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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 



Bennett et al 2012

WMAP: 2001-12

Established/constrained 6-parameter ‘ΛCDM’ model



Then came SPT and 
ACT, 2007-2011

WMAP

ACT

ACT	
  maps,	
  Das et al 2013

ACT Three-season Power Spectrum 3

Fig. 1.— Equatorial maps (ACT-E) made from 2009 (upper panel) and 2010 (lower panel) 148GHz observations filtered to emphasize
modes in the range ℓ = 500− 2500. The four data splits in either season were co-added to make this plot. Also delineated are the patches
used for computing power spectra.

gle season maps, and following D11 we divide the data
within each season into four splits in time, by distribut-
ing data from roughly every fourth night into a different
split, generating four split-maps, each of which is prop-
erly cross-linked. The maps are also spatially divided
into five patches on which power spectrum estimation is
performed separately. We explicitly avoid the edges of
the maps where the cross-linking is poor and the noise
is inhomogeneous. A representation of the season 3e and
season 4e 148GHz maps and patches are shown in Fig. 1.
The two seasons share the same footprint on the sky,
and common patches were defined to facilitate the com-
putation of cross season power spectra. Fig. 2 shows
the noise power spectra of the ACT-E maps by season
against the CMB-only theory. For most seasons, and
for 148GHz, on largest angular scales (ℓ < 500) atmo-
spheric noise dominates, while for intermediate angular
scales (500 < ℓ < 2500) fluctuations in the CMB dom-
inate the variance. At smaller angular scales detector
noise becomes the most significant contribution.

2.2. Southern Observations

The observations made on the southern sky across var-
ious seasons had different footprints, requiring a some-
what involved strategy for efficiently computing the
power spectrum. Filtered versions of various season maps
are shown in Fig. 3. The largest coverage was obtained in
the 2008 season (the same area on which D11 was based).
When computing the power spectrum within the 2008
data set, we used four large patches collectively cover-
ing 292 deg2 (we refer to this full footprint as “season
2 south full” or season 2sf in short). For computing the
power spectrum within the other two seasons, as well as
to compute the cross-power spectra between any pair of
the three seasons it was necessary to define another set
of two patches (shown by the smaller contiguous rectan-
gles in Fig. 3) that had a common footprint across the
seasons. As discussed in Section 4, care was taken not to
double count information while combining the different
spectra. The noise power spectra of each of the season
maps are displayed in Fig. 4 against the CMB-only the-
ory. The season 3s map is mostly noise dominated on
all scales in either frequency – we keep this season in
our analysis to tease out information from cross-season
spectra, but the season 3s-only spectrum is heavily down-
weighted in our likelihood.

2.3. From Time-Ordered Data to Maps
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Fig. 2.— Noise spectra for each season for the ACT-E maps
for 148GHz (upper panel) and 218GHz (lower panel). The red
solid line shows the CMB-only spectrum. At 148GHz the power
spectrum is sample variance limited at ℓ < 2500, while at 218GHz
detector and atmospheric noise dominate on most scales.

Details of the map-making procedure starting from
time-ordered data can be found in Dünner et al. (2012).
The maps were produced using the algorithm described
in Dünner et al. (2012), and the 148 GHz 2008 data are
identical to the maps presented there. We present a
short summary of the mapping procedure here. Before
mapping, we reject any detector timestreams that have
too many spikes (such as cosmic ray hits) identified in
the data. The cuts were calculated with differing sen-
sitivites in the spike finder for different bands and sea-
sons; the threshold for each band/season is set to corre-
spond to roughly the same fraction of data rejected be-
cause of spikes. The thresholds are 11/9/6 spikes per 10-
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Fig. 2.— Regions of the sky used for ACT power spectra (dashed,
Das et al. 2013) in the Equatorial plane (ACT-E, 300 deg2), and
at -55◦ declination (ACT-S, 292 deg2). The 800 deg2 used for SPT
power spectra (dotted, Keisler et al. 2011; Reichardt et al. 2012) is
indicated, with 54 deg2 overlap with ACT-S. The color scales with
Galactic cirrus intensity (Finkbeiner et al. 1999).

namic simulations described in Battaglia et al. (2012a).
The simulations include the effects of radiative cool-
ing, star formation, and feedback from AGN and su-
pernovae. The predictions are consistent with SZ mea-
surements from both SPT and ACT (e.g., Lueker et al.
2010), and the shape is shown in Figure 3. For the
model with σ8 = 0.8, the predicted spectrum reported in
Battaglia et al. (2012a) has amplitude atSZ = 5.6 ± 0.9,
with standard deviation estimated from ten simulations.
Numerous other authors have also predicted the tSZ

spectrum from independent simulations and analytical
models (e.g., Komatsu & Seljak 2002; Shaw et al. 2009;
Sehgal et al. 2010; Trac et al. 2011; Shaw et al. 2010;
Battaglia et al. 2012a; Efstathiou & Migliaccio 2012),
and the expected amplitude for fixed cosmological model
varies depending on the astrophysical modeling of the
clusters. However, the template shape is broadly consis-
tent among models, and the data are not yet sensitive
to shape difference, so we do not include a shape uncer-
tainty. We do not mask clusters, and expect the total SZ
power to be the same for ACT and SPT.

2.2. Kinematic Sunyaev-Zel’dovich

The kSZ power is expected to have contribu-
tions arising from fluctuations in the electron density
(Ostriker & Vishniac 1986), and in the ionization frac-
tion (e.g., Gruzinov & Hu 1998; McQuinn et al. 2005;
Iliev et al. 2007), as well as from the motion of galaxy
clusters at later times. We model the power as

BkSZ,ij
ℓ = akSZBkSZ

0,ℓ , (7)

where BkSZ
0,ℓ is a template spectrum for the predicted

blackbody kSZ emission for a model with σ8 = 0.8, nor-
malized to 1 µK2 at ℓ0 = 3000. The parameter akSZ
describes its normalization. We use a template that
assumes a model with instantaneous reionization, de-
scribed in Battaglia et al. (2010). This is derived from
the same hydrodynamic simulations as the tSZ spectra
in Sec 2.1, and is shown in Figure 3. The predicted am-
plitude from the simulations is akSZ = 1.5 for homoge-
neous reionization at z = 10 in a σ8 = 0.8 cosmology.
This is a quarter of the expected tSZ power. The cor-
responding kSZ template for the ‘nonthermal20’ model
in Trac, Bode, & Ostriker (2011) has a similar ampli-

Fig. 3.— Template power spectra for the thermal and kinetic
Sunyaev-Zel’dovich effects (tSZ and kSZ, Battaglia et al. 2012a,
2010), clustered CIB sources scaling as ℓ0.8 (CIB, Addison et al.
2012b), the cross-correlation between tSZ and CIB (tSZ-CIB,
negative at 150 GHz, Addison et al. 2012c), and Galactic cir-
rus (Miville-Deschênes & Lagache 2005). They are normalized at
ℓ = 3000 and 150 GHz, and the tSZ-CIB is shown for a perfectly
correlated signal. Poisson CIB and radio source power (not shown)
scale as ℓ2.

tude and shape, as does the Shaw, Rudd, & Nagai (2012)
‘CSF’ model, and the Bode et al. (2012) model. The
power is expected to scale as roughly σ4.5−5

8 (Trac et al.
2011; Shaw et al. 2012)).
Reionization of the universe is not expected to be in-

stantaneous, as was assumed by Battaglia et al. (2010).
The shape and amplitude of the kSZ power from
patchy reionization is far less certain, with simulations
predicting a signal at least as large as the homoge-
neous signal (e.g., Zahn et al. 2012; Mesinger et al. 2012;
Battaglia et al. 2012b). This gives a total expected sig-
nal of ∼ 3 to 5 µK2 for simple reionization models at
ℓ = 3000, comparable to the tSZ at 150 GHz. The domi-
nant effect of patchy reionization on the power spectrum
at scales probed by ACT is to alter the amplitude, de-
pending on both the midpoint and duration of reioniza-
tion (e.g., Battaglia et al. 2012b). We test a modified
shape in §4.3, but do not include additional shape uncer-
tainty in the template in the basic model.

