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History of early universe	

Inflation? 	
 	
 	
 	
 	
T ∼ 1015 GeV 	
t ∼ 10-35 s 	

CDM decoupling? 	
 	
 	
 	
T ∼ 10 GeV? 	
t ∼ 10-8 s 	

	

Quark-hadron transition 	
 	
 	
T ∼  GeV 	
t ∼ 10-6 s 	

Neutrino Decoupling 	
 	
 	
T ∼ 1MeV 	
t ∼ 1s 	


Big Bang Nucleosynthesis 	
 	
 	
T ∼ 100 keV 	
t ∼ 10 min 	

Matter-Radiation Equality 	
 	
 	
T ∼ 0.8eV	
 	
t ∼ 60000 yr 	

Recombination 	
 	
 	
 	
T ∼ 0.3eV	
 	
t ∼ 380000 yr 	




Seeds of structure	


1.  Inflation (?) imprints quantum 
fluctuations. 

2.  Space expands, regions enter into 
causal contact and start to evolve.  

3.  Coupled baryons and photons 
produce oscillations in plasma. 

 
After 380,000 years the fluctuations have evolved, and we see a snapshot 

of them as anisotropies.   
 
Linearity means we can use the anisotropies to infer the initial fluctuations 

and the contents of the Universe. 



Planck launched 2009	




The Planck instruments	

Low Frequency Instrument (LFI) – 33-70 
GHz	

High Frequency Instrument (HFI) – 
100-857 GHz.	

	

HFI actively cooled to 0.1K so took data 
until Jan 2012. LFI still observing.	

Bigger mirror: few arcmin resolution	




30 GHz	


70 GHz	


44 GHz	




Planck Collaboration: HFI data processing
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Figure 15. HFI maps at 100 GHz. The first row gives the intensity in µKCMB. The second row shows the di↵erence between maps
made of the first and the second half of each stable pointing period (i.e., half-ring maps). The third row shows the di↵erence between
the first and second survey maps.
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Planck Collaboration: HFI data processing
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Figure 16. HFI maps at 143 GHz. The first row gives the intensity in µKCMB. The second row shows the di↵erence between maps
made of the first and the second half of each stable pointing period (i.e., half-ring maps). The third row shows the di↵erence between
the first and second survey maps.
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Planck Collaboration: HFI data processing
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Figure 17. HFI maps at 217 GHz. The first row gives the intensity in µKCMB. The second row shows the di↵erence between maps
made of the first and the second half of each stable pointing period (i.e., half-ring maps). The third row shows the di↵erence between
the first and second survey maps.
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100 GHz	


143 GHz	


217 GHz	




Planck Collaboration: HFI data processing
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Figure 18. HFI maps at 353 GHz. The first row gives the intensity in µKCMB. The second row shows the di↵erence between maps
made of the first and the second half of each stable pointing period (i.e., half-ring maps). The third row shows the di↵erence between
the first and second survey maps.
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Planck Collaboration: HFI data processing
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Figure 19. HFI maps at 545 GHz. The first row gives the intensity in MJy sr�1. The second row shows the di↵erence between maps
made of the first and the second half of each stable pointing period (i.e., half-ring maps). The third row shows the di↵erence between
the first and second survey maps.
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Planck Collaboration: HFI data processing
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     857 GHz I S2 - S1 

Figure 20. HFI maps at 857 GHz. The first row gives the intensity in MJy sr�1. The second row shows the di↵erence between maps
made of the first and the second half of each stable pointing period (i.e., half-ring maps). The third row shows the di↵erence between
the first and second survey maps.

23

353 GHz	


545 GHz	


857 GHz	






Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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Lensing of the CMB	


Integrated mass fluctuations along the line of sight	

Deflection is a couple of arcminutes, but coherent on degree scales.	


What Is Different About CMB 

Lensing?

CMB lensing can be fully  described via the deflection field:

!(n̂) = !̃(n̂ + !!)
Lensed Unlensed Deflection

Field

! : Effective Lensing Potential



CMB lensing	


A new way: CMB Lensing!

!
• Large scale structure potentials gravitationally deflect CMB photons by a lensing 
deflection angle d(n), typically few arcmins.!

• Measurement of the deflection field is a measurement of matter fluctuations 
AND the geometry of the universe.!

• Need high resolution data. Seen in cross-correlation with LSS (see Smith et al incl 
Nolta).!
!

T (n) T̃ (n+ d)d(n)



What questions can we ask of the data?	

Does ΛCDM still work?	

	

Is inflation the right paradigm?	

Which inflation model?	

	

Is Dark Energy a constant, or a 
dynamical component?	

*What are the masses of the 
neutrinos? 	


	

*Are there extra relativistic 
species?	

Are there other high energy 
signatures?	


	

Are there ‘other’ signatures?	


Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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ΛCDM: flat 6-parameters	


Planck +WP	


Ωbh2 	
= 0.0221 ± 0.0003	


Ωch2 	
= 0.120 ± 0.003	


ns 	
= 0.960 ± 0.007	


109As 	
= 2.20 ± 0.06	


τ 	
= 0.089 ± 0.014	


	


H0 	
= 67.3 ± 1.2 	


ΩΛ 	
= 0.685 ± 0.017	


σ8 	
= 0.83 ± 0.01	


High mass à low cross section à high relic density 



Neutrinos: cosmological effects	


•  Neutrinos thermally decouple when 
weak interaction rate < expansion rate 
of universe ~ 1 MeV.	


	

•  Photons have higher temperature from 

e+e- annihilation.	


•  If massive, become non-relativistic	

–  z=6000 (3eV)	

–  z=30 (0.05eV)	
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Effect of electron-positron annihilation (0.034)	

Finite temperature QED (0.01)	




Effect on small scales	


From E. Calabrese,  for ACT	




Relativistic species	

Planck Collaboration: Cosmological parameters
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Fig. 24. Constraints on ns for ⇤CDM models with non-standard
relativistic species, Ne↵ , (upper) and helium fraction, YP, (lower).
We show 68% and 95% contours for various data combinations.
Note the tightening of the constraints with the addition of BAO
data.

ACT and SPT, Hinshaw et al. (2012) found a negative running
at nearly the 2� level with dns/d ln k = �0.022 ± 0.012 (see
also Dunkley et al. 2011 and Keisler et al. 2011 for analysis
of ACT and SPT with earlier data from WMAP). The ACT
3-year release, which incorporated a new region of sky, gave
dns/d ln k = �0.003 ± 0.013 (Sievers et al. 2013) when com-
bined with WMAP 7 year data. With the wide field SPT data at
150 GHz, a negative running was seen at just over the 2� level,
dns/d ln k = �0.024 ± 0.011 (Hou et al. 2012).

The picture from previous CMB experiments is therefore
mixed. The latest WMAP data show a 1� trend for a running,
but when combined with the S12 SPT data, this trend is ampli-
fied to give a potentially interesting result. The latest ACT data
go in the other direction, giving no support for a running spectral
index when combined with WMAP29.

The results from Planck data are as follows (see Figs. 21 and
23):

dns/d ln k = �0.013 ± 0.009 (68%; Planck+WP); (62a)

29The di↵erences between the Planck results reported here and the
WMAP-7+SPT results (Hou et al. 2012) are discussed in Appendix A.

dns/d ln k = �0.015 ± 0.009 (68%; Planck+WP+highL); (62b)
dns/d ln k = �0.011 ± 0.008 (68%; Planck+lensing

+WP+highL). (62c)

The consistency between (62a) and (62b) shows that these re-
sults are insensitive to modelling of unresolved foregrounds.
The preferred solutions have a small negative running, but not
at a high level of statistical significance. Closer inspection of
the best-fits shows that the change in �2 when dns/d ln k is in-
cluded as a parameter comes almost entirely from the low multi-
pole temperature likelihood. In fact, the fits to the high multipole
Planck likelihood have a slightly worse �2 when dns/d ln k is in-
cluded. The slight preference for a negative running is therefore
driven by the spectrum at low multipoles ` <⇠ 50. The tendency
for negative running is partly mitigated by including the Planck
lensing likelihood (Eq. 62c).

