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The Cosmic Microwave Background

•  Linear theory (at early times)
•  Basic elements are well understood. 

Initial fluctuations evolve. 
•  Numerical codes predict power 

spectrum in a given universe.



CMB fluctuations

WMAP7, Hinshaw et al 2008, Jarosik et al 2010 



Larson, JD et al 2010

WMAP 7yr data

Constrained 6-parameter lcdm cosmological model
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ACT probes new scales

Sudeep Das for the ACT collaboration



CMB lensing

Integrated mass fluctuations along the line of sight, from fixed CMB source. Kernel peaks 
at z=2-3.Ulimately use TT (and E/B) to reconstruct deflection power spectrum.



Sunyaev-Zeldovich from clusters

Galaxy Cluster 

HOT Electrons 

•  Thermal Sunyaev-Zeldovich: inverse compton scattering from hot electrons 
•  Identify and measure clusters with multi-wavelength observations 
•  Derive science from N(mass,z)

1.4°x 1.4°



ACT: the telescope

5200 meter elevation, one of driest places on planet
1º field of view, 6-meter primary, 2-meter secondary, 1.4’ resol
3 frequencies: 148, 220, 270 GHz, 3000 TES detectors



To date  ACT has taken ~17 months of data in 3 frequency bands, over ~1300 deg2


ACT sky coverage

Observe mainly at night: 20:30 – 09:30 local time
Fixed elevation of 53o South. Rapid scanning: 6 degrees every 8 seconds
Cross-linking: observe each patch twice per night
Showing today: ~ 4 months in 2008, 2 frequencies, 300 deg2



ACT southern field at 148 GHz
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Region mapped 
4x with ¼ of 
data:

Maximum likelihood 
map-maker



Radio galaxy detections at 148 GHz

Marriage et al 2010

157 sources 15-1500 mJy (5 sigma)
98% known radio sources



Computing power spectrum
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Region mapped 
4x with ¼ of 
data:

Take all possible 
cross-products 
for unbiased 
spectra

Take four 5x15 degree patches, and also make four data 
splits for cross-spectra (and null tests).

11 12 13 14 

21 22 23 24 

31 32 33 34 

41 42 43 44 

First, filter l<500, pre-whiten, mask out bright sources
Take flat-sky tapered 2D pseudo-Cls
Take angular-weighted annular average  1D pseudo-Cl



ACT 148-218 GHz power spectra

Das et al. 2010

• WMAP extends to l=1000; 
ACT spans 500<l<10000 
range for 148 GHz,�
1500<l<10000 for 218 GHz

•  Higher acoustic peaks and 
Silk damping tail probed

•  CMB dominates out to 
l~3000 for 148 GHz, and 
l~2000 for 218 GHz

•  CMB only about 15% by 
l=3000 at 218 GHz. 

•  Will use l=3000 as useful 
reference scale.
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spectra. The function returns the likelihood of the data,
p(d|CCMB

! ,Θ), given a theoretical lensed CMB spectrum,
CCMB

! , and a set of secondary parameters describing the
additional small-scale power, Θ. In this analysis we con-
sider two likelihoods: the ‘148+218’ likelihood, which
returns the likelihood of all three spectra given a model,
and the ‘148-only’ likelihood, which returns the likeli-
hood of just the 148GHz spectrum given a model.
The temperature fluctuations in the ACT maps are

expected to be the sum of fluctuations from lensed
CMB, thermal and kinetic SZ, radio point sources, in-
frared point sources, and thermal dust emission from the
Galaxy (see e.g., Sehgal et al. 2010a). These vary as func-
tions of frequency. The lensed CMB and the kinetic SZ
are blackbody emission, and so are constant as a function
of frequency in thermodynamic units. The thermal SZ
emission has a known frequency dependence (Sunyaev
& Zel’dovich 1970) and has negligible contribution at
218GHz. The radio point sources emit synchrotron, and
the IR sources emit thermally, so both can be modeled
as following power law emission in flux given a narrow
enough frequency range. For frequency ν and direction
n̂ the signal in the maps can be modeled in thermal units
as

∆T (ν, n̂) = ∆TCMB(n̂) +∆T SZ(ν, n̂) +∆T fg(ν, n̂), (1)

with lensed CMB fluctuations∆TCMB(n̂). The SZ signal
is the sum of thermal and kinetic components

∆T SZ(ν, n̂) =
f(ν)

f(ν0)
∆T tSZ

0 (n̂) +∆T kSZ(n̂), (2)

where the factor f(ν) = 2 − (x/2)/ tanh(x/2), for x =
hν/kBTCMB, converts the expected SZ emission from
the Rayleigh-Jeans (RJ) limit to thermodynamic units,
and ∆T tSZ

0 is the expected signal at frequency ν0. At
218 GHz there is negligible thermal SZ signal, with
f(218) = 0. The point source and Galactic components
are modeled as

∆T fg(ν, n̂)=
g(ν)

g(ν0)

{
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(
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0

(
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)αg−2
}

, (3)

assuming that the IR and radio source emission in an-
tenna temperature, ∆T IR,rad

0 , scale with global power
laws αd−2 and αs−2, respectively, where α is the index
in flux units. The factor g(ν) = (ex − 1)2/x2ex converts
from antenna to CMB thermodynamic temperature at
frequency ν. The factors are g = [1.71, 3.02] for 148GHz
and 218GHz. Power law behavior is also assumed for
the Galactic dust emission ∆TGal

0 . This behavior is ex-
pected to be a good approximation between 148GHz and
218GHz, but breaks down over larger frequency ranges.
To compute the likelihood one could first estimate the

CMB map, by subtracting off the foreground and SZ
components. This is commonly done in CMB analyses
for subtracting Galactic components (e.g., Bennett et al.
2003), and has also been used for subtracting the IR
point sources (Hall et al. 2010; Lueker et al. 2009). How-
ever, for the ACT frequencies and noise levels the radio
sources cannot be neglected, so a linear combination of

the 148GHz and 218GHz maps will not remove all the
source contamination. Instead, we choose to construct a
model for the cross power spectra between frequency νi
and νj ,

Cij
! =

〈

T̃ ∗
! (νi)T̃!(νj)