2.3. Cosmic infrared background

Thermal dust emission from high redshift star-forming
galaxies, part of the Cosmic Infrared Background
(CIB), is emitted in the rest-frame far infrared and
redshifted into the mm-wave range (e.g., Puget et al.
1996; Hauser et al. 1998). Clustering of these galax-
ies has been detected statistically in mm-wave maps at
CMB frequency (Hall et al. 2010; Dunkley et al. 2011;
Shirokoff et al. 2011; Planck Collaboration XVIII et al.
2011; Hajian et al. 2012; Reichardt et al. 2012), as well
as in the sub-mm (e.g., Lagache et al. 2007; Viero et al.
2009). Following the analyses in Dunkley et al. (2011);
Reichardt et al. (2012); Addison et al. (2012b), the
power from these galaxies is modeled as the sum of a
Poisson and clustered component, given by

BCIB−P,ij
ℓ = ap

(

ℓ

ℓ0

)2 [µ(νi,βp)µ(νj ,βp)

µ2(ν0,βp)

]

µK2 (8)



Measured to smaller scales by ACT & SPT (2007-11)

Story et al 2012, Das et al 2013

Clearly any deviations from the concordance model would have to be small
Power of these data are to limit extensions to ΛCDM
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Fig. 12.— State of the art of CMB temperature power spectrum measurements from the WMAP 9-year data release (Bennett et al. 2012;
Hinshaw et al. 2012), the South Pole Telescope (Story et al. 2012) and ACT (this work). The solid line shows the best fit model to the
ACT 148GHz data combined with WMAP 7-year data (Larson et al. 2011). The dashed line shows the CMB-only component of the same
best fit model. Although we compute the power spectrum down to ℓ = 200, we do not use data below ℓ = 540 in the analysis.

TABLE 5
χ
2 (PTE) values for the TOD split null tests performed on the ACT data.

Frequency Region Season TOD dof
(1-2)x(3-4) (1-3)x(2-4) (1-4)x(2-3)

148 GHz South 2008 19.7 (0.92) 37.7 (0.16) 37.1 (0.17) 30
2009 30.3 (0.45) 31.8 (0.38) 22.6 (0.83) 30
2010 35.7 (0.22) 28.6 (0.54) 21.5 (0.87) 30

Equator 2009 33.9 (0.29) 26.5 (0.65) 40.9 (0.09) 30
2010 34.6 (0.26) 35.6 (0.22) 24.0 (0.77) 30

220 GHz South 2008 33.1 (0.03) 28.2 (0.10) 15.3 (0.76) 20
2009 14.4 (0.81) 11.3 (0.94) 14.8 (0.79) 20
2010 8.8 (0.99) 16.0 (0.72) 21.0 (0.40) 20

Equator 2009 24.9 (0.21) 19.3 (0.50) 13.3 (0.87) 20
2010 11.8 (0.92) 16.3 (0.70) 14.0 (0.83) 20



Aside: actually making CMB maps

d = Pm+n, solve 

PT N-1 P m = PT N-1 d

d = raw data set (>3TB of data)
m = desired map (200 MB per map)
N = noise covariance between data
P = pointing matrix

1 season = 100,000 CPU hours on the 22nd 
fastest supercomputer in the world.

But N is not diagonal.
1. Detectors have non-white noise
2. Any mechanical/electric coupling in 
camera
3. Atmosphere



Planck 2009-12/13
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 observed until Oct 2013.
Bigger mirror: few arcmin resolution



30 GHz

70 GHz

44 GHz



100 GHz

143 GHz

217 GHz



353 GHz

545 GHz

857 GHz



The CMB temperature sky

Planck Collaboration 2013



CMB tSZ

KSZ/OV Point Sources

Small-scale components at ~150 GHz

1.4°x 1.4°

Components Summed



Have to marginalize small-scale foregrounds

Dunkley, Hlozek, Sievers et al. 2010

1. Model spectra at multiple frequencies
2. Include point sources, Sunyaev-

Zel’dovich effects, Galactic cirrus.
3. Marginalize over non-CMB power using 

~10-20 parameters

Used for ACT, SPT and Planck.

Das et al 2013, Dunkley et al 2013

Dunkley et al 2013, Sievers et al 2013
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Fig. 14.— The CMB power spectrum estimated from ACT, shown with the spectrum from the WMAP 9-year data (Bennett et al. 2012;
Hinshaw et al. 2012). The errors include uncertainty due to foreground and SZ emission, as well as the relative calibration of the 148
and 218 GHz channels, and beam uncertainty. The full covariance matrix is derived in Dunkley et al. (2013). The solid line shows the
CMB-only component of the best fit model for the ACT data combined with the WMAP 7-year data.

TABLE 6
Null test χ

2 (PTE) values for the inner vs outer detectors.

Frequency Region Season In/Out dof
(1o-2i)x(3o-4i) (1o-3i)x(2o-4i) (1o-4i)x(2o-3i)

148 GHz South 2008 26.2 (0.66) 28.2 (0.56) 26.2 (0.67) 30
2009 37.7 (0.16) 17.3 (0.97) 27.3 (0.61) 30
2010 34.7 (0.26) 27.3 (0.61) 25.6 (0.70) 30

Equator 2009 49.5 (0.01) 33.3 (0.31) 45.2 (0.04) 30
2010 35.2 (0.23) 45.8 (0.03) 39.7 (0.11) 30

218 GHz South 2008 25.3 (0.19) 23.9 (0.24) 21.0 (0.40) 20
2009 13.7 (0.85) 12.3 (0.91) 25.8 (0.17) 20
2010 13.8 (0.84) 15.0 (0.78) 26.3 (0.16) 20

Equator 2009 20.9 (0.41) 37.7 (0.01) 23.2 (0.28) 20
2010 23.4 (0.27) 24.2 (0.24) 13.5 (0.85) 20

ACT

ACT Likelihood 7

Fig. 4.— (Top) Power spectra measured by ACT (Das et al. 2013) at 148 and 218 GHz, and their cross-spectrum, coadded over ACT-E
and ACT-S. We show the primary (lensed CMB in dotted black line) and secondary contributions (dotted lines) to the best-fitting model.
(Bottom) Residual power in the ACT cross-frequency spectra, after subtracting the best-fitting model, at 148 (left), 148x218 (center), and
218 GHz (right). The errors at small scales are correlated due to beam uncertainty. The model is a good fit simultaneously to ACT-E and
ACT-S, with no sigificant residual features.

describing the tSZ-CIB cross-correlation, and age and
ags describing the Galactic cirrus emission. The lat-
ter four have strong priors imposed, as described in §2:
as = 2.9 ± 0.4, 0 < ξ < 0.2, age = 0.8 ± 0.2, and
ags = 0.4 ± 0.2. In addition to the nine model param-
eters, there are four calibration parameters for ACT. In
§4.3 we investigate how additional, or fewer, parameters
affect the fit of the model to the data. To compute the
model requires an effective frequency for each compo-

nent; we use the band-centers for SZ, radio, and dusty
sources given in Table 1 (Swetz et al. 2011).

