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ABSTRACT

THE ATACAMA COSMOLOGY TELESCOPE: THE UNIVERSE AT 148 &

218 GIGAHERTZ

Danica W. Marsden

Mark Devlin

The Atacama Cosmology Telescope (ACT), located in the Atacama Desert

of Chile at an elevation of 5,190 m, represents a decade of work by a collabora-

tion spanning multiple continents. ACT was designed to observe with arcminute

angular resolution and a degree-sized field of view, resulting in an observed tem-

perature anisotropy power spectrum that spans angular harmonic multipole 500

< l < 10,000 on the sky. This range spans the linear perturbation regime of the

primary Cosmic Microwave Background (CMB) anisotropies into the secondary

anisotropies created by nonlinear physical processes at later times. Low multipole

coverage allows for cross-calibration with all-sky experiments such as the Wilkin-

son Microwave Anisotropy Probe (WMAP) and Planck, and high multipoles probe

structures such as clusters of galaxies through the thermal Sunyaev-Zel’dovich

effect (tSZE), and extragalactic point source populations. Millimeter wavelength-

selected point sources, most of which are high-redshift galaxies, have only recently

been systematically studied. The fidelity of CMB maps and galaxy cluster cat-

alogs depend on understanding the galaxy populations, globally as well as on a

local astrophysical level where they impact the ability to generate reliable mass-

observable relations for galaxy clusters, which are important for cluster-derived
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cosmology. The multifrequency nature of ACT data permits the characterization

of multiple galaxy populations through their spectral energy distributions (SEDs)

in a relatively unexplored frequency regime. Analysis of ACT-selected galaxies

informs the current understanding of the evolution of structure formation over

cosmic time.

This thesis begins by motivating the ACT science. A description of the ACT

telescope and camera, with focus on the bandpass determination for the three

optics tubes of the camera is followed by a synopsis of the observations to date.

The map-making strategies used to produce the data analyzed for this thesis

are reviewed, to provide background for the source analysis derived from ACT

maps. ACT-detected source populations are analyzed in detail, including data

taken during follow-up observations on the Australian Telescope Compact Array

(ATCA) at 20 GHz.
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Chapter 1

Introduction

We live in one Universe. All that we can learn about it arrives as electro-

magnetic (EM) radiation, or light, at the Earth. In order to probe its nature, we

must design experiments that can capture this flux in increasingly novel ways over

different parts of the EM spectrum. The limit of what we can observe is approx-

imately the three-dimensional volume defined by a radius equal to the speed of

light, c, multiplied by the age of the Universe; for light beyond this distance has

not yet had time to reach us. Despite these limits, we have managed to build up

a profound base of knowledge about our surrounding Cosmos, with some answers

leading to even more questions that have yet to be answered. The Atacama Cos-

mology Telescope (ACT) is one such experiment, designed to probe the nature

of our Universe, and is the focus of this thesis. To understand the science goals

of ACT, we first describe some of the preceeding revolutionary observations of

the Universe that lead to our current cosmological paradigm and the outstanding

questions cosmologists strive to answer.

1.1 An Expanding Universe

In the 1920s Edwin Hubble studied the optical light emitted by galaxies. Their

spectra showed that they were moving away from our Milky Way at a speed, v,

proportional to their distance, d, from us, according to the relation
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v = H0 d, (1.1)

where H0 is a proportionality constant, now known as the Hubble constant, gen-

erally expressed in units of [km/s/Mpc].

Our position in the Universe is not special: if one were at any other galaxy one

would observe the same phenomenon, indicating that the entire Universe is ex-

panding. The Hubble constant is therefore also defined as H(t) ≡ ȧ(t)/a(t), where

a is a scale factor that denotes the amount by which the Universe has expanded

(H0 = H(tnow), and a = 1 now), stretching the very spacetime through which

photons travel. Finally, cosmological distance in this scenario can be described by

redshift, denoted z, a proxy for distance based on the amount of stretch induced

in the wavelength of light as it traverses spacetime:

1 + z ≡ λo

λi

=
1

a
, (1.2)

with z = 0 now, λi the initial wavelength of radiation, and λo the observed wave-

length.

It was a natural step to wind back the clock and realize that at one point all

galaxies were much closer together in space. If the contents of the Universe were

in a much more compressed state in the past, things must also have been denser

and hotter. Continuing to extrapolate backwards in time until the entire contents

of the Universe exist effectively at a single point, Edwin Hubble’s observation

lead to the theory of an initial Big Bang explosion of spacetime that created the

original materials of the Universe and propelled them outwards. If this was the

case, an evolution from an earlier hot, dense state to dispersed galaxies will have

left more observational clues to bolster this theory.

1.2 The Cosmic Microwave Background

In 1964, Arno Penzias and Robert Wilson made the first measurement of the

Cosmic Microwave Background (CMB), providing substantial support for the Big
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Bang Theory. In every direction a “wall” of microwave radiation is made by the

set of photons reaching us just now, set free when the Universe transitioned from

opaque plasma to transparent space as it expanded and cooled. This remnant

thermal radiation represents a time when the components of the Universe - pho-

tons, baryons, neutrinos and Dark Matter - were tightly coupled, roughly 380,000

years after the Big Bang. When the temperature of the Universe reached T ≈

3,000 K, nuclei were able to combine with electrons to form neutral hydrogen, al-

lowing the photons to “free-stream”. Experiments with instruments such as the

Far Infrared Absolute Spectrophotometer (FIRAS) on the Cosmic Background

Explorer (COBE) satellite have found that the spectrum of this radiation follows

a near perfect blackbody distribution, with a peak near 2.728 K, redshifted from

≈ 3,000 K by the expansion of the Universe (Fixsen et al. [1996]).

1.2.1 Primary Anisotropies

The opposing forces of gravity and radiation pressure within the plasma at the

time of the surface of last photon scattering created acoustic oscillations in the

fluid. These density inhomogeneities in the early Universe translate to tempera-

ture fluctuations, or anisotropies, we observe in the CMB photons about the mean

temperature in a differencing measurement. However, the largest anisotropy we

observe on the sky is a dipole that arises from our Solar System’s motion through

the bath of CMB photons. Removing this dipole and the signal from our Milky

Way galaxy gives the map shown in Figure 1.1, made by the Wilkinson Microwave

Anisotropy Probe (WMAP) team (Komatsu et al. [2009]). The fluctuations, in

units of temperature about the mean, are on the order of one part in 105, or

± 300µK. Expected to be roughly Gaussian-distributed, they are the seeds of the

Universe, set to become the voids and superclusters we observe at later times.

It is informative to study the anisotropies in the microwave sky as a function of

angular scale by decomposing the temperature fluctuations in terms of spherical

harmonics on the sky:
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Figure 1.1 The Wilkinson Microwave Anisotropy Probe (WMAP) measure-
ment of the CMB anisotropies. Fluctuations are on the order of one part
in 105, or ± 300µK about the mean temperature of 2.728 K. Figure from
http://map.gsfc.nasa.gov/.

∆T (n̂) =
∞∑
l=0

l∑
m=−l

almYlm(n̂). (1.3)

Here n̂ is the direction, l encodes the angular scales represented by the multipole,

and m encodes orientation. Following the reasoning of the cosmological principle,

which states that the Universe is homogenous and isotropic (which agrees with

observations on a global scale), the temperature fluctuations should have no pre-

ferred direction. This guides one to look at the angular power spectrum of the

fluctuations in terms of multipole, l, while averaging over the directional index,

m:

Cl ≡ 〈alma
∗
lm〉 =

1

2l + 1

l∑
m=−l

|alm|2 . (1.4)

Cl is the 2-point function, or power spectrum, of the perturbations. If they are

Gaussian, this function fully characterizes the anisotropies.

Since we only have one sky to sample, this average is over a sample with a finite

number of independent terms. The inherent fractional sample variance associated

with Cl, due to this limited sample size is known as “cosmic variance”, and is
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given by

∆Cl =

√
2

2l + 1
Cl, (1.5)

if we assume the distribution of density perturbations are Gaussian. This rep-

resents the limit of how well we can measure a given Cl. Figure 1.2 shows the

power spectrum of the CMB radiation temperature anisotropy as measured by the

WMAP experiment (Larson et al. [2011]), along with ACBAR and QUaD data

(Reichardt et al. [2009]; Brown et al. [2009]).

Figure 1.2 The WMAP 7-year temperature power spectrum, with the temperature
power spectra from the ACBAR and QUaD experiments. ACBAR and QUaD
data are only shown for l ≥ 690, where the errors in the WMAP power spec-
trum are dominated by noise. The solid line shows the best-fitting 6-parameter
flat ΛCDM model to the WMAP data alone. Figure from the WMAP website
http://lambda.gsfc.nasa.gov/.

The peaks and troughs correspond to oscillations of the photon-baryon plasma

that just reached a turning point at the time of recombination. The highest

peak, for example, at l ≈ 220 indicates that a patch of angular diameter 0.82◦

(θ = π / l) on the sky is the most coherent. The location and height of the

extreema are sensitive to a variety of fundamental parameters, dictated by the
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exact mixture of material in the early Universe and the difference in the initial

spectrum of perturbations from perfect homogeneity.

Currently the Planck experiment, a space-based telescope launched in 2009, is

conducting what promises to be the definitive measurement of the CMB tempera-

ture anisotropy, with uncertainties dominated by cosmic variance out to multipoles

of l ≈ 30001 (White [2006]).

On smaller scales where l & 900, through a process known as Silk damping,

photon diffusion during decoupling erases the anisotropy signatures of the acoustic

oscillations at or below the length scale of the scattering events, reflecting the

fact that recombination did not happen instantaneously. By scales below ' 4

arcminutes (l & 3000), the anisotropies become dominated by secondary effects

which induce non-Gaussian deviations from the primordial form.

1.2.2 Secondary Anisotropies

The development of structure in the Universe after the time of recombina-

tion is reflected in the anisotropies of the microwave background radiation. CMB

photons, on their way to the Earth, travel past and through the intervening struc-

ture formed by gravity over the age of the Universe: stars, galaxies, clusters and

superclusters. The distortions imposed on the primordial CMB sky pattern as

viewed from Earth are both spatial and spectral, allowing us to probe the distri-

bution of these structures and learn about structure formation over cosmic time.

Examples of such effects are the Ostriker-Vishniac Effect (OVE), caused by in-

teractions with hydrogen reionized globally by the energy of early stars (Ostriker

and Vishniac [1986]), the Sunyaev-Zel’dovich Effect (SZE) caused by interactions

with ionized gas in galaxy clusters (Sunyaev and Zeldovich [1970], Zeldovich and

Sunyaev [1969]), and gravitational lensing caused by the bending of photon light

paths by massive structures (Blanchard and Schneider [1987]).

1More information can be found at the following European Space Agency (ESA) website:
http://sci.esa.int/science-e/www/area/index.cfm?fareaid=17
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1.2.3 The Sunyaev-Zel’dovich Effect

As the Universe evolved, the density in potential wells grew and eventually

formed galaxy clusters - the largest virialized structures in our Universe with

characteristic masses of order 1014 - 1015 times that of the Sun, M�. Fritz Zwicky’s

1933 observations of the Coma cluster revealed that this mass is predominantly

composed of what is now dubbed Dark Matter, as it does not emit light, with

the baryonic material in the galaxies merely the luminous icing on the cake. The

velocities of the galaxies were too high compared to the mass inferred from the

galaxies themselves to remain gravitationally bound in the cluster unless there

was a significant amount of unseen material which interacted with the baryons

gravitationally.

Of the baryons in a galaxy cluster, only a small fraction cool to form stars and

the tens to hundreds of galaxies. The greater fraction remain bound in the massive

halo’s potential well, forming the intra-cluster medium (ICM), where the density

becomes high enough that interactions reionize the gas of baryons, creating a≈ 107

- 108 K plasma. The Sunyaev-Zel’dovich Effect (SZE) is produced when relatively

cold CMB photons pass through this hot ICM. Roughly 1% of the photons passing

through a given galaxy cluster will inverse-Compton scatter with an electron,

increasing the energy of each photon by ≈ kBTe/mec
2, where kB is Boltzmann’s

constant, and Te and me denote the temperature and mass of the ionized electrons

respectively (Sunyaev and Zeldovich [1970], Zeldovich and Sunyaev [1969]). In the

absence of particle interactions, as with this sparse astrophysical plasma, photons

will not be created or destroyed. Scattering will only redistribute the energies

(and frequencies; E = hν) of the CMB photons.

The amplitude of this thermal SZE (tSZE) signal is dependent on the prob-

ability of a collision between an intracluster electron and a CMB photon, and

the temperature of the electrons. The collision probability depends only on the

number density of electrons, which scales as the mass of the cluster, and the tem-

perature of the electrons also scales with mass of the cluster. Therefore, the tSZE

is essentially independent of redshift, depending instead on the mass of a galaxy

7



cluster. Assuming the ideal gas law holds, the tSZE signal as a distortion of the

CMB can be seen to be

∆TtSZE

TCMB

= f(x) y = f(x)
σT

mec2

∫
ne kB Te dl, (1.6)

where y is the Compton y-parameter, a measure of the electron thermal pressure

energy along the line of sight, ne is the ionized electron number density in the

cluster, σT is the Thompson scattering cross-section, and dl runs perpendicular

to the line of sight. f(x) contains the frequency-dependence of the effect, and is

given by

f(x) = x
ex + 1

ex − 1
− 4, (1.7)

with x ≡ hν/kBTCMB, where h is the Planck constant and ν the frequency of

observation. The net effect on the CMB blackbody spectrum is illustrated in

Figure 1.3 for a fictional cluster ≈ 1000 times more massive than a typical galaxy

cluster. There is a decrease in the number of photons in the Rayleigh-Jeans

(hν/kBTCMB � 1) region, an increase in the number of photons towards the

Weins tail (ν � 1), and a null in the classical effect around 218 GHz.

The integrated tSZE parameter Y is defined as

Y =

∫
Ω

y(n̂) dΩ, (1.8)

where Ω is the solid angle of the cluster (and dl dΩ ≈ dV ). Assuming that thermal

energy results solely from gravitational collapse, it is possible to derive self-similar

scalings between the tSZE observable Y and cluster mass.

The tSZE, proportional to the thermal pressure and nearly independent of

redshift, can be related to the cluster mass. Serendipitously, the angular size-

redshift relation ensures that clusters will subtend detectable sizes on the sky (≈

1 arcminute) in the redshift range where we expect their surface density to be

highest. Consequently, the tSZE yields a powerful method for constructing mass-

limited catalogs of galaxy clusters. This technique is shown for measurements of

the SZE for the galaxy cluster Abell 2163 with the best fit in Figure 1.4.

As the CMB photons pass through a galaxy cluster that is moving along our
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Figure 1.3 The SZE effect. The CMB Planck blackbody distribution (red) is
distorted as it passes through the hot intracluster gas of a fictional cluster ≈
1000 times more massive than a typical galaxy cluster (in order to magnify the
effect for illustration). Some fraction of the photons are scattered, diminishing
the spectrum in the Rayleigh-Jeans region, and increasing the number of photons
towards the Weins tail (blue). A null occurs near ≈ 218 GHz.

line of sight, they gain (or lose) an extra intensity factor due to the kinetic energy

of the cluster (Doppler shift), in what is known as the kinematic SZ (kSZ) effect.

The maximum of this effect occurs at the null of the tSZE, which makes for simpler

disentanglement of the two processes, although the kSZE exhibits a much smaller

amplitude (5-10%; dotted line in Figure 1.4) as the signal is proportional to the

optical depth of the cluster and the ratio of its peculiar velocity to the speed of

light. This small amplitude is easily overshadowed and confused with the CMB

temperature fluctuations themselves, resulting in the kSZE proving especially hard

to detect to date (Kosowsky and Bhattacharya [2009]).

For a more detailed explanation of the SZE and correction for relativistic effects

we refer the reader to Rephaeli [1995], Birkinshaw [1999], Carlstrom et al. [2002]

and Itoh et al. [1998].
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Figure 1.4 The SZE as measured for the galaxy cluster Abell 2163 at 30, 140, 218
and 270 GHz. The best fit for the tSZE is shown as a dashed line. Figure from
Carlstrom et al. [2002].

1.2.3.1 Galaxy Clusters as Cosmological Probes

The integrated SZE is an observable property which correlates with galaxy

cluster halo mass, the fundamental quantity predicted from theory and simu-

lations. Though the SZE is uniquely powerful in its ability to blindly locate

galaxy clusters through the imprint of their thermal pressure signal on the mi-

crowave background to high redshift, it provides information in two dimensions

only. Follow-up observations are necessary in order obtain the redshifts of these

objects, thereby probing the growth of these structures over cosmic time. As

tracers of matter density field peaks, their abundance is exponentially sensitive to

this evolution, with the potential to constrain cosmological parameters to unprece-

dented levels (Wang et al. [2004], Lima and Hu [2007]) given that we understand
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the selection biases.

Recently much work has been done in an attempt to derive SZE observable

-cluster mass relations (e.g., Mroczkowski [2011]). However, there remains large

uncertainty in the mapping between detection significance and cluster mass. Com-

pared with X-ray-selected cluster surveys for example (Vikhlinin et al. [2009],

Mantz et al. [2010], and Rozo et al. [2010]), X-ray-selected clusters provide more

precise cosmological constraints by a factor of 2 - 4 due to the larger sample

sizes and a smaller uncertainty presented for the mass-scaling relation. Cluster

SZE mass proxies - the integrated SZE flux and amplitude of the SZE increment

or decrement - depend linearly on the cluster gas fraction and the gas temper-

ature. However, both of these quantities have theoretical and observational is-

sues. Individual galaxy cluster gas fraction estimates disagree by as much as

20% (e.g., Vikhlinin et al. [2006]), while theoretical and observed estimates of the

mass-temperature relation currently agree to only 10 - 20% (Nagai et al. [2007]).