〉

, (4)

where T̃! is the Fourier transform of ∆T (n̂). For ACT
analysis we use a flat-sky approximation, described in
Das et al. (2010). The individual components are
assumed to be uncorrelated, so the theoretical cross-
spectrum Bth,ij

! is modeled from Eq. 1 as

Bth,ij
! = BCMB

! +BtSZ,ij
! +BkSZ,ij

! +BIR,ij
! +Brad,ij

! +BGal,ij
! ,

(5)
where B! ≡ #(#+ 1)C!/2π. The first term, BCMB

! , is the
lensed primary CMB power spectrum and is the same at
all frequencies. The thermal SZ (tSZ) power is modeled
as

BtSZ,ij
! = AtSZ

f(νi)

f(ν0)

f(νj)

f(ν0)
BtSZ
0,! , (6)

where BtSZ
0,! is a template power spectrum corresponding

to the predicted tSZ emission at ν0 =148GHz for a model
with σ8 = 0.8, to be described in Section 2.1.2, and AtSZ

is an amplitude parameter. The kinetic SZ (kSZ) power
is modeled as

BkSZ,ij
! = AkSZB

kSZ
0,! , (7)

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

blackbody kSZ emission for a model with σ8 = 0.8, also
described in Section 2.1.2. The total SZ power is then
given by

BSZ,ij
! = AtSZ

f(νi)

f(ν0)

f(νj)

f(ν0)
BtSZ
0,! +AkSZB

kSZ
0,! . (8)

The infrared point sources are expected to be clustered,
and their power is modeled as

BIR,ij
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where Ad and Ac are the values of BIR
3000 at 148GHz for

Poisson and clustered dust terms respectively, assuming
a normalized template spectrum Bclust

0,! . This will be de-
scribed in Section 2.1.3. This model assumes the same
spectral index for the clustered and Poisson IR power.
The radio sources are not expected to be significantly
clustered (see, e.g., Sharp et al. 2010; Hall et al. 2010),
and so can be described by Poisson scale-free power, with
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, (10)

with amplitude As normalized at ν0 =148GHz and # =
3000.
Though we have described the pivot frequency as

ν0 =148GHz for all components in Eqs. 6-10, in practice
we use the band-centers for SZ, radio and dusty sources
given in Table 4 of Swetz et al. (2010). The Galactic
emission, BGal,ij

! , is expected to be sub-dominant on ACT
scales, as demonstrated in Das et al. (2010) using the

High-ell model

Dunkley et al. 2010
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ABSTRACT

We present cosmological parameters derived from the angular power spectrum of the cosmic mi-
crowave background (CMB) radiation observed at 148GHz and 218GHz over 296deg2 with the At-
acama Cosmology Telescope (ACT) during its 2008 season. ACT measures fluctuations at scales
500 < ! < 10000. We fit a model for the lensed CMB, Sunyaev-Zel’dovich (SZ), and foreground
contribution to the 148GHz and 218GHz power spectra, including thermal and kinetic SZ, Poisson
power from radio and infrared point sources, and clustered power from infrared point sources. At
! = 3000, about half the power at 148GHz comes from primary CMB after masking bright radio
sources. The power from thermal and kinetic SZ is estimated to be B3000 = 6.8 ± 2.9 µK2, where
B! ≡ !(! + 1)C!/2π. The IR Poisson power at 148GHz is B3000 = 7.8± 0.7 µK2 (C! = 5.5± 0.5 nK2),
and a clustered IR component is required with B3000 = 4.6± 0.9 µK2, assuming an analytic model for
its power spectrum shape. At 218GHz only about 15% of the power, approximately 27 µK2, is CMB
anisotropy at ! = 3000. The remaining 85% is attributed to IR sources (approximately 50% Poisson
and 35% clustered), with spectral index α = 3.69 ± 0.14 for flux scaling as S(ν) ∝ να. We estimate
primary cosmological parameters from the less contaminated 148GHz spectrum, marginalizing over
SZ and source power. The ΛCDM cosmological model is a good fit to the data (χ2/dof = 29/46),
and ΛCDM parameters estimated from ACT+WMAP are consistent with the 7-year WMAP limits,
with scale invariant ns = 1 excluded at 99.7% CL (3σ). A model with no CMB lensing is disfavored
at 2.8σ. By measuring the third to seventh acoustic peaks, and probing the Silk damping regime, the
ACT data improve limits on cosmological parameters that affect the small-scale CMB power. The
ACT data combined with WMAP give a 6σ detection of primordial helium, with YP = 0.313± 0.044,
and a 4σ detection of relativistic species, assumed to be neutrinos, with Neff = 5.3 ± 1.3 (4.6 ± 0.8
with BAO+H0 data). From the CMB alone the running of the spectral index is constrained to be
dns/d ln k = −0.034 ± 0.018, the limit on the tensor-to-scalar ratio is r < 0.25 (95% CL), and the
possible contribution of Nambu cosmic strings to the power spectrum is constrained to string tension
Gµ < 1.6 × 10−7 (95% CL).
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Secondary parameters

Dunkley et al. 2010
•  Simple model fits 3 spectra
•  Clustered IR sources required 
at 5 sigma

•  At 148 GHz we separate radio 
and IR with prior from detected 
radio sources.
•  Index consistent with dusty 
galaxies z=2-4
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Fig. 5.— The power spectrum measured by ACT at 148GHz, scaled by !4, over the range dominated by primordial CMB (! < 3000).
The spectrum is consistent with the WMAP power spectrum over the scales 500 < ! < 1000, and gives a measure of the third to seventh
acoustic peaks. The best-fit ΛCDM cosmological model is shown, and is a good fit to the two datasets. At ! > 2000 the contribution
from point soures and SZ becomes significant (dashed shows the total best-fit theoretical spectrum; solid is lensed CMB). Three additional
theoretical models for the primordial CMB are shown with Neff=10 relativistic species, 4He fraction Yp = 0.5, and running of the spectral
index dns/d lnk = −0.075. They are consistent with WMAP but are excluded at least at the 95% level by the ACT data.