3.2. Combining with SPT data

The South Pole Telescope observed the sky from 2007–
10. Spectra are reported in Keisler et al. (2011) for
angular scales 650 < ℓ < 3000 at 150 GHz, and in
Reichardt et al. (2012) for angular scales 2000 < ℓ <
9400 at 95, 150 and 220 GHz. These observations are



Planck Collaboration: The Planck mission
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Fig. 25. Measured angular power spectra of Planck, WMAP9, ACT, and SPT. The model plotted is Planck’s best-fit model including Planck
temperature, WMAP polarization, ACT, and SPT (the model is labelled [Planck+WP+HighL] in Planck Collaboration XVI (2013)). Error bars
include cosmic variance. The horizontal axis is `0.8.

than that measured using traditional techniques, though in agree-
ment with that determined by other CMB experiments (e.g.,
most notably from the recent WMAP9 analysis where Hinshaw
et al. 2012c find H0 = (69.7 ± 2.4) km s�1 Mpc�1 consis-
tent with the Planck value to within ⇠ 1�). Freedman et al.
(2012), as part of the Carnegie Hubble Program, use Spitzer
Space Telescope mid-infrared observations to recalibrate sec-
ondary distance methods used in the HST Key Project. These
authors find H0 = (74.3±1.5±2.1) km s�1 Mpc�1 where the first
error is statistical and the second systematic. A parallel e↵ort by
Riess et al. (2011) used the Hubble Space Telescope observa-
tions of Cepheid variables in the host galaxies of eight SNe Ia to
calibrate the supernova magnitude-redshift relation. Their ‘best
estimate’ of the Hubble constant, from fitting the calibrated SNe
magnitude-redshift relation is, H0 = (73.8 ± 2.4) km s�1 Mpc�1

where the error is 1� and includes known sources of systematic
errors. At face value, these measurements are discrepant with the
current Planck estimate at about the 2.5� level. This discrep-
ancy is discussed further in Planck Collaboration XVI (2013).

Extending the Hubble diagram to higher redshifts we note
that the best-fit⇤CDM model provides strong predictions for the
distance scale. This prediction can be compared to the measure-
ments provided by studies of Type Ia SNe and baryon acoustic
oscillations (BAO). Driven in large part by our preference for
a higher matter density we find mild tension with the (relative)
distance scale inferred from compilations of SNe (Conley et al.
2011; Suzuki et al. 2012). In contrast our results are in excellent

agreement with the BAO distance scale compiled in Anderson
et al. (2012).

The Planck data, in combination with polarization measured
by WMAP, high-` anisotropies from ACT and SPT and other,
lower redshift data sets, provides strong constraints on devia-
tions from the minimal model. The low redshift measurements
provided by the BAO allow us to break some degeneracies still
present in the Planck data and significantly tighten constraints on
cosmological parameters in these model extensions. The ACT
and SPT data help to fix our foreground model at high `. The
combination of these experiments provides our best constraints
on the standard 6-parameter model; values of some key parame-
ters in this model are summarized in Table 9.

From an analysis of an extensive grid of models, we find no
strong evidence to favour any extension to the base ⇤CDM cos-
mology, either from the CMB temperature power spectrum alone
or in combination with Planck lensing power spectrum and other
astrophysical datasets. For the wide range of extensions which
we have considered, the posteriors for extra parameters gener-
ally overlap the fiducial model within 1�. The measured values
of the ⇤CDM parameters are relatively robust to the inclusion
of di↵erent parameters, though a few do broaden significantly if
additional degeneracies are introduced. When the Planck likeli-
hood does provide marginal evidence for extensions to the base
⇤CDM model, this comes predominantly from a deficit of power
(compared to the base model) in the data at ` < 30.

The primordial power spectrum is well described by a
power-law over three decades in wave number, with no evidence

35

Strong limits on 6-parameter ΛCDM model 
No deviations from ΛCDM seen (some large-scale oddities)

Planck



The 6-parameter ΛCDM model 
(1) Contents and expansion 
Baryon density Ωbh2

CDM density Ωch2

Peak position θ (~rs/DA)

(2) Initial fluctuations 
Amplitude at k=0.05/Mpc As 
Spectral index ns

(3) Impact of reionization

Reionization optical depth τ 

(1) Contents and expansion rate 
Baryon fraction Ωb 

CDM fraction Ωc 

Cosmol constant fraction ΩΛ=1- Ωb -Ωc  
Expansion rate H0 

(2) Late-time size of fluctuations  
Amplitude on 8 Mpc/h scales  σ8

(3) Reionization
Redshift of reonization zre

Assumptions:
• Geometry/contents: Flat, w=-1, Σmν=0.06eV, no warm dark matter, Neff=3.04, YP=0.25

• Primordial fluctuations: adiabatic, power-law P(k) = A(k/k0)n-1, no tensors, no cosmic strings
• Smooth, quick reionization of universe



Cosmology from the higher acoustic peaks

From E. Calabrese,  for ACT

1. Measure Silk damping, test recombination [neutrinos, helium, early dark energy, dark matter 
annihilation, time-varying constants]

2. More decades for primordial spectrum [index and its running]
3. Probe scales where non-‘standard’ fluctuations could be seen [cosmic strings, isocurvature]



(1) Primordial helium

Sievers, Hlozek et al. 2013

Usually assume YP predicted by BBN:  YP = 0.2485+0.0016[(273.9Ωbh2-6) +100 (S-1)]

Instead can test BBN: more helium decreases electron density, increasing mean free path and Silk 
damping: ne = nb(1-YP)

Yp = 0.27 ± 0.02 (Planck+)

Planck collab XVI 2013

17

Fig. 15.— Left panel: Marginalized one-dimensional constraints on the helium fraction Yp while fixing the number of e↵ective relativistic
degrees of freedom, Ne↵ = 3.046. The dashed line indicates the standard value of Yp = 0.24. Right panel: Marginalized two-dimensional
68% and 95% contours for the e↵ective number of relativistic degrees of freedom and the primordial helium abundance. The line indicates
the BBN consistency relation (given in Eq. (8)), while the star labels the ⇤CDM model with Ne↵ = 3.046 and Yp = 0.24.

invariant spectrum. Recent work by Lizarraga et al.
(2012) note that the string amplitude is highly correlated
with N

e↵

, with N
e↵

being pushed towards much higher
values when both the string tension and the number of
e↵ective degrees of freedom are varied together.

5. SECONDARY PARAMETERS

The assumed priors placed on the secondary parame-
ters are discussed in detail in Dunkley et al. (2013), where
the values for assumed priors are presented and justified.
We summarize and interpret our constraints here.

5.1. Point source power

The power spectrum includes a contribution from point
sources that lie below our detection threshold. At 148
GHz and 218 GHz, both synchrotron emission from radio
galaxies and infrared emission from dusty galaxies con-
tribute to the observed power. Point sources detected in
either band are masked down to a flux limit of 15 mJy.
We impose a prior of as = 2.9 ± 0.4 at ` = 3000 on
the residual power from radio galaxies at 148 GHz from
sources below this threshold (Gralla et al. 2013), based
on models from Tucci et al. (2011). For comparison, Re-
ichardt et al. (2012) use a model from De Zotti et al.
(2005), which would predict a residual power below 15
mJy that di↵ers by about 5% from the prediction of the
Tucci et al. (2011) model, and so lies within the 1� limit
of the prior we impose.

For the ⇤CDM model, the error on the unresolved ra-
dio galaxy power (at 150 GHz) is dominated by the prior
on the amplitude of power at ` = 3000, with

as = 3.1 ± 0.4. (36)

We constrain the clustered (ac) and Poisson (ap) power
from CIB sources respectively to be

ac = 5.0 ± 1.0; ap = 7.0 ± 0.5, (37)

where again, the amplitudes are for templates normalized
to 1 µK2 at ` = 3000 and 150 GHz.

The frequency dependence of the CIB power is modeled
as the square of a modified blackbody (see Section 2.3

of Dunkley et al. 2013), with e↵ective dust temperature
fixed to Td = 9.7 K. The e↵ective emissivity index is
constrained to be �c = 2.2 ± 0.1. The corresponding
constraint on the CIB spectral index between 150 and
220 GHz is ↵d = 3.68 ± 0.10, where ↵d is defined in
flux density units as S⌫ / ⌫↵d . This result is in good
agreement with the earlier ACT 1-year constraint of ↵d =
3.69 ± 0.14 (Dunkley et al. 2011), and somewhat higher
than, though not inconsistent with, ↵d = 3.56 ± 0.07
(or 3.45 ± 0.11, when a tSZ-CIB correlation is allowed),
reported by SPT (Reichardt et al. 2012).

