values very similar

• CosmoRec and Recfast agree...

Preliminary

Planck Collaboration, 2014

• HI 2s-1s two-photon rate crucial for recombination dynamics 

• Value is not well measured in lab (best constraint ~ 43% error; Krueger & Oed 1975)

• Planck data can be used to directly constrain its value

~ 8% error!

A2s!1s = 7.75± 0.61s�1



Constraints	  on	  Infla2on	  



Constraints	  on	  Infla,on	  
Beware	  that	  some	  results	  are	  model	  dependent…	  



Planck Collaboration: Planck 2014 results. XI. CMB component separation

�300 300µK

Fig. 1. Component separated CMB T maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

Fig. 2. 2013-2014 di↵erences for each CMB component separation solution in total intensity for COMMANDER (top left), NILC (top
right), SEVEM (bottom left), SMICA (bottom right).
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Planck Collaboration: Planck 2014 results. XI. CMB component separation

Fig. 3. Component separated CMB Q maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

Fig. 4. Component separated CMB U maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).
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Polariza2on	  breaks	  isocurvature	  degeneracies	  

Radia2ve	  
Transfer	  
	  
	  
	  	  
Plasma	  
Physics	  

Temperature	  

Polariza2on	  

ζ	  

S



Isocurvature	  constraints	  

•  Limits	  on	  Cold	  dark	  maTer	  isocurvature,	  
neutrino	  density	  isocurvature,	  and	  neutrino	  
velocity	  isocurvature	  are	  now	  

•  Polariza2on	  improved	  non-‐Gaussianity	  
constraints	  on	  isocurvature	  modes	  by	  large	  
factors.	  



Primordial	  gravita2onal	  
waves	  	  signature?	  

March	  2014	  
Bicep2	  announced	  a	  detec,on	  of	  primordial	  
B	  Polariza,on	  at	  large	  scale.	  
Large	  scale	  B	  polariza,on	  is	  a	  signature	  of	  
the	  gravita,onal	  waves	  background	  



BICEP2	  

September	  2014	  
Planck	  353GHz	  data	  predicts	  that	  up	  to	  100%	  
of	  the	  BICEP2	  signal	  could	  be	  dust	  emission	  



February	  2015	  
	  
•  Joint	  Planck	  353/Bicep2-‐Keck	  analysis	  
• No	  significant	  primordial	  B	  Polariza,on	  aTer	  
353GHz	  cleaning	  

• BKP	  constraint	  on	  r	  similar	  to	  Planck	  
•  Joint	  constraint	  improves	  the	  upper	  limit	  
	  
	  
• Polarized	  dust	  emission	  is	  the	  key…	  



Beyond	  the	  power	  spectrum	  



The	  Planck	  2015	  temperature	  map	  



The	  Planck	  2015	  polariza2on	  map	  

Fluctua2ons	  larger	  than	  10	  degrees	  removed	  



(glon,glat)=(139,43) (glon,glat)=(99,-50) 

Planck 2013 
 



(glon,glat)=(139,43) (glon,glat)=(99,-50) 

Planck 2015 
 



Beyond	  the	  Cl:	  CMB	  bispectrum	  fingerprin2ng	  with	  Planck	  

NG	  of	  local	  type:	  
•  Mul2-‐field	  models	  
•  Curvaton	  
•  Ekpyro2c/cyclic	  

models	  

NG	  of	  equilateral	  type	  
•  Non-‐canonical	  kine2c	  

term	  
–  K-‐infla2on	  
–  	  DBI	  infla2on	  

•  Higher-‐derivate	  terms	  in	  
Lagrangian	  
–  Ghost	  infla2on	  

•  Effec2ve	  field	  theory	  

NG	  of	  orthogonal	  type	  
•  Dis2nguishes	  between	  

different	  variants	  of	  	  
–  Non-‐canonical	  kine2c	  

term	  
–  Higher	  deriva2ve	  

interac2ons	  
•  Galileon	  infla2on	  	  	  	  	  	  	  	  



Bispectrum	  fingerprin2ng	  

NBD	  vaccuum	  

Slices	  through	  bispectra	  	  
of	  primordial	  fluctua2ons	  

…	  	  
Ghost	  infla2on	  

DBI	  infla2on	  

FlaTened	  

Anisotropic	  
infla2on	  

Quasi-‐	  
single	  field	  
infla2on	  



•  Tightest	  constraints	  on	  primordial	  non-‐Gaussianity	  so	  far:	  
the	  highest	  precision	  test	  on	  the	  origin	  of	  cosmic	  structure	  

•  Consistent	  with	  a	  
Gaussian	  Universe	  

•  Some	  hints	  of	  oscillatory	  	  
features	  

Planck	  2013	  headlines	  



How	  does	  the	  CMB	  constrain	  the	  ini2al	  
condi2ons?	  



