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THE ATACAMA COSMOLOGY TELESCOPE: A MEASUREMENT OF THE PRIMORDIAL POWER SPECTRUM
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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) in combination with measurements from the
Wilkinson Microwave Anisotropy Probe and a prior on the Hubble constant. 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~!. 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 cosmic microwave background 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.

Key words: cosmic background radiation — cosmology: observations — cosmology: theory — inflation

2010; Vazquez et al. 2012). 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 spectral index ny and an amplitude of perturbations A%z
as P(k) = Ak(k/ko)™~', where ko is a pivot scale. A wide
variety of models, however, predict features in the primordial
spectrum of perturbations, which alter the fluctuations in the
CMB (Amendola et al. 1995; Kates et al. 1995; Atrio-Barandela

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. (2011), Lueker et al. (2010), and Dunkley et al.

(2011).

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 universe (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, 2009; Martin & Ringeval 2006; Shafieloo
& Souradeep 2008; Spergel et al. 2007; Verde & Peiris 2008;
Reichardt et al. 2009; Chantavat et al. 2011; Peiris & Verde

etal. 1997; Wang et al. 1999; Einasto et al. 1999; Kinney 2001;
Adams et al. 2001; Matsumiya et al. 2002; Blanchard et al.
2003; Lasenby & Doran 2003; Hunt & Sarkar 2007; Barnaby
& Huang 2009; Achicarro et al. 2011; Nadathur & Sarkar
2011; Chantavat et al. 2011), which can be constrained using
reconstruction of the primordial power.

Primordial fluctuations evolve over cosmic time to form the
large-scale structures that we see today. Therefore, a precision
measurement of the power spectrum of these fluctuations,
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imprinted on the CMB, impacts all aspects of cosmology. Recent
measurements of the CMB temperature and polarization spectra
have put limits on the deviation from scale invariance including
a variation in power law with scale (e.g., a running of the
spectral index; Kosowsky & Turner 1995); in particular data
from the Atacama Cosmology Telescope (ACT; Dasetal. 201 1a;
Dunkley et al. 2011) combined with Wilkinson Microwave
Anisotropy Probe (WMAP) satellite data (Larson et al. 2011)
find no evidence for running of the spectral index with scale and
disfavor a scale-invariant spectrum with n; = 1 at 3o.

In this work, we probe a possible deviation from power-
law fluctuations by considering the general case where the
power spectrum is parameterized as bandpowers within bins
in wavenumber (or k) space. This “agnostic” approach allows
for a general form of the primordial power spectrum without
imposing any specific model of inflation on the power spectrum
and facilitates direct comparison with a wide range of models.
Such tests of the primordial power have been considered by
various groups (Wang et al. 1999; Tegmark & Zaldarriaga 2002;
Bridle et al. 2003; Hannestad 2003; Martin & Ringeval 2004a,
2004b, 2005; Sealfon et al. 2005; Spergel et al. 2007; Verde &
Peiris 2008; Ichiki & Nagata 2009; Peiris & Verde 2010; Ichiki
et al. 2010; Vazquez et al. 2012). We revisit the calculation
because of ACT high sensitivity over a broad range in angular
scale.

This paper is based on data from 296 square degrees of the
ACT 2008 survey in the southern sky, at a central frequency of
148 GHz. The resulting maps have an angular resolution of 1/4
and a noise level of between 25 and 40 1K arcmin~2. A series of
recent papers has described the analysis of the data and scientific
results. The ACT experiment is described in Swetz et al. (2011),
the beams and window functions are described in Hincks et al.
(2010), while the calibration of the ACT data to WMAP is
discussed in Hajian et al. (2011). The power spectra measured
at 148 GHz and 218 GHz are presented in Das et al. (2011a)
and the constraints on cosmological parameters are given in
Dunkley et al. (2011). A high-significance catalog of clusters
detected through their Sunyaev—Zel’dovich (SZ) signature is
presented in Marriage et al. (2011); the clusters are followed
up with multi-wavelength observations described in Menanteau
et al. (2010); the cosmological interpretation of these clusters is
presented in Sehgal et al. (2011).