Simulations for calibrating the selection function of SZE catalogs and pinning

down the mass scaling have found that non-thermal feedback processes such as

outflows from active galactic nuclei (AGN) and supernovae which inject energy

to the plasma may modify cluster masses on the order of 10% compared with

gravity-only hydrodynamical simulations (e.g. Bode et al. [2007], Stanek et al.

[2010]). Thus even if they reproduce observed low-redshift X-ray observations,

simulations may not be right at high-z due to missing physics in the gas model-

ing/scaling thereof. As well, there may be contaminants of the SZE signal at high

z - suppressed flux due to non-thermal pressure support from turbulence (Lau

et al. [2010]) or non-equilibrium between protons and electrons (Rudd and Nagai

[2009]).

It is also possible that strong correlations between clusters and millimeter-

bright point sources significantly impact the scaling relations. The sky density

of bright point sources at millimeter wavelengths is low enough (on the order

of 1 per deg2) that the probability of a galaxy cluster being missed due to a

chance superposition with a bright source is negligible, but sources associated

with clusters will preferentially fill in cluster SZE decrements, and galaxy clusters
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are known to host radio sources. As well, galaxy clusters can gravitationally

lens sources located behind them. Because gravitational lensing conserves surface

brightness, otherwise exceedingly dim sources can become much brighter along

the line of sight to a cluster, and an extremely high density, high redshift dusty

progenitor star-forming population of galaxies makes the perfect background for

such an effect (Lima et al. [2010], Negrello et al. [2010]).

As yet, only the most massive galaxy clusters (M & 8 × 1014M�) have been

found through their SZE signature, providing catalogs of tens of clusters. De-

spite these small samples, the completeness of the catalogs and the very exis-

tence of these objects can be used to derive cosmological parameters that are

consistent (though not yet statistically competitive with other methods) with

our current paradigm (Sehgal et al. [2010b], Vanderlinde et al. [2010]). Most of

the mass in clusters at high redshift, however, is thought to reside in the lower

mass clusters and groups. Until SZE experiments have the sensitivity to detect

them directly, stacking analysis such as Hand et al. [2011], reaching masses of

M ≈ 1013 - 1014M�, seem promising. These lower-mass undetected objects are

also important to understand as they form a background contribution of the SZE

to the CMB power spectrum amplitude (ASZ ; Shaw et al. [2010]).

1.3 The Multifrequency ΛCDM Universe

To complete our cosmological picture, we present two more observational sig-

natures that form the pillars upon which our present cosmological paradigm is

founded: Type Ia supernovae and what are known as the horizon and flatness

problems.

1.3.1 An Accelerating Universe

Type Ia supernovae are stellar explosions that release ≈ 1 - 2 × 1044 Joules of

energy. They are used as standard candles - objects from which absolute distances

can be derived. In 1998, through observations of supernovae, it was shown that

the Universe is not only expanding, but that this expansion is accelerating (Riess
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et al. [1998], Perlmutter et al. [1999]). This is caused by a driving force which

exhibits a negative pressure, acting in effect like “anti-gravity”, which has been

dubbed Dark Energy because its origin and nature remain unknown. It is a

hypothetical form of energy permeating free space with a constant energy density

per unit volume (≈ 10−29 g/cm3). Evidence for the existence of Dark Energy in

the Universe is now overwhelming, with supporting observations from the CMB

and galaxy cluster abundance, but it has yet to be directly observed because of

its extremely low density and lack of interaction with most constituents of the

Universe via the fundamental forces. Unlocking this mystery, however, may open

a window to new and unpredictable physics.

1.3.2 Inflation

The horizon and flatness problems arise from CMB observations. Specifically,

the CMB is uniform in temperature in opposite directions on the sky, and we

observe an exceedingly flat geometry for our Universe. Given a constant rate

of expansion of the Universe after a Big Bang, it is impossible that two points

on opposite sides of our observable Universe could have been in causal contact.

Because the light travel time between them exceeds the age of the Universe, there

was no way to transfer the information. As well, curvature grows with time, but

measurements show the Universe is flat. For this to be true, the density of matter

and the expansion rate of the Universe would have had to be nearly perfectly

balanced from the outset, unbelievably coincidental. These problems were solved

by a theory proposed by Alan Guth in 1980, that imposed a period of “inflation” at

extremely early times. Inflation, through a rapid expansion of spacetime (≈ 60 e-

foldings), puts all regions in our observable Universe in causal contact in the past.

It also flattens out any curvature on the scale of our local observable Universe. In

addition to solving the horizon and flatness problems, inflation naturally produces

structure formation seeded by initial miniscule energy variations due to quantum

uncertainty.

In the inflationary paradigm, exponential growth of the scale factor during

inflation leads to density variations in the early universe created by quantum
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fluctuations of the inflaton field. These primordial fluctuations are most often

described by a power spectrum as a function of spatial scale. Many inflationary

models predict that the scalar component of the fluctuations obeys the power law

Ps(k) ∝ kns−1, (1.9)

where k is the wavenumber of the fluctuations in Fourier modes, and ns the scalar

spectral index. One of our most direct probes of the infant universe is ns, and its

change with scale through the transition from the linear regime (primary CMB) to

the nonlinear regime (secondary CMB). The spectral tilt of the CMB anisotropies

is a sensitive parameter in models of inflation, with changes in the spectral tilt

with multipole called the running of the spectral index. Tensor fluctuations (grav-

itational waves) are also predicted in this theory, also expected to follow a power

law, with amplitudes parameterized by the tensor-to-scalar ratio, r, determined by

the energy scale of inflation. The current generation of cosmological experiments

seek to observe and characterize these signatures.

1.3.3 Cosmological Paradigm

With these final two ingredients, we set out to describe the evolution of the

Universe, with a scale factor a(t), allowed to vary with time, and the current

expansion rate H0, the Hubble constant. The densities, Ωi, of the different com-

ponents of our Universe - neutrinos, photons, baryons, Dark Matter and Dark

Energy - determine a(t), with an evolution specified by equation of state param-

eters wi = pi/ρi. The energy density for the ith constituent is ρi, and pi its

pressure. Density fluctuations are determined by these parameters through the

gravitational instability of the initial spectrum of fluctuations set up by inflation.

The components and structure evolve according to Einstein’s field equations.

The Friedmann-Lemaitre-Robertson-Walker (FLRW) metric is a solution to the

field equations for a homogenous and isotropic Universe, assumptions which cur-

rently match global astronomical observations, and is given by
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ds2 = c2 dt2 − a(t)2

(
dr2

1− kr2
+ r2 (dθ2 + sin2 θ dφ2)

)
, (1.10)

where k represents the curvature of the Universe, k = 0 in a flat geometry, k =

-1 for negative curvature, or k = +1 for a positive curvature or closed geometry.

r, θ and φ parameterize a three-dimensional spherical coordinate system.

Applying Einstein’s field equations from general relativity, we arrive at the

Friedmann equations,

H2(t) =

(
ȧ(t)

a(t)

)2

=
8πG

3
ρ(t)− k

a2(t)
, (1.11)

and
ä(t)

a(t)
= −4πG

3
[ρ(t) + 3 p(t)], (1.12)

where G is Newton’s constant, ρ is the total energy density (ρ = Σi ρi), and p is

the total pressure, with units such that kB = c = ~ = 1. The matter density simply

tracks the volume expansion so that ρm ∝ a−3, while radiation also decreases in

energy through redshifting as the universe expands so that ργ ∝ a−4. For a fluid

with equation of state w = p/ρ, ρ ∝ a3(1+w). Dark Energy is distinguished by its

negative equation of state parameter w. Commonly proposed to be in the form of

a non-zero cosmological constant Λ (w = −1), as in Einstein’s general relativity

field equations, its equation of state could just as well take on a different value

(w 6= −1) or vary with time (w = w(z)).

It is convenient to divide densities by the critical density ρcrit ≡ 3H2
0/(8πG),

the density required for a flat Universe (k = 0), such that Ωi ≡ ρi/ρcrit. The

Hubble constant thus evolves with redshift, dictated by the evolution of the com-

ponents of the Universe according to

H(z) = H0

√
ΩΛ + Ωk(1 + z)2 + Ωm(1 + z)3 + Ωγ(1 + z)4, (1.13)

where Ωk = 1−ΣiΩi ≈ 0 since the Universe is flat, and we have assumed a cosmo-

logical constant Λ for the Dark Energy. Dodelson [2003] contains a comprehensive

review of these cosmological derivations.
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Measuring these cosmological parameters and understanding their implications

is a primary goal of modern cosmology. Today we sum up the combination of our

knowledge as the Λ Cold Dark Matter (ΛCDM) cosmological paradigm describing

the nature of the Universe we live in. The ΛCDM model is based on the fol-

lowing six parameters: the baryon, Dark Matter and Dark Energy densities, the

scalar spectral index, the curvature fluctuation amplitude and reionization optical

depth. From these the other model values, including the Hubble constant and age

of the universe, can be derived. Table 1.1 lists values derived from the Seven-Year

Wilkinson Microwave Anisotropy Probe (WMAP) temperature and polarization

observations (Jarosik et al. [2011]), estimates based on data from baryon acoustic

oscillations (Percival et al. [2010]) and Type Ia supernova luminosity/time dilation

measurements (Riess et al. [2009]). Komatsu et al. [2011] discusses the cosmologi-

cal implications in detail. Figure 1.5 depicts the relative amounts of mass/energy

various key components comprise in our Universe.

Figure 1.5 The approximate breakdown of our Universe by major constituent.

1.3.4 Remaining Questions

Key observations have told the story illustrated in Figure 1.6, at radio (in-

cluding millimeter), infrared, optical, UV, X-ray and Gamma-ray frequencies.

Though we have built up a comprehensive picture, we still have many questions

to address. The mechanism that started inflation, and then turned it off, remains
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Table 1.1 ΛCDM Fundamental and Derived Parameters

Parameter Value

t0 13.75±0.11 Gyr Age of the universe

H0 70.4+1.3
−1.4 km/s/Mpc Hubble constant

Ωb 0.0456±0.0016 Baryon density

ΩM 0.227±0.014 Dark Matter density

ΩΛ 0.728+0.015
−0.016 Dark energy density

Ωtot 1.0023+0.0056
−0.0054 Total density

Ωνh
2 < 0.0062 Physical neutrino density

w -0.980±0.053 Dark Energy equation of state

∆2
R

a 2.441+0.088
−0.092 * 10−9 Curvature fluctuation amplitude

t∗ 377730+3205
−3200 yr Age at decoupling

z∗ 1090.89+0.68
−0.69 Redshift at decoupling

σ8 0.809±0.024 Fluctuation amplitude at 8h−1Mpc

ns 0.963±0.012 Scalar spectral index

τ 0.087±0.014 Reionization optical depth

zreion 10.4±1.2 Redshift of reionization

Σmν < 0.58 eV (2σ) Neutrino mass

ra < 0.24 (2σ) Tensor-to-scalar ratio

dns/dlnka -0.022±0.020 Running of the spectral index

aValue for k0 = 0.002Mpc−1.

unclear, as does the exact nature of Dark Matter and Dark Energy. The fine angu-

lar scale anisotropy remains relatively unexplored. The high-l tail of the primary

anisotropy power spectrum may contain signatures of intrinsic non-Gaussianity.

The exact process of assembly of matter into stars and galaxies and the subse-

quent evolution of such systems has yet to be completely mapped out. With recent

and ongoing advances in instrument sensitivity, there is significant potential for

discovering new phenomena. With the Universe as our laboratory, though, we

may continue to build experiments which probe its nature and attempt to answer

these cosmological questions.
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Figure 1.6 A depiction of the cosmic timeline. Figure from the WMAP website
http://lambda.gsfc.nasa.gov/.

1.4 Millimeter-Wavelength Galaxies

One of the outstanding challenges in modern cosmology is to explain the for-

mation of structure in the Universe. The assembly of Dark Matter into knots and

filaments, and then the baryons following the ebb and flow of Dark Matter into

stars and galaxies and the subsequent evolution of such systems is accompanied

by the release of radiant energy powered by gravitational and nuclear processes.

At millimeter wavelengths, emission arises from galaxies. Millimeter-wave galaxy

populations include sources from our local Universe, as well as sources at very

high redshift (z > 2). These extragalactic millimeter sources are well suited to

probe the large-scale structure of the Universe: detectable up to high redshifts,

they provide an unbiased sampling of volumes larger than those probed by optical

surveys (e.g. Condon et al. [1998] vs. Padmanabhan et al. [2009]). They allow us

to use the observable galaxies to trace the Dark Matter, which makes up the bulk

of the matter content of our Universe.
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Some open questions remaining in cosmic structure formation and evolution

are:

• How do the high redshift populations relate to the galaxies that we see in

the local Universe?

• What physical processes control structure evolution? Is it luminosity de-

pendent?

• What is the change in comoving space density of various source populations

to high redshifts?

• Do various source populations obey the same evolution laws, as one might

expect in the context of unification schemes?

As recently as a few years ago, millimeter and submillimeter mapping instru-

ments such as the Balloon-borne Large Area Submillimeter Telescope (BLAST;

Valiante et al. [2010]), AzTEC (Hatsukade et al. [2011]), the Submillimeter Com-

mon User Bolometer Array (SCUBA; Serjeant et al. [2008]), and the Large Apex

Bolometer Camera (LABOCA; Weiß et al. [2009]), covered less than 10 square

degrees of the sky, limited by the large amount of integration time required to

survey blindly to significant cosmological depth. Launched in 2009, the Herschel

satellite telescope observes the whole sky at 250, 350 and 500µm, probing star

and galaxy formation (Griffin et al. [2010]). At longer wavelengths, the Wilkinson

Microwave Anisotropy Probe (WMAP; Wright et al. [2009]) covered the whole

sky at frequecies up to 94 GHz, but observations of point sources were only com-

plete above 2 Jy due to its large beam size (≈ 13′ at 94 GHz). Ground-based

radio surveys probe with higher resolution than WMAP, but only as high as ≈

20 GHz (the Australia Telescope 20 GHz survey; Murphy et al. [2010]). Therefore,

measurements of the fluxes of a large sample of sources in the relatively unprobed

millimeter regime could have great potential. For example, they could allow for

discrimination among source population models or reveal new source populations.
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1.4.1 Spectral Energy Distributions

For individual sources, the spectral energy distribution (SED), flux at differ-

ent frequencies over the EM spectrum, can be used to differentiate source types

by the dominant physical cause of their emission. This in turn allows us to sep-

arate and study various source populations contributing to the total flux levels

observed. Redshift information is critical to clarify and complete the picture for

evolutionary modelling, with contributions from different populations peaking at

different redshifts.

Typically, a simple power law model is assumed to describe the shape of a

source’s emission spectrum,

S(ν) ∝ να, (1.14)

with ν the frequency and α the spectral index. This is an oversimplification;

manageable models cannot fully account for the complex spectral behaviour of

sources, instead adopting schematic descriptions, or a Gaussian distribution of

spectral indices at best. In reality, SEDs can exhibit spectral bumps, flatten-

ings or inversions (flux density increasing with frequency), frequently bending to

steeper power-laws at higher frequencies. Thus the simple power law can only

hold for limited frequency ranges, and the user of particular models must be

cautious of this. However, for now, the data at hand for most objects precludes

detailed SEDs and we do our best with this simplistic description for initial source

characterization.

Based on prior surveys at submillimeter, millimeter, and centimeter wave-

lengths, the millimeter-wave extragalactic source population is expected to be

primarily composed of two broad classes: sources with flux increasing with de-

creasing wavelength through the millimeter, dominated by thermal emission from

dust heated by a burst of star formation, and sources with flat or decreasing flux

with decreasing wavelength, dominated by synchrotron emission from active galac-

tic nuclei (AGN). These two general source types we refer to as dusty star-forming

galaxies (DSFGs) and radio galaxies respectively. Whereas the radio galaxies are
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observed to be simply Poisson-distributed throughout the sky, which makes calcu-

lating their contribution to the temperature anisotropy power spectrum relatively

straightforward (White and Majumdar [2004]), DSFGs are found to have both a

Poisson component and a clustering component to their distribution on the sky

(e.g. Viero et al. [2009], Hajian et al. [2011]). Each of these populations may shed

light on many of the open questions in structure formation.

1.4.2 Radio Galaxies

The radio galaxy population is well established from radio surveys (see review

de Zotti et al. [2010]). They appear to be mostly massive elliptical galaxies at

low to moderate redshift, often exhibiting a power law shape in their SEDs, with

some observed at relatively high flux densities (& 1Jy = 10−26 Watts/m2/Hz)

at millimeter wavelengths. Most of their radiation as viewed by us is powered

by AGN, black holes in their cores accreting nearby matter in a process that

produces time-variable jets of relativistic matter perpendicular to the plane of

an accretion disk. These jets produce copious amounts of non-thermal radiation,

which dominates the SEDs of these sources, overwhelming any thermal emission

from the accretion disk, which itself may outshine the starlight of the galaxy by

several orders of magnitude. What was once viewed as a zoo of radio-loud source

types has now been unified in a model that associates radio galaxy type with

viewing angle: blazars, for example, are cases where the jet aligns with our line of

sight. There is typically one broad-band bump in the SED at lower frequencies,

between the infrared and X-ray, attributed to synchrotron radiation generated by

the acceleration of ultrarelativistic charged particles through magnetic fields set

up along the jets. Another broad-band bump in the SED at higher frequencies

(MeV to GeV) is due to inverse Compton radiation. A typical radio galaxy SED

is shown in Figure 1.7, with an illustration of the central engine AGN.