Planck Collaboration: Planck 2014 results. XI. CMB component separation

�300 300µK

Fig. 1. Component separated CMB T maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

Fig. 2. 2013-2014 di↵erences for each CMB component separation solution in total intensity for COMMANDER (top left), NILC (top
right), SEVEM (bottom left), SMICA (bottom right).
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Primordial	  curvature	  perturba2ons	  	  	  	  give	  rise	  to	  
the	  cosmic	  microwave	  background	  anisotropies	  

Temperature	  
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Planck	  2013	  



Planck Collaboration: Planck 2014 results. XI. CMB component separation

�300 300µK

Fig. 1. Component separated CMB T maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

Fig. 2. 2013-2014 di↵erences for each CMB component separation solution in total intensity for COMMANDER (top left), NILC (top
right), SEVEM (bottom left), SMICA (bottom right).
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Radia2ve	  
Transfer,	  
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Primordial	  curvature	  perturba2ons	  give	  rise	  to	  
the	  cosmic	  microwave	  background	  anisotropies	  

Temperature	  

Polariza2on	  

ζ	  
Planck Collaboration: Planck 2014 results. XI. CMB component separation

Fig. 3. Component separated CMB Q maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).

Fig. 4. Component separated CMB U maps for COMMANDER (top left), NILC (top right), SEVEM (bottom left), SMICA (bottom right).
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Polariza2on	  

Planck	  2015	  



First	  constraints	  on	  non-‐Gaussianity	  
with	  CMB	  polariza2on	  data	  

•  Developed	  a	  set	  of	  cross-‐validated	  op2mal	  or	  near-‐
op2mal	  es2mators	  for	  T,	  E	  and	  T+E:	  
–  Komatsu	  Spergel	  Wandelt	  (KSW)	  for	  local,	  equilateral,	  and	  
orthogonal	  (LEO)	  and	  other	  factorizable	  templates	  

–  Binned	  bispectrum	  
–  2	  modal	  bispectrum	  es2mators	  
	  

•  An	  improved	  es2mator	  based	  on	  Minkowski	  
Func2onals	  for	  T,	  E	  and	  T+E	  

•  A	  KSW-‐style	  es2mator	  of	  high-‐frequency	  linearly	  
oscillatory	  features	  for	  T,	  E	  and	  T+E	  



The	  Planck	  2014	  binned	  bispectrum	  

TTT	  

TTT	  
-‐	  PS	  

T2E	  

Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG
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Fig. 5. TTT, T2E, TE2 and EEE, for 4 methods (for now only commander, will be redone with new binning). The color range
is in signal-to-noise from -4 to 4. We see a significant signal in the TTT bispectrum, due to point sources. The light gray regions
are for the undefined pixels, either because outside of the tetrapydal domain of definition, or because of the cuts. For example for
`1 > 2000, `2 > 2000 and `3 2 [879, 908], TEE and ETE and EET are not defined, while if `1 < 2000, ETE is defined. Since we
symmetrize BT2E

`1`2`3
, this explains the shape of definition in the figure.

points between kc = 0.001 and kc = 0.02, that is, 50 frequencies
and 10 phases. In the present paper we extend this range with
another approach. The bispectrum in Eq. (11) is separable, and
thus allows the construction of a KSW estimator [munchmeyer
wandelt et al, to appear]. The bispectrum can be written as a sum
of sine and cosine components, so that the amplitude and phase
for a given frequency kc can be estimated. With respect to the
power spectrum analysis, we can perform a similar bispectrum
survey using modal methods up to kc < 0.02, while interesting
features emerging in the frequency range beyond kc = 0.02 can
be probed individually using the KSW feature estimator.

This is the section where combined implications of power-
and bispectrum constraints will be presented. These aspects will
be studied in close connection with the inflation paper.