The constraints on dns/d ln k are broadly similar if tensor
fluctuations are allowed in addition to a running of the spectrum
(Fig. 23) . Adding tensor fluctuations, the marginalized posterior
distributions for dns/d ln k give

dns/d ln k = �0.021 ± 0.011 (68%; Planck+WP), (63a)
dns/d ln k = �0.022 ± 0.010 (68%; Planck+WP+highL), (63b)
dns/d ln k = �0.019 ± 0.010 (68%; Planck+lensing

+WP+highL). (63c)

As with Eqs. (62a)–(62c) the tendency to favour negative run-
ning is driven by the low multipole component of the tempera-
ture likelihood not by the Planck spectrum at high multipoles.

This is one of several examples discussed in this section
where marginal evidence for extensions to the base ⇤CDM
model are favoured by the TT spectrum at low multipoles. (The
low multipole spectrum is also largely responsible for the pull of
the lensing amplitude, AL, to values greater than unity discussed
in Sect. 5.1). The mismatch between the best-fit base ⇤CDM
model and the TT spectrum at multipoles ` <⇠ 30 is clearly vis-
ible in Fig. 1. The implications of this mismatch are discussed
further in Sect. 7.

Beyond a simple running, various extended parameter-
izations have been developed by e.g., Bridle et al. (2003),
Shafieloo & Souradeep (2008), Verde & Peiris (2008), and
Hlozek et al. (2012), to test for deviations from a power-law
spectrum of fluctuations. Similar techniques are applied to the
Planck data in Planck Collaboration XXII (2013).

6.2.2. Tensor fluctuations

In the base ⇤CDM model, the fluctuations are assumed to
be purely scalar modes. Primordial tensor fluctuations could
also contribute to the temperature and polarization power spec-
tra (e.g., Grishchuk 1975; Starobinsky 1979; Basko & Polnarev
1980; Crittenden et al. 1993, 1995). The most direct way of test-
ing for a tensor contribution is to search for a magnetic-type par-
ity signature via a large-scale B-mode pattern in CMB polar-
ization (Zaldarriaga & Seljak 1997; Kamionkowski et al. 1997).
Direct B-mode measurements are challenging as the expected
signal is small; upper limits measured by BICEP and QUIET
give 95% upper limits of r0.002 < 0.73 and r0.002 < 2.8 respec-
tively (Chiang et al. 2010; QUIET Collaboration et al. 2012)30.

30As discussed in Planck Collaboration II (2013) and
Planck Collaboration VI (2013), residual low-level polarization
systematics in both the LFI and HFI data preclude a Planck B-mode
polarization analysis at this stage.
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More species, longer radiation domination; suppress 
early acoustic oscillations in primary CMB; have 
anisotropic stress	


Neff = 3.36 ± 0.34 (68%, Planck+WP+highL)	

Neff = 3.30 ± 0.27 (+BAO)	


Planck Collab XVI 2013	
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Table 8. Approximate constraints with 68% errors on ⌦m and
H0 (in units of km s�1 Mpc�1) from BAO, with !m and !b fixed
to the best-fit Planck+WP+highL values for the base ⇤CDM
cosmology.

Sample ⌦m H0

6dF . . . . . . . . . . . . . . . . . . . . . . . . . 0.305+0.032
�0.026 68.3+3.2

�3.2
SDSS . . . . . . . . . . . . . . . . . . . . . . . 0.295+0.019

�0.017 69.5+2.2
�2.1

SDSS(R) . . . . . . . . . . . . . . . . . . . . . 0.293+0.015
�0.013 69.6+1.7

�1.5
WiggleZ . . . . . . . . . . . . . . . . . . . . . 0.309+0.041

�0.035 67.8+4.1
�2.8

BOSS . . . . . . . . . . . . . . . . . . . . . . . 0.315+0.015
�0.015 67.2+1.6

�1.5
6dF+SDSS+BOSS+WiggleZ . . . . . . 0.307+0.010

�0.011 68.1+1.1
�1.1

6dF+SDSS(R)+BOSS . . . . . . . . . . . 0.305+0.009
�0.010 68.4+1.0

�1.0
6dF+SDSS(R)+BOSS+WiggleZ . . . . 0.305+0.009

�0.008 68.4+1.0
�1.0

surements constrain parameters in the base ⇤CDM model, we
form �2,

�2
BAO = (x � x

⇤CDM)T C�1
BAO(x � x

⇤CDM), (50)

where x is the data vector, x

⇤CDM denotes the theoretical pre-
diction for the ⇤CDM model and C�1

BAO is the inverse covari-
ance matrix for the data vector x. The data vector is as fol-
lows: DV(0.106) = (457 ± 27) Mpc (6dF); rs/DV(0.20) =
0.1905 ± 0.0061, rs/DV(0.35) = 0.1097 ± 0.0036 (SDSS);
A(0.44) = 0.474 ± 0.034, A(0.60) = 0.442 ± 0.020, A(0.73) =
0.424±0.021 (WiggleZ); DV(0.35)/rs = 8.88±0.17 (SDSS(R));
and DV(0.57)/rs = 13.67±0.22, (BOSS). The o↵-diagonal com-
ponents of C�1

BAO for the SDSS and WiggleZ results are given
in Percival et al. (2010) and Blake et al. (2011). We ignore any
covariances between surveys. Since the SDSS and SDSS(R) re-
sults are based on the same survey, we include either one set of
results or the other in the analysis described below, but not both
together.

The Eisenstein-Hu values of rs for the Planck and WMAP-9
base ⇤CDM parameters di↵er by only 0.9%, significantly
smaller than the errors in the BAO measurements. We can obtain
an approximate idea of the complementary information provided
by BAO measurements by minimizing Eq. (50) with respect to
either ⌦m or H0, fixing !m and !b to the CMB best-fit parame-
ters. (We use the Planck+WP+highL parameters from Table 5.)
The results are listed in Table 819.

As can be seen, the results are very stable from survey to
survey and are in excellent agreement with the base ⇤CDM
parameters listed in Tables 2 and 5. The values of �2

BAO are
also reasonable. For example, for the six data points of the
6dF+SDSS(R)+BOSS+WiggleZ combination, we find �2

BAO =
4.3, evaluated for the Planck+WP+highL best-fit⇤CDM param-
eters.

The high value of ⌦m is consistent with the parameter anal-
ysis described by Blake et al. (2011) and with the “tension” dis-
cussed by Anderson et al. (2013) between BAO distance mea-
surements and direct determinations of H0 (Riess et al. 2011;
Freedman et al. 2012). Furthermore, if the errors on the BAO
measurements are accurate, the constraints on ⌦m and H0 (for
fixed !m and !b) are of comparable accuracy to those from
Planck.

19As an indication of the accuracy of Table 8, the full likelihood
results for the Planck+WP+6dF+SDSS(R)+BOSS BAO data sets give
⌦m = 0.308 ± 0.010 and H0 = 67.8 ± 0.8 km s�1 Mpc�1, for the base
⇤CDM model.

Fig. 16. Comparison of H0 measurements, with estimates of
±1� errors, from a number of techniques (see text for details).
These are compared with the spatially-flat ⇤CDM model con-
straints from Planck and WMAP-9.

The results of this section show that BAO measurements are
an extremely valuable complementary data set to Planck. The
measurements are basically geometrical and free from complex
systematic e↵ects that plague many other types of astrophysical
measurements. The results are consistent from survey to survey
and are of comparable precision to Planck. In addition, BAO
measurements can be used to break parameter degeneracies that
limit analyses based purely on CMB data. For example, from
the excellent agreement with the base ⇤CDM model evident in
Fig. 15, we can infer that the combination of Planck and BAO
measurements will lead to tight constraints favouring ⌦K = 0
(Sect. 6.2) and a dark energy equation-of-state parameter, w =
�1 (Sect. 6.5).

Finally, we note that we choose to use the
6dF+SDSS(R)+BOSS data combination in the likelihood
analysis of Sect. 6. This choice includes the two most accu-
rate BAO measurements and, since the e↵ective redshifts of
these samples are widely separated, it should be a very good
approximation to neglect correlations between the surveys.