TABLE 3
Derived constraints on unresolved IR source emissiona

148GHz 218GHz

Poisson B3000 (µK2)b 7.8± 0.7± 0.7 90± 5± 10
C!(nK

2) 5.5± 0.5± 0.6 63 ± 3± 6
C! (Jy2 sr−1) 0.85± 0.08± 0.09 14.7± 0.7± 1.8

Clustered B3000 (µK2)c 4.6± 0.9± 0.6 54± 12 ± 5

Total IR B3000 (µK2) 12.5± 1.2 144± 13
aThe two errors indicate statistical uncertainty and a systematic

error due to clustered template uncertainty.
bEquivalent to the parameter Ad for 148GHz.
cEquivalent to the parameter Ac for 148GHz.

sion. The IR Poisson power is estimated to be Ad =
7.8±0.7 µK2, with derived Poisson IR power at 148GHz
and 218GHz given in Table 3. A clustered component is
required to fit the data, with Ac = 4.6± 0.9 µK2, corre-
sponding to power at 218GHz of B218

3000 = 54 ± 12 µK2.
A model with no clustered component has a poorer fit
to the data by ∆χ2 = 28, indicating a detection of clus-
tering at the 5σ level. It is the 218GHz power spectrum
that provides this detection; the 148GHz spectrum is
consistent with no clustered component.
In flux units, the effective index of unresolved IR emis-

sion is
αd = 3.69± 0.14 (19)

between 148GHz and 218GHz, where S(ν) ∝ να. The

dust index and Poisson amplitude are anti-correlated,
shown in Figure 4. This index estimate agrees with ob-
servations by SPT, who find α = 3.9± 0.3 for the Pois-
son component, and 3.8 ± 1.2 for the clustered compo-
nent over the same frequency range (Hall et al. 2010). A
property that can be derived from the effective index, α,
is the dust emissivity index, β. For galaxies at redshift
z = 0 the dust emission can be described by a modified
blackbody, S(ν) ∝ νβBν(Td), for dust temperature Td.
In the Rayleigh-Jeans (RJ) limit the flux then approx-
imates to S(ν) ∝ νβ+2Td, with β = α − 2. Using this
relation gives a dust emissivity index measured by ACT
of β = 1.7 ± 0.14, consistent with models (e.g., Draine
2003). However, the RJ limit is not expected to be as
good an approximation for redshifted graybodies (e.g.,
Hall et al. 2010), adding an uncertainty to β of up to
# 0.5. This should also be considered an effective in-
dex, given the likely temperature variation within each
galaxy.
We test the dependence of these constraints on choices

made in the likelihood, using the same set of tests de-
scribed in Sec 3.1. The estimated IR source parameters
do not depend strongly on the SZ template chosen, with
less than 0.1σ change if we use the Battaglia or TBO-1
SZ template. If the radio source index is set to αs = 0
instead of −0.5 there is a # 0.3σ reduction in the IR Pois-
son source power at 148GHz, and a 0.2σ increase in the
spectral index. As found in Sec 3.1, if the radio source



Sunyaev-Zeldovich power

Dunkley et al. 2010

•  SZ required at 95% level.  Atsz=1 is prediction for 
σ8=1.
•  ACT sees consistent power with SPT (0.4+-0.2) 
but also with simple gas model templates.
•  Power at l=3000 is independent of template

•  kSZ upper limit: <8 μK2 at l=3000.
•  With 218 GHz the SZ power is not strongly 
correlated with IR source power

8 J. Dunkley et al.

TABLE 1
Parameters describing SZ and extragalactic source model

at 148GHz and 218GHz

Parametera 148 + 218 GHz 148GHz -only

AtSZ
b 0.62± 0.26 < 0.77 (95% CL)

Ad (µK2) 7.8± 0.7 12.0 ± 1.9
Ac (µK2) 4.6± 0.9 < 7.4 (95% CL)
As (µK2)c 4.1± 0.4 4.0± 0.4
αd

d 3.69± 0.14 −

χ2/dof 78/106 29/46
aThe kSZ and tSZ coefficients are set equal, AkSZ = AtSZ. Ad, Ac

and As are the B3000 power for Poisson infrared galaxies, clustered
infrared galaxies, and Poisson radio galaxies at 148GHz respec-
tively. The ΛCDM parameters are not varied here.
bFor the TBO-1 template. See Table 2 for other templates and
conversion to SZ power.
cA Gaussian prior As = 4.0±0.4 is imposed, and index αs = −0.5

assumed.
dThe 148GHz-only data cannot constrain the IR point source
index αd.

stant, H0 = 74.2 ± 3.6 km s−1 Mpc−1, comes from the
magnitude-redshift relation from HST observations of
240 low-z Type Ia supernovae at z < 0.1 by Riess et al.
(2009). The error includes both statistical and system-
atic errors.

3. HIGH-ELL SZ AND POINT SOURCE MODEL

In this section we determine the goodness of fit of the
SZ and point source model described in Section 2.1 to the
ACT 148GHz and 218GHz power spectra, and estimate
its parameters. This uses the 148+218 likelihood sum-
marized in Sec 2.1.4, initially holding the ΛCDM model
fixed to the primary CMB with parameters given in Ko-
matsu et al. (2010). The best-fit model is a good fit
to the three ACT power spectra over the full angular
range 500 < !< 10000 (χ2 = 78 for 106 degrees of free-
dom), with constraints on parameters given in Table 1 for
the TBO-1 SZ template and Src-1 source template. The
spectra are shown in Figure 2, with the estimated compo-
nents indicated at each frequency. The mean calibration
factors, defined in Eq. 13, are 1.02 and 1.09 for 148GHz
and 218GHz respectively. These are consistent with the
expected values at the 1-1.2σ level. The best-fitting 1.09
factor is driven by the ! < 2500 part of the 148 × 218
cross-spectrum, where the primary CMB dominates. At
! = 3000, about half the power at 148GHz is from the
primary CMB (27 out of 50 µK2), with the remainder
divided among SZ, IR Poisson and clustered power, and
radio Poisson power (4-8 µK2 in each component). At
218GHz, only about 15% of the power comes from the
primary CMB at ! = 3000 (27 out of 170 µK2). Half
of the power is attributed to Poisson IR sources, the re-
maining approximately 35% to power from clustered IR
sources. The model fits the cross-spectrum, indicating
that a similar population of galaxies is contributing at
both frequencies.