2. METHODOLOGY
2.1. Angular Power Spectrum

Following the work of Wang et al. (1999), Tegmark &
Zaldarriaga (2002), Bridle et al. (2003), Mukherjee & Wang
(2003), and Spergel et al. (2007), we parameterize the primordial
power spectrum P (k) using bandpowers in 20 bins, logarithmi-
cally spaced in mode k from k; = 0.001 to kg = 0.35 Mpc‘l,
with k;,; = 1.36k; for 1 <i <19. To ensure that the power
spectrum is smooth within bins, we perform a cubic spline such
that

1 fork < k;
Ai P + B P+
Pl = Ao x 3 (A3 = A)Ci+ (B2 = B)Cu) 2 (D
fork; <k < ki
Pz() for k > kz(),

where the P; are the power spectrum amplitudes within bin i,
normalized so that P; = 1 corresponds to scale invariance. The
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A?z,o is a normalized amplitude of scalar density fluctuations,

which we take to be 2.36 x 1072 (Larson et al. 2011), and is
the amplitude for a power-law spectrum around a pivot scale
of kg = 0.002 Mpc~'. We do not vary the amplitude in our
analysis as the power in the individual bands is degenerate with
the overall amplitude; if a higher value was used, the estimated
bandpowers would be lower by the corresponding amount, as
we are measuring the total primordial power within a bin. The
coefficients C; are the second derivatives of the input binned
power spectrum data (Press et al. 2007), h; = k;.1 — k; is the
width of the bin and A; = (k;+1 — k)/h; and B; = (k — k;)/ h;.
We do not impose a “smoothness penalty” as discussed in Verde
& Peiris (2008) and in Peiris & Verde (2010). Adding more
parameters to the parameter set makes it easier for the model
to fit bumps and wiggles in the spectrum, hence as the number
of bins increases, this parameterization will fit the noise in the
data, particularly on large scales (small values of k). This in
turn is expected to increase goodness of fit of the model, which
we parameterize using the logarithm of the likelihood, —21n L.
This value should decrease by approximately one per additional
parameter. Hence, a model that fits the data significantly better
than the standard ACDM power law would yield a decrease in
—2In £ of more than one per additional parameter in the model.
The logarithmic spacing in k has the effect that at large values
of k, many C, data points are combined for each estimation of
the power P(k) in that bin, whereas for £ < 3000, each P(k)
is estimated from only one C, measurement, and is thus more
sensitive to scatter in the Cys.

The primordial power spectrum is related to the CMB power
spectra through the radiation transfer functions 77 (k), Tg(k),
and T(k) (defined as in Komatsu & Spergel 2001) as

i / k2 dkP(k)T, (k) Tg(k), Q)

where « and g index T, E, or B, corresponding to temperature
or the two modes of polarization. The correspondence between
multipole £ and mode k (in Mpc~!) is roughly £ ~ kd, where
d =~ 14000 Mpc is the comoving distance to the last scattering
surface. Figure 1 shows schematically how the primordial power
spectrum translates to the temperature angular power spectrum.
In each case, a single bin is used for the primordial power
spectrum in Equation (2).

Previous analyses have only constrained the primordial power
out to k < 0.15 Mpc~! (Bridle et al. 2003; Spergel et al.
2007; Peiris & Verde 2010). The arcminute resolution of ACT
means that one can constrain the primordial power out to
larger values of k (=20.19 Mpc~!). The primary CMB power
spectrum decreases exponentially due to Silk damping (Silk
1968) at multipoles greater than ¢ ~ 2000, while the power
spectrum from diffuse emission of secondary sources begins to
rise from £ ~ 2000. The ACT measurement window between
1000 < ¢ < 3000 provides a new window with which to
constrain any deviation from a standard power-law spectrum,
as this is in the range of scales before the power from secondary
sources dominates. We use the 148 GHz measurements from
the 2008 ACT Southern Survey and include polarization and
temperature measurements from the WMAP satellite with a
relative normalization determined by Hajian et al. (2011). We
use the ACT likelihood described in Dunkley et al. (2011) and
the WMAP likelihood found in Larson et al. (2011), along with
a prior on the Hubble constant (Riess et al. 2009), as described
in the following subsection.
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Figure 1 Stepping up in power: we show schematically the angular power
spectrum (lower panel) resulting from building up the primordial power
spectrum P(k) in bins (top panel), from k = 0.007 Mp(:*1 (leftmost curve
in the top panel) to k = 0.22 Mpc ™' (rightmost curve). The power in each case
is normalized to a single amplitude before the bin, and set to zero afterward,
so that as more bins are added to the primordial spectrum, it tends toward a
scale-invariant spectrum (shown as the dashed line). Note that the bins do not
represent a perfect “step” function, due to the fact that we use a cubic spline
to ensure smoothness of the derivatives at the edges (except for the modes
k > kj,, which are larger than the final k,). Correspondingly, the C, spectrum
(plotted as £3(¢ + 1)CZ T /271 mK? in the bottom panel) also tends to a spectrum
characterized by n; = 1, also shown as the gray dashed curve.