5.3. The Hubble constant

A striking result from the fits of the base⇤CDM model to Planck
power spectra is the low value of the Hubble constant, which is
tightly constrained by CMB data alone in this model. From the
Planck+WP+highL analysis we find

H0 = (67.3±1.2) km s�1 Mpc�1 (68%; Planck+WP+highL).(51)

A low value of H0 has been found in other CMB experi-
ments, most notably from the recent WMAP-9 analysis. Fitting
the base ⇤CDM model, Hinshaw et al. (2012) find

H0 = (70.0 ± 2.2) km s�1 Mpc�1 (68%; WMAP-9), (52)

consistent with Eq. (51) to within 1�. We emphasize here that
the CMB estimates are highly model dependent. It is important
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UGC, at 50 Mpc: now 
H0=68.9+-7.1  

Uses three 1st-rung 
calibrators: 71.3 – 75.7 

Hubble constant: a 2.5σ tension for N=3 	




How does N>3 relieve tension?	




Primordial helium	




Effect of massive neutrinos (CMB+LSS)	


1.  Background: Neutrinos act like radiation 
while relativistic.	


2.  Perturbations: 	

–  Neutrinos free-stream when relativistic, 

and reduce damping of photon-baryon 
oscillations for these scales.	


–  1.5eV total mass ~ time of CMB	

–  smears out matter clustering on scales 

where relativistic.	

–  if N_mass<3, each neutrino becomes 

non-relativistic sooner.	
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Sum of neutrino masses	
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Fig. 28. Left: 2D joint posterior distribution between Ne↵ and
P

m⌫ (the summed mass of the three active neutrinos) in models with
extra massless neutrino-like species. Right: Samples in the Ne↵–me↵

⌫, sterile plane, colour-coded by ⌦ch2, in models with one massive
sterile neutrino family, with e↵ective mass me↵

⌫, sterile, and the three active neutrinos as in the base ⇤CDM model. The physical mass
of the sterile neutrino in the thermal scenario, mthermal

sterile , is constant along the grey dashed lines, with the indicated mass in eV. The
physical mass in the Dodelson-Widrow scenario, mDW

sterile, is constant along the dotted lines (with the value indicated on the adjacent
dashed lines).

The above contraints are also appropriate for the Dodelson-
Widrow scenario, but for a physical mass cut of mDW

sterile < 20 eV.
The thermal and Dodelson-Widrow scenarios considered

here are representative of a large number of possible models that
have recently been investigated in the literature (Hamann et al.
2011; Diamanti et al. 2012; Archidiacono et al. 2012;
Hannestad et al. 2012).

6.4. Big bang nucleosynthesis

Observations of light elements abundances created during big
bang nucleosynthesis (BBN) provided one of the earliest preci-
sion tests of cosmology and were critical in establishing the ex-
istence of a hot big bang. Up-to-date accounts of nucleosynthe-
sis are given by Iocco et al. (2009) and Steigman (2012). In the
standard BBN model, the abundance of light elements (parame-
terized by YBBN

P ⌘ 4nHe/nb for helium-4 and yBBN
DP ⌘ 105nD/nH

for deuterium, where ni is the number density of species i) can
be predicted as a function of the baryon density !b, the number
of relativistic degrees of freedom parameterized by Ne↵ , and of
the lepton asymmetry in the electron neutrino sector. Throughout
this subsection, we assume for simplicity that lepton asymmetry
is too small to play a role at BBN. This is a reasonable assump-
tion, since Planck data cannot improve existing constraints on
the asymmetry34. We also assume that there is no significant en-

34A primordial lepton asymmetry could modify the outcome of BBN
only if it were very large (of the order of 10�3 or bigger). Such a large
asymmetry is not motivated by particle physics, and is strongly con-
strained by BBN. Indeed, by taking into account neutrino oscillations
in the early Universe, which tend to equalize the distribution function
of three neutrino species, Mangano et al. (2012) derived strong bounds
on the lepton asymmetry. CMB data cannot improve these bounds, as
shown by Castorina et al. (2012); an exquisite sensitivity to Ne↵ would
be required. Note that the results of Mangano et al. (2012) assume that
Ne↵ departs from the standard value only due to the lepton asymmetry.
A model with both a large lepton asymmetry and extra relativistic relics
could be constrained by CMB data. However, we will not consider such
a contrived scenario in this paper.

tropy increase between BBN and the present day, so that our
CMB constraints on the baryon-to-photon ratio can be used to
compute primordial abundances.

To calculate the dependence of YBBN
P and yBBN

DP on the
parameters !b and Ne↵ , we use the accurate public code
PArthENoPE (Pisanti et al. 2008), which incorporates values
of nuclear reaction rates, particle masses and fundamental
constants, and an updated estimate of the neutron lifetime
(⌧n = 880.1 s; Beringer et al. 2012). Experimental uncertain-
ties on each of these quantities lead to a theoretical error for
YBBN

P (!b,Ne↵) and yBBN
DP (!b,Ne↵). For helium, the error is dom-

inated by the uncertainty in the neutron lifetime, leading to35

�(YBBN
P ) = 0.0003. For deuterium, the error is dominated by

uncertainties in several nuclear rates, and is estimated to be
�(yBBN

DP ) = 0.04 (Serpico et al. 2004).
These predictions for the light elements can be confronted

with measurements of their abundances, and also with CMB data
(which is sensitive to !b, Ne↵ , and YP). We shall see below that
for the base cosmological model with Ne↵ = 3.046 (or even for
an extended scenario with free Ne↵) the CMB data predict the
primordial abundances, under the assumption of standard BBN,
with smaller uncertainties than those estimated for the measured
abundances. Furthermore, the CMB predictions are consistent
with direct abundance measurements.

6.4.1. Observational data on primordial abundances

The observational constraint on the primordial helium-4 frac-
tion used in this paper is YBBN

P = 0.2534 ± 0.0083 (68% CL)
from the recent data compilation of Aver et al. (2012), based
on spectroscopic observations of the chemical abundances in
metal-poor H ii regions. The error on this measurement is domi-
nated by systematic e↵ects that will be di�cult to resolve in the
near future. It is reassuring that the independent and conserva-

35Serpico et al. (2004) quotes �(YBBN
P ) = 0.0002, but since that

work, the uncertainty on the neutron lifetime has been re-evaluated,
from �(⌧n) = 0.8 s to �(⌧n) = 1.1 s Beringer et al. (2012).
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Figure 18. BAO in the power spectrum measured from the reconstructed
CMASS data (solid circles with 1� errors, lower panel) compared with un-
reconstructed BAO recovered from the SDSS-II LRG data (solid circles
with 1� errors, upper panel). Best-fit models are shown by the solid lines.
The SDSS-II data are based on the sample and power spectrum calculated in
Reid et al. (2010) and analysed by Percival et al. (2010); it has been shifted
to match the fiducial cosmology assumed in this paper. Clearly the CMASS
errors are significantly smaller than those of the SDSS-II data, and we also
benefit from reconstruction, reducing the the BAO damping scale.

Figure 19. A plot of the distance-redshift relation from various BAO mea-
surements from spectroscopic data sets. We plot D

V

(z)/r
s

times the fidu-
cial r

s

to restore a distance. Included here are this CMASS measurement,
the 6dF Galaxy Survey measurement at z = 0.1 (Beutler et al. 2011), the
SDSS-II LRG measurement at z = 0.35 (Padmanabhan et al. 2012a; Xu
et al. 2012; Mehta et al. 2012), and the WiggleZ measurement at z = 0.6
(Blake et al. 2011a). The latter is a combination of 3 partially covariant data
sets. The grey region is the 1 � prediction from WMAP under the assump-
tion of a flat Universe with a cosmological constant (Komatsu et al. 2011).
The agreement between the various BAO measurements and this prediction
is excellent.