3.1. Constraints on SZ power

Using the multi-frequency spectra, power from SZ
fluctuations is detected at more than 95% CL, with
estimated AtSZ for each template (TBO-1, TBO-2,
Battaglia, and Shaw) given in Table 2 and shown in Fig-
ure 3, marginalized over point source parameters. The
estimated SZ power at ! = 3000 is robust to varying the
SZ template, with total SZ power (tSZ plus kSZ) esti-

TABLE 2
Constraints on SZ emission

Templatea AtSZ
b BSZ

3000
c σSZ,7

8 σSZ,9
8

(µK2) 0.8× (A1/7
tSZ) 0.8× (A1/9

tSZ)

TBO-1 0.62± 0.26 6.8± 2.9 0.74± 0.05 0.75 ± 0.04
TBO-2 0.96± 0.43 6.7± 3.0 0.78± 0.05 0.79 ± 0.04
Battaglia 0.85± 0.36 6.8± 2.9 0.77± 0.05 0.78 ± 0.04
Shaw 0.87± 0.39 6.8± 3.0 0.77± 0.05 0.78 ± 0.04
aTemplates are from Sehgal et al. (2010a), Trac, Bode, & Ostriker

(2010), Battaglia et al. (2010), and Shaw et al. (2010).
bWe required AkSZ = AtSZ, as defined in Eqs. 6-7.
cTotal tSZ and kSZ power at 148GHz, as defined in Eq. 8.

Fig. 3.— One-dimensional marginalized distributions for the
estimated thermal SZ power in the ACT power spectra. There is
evidence at the 95% CL level for non-zero SZ power. The value
AtSZ = 1 corresponds to the predicted thermal SZ amplitude in a
universe with σ8 = 0.8. The four curves correspond to the four SZ
templates shown in Figure 1; the TBO-1 template results in a lower
value, although all are consistent with AtSZ = 1 at the 95% CL.
The total SZ power (including kSZ) at 148GHz and $ = 3000 for
all the templates is consistent, with $($+ 1)CSZ

! /2π = 7± 3 µK2.

mated to be
BSZ
3000 = 6.8± 2.9 µK2. (17)

The estimated template amplitude, AtSZ, varies from
0.62±0.26 for the TBO-1 template, to 0.96±0.43 for the
TBO-2 template. Note that AkSZ is fixed equal to AtSZ
in these cases, with amplitudes defined in Eqs. 6-7. For
the TBO-1 template, the mean amplitude is lower than
expected for a universe with σ8 = 0.8 (AtSZ = 1), but
not significantly. This is consistent with observations by
SPT (Lueker et al. 2009), and is an improvement over
the initial estimate of AtSZ < 1.6 at 95% CL from the
ACT power spectrum presented in Fowler et al. (2010).
Assuming that σ8 is within the limits estimated from pri-
mary CMB data, e.g. from Komatsu et al. (2010), the
amplitude is somewhat more consistent for the TBO-2,
Battaglia, and Shaw templates, that include more de-
tailed gas physics, with AtSZ = 1 within the 68% CL
for these templates. In all these cases we have held the
primary CMB parameters fixed. For a single test case
we marginalize over the 6 primary ΛCDM parameters in
addition to the secondary parameters. This marginaliza-
tion results in an increase in the mean value of BSZ

3000 of



ACT ‘low-ell’ power spectrum
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ΛCDM Parameters

Dunkley et al. 2010

•  6-parameter LCDM 
continues to fit the data well
•  Scale invariant ns=1 now 
disfavored at 3σ from CMB 
data alone, in support of 
inflation.

•  Simple secondary parameter 
model captures high ell 
behavior.



Gravitational lensing

Das et al. 2010

•  Test for lensing in spectrum by marginalizing 
over (unphysical) parameter AL, scaling lensing 
potential. [Calabrese et al 2008] 

•  Expect AL=1, and unlensed has AL=0. See 
lensing at almost 3σ level.

Usually assume lensing signal as standard. 
An unlensed spectrum would have 
sharper features. (2-pt function not best 
lensing statistic, but provides first check)



Beyond the standard model

Dunkley et al. 2010



•  Effective field theory, period of 
exponential expansion for > 60 e-folds

•  Provides mechanism for seeding cosmic 
structure

•  Look for 
–  Index deviating from 1

–  Running index

–  Gravitational waves

–  Isocurvature fluctuations
–  Non-Gaussian signatures

Inflation

Dunkley et al. 2010
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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)

12 J. Dunkley et al.

TABLE 4
ΛCDM and extended model parameters and 68% confidence intervals from the ACT 2008 data combined with

seven-year WMAP data.

Parametera ΛCDM ΛCDM ΛCDM ΛCDM ΛCDM ΛCDM
+ dns/d ln k + r + Neff + YP + Gµ

Primary 100Ωbh2 2.214± 0.050 2.167± 0.054 2.246± 0.057 2.252± 0.055 2.236± 0.052 2.240± 0.053
ΛCDM Ωch2 0.1127± 0.0054 0.1214± 0.0074 0.1099± 0.0058 0.152± 0.025 0.1166± 0.0061 0.1115± 0.0055

ΩΛ 0.721± 0.030 0.670± 0.046 0.738± 0.030 0.720± 0.030 0.711± 0.031 0.730± 0.029
ns 0.962± 0.013 1.032± 0.039 0.974± 0.016 0.993± 0.021 0.974± 0.015 0.963± 0.013
τ 0.087± 0.014 0.092± 0.016 0.087± 0.015 0.089± 0.015 0.087± 0.015 0.087± 0.015
109∆2

R
2.47± 0.11 2.44± 0.11 2.37± 0.13 2.40± 0.12 2.45± 0.11 2.43± 0.11

Extended dns/d lnk −0.034± 0.018
r < 0.25
Neff 5.3± 1.3
YP 0.313± 0.044
Gµ < 1.6×10−7

Derived σ8 0.813± 0.028 0.841± 0.032 0.803± 0.030 0.906± 0.059 0.846± 0.035 0.803± 0.029
Ωm 0.279± 0.030 0.330± 0.046 0.262± 0.030 0.280± 0.030 0.289± 0.031 0.270± 0.029
H0 69.7± 2.5 66.1± 3.0 71.4± 2.8 78.9± 5.9 69.5± 2.3 70.6± 2.5

Secondary BSZ
3000 (µK2) < 10.2 < 12.3 < 10.0 < 12.1 < 13.0 < 8.8

Ap (µK2) 16.0± 2.0 14.9± 2.2 16.0± 2.0 15.1± 2.1 15.0± 2.1 16.1± 1.9
Ac (µK2) < 8.7 < 10.4 < 8.0 < 11.1 < 11.2 < 7.4
−2 lnL 7500.0 7498.1 7500.1 7498.7 7498.8 7500.1

aFor one-tailed distributions, the upper 95% CL is given. For
two-tailed distributions the 68% CL are shown.