2.2. Parameter Estimation

Our cosmological models are parameterized using
Qch27 Qbhz’ 9A1 T, P7 (3)

where Q.h? is the cold dark matter density; Q,h? is the baryon
density; & is the dimensionless Hubble parameter such that
Hy = 100k km s~! Mpc’l; 64 is the ratio of the sound
horizon to the angular diameter distance at last scattering,
and is a measure of the angular scale of the first acoustic
peak in the CMB temperature fluctuations; t is the optical
depth at reionization, which we consider to be “instantaneous”
(equivalent to assuming a redshift range of Az = 0.5 for CMB
fluctuations), and P = {P;},i = 1,...,20, is the vector of
bandpowers where P; = 1Vi describes a scale-invariant power
spectrum. We assume a flat universe in this analysis. In addition,

we add three parameters, Asz, A,,, A., to model the secondary
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emission from the SZ effect from clusters, Poisson-distributed
and clustered point sources, respectively, marginalizing over
templates as described in Dunkley et al. (2011) and Fowler et al.
(2010). We impose positivity priors on the amplitudes of these
secondary parameters. We modify the standard Boltzmann code
CAMB?! (Lewis & Challinor 2002) to include a general form for
the primordial power spectrum, and generate lensed theoretical
CMB spectra to £ = 4000, above which we set the spectra to
zero for computational efficiency, as the signal is less than 5%
of the total power.

The likelihood space is sampled using Markov Chain Monte
Carlo methods. The probability distribution is smooth, single
moded, and close to Gaussian in most of the parameters.
These properties make the 27-dimensional likelihood space
less demanding to explore than an arbitrary space of this
size: the number of models in the Markov Chain required for
convergence scales approximately linearly with the number of
dimensions. Sampling of the parameter space is performed using
CosmoMC?? (Lewis & Bridle 2002). The analysis is performed
on chains of length N = 200,000. We sample the chains and
test for convergence following the prescription in Dunkley et al.
(2005), using an optimal covariance matrix determined from
initial runs.

We impose limiting values on the power spectrum bands
0 < P; < 10 for all i. We impose a Gaussian prior on the
Hubble parameter today of Hy = 74.2 + 3.6 km s~' from
Riess et al. (2009). In Section 3.1, we discuss how this breaks
the degeneracy between the primordial power and the matter
density.

3. RESULTS
3.1. Primordial Power

Figure 2 shows the constraints on the primordial power spec-
trum from measurements of the CMB. The shaded bands are the
constraints on the power spectrum from WMAP measurements
alone. Over this range of scales there is no indication of de-
viation from power-law fluctuations. As was shown in Spergel
et al. (2007), the lack of data at multipole moments larger than
£ = 1000 restricts any constraints on the primordial power
spectrum at k > 0.1 Mpc~!. In contrast, the combined ACT/
WMAP constraints are significantly improved, particularly for
the power at scales 0.1 Mpc™' < k < 0.19 Mpc~!. The result-
ing power spectrum is still consistent with a power-law shape,
with n; = 0.963 (the best-fit value from Dunkley et al. 2011).
Despite the fact that we have added 18 extra degrees of freedom
to the fit, a scale-invariant spectrum (ny; = 1, shown by the hori-
zontal line in Figure 2) is disfavored at 1.3¢ . In addition, we find
no evidence for a significant feature in the small-scale power.
The bands at k > 0.19 Mpc~! in the ACT + WMAP case are
largely unconstrained by the data. Including 218 GHz ACT data
will improve the measurements of the primordial power, since
it will relieve the degeneracies between the binned primordial
power, the clustered IR source power, and the Poisson source
power, all of which provide power at £ > 2000.

The estimated primordial power spectrum values are summa-
rized in Table 1, and the full covariance matrix of the bands is
given in Table 2. The CMB angular power spectra correspond-
ing to the allowed range in the primordial power spectrum (at
1o) are shown in Figure 3 for WMA P-alone compared to WMAP