The most recent estimates on source number counts up to 50 - 70 GHz are

dominated by radio sources whose average spectral index is flat (α ≈ 0.0), indi-

cating that the underlying source population is essentially made up of blazars,

with minor contributions coming from other source populations (Toffolatti et al.
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[1998], de Zotti et al. [2010]). The material in the jets flows through shocked

regions in the jet, which locally enhance the radiation (Marscher and Gear [1985],

Valtaoja et al. [1992]). There can be several of these shocks along a jet, each in

their own phase of development, and with the emission of the quiescent jet, several

radiation components shape the radio spectra. Thus what appears to be a “flat”

spectrum is really the superposition of many components with different turnover

frequencies. At frequencies & 100 GHz, however, a steepening of the spectrum

(α148−218 ≈ -0.8) has been observed (e.g. Marriage et al. [2011], Vieira et al.

[2010], Planck Collaboration et al. [2011a]) that until now had not been conclu-

sively shown (Tucci et al. [2011]). This change is possibly due to electron energy

losses in the jet (“electron ageing”) or the transition to the optically thin regime

in the extended radio lobes. The underlying physical mechanisms have been con-

tested for more than a decade and remain the subject of ongoing study, (e.g.,

Nieppola et al. [2008], Ghisellini and Tavecchio [2008], Sambruna et al. [2010]).

1.4.2.1 Source Flux Variability

To complicate matters further, radio sources exhibit a complex variability in

their fluxes, with multiple common characteristic timescales, but no strict period-

icity observed (Kellermann and Pauliny-Toth [1969]). Flares in the radio regime

are long-lasting, on average, 2.5 years at 37 GHz, with rare large outbursts (≈

every 4-6 years). Long-term monitoring is essential to understanding the true

behaviour of AGN, and long-term total flux density observations can be used to

calculate the viewing angles of the jets, which affects the observed jet Doppler

boosting factors and Lorentz factors.

Despite the negative spectral index, predictions yield a significant number of

detectable radio sources at millimeter wavelengths. Most of these will be associ-

ated with sources in previously published radio catalogs (e.g., Voss et al. [2006]).

One might expect that with such flux variability, we would not find counterparts

for sources that were caught at peak brightness in millimeter observations, but

this does not seem to be the case (Vieira et al. [2010], Marriage et al. [2011]), and

therefore millimeter observations may in fact go far in illuminating the shape of
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Figure 1.7 Top: An illustration of an active galactic nucleus (AGN) with a black
hole at the center and surrounding accretion disk and torus of neutral gas and
dust. The relativistic radio jet can be clumpy, with shocked regions along it. Image
courtesy of NASA. Bottom: This graph shows the Spectral Energy Distribution
(SED) of Pictor A, a very bright and well-studied nearby radio galaxy, as measured
by Planck (red dots) and previous observations (blue dots). The SED of Pictor
A exhibits the power-law shape characteristic of radio galaxies, which is due to
synchrotron emission from highly energetic particles populating the lobes created
by the outflowing jets. Figure courtesy of the ESA/Planck collaboration.
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radio galaxy SEDs, probing the physical processes at play and the relationships

between different emission regimes in these sources.

1.4.3 Dusty Star-Forming Galaxies

Infrared-luminous dusty star-forming galaxies exhibit characteristic modified

blackbody emission at sub-millimeter to millimeter wavelengths, diminishing to-

ward longer wavelengths. This is caused when enshrouding dust grains heated

by the prodigious optical and ultraviolet flux produced by newly-formed stars

re-radiate at longer wavelengths (Figure 1.8, for example; Draine [2003]).

1.4.3.1 Nearby Galaxies

Some of these dust-dominated objects will be nearby galaxies (z � 1), cross-

identified with the Infrared Astronomy Satellite (IRAS) source catalog (Devereux

and Young [1990]). Dust is an important constituent of the interstellar medium

(ISM) of galaxies, related to galaxy evolution through star formation. The IRAS

satellite observed the whole sky at wavelengths of 12, 25, 60 and 100µm, for

the first time directly observing dust emission in large samples of external galax-

ies. The IRAS wavelengths make it insensitive to dust with temperatures below

≈ 30 K, a significant and largely unexplored component of many nearby galaxies

(Planck Collaboration et al. [2011c]). Connecting the dust properties of the high

redshift, high luminosity dusty star-forming galaxies to those of nearby objects

has been hampered by the poor sampling of the dust SEDs of local objects. Re-

cent results from Herschel (Amblard et al. [2010]) and BLAST (Dye et al. [2009])

have begun to fill in the gap, but millimeter-wavelength experiments can, through

probing dust in nearby galaxies, contribute to establishing a gold standard zero

redshift dust SED for typical DSFGs. This in turn may have cosmological ramifi-

cations, as current analyses of high-z galaxies rely heavily on extrapolating SED

templates. The first generation of stars and galaxies at high z also fuel the cosmic

infrared background (CIB).
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Figure 1.8 Top: The composite SED of M82, a nearby infrared-luminous starburst
galaxy, measured by Planck (red dots) and previous observations (blue dots). This
SED exhibits the characteristic peak at sub-millimetre/ far-infrared wavelengths
typical of starburst galaxies, highlighting the intense star formation processes
taking place within these objects; at longer radio wavelengths the SED becomes
a power-law, but much weaker with respect to that of a radio galaxy. Figure
courtesy of the ESA/Planck collaboration. Bottom: Optical light from stars shows
the disk of a modest-sized galaxy (green). The Spitzer Space Telescope infrared
image (red) traces cool gas and dust, being ejected in a violent outflow highlighted
by Chandra’s X-ray image (blue). Figure courtesy of NASA.
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1.4.3.2 High Redshift Galaxies

Most dust-dominated sources will make up part of a high redshift progenitor

galaxy population. Intrinsically faint through cosmological dimming, by virtue

of their number densities, some fraction will have their fluxes magnified through

gravitational lensing by other galaxies or clusters along the line of sight, or be in-

trinsically very bright, making it possible to study them. Magnification allows for

easier redshift determination through spectral lines (e.g. CO). As representatives

of an earlier phase of the Universe, understanding the role these galaxies play in

the timeline of cosmic evolution is important for our understanding of structure

formation.

1.4.3.3 The Cosmic Infrared Background

Absorption and thermal re-radiation of optical and UV starlight by dust grains

will shift a significant part of this radiant energy into the infrared. The first gen-

eration of stars and galaxies at high redshift will therefore fuel a cosmic infrared

background (CIB). As an expected relic of structure formation processes, its mea-

surement provides new insight into these processes. Recently, measurements have

shown that roughly half of all the light in the extragalactic sky which originated

from stars appears as the nearly uniform CIB (Puget et al. [1996], Fixsen et al.

[1998], Dwek et al. [1998], Gispert et al. [2000]), peaking in intensity at around

200 µm (Dole et al. [2006]). The hypothesis that this background has its roots

in high-redshift sources is supported by observations which indicate that IRAS

objects contribute only a small fraction of the CIB (Le Floc’h et al. [2005], Caputi

et al. [2007]).

Figure 1.9 highlights the spectrum of the extragalactic background radiation

(EBL) over ≈ 20 decades of energy, from radio waves to high-energy gamma-rays.

The CMB is clearly the dominant form of electromagnetic energy, although EBL

from UV to far-infrared wavelengths is the next most dominant radiant energy in

the Universe. In spite of the recognized significance of this next most prevalent

background, partly made up by the CIB, its measurement has remained elusive
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because of the bright foreground radiations from which it must be distinguished.

Direct measurements of the CIB radiation have been made by the COBE satellite

and Japan’s Infrared Telescope in Space (IRTS), and indirect evidence constrain-

ing the CIB is coming from the rapidly developing ability to measure intergalactic

attenuation of gamma-rays at TeV energies. Simultaneously, rapid advances in

ground- and space-based observations are resolving some of the sources of the

CIB.

Figure 1.9 Spectrum of the cosmic background radiations highlighting energy
density per unit volume of spacetime versus wavelength: the radio background
(CRB), CMB, the UV-optical (CUVOB) and infrared (CIB) backgrounds, the
cosmic X-ray (CXB) and gamma-ray (CGB) backgrounds. The data represent
a compendium of many experiments. We refer the reader to Scott [2000] and
references therein for the list. Figure courtesy of D. Scott.

Removing foreground Galactic dust and background CMB emission, maps of
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the diffuse emission at the angular resolution probed by the current surveys reveals

a web of structures, characteristic of CIB anisotropies. With the advent of large

area far-infrared to millimeter surveys, CIB anisotropies constitute a new tool

for probing structure formation and evolution. CIB anisotropies are expected to

trace large-scale structure and to probe the clustering properties of galaxies which

in turn are linked to those of their hosting dark matter halos. Observations of

anisotropies in the CIB, therefore, can also constrain the relationship between

dusty, star-forming galaxies and the dark matter distribution.

1.4.3.4 Submillimeter Galaxies

The first systematic survey of high redshift sources which create a significant

fraction of the emission that makes up the CIB, the population now known as sub-

millimeter galaxies (SMGs), was carried out at 850µm by the SCUBA instrument

(Blain et al. [2002]). Subsequent similar campaigns covering up to ≈ 10 square

degrees of the sky (e.g., Austermann et al. [2010], Weiß et al. [2009], Viero et al.

[2009]) enabled stacking analyses which resolve more of the CIB into discrete,

dusty star-forming galaxies (e.g., Dole et al. [2006], Devlin et al. [2009]). These

studies reveal much higher number counts than what one would get by simply

extrapolating the local population with no evolution. Proto-spheroidal galaxies in

the process of forming most of their stars (Granato et al. [2004]), SMGs exhibit

prodigious starburst activity (100 - 1000 M�/year) triggered by interactions and

mergers more frequent in the past (Engel et al. [2010]). This leads to the conclu-

sion that SMGs are the high redshift progenitors of modern day massive galaxies,

and studying them probes a stage of cosmic structure formation inaccessible to

optical surveys (Swinbank et al. [2004], Chapman et al. [2005], Pope et al. [2006],

Aretxaga et al. [2007], Chapin et al. [2009], Greve et al. [2005], Kovács et al.

[2006], Tacconi et al. [2006]).

Despite strong negative k-correction, the effect of cosmological reddening on

the source SED which would serve to shift the peak towards millimeter wave-

lengths, most of the SMG population will have flux densities that fall below the

detection threshold of current generation millimeter-wave experiments. However,
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their high number counts result in a background of light which affects CMB power

spectrum measurements in a global way. For example, at l= 3000, the power spec-

trum of this background of sources roughly equals the CMB power spectrum at

148 GHz, and by 218 GHz the source backgound dominates the CMB (Dunkley

et al. [2010]). Submillimeter maps have signal dominated by the dusty galaxies,

and so correlations with millimeter maps can be used to isolate their contribution

to the CMB power spectrum, which would otherwise be nontrivial (e.g., Hajian

et al. [2011]).

Though most SMGs will be undetectable by current millimeter instruments, a

new population of sources significantly brighter and rarer than the submillimeter-

selected SMGs has been identified at millimeter wavelengths (Vieira et al. [2010]),

similarly exhibiting dust-dominated spectral indices. They do not have counter-

parts in the IRAS catalog, indicating that they are not members of the standard

local ultraluminous infrared galaxy (ULIRG) population, the low-redshift ana-

logues of SMGs, supported by what would be an anomalously cold dust temper-

ature (< 15 K) if these were in fact low-redshift sources. Because SMG source

counts at 850µm drop rapidly at flux levels above 5 - 10 mJy (e.g., Coppin et al.

[2006]), these sources cannot simply be the millimeter-wave analogues to the SMG

population, as extrapolation of the number counts does not match the data.

These sources could represent a new, higher redshift sub-population of the

progenitor galaxy background, brought to the fore in millimeter-wave surveys

because they are lensed by foreground galaxies or galaxy groups (Negrello et al.

[2007], Lima et al. [2010], Negrello et al. [2010]). Extremely rare, they would

have been missed by previous millimeter and submillimeter surveys simply due to

statistics. However, large sky area coverage could reveal significant numbers of

these sources. As representatives of an earlier phase of the Universe, they would

provide an avenue for follow-up research to study the details of not only lensed

SMGs, but also of the lens system (e.g., Ikarashi et al. [2010], Lupu et al. [2010],

Scott et al. [2011]). Equally interesting is the possibility that these sources are

not lensed, but rather intrinsically luminous (known as “cosmic downsizing”, a

higher SMG brightness has been observed with increasing redshift; Devriendt et al.
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[2010], Greve et al. [2008]). The incredibly high star formation rates necessary to

make them visible at millimeter wavelengths would pose a challenge for models of

star and galaxy formation.

1.5 The Atacama Cosmology Telescope

To expand our ever-growing knowledge of the details of the Cosmos now

requires specially built instruments such as the Atacama Cosmology Telescope

(ACT) and the South Pole Telescope (SPT)2, which can map hundreds of square

degrees of sky with arcminute resolution and µK sensitivity. These experiments

complement each other, observing areas of the sky which overlap, permitting cross-

calibration and ensuring fidelity of the results for what are incubators for multiple

new and diverse technologies.

ACT has mapped the sky at frequency bands centered on 148, 218 and 277 GHz

(wavelengths of 2.0, 1.4 and 1.1 mm respectively) with arcminute resolution and

better sensitivity than previous generations of experiments. Its multifrequency

data captures the CMB anisotropies as well as the decrement, null and increment

of the tSZE. From ACT maps, a temperature anisotropy power spectrum spanning

multipoles from ≈ 500− 10, 000 was generated from a sky region covering ≈ 396

square degrees, corresponding to the deepest and most uniform data taken during

the 2008 observing season (Das et al. [2010]). In so doing, ACT has, together

with extant data sets, constrained the ΛCDM cosmological parameters better

than before (Dunkley et al. [2010]). Furthermore, from a larger 455 square degree

map enclosing this power spectrum region, a mass-limited galaxy cluster catalog

has been constructed (Marriage et al. [2010]). Millimeter-wave galaxy catalogs

are naturally produced with ACT data. These can be used to probe structure

formation over cosmic time, the focus of the analysis presented in this thesis.

Data from the 2007 through 2010 seasons continues to be processed, with the sum

covering ≈ 2000 square degrees on the sky. ACT has completed its observations

and was shut down in January of 2011. A new receiver for the telescope with

2http://pole.uchicago.edu/
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the ability to measure polarization of the CMB anisotropies is currently being

constructed.

1.6 Overview

This thesis describes the design and performance of the ACT telescope, optics

and primary science camera in detail in Chapter 2. Chapter 3 covers the scope of

ACT observations, its scan strategy, and data reduction pipeline which lead from

raw data to science-grade maps. Some results from the ACT collaboration derived

from the maps is presented in Chapter 4. Chapter 5 contains the development

of galaxy catalogs, with derived number counts, source spectral indices and a

discussion of results. Furthermore, a set of follow-up observations of ACT-detected

galaxies and their analysis is presented. In Chapter 6 we conclude this thesis, with

a brief synopsis of ongoing and future work, and the future of the ACT project.
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Chapter 2

The Atacama Cosmology

Telescope

To design and build a telescope with the ACT science goals, the main con-

straints are as follows:

• Arcminute resolution to capture the higher-l modes of the temperature

anisotropy power spectrum. This is also the angular diameter a typical

galaxy cluster is expected to subtend on the sky.

• A large field of view to map large swaths of the sky, capturing lower-l CMB

modes and a large number of galaxies and galaxy clusters.

• Multifrequency observations in order to be able to separate multiple compo-

nents: CMB, galaxy clusters (tSZE and kSZE), galaxies (Poisson-distributed

and clustering components), and foregrounds such as interstellar dust in our

Milky Way galaxy.

• Sensitivity on the order of a few µK rms uncertainty in map pixels of ap-

proximately three square arcminutes.

It has recently become possible to meet these constraints due to several concur-

rent technological advances and ingenuous design, in particular kilo-pixel arrays

of bolometers capable of filling a focal plane and multiplexed readout electronics.

This chapter will describe these elements in the context of the ACT: the telescope

32



structure design, the primary science instrument, the Millimeter Bolometric Array

Camera (MBAC) with its associated cryogenics, cold reimaging optics, detectors,

thermometry, and the multichannel read-out electronics.

For futher details about the instrument we refer the reader to Battistelli et al.

[2008], Thornton et al. [2008], Zhao et al. [2008], Fowler et al. [2007], Lau et al.

[2006b], Hincks et al. [2008], Hincks et al. [2009], Switzer et al. [2008], Swetz et al.

[2008] and Swetz et al. [2010]. A detailed analysis of the ACT arrays’ frequency

throughputs is presented here for the first time.