While �c cannot be directly associated with the emis-
sivity of individual CIB sources, we expect the CIB
anisotropy measured by ACT to improve dusty star-
forming galaxy constraints when used in conjunction
with data at higher frequencies (as in Addison et al.
2012a), and through ongoing cross-correlation analyses.

5.2. Thermal SZ

The amplitude of the thermal SZ (tSZ) power spec-
trum is a strong function of the amplitude of matter
fluctuations, and is very sensitive to �

8

(Komatsu & Ki-
tayama 1999), scaling like �8.3

8

(Shaw et al. 2010; Trac
et al. 2011). We model the tSZ power using a template
(Battaglia et al. 2011) from hydrodynamic simulations
of cosmological volumes that includes radiative cooling,
star formation, and AGN feedback. For �

8

= 0.8 this
template has a predicted amplitude of a

tSZ

= 5.6 at
` = 3000. In this analysis of the ACT 3-year data we
separate the thermal and kinetic SZ components (Dunk-
ley et al. 2013) into two dimensionless spectra normalized
to unity at `

0

= 3000 in Eq. 3. Hence, the theoretical
expectation for the tSZ amplitude at this `

0

= 3000 is
5.6. We constrain the tSZ amplitude to be

a
tSZ

= 3.4 ± 1.4. (38)

Our current result corresponds to a measurement of �
8

=
0.75+0.03

�0.05 and is consistent with our previously reported
values from a

tSZ

of �
8

= 0.77 ± 0.05 in Dunkley et al.



(1) Relativistic species

Usually assume 3 neutrino species. 

More species: longer radiation domination, suppress 
early acoustic oscillations, and add phase shift  

ACT+SPT+WMAP9: Neff = 3.4 ± 0.4 (Calabrese et al 2013)

Planck+: Neff = 3.4 ± 0.3 (Planck Collab 2013)

€ 

ρrel =
7
8
4
11
# 

$ 
% 

& 

' 
( 
4 / 3

Neff

) 

* 
+ 

, 

- 
. ργ

ACT: Sievers, Hlozek et al. 2013

Planck Collab XVI 2013

8

1 2 3 4 5 6 7 8 9
Neff

0.0

0.2

0.4

0.6

0.8

1.0

Li
ke

lih
oo

d

WMAP7
WMAP7+ACT

Fig. 5.— Marginalized one-dimensional likelihood of the Ne↵ for ACT data in combination with other probes. Left panel: The improve-
ment in constraints of the ACT data in combination with WMAP7, relative to WMAP7 data on its own. Right panel: The Ne↵ likelihood
for WMAP7+ACT data and a variety of other probes. The constraints are consistent with Ne↵ = 3.046, the value in the model with
three neutrino species. The slight shifts in the central value can be understood in the context of the changes in the value of the Hubble
parameter, as illustrated in Figure 6.

4.2. E↵ective number of relativistic species

The standard cosmological model has three neutrino
species, all of which have negligible mass and contribute
to N

e↵

, the e↵ective number of relativistic species at
recombination.37 Precision electroweak measurements
place tight constraints on the number of light neutrino
species with standard-model couplings (The ALEPH
Collaboration et al. 2006) through Z production in e+e�

collisions:
N

e↵

= 2.984 ± 0.008. (5)

Relativistic species (be they neutrinos or another rel-
ativistic species at early times) change the expansion
rate of the universe through their energy density and
impact the perturbations in the early universe, a↵ecting
the damping tail of the primary CMB spectrum (Bowen
et al. 2001; Bashinsky & Seljak 2004; Hou et al. 2011).
In the case of neutrinos, the energy density ⇢⌫ is lower
than that of photons by a factor

⇢⌫/⇢� = (7/8)(4/11)4/3N
e↵

, (6)

where N
e↵

is 3.046 in the standard ⇤CDM model.
Extra relativistic energy density damps the small-scale

CMB power - see Hou et al. (2011) for a concise recent
review, and the discussions in Hu & Dodelson (2002);
Hu et al. (2001); Bashinsky & Seljak (2004); Tegmark
(2005); Lesgourgues & Pastor (2006); Hannestad (2010).

Figure 5 and Table 2 illustrate the constraints on the
N

e↵

from ACT in combination with various probes. Pre-
vious analyses (Dunkley et al. 2011; Keisler et al. 2011)
suggested a slight excess in the N

e↵

. This preference for
more damping from extra relativistic degrees of freedom
is no longer present when analyzing the ACT 3-year data,
in combination with WMAP7 data. The change is con-

37 The e↵ective number of relativistic species due to three neu-
trinos is slightly larger than three even in the standard scenario
due to heating caused by the injection of the entropy from the
e+/e� annihilation (e.g., Dicus et al. 1982; Rana & Seifert 1991;
Dodelson & Turner 1992; Dolgov & Fukugita 1992; Hannestad &
Madsen 1995; Dolgov et al. 1997; Gnedin & Gnedin 1998; Lopez
et al. 1999).

sistent with the improved statistics of the ACT 3-year
data. We find

N
e↵

= 2.79 ± 0.56 (WMAP7 + ACT). (7)

The improvement in this value relative to the WMAP-
only constraints is shown in the top panel of Figure 6.

The result in this analysis was obtained by imposing
the consistency relation between the primordial helium
fraction at Big Bang Nucleosynthesis (BBN) and the
number of e↵ective relativistic degrees of freedom (Trotta
et al. 2004; Kneller & Steigman 2004; Steigman 2007;
Simha & Steigman 2008, see Section 4.9):

YP =0.2485 + 0.0016[(273.9⌦bh
2 � 6) + 100(S � 1)];

S =
p

1 + (7/43)(N
e↵

� 3).

(8)

Hence, in the present analysis, the helium fraction is a
determined parameter given N

e↵

and the baryon den-
sity, rather than remaining fixed at the standard value of
YP = 0.24. The value presented in Dunkley et al. (2011)
was higher at N

e↵

= 5.3 ± 1.3, as we did not impose this
relation; imposing this constraint on the previous ACT-S
data would yield a modified value of N

e↵

= 4.3±1.3, con-
sistent at 1� with the value of 3.046 expected in standard
⇤CDM.

The value of N
e↵

obtained when using only the ACT-
S data is closer to the value reported in Dunkley et al.
(2011). The ACT-E data prefer a lower value for N

e↵

,
leading to a combined result which is ⇡ 1� lower than
presented in Dunkley et al. (2011).

Including the recent BAO data does not change the
constraints on the relativistic species, while adding in the
SPT data shifts the mean value to slightly higher values
of N

e↵

, but still consistent with the WMAP7+ACT data.
The highest value for N

e↵

comes from the addition of the
BAO and Hubble constant data, yielding

N
e↵

= 3.50 ± 0.42 (WMAP7 + ACT + BAO + HST).
(9)

This is due to the degeneracy between ⌦ch
2 (and there-



(2) Primordial spectrum: spectral index n<1
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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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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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(3) Cosmic strings

Dunkley et al. 2010  
(older ACT data)

Cosmic strings may be 
sub-dominant source 
of anisotropy.
Example: Nambu 
string sims (Battye & 
Moss 2010).  

Gμ < 1.1 x 10-7 (95%, ACT+WMAP, Sievers et al 2013)  

Spectral index less than unity: hybrid inflation disfavored. 
Similar limits from Planck.