21 http://cosmologist.info/camb
22 http://cosmologist.info/cosmome
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Figure 2 Primordial power constraints: the constraints on the primordial power spectrum from the ACT data in addition to WMAP data compared to the WMAP
constraints alone. In both cases, a prior on the Hubble parameter from Riess et al. (2009) was included. Where the marginalized distributions are one-tailed, the upper
error bars show the 95% confidence upper limits. On large scales the power spectrum is constrained by the WMAP data, while at smaller scales the ACT data yield tight
constraints up to k = 0.19 Mpc™!. The horizontal solid line shows a scale-invariant spectrum, while the dashed black line shows the best-fit ACDM power law with
ng = 0.963 from Dunkley et al. (2011), with the spectra corresponding to the 20 variation in spectral index indicated by solid band. The constraints are summarized
in Table 1.
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Figure 3 Mapping primordial power to the angular power spectrum: the constraints on the primordial power spectrum from Figure 2 translate into the angular power
spectrum of the temperature CMB fluctuations, shown as £3(£ + l)C(TT /2m mK? (left panel) to highlight the higher order peaks. The dashed vertical lines show the
multipoles corresponding to the wavenumbers under consideration, using £ = kd; these wavenumbers as shown for the high k bands. The dark (light) band shows the
lo region for the C;{T spectra for the ACT+WMAP (WMAP only) data. The best-fit curve using the combination of ACT and WMAP data is shown as the dark solid
curve and the dashed black curve shows the best-fit power-law spectrum from Dunkley et al. (2011). The right panel shows the corresponding C;{E power spectrum,
plotted here as £(€ + I)CZTE /27 uK?, together with WMAP data and data from the QUaD experiment (Brown et al. 2009).

and ACT combined. The temperature-polarization cross spec-
tra corresponding to these allowed models are also shown in
Figure 3, indicating how little freedom remains in the small-
scale TE spectrum. This allowed range in C}® at multipoles
£ > 1000 will be probed by future CMB polarization ex-
periments such as Planck (Planck Collaboration et al. 2011),
ACTPol (Niemack et al. 2010), and SPTPol (Carlstrom et al.
2011).

In this analysis, we use a prior on the Hubble constant. Re-
moving this prior reveals a degeneracy between the primordial
power on scales 0.01 Mpc™! < k < 0.02Mpc~! (bands Ps_;; in
Figure 4), and the set of parameters describing the contents and
expansion rate of the universe. Both affect the first acoustic peak.
This degeneracy was previously noted in, e.g., Blanchard et al.
(2003), Hunt & Sarkar (2007), and Nadathur & Sarkar (2011),
where a power spectrum model “bump” at k = 0.015 Mpc~!
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Figure 4 Parameter constraints: marginalized one-dimensional distributions for the parameters determined from the ACT and WMAP data. The top 20 panels in the
figure show the likelihoods for the power spectrum parameters directly determined using MCMC methods, while the lower 10 panels show the primary and secondary
cosmological parameters and three derived quantities: the Hubble parameter Hy, the dark energy density Q4, and the matter density €2,,. The light solid curves show
the constraints on the parameters from ACT in combination with WMAP data for the ACDM case—the vertical lines in the power spectrum panels show the values
the power spectrum would take assuming the best-fit n; = 0.963 power law from Dunkley et al. (2011). The parameter constraints for this power-law ACDM model
is shown as the light curves. The solid dark lines show the distributions from ACT and WMAP data, assuming a prior on the Hubble constant. The best-fit value of the
power-law spectral index obtained from fitting the well-constrained bands (Ps—;7) is ny; = 0.968 £ 0.0245. The dashed curves indicate the degeneracy between low

values of 64 and primordial power in modes around the position of the first peak.

Table 1

Estimated Power Spectrum Bands in Units of 10~°
Wavenumber Power Spectrum WMAP Only ACT+WMAP
k (Mpc™h) Band®? Binned P(k) Binned P (k)
0.0010 P 499 +1.79 5.07 +£1.82
0.0014 P, <3.22 <3.49
0.0019 Ps3 <3.04 <3.03
0.0025 Py <4.34 <4.15
0.0034 Ps 3.324+0.99 3.52+1.05
0.0047 Pg 2.31 £0.60 229 £ 0.64
0.0064 Py 2.214+033 227+ 031
0.0087 Pg 243 £0.19 2.48 £0.20
0.0118 Py 229 +£0.15 235+ 0.15
0.0160 Pio 231+£0.13 237+0.12
0.0218 P 220+ 0.11 228 £0.11
0.0297 P 238 +£0.14 2.40 £0.13
0.0404 P13 2.28 +£0.23 2394+ 023
0.0550 P4 1.98 £0.20 2.14+£0.14
0.0749 Pis 2.37+0.53 240+ 0.21
0.1020 Pis <4.01 220+ 0.17
0.1388 Py 2.194+0.18
0.1889 Pig <2.37
0.2571 Pio <2.40
0.3500 Py
Notes.

2 For one-tailed distributions, the upper 95% confidence limit is given, whereas
the 68% limits are shown for two-tailed distributions.

