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Fig. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ΛCDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc−1

show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h−1Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman–α forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, ∆M/M, and illustrates how the range in wavenumber k
(measured in Mpc−1) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.
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ABSTRACT

We present constraints on the primordial power spectrum of adiabatic fluctuations using data from
the 2008 Southern Survey of the Atacama Cosmology Telescope (ACT). The angular resolution of
ACT provides sensitivity to scales beyond � = 1000 for resolution of multiple peaks in the primordial
temperature power spectrum, which enables us to probe the primordial power spectrum of adiabatic
scalar perturbations with wavenumbers up to k � 0.2 Mpc−1. We find no evidence for deviation from
power-law fluctuations over two decades in scale. Matter fluctuations inferred from the primordial
temperature power spectrum evolve over cosmic time and can be used to predict the matter power
spectrum at late times; we illustrate the overlap of the matter power inferred from CMB measurements
(which probe the power spectrum in the linear regime) with existing probes of galaxy clustering, cluster
abundances and weak lensing constraints on the primordial power. This highlights the range of scales
probed by current measurements of the matter power spectrum.
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1. INTRODUCTION

The cosmic microwave background (CMB) is light
from the nascent universe, which probes early-universe
physics. Measurements of the small-scale anisotropies
of this radiation provide us with powerful constraints
on many cosmological parameters, e.g., Reichardt et al.
(2009); Sievers et al. (2009); Komatsu et al. (2010);
Lueker et al. (2010); Dunkley et al. (2010).

In particular, the CMB constrains the power spectra
of scalar and tensor perturbations, the relic observables
associated with a period of inflation in the early uni-
verse (Wang et al. 1999; Tegmark & Zaldarriaga 2002;
Bridle et al. 2003; Mukherjee & Wang 2003; Easther
& Peiris 2006; Kinney et al. 2006; Bridges et al. 2007;
Shafieloo & Souradeep 2007; Spergel et al. 2007; Verde &
Peiris 2008; Reichardt et al. 2009; Chantavat et al. 2010;
Bridges et al. 2009; Peiris & Verde 2010; Vazquez et al.
2011). The standard models of inflation predict a power
spectrum of adiabatic scalar perturbations close to scale-
invariant. Such models are often described in terms of a
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variance differ, statistically, by 0.3σ , where σ is the rms
of each of the subsample estimates. Thus, for two likelihood
functions to produce parameter estimates that differ by 0.6σ
(at 95% confidence), the two functions must, in effect, be re-
weighting 5% of the data. Given the similar construction of the
two likelihood functions, this seems unlikely, so further study
will be required to understand this difference.

We can also use the parameter recovery simulations to verify
that our error estimates are correct. For each of 150 of the data
realizations, we use a Markov chain to compute the mean and
68% confidence interval for each parameter. We then examine
the distribution of the quantity (output value–input value)/
(output error) which should have a unit variance. The results
are shown in the last column of Table 2, where we find that
the errors predicted by the Markov Chain agree with the true
errors, to within the noise expected from the limited number of
realizations.

4. COSMOLOGICAL PARAMETERS FROM WMAP

In this section, we discuss the determination of cosmological
parameters using only the seven-year WMAP data. The mea-
surements obtained by combining seven-year WMAP data with
other cosmological data sets are presented in Komatsu et al.
(2011). Our analysis employs the same Monte Carlo Markov
Chain (MCMC) formalism used in previous analyses (Spergel
et al. 2003, 2007; Verde et al. 2003; Dunkley et al. 2009;
Komatsu et al. 2009). The MCMC formalism naturally pro-
duces parameter likelihoods that are marginalized over all other
fit parameters in the model. Throughout this paper, we quote
best-fit values as the mean of the marginalized likelihood, un-
less otherwise stated (e.g., upper limits). Lower and upper error
limits correspond to the 16% and 84% points in the marginalized
cumulative distribution, unless otherwise stated.

4.1. Six-parameter ΛCDM

The ΛCDM parameters used are the same as in Section 3, and
mentioned in Table 1, except that ASZ is now also sampled. This
is a scale factor for the predicted Sunyaev–Zel’dovich spectrum
(Komatsu & Seljak 2002), measured at V band, which we add to
the TT power spectrum as in Spergel et al. (2007). In the Markov
chains, this parameter is given a flat prior 0 < ASZ < 2, but is
unconstrained by the WMAP data, so its posterior distribution
is very flat over this region. Failing to include the SZ effect does
not significantly raise the χ2 of the fit, so only six parameters
are needed to provide a good fit to the WMAP power spectra,
and we sample ASZ only to marginalize over it.

The ΛCDM parameters best fit to the seven-year WMAP data
are given in Table 3, which also lists values derived from the
five-year data for comparison. The results are consistent, with
the seven-year measurements giving smaller uncertainties, as
expected. The parameters that show the greatest improvement
are those that most depend on the amplitude of the third
acoustic peak and the low-l EE polarization: Ωbh

2, Ωch
2,

and τ , all of which are measured about 12% more precisely.
The derived late-time matter fluctuation amplitude, σ8 (which
depends on Ωch

2 and τ ), is measured 17% more precisely by
the new data. In Section 4.3, we consider the overall change
in allowable parameter-space volume offered by the seven-year
data.