(3) No evidence for isocurvature

Planck Collab XXII 2013

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





Lensing of the CMB

Integrated mass fluctuations along the line of sight 
Deflection is a couple of arcminutes, but coherent on degree scales.
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Planck Collaboration: Gravitational lensing by large-scale structures with Planck

1. Introduction

When Blanchard and Schneider first considered the e⇤ect of
gravitational lensing on the cosmic microwave background
(CMB) anisotropies in 1987, they wrote with guarded optimism
that although “such an observation is far from present possibil-
ities [...] such an e⇤ect will not be impossible to find and to
identify in the future.” (Blanchard & Schneider 1987). In the
proceeding years, and with the emergence of the concordance
�CDM cosmology, a standard theoretical picture has emerged,
in which the large-scale, linear structures of the Universe which
intercede between ourselves and the CMB last-scattering sur-
face induce small but coherent (Cole & Efstathiou 1989) de-
flections of the observed CMB temperature and polarisation
anisotropies, with a typical magnitude of 2⇧. These deflec-
tions blur the acoustic peaks (Seljak 1996), generate small-scale
power (Linder 1990; Metcalf & Silk 1997), non-Gaussianity
(Bernardeau 1997), and convert a portion of the dominant E-
mode polarisation to B-mode (Zaldarriaga & Seljak 1998).
Gravitational lensing of the CMB is both a nuisance, in that it
obscures the primordial fluctuations (Knox & Song 2002), as
well as a potentially useful source of information; the charac-
teristic signatures of lensing provide a measure of the distri-
bution of mass in the Universe at intermediate redshifts (typi-
cally 0.1 < z < 5). In the�CDM framework, there exist accurate
methods to calculate the e⇤ects of lensing on the CMB power
spectra (Challinor & Lewis 2005), as well as optimal estimators
for the distinct statistical signatures of lensing (Hu & Okamoto
2002; Hirata & Seljak 2003a).

In recent years there have been a number of increasingly sen-
sitive experimental measurements of CMB lensing. Lensing has
been measured in the data of the WMAP satellite both in cross-
correlation with large-scale-structure probed by galaxy surveys
(Hirata et al. 2004; Smith et al. 2007; Hirata et al. 2008; Feng
et al. 2012a), as well as internally at lower signal-to-noise (Smidt
et al. 2011; Feng et al. 2012b). The current generation of low-
noise, high-resolution ground-based experiments has done even
better; the Atacama Cosmology Telescope (ACT) has provided
an internal detection of lensing at 4.6⇥ (Das et al. 2011, 2013),
and the South Pole Telescope detects lensing at 6⇥ in the tem-
perature power spectrum, and 6.3⇥ from a direct reconstruction
of the lensing potential (Keisler et al. 2011; van Engelen et al.
2012). Significant measurements of the correlation between the
reconstructed lensing potential and other tracers of large-scale
structure have also been observed (Bleem et al. 2012; Sherwin
et al. 2012).

Planck enters this field with unique full-sky, multi-frequency
coverage. Nominal map noise levels for the first data release (ap-
proximately 105, 45, and 60 µK arcmin for the three CMB chan-
nels at 100, 143, and 217 GHz respectively) are approximately
five times lower than those of WMAP (or twenty five times lower
in power), and the Planck beams (approximately 10⇧, 7⇧ and 5⇧
at 100, 143 and 217 GHz), are small enough to probe the 2.⇧4
deflections typical of lensing. Full sky coverage is particularly
beneficial for the statistical analysis of lensing e⇤ects, as much
of the “noise” in temperature lens reconstruction comes from
CMB fluctuations themselves, which can only be beaten down
by averaging over many modes.

Lensing performs a remapping of the CMB fluctuations,
such that the observed temperature anisotropy in direction n̂
is given in terms of the unlensed, “primordial” temperature

anisotropy as (e.g. Lewis & Challinor 2006)

T (n̂) = T unl(n̂+ ⌃⇤(n̂)),

= T unl(n̂) +
⇧

i

⌃i⇤(n̂)⌃iT (n̂) + O(⇤2), (1)

where ⇤(n̂) is the CMB lensing potential, defined by

⇤(n̂) = �2
⌃ ⌅⇥

0
d⌅

fK(⌅⇥ � ⌅)
fK(⌅⇥) fK(⌅)

⇥(⌅n̂; �0 � ⌅). (2)

Here ⌅ is conformal distance (with ⌅⇥ ⌅ 14000 Mpc) denoting
the distance to the CMB last-scattering surface) and ⇥(⌅n̂, �)
is the gravitational potential at conformal distance ⌅ along the
direction n̂ at conformal time � (the conformal time today is de-
noted as �0). The angular-diameter distance fK(⌅) depends on
the curvature of the Universe, and is given by

fK(⌅) =

�⌅⌅⌅⌅⇤
⌅⌅⌅⌅⇥

K�1/2 sin(K1/2⌅) for K > 0 (closed),
⌅ for K = 0 (flat),
|K|�1/2 sinh(|K|1/2⌅) for K < 0 (open).

(3)

The lensing potential is a measure of the integrated mass distri-
bution back to the last-scattering surface. It contains information
on both the gravitational potentials ⇥ To first order, its e⇤ect on
the CMB is to introduce a correlation between the lensed tem-
perature and the gradient of the unlensed temperature, a property
which can be exploited to make a (noisy) reconstruction of the
lensing potential itself.

In Fig. 1 we plot the noise power spectrum N⇤⇤L for recon-
struction of the lensing potential using the three Planck frequen-
cies which are most sensitive to the CMB anisotropies on the
arcminute angular scales at which lensing e⇤ects become ap-
parent. The angular size of the Planck beams (5⇧ FWHM and
greater) does not allow a high signal-to-noise (S/N) reconstruc-
tion of the lensing potential for any individual mode (our high-
est S/N ratio on an individual mode is approximately 2/3 for the
143 and 217 GHz channels, or 3/4 for a minimum-variance com-
bination of both channels), however with full-sky coverage the
large number of modes which are probed provides considerable
statistical power. To provide a feeling for the statistical weight of
di⇤erent regions of the lensing measurement, in Fig. 2 we plot
(forecasted) contributions to the total detection significance for
the potential power spectrum C⇤⇤L as a function of lensing mul-
tipole L. In addition to the power spectrum of the lensing po-
tential, there is tremendous statistical power in cross-correlation
of the Planck lensing potential with other tracers of the matter
distribution. In Fig. 2 we also plot forecasted S/N contributions
for several representative tracers.

This paper describes the production, characterization, and
first science results for two Planck-derived lensing products:

(I) A map of the CMB lensing potential ⇤(n̂) over a large
fraction of the sky (approximately 70%). This repre-
sents an integrated measure of mass in the entire visible
Universe, with a peak sensitivity to redshifts of z ⇤ 2.
At the resolution of Planck, this map provides an esti-
mate of the lensing potential down to angular scales of
5⇧ at L = 2048, corresponding to structures on the order
of 3 Mpc in size at z = 2.