Y The primordial power spectrum is normalized by a fixed overall amplitude
Ay (ko) = 2.36 x 10~ (Larson et al. 2011).

was found to be consistent with observations in the context of
a low Hj and without any dark energy. Along this degeneracy,
the primordial spectrum can be modified to move the position
of the first peak to larger scales (relative to power law), also
increasing its relative amplitude. Since the first peak position is
well measured by WMAP, this increase in angular scale is com-
pensated by decreasing 6,4. In a flat universe, this corresponds
to a decrease in the Hubble constant and the cosmological con-
stant. The matter density increases to maintain the first peak
amplitude. The baryon density then decreases to maintain the
relative peak heights. Imposing a prior on the Hubble constant
has the effect of breaking this degeneracy. Alternatively, one
could impose a prior on the baryon density from big bang nu-
cleosynthesis (Qph? = 0.0224+0.002; Tytler et al. 2000), which
would disfavor the low-H,, models, as indicated in the top left
panel of the bottom rows in Figure 4.

It is worth noting that the increase in the matter density
along this degeneracy also increases the gravitational lensing
deflection power, as a universe with a larger matter content
exhibits stronger clustering at a given redshift. ACT maps have
sufficient angular resolution to measure this deflection of the
CMB (Das et al. 2011b). Even without a strong prior on the
Hubble constant, models with a bump in the primordial spectrum
and Hy < 50 km s~' Mpc~! (with < 10% dark energy density)
are disfavored at > 4o from the lensing measurement alone,
a result similar to that discussed in Sherwin et al. (2011).
Although parameterized differently, the same argument applies
to the primordial spectrum considered by Hunt & Sarkar (2007),



THE ASTROPHYSICAL JOURNAL, 749:90 (10pp), 2012 April 10

HLOZEK ET AL.

Table 2
Covariance Matrix in Units of 10~ for the Power Spectrum Bands
Py P> P Py Ps Pg P, Pg Py Py

Py 38 —86x107" —17x107"  43x107" —19x107" 60x102 —14x102 14x102 14x102 74x1073
P, —8.6x107! 1.0 —32x1070 —24x107'  21x107! —72x1072 34x102 1.1x1072 1.7x102 1.6x 1072
Py —17x107" —32x107" 82x107! —42x107! 11x107! —28x1072 1.6x102 13x102 86x1073 12x1072
Py 43%x 107" —24x107! —4.2x 107! 1.2 —84x1071  24x107' —68x102 —14x102 —24x102 —2.0x1072
Ps —19x107!  21x107"  11x107! —84x 107! 1.1 —49x1071  13x107'  1.3x1072  32x1072  29x 1072
Ps 6.0x1072 —72x1072 —28x1072 24x107' —49x107! 45%x107' —-15%x10"! 22x102 —-58x1073 —14x1073
P, —14x1072  34x1072 16x1072 —68x1072 13x107! —15x107"  12x107! -22x1072 1.8x1072 1.1 x1072
Pg 14x1072  1.1x1072  13x1072 —-14x102 13x1072 22x102 —22x10"2 42x102 64x1073 1.7x102
Po 14x1072  17x1072  86x103 —24x102 32x10%2 —-58x103 18x102 64x1073 25x102 13x1072
Pio 74x1073 16x102 12x1072 —20x102 29x1072 —14x103 11x102 17x102 13x102 1.8x1072
Py 43x107%  15x1072  1.0x102 —1.8x1072 25x102 —13x107° 11x1072 12x1072 15x1072 13x102
P 79x1073  13x1072 39x103 —17x102 24x107%2 —97x10° 84x103 1.0x102 97x1073 1.1x1072
Pz 44x1072 37x102 14x1072 —59x102 63x1072 —12x102 18x102 15x1072 18x102 15x1072
Py 21x1073  21x1073  44x103 —27x1073 76x1073 41x1073 36x107% 52x1073 46x1073 56x1073
Pis  52x1073  12x102 13x1072 —24x102 29x1072 —48x103 85x103 89x103 88x103 86x1073
Pl —40x1073  77x1073 54x1073 —14x102 18x102 —14x1073 49x107% 58x10% 59x10% 59x1073
P17 —55x1073  14x102 25x1073 —12x102 16x1072 —92x107* 66x1073 75x103 70x1073 7.0x1073
Pig —17x1072 98x103 12x102 —15x102 19x102 —37x1073 72x107% 54x107% 69x10% 65x1073
Pig —28x1072 18x102 38x1073 —26x102 18x1072 —46x103 48x1073 20x103 87x10% 42x1073
Py -73x1072 —-23x107" —75%x1072  26x107" —23x107!  61x1072 -7.6x1072 —45x1072 —39x 1072 -53x 1072
Py Py P Pz Py Pis Pie P17 Pig Py Py