As discussed in Section 5, this basic ΛCDM model continues
to fit the seven-year WMAP data quite well. Indeed, none of the
additional parameters considered below provide a statistically

Table 3
Six-parameter ΛCDM Fita

Parameter Seven-year Fit Five-year Fit

Fit parameters
102Ωbh

2 2.258+0.057
−0.056 2.273 ± 0.062

Ωch
2 0.1109 ± 0.0056 0.1099 ± 0.0062

ΩΛ 0.734 ± 0.029 0.742 ± 0.030
∆2
R (2.43 ± 0.11) × 10−9 (2.41 ± 0.11) × 10−9

ns 0.963 ± 0.014 0.963+0.014
−0.015

τ 0.088 ± 0.015 0.087 ± 0.017
Derived parameters

t0 13.75 ± 0.13 Gyr 13.69 ± 0.13 Gyr
H0 71.0 ± 2.5 km s−1 Mpc−1 71.9+2.6

−2.7 km s−1 Mpc−1

σ8 0.801 ± 0.030 0.796 ± 0.036
Ωb 0.0449 ± 0.0028 0.0441 ± 0.0030
Ωc 0.222 ± 0.026 0.214 ± 0.027
zeq 3196+134

−133 3176+151
−150

zreion 10.5 ± 1.2 11.0 ± 1.4

Note. a Models fit to WMAP data only. See Komatsu et al. (2011) for additional
constraints.

better fit to the seven-year WMAP data, after accounting for the
fewer degrees of freedom in the fits.

4.2. Extended Cosmological Models

In this section, we examine the constraints that can be placed
on augmented ΛCDM models (and one non-Λ model). In the first
group, we consider parameters that introduce “new physics”:
tensor modes, a running spectral index, isocurvature modes,
spatial curvature, and non-Λ dark energy. In the second group,
we relax the constraints on “standard physics” by allowing the
effective neutrino number and the primordial helium abundance
to vary. We also allow the reionization profile to vary.

4.2.1. Gravitational Waves

The amplitude of tensor modes, or gravitational waves, in the
early universe may be written as

∆2
h(k) ≡ k3Ph(k)

2π2
, (9)

where Ph(k) is the power spectrum of tensor perturbations at
wave number k and the normalization of Ph(k) is as given by
Komatsu et al. (2009). This form is comparable to the curvature
perturbation amplitude,

∆2
R(k) ≡ k3PR(k)

2π2
. (10)

The dimensionless tensor-to-scalar ratio is defined as

r ≡ ∆2
h(k)

∆2
R(k)

(11)

evaluated at k = 0.002 Mpc−1. In the Markov chain, we set a
flat prior on r, and require r > 0.

We do not detect gravitational waves from inflation with the
seven-year WMAP data, however the upper limits are 16% lower:
r < 0.36 (95% CL) compared to r < 0.43 (95% CL). Figure 13
shows the two-dimensional likelihood contours for r versus the
other ΛCDM parameters using both the five-year and seven-year
WMAP data. This shows both the improved upper limit on r and
the correlations with the other measured parameters, especially

11
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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 "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 0.5σ 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

! to ALCΨ
! , 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)
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Fig. 2.— The angular power spectrum measured by ACT at 148GHz and 218GHz (Das et al. 2010), with the theoretical model for
CMB, SZ, and point sources best-fit to the three spectra. The lensed CMB corresponds to the ΛCDM model with parameters derived from
WMAP (Komatsu et al. 2010). It dominates at large scales, but falls exponentially due to Silk damping. The majority of power at ! > 3000
comes from extragalactic point sources below a ≈20 mJy flux cut after masking. The radio sources are sub-dominant, and are constrained
by a source model fit to detected sources at 148GHz (Marriage et al. 2010b). The infrared source emission, assumed to follow a power
law, is dominated by Poisson power at small scale, but about 1/3 of the IR power at ! = 3000 is attributed to clustered source emission,
assuming a template described in the text. The best-fit SZ (thermal and kinetic) contribution at 148GHz (assuming the TBO-1 template,
Sehgal et al. (2010a)) is 7µK2 at ! = 3000; the subdominant kinetic SZ also contributes at 218GHz. The data spectra and errors have
been scaled by best-fit calibration factors of 1.022, 1.02 × 1.09 and 1.092 for the 148× 148, 148× 218, and 218× 218 spectra respectively.

nt = −r/8, and both the index and ratio are defined as in
e.g., Komatsu et al. (2009). The CMB power spectrum
from cosmic strings is expected to scale as (Gµ)2, so we
follow Sievers et al. (2009) and Battye & Moss (2010)
by parameterizing the string power using qstr ∝ (Gµ)2.
Limits on Gµ are then derived from qstr.
We generate the lensed theoretical CMB spectra using