8.3. Direction-dependent primordial non-Gaussianity

We investigate a direction-dependent bispectrum, where the am-
plitude of a squeezed-limit bispectrum depends on an angle be-
tween two wavevector k1 and k2. Bispectrum of such direction-
dependence may be written as follows (Shiraishi et al. 2013a):

B�(k1, k2, k3) =
5
3

X

L�1

cL
⇣
PL(k̂1 · k̂2)P�(k1)P�(k2) + 2 perm

⌘

where PL(k̂1 · k̂2) is a Legendre Polynomial of the Lth or-
der and cL is an expansion coe�cient. The zeroth coe�cient
c0 is related to a local type fNL as a c0 = 6/5 fNL, and
therefore we do not include it in the expansion. Primordial
magnetic fields, vector-field inflation with the I2(�)F2 term
and “solid inflation” predicts non-zero values for c1 and c2
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Fig. 5. Smoothed observed signal-to-noise bispectrum as determined with the binned estimator. Smica, Sevem, Nilc and Commander
from left to right and from top to bottom: TTT, TTT cleaned from radio point sources and CIB contamination, T2E, TE2 and EEE.
The color range is in signal-to-noise from -4 to 4. On the first line, we see a significant signal in the TTT bispectrum. But if we
remove the joint estimated smoothed bispectrum of the contribution from radio point sources and CIB, this strong signal disapears.
On the other lines, we see that the di↵erent methods are also in good agreement. The light gray regions are for the undefined pixels,
either because outside of the tetrapydal domain of definition, or because of the cuts. For example for `1 > 2000, `2 > 2000 and
`3 2 [518, 548], TEE and ETE and EET are not defined, while if `1 < 2000, ETE is defined. Since we symmetrize BT2E

`1`2`3
, this

explains the shape of definition in the figure.
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Point	  
Source	  	  
bispectrum	  
subtracted	  



New	  bispectrum	  constraints	  using	  full	  
mission	  data	  



New	  bispectrum	  constraints	  using	  full	  
mission	  data	  including	  polariza2on	  	  



New	  bispectrum	  constraints	  using	  full	  
mission	  data…	  	  

Planck	  2013	  

Constraint	  volume	  in	  LEO	  space	  
shrunk	  by	  	  factor	  of	  3.	  



Results	  are	  stable	  as	  lmax	  increases	  
Planck Collaboration: Planck 2013 Results. XXIV. Constraints on primordial NG
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Fig. 7. Evolution of the fNL parameters (solid blue line with data points) and their uncertainties (dashed lines) for the three primordial
bispectrum templates as a function of the maximum multipole number `max used in the analysis. From left to right the figures show
respectively local, equilateral, and orthogonal, while the di↵erent rows from top to bottom show results for T-only, E-only, and full
T+E. To indicate more clearly the evolution of the uncertainties, they are also plotted around the final value of fNL (solid green lines
without data points). The results are for SMICA, assume all shapes to be independent, and the ISW-lensing bias has been subtracted.
They have been determined with the binned bispectrum estimator.

We estimated c1 and c2 jointly from temperature data and
high-pass filtered polarization data, where the maximum mul-
tipole is set to 2500 and 1500 respectively. The analysis is
made respectively for the four foreground-cleaned CMB maps
SMICA, NILC, SEVEMand Commander, where we apply the com-
mon mask (Planck Collaboration XII 2014). The linear term in
the KSW estimator is computed from realistic 1000 simulations.
Validating our analysis pipeline with the realistic simulations,
we find the asymmetry of the Planck beam, coupled with the
Planck scanning pattern, inflate the statistical fluctuation of c1
and c2 significantly. Noting the large angular scale of artificial
anisotropy produced by the beam asymmetry, we set the mini-
mum multipole to 101, and find the statistical fluctuation of es-
timation from simulated data is in good agreement with theoret-
ical expectations.

We find the ISW-lensing bispectrum and the unresolved
point-sources bispectrum bias the estimation of c1 and c2 in par-
ticular, in the analysis of temperature data. In Table 11, we report
the estimated value of c1 and c2 from the foreground-cleaned
CMB maps. We show estimates without the bias subtraction and
estimates with the bias subtracted. In computing the bias of the
unresolved point-sources bispectrum, we use the amplitude of
point-sources bispectrum reported in Table . As seen in Table
11, we find the estimated values of c1 and c2 from Planck 2014
temperature + polarization data are consistent with zero. ... here
provide connection of these parameters with standard fNL nota-
tion ...
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Fig. 7. Evolution of the fNL parameters (solid blue line with data points) and their uncertainties (dashed lines) for the three primordial
bispectrum templates as a function of the maximum multipole number `max used in the analysis. From left to right the figures show
respectively local, equilateral, and orthogonal, while the di↵erent rows from top to bottom show results for T-only, E-only, and full
T+E. To indicate more clearly the evolution of the uncertainties, they are also plotted around the final value of fNL (solid green lines
without data points). The results are for SMICA, assume all shapes to be independent, and the ISW-lensing bias has been subtracted.
They have been determined with the binned bispectrum estimator.