P 43x1073  79x1073  44x1072  21x1073 52x107% —40x103 —55x103 —1.7x1072 —28x10"2 —73x 1072
P 15x1072  13x1072  37x1072 21x103 12x1072 77x103 14x1072 98x103 1.8x1072 —23x10"!
P3 1.0x 1072 39x1073  14x1072 44x1073 13x1072 54x1073 25x1073 1.2x 1072 38x1073 —75x1072
Py —18x102 —17x102 —59x102 —27x103 —24x102 —14x102 —-12x102 —15x1072 —26x102 26x 107!
Ps 25x 1072 24x1072  63x1072 76x1073 29x1072 18x102 1.6x1072 19x102 18x1072 —23x10"!
Ps —13x1073 —97x1075 —12x102 41x1073 —48x1073 —14x1073 —92x107* —37x1073 —46x103 6.1x1072
P; 1.1x1072  84x1073 18x1072 36x103 85x107% 49x1073 66x103 72x103 48x1073 —-7.6x102
Py 12x1072  1.0x1072  15x1072 52x1073 89x10% 58x103 75x107% 54x1073 20x1073 —45x1072
Py 15x1072  97x1073  18x1072 46x103 88x103 59x1073 7.0x10% 69x103 87x10* —39x102
Po 13x1072 1.1x1072 15x102 56x103 86x103 59x1073 70x107% 65x1073 42x107% —-53x102
Pi 15x1072 81x1073 14x1072 51x103 80x1073 59x103 72x1073 66x103 24x1073 —3.5x1072
P 81x1073 18x1072 91x1073 65x103 73x1073 69x1073 72x1073 7.6x1073 38x103 —20x1072
Pz 14x1072 91x103 54x1072 —22x10% 23x102 86x103 99x103 55x103 —76x1073 —1.5x107!
Py 51x1073  65%x1073 —22x107% 22x1072 —14x1072 96x103 19x1073 40x103 18x1073 —3.8x1073
Pis  80x1073 73x1073 23x102 —14x102 47x102 —32x103 18x102 60x1073 66x1073 14x10~*
Pis  59x1073  69x103 86x1073 96x103 —32x1073 3.0x1072 42x107% 1.6x1072 —12x103 1.1x1072
P 72x1073  72x1073  99x1073 19x103 18x1072 42x10* 33x102 —79x103 34x102 57x1072
Pig  6.6x1073  76x1073 55x1073 40x103 60x1073 1.6x1072 —-79x1073 59x1072 —57x10"2 2.1 x107!
P9 24x1073  38x1073 —76x1073 18x1073 66x1073 —12x1073 34x1072 —57x102 49x107"' —8.0x 107!
Py —35x1072 —20x102 —15x10"! —38x103 14x10™* 1.1x1072 57x1072 21x107" —8.0x 107! 2.8 x 10!

Note. The full chains from the analysis are available on http://lambda.gsfc.nasa.gov/product/act/act_cosmomcpk_get.cfm.

motivated by phase transitions during inflation, that eliminates
dark energy, but which is also disfavored at >~ 3¢ by the Das
et al. (2011b) lensing data in the context of a cold dark matter
model without neutrinos. These bounds are relaxed, however,
when considering a modified primordial power with massive
neutrinos (Hunt & Sarkar 2010). In this case the amplitude of
the deflection power is reduced at multipoles £ ~ 100 and the
current ACT observations do not rule out these models.

The estimated cosmological parameters are given in Table 3
and the marginalized one-dimensional likelihoods are shown
in Figure 4. While the binned P (k) model adds 18 additional
parameters to the parameter set, only 13 of those parameters are
well constrained, and hence five parameters do not contribute to
the fit. This can be understood qualitatively by using the example
of the extreme case with another bin placed at k = 100 Mpc .
We would not expect this parameter to have any influence
on the fit (and the posterior distribution of the parameter

would be identical to the input prior distribution). Hence the
18-parameter P (k) model is more accurately a 13-parameter
model.

The change in the likelihood of the model relative to that
of the standard ACDM power-law model is A(—2InL) =
15.7. Using a simple model comparison criterion such as
the Akaike Information Criterion (e.g., Liddle 2004; Takeuchi
2000), defined as AIC = 2N — 2InL, we obtain values
AICp) = 10.3 compared to the AIC cpm = 12. Therefore the
model is not significantly favored over the standard concordance
model.