2.1 Site Location

Installed in March 2007, the ACT telescope is located on Cerro Toco in the

Chilean Andes, at an altitude of 5,190 m. At a latitude of 22.9586
◦

South and a

longitude of 67.7875
◦

West, the telescope is able observe over 60% of the sky. This

location lies in the Atacama Desert, the driest desert on Earth, with lower atmo-

spheric opacity than Mauna Kea, and comparable to the South Pole for most of the

year (Radford and Chamberlin [2000]). The telescope site overlooks the Chajnan-

tor plateau occupied by the Atacama Large Millimeter Array (ALMA)1, Atacama

Pathfinder EXperiment (APEX)2, Atacama Submillimeter Telescope Experiment

(ASTE)3, and Nanten (Japanese for the Southern sky) Observatory4. ACT there-

fore benefits from the atmosphere and climate tracking provided by the National

Radio Astronomy Observatory (NRAO).

2.1.1 Atmospheric Opacity

The main source of infrared opacity within the Earth’s lower atmosphere is

water vapor, which absorbs and re-radiates flux within the range of ACT observing

frequencies with an effective temperature of emission of tens of Kelvin. It is

therefore the largest signal contaminant for ACT. The high elevation and arid

1http://science.nrao.edu/alma/index.shtml
2http://www.apex-telescope.org
3http://www.ioa.s.u-tokyo.ac.jp/ kkohno/ASTE
4http://www.astro.uni-koeln.de/nanten2
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location of the telescope allow us to circumvent as many of the negative effects

of precipitable water vapour (PWV; a reasonable proxy for opacity, equal to the

amount of vapor in a column pointed at the zenith typically quoted in millimeters)

as possible, and at much lower cost than a space-based telescope. PWV is affected

by seasonal changes in the weather. Bolivian winter, for example, occurs in the

Atacama between approximately January and March each year, depositing snow

at higher elevations which increases the PWV and can prevent access to the site for

extended periods of time. This sets the ACT observing season as being between

roughly April and December of each year.

The effective atmospheric temperature at the ACT frequencies can be ob-

tained using the Atmospheric Transmission at Microwaves (ATM) code5. To see

the approximate contribution of the atmosphere at the ACT location and at ACT

frequencies, this calculation was performed for two elevations of observation or

zenith angle (θ = 90
◦
, 50

◦
) and PWVs from 0.0 to 2.0 mm with stepsize 0.1 mm.

Zenith angle 90
◦

represents the best case scenario, with smallest airmass, and

50
◦

is approximately the observing angle of ACT for science observations. ATM

outputs frequencies, τ , the total opacity (all molecular species), and the Rayleigh-

Jeans temperature of the atmosphere times the emissivity ε = (1 − e−τ sec(θ)). τ

is normalized with the NRAO tipper, located at the ALMA site on the Chaj-

nantor plateau, at 225 GHz. The code inputs include the ground pressure and

temperature, altitude of the site, PWV, elevation angle (airmass) and frequency

range.

The power from the atmosphere per unit area per unit solid angle on a detector

is given by

Patm =

∫
g(ν) ε I(ν, T ) dν (2.1)

=

∫
g(ν) (1− e−τ sec(θ))

2hν3

c2
1

e
hν
kT
−1
dν, (2.2)

where g(ν) is the band-pass, and I(ν) is the Planck intensity distribution for a

5http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber=00982447
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blackbody emitter with peak temperature the effective atmospheric temperature.

When multiplied by ε, this accounts for the atmosphere emitting as a gray body.

Assuming perfect instrumental efficiency, a second order equation was found

to fit the input PWVs to ATM and Tatm = Patm/(2kB∆ ν) as calculated above

from the ATM output τ for each frequency best, according to:

Tatm = T0 +
dT

dPWV
∗ PWV +

d2T

dPWV 2
∗ PWV 2. (2.3)

Figure 2.1 An approximate calculation of the effective temperature of the atmo-
sphere as observed by the ACT instrument for the three ACT frequency bands at
zenith angles of 90 and 50 degrees.

This fit gives the results plotted in Figure 2.1. It is clear that the effective tem-

perature of the atmosphere increases with observing frequency for ACT and with

decreasing elevation of observation due to the thicker airmass.
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Figure 2.2 The ACT bands were chosen to lie in windows of low atmospheric
opacity, avoiding three large emission features evidenced here: an oxygen emission
line at 119 GHz and water emission lines at 183 GHz and 325 GHz. An optical
depth of < 0.04 is achieved > 35% of the time in winter and ≈ 25% of the time
in summer. Figure courtesy of M. Devlin, L. Page, and M. Tegmark.

2.1.2 Logistics

Besides low atmospheric opacity, the ACT site was chosen for its relatively

easy access and nearby infrastructure. Observers live in the town of San Pedro de

Atacama, commuting to the telescope in approximately 45 minutes. Radio trans-

mission (5.8 GHz) between line-of-sight parabolic antennae in San Pedro and at

the site on Cerro Toco provide a method for remote communication, telescope op-

eration and data transfer from the site at a rate of 40 Mb/s, set by the capabilities

of two Orthogon PTP600 tranceivers. From San Pedro, connection to the inter-

net permits communication to North America, at a rate of 1-2 Mb/s. Telescope

motion, science camera acquisition, and cryogenic housekeeping are synchronized

by robust, largely autonomous systems, controllable from North America.

Two diesel XJ150 John Deere generators provide electricity for site operations,

with fuel tanks refilled automatically from a ≈ 16,000 L storage tank. Typical

power consumption during observations is 30 kW, requiring roughly 250 L of diesel
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Figure 2.3 The Chajnantor plateau in the Atacama desert of northern Chile, taken
from near the ACT site.

per day.

2.2 Telescope Structure and Warm Optics

The ACT telescope structure includes a primary and secondary mirror, ground

screens, a receiver cabin housing the primary science camera, MBAC, a pedestal

housing the motors and gears that control telescope motion, and cable wraps

leading to the equipment and control sheds at the site. Its design was dictated by

stringent requirements to meet the ACT science goals while controlling systematic

effects which would negatively impact the data quality. The telescope structure

was built by Amec Dynamic Structures Ltd. (now Empire Dynamic Structures)

of Port Coquitlam, British Columbia.

2.2.1 Motion Control Systems

Despite the optimal location of ACT, atmospheric emission remains the largest

signal external to the receiver in detector timestream data. To reduce the effects

of slow changes in the atmospheric opacity as well as long-timescale drifts in the

detector gain, the entire 40 tonne rigid aluminum telescope structure is scanned

in azimuth at ≈ 2
◦
/s, with a maximum acceleration of ≈ 10

◦
/s2. At this scan
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speed, the telescope’s beam moves on the sky on timescales faster than the 1/f

knee of the low frequency atmospheric noise, but slower than the median detector

time constant. This effectively modulates the input signal at a temporal frequency

higher than the atmospheric signal so that it can be more easily separated from the

celestial signal during data analysis. It also allows us to distinguish the atmosphere

from drifts in detector bath temperatures. To be able to scan this quickly requires

a compact rigid structure, which led to a set focal length of 5.2 m. No reflecting

or diffracting surfaces move with respect to the receiver.

The telescope is also able to observe over a limited range in elevation in order

to conduct pointed observations of calibration targets. Motion is controlled by

a robotic system designed and constructed by KUKA6, run via control software

that points the structure to within 6′′ rms from the commanded position. The

azimuth motor gears are counter-torqued to prevent backlash during a change

in scan direction, and are lubricated through an automated grease application

system which is linked to the telescope control system so that grease application

occurs automatically during scanning motion.

Several sensors monitor the health and performance of the motion control

system. These include two sets of 0.0097′′-accuracy 27-bit Heidenhan absolute

encoders, one on each of the azimuth and elevation axes, a KUKA robot inter-

nal encoder and resolver readouts, motor current and temperature, inclinometers

at the telescope base and rotation platform, and multiple accelerometers. Data

is relayed from these sensors, and from the KUKA robot controller to a house-

keeping computer, and added to data frames synchronized with the detector data

to within 5µs. The telescope’s azimuth and elevation pointing are read through

a Heidenhain (model IK220) PCI card in the housekeeping computer over two

RS485 cables.

2.2.2 The Receiver Cabin

The camera (MBAC, Section 2.3) and its associated electronics are kept in

a climate-controlled receiver cabin on the telescope, with wires and helium lines

6http://www.kuka.com
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routed via a bulkhead and cable wrap trays to a 40 ft container housing an equip-

ment room containing the KUKA robot controller and the helium compressors,

and a control room containing computers and motion control systems. The re-

ceiver cabin also houses all of the electronics responsible for what is collectively

known as the “housekeeping system” with the exception of the housekeeping and

telescope systems control computer, located in the control room to reduce the

pickup of high-speed digital noise.

The receiver cabin electronics include the cryogenic thermometry readout and

control (bias and preamplification, heater drivers for the MBAC refrigeration

servo, and a heater relay breakout box), the housekeeping data acquisition sys-

tem (“BLAST DAS”), and a synchronization signal driver (“Synch box”) that

enables synchronization of data from each array and the housekeeping. Cryogenic

housekeeping is read at 100 Hz, and auxiliary channels are read at 1, 5 or 20 Hz

asynchronously by a Sensoray 2600 DAQ.

2.2.3 Warm Optics

To minimize the fraction of the beam intercepted by ambient temperature

surfaces, such as the ground, which would degrade the system performance of the

telescope, two ground screens are incorporated into the telescope design. One is a

large stationary screen enclosing the entire telescope, and the second is attached to

the movable structure, enclosing the areas to either side of the primary-secondary

mirror path.

Subarcminute-scale resolution sets the diameter of the primary mirror to be

6 m. The 6 m diameter primary and 2 m diameter secondary mirrors are de-

signed to meet the Dragone on-axis equivalent paraboloid condition, keeping cross-

polarization as low as possible, whilst giving an unobstructed field of view to the

sky that maximizes the usable collection area for photons. Though the ACT exper-

iment will measure only sky temperature with MBAC, the polarization-preserving

Gregorian can and will be used for polarimetric measurements in the near future.

Details of the numerical optimization using Code V software7 and reflector for-

7http://www.opticalres.com/.
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Figure 2.4 The Atacama Telescope. Top: The telescope on Cerro Toco with a
partially complete stationary outer ground screen and showing the inner ground
screen that moves with the telescope between the primary mirror backup structure
(BUS) and secondary mirror cowling. Bottom: Mechanical renderings of the tele-
scope. The entire azimuth structure and above rotates on the base while elevation
is held fixed during a scan. Figure courtesy of AMEC Dynamic Structures.
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mulae are given in Fowler et al. [2007]. Figure 2.5 shows a ray trace through the

telescope-camera system, highlighting the fast focal ratio of F = 2.5 which allows

for a compact telescope structure.

Figure 2.5 Ray trace of the off-axis Gregorian optics and MBAC mounted in the
receiver cabin of the telescope. Rays trace the highest (blue), central (green), and
lowest (red) fields in the 277 GHz camera (higher in the MBAC) and the 218 GHz
camera (lower in the MBAC).

The primary mirror is made up of 71 aluminum panels, and the secondary mir-

ror of 11, manufactured by Forcier Machine Design8. Mounted to the telescope

back-up structure (BUS), an individual primary mirror panel weighs approxi-

mately 10 kg and is manufactured to < 5µm rms precision. To reduce spillover

loading, both reflectors have a radial guard ring, 0.75 m in width for the primary

and 0.3 m for the secondary. The panels were aligned at the beginning and end

of each observing season. First the position of each panel was measured with a

8123 Marshall Ave, Petaluma, CA 04052,USA.
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laser tracker system manufactured by Faro9, and then screws on the back of each

panel corner were used to adjust their position until the entire reflector surface

had a total deviation from ideal of < 30µm rms on the primary and < 12µm

rms on the secondary. The alignment of the panels was observed to remain stable

over season-long timescales, although daytime observations are not possible be-

cause solar heating of the telescope causes deformation of the telescope structure,

significantly increasing the rms value of the primary mirror (Hincks et al. [2008]).

Figure 2.6 shows the alignment results obtained prior to the 2009 observing sea-

son. The entire BUS for the secondary mirror is movable in three dimensions for

fine-tuning of the system focus determined through maximizing detector signal

from planet observations. Table 2.1 summarizes the essential telescope structure

parameters.

100  1000

Distance from Perfect Surface (µm)

20  200

Distance from Perfect Surface (µm)

Figure 2.6 Primary and secondary mirror panels surface alignment deviations from
the design shape after the adjustments before the 2009 season. Left: The primary
has a residual surface rms of 30µm. Right: The secondary has a surface rms of
12µm. Figure courtesy of R. Dünner.

9http://www.faro.com.

42



Table 2.1 Telescope and optics parameters

Telescope Location

Telescope height 12 m Altitude 5190 m

Ground screen height 13 m Longitude 67
◦
47′15′′ W

Total mass 52 t Latitude 22
◦
57′31′′ S

Mass of moving structure 40 t

Optics Motion

f-number at focus 2.5 Azimuth range ±220
◦

FOV at focus 1 deg2 Max. az speed 2
◦
/s

Primary mirror diameter 6 m Max. az acc. 10
◦
/s2

# primary panels 71 Elev range 30.5
◦

– 60
◦

Secondary mirror diameter 2 m Max. elev speed 0.2
◦
/s

# secondary panels 11

2.3 MBAC

Once light is collected at the primary reflector and passed to the secondary

mirror, it is fed into three sets of free-space millimeter-wave optics that reimage the

diffraction-limited sky onto cryogenically cooled detector arrays at the focal plane

of the ACT camera, the Millimeter Bolometric Array Camera (MBAC). Three

separate optical paths, each with its own refractive lenses and filters optimized

for its observing frequency allow for individual implementation and optimization.

The optical system provides a field of view of ≈ 22 by 26 arcminutes at each of the

32 x 32 (34 mm x 36 mm) bolometer arrays observing at frequencies centered on

148 GHz, 218 GHz, and 277 GHz, corresponding to wavelengths of 2.0 mm, 1.4 mm

and 1.1 mm respectively. Each array simultaneously images different regions of

the sky, but telescope scans are designed to maximize the overlap of these regions

during the scan period. The detectors, described in detail in Section 2.4, are cooled

to near their semiconducting transition (≈ 0.5 K), and the range of frequencies

over which they observe constrained to cover a confined range. To minimize

the beam sizes and maximize the collecting area, 97% of the primary reflector

diameter is illuminated, limited by a cold aperture (Lyot) stop in the MBAC,

which also serves to block stray light from loading the detectors. The optical
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design of the MBAC optimizes the opposing constraints of a large field of view

and high mapping speed.

To reduce the possibility of radio frequencies coupling to the electronics sys-

tems, the MBAC receiver and warm detector readout electronics, the multichannel

electronics (MCEs; see Section 2.4.3), are shrouded in Eccosorb10, a material that

is very effective at absorbing microwaves due its high permittivity and permeabil-

ity.

2.3.1 Cryogenics

The superconducting transition of ACT TES detectors occurs around 500 mK.

The necessity of precise control over the temperature of their environment dictate

that they be housed in a cryogenic camera. Transferring liquid cryogens regularly

is difficult given the remoteness of the telescope site, therefore the cooling system

circumvents this through the use of two commercial pulse-tube cryocoolers and

three helium sorption refrigerators. The pulse-tubes (Model PT-410), made by

Cryomech11, provide the first stages of cooling from ≈ 300 K to 40 K at 40 W and

4 K at 1 W. An important consideration in employing this mechanical cryogenic re-

frigeration technology was that the TES detector arrays have minimal microphonic

sensitivity. The pulse-tube pulses at a frequency of 1.4 Hz, resulting in an intrinsic

100 mK sine-wave temperature variation and an attendant mechanical vibration.

To prevent thermal or mechanical oscillations from being detected at either the

1 K or 300 mK stage, acoustically deadened braided oxygen-free high-conductivity

copper (OFHC) rope attaches the pulse-tube cryocoolers to the cryogenic stages

internal to the dewar.

Entirely internal to the dewar are two closed-cycle 4He sorption refrigerators

backed by the pulse-tubes to achieve base temperatures of ≈ 700 mK, providing

about 80 J of cooling per refrigerator each time they are thermally cycled. Refrig-

erator cycling is described in Section 2.3.2.2. The evaporator reservoir is attached

to the components in the cryostat which are cooled by that refrigerator. One of

10http://www.eccosorb.com/america/english/page/63/eccosorb
11www.cryomech.com.
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Figure 2.7 A cut-away of the MBAC cryostat and the 218 GHz optics tube, giving
the location of lenses, filters, and array, which is similar for all three optics tubes.
The 277 GHz optics tube, mounted above the 148 and 218 GHz optics tubes,
has been removed for clarity, as has the connection from the pulse-tube and its
radiation shielding to the 40 K plate. Figure courtesy of D. Swetz.

the 4He refrigerators was used to back the single closed-cycle 3He sorption refrig-

erator to which the 300 mK components are thermally linked - the 300 mK stage

optical elements and detector arrays, as well as to cool the 1 K optical elements

for the 277 GHz array. The second 4He refrigator was used to cool the 1 K optical

elements for the 148 and 218 GHz arrays. The 3He sorption refrigerator provides
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5.8 J of cooling power with a base temperature of 254 mK, with each array dis-

sipating ≈ 0.5µW. For details on the design and construction of the sorption

refrigerators, see Devlin et al. [2004] and Lau et al. [2006a]. A schematic of the

thermal connections in the cryostat is shown in Figure 2.8.

Because ACT observes from sunrise to sunset, the system needs to be held at

. 300 mK for over 12 hours, and be recycled in less than 12 hours. Furthermore,

the temperatures must remain stable during telescope motion, which can cause

sloshing of the liquid helium inside the refrigerators. Section 2.3.2.2 describes how,

through the use of heaters and thermometers internal to the dewar, the refriger-

ators are automatically cycled, and the arrays are kept at constant temperature

while observing. This system can be accessed and controlled remotely.