Figure 20. The BAO distance-redshift relation divided by the best-fit flat,
⇤CDM prediction from WMAP (⌦

m

= 0.266, h = 0.708; note that
this is slightly different from the adopted fiducial cosmology of this paper).
The grey band indicates the 1 � prediction range from WMAP (Komatsu
et al. 2011). In addition to the SDSS-II LRG data point from Padmanabhan
et al. (2012a), we also show the result from Percival et al. (2010) using a
combination of SDSS-II DR7 LRG and Main sample galaxies as well as
2dF Galaxy Redshift Survey data; because of the overlap in samples, we
use a different symbol. The BAO results agree with the best-fit WMAP
model at the few percent level. If ⌦

m

h2 were 1 � higher than the best-
fit WMAP value, then the prediction would be the upper edge of the grey
region, which matches the BAO data very closely. For example, the dashed
line is the best-fit CMB+LRG+CMASS flat ⇤CDM model from § 9, which
clearly is a good fit to all data sets. Also shown are the predicted regions
from varying the spatial curvature to ⌦

K

= 0.01 (blue band) or varying
the equation of state to w = �0.7 (red band).

place the acoustic peak at other nearby locations and particularly
at smaller scales is rejected at 8 �.

Fig. 18 repeats this comparison with the power spectrum from
the SDSS-II LRG analysis presented in Reid et al. (2010) and Per-
cival et al. (2010). This analysis did not use reconstruction, but one
can see good agreement in the BAO and significant improvement
in the error bars with the CMASS sample.

In Fig. 19, we plot D
V

(z) constraints from measurements of
the BAO from various spectroscopic samples. In addition to the
SDSS-II LRG value at z = 0.35 (Padmanabhan et al. 2012a) and
the CMASS consensus result at z = 0.57, we also plot the z =

0.1 constraint from the 6dF Galaxy Survey (6dFGS) (Beutler et al.
2011) and a z = 0.6 constraint from the WiggleZ survey (Blake
et al. 2011a). WiggleZ quotes BAO constraints in 3 redshift bins,
but these separate constraints are weaker and there are significant
correlations between the redshift bins. We choose here to plot their
uncorrelated data points for 0.2 < z < 1.0. Each data point here is
actually a constraint on D

V

(z)/r
s

, and we have multiplied by our
fiducial r

s

to get a distance.
As described further in Mehta et al. (2012), the WMAP curve

on this graph is a prediction, not a fit, assuming a flat ⇤CDM cos-
mology. For each value of ⌦

m

h2 and ⌦

b

h2, one can predict a sound
horizon, and the angular acoustic scale measured by WMAP plus
the assumptions about spatial curvature and dark energy equation
of state then provide a very precise breaking of the degeneracy be-
tween ⌦

m

and H0 and hence a unique D
V

(z)/r
s

. Taking the 1�
range of ⌦

m

h2 and ⌦

b

h2 produces the grey band in Fig. 19. There
is excellent agreement between all four BAO measurements and the
WMAP ⇤CDM prediction.
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cases, one should plan to repeat the fits both to the CMB and BAO
data sets.

Our fitting to the mocks does return a value of ↵ that is 0.004
higher than the input value. As noted above, non-linear structure
formation and galaxy bias do shift the acoustic scale. Seo et al.
(2010) find shifts of order 0.002 from non-linear structure forma-
tion, while Mehta et al. (2011) finds a similar level from galaxy
clustering bias. Perturbation theory calculations by Padmanabhan
& White (2009) yield similar results. However, reconstruction has
been found to remove these shifts, both in periodic box simulations
(Seo et al. 2010; Mehta et al. 2011) and in SDSS-II mock cata-
logs (Padmanabhan et al. 2012a). It is possible that the BOSS DR9
survey geometry is not large and contiguous enough to remove the
shifts in full, but it is also possible that the shift in the real data
might be different than that in the mocks. As the shift is small, we
have decided not to subtract it from our fitted values and instead to
consider it as a small systematic uncertainty.

More exotic galaxy bias models could in principle add addi-
tional shifts. However, the only physically motivated model known
that does couple to the acoustic scale is that of Tseliakhovich &
Hirata (2010), in which relative velocities between the baryons and
dark matter at high redshift modulate the ability of the smallest ha-
los to trap gas. Whether this modulation will affect the properties
of galaxies a million times more massive is speculative. Yoo et al.
(2011) discuss how the imprint on the acoustic scale in galaxy clus-
tering could be detected and removed using the three-point func-
tion, but we have not yet investigated this in the CMASS sample.

In summary, our consensus value for the acoustic scale fit is
↵ = 1.033± 0.017. Our estimates of systematic errors are signifi-
cantly smaller than the statistical error and are negligible in quadra-
ture. Our best value corresponds to a distance constraint of

D
V

(0.57)/r
s

= 13.67± 0.22. (35)

We adopt this as our primary result and use it for all of our cos-
mological interpretations and comparisons to other work. For easy
reference, the key values of ↵ are summarised in Table 2. For the
fiducial sound horizon of 153.19 Mpc, Eq. (35) corresponds to
D

V

(0.57) = 2094± 34 Mpc.

8 THE BAO DISTANCE LADDER

8.1 Comparison to Previous BAO Measurements

In the last few years, acoustic scale results have been obtained with
a variety of data sets over a considerable range of redshift. We now
focus on the comparison between our CMASS DR9 results and past
work.

First, we compare the correlation function at z = 0.57 from
CMASS with that obtained at z = 0.35 by the reconstruction anal-
ysis of SDSS-II LRGs presented in Padmanabhan et al. (2012a).
Fig. 16 shows these two correlation functions as r2⇠(r). The two
samples involve different average masses of galaxies and redshifts,
and hence have a different amplitude of clustering, leading to a
vertical offset. Both correlation functions use our fiducial ⇤CDM
cosmology. Given this choice of distance-redshift relation, one can
see that the acoustic peaks are in excellent agreement.

Fig. 17 shows combined significance of the acoustic peak de-
tection in ⇠(r). In combining the constraints on CMASS DR9 with
the SDSS-II LRG DR7 data, we neglect the slight overlap in effec-
tive volumes when using these data in cosmological constraints.
The LRG data fromPadmanabhan et al. (2012a) cover only the

Figure 16. The correlation function measured from CMASS data (black
circles) versus that from SDSS-II LRG data (grey squares) as shown in
Padmanabhan et al. (2012a). The vertical offset is due to the difference
in galaxy bias between the samples; on average the SDSS-II LRGs are
more luminous and reside in more massive halos. These two analyses used
slightly different fiducial cosmologies; we have scaled the SDSS-II LRG
points to cosmology of this paper. One can clearly see that the acoustic peak
is located at the same position in both datasets. As an aside, we note that
the difference in the size of the errors has several contributions in addition
to sample size: the CMASS sample has a higher number density and less
shot noise, the CMASS sample used 4h�1 Mpc bins, whereas the SDSS-
II analysis used 3h�1 Mpc bins, and the linear scaling of the vertical axis
causes equal fractional errors to appear larger in the higher bias sample.

Figure 17. The total significance of the BAO feature, combining the
CMASS and SDSS-II LRG results, both after reconstruction. This figure
is analogous to Fig. 6 and indicates that in the combined CMASS and LRG
data sets, we have detected the acoustic peak at greater than 6.5�, with the
local minima extending to the ⇠ 8� level.

NGC which result in 2496 sq deg of overlapping area with CMASS
over the redshift interval of 0.43 < z < 0.47. We find this is less
than 9 per cent of the effective volume of our CMASS sample, and
less than 5 per cent overlap with the LRG effective volume (frac-
tionally less since the LRG DR7 data cover a larger area). This is
consequently a good but not perfect assumption. Combining the
two correlation functions assuming independence rejects models
without acoustic oscillations at ��2

⇡ 45 or 6.7 �. Trying to

c
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rs is the comoving sound horizon at the baryon drag epoch	

DV combines the angular diameter distance and the Hubble 
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from excess residuals at the µK2 level in the high-` spectra rela-
tive to the best-fit AL = 1 ⇤CDM+foregrounds model on scales
where extragalactic foreground modelling is critical.