(II) An estimate of the lensing potential power spec-
trum C⇤⇤L and an associated likelihood, which is
used in the cosmological parameter analysis of
Planck Collaboration XVI (2013). Our likelihood is
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C⇤⇤
⇧ = C⇤⇤

⇧ |fid exp

⇤
⇧

�

B�(�)p�

⌅

⇥

d

�2�⌃⇧⇤⇥

d(n̂) = �2
⌃ ⌅�

0
d⌃

fK(⌃� � ⌃)
fK(⌃�)

⇧⇤⇥(⌃n̂, ⇥0 � ⌃)

d(n̂) = ⇧
�
�2

⌃ ⌅�

0
d⌃

fK(⌃� � ⌃)
fK(⌃�)

⇥(⌃n̂, ⇥0 � ⌃)
⇥

N (0),g

N (0),c

N (1),g

N (1),c

�N (2),g

Cdd
⇧

�[n̂] = �̃[n̂ + d]

�[n̂] = �̃[n̂ +⇧⇧(n̂)]

d = ⇧⇧ +⇧⇥ ⌥

Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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When Blanchard and Schneider first considered the e⇤ect of
gravitational lensing on the cosmic microwave background
(CMB) anisotropies in 1987, they wrote with guarded optimism
that although “such an observation is far from present possibil-
ities [...] such an e⇤ect will not be impossible to find and to
identify in the future.” (Blanchard & Schneider 1987). In the
proceeding years, and with the emergence of the concordance
�CDM cosmology, a standard theoretical picture has emerged,
in which the large-scale, linear structures of the Universe which
intercede between ourselves and the CMB last-scattering sur-
face induce small but coherent (Cole & Efstathiou 1989) de-
flections of the observed CMB temperature and polarisation
anisotropies, with a typical magnitude of 2⇧. These deflec-
tions blur the acoustic peaks (Seljak 1996), generate small-scale
power (Linder 1990; Metcalf & Silk 1997), non-Gaussianity
(Bernardeau 1997), and convert a portion of the dominant E-
mode polarisation to B-mode (Zaldarriaga & Seljak 1998).
Gravitational lensing of the CMB is both a nuisance, in that it
obscures the primordial fluctuations (Knox & Song 2002), as
well as a potentially useful source of information; the charac-
teristic signatures of lensing provide a measure of the distri-
bution of mass in the Universe at intermediate redshifts (typi-
cally 0.1 < z < 5). In the�CDM framework, there exist accurate
methods to calculate the e⇤ects of lensing on the CMB power
spectra (Challinor & Lewis 2005), as well as optimal estimators
for the distinct statistical signatures of lensing (Hu & Okamoto
2002; Hirata & Seljak 2003a).

In recent years there have been a number of increasingly sen-
sitive experimental measurements of CMB lensing. Lensing has
been measured in the data of the WMAP satellite both in cross-
correlation with large-scale-structure probed by galaxy surveys
(Hirata et al. 2004; Smith et al. 2007; Hirata et al. 2008; Feng
et al. 2012a), as well as internally at lower signal-to-noise (Smidt
et al. 2011; Feng et al. 2012b). The current generation of low-
noise, high-resolution ground-based experiments has done even
better; the Atacama Cosmology Telescope (ACT) has provided
an internal detection of lensing at 4.6⇥ (Das et al. 2011, 2013),
and the South Pole Telescope detects lensing at 6⇥ in the tem-
perature power spectrum, and 6.3⇥ from a direct reconstruction
of the lensing potential (Keisler et al. 2011; van Engelen et al.
2012). Significant measurements of the correlation between the
reconstructed lensing potential and other tracers of large-scale
structure have also been observed (Bleem et al. 2012; Sherwin
et al. 2012).

Planck enters this field with unique full-sky, multi-frequency
coverage. Nominal map noise levels for the first data release (ap-
proximately 105, 45, and 60 µK arcmin for the three CMB chan-
nels at 100, 143, and 217 GHz respectively) are approximately
five times lower than those of WMAP (or twenty five times lower
in power), and the Planck beams (approximately 10⇧, 7⇧ and 5⇧
at 100, 143 and 217 GHz), are small enough to probe the 2.⇧4
deflections typical of lensing. Full sky coverage is particularly
beneficial for the statistical analysis of lensing e⇤ects, as much
of the “noise” in temperature lens reconstruction comes from
CMB fluctuations themselves, which can only be beaten down
by averaging over many modes.

Lensing performs a remapping of the CMB fluctuations,
such that the observed temperature anisotropy in direction n̂
is given in terms of the unlensed, “primordial” temperature

anisotropy as (e.g. Lewis & Challinor 2006)

T (n̂) = T unl(n̂+ ⌃⇤(n̂)),

= T unl(n̂) +
⇧

i

⌃i⇤(n̂)⌃iT (n̂) + O(⇤2), (1)

where ⇤(n̂) is the CMB lensing potential, defined by

⇤(n̂) = �2
⌃ ⌅⇥

0
d⌅

fK(⌅⇥ � ⌅)
fK(⌅⇥) fK(⌅)

⇥(⌅n̂; �0 � ⌅). (2)

Here ⌅ is conformal distance (with ⌅⇥ ⌅ 14000 Mpc) denoting
the distance to the CMB last-scattering surface) and ⇥(⌅n̂, �)
is the gravitational potential at conformal distance ⌅ along the
direction n̂ at conformal time � (the conformal time today is de-
noted as �0). The angular-diameter distance fK(⌅) depends on
the curvature of the Universe, and is given by

fK(⌅) =

�⌅⌅⌅⌅⇤
⌅⌅⌅⌅⇥

K�1/2 sin(K1/2⌅) for K > 0 (closed),
⌅ for K = 0 (flat),
|K|�1/2 sinh(|K|1/2⌅) for K < 0 (open).

(3)

The lensing potential is a measure of the integrated mass distri-
bution back to the last-scattering surface. It contains information
on both the gravitational potentials ⇥ To first order, its e⇤ect on
the CMB is to introduce a correlation between the lensed tem-
perature and the gradient of the unlensed temperature, a property
which can be exploited to make a (noisy) reconstruction of the
lensing potential itself.

In Fig. 1 we plot the noise power spectrum N⇤⇤L for recon-
struction of the lensing potential using the three Planck frequen-
cies which are most sensitive to the CMB anisotropies on the
arcminute angular scales at which lensing e⇤ects become ap-
parent. The angular size of the Planck beams (5⇧ FWHM and
greater) does not allow a high signal-to-noise (S/N) reconstruc-
tion of the lensing potential for any individual mode (our high-
est S/N ratio on an individual mode is approximately 2/3 for the
143 and 217 GHz channels, or 3/4 for a minimum-variance com-
bination of both channels), however with full-sky coverage the
large number of modes which are probed provides considerable
statistical power. To provide a feeling for the statistical weight of
di⇤erent regions of the lensing measurement, in Fig. 2 we plot
(forecasted) contributions to the total detection significance for
the potential power spectrum C⇤⇤L as a function of lensing mul-
tipole L. In addition to the power spectrum of the lensing po-
tential, there is tremendous statistical power in cross-correlation
of the Planck lensing potential with other tracers of the matter
distribution. In Fig. 2 we also plot forecasted S/N contributions
for several representative tracers.

This paper describes the production, characterization, and
first science results for two Planck-derived lensing products:

(I) A map of the CMB lensing potential ⇤(n̂) over a large
fraction of the sky (approximately 70%). This repre-
sents an integrated measure of mass in the entire visible
Universe, with a peak sensitivity to redshifts of z ⇤ 2.
At the resolution of Planck, this map provides an esti-
mate of the lensing potential down to angular scales of
5⇧ at L = 2048, corresponding to structures on the order
of 3 Mpc in size at z = 2.

(II) An estimate of the lensing potential power spec-
trum C⇤⇤L and an associated likelihood, which is
used in the cosmological parameter analysis of
Planck Collaboration XVI (2013). Our likelihood is

2
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CMB lensing measurements

First direct measurement: 
ACT 2011, 4σ (Das et al, 
update in 2013)

Then SPT in 2012 (Van 
Engelen et al, 6σ)

Now Planck in 2013 
(Planck Collab XVII, 25σ)

Planck collab XVII 2013

CMB lensing

!
• Deflection of CMB photons by large 

scale structure. 
• Fourier modes uncoupled in linear 

theory                                 becomes 
coupled due to the lensing potential. 

!
!

I = È|Ę.ê
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Late-time physics

With primary CMB, cannot measure curvature.

Planck measures curvature through lensing 
(more closed, less dark energy à more 
lensing)
Similarly, probes neutrino mass and dark energy

ACT 2011

Sherwin, Dunkley, Das et al 2011

Planck Collab XVII 2013

Planck Collaboration: Cosmological parameters
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Fig. 25. The Planck+WP+highL data combination (samples; colour-coded by the value of H0) partially breaks the geometric degen-
eracy between ⌦m and ⌦⇤ due to the e↵ect of lensing in the temperature power spectrum. These limits are significantly improved
by the inclusion of the Planck lensing reconstruction (black contours). Combining also with BAO (right; solid blue contours) tightly
constrains the geometry to be nearly flat.