Figure 2.8 A schematic of the flow of thermal regulation and connections in
MBAC, including only one optics tube for illustrative clarity.

2.3.2 Cryogenic Control System

The “housekeeping” system is responsible for monitoring and controlling detec-

tor temperatures, and uses many systems developed for the BLAST experiment
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(Pascale et al. [2008]). A data acquisition system known as the BLAST DAS

controls the thermal stabilization and recycling system using 5 bytes of digital

output (3 for relays, 2 for heaters) and digitizes 75 channels of analog signals si-

multaneously to three bytes each. This is divided through three analog-to-digital

conversion (ADC) boards which can each receive 25 analog voltage inputs. These

boards use separate 24-bit sigma-delta type ADCs for each channel. Each signal

passes through a field-programmable gate array (FPGA) microprocessor, which

applies low-pass digital filtering and lock-in amplification before the signal is down-

sampled from 10 kHz to 100 Hz.

The DAS is in communication with the housekeeping site computer via a

BLAST BUS Communication (BBCPCI) card through RS485 cable. An ACT

master control program (amcp) is used to monitor and control housekeeping, cre-

ating ≈ 12 minute-long “flatfiles”. The data may be accessed in real-time from

any computer with internet access.

2.3.2.1 Thermometry

MBAC employs two types of thermometers for cryogenic temperature mon-

itoring. Seventeen LakeShore12 diode thermometers are used for stages cooled

to 1 K. A single board generates separate 10µA DC biases for up to 24 diodes,

and monitors the voltage across each diode. The output of a buffering ampli-

fier is fed to the DAS where it is digitized and filtered at 50 Hz. Twenty-eight

ruthenium-oxide (ROX) resistors are used for the coldest stages, with nominal

room-temperature resistances of 1 kΩ each, AC-biased at 212 Hz using a single

voltage source that is divided between them via a network of 900 kΩ resistors.

Each ROX is sandwiched between two bias resistors. As the ROX resistance in-

creases with decreasing temperature, the voltage drop across the resistor changes.

At temperatures . 40 K, ROX resistance varies as a function of temperature, and

this signal is filtered and amplified on another analog board in the same warm

electronics crate as for the diodes, located in the receiver cabin. Look-up tables

on the housekeeping computer convert voltages (or resistance) to temperatures.

12http://www.lakeshore.com/temp/sen/smindex.html
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2.3.2.2 Thermal Regulation

Temperature control of the camera is managed by a servo which makes use

of the temperature information provided by ROXs to inform a control loop that,

in turn, controls 18 resistors which serve as heaters. The heaters are driven by

a heater board, capable of variable output, instrumented with current monitors

and relays for driver management. The heater boards are digitally controlled by

5 bytes of digital output from the BLAST DAS boards, as commanded by the

housekeeping computer over the BLAST BUS.

The hold time of MBAC, defined as the time when the 300 mK stage reaches

its operating point until any of the sorption refrigerators evaporates all of its liquid

helium, is less than 24 hours, and so they are cycled daily. The helium sorption

refrigerators have their cryogens recycled during the day when solar heating of the

telescope causes significant deformation of the telescope structure, making useful

science observations impossible.

A refrigerator cycle consists of opening a heat switch connecting the charcoal to

the 4 K plate, and heating the charcoal reservoirs which have trapped evaporated

helium gas over the working period of the refrigerator by applying current to a

resistor attached to the charcoal. Once the charcoal temperature reaches 25 K

it begins to expel the gas it absorbed when it was at 4 K. The released gas is

condensed to form liquid by a condenser plate connected to the 4 K plate and

maintained at < 7 K through the cooling power provided by the pulse-tubes and

collected in an “evaporator” reservoir. At the end of the cycle, the charcoal heater

is turned off, and the charcoal is cooled by closing the heat switch that attaches

it to the 4 K plate. As the pressure in the refrigerator drops below 10−5 Torr, the

boiling point of 4He (3He) in the evaporator reservoir falls below 700 mK (290 mK).

Figure 2.9 follows the temperatures of key stages through the automated 8

hour refrigerator cycle. As is illustrated, we found that cooling the refrigera-

tors sequentially, as well as employing a “feathering” stage during which the heat

switches are turned off for ≈ 30 minutes, optimize the recycle efficiency. Both of

these actions serve to allow the backing pulse-tubes to regain their base tempera-

tures for optimal heat removal, thereby maximizing the amount of liquid helium
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Figure 2.9 Top: Helium sorption fridge charcoal temperatures during an 8 hour
recycle. 4He pumps are yellow and green, 3He pump in cyan. Middle: 4He fridge
condenser plate temperatures. Bottom: Evaporator temperatures: 4He in red and
blue, 3He is magenta. During the daily recycling of the MBAC helium sorption
fridges, the charcoal pumps are heated, expelling their trapped helium gas. These
are turned off and gas-gap heat switches reconnect them to pulse-tube backing
cold stages one at a time. As liquid helium condenses in the evaporator pots,
these surfaces cool to their nominal temperatures for observations.
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condensed. The gain in hold time as a result of these actions serves to highlight

the sensitivity of the cycle to the condenser temperature, and a less than optimal

thermal link between the 4 K stage of the pulse-tubes and the 4 K thermal bath

to which the absorption fridges are connected.

To mitigate fluctuation of the array bath temperatures the thermal bath is ser-

voed with an automated proportional-integral-derivative (PID) controlling loop to

≈ 310 mK using heaters and the cooling provided by the 3He sorption refrigerator.

2.3.3 Mechanical Construction

MBAC is mounted to ACT at the flange that joins the front plate to the vac-

uum cylinder, with windows open to the sky. This extremely rigid 1 inch thick

aluminum disk (see Figure 2.7) forms one end of an optical bench consisting of

alternating G-10 (fiberglass) cylinders and aluminum plates to which all of the

cold optics are ultimately mounted. This internal structure means that the align-

ment of optical elements within the MBAC are independent of variations caused

by changes in pressure and temperature in the cylindrical vacuum shell brought

about by the cryogenic cooling. The optical element positions account for changes

in mounting structures from this same process. The vacuum shell is a cylinder

measuring 0.94 m in diameter and 1.22 m long made out of 6.35 mm (0.25 inch)

thick aluminum. Once the cryostat is bolted into the telescope receiver cabin,

the Faro laser tracker is used to locate the front plate in relation to the primary

mirror, which aligns MBAC precisely with the optical axis of the telescope. The

cryostat mount can be adjusted in three dimensions, enabling accurate alignment

of the cold optics to the telescope. A cut-away illustrating the major internal

components is shown in Figure 2.7.

The pulse-tube coolers and helium sorption refrigerators operate at maximum

capacity only when they are near vertical. Therefore the refrigerators are mounted

so that they are vertical when the telescope is pointed at 45◦ in elevation, near

the middle of its range. Since the telescope must be able to point at known

sources such as planets for calibration and pointing purposes, cryogenic tests have

been performed with MBAC at both 60◦ and 30◦. At these angles, there is little
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reduction in performance. A comprehensive description of the cryogenics is given

in Swetz et al. [2008].

Inside the MBAC, a G-10 (fiberglass) cylinder attaches the front plate to an

aluminum plate held at 40 K, used for its low thermal conductivity and strength.

An inner 4 K aluminum plate is attached via another G-10 cylinder to the 40 K

plate. Radiation shields swathed in up to 40 layers of aluminized Mylar multi-

layer insulation (MLI) shield thermal stages from one another. Three optics tubes

containing the cold optics and detector arrays for each frequency band are rigidly

mounted to the 4 K plate. Two copper towers connect the 4 K plate to the pulse-

tube cryocooler 4 K stages, and also serve as mounts and high thermal conductivity

paths for the sorption fridges. Another two copper bars connect the 40 K plate to

the pulse-tube cryocooler 40 K stages through ports in the 4 K and 40 K shields.

The four copper towers are mechanically connected to the pulse tubes with acous-

tically deadened OFHC copper braid that provide a flexible, high-conductivity

link that helps to dampen accoustic vibrations (1.4 Hz) of the pulse tube, and

allows for the differetial thermal contraction of the internal structure of the dewar

and the outer vacuum can. Tekdata13 cabling for the thermometry, detectors, and

the detector readout, comes in through ports in the vacuum shell and is heat sunk

by thermal clamps at 40 K and 4 K as it passes through.

The optics tubes are mounted to the 4 K plate atop a compound wedge which

holds them rigidly at the correct angle with respect to the telescope beam. Alu-

minum is used to mount the optical structures to minimize weight except below

1 K because it becomes superconducting and its thermal conductivity decreases

drastically. At these colder stages OFHC copper is used. An advantage of using

copper is that magnetic flux cannot become trapped in the material, as it can

for superconducting aluminum alloys as they cool. The resulting magnetic field

created by trapped flux would interfere with the operation of magnetically sen-

sitive devices used in the detector readout system. G10 was used in the optics

tube assembly as well, where thermal loading in the compact configuration would

13Tekdata Interconnections, Ltd., Westport house, Federation Road, Bursalem Stoke On
Trent, Staffordshire, ST6 4HY, UK, +44-1782-577677.
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have been too great for the helium sorption refrigerators, between the 4 K and 1 K

optics. The final inner 300 mK assembly contains, as a unit, the detector pack-

age, final lens and band-pass filter, connected to the 1 K mechanical supports by

a Kevlar suspension rig. Kevlar has even lower thermal conductivity than G10,

and is strong enough to support the ≈ 5 kg copper-supported array package. The

entire 300 mK unit is enclosed in a copper shell, enshrouded in MLI and sealed

against radiation from warmer stages inside the cryostat. The inside of most

stages of shielding is painted with a mixture of Stycast and carbon lamp black to

absorb stray reflections (Bock [1994]).

Three concentric layers of 1.5 mm-thick magnetic shielding (Cryoperm-1014)

surround each optics tube and attach to the 4 K plate atop the compound wedge,

to shield the array multiplexers and amplifiers from external magnetic fields. Cry-

operm is a high nickel concentration alloy treated with a proprietary heat treat-

ment to give it increased magnetic permeability at cryogenic temperatures. Com-

puter simulations using the Maxwell15 software package estimate that our shields

should attenuate external magnetic fields by nearly 40 dB (Thornton et al. [2008]).

2.3.4 Cold Optics: ACT Lenses and Filters

A tri-camera implementation allows for a large focal plane, and smaller lenses

and filters, which are easier to fabricate to optimize signal within a given frequency

band as well as correct for any off-axis aberrations. The optical elements in

each tube are on-axis with cylindrical symmetry, shielded against stray radiation.

Figure 2.10 shows the windows, lenses and filters for the three optics tubes in free

space, with temperature stages labeled.

A separate vacuum window interface was used for each of the three optics

tubes, placed near the Gregorian focus to minimize its diameter for ease of con-

struction as well as reduce the amount of radiative loading entering the cryostat.

This also reduces the required thickness of the window and consequent absorption.

14Cryoperm is a trademark of Vacuumschmelze GmbH in Hanau, Germany
Local Distributor: Amuneal Manufactoring Corporation, 4737 Darrah St., Philadelphia, PA
19124, info@amuneal.com, (800)-755-9843.

15http://www.ansoft.com.
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Figure 2.10 A three-dimensional model of the entire cold reimaging optics in the
MBAC, separated into three optics tubes. Each of the three detector arrays has
its own window, set of stages of progressively cooled optics, and filters, with the
277 GHz optics tube elements labelled here. Lens 1 is closest to the 300 K window.
The low-pass (LP) and infrared (IR) blocking capacitive mesh filters and band-
pass (BP) filter are also indicated. The temperature of the components decreases
in the direction from the window to the detector arrays to reduce loading. Figure
courtesy of D. Swetz and R. Thornton.

While a rectangular window mimics the image shape of the array at the window,

stress is concentrated in the corners, thus the material needs to be strong yet

not too thick, and it needs to resist deformation when the cryostat is evacuated.

4 mm-thick Ultra High Molecular Weight Polyethylene (UHMWPE) with an in-

dex of refraction n = 1.53 at 160 GHz (Lamb [1996]) was chosen. It is extremely

strong, deforming by only 3mm in the middle of the 15 cm x 15 cm area, and has

low absorption at millimeter wavelengths. Each window has an optimized anti-

reflective (AR) coating with thickness (λ/4n) of bonded expanded-Teflon sheet

glued to the front and back surfaces to reduce reflections at the interfaces. Mea-
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surements of the MBAC windows using a Fourier transform spectrometer (FTS)

found transmissions of > 96% for the 148 GHz and 218 GHz bands and > 93% in

the 277 GHz band (Swetz et al. [2008]).

For millimeter-wave observations, high-purity plano-convex silicon is used for

the lenses because of its high index of refraction, n = 3.416 (Lamb [1996]), and

high thermal conductivity, allowing for efficient cryogenic cooling. Higher purity

silicon reduces absorption loss. The high index of the lens, however, would result in

reflections that would cause ≈ 30% power loss at each surface (Lau et al. [2006b]).

Therefore we developed kapton anti-reflective (AR) coatings for the ACT lenses,

new technology for ACT frequencies, made from a thin layer of machined Cirlex

(n = 1.84; commercially sold kapton sheets) applied with a negligibly thin layer of

glue added to each lens on both sides. The thickness, several hundred microns, is

optimized for each frequency to maximize the transmission through the band-pass

region.

The first lens (see Figure 2.10), located just after the Gregorian focus at 4 K,

forms an image of the primary mirror at the position of the cryogenic pupil (Lyot

stop) at 1 K. The size of the Lyot stop defines the illumination of the primary

mirror at the detectors. Each detector is ≈ 1.0 mm2 in size, and since the close-

packed focal plane design does not allow room for feedhorns, would see loading

from a much larger solid angle without the pupil in place. Therefore the Lyot

stop assists in minimizing reflections and scattering within the optics, and reduces

power on the detectors from non-sky spillover around the primary mirror to < 1 K.

The 1 K and 300 mK lenses refocus the sky image onto the arrays. With the

tightest tolerance, the 300 mK lens was designed to be part of a unit package with

the array. Behind the band-pass filter, the array is enclosed in a 300 mK cavity

which is painted with a Stycast16 and lampblack coating to absorb stray light

(Bock [1994]). The focal ratio of the reimaging optics following the Gregorian

focus, F , is ≈ 0.9 for all three frequencies, with effective focal length of the entire

system, including the primary and secondary mirrors, f ≈ 5.2 m.

Each array’s field of view is approximately 22′ × 26′. In terms of angle on

16http://www.ellsworth.com/stycast.html.
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the sky, the detectors are spaced approximately 1/2-F λ to 1.1-F λ from lowest to

highest frequency. This means that for 148 GHz, the entire field is fully sampled in

a single pointing. Figure 2.20 shows the the relative sky spacing of the detectors

for the three arrays. Calculations using Code V17 optics design software predict

average Strehl ratios of 0.99, 0.98 and 0.98 for the 148, 218, and 277 GHz cameras,

respectively.

Capacitive mesh frequency band-defining filters are placed at each successive

cryogenic stage (300 K, 40 K, 4 K, 1 K, and 300 mK) along the optics path, ar-

ranged from highest frequency cut-off to lowest. Because low-pass (LP) filters

have transmission leaks at harmonics of their cutoff frequency, multiple filters

with a range of cut-off frequencies are used to suppress out of band leaks. There

are also a series of 4µm thick infrared-blocking (IR) reflective filters to reduce the

optical loading on the cold stages (Tucker and Ade [2006]). These IR blocking

filters prevent the center of the poorly conducting LP filters from heating up and

consequently reduce the radiative loading from the windows. Each optics tube

contains 10 filter elements, including the windows. The final band-pass filter sits

in front of the final lens and is also cooled to ≈ 300 mK (Fig 2.10). Table 2.2 lists

the nominal temperature, location, and low-pass cut-off frequency for each of the

filters. Figure 2.10 shows all the filter and lenses in free space. Further details of

the MBAC optics can be found in Lau et al. [2006b], Fowler et al. [2007], Swetz

et al. [2008], and Thornton et al. [2008].

2.3.4.1 Band-passes

Each detector array is composed of 1,024 pop-up TES bolometers that detect

all light that falls on them. In order to observe in frequency bands optimized to

be sensitive to the CMB while avoiding the atmospheric lines shown in Figure 2.2,

we use band-defining filters. Spectral coverage of the bolometer arrays is set by

a series of low-pass (LP) capacitive metal-mesh filters and a band-defining edge

(BP) filter provided by Cardiff University (Ade et al. [2006]).

Prior to installation in the dewar, each filter’s frequency response was mea-

17http://www.opticalres.com/
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Figure 2.11 A cross-section of the 148 GHz optics tube. Elements at five different
temperature stages and the structures that separate them are visible. Three
layers of magnetic shielding are shown, surrounding the detector cavity. Dotted
lines depict the approximate envelope of light rays passing through the system.
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Table 2.2 Filter location, temperature, and cut-off frequency of the filters in the
order they are placed in the optical path. For low-pass filters, the approximate
frequency cut-off is listed. For the band-pass filters, the expected band center is
listed.