We estimated c1 and c2 jointly from temperature data and
high-pass filtered polarization data, where the maximum mul-
tipole is set to 2500 and 1500 respectively. The analysis is
made respectively for the four foreground-cleaned CMB maps
SMICA, NILC, SEVEMand Commander, where we apply the com-
mon mask (Planck Collaboration XII 2014). The linear term in
the KSW estimator is computed from realistic 1000 simulations.
Validating our analysis pipeline with the realistic simulations,
we find the asymmetry of the Planck beam, coupled with the
Planck scanning pattern, inflate the statistical fluctuation of c1
and c2 significantly. Noting the large angular scale of artificial
anisotropy produced by the beam asymmetry, we set the mini-
mum multipole to 101, and find the statistical fluctuation of es-
timation from simulated data is in good agreement with theoret-
ical expectations.

We find the ISW-lensing bispectrum and the unresolved
point-sources bispectrum bias the estimation of c1 and c2 in par-
ticular, in the analysis of temperature data. In Table 11, we report
the estimated value of c1 and c2 from the foreground-cleaned
CMB maps. We show estimates without the bias subtraction and
estimates with the bias subtracted. In computing the bias of the
unresolved point-sources bispectrum, we use the amplitude of
point-sources bispectrum reported in Table . As seen in Table
11, we find the estimated values of c1 and c2 from Planck 2014
temperature + polarization data are consistent with zero. ... here
provide connection of these parameters with standard fNL nota-
tion ...
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	  	  	  	  	  	  	  	  	  Local 	   	   	  	  Equilateral 	   	  	  	  	  	  	  Orthogonal	  

T	  

T+E	  



Beyond	  Local,	  Equilateral,	  Orthogonal	  
Non-‐Gaussianity	  

•  The	  2015	  results	  contain	  a	  greatly	  enlarged	  set	  of	  
analyses	  of	  specific	  templates	  using	  the	  modal	  
es2mator	  
–  Resonant	  feature	  models	  
–  Generalized	  resonant	  models	  
–  Generalized	  feature	  models	  
–  Single	  field	  feature	  models	  Non-‐Bunch	  Davies	  models	  
–  …	  

•  For	  any	  hints	  that	  appear	  upon	  combining	  T	  and	  E	  
remember	  the	  health	  warning	  that	  comes	  with	  the	  
polariza2on	  data	  in	  this	  release.	  

•  New	  es2mator	  for	  high-‐frequency	  oscillatory	  features	  
	  



Linear	  oscilla2ons	  

T	  

ph
as
e	  

phase-‐maximized	  sta2s2c	  



Linear	  oscilla2ons	  

T	  

T+E	  

ph
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e	  

ph
as
e	  

phase-‐maximized	  sta2s2c	  



Linear	  oscilla2ons	  –	  using	  targeted	  
es2mator	  to	  extend	  frequency	  range	  

Targeted	  es2mator	  (MBJW	  2014)	  enables	  constraints	  to	  ~	  10x	  higher	  frequency	  	  

The	  two	  es2mator	  approaches	  	  
consistent	  at	  low	  freq.	  



Linear	  oscilla2ons	  –	  extended	  
frequency	  range,	  T+E	  	  



Log-‐oscilla2ons	  

New	  es2mator	  based	  
on	  combina2ons	  of	  
linear	  es2ma2on	  
modes	  allows	  
es2ma2ng	  "log-‐
oscilla2ng"	  bispectra	  
across	  the	  range	  
probed	  in	  the	  power	  
spectrum	  



Comparison	  to	  modal	  es2mator	  

Preliminary	  



Bispectrum	  of	  a	  Gaussian	  simula2on	  



Conclusions	  

•  The	  Planck	  has	  a	  las2ng	  legacy	  as	  	  
– a	  probe	  of	  the	  ini2al	  condi2ons	  of	  structure	  
forma2on	  

–  the	  first	  all-‐sky	  view	  of	  maTer	  perturba2ons	  
through	  gravita2onal	  lensing	  

– an	  anchor	  for	  "low-‐"redshir	  cosmology	  	  
•  Planck	  temperature	  results	  largely	  consistent	  
and	  enhanced	  with	  polariza2on	  results	  

•  Stay	  tuned	  for	  more	  to	  come	  in	  the	  next	  year!	  
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