Fig. 7.— Two-dimensional marginalized limits (68% and
95%) for the spectral index, ns, plotted at the pivot point
k0 = 0.015/Mpc, and the running of the index dns/d lnk, for
ACT+WMAP, compared to WMAP. This model has no tensor
fluctuations. A negative running is preferred, but the data are
consistent with a power-law spectral index, with dns/d ln k = 0.

The simplest inflationary models predict that the run-
ning of the spectral index with scale should be small (see
e.g., Kosowsky & Turner 1995; Baumann et al. 2009), and
the detection of a scale dependence would provide evi-
dence for alternative models for the early universe. Cos-
mological constraints on deviations from scale invariance
have been considered recently by e.g., Easther & Peiris
(2006); Kinney et al. (2006); Shafieloo & Souradeep
(2008); Verde & Peiris (2008); Reichardt et al. (2009),
using various parameterizations. With CMB data alone,
the seven-year WMAP data show no evidence for sig-
nificant running, with dns/d ln k = −0.034± 0.026, and

−0.041±0.023 when combined with ACBAR and QUAD
data (Komatsu et al. 2010). With the measurement of
the power spectrum at small scales by ACT, we find

dns/d lnk = −0.034± 0.018 (68% CL) (23)

and dns/d lnk =−0.024 ± 0.015 including BAO+H0.
The estimated parameters are given in Tables 4 and
5. Parameters are sampled using a pivot point k0 =
0.002/Mpc for the spectral index. This choice of pivot
point results in the index being strongly anti-correlated
with the running, with ns(0.002) = 1.032 ± 0.039. In
Figure 7 we show the index and its running at a decor-
related pivot point k0 = 0.015/Mpc, chosen to minimize
the correlation between the two parameters (Cortês, Lid-
dle, & Mukherjee 2007). The relation between the index
at these two pivot points is

ns(k0 = 0.015/Mpc)=ns(k0 = 0.002/Mpc)

+ ln(0.015/0.002)
dns

d ln k
, (24)

with other cosmological parameters unchanged. The run-
ning prefers a negative value at 1.8σ, indicating enhanced
damping at small scales, but there is no statistically sig-
nificant deviation from a power law spectral index.
We choose this model to investigate the sensitivity

of the constraints to choices made in the likelihood, as
dns/d ln k is more sensitive to the small-scale spectrum,
and may be affected by the modeling of the point source
and SZ contributions. We find less than 0.1σ variation in
primordial parameters if we substitute alternative shapes
for the SZ and clustered source templates, or limit the
analysis to the " < 5000 data. The beam is measured
sufficently well over the angular range of interest that
results are not changed if the beam uncertainty is ne-
glected. These tests are described further in Appendix
B, and give us confidence that the errors are not domi-
nated by systematic effects.
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TABLE 4
ΛCDM and extended model parameters and 68% confidence intervals from the ACT 2008 data combined with

seven-year WMAP data.

Parametera ΛCDM ΛCDM ΛCDM ΛCDM ΛCDM ΛCDM
+ dns/d ln k + r + Neff + YP + Gµ

Primary 100Ωbh2 2.214± 0.050 2.167± 0.054 2.246± 0.057 2.252± 0.055 2.236± 0.052 2.240± 0.053
ΛCDM Ωch2 0.1127± 0.0054 0.1214± 0.0074 0.1099± 0.0058 0.152± 0.025 0.1166± 0.0061 0.1115± 0.0055

ΩΛ 0.721± 0.030 0.670± 0.046 0.738± 0.030 0.720± 0.030 0.711± 0.031 0.730± 0.029
ns 0.962± 0.013 1.032± 0.039 0.974± 0.016 0.993± 0.021 0.974± 0.015 0.963± 0.013
τ 0.087± 0.014 0.092± 0.016 0.087± 0.015 0.089± 0.015 0.087± 0.015 0.087± 0.015
109∆2

R
2.47± 0.11 2.44± 0.11 2.37± 0.13 2.40± 0.12 2.45± 0.11 2.43± 0.11

Extended dns/d lnk −0.034± 0.018
r < 0.25
Neff 5.3± 1.3
YP 0.313± 0.044
Gµ < 1.6×10−7

Derived σ8 0.813± 0.028 0.841± 0.032 0.803± 0.030 0.906± 0.059 0.846± 0.035 0.803± 0.029
Ωm 0.279± 0.030 0.330± 0.046 0.262± 0.030 0.280± 0.030 0.289± 0.031 0.270± 0.029
H0 69.7± 2.5 66.1± 3.0 71.4± 2.8 78.9± 5.9 69.5± 2.3 70.6± 2.5

Secondary BSZ
3000 (µK2) < 10.2 < 12.3 < 10.0 < 12.1 < 13.0 < 8.8

Ap (µK2) 16.0± 2.0 14.9± 2.2 16.0± 2.0 15.1± 2.1 15.0± 2.1 16.1± 1.9
Ac (µK2) < 8.7 < 10.4 < 8.0 < 11.1 < 11.2 < 7.4
−2 lnL 7500.0 7498.1 7500.1 7498.7 7498.8 7500.1

aFor one-tailed distributions, the upper 95% CL is given. For
two-tailed distributions the 68% CL are shown.

Fig. 7.— Two-dimensional marginalized limits (68% and
95%) for the spectral index, ns, plotted at the pivot point
k0 = 0.015/Mpc, and the running of the index dns/d lnk, for
ACT+WMAP, compared to WMAP. This model has no tensor
fluctuations. A negative running is preferred, but the data are
consistent with a power-law spectral index, with dns/d ln k = 0.