5.2. Baryon acoustic oscillations

Baryon acoustic oscillations (BAO) in the matter power spec-
trum were first detected in analyses of the 2dF Galaxy
Redshift Survey (Cole et al. 2005) and the SDSS redshift sur-
vey (Eisenstein et al. 2005). Since then, accurate BAO measure-
ments have been made using a number of di↵erent galaxy red-
shift surveys, providing constraints on the distance luminosity
relation spanning the redshift range 0.1 <⇠ z <⇠ 0.718. Here we use
the results from four redshift surveys: the SDSS DR7 BAO mea-
surements at e↵ective redshifts ze↵ = 0.2 and ze↵ = 0.35, anal-
ysed by Percival et al. (2010); the z = 0.35 SDSS DR7 measure-
ment at ze↵ = 0.35 reanalyzed by Padmanabhan et al. (2012); the
WiggleZ measurements at ze↵ = 0.44, 0.60 and 0.73 analysed by
Blake et al. (2011); the BOSS DR9 measurement at ze↵ = 0.57
analyzed by Anderson et al. (2013); and the 6dF Galaxy Survey
measurement at z = 0.1 discussed by Beutler et al. (2011).

BAO surveys measure the distance ratio

dz =
rs(zdrag)
DV(z)

, (45)

where rs(zdrag) is the comoving sound horizon at the baryon drag
epoch (when baryons became dynamically decoupled from the
photons) and DV(z) is a combination of the angular-diameter dis-
tance, DA(z), and the Hubble parameter, H(z), appropriate for the
analysis of spherically-averaged two-point statistics:

DV(z) =
"
(1 + z)2D2

A(z)
cz

H(z)

#1/3
. (46)

In the ⇤CDM cosmology, the angular diameter distance to red-
shift z is

DA(z) =
c

H0
D̂A.

=
c

H0

1
|⌦K |1/2(1 + z)

sinK
h
|⌦K |1/2x(z,⌦m,⌦⇤)

i
, (47)

where

x(z,⌦m,⌦⇤) =
Z z

0

dz0

[⌦m(1 + z0)3 +⌦K(1 + z0)2 +⌦⇤]1/2 , (48)

and sinK = sinh for ⌦K > 0 and sinK = sin for ⌦K < 0. Note
that the luminosity distance, DL, relevant for the analysis of Type
Ia supernovae (see Sect. 5.4) is related to the angular diameter
distance via DL = (c/H0)D̂L = DA(1 + z)2.

Di↵erent groups fit and characterize BAO features in di↵er-
ent ways. For example, the WiggleZ team encode some shape
information on the power spectrum to measure the acoustic pa-
rameter A(z), introduced by Eisenstein et al. (2005),

A(z) =
DV(z)

q
⌦mH2

0

cz
, (49)

18Detections of a BAO feature have recently been reported in the
three-dimensional correlation function of the Ly↵ forest in large sam-
ples of quasars at a mean redshift of z ⇡ 2.3 (Busca et al. 2012;
Slosar et al. 2013). These remarkable results, probing cosmology well
into the matter-dominated regime, are based on new techniques that are
less mature than galaxy BAO measurements. For this reason, we do not
include Ly↵ BAO measurements as supplementary data to Planck. For
the models considered here and in Sect. 6, the galaxy BAO results give
significantly tighter constraints than the Ly↵ results.

Fig. 15. Acoustic-scale distance ratio rs/DV(z) divided by the
distance ratio of the Planck base ⇤CDM model. The points are
colour-coded as follows: green star (6dF); purple squares (SDSS
DR7 as analyzed by Percival et al. 2010); black star (SDSS DR7
as analyzed by Padmanabhan et al. 2012); blue cross (BOSS
DR9); and blue circles (WiggleZ). The grey band shows the ap-
proximate ±1� range allowed by Planck (computed from the
CosmoMC chains).

which is almost independent of !m. To simplify the presenta-
tion, Fig. 15 shows estimates of rs/DV(z) and 1� errors, as
quoted by each of the experimental groups, divided by the ex-
pected relation for the Planck base ⇤CDM parameters. Note
that the experimental groups use the approximate formulae of
Eisenstein & Hu (1998) to compute zdrag and rs(zdrag), though
they fit power spectra computed with Boltzmann codes, such
as camb, generated for a set of fiducial-model parameters. The
measurements have now become so precise that the small di↵er-
ence between the Eisenstein & Hu (1998) approximations and
the accurate values of zdrag and rdrag = rs(zdrag) returned by camb
need to be taken into account. In CosmoMC we multiply the ac-
curate numerical value of rs(zdrag) by a constant factor of 1.0275
to match the Eisenstein-Hu approximation in the fiducial model.
This correction is su�ciently accurate over the range of !m and
!b allowed by the CMB in the base ⇤CDM cosmology (see e.g.
Mehta et al. 2012) and also for the extended ⇤CDM models dis-
cussed in Sect. 6.

The Padmanabhan et al. (2012) result plotted in Fig. 15 is
a reanalysis of the ze↵ = 0.35 SDSS DR7 sample discussed
by Percival et al. (2010). Padmanabhan et al. (2012) achieve a
higher precision than Percival et al. (2010) by employing a re-
construction technique (Eisenstein et al. 2007) to correct (par-
tially) the baryon oscillations for the smearing caused by galaxy
peculiar velocities. The Padmanabhan et al. (2012) results are
therefore strongly correlated with those of Percival et al. (2010).
We refer to the Padmanabhan et al. (2012) “reconstruction-
corrected” results as SDSS(R). A similar reconstruction tech-
nique was applied to the BOSS survey by Anderson et al. (2013)
to achieve 1.6% precision in DV(z = 0.57)/rs, the most precise
determination of the acoustic oscillation scale to date.

All of the BAO measurements are compatible with the base
⇤CDM parameters from Planck. The grey band in Fig. 15
shows the ±1� range in the acoustic-scale distance ratio com-
puted from the Planck+WP+highL CosmoMC chains for the base
⇤CDM model. To get a qualitative feel for how the BAO mea-
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Fig. 22. The Planck power spectrum of Fig. 10 plotted as `2D`
against multipole, compared to the best-fit base ⇤CDM model
with ns = 0.96 (red dashed line). The best-fit base ⇤CDM model
with ns constrained to unity is shown by the blue line.

Our extensive grid of models allows us to investigate cor-
relations of the spectral index with a number of cosmological
parameters beyond those of the base ⇤CDM model (see Figs.
21 and 24). As expected, ns is uncorrelated with parameters de-
scribing late-time physics, including the neutrino mass, geom-
etry, and the equation of state of dark energy. The remaining
correlations are with parameters that a↵ect the evolution of the
early Universe, including the number of relativistic species, or
the helium fraction. This is illustrated in Fig. 24: modifying the
standard model by increasing the number of neutrinos species,
or the helium fraction, has the e↵ect of damping the small-scale
power spectrum. This can be partially compensated by an in-
crease in the spectral index. However, an increase in the neu-
trino species must be accompanied by an increased matter den-
sity to maintain the peak positions. A measurement of the matter
density from the BAO measurements helps to break this degen-
eracy. This is clearly seen in the upper panel of Fig. 24, which
shows the improvement in the constraints when BAO measure-
ments are added to the Planck+WP+highL likelihood. With the
addition of BAO measurements we find more than a 3� devi-
ation from ns = 1 even in this extended model, with a best-fit
value of ns = 0.969 ± 0.010 for varying relativistic species. As
discussed in Sect. 6.3, we see no evidence from the Planck data
for non-standard neutrino physics.

The simplest single-field inflationary models predict that the
running of the spectral index should be of second order in infla-
tionary slow-roll parameters and therefore small [dns/d ln k ⇠
(ns � 1)2], typically about an order of magnitude below the
sensitivity limit of Planck (see e.g., Kosowsky & Turner 1995;
Baumann et al. 2009). Nevertheless, it is easy to construct in-
flationary models that have a larger scale dependence (e.g., by
adjusting the third derivative of the inflaton potential) and so it
is instructive to use the Planck data to constrain dns/d ln k. A
test for dns/d ln k is of particularly interest given the results from
previous CMB experiments.

Early results from WMAP suggested a preference for a nega-
tive running at the 1–2� level. In the final 9-year WMAP analy-
sis no significant running was seen using WMAP data alone, with
dns/d ln k = �0.019 ± 0.025 (68% confidence; Hinshaw et al.
2012. Combining WMAP data with the first data releases from
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Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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Fig. 22. The Planck power spectrum of Fig. 10 plotted as `2D`
against multipole, compared to the best-fit base ⇤CDM model
with ns = 0.96 (red dashed line). The best-fit base ⇤CDM model
with ns constrained to unity is shown by the blue line.