All cosmological parameters in the binned power spectrum
model are consistent with those derived using the concordance
6-parameter model with a power-law primordial spectrum.
Further, we find a power-law slope fit to the 13 constrained
bands in power spectrum space (bands labeled from Ps to Py
in Figure 4) of ny; = 0.965 £ 0.0173, which is, as expected,
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Table 3
Estimated Model Parameters and 68% Confidence Limits for the ACT 2008 Southern Survey Data Combined with WMAP

Parameter? ACT+WMAP Power Law® ACT + WMAP Binned P (k)
with Hy Prior
Primary 10092, h2 2.222 + 0.055 2.307 £ 0.124
Q.h? 0.1125 £+ 0.0053 0.1166 £ 0.0085
04 1.0394 £ 0.0024 1.0419 £+ 0.0034
T 0.086 £ 0.014 0.100 £ 0.017
Secondary Ap 15.81 £2.01 14.19 £2.45
Ac <10.44 <17.08
Asz <0.92 <1.55
Notes.

 For one-tailed distributions, the upper 95% confidence limit is given, whereas the 68% limits are shown for two-tailed

distributions.

® The power-law model for the primordial spectrum is P(k) = Ay (ko)(k /ko)"s~!.

consistent with the constraints on the spectral index from
Dunkley et al. (2011).

3.2. Reconstructed P (k)

The primordial power spectrum translates to the angular
power spectrum of the CMB, but can in addition be mapped
to the late-time matter power spectrum through the growth of
perturbations:

P(k,z = 0) = 272k P(k)G*(2)T?(k), 4)

where G(z) gives the growth of matter perturbations, T (k) is
the matter transfer function, and the P(k) are the fitted values
as in Equation (1). This mapping enables the constraints on
the power spectrum from the CMB to be related to power
spectrum constraints from other probes at z ~ 0 (Tegmark
& Zaldarriaga 2002; Bird et al. 2011). We illustrate the power
spectrum constraints from the ACT and WMAP data in Figure 5.
We take G(z) and T (k) from a ACDM model, but neither varies
by more than ~ 5% as the cosmological parameters are varied
within their errors in the flat cosmology we consider in this
work. The P(k) constraints from the CMB alone overlap well
with the power spectrum measurements from the Sloan Digital
Sky Survey (SDSS) DR7 LRG sample (Reid et al. 2010),
which have been deconvolved from their window functions.
The ACT data allow us to probe the power spectrum today at
scales 0.001 Mpc~! < k < 0.19 Mpc~! using only the CMB,
improving on previous constraints using microwave data. In
addition, the lensing deflection power spectrum also provides a
constraint on the amplitude of matter fluctuations at a comoving
wavenumber of k ~ 0.015 Mpc~' at a redshift z ~ 2. The
recent measurement of CMB lensing by ACT (Das et al. 2011b)
is shown as P(k = 0.015 Mpc™') = 1.16 & 0.29 Mpc® in
Figure 5. These two measurements are consistent with each
other and come from two independent approaches: the lensing
deflection power is a direct probe of the matter content at this
scale (with only a minor projection from z = 2 to z = 0),
while the primordial power is projected from the scales at the
surface of last scattering at z ~ 1040 to the power spectrum
today.

Finally, cluster measurements provide an additional measure-
ment of the matter power spectrum on a characteristic scale k.,
corresponding to the mass of the cluster,

M, = (470/3)pu(r/ ko), ®)

where p,, is the matter density of the universe today. We compute
the amplitude of the power spectrum at the scale k. from reported
og values as

P.(k;, z = 0) = (03/03 acom) P(k¢, 2 = O)pcom,  (6)

where o3 acom = 0.809 is the concordance ACDM value
(Larson et al. 2011). We use the measurement of og = 0.851 +
0.115 from clusters detected by ACT, at a characteristic mass
of M = 10" M, (Sehgal et al. 2011), as well as measurements
from the Chandra Cosmology Cluster Project (CCCP; Vikhlinin
et al. 2009), measured from the 400 deg? ROSAT cluster survey
(Burenin et al. 2007). The quoted value of oy = 0.813 £ 0.027
(where the systematic and statistical error bars have been
added in quadrature) is given at a characteristic mass of
2.5 x 10" h=! My, In addition, we illustrate constraints from
galaxy clustering calibrated with weak-lensing mass estimates
of brightest cluster galaxies (BCGs; Tinker et al. 2012), quoted
as og = 0.826£0.02. In this case, we compute the characteristic
mass M, (and hence k.) from the inverse variance weighted
average mass of the halos (from Table 2 in Tinker et al.
2012) as M. = 4.7 x 103 h~! M. To remove the dependence
on cosmology, the CCCP and BCG mass measurements are
multiplied by a factor of 4~! (where h = 0.738 is taken from the
recent Riess et al. 2011 result). The ACT cluster measurement,
however, is already expressed in solar mass units, and hence this
operation is not required.