Filter Type Temperature Frequency (GHz) (cm−1)

148 218 277

Window Ambient — — —

IR blocker Ambient — — —

IR blocker 40 K — — —

Low-pass a 40 K 360 (12) 360 (12) 540 (18)

IR blocker 40 K — — —

IR blocker 4 K — — —

Low-passa 4 K 270 (9) 330 (11) 450 (15)

Low-passa 1 K 210 (7) 300 (10) 390 (13)

Low-passa 1 K 186 (6.2) 255 (8.5) 360 (12)

Band-passb 300 mK 148 220 280

aApproximate frequency cut-off listed.
bExpected band center listed.

sured using a Fourier transform spectrometer (FTS) by the Cardiff University

group. A composite transmission spectrum was made by multiplying together the

individually measured filter responses. After the filters were installed into MBAC

at the University of Pennsylvania, FTS measurements were made on the entire

optical path, with optical elements cooled to their observing temperatures. It

should be noted that two elements were in place in addition to the filters mea-

sured by Cardiff: a neutral density filter to enable labratory measurements of

the MBAC without saturating the detectors, and an anti-reflective (AR) layer,

directly in front of the detectors. The FTS is a polarizing Martin-Puplitt interfer-

ometer, optimized for sub-millimeter wavelengths. The FTS’s focal length of 24

inches (60.96 cm; F = 4.8) was approximately matched to the ACT Gregorian fo-

cus, which occurs ≈ 50 mm behind the MBAC front window. No reimaging optics

were necessary to measure the band-pass using this FTS. The FTS optical path

was first aligned with the dewar using a laser in place of an emitting source, and

then the measurements were taken with a thermal blackbody source at 980
◦
C.
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Band-pass measurements were made separately for each array, using a subset of

centrally-located detectors in each array because the FTS source only illuminates

a small fraction of each array. An interferogram was obtained by moving a corner

mirror of the FTS along a track at fixed speed using a 400 mm-long lead screw.

As one check against systematic error, the speed was varied by ≈ ± 50% (2.5 -

8.3 mm/s). A typical interferogram took 200 s, moving the mirror in both direc-

tions multiple times, and was sampled by the detectors at the nominal experiment

rate of 400 Hz. Many interferograms were taken over several days.

The Fourier transform of the resulting interferogram is a measure of the

spectral transmission of the optical system. An average was made of individ-

ually phase-corrected Fourier-transformed interferograms. Phase correction was

achieved by aligning zero-path points in each interferogram. However, as the po-

sition of the movable mirror with respect to the zero-path of the FTS was not

recorded, it had to be derived from the interferograms themselves. Specifically,

the recipe depicted in Figure 2.12 consists of the following steps:

• Multiple interferograms are separated, and the slope and offset are removed.

• A short segment around the symmetric part of the interferogram is selected

for phase correction. The start is shifted to the midpoint to guarantee

predominantly cosines, and the segment apodized so that the ends meet

smoothly.

• The Fourier transform of the segment is used to find the phase through the

band-pass region, φ= tan−1(Im/Re). The phase is then fit for linearly across

the band-pass region.

• The inverse transform of eiφ is the kernel for phase correction. It is convolved

with the whole interferogram to correct for phase delay.

• The band-pass is calculated from the Fourier transform of the corrected

interferogram. The band-pass is the real part, and the phase should now be

zero.

• Finally, the band-passes are averaged together, and divided by the blackbody
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spectrum of the 980
◦
C source to get the source-independent band-pass.

The final composite band-passes are plotted in Figure 2.13 with the Cardiff

measurements in red and the University of Pennsylvania measurements in black.

Once the final band-pass data is compiled, it can be used to calculate the

band-pass quantities for ACT. We now derive the quantities of interest for both

the Cardiff measurements of the individual warm ACT filters and the UPenn FTS

measurements of the fully integrated cooled optics. It is assumed that the Cardiff

data did not require a source spectrum to be removed. As the absolute normal-

ization for the UPenn data is not known, the pass-band has been normalized such

that the peak matches the maximum transmission of the Cardiff data. A bound-

ary condition was added to the phase fit such that the phase goes to zero at zero

frequency.

Given the normalized band-pass of the filter stack, g(ν), we can calculate the

bandwidth,

∆ν =

∫ +∞

0

g(ν) dν, (2.4)

and the noise bandwidth for the Dicke equation,

∆νnb =

(∫ +∞
0

g(ν) dν
)2

∫ +∞
0

g2(ν) dν
. (2.5)

To calculate the response of the instrument to broadband sources, following Page

et al. [2003], we model a source of surface brightness Sν as

Sν(~Ω) = σ(ν)S(~Ω), (2.6)

where σ(ν),

σ(ν) ∝ να, (2.7)

is taken to be one of several spectral types: α equal to -0.7 for synchrotron emis-

sion, -0.1 for free-free emission, 2 for Rayleigh-Jeans emission, and 3.5 for dust
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Figure 2.12 The analysis steps for the MBAC FTS band-pass measurements Top
Left: A whole data run with many interferograms. Long timescale temperature
fluctuations in the dewar are evident. Top Right: Individual interferograms sep-
arated with slope and offset removed. Middle Left: A short shifted symmetric
section for phase correction. Middle Right: The FT of the interferogram seg-
ment zoomed in. Green is the band-pass, black is the phase, and red the linear
fit. Lower Left: The phase correction kernel. Lower Right: The phase-corrected
interferogram in black, compared with the original in red.

emission. A Planck blackbody at 2.725 K is also of interest, as are thermal fluc-

tuations in the CMB spectrum,
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Figure 2.13 The measured band-passes of the optical elements in MBAC (black)
with frequency resolution 0.75 GHz and a composite band-pass of individually
warm-measured filters (red) with frequency resolution 1.5 GHz. Top: 148 GHz
(24 interferograms). Middle: 218 GHz (164 interferograms). Bottom: 277 GHz
(88 interferograms).
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σCMB(ν) ∝ x4ex

(ex − 1)2
; x =

hν

kBT
, (2.8)

and lastly, the Sunyaev Zel’dovich spectrum,

σSZ(ν) ∝ σCMB(ν)

[
x

tanh(x
2
)
− 4

]
. (2.9)

For a beam-filling source, we use the following definition for the effective fre-

quency of the radiation (a point source or source which does not fill the beam

would require one to fold in the effective area of the emitting source):

νe ≡
∫
ν g(ν)σ(ν) dν∫
g(ν)σ(ν) dν

. (2.10)

Table 2.3 summarizes the calculated properties from measurements of the

MBAC filters, with the rms deviation over the average of the multiple band-

passes quoted as the errors. The effect of the broadband sources on the band

center is to shift it slightly. Some structure can be seen through the band-passes

measured for both the Cardiff data and the MBAC data, though it appears more

severe in the MBAC data. It is believed that these are artifacts induced by optical

reflections and/or misalignments within the FTS. One reason is that very similar

structure was observed when the same FTS was used to measure the band-pass

for an entirely different optical system. Another is that these artifacts seem to

be very common in FTS band-pass measurements (e.g. Sayers [2008] and others),

and without thorough, time-intensive studies to mitigate these effects, the result

can be expected to be similar to what we have observed. It is also possible that

the structure is partly due to atmospheric absorption lines, as the MBAC data

were not taken with an FTS in vacua, or that the added optical elements, the neu-

tral density filter (removed for field observations) or the final AR layer directly in

front of the detectors had some effect as well.

2.3.5 Beams

The sum of the telescope mirrors and MBAC cold optics produces the ACT

instrument beam pattern (Figure 2.14; Hincks et al. [2009], Swetz et al. [2010]).
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Table 2.3 Summary of the calculated properties from measurements of the MBAC
filters.

Array 148 (GHz) 218 (GHz) 277 (GHz)

Composite Bandcentera 146.9 217.3 273.5

Maximum Transmissiona 0.74 0.72 0.69

Bandcenterb 149.2±3.5 219.7±2.3 277.4±2.0

Bandwidthb 18.4±1.6 17.0±1.2 20.9±1.6

Noise Bandwidthb 27.6±3.9 25.9±2.5 34.8±1.7

Band FWHMb 27.0±0.5 22.2±0.5 30.3±0.3

Adopted Bandcenterc 148.1±3.5 218.5±2.3 275.5±2.0

Calculated Effective Bandcentersd

Synchrotrond 148.6 218.4 276.9

Free-freed 149.0 218.8 277.3

Rayleigh-Jeansd 150.2 219.9 278.4

Dusty sourced 151.0 220.4 279.1

CMBd 149.6 219.6 276.8

SZ effectd 148.5 220.2 279.3

Synchrotrone 147.6 217.6 274.8

Free-freee 147.9 218.0 275.4

Rayleigh-Jeanse 149.0 219.1 276.7

Dusty sourcee 149.7 219.6 277.4

CMBe 148.4 218.3 274.7

SZ effecte 146.9 220.2 277.2

aBased on a composite of room temperature measurements. Does not include lenses or coupling
to the detectors.

bMeasurements were made with all filters installed in MBAC. The numbers are from averaging
multiple band-passes and the errors are the rms of the measurements.

cThe average of the composite band-pass and MBAC-measured bandpass.
dCalculations use the measured average band-passes taken with all filters in place. Spectral index
α used for source bandcenter calculations are: synchrotron emission = -0.7, free-free emission =
-0.1, Rayleigh-Jeans emission = 2.0, dusty source emission = 3.5

eCalculated by averaging the values derived using the measured average band-passes taken with
all filters in place and the composite room temperature band-pass for a given source spectrum.

Understanding the exact nature of the shape of the beam pattern is necessary to

make maps and recover the true sky-only signal.

To first order, telescope resolution can be approximated by the Rayleigh cri-

terion, sin(θ) = 1.22λ/D, where λ is the wavelength of observed radiation and

D the diameter of the telescope’s primary mirror. The diffraction-limited ACT
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optics nearly uniformly illuminate the primary, incorporate an approximately cir-

cularly symmetric pupil stop and feed a close-packed free-space detector array

with square pixels of size on order the wavelength of incoming radiation. This ge-

ometry leads to a beam shape that is consistent with an Airy function (first order

Bessel function) integrated over the experimental frequency bandwidth and the

square shape of ACT detectors. The effect of detector shape and finite bandwidth

is to slightly dampen the sidelobes of the Airy disk.

The ACT beams were precisely characterized with observations of Saturn dur-

ing the 2008 season as the planet rose or set through an elevation of 50.5◦, the

nominal observing elevation (see Section 3.2). Saturn is observed by ACT to have

an effective temperature of ≈ 9 K once the dilution factor, the ratio of the planet

solid angle to the estimated beam solid angle has been accounted for. It is the

brightest object we can observe without saturating our detectors; Jupiter has an

effective temperature roughly three times that of Saturn for ACT. Maps were pro-

duced in the same way as described in Section 3.4. Twenty-three, 30, and 13 maps

of Saturn were co-added at 148, 218 and 277 GHz respectively, and used to fit an

elliptical Gaussian point-spread function for each detector which integrates the

effect of square detector pixels at each frequency. The high signal-to-noise ratio

(S/N) achieved revealed the expected sidelobes, but also showed some residual

striping, likely due to a calibration error.

The beam parameters for each of the 148, 218, and 277 GHz optics assemblies

are contained in Table 2.4. The axis angle is the angle of the semi-major axis

relative to the x-axis, increasing counter-clockwise. The maps are shown in Figure

2.14, with logarithmic colour scale. First sidelobe peaks appear at radii of roughly

1.7′ , 1.2′ and 1.0′ respectively at ≈ -15 dB from the peak. A second sidelobe

appears at approximately -20 to -24 dB.

The fidelity of the beam models and astrometric accuracy of the pointing

solution are discussed in the context of the ACT point source catalogs in Section

5.1.2.
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Table 2.4 Summary of Beam Parameters from the 2008 Observing Season

148 GHz 218 GHz 277 GHz

Solid Anglea(nsr) 217.7 ± 3.6 117.6 ± 2.8 97 ± 12

Major FWHMa(’) 1.401 ± 0.003 1.012 ± 0.001 0.891 ± 0.04

Minor FWHMa(’) 1.336 ± 0.001 0.991 ± 0.001 0.858 ± 0.005

Axis Anglea(
◦
) 66 ± 1 45 ± 2 66 ± 10

aError bars are effective 1σ errors. The 277 GHz error bars are relatively large due to the larger
systematic errors from modeling the atmosphere, which is brighter at this frequency.

2.4 The ACT Detectors

The ACT bolometric detectors were fabricated at the NASA Goddard Space

Flight Center Detector Development Laboratory using a pop-up design, where the

detector legs carrying the read-out wiring are folded so that they are out of the

detector plane (Li et al. [1999]; bottom left panel of Figure 2.15). A “column”

of an ACT array consists of 32 detectors fabricated as a single silicon chip. Each

bolometer is approximately 1 mm2, and consists of a phosphorous-doped silicon

absorber which heats up when it receives incident photons (top right panel of

Figure 2.15). Optical coupling results from the surface resistivity (≈ 100 mΩ per

square pixel), improved further by placing a silicon layer ≈ 100 microns away from

the pixel for impedance matching to air. Atop the absorber sits a molybdenum-

gold transition edge sensing (TES) bilayer detecting element, the resistance of

which changes with the temperature of the absorber (top left panel of Figure

2.15). Thirty-two columns are placed side-by-side to fill the focal plane efficiently,

possible because of the pop-up design (bottom right panel of Figure 2.15), and

therefore each array has 32 “rows” of detectors. Array columns are mounted

in a tellurium copper holder, held in place by springs that apply force in two

perpendicular directions to achieve the required array alignment specifications of

roughly ± 20µm. Thus 32× 32 = 1,024 detectors map the sky at each frequency.

Each detector, with a normal resistance of ≈ 30 mΩ, is kept on its transition

between normal and superconducting, in the range 0.2 - 0.8 times its normal

resistance, through a negative electrothermal feedback loop. Incoming optical
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Figure 2.14 Clockwise from top left: Beam maps made from 23, 30, and 13 obser-
vations of Saturn for 148, 218, and 277 GHz respectively. Scale is in units of dB
with respect to the peak (at 0 dB).

power translates to an increase in resistance of the TES, which would drive the

detector towards normal. However, the detectors are voltage biased by the warm

MCE electronics (Section 2.4.3) with an ≈ 0.7 mΩ shunt resistor in parallel (see

Figure 2.16). Voltage bias results in a decrease in current through the TES,

which serves to drive the TES towards superconducting. Combined with the
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Figure 2.15 Photographs of ACT detectors and cameras. Detector components
were fabricated at the NASA Goddard Space Flight Center and the National Insti-
tute of Standards and Technology at Boulder, CO, and integrated at Princeton.
Top Left: A single molybdenum-gold TES. Top Right: A single 1 mm2 silicon-
doped detector absorber with its TES. Bottom Left: A column of 32 detectors.
Bottom Right: The 148 GHz array.

thermal bath being servoed to ≈ 310 mK, this interplay serves to keep the detector

operating point stable, and widen the detector bandwidth. The voltage-biased

feedback loop has its changing current signal amplified and read out via a series

of superconducting quantum interference devices (SQUIDs), which also increases

the speed of detector response. This readout system is described in further detail

in the following section.

2.4.1 Detector Parameters

The saturation level, the noise level, and the time constants of the TES detec-

tors are the three critical parameters for array functionality and sensitivity. The

saturation power determines whether the detectors can function without saturat-
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Figure 2.16 An ACT detector circuit diagram. The TES is voltage biased (VB)
in parallel with a shunt resistor, RSH . Therefore changes in incident power trans-
late to a change in current which is passed through an inductor, L, placed in
series. This creates magnetic flux at the inductor which is detected by a nearby
super-conducting quantum interference device (SQUID), the first in a chain that
amplifies the signal. Signal is read out as the negative feedback required to keep
the SQUID in its linear regime.

ing during observations, and depends on the bath temperature, the TES transition

temperature (≈ 0.5 K), and the thermal conductivity G - the weak link between

the detectors and the thermal reservoir. The detectors are thermally linked to

the 300 mK bulk silicon reservoir by four legs ≈ 5 - 10µm wide by 1µm thick, and

≈ 0.5 - 1 mm long. Two legs carry the superconducting wires for biasing the TES.

These legs define G, which is tuned for each array so that the heat produced by

an incoming photon can be read out on the TES before it is lost to the heat bath,

but on timescales longer than it takes to read out the signal (the time constant

of the system is ≈ 1 - 2 ms).

The detector time constant, f3db, determines how quickly the telescope can be

scanned across the sky without low-pass filtering small angular scale signals. Its
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value depends on the heat capacity of the TES, the conductivity of the link to the

thermal bath, and the electro-thermal properties of the TES. The time constants

for the ACT arrays as measured through optical loading tests are discussed in

more detail in Section 2.4.4.

The dominant source of noise for these detectors is thermal noise, in the ther-

mal links connecting the detectors to the bath. The noise level impacts the ratio

of photon noise to detector noise and affects the final sensitivity of the sky maps.

One additional “row” of detectors on the readout card is kept dark, with the

TES not connected to its corresponding absorber. Without being exposed to sky

signal, these dark TESs effectively track detector noise and thermal drifts.

Columns in an array are grouped according to common superconducting tran-

sition properties, and groups have common voltage-biasing input lines. The

277 GHz array has higher detector resistance, so higher-valued shunt resistors are

used. The sensitivities of the 148 GHz and 218 GHz arrays are ≈ 30µK
√
s and

45µK
√
s respectively in CMB temperature units. Due to incongruities at the

fabrication level, the 277 GHz array has a greater spread in transition properties

which, despite the implementation of different bias currents, has proven problem-

atic for data analysis. Table 2.5 lists some of the basic properties of the TES

detectors for each of the three arrays, including their thermal conductivities, G,

their critical temperatures, Tc, their dark noise (NEP), and their time constants,

τ . For a more complete description of the ACT detectors, see Marriage et al.