Our extensive grid of models allows us to investigate cor-
relations of the spectral index with a number of cosmological
parameters beyond those of the base ⇤CDM model (see Figs.
21 and 24). As expected, ns is uncorrelated with parameters de-
scribing late-time physics, including the neutrino mass, geom-
etry, and the equation of state of dark energy. The remaining
correlations are with parameters that a↵ect the evolution of the
early Universe, including the number of relativistic species, or
the helium fraction. This is illustrated in Fig. 24: modifying the
standard model by increasing the number of neutrinos species,
or the helium fraction, has the e↵ect of damping the small-scale
power spectrum. This can be partially compensated by an in-
crease in the spectral index. However, an increase in the neu-
trino species must be accompanied by an increased matter den-
sity to maintain the peak positions. A measurement of the matter
density from the BAO measurements helps to break this degen-
eracy. This is clearly seen in the upper panel of Fig. 24, which
shows the improvement in the constraints when BAO measure-
ments are added to the Planck+WP+highL likelihood. With the
addition of BAO measurements we find more than a 3� devi-
ation from ns = 1 even in this extended model, with a best-fit
value of ns = 0.969 ± 0.010 for varying relativistic species. As
discussed in Sect. 6.3, we see no evidence from the Planck data
for non-standard neutrino physics.

The simplest single-field inflationary models predict that the
running of the spectral index should be of second order in infla-
tionary slow-roll parameters and therefore small [dns/d ln k ⇠
(ns � 1)2], typically about an order of magnitude below the
sensitivity limit of Planck (see e.g., Kosowsky & Turner 1995;
Baumann et al. 2009). Nevertheless, it is easy to construct in-
flationary models that have a larger scale dependence (e.g., by
adjusting the third derivative of the inflaton potential) and so it
is instructive to use the Planck data to constrain dns/d ln k. A
test for dns/d ln k is of particularly interest given the results from
previous CMB experiments.

Early results from WMAP suggested a preference for a nega-
tive running at the 1–2� level. In the final 9-year WMAP analy-
sis no significant running was seen using WMAP data alone, with
dns/d ln k = �0.019 ± 0.025 (68% confidence; Hinshaw et al.
2012. Combining WMAP data with the first data releases from
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Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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Inflation: scalar spectral index n<1	


Harrison-Zel’dovich generates 
too much power on small 
scales	

Ruled out at >5σ
ns = 0.960 ± 0.007	

 	




Inflation: running and tensors	
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Fig. 22. The Planck power spectrum of Fig. 10 plotted as `2D`
against multipole, compared to the best-fit base ⇤CDM model
with ns = 0.96 (red dashed line). The best-fit base ⇤CDM model
with ns constrained to unity is shown by the blue line.

Our extensive grid of models allows us to investigate cor-
relations of the spectral index with a number of cosmological
parameters beyond those of the base ⇤CDM model (see Figs.
21 and 24). As expected, ns is uncorrelated with parameters de-
scribing late-time physics, including the neutrino mass, geom-
etry, and the equation of state of dark energy. The remaining
correlations are with parameters that a↵ect the evolution of the
early Universe, including the number of relativistic species, or
the helium fraction. This is illustrated in Fig. 24: modifying the
standard model by increasing the number of neutrinos species,
or the helium fraction, has the e↵ect of damping the small-scale
power spectrum. This can be partially compensated by an in-
crease in the spectral index. However, an increase in the neu-
trino species must be accompanied by an increased matter den-
sity to maintain the peak positions. A measurement of the matter
density from the BAO measurements helps to break this degen-
eracy. This is clearly seen in the upper panel of Fig. 24, which
shows the improvement in the constraints when BAO measure-
ments are added to the Planck+WP+highL likelihood. With the
addition of BAO measurements we find more than a 3� devi-
ation from ns = 1 even in this extended model, with a best-fit
value of ns = 0.969 ± 0.010 for varying relativistic species. As
discussed in Sect. 6.3, we see no evidence from the Planck data
for non-standard neutrino physics.

The simplest single-field inflationary models predict that the
running of the spectral index should be of second order in infla-
tionary slow-roll parameters and therefore small [dns/d ln k ⇠
(ns � 1)2], typically about an order of magnitude below the
sensitivity limit of Planck (see e.g., Kosowsky & Turner 1995;
Baumann et al. 2009). Nevertheless, it is easy to construct in-
flationary models that have a larger scale dependence (e.g., by
adjusting the third derivative of the inflaton potential) and so it
is instructive to use the Planck data to constrain dns/d ln k. A
test for dns/d ln k is of particularly interest given the results from
previous CMB experiments.

Early results from WMAP suggested a preference for a nega-
tive running at the 1–2� level. In the final 9-year WMAP analy-
sis no significant running was seen using WMAP data alone, with
dns/d ln k = �0.019 ± 0.025 (68% confidence; Hinshaw et al.
2012. Combining WMAP data with the first data releases from
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Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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Fig. 6.— One-dimensional marginalized distributions for the 6
!CDM parameters (top two rows) derived from the ACT+WMAP

combination, compared to WMAP alone. The bottom row shows
3 secondary parameters from the ACT+WMAP data. With the
addition of ACT data a model with ns = 1 is disfavored at the 3!
level.

power uncertainty is doubled from As = 4 ± 0.4 µK2 to
4±0.8 µK2 there is only a 0.1! e!ect. More radio source
power can be accommodated in 148GHz by increasing
the width of the radio prior to 4± 2 µK2, resulting in a
decrease in IR Poisson power at 148GHz of ! 1!, and
a corresponding increase in the IR index by ! 0.8!, but
this scenario is disfavored by the radio source counts pre-
sented in Marriage et al. (2010b).
Substituting the alternative halo-model ‘Src-2’ clus-

tered source template reduces the estimated IR Poisson
power by almost 1!. In this case the one-halo term con-
tributes at small scales, transferring power from the Pois-
son to the clustered component. Given our uncertainty
in the clustered model, we adopt this di!erence as an
additional systematic error on the Poisson source levels,
shown in Table 3. In this simple model we have also as-
sumed that the clustered and Poisson components trace
the same populations with the same spectral index. The
goodness of fit of the simple model supports this assump-
tion. The detected clustering levels are compatible with
the detections by the BLAST experiment (Viero et al.
2009), and will be explored further in future work.

4. COSMOLOGICAL PARAMETER CONSTRAINTS

In this section we use the 148-only ACT likelihood to
estimate primary cosmological parameters, in combina-
tion with WMAP and cosmological distance priors. Fol-
lowing the prescription in Section 2.1.4 we marginalize
over three secondary parameters to account for SZ and
point source contamination. We conservatively exclude
the 218GHz data from this part of the analysis, to avoid
drawing conclusions that could depend on the choice of
model for the point source power.

4.1. The "CDM model

The best-fit "CDM model is shown in Figure 5, using
the combination "4C! to highlight the acoustic peaks in
the Silk damping regime. The estimated parameters for
the ACT+WMAP combination, given in Table 4 and
shown in Figure 6, agree to within 0.5! with the WMAP

best-fit. The spectral index continues to lie below the
scale invariant ns = 1, now at the 3! level from the
CMB alone, with ns = 0.962 ± 0.013. This supports
the inflationary scenario for the generation of primordial
fluctuations (Mukhanov & Chibisov 1981; Hawking 1982;
Starobinsky 1982; Guth & Pi 1982; Bardeen, Steinhardt,
& Turner 1983; Mukhanov, Feldman, & Brandenberger
1992) and is possible due to the longer lever arm from
the extended angular range probed by ACT. With the
addition of BAO and H0 data, the significance of ns < 1
is increased to 3.3!, with statistics given in Table 5.
The "CDM parameters are not strongly correlated

with the three secondary parameters (Ac, Ap, ASZ), as
there is limited freedom within the model to adjust the
small-scale spectrum while still fitting the WMAP data.
We also find consistent results if the 148+218 ACT like-
lihood is used in place of the 148-only likelihood.
Evidence for the gravitational lensing of the primary

CMB signal is investigated in the companion ACT power
spectrum paper (Das et al. 2010). A lensing param-
eter, AL, is marginalized over that scales the lensing
potential from C!