In summary, there is no evidence from Planck for any depar-
ture from a spatially flat geometry. The results of Eqs. (68a) and
(68b) suggest that our Universe is spatially flat to an accuracy of
better than a percent.

6.3. Neutrino physics and constraints on relativistic
components

A striking illustration of the interplay between cosmology and
particle physics is the potential of CMB observations to con-
strain the properties of relic neutrinos, and possibly of additional
light relic particles in the Universe (see e.g., Dodelson et al.
1996; Hu et al. 1995; Bashinsky & Seljak 2004; Ichikawa et al.
2005; Lesgourgues & Pastor 2006; Hannestad 2010). In the fol-
lowing subsections, we present Planck constraints on the mass of
ordinary (active) neutrinos assuming no extra relics, on the den-
sity of light relics assuming they all have negligible masses, and
finally on models with both light massive and massless relics.

6.3.1. Constraints on the total mass of active neutrinos

The detection of solar and atmospheric neutrino oscillations
proves that neutrinos are massive, with at least two species being
non-relativistic today. The measurement of the absolute neutrino
mass scale is a challenge for both experimental particle physics
and observational cosmology. The combination of CMB, large-
scale structure and distance measurements already excludes a
large range of masses compared to beta-decay experiments.
Current limits on the total neutrino mass

P
m⌫ (summed over the

three neutrino families) from cosmology are rather model depen-
dent and vary strongly with the data combination adopted. The
tightest constraints for flat models with three families of neutri-
nos are typically around 0.3 eV (95% CL; e.g., de Putter et al.
2012). Since

P
m⌫ must be greater than approximately 0.06 eV

in the normal hierarchy scenario and 0.1 eV in the degener-
ate hierarchy (Gonzalez-Garcia et al. 2012), the allowed neu-
trino mass window is already quite tight and could be closed
further by current or forthcoming observations (Jimenez et al.
2010; Lesgourgues et al. 2013).

Cosmological models, with and without neutrino mass, have
di↵erent primary CMB power spectra. For observationally-
relevant masses, neutrinos are still relativistic at recombina-
tion and the unique e↵ects of masses in the primary power
spectra are small. The main e↵ect is around the first acoustic
peak and is due to the early integrated Sachs-Wolfe (ISW) ef-
fect; neutrino masses have an impact here even for a fixed red-
shift of matter–radiation equality (Lesgourgues & Pastor 2012;
Hall & Challinor 2012; Hou et al. 2012; Lesgourgues et al.
2013). To date, this e↵ect has been the dominant one in con-
straining the neutrino mass from CMB data, as demonstrated in
Hou et al. (2012). As we shall see here, the Planck data move
us into a new regime where the dominant e↵ect is from gravi-
tational lensing. Increasing neutrino mass, while adjusting other
parameters to remain in a high-probability region of parameter
space, increases the expansion rate at z >⇠ 1 and so suppresses
clustering on scales smaller than the horizon size at the non-
relativistic transition (Kaplinghat et al. 2003; Lesgourgues et al.
2006). The net e↵ect for lensing is a suppression of the CMB
lensing potential and, for orientation, by ` = 1000 the suppres-
sion is around 10% in power for

P
m⌫ = 0.66 eV.

Here we report constraints assuming three species of degen-
erate massive neutrinos. At the level of sensitivity of Planck, the
e↵ect of mass splittings is negligible, and the degenerate model
can be assumed without loss of generality.

Combining the Planck+WP+highL data, we obtain an upper
limit on the summed neutrino mass of

X
m⌫ < 0.66 eV (95%; Planck+WP+highL). (69)

The posterior distribution is shown by the solid black curve in
Fig. 26. To demonstrate that the dominant e↵ect leading to the
constraint is gravitational lensing, we remove the lensing infor-
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FIG. 3. Upper panel: Two-dimensional marginalized poste-
rior probability for Ωm and ΩΛ (68% and 95% C.L.s shown).
Colored contours are for WMAP + ACT Lensing, black lines
are for WMAP only. Using WMAP data alone, universes with
ΩΛ = 0 lie within the 95% C.L. The addition of lensing data
breaks the degeneracy, favoring models with dark energy.
Lower panel: One-dimensional marginalized posterior proba-
bility for ΩΛ (not normalized). An energy density of ΩΛ ≃ 0.7
is preferred even from WMAP alone, but when lensing data
are included, an ΩΛ = 0 universe is strongly disfavoured.

This constraint is due to the inclusion of CMB lensing
power spectrum data, which probe structure formation
and geometry long after decoupling and so break the
CMB geometric degeneracy. Our analysis provides the
first demonstration of the ability of the CMB lensing

power spectrum to constrain cosmological parameters.
It provides a clean verification of other measurements
of dark energy. In future work, our analysis can be easily
extended to give constraints on more complex forms of
dark energy with w ̸= −1. With much more accurate
measurements of CMB lensing expected from ACT, SPT
[24], Planck [25], and upcoming polarization experiments
including ACTPol [26], lensing reconstruction promises
to further elucidate the properties of dark energy and
dark matter [27].
This work was supported by the U.S. NSF through
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Polarization acoustic peaks

TE correlation measured by WMAP and ground-based expts
Validates ΛCDM model. Evidence for superhorizon fluctuations.  

– TE+EE promises better limits on neutrino number, isocurvature fluctuations etc.

WMAP9, Bennett et al 2012
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Polarization spectra from ACTPol/SPTPol
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DETECTION OF B-MODES BY BICEP2 17

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

scales having noise level of 87 nK-degrees in Q and U over
an effective area of 380 square degrees.

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

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

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

Having demonstrated that the signal is real and “on the
sky” we proceeded to investigate if it may be due to fore-
ground contamination. Polarized synchrotron emission from
our galaxy is easily ruled out using low frequency polarized
maps from WMAP. For polarized dust emission public maps
are not yet available. We therefore investigate a range of mod-
els including new ones which use all of the information which
is currently available from Planck. These models all predict
auto spectrum power well below our observed level. In addi-
tion none of them show any significant cross correlation with
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FIG. 14.— BICEP2 BB auto spectra and 95% upper limits from several
previous experiments (Leitch et al. 2005; Montroy et al. 2006; Sievers et al.
2007; Bischoff et al. 2008; Brown et al. 2009; QUIET Collaboration et al.
2011, 2012; Bennett et al. 2013; Barkats et al. 2014). The curves show the
theory expectations for r = 0.2 and lensed-⇤CDM.

our maps.
Taking cross spectra against 100 GHz maps from BICEP1

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

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

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

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

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

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

BICEP2 was supported by the US National Science
Foundation under grants ANT-0742818 and ANT-1044978
(Caltech/Harvard) and ANT-0742592 and ANT-1110087
(Chicago/Minnesota). The development of antenna-coupled
detector technology was supported by the JPL Research and

BICEP2 measured a B-mode signal

BICEP2	
  Collaboration	
  2014



How polarized is the Galaxy?

• Grains	
  align	
  perpendicular	
  to	
  magnetic	
  field	
  -­‐	
  likely	
  radiative	
  torque.	
  Preferentially	
  
emit	
  along	
  their	
  long	
  axis	
  (so	
  need	
  some	
  asphericity	
  to	
  generate	
  polarization).	
  	
  

• Simple	
  models	
  say	
  intrinsic	
  polarization	
  <~15%,	
  then	
  reduced	
  due	
  to	
  line-­‐of-­‐sight	
  
averaging.