CAMB3, and for computational efficiency set the CMB
to zero above ! = 4000 where the contribution is sub-
dominant, less than 5% of the total power. To use the
148-only ACT likelihood there are three secondary pa-
rameters, ASZ, Ap, and Ac. For this part of the analysis
we use the TBO-1 and Src-1 SZ and clustered source
templates, checking the effect on the primary parame-
ters of substituting alternative templates. We also im-
pose positivity priors on these parameters. We do not
use any information explicitly from the 218GHz spec-
trum in this part of the analysis, using just the 148-
only likelihood, although results are checked using the
148+218 likelihood. The ACT likelihood is combined
with the seven-yearWMAP data and other cosmological
data sets. We use the MCMC code and methodology
described in Appendix C of Dunkley et al. (2009), with
the convergence test described in Dunkley et al. (2005).
A subset of results are cross-checked against the publicly

3 Version Feb 2010, with Recfast 1.5.

available CosmoMC code.
To place constraints on cosmological parameters we use

the 7-year WMAP data in combination with ACT, using
the WMAP likelihood package v4.1 described in Larson
et al. (2010). WMAPmeasures the CMB over the full sky
to 0.2◦ scales. All WMAP-only results shown for com-
parison use MCMC chains from LAMBDA4, described
in Larson et al. (2010). We follow the methodology
described in Komatsu et al. (2010) to consider the ad-
dition of distance measurements from astrophysical ob-
servations, on the angular diameter distances measured
from Baryon Acoustic Oscillations (BAO) at z = 0.2 and
0.35, and on the Hubble constant. The Gaussian priors
on the distance ratios, rs/DV (z = 0.2) = 0.1905±0.0061
and rs/DV (z = 0.35) = 0.1097±0.0036, are derived from
measurements from the Two-Degree Field Galaxy Red-
shift Survey (2dFGRS) and the Sloan Digital Sky Survey
Data Release 7 (SDSS DR7), using a combined analysis
of the two data-sets by Percival et al. (2010). The param-
eter rs is the comoving sound horizon size at the baryon
drag epoch, and DV (z) ≡ [(1 + z)2D2

A(z)cz/H(z)]1/3

is the effective distance measure for angular diameter
distance DA, and Hubble parameter H(z). The in-
verse covariance matrix is given by Eq. 5 of Percival
et al. (2010). The Gaussian prior on the Hubble con-

4 http://lambda.gsfc.nasa.gov/
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Fig. 5.— The SPT bandpowers, WMAP bandpowers, and best-fit ΛCDM theory spectrum shown with dashed (CMB) and solid
(CMB+foregrounds) lines. The bandpower errors do not include beam or calibration uncertainties.

Fig. 6.— The one-dimensional marginalized constraints on the six cosmological parameters in the baseline model. The constraints from
SPT+WMAP are shown by the blue solid lines, while the constraints from WMAP alone are shown by the orange dashed lines.
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Fig. 11.— The top panel shows EE results with 68% C.L. error bars; the bottom panel shows BB 95% C.L. upper limits. For comparison,
we also plot results from previous experiments (Brown et al. 2009; Chiang et al. 2010; Larson et al. 2010) and the ΛCDM model (the value
r = 0.2 is currently the best 95% C.L. limit on tensor modes).

from measurements of CMB–B-mode power in our mul-
tipole range. Although we neither expected nor detected
any BB foreground power, the detection of an EE fore-
ground in patch CMB-1 suggests that BB foregrounds
might be present at a smaller level. We emphasize that
the upper limit we report is therefore conservative.

7.4. Temperature Power Spectra

Figure 13 compares the QUIET and WMAP Q-band
temperature maps and TT, TE, and TB power spectra.
Agreement with the ΛCDM model is good. This is a
strong demonstration of the raw sensitivity of the QUIET
detectors; the single QUIET differential-temperature as-
sembly produces a high–signal-to-noise map using only
189hours (after selection) of observations. The high sen-
sitivity of these modules makes them very useful for cali-
bration, pointing estimation, and consistency checks (see
Section 4).

8. SYSTEMATIC ERRORS

The passing of the null suite itself limits systematic
uncertainty, but to get well below the statistical errors,
dedicated studies are needed. They are important in
gaining confidence in the result and also in evaluating
the potential of the methods and techniques we use for
future efforts. We pay special attention to effects that
can generate false B-mode signals. Our methodology is
to simulate and then propagate calibration uncertainties
(see Section 4) and other systematic effects through the
entire pipeline. The systematic errors in the power spec-
tra are shown in Figure 14. The possible contaminations
are well below the statistical errors; in particular, the
levels of spurious B modes are less than the signal of
r = 0.1. This is the lowest level of BB contamination yet
reported by any CMB experiment. This section describes
how each effect in Figure 14 is determined and considers
three additional possible sources of contamination.
An uncertainty not shown in Figure 14 is that aris-