! to ALC!
! , as described in Calabrese

et al. (2008). An unlensed CMB spectrum would have
AL = 0, and the standard lensing case has AL = 1. Re-
ichardt et al. (2009) reported a detection of lensing from
ACBAR; in Calabrese et al. (2008) this was interpreted
as a non-zero detection of the parameter AL, with mean
value higher than expected, AL = 3.1+1.8

!1.5 at 95% CL;

Reichardt et al. (2009) estimate AL = 1.4+1.7
!1.0 at 95%

CL from the same ACBAR data. With the ACT power
spectrum combined with 7-year WMAP data, Das et al.
(2010) report the measure

AL = 1.3+0.5+1.2
!0.5!1.0 (68, 95% CL), (20)

with mean value within 1! of the expected value. The
goodness of fit of an unlensed CMB model has ##2 = 8
worse than the best-fit lensed case, indicating a 2.8! de-
tection of lensing. The marginalized distribution for AL
from ACT+WMAP, together with the standard lensed
(AL = 1) and unlensed spectra (AL = 0), are shown
in Das et al. (2010). The measurement adds support to
the standard cosmological model governing the growth
rate of matter fluctuations over cosmic time, and by ex-
tracting information beyond the two-point function these
measurements are expected to be improved.

4.2. Inflationary parameters

4.2.1. Running of the spectral index

We constrain a possible deviation from power-law pri-
mordial fluctuations using the running of the index,
dns/d ln k, with curvature perturbations described by

#2
R(k) = #2

R(k0)

!

k

k0

"ns(k0)!1+ 1

2
ln(k/k0)dns/d ln k

.

(21)
The spectral index at scale k is related to the index at
pivot point k0 by

ns(k) = ns(k0) +
dns

d ln k
ln

!

k

k0

"

. (22)

m2Φ2 model starts to be disfavored	

Constraint on r comes from large-scale TT	


	

	

	

	


r<0.11 (95%, Planck+WP+highL)	
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Fig. 22. The Planck power spectrum of Fig. 10 plotted as `2D`
against multipole, compared to the best-fit base ⇤CDM model
with ns = 0.96 (red dashed line). The best-fit base ⇤CDM model
with ns constrained to unity is shown by the blue line.

Our extensive grid of models allows us to investigate cor-
relations of the spectral index with a number of cosmological
parameters beyond those of the base ⇤CDM model (see Figs.
21 and 24). As expected, ns is uncorrelated with parameters de-
scribing late-time physics, including the neutrino mass, geom-
etry, and the equation of state of dark energy. The remaining
correlations are with parameters that a↵ect the evolution of the
early Universe, including the number of relativistic species, or
the helium fraction. This is illustrated in Fig. 24: modifying the
standard model by increasing the number of neutrinos species,
or the helium fraction, has the e↵ect of damping the small-scale
power spectrum. This can be partially compensated by an in-
crease in the spectral index. However, an increase in the neu-
trino species must be accompanied by an increased matter den-
sity to maintain the peak positions. A measurement of the matter
density from the BAO measurements helps to break this degen-
eracy. This is clearly seen in the upper panel of Fig. 24, which
shows the improvement in the constraints when BAO measure-
ments are added to the Planck+WP+highL likelihood. With the
addition of BAO measurements we find more than a 3� devi-
ation from ns = 1 even in this extended model, with a best-fit
value of ns = 0.969 ± 0.010 for varying relativistic species. As
discussed in Sect. 6.3, we see no evidence from the Planck data
for non-standard neutrino physics.

The simplest single-field inflationary models predict that the
running of the spectral index should be of second order in infla-
tionary slow-roll parameters and therefore small [dns/d ln k ⇠
(ns � 1)2], typically about an order of magnitude below the
sensitivity limit of Planck (see e.g., Kosowsky & Turner 1995;
Baumann et al. 2009). Nevertheless, it is easy to construct in-
flationary models that have a larger scale dependence (e.g., by
adjusting the third derivative of the inflaton potential) and so it
is instructive to use the Planck data to constrain dns/d ln k. A
test for dns/d ln k is of particularly interest given the results from
previous CMB experiments.

Early results from WMAP suggested a preference for a nega-
tive running at the 1–2� level. In the final 9-year WMAP analy-
sis no significant running was seen using WMAP data alone, with
dns/d ln k = �0.019 ± 0.025 (68% confidence; Hinshaw et al.
2012. Combining WMAP data with the first data releases from
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Fig. 23. Upper: Posterior distribution for ns for the base ⇤CDM
model (black) compared to the posterior when a tensor compo-
nent and running scalar spectral index are added to the model
(red) Middle: Constraints (68% and 95%) in the ns–dns/d ln k
plane for ⇤CDM models with running (blue) and additionally
with tensors (red). Lower: Constraints (68% and 95%) on ns and
the tensor-to-scalar ratio r0.002 for ⇤CDM models with tensors
(blue) and additionally with running of the spectral index (red).
The dotted line show the expected relation between r and ns for
a V(�) / �2 inflationary potential (Eqs. 66a and 66b); here N is
the number of inflationary e-foldings as defined in the text. The
dotted line should be compared to the blue contours, since this
model predicts negligible running. All of these results use the
Planck+WP+highL data combination.
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dns/dlnk = -0.015 ± 0.009 (68%, Planck+WP+highL)	




34 Planck Collaboration: Constraints on inflation

Model �iso(klow) �iso(kmid) �iso(khigh) ↵(2,2500)
RR ↵(2,2500)

II ↵(2,2500)
RI �n �2� lnLmax

General model:
CDM isocurvature 0.075 0.39 0.60 [0.98:1.07] 0.039 [-0.093:0.014] 4 -4.6
ND isocurvature 0.27 0.27 0.32 [0.99:1.09] 0.093 [-0.18:0] 4 -4.2
NV isocurvature 0.18 0.14 0.17 [0.96:1.05] 0.068 [-0.090:0.026] 4 -2.5

Special CDM isocurvature cases:
Uncorrelated, nII = 1, (“axion”) 0.036 0.039 0.040 [0.98:1] 0.016 – 1 0
Fully correlated, nII = nRR, (“curvaton”) 0.0025 0.0025 0.0025 [0.97:1] 0.0011 [0:0.028] 1 0
Fully anti-correlated, nII = nRR 0.0087 0.0087 0.0087 [1:1.06] 0.0046 [-0.067:0] 1 -1.3

Table 12. Isocurvature mode constraints. For each model, we report the 95% CL upper bound on the fractional primordial contribu-
tion of isocurvature modes at three co-moving wavenumbers (klow = 0.002 Mpc�1, kmid = 0.05 Mpc�1, and khigh = 0.10 Mpc�1), and
the 95% CL bounds on the fractional contribution ↵II and ↵RI to the total CMB temperature anisotropy in the range 2  `  2500.
We also report �2� lnLmax for the best-fitting model in each case, relative to the best-fit 6-parameter ⇤CDM model, with the
number of additional parameters �n. In the Gaussian approximation, �2� lnLmax corresponds to ��2. The general models have six
parameters that specify the primordial correlation matrix at two scales k1 and k2, thus allowing all spectral indices to vary (so, four
parameters more than the pure adiabatic model).

cant amount of anticorrelated isocurvature modes, leading to a
reduction of amplitude of the Sachs-Wolfe plateau and to a de-
crease of the effective �2 by up to 4.618. This situation explains
the rather loose bounds on the derived parameter ↵II(2, 20), as
shown in Fig. 23.

A comparison ofP1
II andP2

II shows that best-fitting models
have an isocurvature spectral index nII close to 1.7 for CDI, 1.1
for NDI and 1.0 for NVI modes.