The simplest inflationary models predict that the run-
ning of the spectral index with scale should be small (see
e.g., Kosowsky & Turner 1995; Baumann et al. 2009), and
the detection of a scale dependence would provide evi-
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dns/d lnk = −0.034± 0.018 (68% CL) (23)
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, (24)

with other cosmological parameters unchanged. The run-
ning prefers a negative value at 1.8σ, indicating enhanced
damping at small scales, but there is no statistically sig-
nificant deviation from a power law spectral index.
We choose this model to investigate the sensitivity

of the constraints to choices made in the likelihood, as
dns/d ln k is more sensitive to the small-scale spectrum,
and may be affected by the modeling of the point source
and SZ contributions. We find less than 0.1σ variation in
primordial parameters if we substitute alternative shapes
for the SZ and clustered source templates, or limit the
analysis to the " < 5000 data. The beam is measured
sufficently well over the angular range of interest that
results are not changed if the beam uncertainty is ne-
glected. These tests are described further in Appendix
B, and give us confidence that the errors are not domi-
nated by systematic effects.
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TABLE 5
ΛCDM and extended model parameters and 68% confidence intervals from the ACT 2008 data combined with

seven-year WMAP data, and measurements of H0 and BAO

Parametera ΛCDM ΛCDM ΛCDM ΛCDM
+ dns/d ln k + r + Neff

Primary 100Ωbh
2 2.222± 0.047 2.206± 0.047 2.237± 0.048 2.238± 0.046

ΛCDM Ωch2 0.113± 0.0034 0.1148± 0.0039 0.1117± 0.0033 0.140± 0.015
ΩΛ 0.724± 0.016 0.713± 0.019 0.729± 0.017 0.715± 0.017
ns 0.963± 0.011 1.017± 0.036 0.970± 0.012 0.983± 0.014
τ 0.086± 0.013 0.095± 0.016 0.086± 0.015 0.086± 0.014
109∆2

R
2.46± 0.09 2.39± 0.10 2.40± 0.10 2.44± 0.09

Extended dns/d ln k −0.024± 0.015
r < 0.19
Neff 4.56± 0.75

Derived σ8 0.813± 0.022 0.820± 0.023 0.811± 0.022 0.885± 0.039
Ωm 0.276± 0.016 0.287± 0.019 0.271± 0.017 0.285± 0.017
H0 69.9± 1.4 69.1± 1.5 70.4± 1.5 75.5± 3.0

Secondary BSZ
3000 (µK2) < 9.7 < 11.4 < 10.2 < 12.1

Ap (µK2) 16.1± 2.0 15.2± 2.0 16.1± 2.0 15.3± 2.1
Ac (µK2) < 8.4 < 10.3 < 8.4 < 10.2

aFor one-tailed distributions, the upper 95% CL is given. For
two-tailed distributions the 68% CL are shown.

Fig. 8.— Two-dimensional marginalized distribution (68% and
95% CL) for the tensor-to-scalar ratio r, and the scalar spectral
index ns, for ACT+WMAP data. By measuring the # > 1000
spectrum, the longer lever arm from ACT data further breaks the
ns − r degeneracy, giving a marginalized limit r < 0.25 (95% CL)
from the CMB alone. The predicted values for a chaotic inflation-
ary model with inflaton potential V (φ) ∝ φp with 60 e-folds are
shown for p = 3, 2, 1, 2/3; p > 3 is disfavored at > 95% CL.

4.2.2. Gravitational waves

The concordance ΛCDM model assumes purely scalar
fluctuations. Tensor fluctuations can also be seeded at
early times, propagating as gravitational waves. They
contribute to the CMB temperature and polarization
anisotropy, polarizing the CMB with both an E-mode
and B-mode pattern (e.g., Kamionkowski et al. 1997;
Zaldarriaga & Seljak 1997). The tensor fluctuation
power is quantified using the tensor-to-scalar ratio r =
∆2

h(k0)/∆
2
R
(k0), where∆2

h is the amplitude of primordial
gravitational waves, with pivot scale k0 = 0.002/Mpc.
Inflationary models predict tensor fluctuations, with am-
plitude related to the potential of the inflaton field (see
e.g., Baumann et al. (2009) for a recent review.)

Direct B-mode polarization measurements from the BI-
CEP experiment provide limits of r < 0.7 (95% CL, Chi-
ang et al. (2010)). Temperature and E-mode fluctuations
over a range of scales currently provide a stronger indi-
rect constraint on r, with r < 0.36 (95% CL) from the
WMAP data (Komatsu et al. 2010). Models with a large
value for r have increased power at large scales, which
can be partly compensated by increasing the spectral in-
dex of scalar fluctuations and reducing the scalar ampli-
tude. This ‘ns−r’ degeneracy can be partly broken with
lower-redshift observations that limit r < 0.24 (95% CL)
from WMAP+BAO+H0 (Komatsu et al. 2010). It can
also be broken by measuring temperature fluctuations
at ! > 1000. The tightest CMB-only constraints so
far have come from WMAP CMB data combined with
ACBAR and QUAD small-scale CMB data (Pryke et al.
2009), with r < 0.3 (95% CL). With ACT combined
with WMAP we now find

r < 0.25 (95% CL) (25)

for the CMB temperature anisotropy power spec-
trum alone, comparable to constraints from combined
cosmological datasets (r < 0.19 at 95% CL for
ACT+WMAP+BAO+H0). The parameter estimates
are given in Tables 4 and 5, and the dependence of
the tensor amplitude on the spectral index is shown
in Figure 8. For chaotic inflationary models with in-
flaton potential V (φ) ∝ φp and N e-folds of inflation,
the predicted tensor-to-scalar ratio is r = 4p/N , with
ns = 1 − (p + 2)/2N . The CMB data exclude p ≥ 3 at
more than 95% confidence for N = 60 e-folds.