[2006] and Niemack et al. [2008]. A detailed treatment of TES physics may be

found in Irwin and Hilton [2005].

Table 2.5 The ACT Detector Parameters

Array G Tc Dark Noise τ

(pW/K) (mK) (W/
√

Hz ) (ms)

148 GHz 80± 20 510± 20 (6± 2)× 10−17 1.9 ± 0.2

218 GHz 120± 30 510± 20 (5± 1)× 10−17 2.5 ± 0.4

277 GHz 300± 60 500± 30 (7± 1)× 10−17 1.6 ± 0.3
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2.4.2 Cold Readout Electronics

Prior generations of bolometer arrays were limited to fewer pixels partly due

to the sheer number of wire connections to the dewar necessary to read out all

signals. A multiplexed SQUID readout system, developed at the National Institute

of Standards and Technology (NIST), reduces the number of wires by a factor of

32, from 2048 to 384 for a 1,024-element array, which makes a thousand-element

array feasible, and also reduces the thermal load on the cryostat.

SQUIDs consist of two coupled Josephson junctions, extremely sensitive to

changes in magnetic flux. The readout chain consists of three stages of SQUIDs,

each operating with a resistance range (dynamic resistance) of about 2 - 4. Each of

the 32 TES’s in a column of an array is inductively coupled to a first stage SQUID

(S1), physically located on a NIST multiplexing (MUX) chip (Figure 2.17), also

kept at ≈ 300 mK. An increase in photon loading creates an increase in resistance

of the TES, and a corresponding decrease in the magnetic flux is generated by the

inductor in series.

The MUX chips include one dark SQUID used for testing and noise analysis

purposes both in the laboratory and while observing. When the S1 SQUIDs along

a row are turned on, that row of detectors is read out, with the rest of the SQUIDs

along each detector column remaining off, contributing no signal to each detector

column’s series inductor loop. The inductor loop for each column of detectors is

coupled to a single second stage SQUID (S2), which also resides on a column’s

MUX chip. Superconducting niobium titanium cables pass through a 1 K thermal

clamp, carrying the signals to a SQUID series array (SA) readout module that

amplifies the signal. The SA contains a series of identical inductors that are each

coupled to a SQUID, biased in series. With the application of an identical flux to

each, their responses are thus summed and they serve to amplify the signal by a

factor of about 100, generating a signal that is both strong enough and with low

enough noise to allow for amplification by warm electronics without dwarfing the

signal in added noise. The SA module is kept at the 4 K stage, approximately

30 cm away from the detectors and MUX chips, enclosed in magnetically shielded
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Figure 2.17 A NIST SQUID MUX chip (black) with stage 1 (S1) SQUIDs and
inductors appearing as pink squares, and a stage 2 (S2) SQUID on the right at
the end of the chip.

boxes. This is necessary since the SQUIDs and inductors are sensitive to changing

magnetic fields from both Earth’s DC field and AC fields induced by telescope

motion through Earth’s DC field and potential fields such as those generated

from the telescope motors. Cryogenic transmission line runs from the series array

output to the MCEs outside the cryostat.

A time-domain multiplexing scheme biases and reads out each detector one

at a time; an entire array is read out at 15 kHz by the warm multichannel elec-

tronics (MCEs; Section 2.4.3). Inductors, controlled by a proportional-integral

(PI) feedback loop via the MCE, cancel the signal on each SQUID stage, keeping

them in their linear regime. Given the periodicity and trigonometric curvature

of the highly nonlinear SQUID response curves, this can only be approximated

by maintaining a very small range of input flux values where the curve is both

71



Figure 2.18 An electrical schematic layout of multiplexed detector readouts. Each
TES (∼ variable resistor) is voltage biased with a shunt resistor. A change in re-
sistance of the TES from incident optical power causes a changing current through
an inductor in series. The changing current produces a changing magnetic flux
that is measured by the corresponding SQUID (SQ1), and through the summing
coil coupled to the single stage 2 (SQ2) SQUID on the MUX chip. This SQUID
output is connected to the Series Array (SA) SQUID readout, which leads to the
warm readout electronics (MCEs). A feedback inductor cancels the induced sig-
nal, keeping the SQUID linear. The final measured signal in our data stream is
the feedback current.

relatively flat, and not near a turnaround point. This requires that there be a

flux feedback loop and inductor associated with every SQUID in the system. This

feedback loop provides an amount of flux to oppose changes in flux through the
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SQUID loops due to any sources. The signal that is to be measured from the

detectors is the primary source of flux that must be cancelled. The change in

voltage output is measured to determine the feedback. This feedback signal is

what is actually recorded as the detector signal. Inherently differential, this sig-

nal current measures the integral of all feedback necessary to restore the TES to

its nominal setpoint on its superconducting tansition. Fast readout and feedback

keep the detector well within the approximately linear regime of this transition in

general, although extremely large signals (eg. Jupiter) can cause the detectors to

become normal due to the huge amount of optical power incident on the arrays.

2.4.3 Warm Readout Electronics

ACT uses time-domain multichannel electronics boxes (MCEs18) developed

at the University of British Columbia (UBC) for readout of the detector system

signals. The MCEs attach externally to the MBAC, one for each detector array.

The three MCEs are connected to three storage and control computers in the

equipment room through six (3 TX/RX pairs, 250 Mb/s) rugged multimode fiber

optic carriers. The raw data signals from each MCE, in digital-to-analog converter

(DAC) units, are decoded by a PCI card from Astronomical Research Cameras,

Inc.19 in the corresponding computer.

The MCEs control the direct application of bias currents to the detectors and

SQUID readout systems. These devices operate on a 50 MHz base clock to control

the multiplexing of the S1 biasing, readout, and feedback voltage control, divided

down to 100 clock cycles per detector row. Nyquist inductors at 0.3 K band-limit

the response so the array can be multiplexed with minimal aliased noise while

maintaining stability of the loop (Niemack [2008]). This control uses a PI loop to

determine the appropriate feedback voltage based on samples of previous signal

voltages (the error signal or voltage). Field programmable gate arrays (FPGAs)

allow the biasing and readout tasks to be preprogrammed, and acquisitions are

simply queued by the corresponding array computer.

18http://cmbr.phas.ubc.ca/mcewiki/index.php
19http://www.astro-cam.com/
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The MCEs are capable of reporting any combination of the S1 feedback and

S1 error voltage signals, as well as other derivative quantities of these readouts.

The MCEs temporarily store both the feedback and error signals for each detector

at every sample internally, and the signals are time-domain filtered, applying a

4-pole Butterworth filter with a roll-off f3dB = 122 Hz to the feedback stream from

each detector. This filtering is implemented digitally, has a flat passband, and

reduces the data rate from the internal sampling rate of 15.15 kHz down to our

measurement sample rate of approximately 400 Hz, sufficiently high to reduce

aliasing of high-frequency noise into the ACT primary signal. Additionally, the

MCEs are capable of reporting raw 50 MHz data; a mode useful for testing.

The synchronization (synch) box sends a trigger to coordinate the 3 MCEs

reading out the 3 arrays. A clock in the synch box labels each 2.5 ms block of

data with a unique serial number that is also added to the housekeeping data. One

computer in the control room is devoted to merging the data from the 3 MCE

computers, one for each array, and the housekeeping computer, synchronizing it

using the serial numbers produced by the synch box. About 32 GB of data are

written each day.

2.4.4 Optical Time Constants

One of the critical bolometer properties that determine the functionality and

sensitivity of the detector arrays during observations is its time constant. The

time constant is defined by the response of a detector to a delta function change in

power, primarily determined by the heat capacity of the detector and the thermal

link to the 300 mK bath. The detector response will determine which angular

scales on the sky are low-pass filtered as the telescope scans. The close-packed

TES arrays, with their full sampling of the field, fast response, sensitivity, and

stability, open up new possibilities in image synthesis and observing strategies.

With the high level of redundancy, one may scan the array over the sky at rates

of ≈ 1
◦
/sec and solve for the celestial component in the presence of atmospheric

and instrumental fluctuations. Each sky pixel will be observed with detectors on

multiple time scales, scanned in a cross-linked pattern by observing it both in
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the west and east. This highly interlocking set of constraints provides a strong

spatio-temporal filter that helps control systematic errors to very low levels.

A point source transits across the detector array in τarray transit ≈ 0.4 s. With

our nominal design, this puts the sample frequency, fsamp = 2.5/τpixel transit, for a

single detector at 110 Hz. Hence, the need for fast detectors is evident. If they are

too slow, they will filter the sky signal at small angular scales. The atmospheric

contribution also has an approximate 1/f spectrum and is separable from the

celestial contribution because wind drives it by the telescope at ≈ 0.5
◦
/s. The

number of degrees of freedom needed for the atmospheric/detector solution turns

out to be smaller than the number of spatial pixels for ACT, differing from the

traditional “averaging down” of the atmosphere.

Two methods to determine detector time constants are measuring bias-step

response, and measuring the response to a chopped source (≈ square wave source

signal) at a variety of different frequencies. In the detector bias-step technique,

a square-wave step is applied to the detector bias line. This method has been

integrated into the MCE, can be made with high signal-to-noise across the entire

array in under a minute, and is repeated each night multiple times. The bolometer

current response is fit with an exponential function to extract the time constant.

The chopped source method most aptly measures the detector response to

different angular scales as the telescope scans across the sky. Optical chopper

measurements were taken using a moving chopper wheel placed in front of the

MBAC window on the telescope, so that the chopper wheel presented a reflect-

ing surface to the detectors, with small apertures open to the atmosphere as a

source. The chopper wheel was locked at a frequency between 4 and 200 Hz, and

about a minute of data acquired. This was repeated at different frequencies (in

approximately random order), so that some frequencies were regularly repeated to

monitor the stability of the measurements. Data was analyzed by Fourier trans-

forming the time streams, integrating over the fundamental peak of the response

to the chopper, and subtracting the white noise background power spectral den-

sity (PSD). The bolometer f3dB is calculated by fitting a single-pole filter response

model to the frequency response,
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Ipeak =
IDC√

1 + (f/f3dB)2
. (2.11)

The f3dB results for each array are shown in Figure 2.19. Bias-step measurements

were acquired before and after the chopper measurements. Comparison shows

that the bias-step time constant measurements, scaled by a constant factor of

1.78, match the chopper results. Time constants for the arrays are summarized

in Table 2.5.

Figure 2.19 Optical time constants for the three detector arrays in Hertz, ranging
from 0 Hz< f3dB < 200 Hz. Squares with no data represent detectors that were
not working or which had their field of view blocked by the chopper wheel. Top
Left: 148 GHz array f3dBs. Top Right: 218 GHz array f3dBs. Bottom: 277 GHz
array f3dBs.
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2.4.5 Detector Array Pointing

A pointing model for each detector is essential for coadding maps. Inaccurate

coadding reduces the peak amplitudes of point sources and clusters, distorts their

apparent sizes, and affects parameter estimation using the power spectrum. Ab-

solute pointing accuracy also affects the fidelity of matching ACT source catalogs

with those of other experiments.

Aside from beam mapping, planet observations are used to ascertain the posi-

tions of detectors in the focal plane (Figure 2.20) and calibrate detector response

(Section 3.3.3). The three arrays do not image the same region of sky simulta-

neously, and so a unique pointing solution is required for each detector. Several

scans over planets while comparing the azimuth and elevation encoder readings

to the known planet locations from an ephemeris were averaged together to give

a detector offset look-up table.

The offset between arrays is minimized by positioning the optics tubes as close

together as mechanically possible, coupled with scanning the telescope in a way

that maximizes the total sky coverage overlap among the different frequencies.

Azimuth scans create natural overlap in coverage for the 148 GHz and 218 GHz

arrays except at scan endpoints, and sky rotation overlaps sky coverage between

the top and bottom rows of the arrays.

To evaluate the absolute pointing accuracy, the measured peak location of

Saturn was compared in several maps throughout the observing season. Despite

daily solar heating of the mirrors causing a change in relative position by up to

4′ , the telescope settles back to the same position every night to within 8′′ . These

changes over the course of an observing season, as well as an observed pointing

offset correlated with azimuth, are accounted for at the map-making stage.

For further details on the MBAC and ACT detectors, the subject of several

ACT doctoral theses, we refer the reader to Swetz [2009] (the MBAC), Marriage

[2006] (ACT TES parameters), Lau [2007] (array assembly), Niemack [2008] (array

characterization), and Zhao [2010] (ACT TES response modelling).
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Figure 2.20 Individual detector pointing centers based on Saturn observations.
The red, green, and blue symbols correspond to the 147 GHz, 217 GHz, and
277 GHz detectors and detector arrays in the focal plane respectively, with non-
working detectors missing data points. Figure courtesy of A. Hincks.
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Chapter 3

ACT Observations, Scan Strategy

and Map-making

The ACT map-making method provides maps that are unbiased for all modes,

with the range of multipoles constrained by the amount of signal, which becomes

small below l . 300 and above l & 10,000. The observing scan strategy, discussed

in Section 3.2, cross-links sky maps in order to recover sky signal in modes coherent

with (and therefore contaminated by) the atmospheric signal. While it is possible

to produce high quality, high fidelity maps, it is a complex process. The large

amounts (> 80 TB) of data taken, and the detailed analysis required to reconstruct

pointing and calibration solutions have necessitated special study and the use of

the SciNet computer cluster at the University of Toronto to compute. Variations in

calibration and pointing occur from season-to-season as well as within a season,

as do the observing patterns and even the physical components of the optical

trains for two of the arrays. For example, in 2008 the 218 and 277 GHz arrays

had silicon anti-reflection coupling layers as the last optical element before the

bare arrays, but these were removed for successive seasons as they vibrated to

the point of causing eggregious signal. To create maps with arcsecond pointing

uncertainties and signal fidelity on arcminute (beam-sized) scales, these effects

had to be accounted for. Maps for preliminary science results were made at 148

GHz and 218 GHz. We are currently in the process of combining data from 2007

through 2010 for both the southern and equatorial regions of sky at 148 GHz and
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218 GHz. Due to complications involving the intrinsic properties and biasing of

the 277 GHz array, its data maps will be processed last.

This chapter details the process of turning sky observations into data maps

from which CMB, galaxy cluster and galaxy science can be produced. It describes

the four seasons of ACT observations, with corresponding scanning strategy. The

data pipeline for the 148 GHz 2008 southern strip is discussed in some detail,

including selection cuts, flatfielding of the array, calibration, beams and pointing.

This array was the first to have its data processed, and the data reduction pipeline

is very similar for the other data sets. The point source study in Chapter 5 is

based on the 2008 southern strip maps at 148 and 218 GHz. Much of this chapter

follows an imminent ACT publication, Dunner et al. [in prep].

3.1 Observations

ACT initiated science observations with the MBAC instrument on November

15, 2007. During this first season, which ended on December 16, 2007, MBAC

contained only the 148 GHz array. In January 2008, the beginning of the Bolivian

winter, MBAC was returned to North America, to be outfitted with the 218 GHz

and 277 GHz arrays. MBAC was then returned to the telescope for its second

observing season, the first with all three frequencies observing simultaneously,

spanning August 11 through December 24, 2008. The third observing season

ran from April 2009 through December 2009, and the fourth and final season of

observations from April 2010 until shutdown on January 19, 2011.

ACT has scanned two regions of sky, with approximately equal amounts of

time spent on each. One is a southern strip ≈ 5◦ wide, centered at ≈ −53.5◦

in declination, spanning right ascension 18h 54m through 24h (0h) to 7h 36m. The

other, an equatorial strip centered on the celetial equator, covers almost all right

ascensions. These regions were chosen to be away from the galactic plane, where

foreground emission from galactic dust would be detrimental to the data analysis.

Figure 3.1 shows the sky covered by ACT as a function of estimated noise level

for the 148 GHz array for the 2007 through 2009 seasons. The 2010 season data
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Figure 3.1 Sky coverage as a function of estimated noise level for the 148 GHz array for the 2007 through 2009 seasons. Typical
noise (980µK-

√
s), 600 live detectors, and 75% of data kept after cuts for bad weather, etc. are assumed. Areas with noise level >

80µK/arcmin2 are not plotted here. Figure courtesy of Matt Hilton.
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falls within these areas, as do the observations carried out at the other two ACT

frequencies.

Nightly observation routines are dictated by a schedule file which specifies a

task with a given set of input parameters, including execution time. Our scan

strategy is simple enough that no decision structure is required by the scheduling

routine once the file has been compiled. Scheduled events, scans of the ACT

regions or planet observations, are translated to specific device calls in the schedule

dispatcher, passed to the designated devices controlling the telescope motors. The

refrigerators are cycled daily, in an ≈ 8 hour cycle, during the daytime when ACT

does not take data due to solar heating deforming the telescope significantly.

As the Sun sets, a nightly schedule will typically begin the process of warming

up the telescope motors and gears. The detectors are then biased, and a load

curve and series of bias steps acquired for later characterization of the array (see

Section 3.3.3). Observations continue throughout the night, interspersed with

bias step sequences which enable a determination of the fluctuation in detector

calibrations through the night. If a planet is available, it will be scanned over

approximately once every two nights for absolute temperature calibration and

beam characterization purposes. A final bias step sequence and load curve are

performed at the end of the night before the telescope is stowed and a refrigerator

cycle initiated. These operations have been automated so that observers do not

have to be on-site to execute them.