Power spectrum constraints from measurements of the Lyo
forest are shown at the smallest scales probed. The slanted
error bars for the SDSS and Lyw data reflect the uncertainty
in the power spectrum measurement from the Hubble constant
uncertainty alone. Again, these data are normally plotted as a
function of 2~! Mpc, hence we propagate the 1o error on the
Hubble parameter from Riess et al. (2011) through the plotted
error region in both wavenumber and power spectrum.

It is important to note, however, that these plots are for
illustrative purposes only. In general, the measurements do not
all assume the same cosmological model (for example the SDSS
measurements have a different value of the Hubble constant,
which was a motivation for removing the h-dependence from
the plot) and some analyses fit certain cosmological parameters
to fiducial values rather than fitting for them directly. It is worth
noting that we do not use the data in any fits, but merely
plot them together to illustrate the consistency of different
probes.

In addition, we note that while no horizontal error bars have
been plotted here for simplicity, the different measurements of
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Figure 5 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 ACDM model with spectral index of n;, = 0.96 computed using CAMB and
HALOFIT (Smith et al. 2003). The data points between 0.02 Mpc~! < k < 0.19 Mpc~! 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 2~ Mpc to Mpc. The constraints from CMB lensing (Das et al. 201 1b), from
cluster measurements from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009), and BCG halos (Tinker et al. 2012), and the power spectrum constraints from
measurements of the Lya 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, 7 = 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, Ay /M, and illustrates how the range in wavenumber k (measured in Mpc~!) corresponds to range in mass scale of over 10 orders of magnitude.
In both cases a ACDM transfer function has been used to map P(k) onto the matter power spectrum. Also 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.

the matter power spectrum are in fact averages over a range measurements are shown by the leftmost and rightmost points
of wavenumbers. For example, the ACT lensing constraint of the slanted error bars in the top panel of Figure 5. The
is sensitive to a broad range of comoving distances between cluster constraints will vary according to the range of masses
2000 and 8000 Mpc (see Figure 2 of Sherwin et al. 2011), probed by each study (as the wavenumber k. is related to the
with the lensing kernel spread peaked around ¢ =~ 100. This mass M, through Equation (5)). For the CCCP survey, the
translates into a range of wave numbers between 0.01 < k < range of masses is 1.35 x 10'* My < M. < 1.35 x 10 Mg

0.05. The upper and lower k£ bounds of the SDSS and Ly« or 0.24 Mpc~'< k. < 0.51 Mpc~!. For the BCG analysis
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this range is 4.28 x 10 My < M, < 8.24 x 10" Mg or
0.28 Mpc~!< k. < 0.75 Mpc~!. Finally, for the ACT cluster
sample, a mass threshold of M. = 10.4 £ 0.6 x 10'* Mg
corresponds to k. = 0.26 4= 0.005 Mpc~'.

Transforming from units of power spectrum to mass variance
Ay/M = /P(k)k3/(27?) (indicated in the bottom panel of
Figure 5) allows one to visualize directly the relationship
between mass scale and variance. While Ay /M =~ 1 for
10'% M, galaxies, the variance decreases as the mass increases
and we probe the largest scales, covering 10 orders of magnitude
in the range of masses of the corresponding probes.

4. CONCLUSIONS

We constrained the primordial power spectrum as a function
of scale in 20 bands using a combination of data from the 2008
Southern Survey of the ACT and WMAP data. We make no
assumptions about the smoothness of the power spectrum, be-
yond a spline interpolation between power spectrum bands. The
arcminute resolution of ACT constrains the power spectrum at
scales 0.1 Mpc™' < k < 0.19 Mpc~! which had not yet been
well constrained by microwave background experiments. This
allows us to test for deviations from scale invariance in a model-
independent framework. We find no significant evidence for de-
viation from a power-law slope. When a power-law spectrum is
fit to our well-constrained bands, our best-fit slope of ny, = 0.968
is consistent with that determined directly from a standard pa-
rameter space of ACDM models with a power-law spectrum,
using the same data. Mapping the primordial power to the late-
time power spectrum using the fluctuations in the matter density,
we obtain measurements of the power spectrum today from the
CMB which are consistent with results from galaxy redshift sur-
veys, but which also probe the power spectrum to much larger
scales, k >~ 0.001 Mpc~', over mass ranges 10'°-10?2 M.
Finally, the allowed range in the primordial power from
the high-¢ ACT temperature power spectrum measurements
constrains the allowed range in the polarization-temperature
cross spectrum, which will be probed with future polarization
experiments.
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