Dust polarization measured by Planck

Planck	
  Collaboration	
  2014	
  
Dust	
  scales	
  roughly	
  nu^1.7,	
  mapped	
  at	
  353	
  GHz

Planck collaboration: The Planck dust polarization sky

Fig. 5. Upper: Map of the apparent magnetic field (hB?i) orientation. The normalized lines were obtained by rotating the measured
353 GHz polarization angles by 90�. The length of the polarization vectors is fixed and does not reflect polarization fraction. The
colour map shows the 353 GHz emission in log10 scale and ranges from 10�2 to 10 MJy sr�1. Lower: Map of the 353 GHz polarization
angle uncertainty (� ) at 1� resolution. The scale is linear from � = 0� to � = 52.3�. The polarization angle is obtained
using the Bayesian method with a mean posterior estimator (see Sect. 2.3). The uncertainty map includes statistical and systematic
contributions. The same mask as in Fig. 1 is applied.

and outer (Q2 and Q3) MW regions, respectively. The di↵er-
ence in sign is due to the di↵erence in average detector orien-
tation during Galaxy crossings, resulting from the relative ori-
entation of the scanning strategy and the Galactic plane. Using
the two methods discussed above for the determination of the
coupling coe�cients leads to similar BPM leakage estimates.
Note also that, since the magnetic field is expected to be statis-

tically aligned with the Galactic plane (see, e.g., Ferrière 2011),
we expect the polarization direction towards the plane to be on
average around  = 0�. The fact that both correction methods
bring the peak of the histograms toward this value confirms the
validity of the BPM correction method used here. In the follow-
ing, we adopted the coe�cients from method B. We note, how-
ever, that although the situation is clearly improved by the BPM

7



New Planck analysis
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Outlook for coming 
few years

SPIDER  launched Jan 1 2015!

CLASS deploy 2015 - Atacama

Keck Array 2014+ 
South Pole

AdvACT begin 
2016- Atacama
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Lensing: probe of neutrino mass
Parameter,constraints,

e.g.,effect,of,neutrinos,on,the,ma`er,power,spectrum…,
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– Neutrinos free-stream when relativistic, and reduce damping of photon-baryon oscillations 
– smears out matter clustering on scales where relativistic.
– In decade CMB lensing should reach detection of 0.05 eV



Cross-correlations of CMB lensing also made with radio galaxies, quasars, optical galaxies…

Sudeep Das
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Summary
• CMB temperature measurements

– Planck satellite measures 7 acoustic peaks (2013).  Also limits 3-pt function. 

• ΛCDM model tightly constrained; deviations are now strongly limited (e.g. likely no 
additional neutrino species)

• CMB polarization measurements: many underway. WMAP still provides large-scale 
measurement for optical depth.  Planck measured TE/EE acoustic peaks. The future is 
in polarization (large and small scale). 

• CMB lensing is fast-growing! It probes clustering of matter and expansion rate. 
Detected in ACT, SPT, PolarBear and Planck. Dark energy now required just from 
the CMB. Looking to neutrino mass detection.
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• Test inflation: period of exponential expansion for > 60 e-folds.  
• Fluctuations expected almost power law. Running index, expected ~0.001.   

dns/dlnk = -0.004 ± 0.012 (ACT+WMAP7)  
dns/dlnk = -0.015 ± 0.009 (Planck+)  

 

(2) Primordial spectrum: running

Sievers, Hlozek et al. 2013

14
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Fig. 11.— Two-dimensional marginalized limits (68% and 95%)
for the spectral index, ns, plotted at the pivot point k0 =
0.015 Mpc�1, and the running of the index dns/d ln k, for
ACT+WMAP7, compared to WMAP7 data alone. The data are
consistent with the model dns/d ln k = 0.

for the ACT data combination with WMAP7, compared
to the WMAP7 data alone. This relation between the
indices at these two pivot points is given by:

ns(k0 = 0.015 Mpc�1)=ns(k0 = 0.002 Mpc�1)

+ ln(0.015/0.002)
dns

d ln k
.

(22)

The ACT data are consistent with no running of the
spectral index, with

dns

d ln k
= �0.004 ± 0.012 (WMAP7 + ACT). (23)

4.5.3. ⇤CDM+Tensor modes

The standard ⇤CDM model assumes that the initial
fluctuations are purely scalar modes; however tensor fluc-
tuations can also be seeded at early times, generating
gravitational waves. While gravitational waves have not
yet been detected, limits can be placed on the power of
tensor fluctuations by constraining the so-called tensor-
to-scalar ratio

r = �2

h(k
0

)/�2

R(k
0

), (24)

where �2

h(k
0

) is the amplitude of primordial gravi-
tational waves, measured at a reference scale k

0

=
0.002 Mpc�1; these tensor fluctuations contribute to the
CMB in both temperature and polarization. Small-scale
temperature measurements such as those from ACT help
to constrain the amplitude r by reducing its degeneracy
with the scalar spectral index, ns.

This degeneracy arises as models with large values of
r have more power from tensor modes at small ` and
therefore require smaller values of the spectral index to
compensate. The analysis of the 300 square degree ACT
1-year data combined with WMAP7 data constrained
r < 0.25 (95% CL) using only CMB data. In this 3-year
analysis we find the limit on r has increased, with

r < 0.30 (WMAP7 + ACT, 95% CL). (25)

Fig. 12.— Top panel:Two-dimensional marginalized distribution
(68% and 95% CL) for the tensor-to-scalar ration r and the scalar
spectral index ns. The brown contours show the constraints using
only WMAP7 data; the blue contours show the constraints when
adding the 3-year ACT data, and BAO and H0 measurements,
and constrain r < 0.16. Recfast v1.5 was used to compute the
constraints. Bottom panel : One-dimensional marginalized con-
tours for the tensor-to-scalar ratio for the ACT data in combi-
nation with WMAP7 (dashed curve) and for the combination of
WMAP7+ACT+BAO+H0 (solid curve).

We find an upper bound ⇡ 15% higher for the tensor-to-
scalar ratio than reported in Dunkley et al. (2011). This
is driven by the ns � r degeneracy and the fact that the
ACT 3-year constraint on ns is higher than the previ-
ously reported value. The curvature of the marginalized
likelihood is shown in the bottom panel of Figure 12 when
only using CMB data. Once distance measurements are
added the bound tightens. It is worth noting that the
WMAP7-only constraints on the tensor-to-scalar ratio
and scalar spectral index also di↵er from the published
results (Komatsu et al. 2011), as can be seen by compar-
ing Figure 12 in this work to Figure 13 in Larson et al.
(2011). These arise from changes in the version of Rec-
fast used in the WMAP7 version of this particular pa-
rameter combination. These di↵erences are summarized
in Table 6.

When adding in data from BAO and the Hubble con-
stant value, we obtain

r < 0.16 (WMAP7 + ACT + BAO+H
0

, 95% CL). (26)

This value is generally consistent with the recently re-
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Fig. 6.— One-dimensional marginalized distributions for the 6
ΛCDM 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 3σ
level.

power uncertainty is doubled from As = 4 ± 0.4 µK2 to
4±0.8 µK2 there is only a 0.1σ effect. 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 ≃ 1σ, and
a corresponding increase in the IR index by ≃ 0.8σ, 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 1σ. 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 difference 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 ΛCDM model

The best-fit ΛCDM model is shown in Figure 5, using
the combination ℓ4Cℓ 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 0.5σ with the WMAP

best-fit. The spectral index continues to lie below the
scale invariant ns = 1, now at the 3σ 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 3.3σ, with statistics given in Table 5.
The ΛCDM 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 CΨ

ℓ to ALCΨ
ℓ , 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 1σ of the expected value. The
goodness of fit of an unlensed CMB model has ∆χ2 = 8
worse than the best-fit lensed case, indicating a 2.8σ 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)

Planck Collaboration: Cosmological parameters

100 500 1000 2000
Multipole moment �

0

500

1000

1500

�2 D
�[
m

K
2 ]

ns = 0.96
ns = 1.00

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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