For CDI and NDI, the amplitude of acoustic peaks quickly
decreases with increasing `, so the constraints are entirely driven
by small `’s. Since the same value of the primordial amplitude
P(1)
II leads to different plateau amplitudes for the two isocurva-

ture models (see Fig. 21), the bounds on P(1)
II and P(1)

RI are con-
sistently stronger for CDI than for NDI. For NVI, the acous-
tic peak amplitude is larger than the plateau amplitude. In NVI
models, the data cannot allow for a too large amplitude of corre-
lated isocurvature modes at small `, because the total spectrum
would be distorted at larger `. This possibility is strongly dis-
favoured by the data, which is consistent with the peak location
predicted by a pure adiabatic model. Hence in the NVI case we
obtain slightly stronger bounds and a smaller reduction of the
effective �2.

The fact that the data prefer models with a significant con-
tribution from CDI or NDI modes should be interpreted with
care. The detection of a shift in the phase of acoustic oscilla-
tions would bring unambigous evidence in favour of isocurva-
ture modes. With Planck data, we are not in this situation. The
evidence is driven by a small deficit of amplitude in the Sachs-
Wolfe plateau, that could have several different possible explana-
tions (such as a deficit in the large-scale primordial power spec-
trum, as already seen in the previous sections). However, multi-
field inflationary scenarios can produce the mixture of curvature
and isocurvature fluctuations which we have found to provide a
good fit to the Planck data.

18 For the three general models, the posterior distribution is actually
multimodal. Here we are referring to models contributing to the main
peak in the posterior, with the highest maximum likelihood. There is
another peak with a smaller maximum likelihood, appearing in Fig. 23
as a small bump for positive values of the cross-correlation amplitude.
In this paper, we do not carry out a separate investigation for models
contributing to this secondary peak.

10.3. Special cases

The six-parameter models of the previous subsection, includ-
ing one isocurvature mode and the adiabatic mode, make no as-
sumptions about the spectral indices of each mode, or the degree
of correlation between the isocurvature mode and the adiabatic
mode. This leads to a large number of additional degrees of free-
dom. There are either theoretical and phenomenological motiva-
tions for limiting the values of the parameters to certain values,
leading to specific cases with just one more degree of freedom
with respect to the adiabatic case. The results are reported in
Table 12, for uncorrelated perturbations with nII = 1, and fully
correlated or anti-correlated perturbations with nII = nRR. As
for the general case, anti-correlated isocurvature perturbations
slightly improve the fit to Planck data. In the following we con-
sider the implications of our results for two important scenarios,
the axion and curvaton scenarios.

10.3.1. Constraints on axion isocurvature

The axion field was proposed to solve the strong CP problem
and constitutes a well-motivated dark matter candidate (see,
e.g., Preskill et al. (1983), Turner (1990), Peccei (2008), Sikivie
(2008), Raffelt (2008), and Kim & Carosi (2010)). The axion is
the Goldstone boson of the broken Peccei-Quinn (PQ) symme-
try. Under certain assumptions, the axion field may induce sig-
nificant isocurvature perturbations (Turner et al., 1983; Axenides
et al., 1983; Steinhardt & Turner, 1983; Linde, 1984, 1985;
Seckel & Turner, 1985; Kofman, 1986; Lyth, 1990; Linde &
Lyth, 1990; Turner & Wilczek, 1991; Linde, 1991; Lyth, 1992).
If inflation takes place after PQ symmetry breaking, the quantum
fluctuations of the inflaton are responsible for primordial curva-
ture perturbations, while those of the axion field generate pri-
mordial entropy perturbations. After the QCD transition, when
one of the vacua becomes preferred giving the axion field a mass,
the axions behave as cold dark matter. This way of producing ax-
ionic dark matter is called the misalignment angle mechanism.
In such a scenario, the CMB anisotropy may include signifi-
cant power from CDM isocurvature fluctuations. In that case, the
fraction �iso ⌘ PII/(PRR +PII) of CDM isocurvature modes is
related to the energy scale of inflation, Hinf , through (Lyth, 1990;

Inflation: no evidence for isocurvature	
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the QUIET Collaboration (2012) reports r < 2.8 (95% CL). A host of forthcoming experiments are targeting B-mode
measurements that have the potential to detect or limit tensor modes at significantly lower levels than can be achieved
with temperature data alone.
In Table 5, we report limits on r from the nine-year WMAP data, analyzed alone and jointly with external data;

the tightest constraint is
r < 0.13 (95% CL) WMAP+eCMB+BAO+H0.

This is e↵ectively at the limit one can reach without B-mode polarization measurements. The joint constraints on ns

and r are shown in Figure 7, along with selected model predictions derived from single-field inflation models. Taken
together, the current data strongly disfavor a pure Harrison-Zel’dovich (HZ) spectrum, even if tensor modes are allowed
in the model fits.

Fig. 7.— Two-dimensional marginalized constraints (68% and 95% CL) on the primordial tilt, ns, and the tensor-to-scalar ratio, r, derived
with the nine-year WMAP in conjunction with: eCMB (green) and eCMB+BAO+H0 (red). The symbols and lines show predictions from
single-field inflation models whose potential is given by V (�) / �↵ (Linde 1983), with ↵ = 4 (solid), ↵ = 2 (long-dashed), and ↵ = 1
(short-dashed; McAllister et al. 2010). Also shown are those from the first inflation model, which is based on an R2 term in the gravitational
Lagrangian (dotted; Starobinsky 1980). Starobinsky’s model gives ns = 1� 2/N and r = 12/N2 where N is the number of e-folds between
the end of inflation and the epoch at which the scale k = 0.002 Mpc�1 left the horizon during inflation. These predictions are the same
as those of inflation models with a ⇠�2R term in the gravitational Lagrangian with a ��4 potential (Komatsu & Futamase 1999). See
Appendix A for details.

4.1.1. Running Spectral Index

Some inflation models predict a scale dependence or “running” in the (nearly) power-law spectrum of scalar pertur-
bations. This is conveniently parameterized by the logarithmic derivative of the spectral index, dns/d ln k, which gives
rise to a spectrum of the form (Kosowsky & Turner 1995)

�2
R(k) = �2

R(k0)

✓
k

k0

◆ns(k0)�1+ 1
2 ln(k/k0)dns/d ln k

. (9)

We do not detect a statistically significant deviation from a pure power-law spectrum with the nine-year WMAP data.
The allowed range of dns/d ln k is both closer to zero and has a smaller confidence range with the nine-year data,
dns/d ln k = �0.019± 0.025. However, with the inclusion of the high-l CMB data, the full CMB data prefer a slightly
more negative value, with a smaller uncertainty, dns/d ln k = �0.022+0.012

�0.011. While not significant, this result might
indicate a trend as the l-range of the data expand. The inclusion of BAO and H0 data does not a↵ect these results.
If we allow both tensors and running as additional primordial degrees of freedom, the data prefer a slight negative

running, but still at less than 3� significance, and only with the inclusion of the high-l CMB data. Complete results
are given in Table 5.

4.2. Isocurvature Modes

In addition to adiabatic fluctuations, where all species fluctuate in phase and therefore produce curvature fluctuations,
it is possible to have isocurvature perturbations: an over-density in one species compensates for an under-density in
another, producing no net curvature. These entropy, or isocurvature perturbations have a measurable e↵ect on the
CMB by shifting the acoustic peaks in the power spectrum. For cold dark matter and photons, we define the entropy
perturbation field

Sc,� ⌘ �⇢c
⇢c

� 3�⇢�
4⇢�

(10)
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Upper limits on fractional primordial contribution (β), 
or fractional contribution to CMB power (α):	




Summary	


•  The Planck satellite has measured 7 acoustic peaks of the CMB power 
spectrum, and the lensing power spectrum	


•  Places strong (percent-level) constraints on ΛCDM model (CDM density 
error halved); in excellent agreement with data. 	


	


•  Constrains neutrino physics: mnu<0.66 eV (0.23), and N=3.3+-0.3	


•  Detection of n<1 at ~ 5 sigma; robust to extensions. No non-Gaussianity 
or non-adiabaticity. All consistent with inflation.	


• Upcoming CMB data could get to errors on N of 0.1, and errors on mnu 
of 0.1 and later 0.05 (using lensing).	


 	