4.3. Non-standard models

In addition to specifying the primordial perturbations,
the concordance model assumes that there are three light
neutrino species, that standard BBN took place with spe-
cific predictions for primordial element abundances, and
that there are no additional particles or fluctuations from
components such as cosmic defects. The damping tail
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early times, propagating as gravitational waves. They
contribute to the CMB temperature and polarization
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Inflationary models predict tensor fluctuations, with am-
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e.g., Baumann et al. (2009) for a recent review.)

Direct B-mode polarization measurements from the BI-
CEP experiment provide limits of r < 0.7 (95% CL, Chi-
ang et al. (2010)). Temperature and E-mode fluctuations
over a range of scales currently provide a stronger indi-
rect constraint on r, with r < 0.36 (95% CL) from the
WMAP data (Komatsu et al. 2010). Models with a large
value for r have increased power at large scales, which
can be partly compensated by increasing the spectral in-
dex of scalar fluctuations and reducing the scalar ampli-
tude. This ‘ns−r’ degeneracy can be partly broken with
lower-redshift observations that limit r < 0.24 (95% CL)
from WMAP+BAO+H0 (Komatsu et al. 2010). It can
also be broken by measuring temperature fluctuations
at ! > 1000. The tightest CMB-only constraints so
far have come from WMAP CMB data combined with
ACBAR and QUAD small-scale CMB data (Pryke et al.
2009), with r < 0.3 (95% CL). With ACT combined
with WMAP we now find
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for the CMB temperature anisotropy power spec-
trum alone, comparable to constraints from combined
cosmological datasets (r < 0.19 at 95% CL for
ACT+WMAP+BAO+H0). The parameter estimates
are given in Tables 4 and 5, and the dependence of
the tensor amplitude on the spectral index is shown
in Figure 8. For chaotic inflationary models with in-
flaton potential V (φ) ∝ φp and N e-folds of inflation,
the predicted tensor-to-scalar ratio is r = 4p/N , with
ns = 1 − (p + 2)/2N . The CMB data exclude p ≥ 3 at
more than 95% confidence for N = 60 e-folds.

4.3. Non-standard models

In addition to specifying the primordial perturbations,
the concordance model assumes that there are three light
neutrino species, that standard BBN took place with spe-
cific predictions for primordial element abundances, and
that there are no additional particles or fluctuations from
components such as cosmic defects. The damping tail
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Primordial Helium
Dunkley et al. 2010

Assume Yp=0.24, predicted by BBN.

More helium decreases electron density, 
increasing damping.

A universe with no Helium is now ruled out at 
6 sigma from ACT+WMAP – it would 
produce too much small scale power.
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Fig. 10.— Constraint on the primordial helium mass fraction YP . Left: The one-dimensional marginalized distribution for YP derived
from the ACT+WMAP data compared to WMAP alone. The measurement of the Silk damping tail by ACT constrains the number of
free electrons at recombination, giving a 6σ detection of primordial helium consistent with the BBN-predicted YP = 0.25. Right: The
two-dimensional marginalized distribution (68% and 95% CL) for YP and the spectral index ns; the degeneracy is partly broken with the
ACT data.

degeneracy between Neff and Ωch2 results in a higher
mean value for σ8, 0.906± 0.059, with all estimated pa-
rameters given in Table 4. By adding the BAO and H0
data the Neff−Ωch2 degeneracy is further broken, with
Neff = 4.56±0.75 (68% CL). This central value is higher
than from joint constraints including X-ray and opti-
cal cluster measurements (Reid et al. 2010; Mantz et al.
2010a); improved CMB and low redshift measurements
will allow further constraints and consistency checks.

4.3.2. Primordial 4He abundance

In the standard BBN model, light nuclides are synthe-
sized in the first few minutes after the Big Bang. Mea-
surements of the abundance of helium are therefore sen-
sitive to the expansion rate of the universe during this
time (Peebles 1966; Steigman et al. 1977). In standard
BBN, the expected 4He mass fraction, YP , is related to
the baryon density, Ωbh2, and the number of neutrino
(or relativistic) species, Neff , by

YP = 0.2485+0.0016[(273.9Ωbh
2−6)+100(S−1)], (27)

where S2 = 1 + (7/43)(Neff − 3) (see e.g., Kneller &
Steigman 2004; Steigman 2007; Simha & Steigman 2008).
For the ΛCDM model, with baryon density 100Ωbh2 =
2.214 ± 0.050 and N = 3.04 effective species, the pre-
dicted helium fraction is YP = 0.2486 ± 0.0006, with
error dominated by the 0.02% uncertainty on the lin-
ear fit in Eq. 27 (Steigman 2010). When the neu-
trino species are allowed to vary (as in Section 4.3.1),
the current prediction from ACT+WMAP+BAO+H0 is
YP = 0.267±0.009. For comparison, the prediction from
the baryon density derived from deuterium abundance
measurements is YP = 0.2482 ± 0.0007 (see Steigman
2010, for a review). A measurement of any deviation
from this prediction could point the way to non-standard
models, in particular those that affect the timing of
BBN (Steigman et al. 1977; Boesgaard & Steigman 1985;
Jedamzik & Pospelov 2009). This includes modifications

to the Hubble expansion rate during BBN, energy injec-
tion due to annihilation or decay of heavy particles, parti-
cle catalysis of BBN reactions, and time variations in fun-
damental constants (see, e.g., Peimbert (2008); Jedamzik
& Pospelov (2009) for discussions).
The 4He abundance estimated from observations of

metal poor extragalactic regions (see Steigman 2007; Pe-
imbert 2008, for example) is YP = 0.252 ± 0.004 and
0.252±0.001 (Izotov et al. 2007), although a higher mea-
surement of YP = 0.2565±0.0010(stat)±0.0050(syst) has
recently been made (Izotov & Thuan 2010). There are
systematic uncertainties in the astrophysically derived
abundances, as helium is depleted in stars.
The CMB provides an alternative probe of the helium

abundance when the universe was "400,000 years old.
Helium recombines earlier than hydrogen, at z ≈ 1800
rather than z ≈ 1100, reducing the number density of
electrons at recombination to ne = nb(1− YP ), where nb
is the baryon number density (Hu et al. 1995). It affects
the CMB at small scales by modifying the recombina-
tion process. A larger YP decreases the electron number
density, increasing the mean free path of Compton scat-
tering. This leads to decreased power on small scales,
due to enhanced Silk damping, as shown in Trotta &
Hansen (2004) and Komatsu et al. (2010).
For CMB analysis the primordial helium abundance

is usually assumed to be YP = 0.24. Constraints on a
varying abundance from the CMB have been presented
in Trotta & Hansen (2004); Huey et al. (2004); Ichikawa
& Takahashi (2006); Ichikawa et al. (2008); Dunkley et al.
(2009); Komatsu et al. (2010), with a > 3σ detection of
YP = 0.33 ± 0.08 reported in Komatsu et al. (2010) for
the seven-year WMAP data combined with small-scale
CMB observations from ACBAR (Reichardt et al. 2009)
and QUAD (Pryke et al. 2009). We now find

YP = 0.313± 0.044 (68% CL) (28)

with the ACT+WMAP data combination, a significant
detection of primordial helium from the CMB alone. The
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Fig. 10.— Constraint on the primordial helium mass fraction YP . Left: The one-dimensional marginalized distribution for YP derived
from the ACT+WMAP data compared to WMAP alone. The measurement of the Silk damping tail by ACT constrains the number of
free electrons at recombination, giving a 6σ detection of primordial helium consistent with the BBN-predicted YP = 0.25. Right: The
two-dimensional marginalized distribution (68% and 95% CL) for YP and the spectral index ns; the degeneracy is partly broken with the
ACT data.
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shown in Figure 12, compared to the upper limit pre-
ACT given in Battye & Moss (2010) which overpredicts
the power measured by ACT in the range 1500 < ! <
4000. The joint constraint on the string tension and the
scalar spectral index may also limit the class of hybrid
inflation models that produce cosmic strings at the end
of inflation, and which typically predict a unity scalar
spectral index. Battye et al. (2006) and Bevis et al.
(2008) demonstrated that these models provided a good
fit to the data, but more recently Battye, Garbrecht,
& Moss (2010) found that minimal D-term models are
now ruled out at a 4σ level with CMB combined with
SDSS and BBN data, and that minimal F-term models
are increasingly disfavored. The preference from CMB
data alone for a red spectrum with ns = 0.963 ± 0.013
(ACT+WMAP), marginalized over a string contribution,
provides further evidence against these hybrid models.

5. DISCUSSION

The power spectra measured at 148GHz and 218GHz
by ACT, using observations made in the Southern sky
in 2008, have provided a new probe of the physics af-
fecting microwave fluctuations at small scales. The con-
cordance ΛCDM cosmological model continues to be fa-
vored, and possible deviations from this model are more
tightly constrained. At 148GHz and 218GHz, the CMB
is dominant at scales larger than ! ! 3000 and 2000 re-
spectively, after bright sources have been removed. At
smaller scales, a simple model for SZ and point source
emission is a good fit to the ACT power spectra. By us-
ing multi-frequency information we see a preference for
non-zero thermal Sunyaev-Zel’dovich fluctuations in the
148GHz power spectrum at 2σ, with an amplitude con-
sistent with observations by the South Pole Telescope.
The mean amplitude is lower than the simplest cluster
models predict for a universe with σ8 = 0.8, but at less
than 2σ significance. The level is consistent with expec-
tations from recent models that include more complex
gas physics; continued comparisons of observations and
theory will allow progress to be made on cluster model-
ing. The frequency dependence of the infrared emission
has the expected behavior of graybody emissivity from
dusty star-forming galaxies at redshifts 1 < z < 4, and a
clustered infrared point source component is detected in
the ACT data at 5σ significance.
The 1000 < ! < 3000 spectrum provides a measure

of the third to seventh acoustic peaks in the CMB, and
the Silk damping tail from the recombination process at
z = 1100. Using this measurement we place tighter con-
straints on deviations from the ΛCDM model. Given
the uncertainty on the expected power spectrum from in-
frared point sources, we have limited this part of the anal-
ysis to the power spectrum from 148GHz. The data are
found to be consistent with no deviations from ΛCDM,
and the gravitational lensing of the temperature power
spectrum is at the expected level, with an unlensed signal
disfavored at 2.8σ. We have detected primordial helium
at 6σ, and relativistic species at 4σ from the CMB alone,
both consistent with the expected levels. The best-fit
models prefer increased damping beyond the ΛCDM ex-
pectation, but at less than the 2σ level. The cosmological
parameters considered have distinct effects on the power
spectrum, but there is some degeneracy between Neff ,
YP , and dn/d ln k. This means that an enhanced damp-

ing leads to higher mean values for either Neff or Yp, or
to more negative dn/d lnk. These are seen at 1.4-1.8σ
from the concordance value when considered individu-
ally as extensions to ΛCDM, but there is no evidence
that these deviations are statistically preferred. We do
not find evidence for a gravitational wave component or
a contribution from cosmic string fluctuations, indicat-
ing the continued consistency of cosmological data with
minimal inflationary models.
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SZ cluster detections

Marriage et al. 2010 in prep



Optical follow-up with NTT

z = 0.389z = 0.387 z = 0.393

z = 0.471 z = 0.819z = 0.446

Menanteau et al. 2010



Subsample consists of clusters detected at 

Neelima Sehgal, KIPAC

High-Significance Subsample 
Used for Cosmology  

Redshift Distribution Expected Completeness

> 6σ

Concordance 
cosmological 
model fits the 
data well for a 
given mass limit

See upcoming 
results in Sehgal 
et al. 2010 (in 
prep)�

Cluster number counts

Sehgal et al. 2010 in prep



Summary
•  There are multiple physical components in small-scale microwave sky.  A 
simple model fits the ACT 148 and 218 GHz data.

•  Clustering of unresolved IR sources is needed;  and a preference for 
non-zero SZ power from galaxy clusters, consistent with expectations.

•  The ΛCDM model continues to fit the data, and lensing of the CMB is 
preferred at almost 3σ;  ACT’s longer level arm gives stronger new 
constraints on inflationary parameters, and probes non-standard physics 
through testing relativistic species, detecting primordial helium at 6σ, and 
constraining cosmic string contributions.

•  ACT continues to work with 1000s detectors on the sky.  Taken ~18 
months of data over ~1300 sq deg,  and will stop end of 2010 to make 
way for the funded ACTPol.