3.2 Scan Strategy

The atmosphere is by far the largest signal on the sky in the ACT frequency

bands, with a temperature equivalent to tens of Kelvin (Figure 2.1). Airmass

changes with observation elevation angle, which causes a gradient on top of this

large DC component. Therefore, CMB observations are conducted at a fixed

elevation of 50.5◦. Scans are conducted in azimuth over a few degrees at constant

elevation east of the South Celestial Pole (SCP) for half the night as the field rises,

and then west of the SCP as the field sets. This scan pattern uses sky rotation

82



to produce an annulus on the sky about the SCP with natural 60◦ cross-linking

folded in, critical for the removal of scanning-induced systematic effects such as

striping from the maps (Tegmark [1997]). The only observations not carried out

in the manner described are of planets. If a planet can be observed at an elevation

not too far from nominal on a given night, a location on the sky is targeted where

the planet will pass through as the telescope scans back and forth.

Over an observing season, every point on the sky in the ACT regions is seen

by different detectors multiple times, on varying timescales. The combination of

these signals (“cross-linked”), allow us to best estimate the value of the sky at that

point. Only a portion of the right ascension range of either ACT region can be

observed in one night, but over the course of the observing season, the whole range

in right ascension is covered. Any contamination correlated with scan direction

may be mitigated by coadding rising and setting maps, which form the cross-

hatching pattern evident in Figure 3.1. As well, suppressing spatial modes on the

sky parallel to the scan direction will not lose all information in phase space in the

final maps, since the rising and setting data, with crossed scan directions, would

have these spatial modes suppressed along different directions.

Since the MBAC cryogenics were designed to remain stable during azimuth

scans, the speed of the scan is set primarily by the time constant of the mean

detector response to optical signals on the sky. In 2008, the scan pattern about

a central azimuth pointing was 7.0◦ in amplitude, with a period of 10.2 seconds,

a speed of 1.5◦/s, and a maximum acceleration of 3.3◦/s2 during turnarounds.

With these parameters, the telescope stays within 200′′ rms of the desired path

the entire time, and the sky is observed through the entire scan.

3.3 ACT Data

3.3.1 Data Management

At the telescope site, four dedicated data acquisition computers collect house-

keeping data, and data from the MCE assigned to each detector array. The data
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rate from these computers is about 4.5 MB/s, and on an average night in 2008,

9.6 hours, or 160 GB, of data were recorded. A separate computer is used to

align and merge these signals, creating a reference database. Large capacity hard

drives are problematic at the ACT site due to the dusty environment and low

atmospheric pressure. Therefore, to prevent hard-drive failure at high altitude,

all of the site drives are contained in individually pressurized aluminum boxes

with either ESATA or USB interfaces. The RAID drives located in San Pedro do

not need to be pressurized. The data is sent via radio ethernet link to computers

in San Pedro where it is stored on hard drives on a larger, intermediate, RAID

storage node. Before leaving Chile on drives which are human-transported back

to North America for analysis, the data is first compressed by ≈ 60% using a

lossless ACT-specific compression scheme, “slim”1, written by J. Fowler, which

still amounts to roughly 6 GB per hour. Since first light, ACT has produced

> 90 TB of data over 4 observing seasons. In the 2008 season, a total of 1423

hours of observations resulted in 25.7 TB of data for the three frequencies before

data selection.

The data for each array consist of 1024 individual bolometer channels sampled

at 400 Hz, stored in a file called a time-ordered data-frame (TOD) file. During

observations, data is recorded in a file marked according to the c-time (based on

coordinated universal time) corresponding to when a given observation started

and a sequence number, and each file is closed after ≈ 12 minutes, at which point

a new file is opened and data writing switches to the new file without interruption.

The TOD length was chosen such that the file sizes are manageable, as well as

having 2n data points for ease of Fourier analysis further along in the pipeline.

Typical timestreams are shown in Figure 3.2.

3.3.2 Data Selection

Raw data is first evaluated for weather and telescope operation constraints.

Whole TODs (all detectors) may be cut if they corresponded to data taken for

testing, data taken after sunrise, poor weather (PWV > 3.0 mm), or had fewer

1http://slimdata.sourceforge.net/.
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Figure 3.2 Top: A sample detector timestream in units of mK in CMB equivalent
units from October 21, 2008 at 148 GHz, during good observing conditions (low
opacity), with 0.224 mm of precipitable water vapor (PWV). The median PWV for
the ACT 2008 observing season was 0.49 mm. High frequency structure evident
in the time-ordered data (TOD) are dominated by detector noise, whereas on
longer timescales, the drifting in amplitude is due primarily to changes in optical
loading from the atmosphere, followed by thermal fluctuations in the cryogenic
bath cooling the detectors. Figure courtesy of R. Dunner. Bottom: A detector
timestream where Saturn passes through the telescope beam. Again, the signal
on long timescales is dominated by atmosphere. What appears as spikes is the
signal caused by Saturn passing through the beam as the telescope scans back
and forth.

than 400 well-behaved detectors (according to criteria which are described below).

After weather and telescope operation data cuts, the 2008 season consisted of 120

nights of science-worthy observations with a median PWV of 0.49 mm, resulting

in ≈ 1375 hours of data.

A fraction of detectors have data automatically excluded, mostly for reasons
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pertaining to manufacturing defects or extremely slow response. The median time

constant is 1.9 ms (f3dB = 84 Hz). The detector time constant acts as a low-pass

filter on the sky signal during scanning, with time constants < 50 Hz reducing

the response of a detector to a point source by more than 4% given the ACT scan

speed. Thus detectors with optical time constants below this threshold are cut

from the data.

Detectors not operating between 20% and 80% of their normal resistance have

nonlinear responses and their data is rejected. In frequency space, drifts in de-

tector signal (due to drifts in the array temperature, for example) imprint a 1/f

signature on the data. Detectors with a 1/f knee or white noise level ampli-

tude twice the array average are also cut. Typically, detectors with abnormally

high noise levels are the result of an improper biasing of the readout multiplexing

SQUIDs.

To reduce computational load the data are cleaned and have cuts applied only

once. The results are stored in a depot that can be accessed by the map-maker.

The data from all detectors are processed simultaneously for each TOD file, with

the mean and slope removed for each TOD.

Glitches - transient jumps or dips in the data time stream such as those caused

by cosmic ray events - are cut out of the TODs. TODs which are only partially

cut have their resulting data gaps filled in with an interpolation. Approximately

2% of the data is cut for exhibiting these characteristics. If two cuts are separated

by less than 5 seconds, they are joined into a single cut. When more than 20% of

a detector TOD is cut, then the full 15 min detector TOD is cut.

The next step is to check whether the detector responded to atmospheric emis-

sion in the same way as the rest of the array, following the common mode. If its

signal deviates from the atmosphere drift too much, the TOD is cut. Detectors

with a signal drift which correlated with the common mode drift for the array at

< 98% were cut. Post-calibration, if the amplitude of the atmospheric drift on

a detector differs from the rest of the array by > 15%, these data are removed.

The data are then binned according to scan, and the rms, skewness and kur-

tosis is evaluated for each bin, to check for non-Gaussianities in detector noise
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caused by electromagnetic pickup, conducted electrical noise or opto-mechanical

perturbations.

After applying the selection criteria, the average number of effective detectors

was 615.5 ± 91.2 for the 148 GHz array over the 2008 season. The effective sen-

sitivity of the 148 GHz array, including all instrumental and atmospheric effects,

was 30.9 ± 2.6 µK
√
s in CMB temperature units.

3.3.3 Calibration

Once the set of well-behaved detector data has been compiled, the data is

calibrated to account for the detector properties and electronics, camera and tele-

scope optics and atmospheric conditions. Calibrating the response of an array of

bolometers is a three-step process.

First the response of each bolometer to a given signal must be determined, the

time-transfer calibration and conversion from measured DAC counts to changes

in detector power. Before the start of each observing night, a load curve is taken

on each detector channel to calibrate the detectors’ responsivity (power-to-current

conversion). The load curve test is conducted by ramping the bias currents of the

detectors down from above the critical currents for all detectors and recording the

set of bias currents applied, and therefore the output feedback current is acquired

over the full range of input bias currents. The first order DC-responsivity can

be derived from this measurement, allowing for immediate calibration of a given

night’s measurements, useful for monitoring field performance. The stability of

this calibration through the night is monitored using bias steps. In the bias step

test, a small square-wave pulse is applied to a detector bias line, producing a small

fractional change in power through the detector. In effect, this is a two-point load

curve, attractive because the measurement only takes a few seconds and does not

increase the load on any of the cold stages (thereby reducing the hold time of any

of the refrigerators). Testing revealed that the gain of each detector remained

constant over the 2008 season to better than 2%. Three bias steps are taken each

night, one at the beginning, middle, and end of observations.

The second step of the calibration monitors the relative response of each
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bolometer to the changing atmospheric signal. Assuming that all detectors in

a single array should have the same response to a constant amplitude near-field

source such as the atmospheric layer ≈ 1 km above the telescope, we can calculate

detector gains relative to one another. To prevent scan-synchronous signal from

biasing the calibration, telescope scanning was stopped on several nights for > 5

minutes. A template was fit to these “stare” data and the relative calibration be-

tween detectors was determined. The relative rms for the flat-fielding calibrations

applied by this method through the season is 1% for the 148 GHz and 218 GHz

cameras, limited by the variability of the atmospheric signal and the accuracy of

the template fitting.

Finally, an absolute calibration must be determined that will translate data

acquisition units into units of sky temperature. We have two independent absolute

calibration methods: through cross-correlation with WMAP, and measuring the

peak response of the telescope to Uranus. Cross-correlation to the WMAP data

requires sky maps with good signal-to-noise ratio (S/N) on large angular scales

to overlap the scales measured well by WMAP. This study is presented in Hajian

et al. [2010], and finds an absolute calibration with an uncertainty of 2%. Uranus

has a brightness temperature of TUranus = 112 ± 6 K. Using planets for calibration

is complex as it requires knowledge of the expected emission from the source, the

solid angle of the source, the solid angle of the detector beams, and the frequency

response defined by the bandpass filter. Changing atmospheric opacity, which

diminishes the source temperature, must also be accounted for. Because the

planet source has a different spectrum than the CMB, the calibration must be

scaled to CMB temperature units. After adjusting for the telescope beam’s solid

angle (from Table 2.4) and Uranus’s solid angle, the response is compared with

the brightness temperature of Uranus, resulting in an error of 7%, dominated

by systematic uncertainties in extrapolating the temperature of Uranus to ACT

frequencies from WMAP frequencies. The two methods are found to be consistent

to within 1% at 148 GHz. The absolute celestial calibration is checked through

measurements of a planet roughly every other night.
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3.3.4 Pointing

Relative detector pointings are established with 1.2′′ certainty using over 22

observations of Saturn. Saturn is bright enough that each detector can detect it in

a single scan with high signal-to-noise without saturation. The two-dimensional

location is fit for for each detector relative to the array center, producing an

altitude and azimuth offset for each.

Absolute pointing was obtained using 20 bright radio sources from preliminary

maps to iteratively calculate and correct for offsets with respect to source loca-

tions taken from the Australia Telescope 20 GHz (AT20G) survey (Murphy et al.

[2010]). Radio interferometers such as the Australian Telescope can achieve very

precise positional accuracy for sources due to their very small beam size, with a

robust radio catalog such as the AT20G attaining astrometric accuracy to better

than 1′′ . Absolute detector array pointings on the sky for the two ACT southern

survey configurations (rising and setting: 150◦ and 210◦ azimuth, 50.5◦ elevation)

are established with 3.5′′ precision in right ascension and 3.3′′ in declination, with

a mean consistent with zero offset (see Section 5.1.3). The error in the offset cor-

rection from estimating the centroid positions of the point sources in the maps,

before matching them to the catalog positions, was found to be 2.6′′ .

3.4 The ACT 2008 Maps

The final step in the data reduction pipeline is map-making. An iterative

preconditioned conjugate gradient (PCG) solver is used to recover the maximum

likelihood map of the sky. The algorithm solves simultaneously for the millimeter

sky as well as correlated noise (e.g., a common mode from atmospheric emission).

The map projection used is cylindrical equal area (CEA) with a standard lati-

tude of -53.5◦ and 0.5 arcminute square pixels. The maps produced are the best

estimate of the sky at 148 GHz, with an estimator shown to be unbiased for all

multipoles (the average estimate produces the correct power spectrum; Hajian

et al. [2010]).
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3.4.1 Preprocessing

Before solving for the sky map, the data timestreams are downsampled by a

factor of 2, with no negative impact since the sky signal has a bandwidth . 30 Hz,

significantly lower than the data bandwidth (200 Hz; 400 Hz sampling rate). This

makes the data easier to manage, and serves to low-pass filter the high-frequency

part of the data which has low signal-to-noise. Before downsampling, the data

are low-pass filtered with a [0.25, 0.50, 0.25] time-domain triangular kernel. The

effect is to reduce the amount of power at the new Nyquist frequency caused by

downsampling. Aliased noise would otherwise increase the downsampled TOD

rms.

To revert the effect of the digital 4-pole butterworth low-pass filter applied

at the readout stage, the inverse filter is applied during the pre-processing stage.

Similarly, modeling the detector optical step response as an exponential decay

with a given time-constant, τ , we compensate its effect in the data by apply-

ing the equivalent inverse filter. The first and last 10 seconds of each TOD are

downweighted, and then each detector has an offset removed, with a single slope

removed for the entire array.

Dark detectors (and broken live detectors with properly working readout cir-

cuits) serve as trackers of correlated modes in the data not correlated to the optical

signal. Systematic signals that couple through the readout circuit can therefore be

removed without losing any sky signal. These modes represent systematics from

thermal drift, electromagnetic pickup and magnetic pickup. Dark TODs undergo

similar processing to the live detector data before being used to remove the corre-

lated modes, with a single slope and offset removed, and then filtered to remove

signal below 5 Hz. Most of the remaining signal is contained in a few independent

modes. A linear least-squares fit of the modes corresponding to the seven largest

eigenvalues of the correlation matrix of the high-passed dark time-streams to the

similarly processed live detector data is performed. The reconstructed fit is then

subtracted from the data. No additional filtering is performed in the time domain.

The atmospheric sky signal dominates the TOD signal and will produce corre-

90



lations between detector signals, well represented as a common mode signal across

all detectors, a linear combination of detector TODs. Though correlated across

the array, the atmosphere is uncorrelated when considering different observations

of the same region of sky, and so the atmospheric noise will average down with

successive observations. Singular value decomposition (SVD) of the matrix of

detector TODs can be used to identify correlated modes associated with large

singular values, which can then be deprojected from the data.

However, it is better to treat the correlated noise within the map estimation, as

simply subtracting the common mode will remove the correlated large-scale CMB

anisotropy on scales equal to or greater than the array size, and we would not

be able to probe below l of 600, inhibiting calibration with WMAP. Therefore,

in practice, a separate noise or atmospheric model is simultaneously solved for

in addition to the sky model. The atmosphere is found to be empirically well

represented as the ten modes with the largest eigenvalues in each TOD and solving

for their amplitudes as a function of time along with the map (Section 3.4.2).

3.4.2 Map-making

Map-making projects every TOD point onto a discrete map of the sky using

the pointing reconstruction solution. We start by modelling the data TOD, d, as

a linear combination of the sky signal and noise,

d = Mx+ ma+ n (3.1)

= M∗x∗ + n, (3.2)

where the matrix M projects the desired sky map x of length Npix into the time

stream, m represents the correlated modes, which optimally fit to each detector

TOD with an amplitude a, and n is the time-ordered noise, which has covariance

matrix N = nnT . Thus x∗ represents the integrated signal in every pixel on the

sky, with a value which we can estimate with a weighted average of all the TOD

samples that fall on it. M∗T M∗ is a diagonal matrix with the number of hits for
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every pixel, proportional to the integration time per pixel.

After pre-processing, the detector noise model is constructed as bins in Fourier

space. A better model for N, while making the map more optimal, will not affect

the expectation. The noise is minimized by finding the optimal weighting needed

when averaging the data samples on each pixel.

A Bayesian algorithm is used to estimate the sky map given the data. The

likelihood function,

L(x|d) =
1√

det(N)
exp

[
−1

2
(d−M∗x∗)T N−1 (d−M∗x∗)

]
, (3.3)

is minimized through a least squares solution. It can be shown that the extremal

likelihood is obtained when the mapping equation holds,

M∗T N−1 M∗ x̃∗ = M∗T N−1 d. (3.4)

Any solution of this form will be unbiased. The matrix M∗T N−1 M∗ is too ex-

pensive to invert directly, so instead we solve for x̃∗ iteratively using the precon-

ditioned conjugate gradient (PCG) method (Press et al. [2007], Hinshaw et al.

[2007]). The PCG method accelerates the solution of the mapping equation

through the use of a preconditioner matrix on both sides of the mapping equa-

tion, P, such that PM∗T N−1 M∗ is close to identity. An intuitive choice for the

preconditioner matrix, for example, would be the inverse of the matrix M∗T M∗.

The success of this method relies on the selection of preconditioner and a

careful understanding of the particular noise structure of ACT. Correlated modes

will not average down with increased integration time. In Fourier space, the data

are weighted to account for the variation in noise with frequency. For example, the

statistical weights are set to zero for frequencies < 0.25 Hz to reduce the noise that

the atmosphere adds at low frequencies. Higher frequencies are given successively

more weight in inverse proportion to the noise variance in each band.

The final maps are generated in a complete run on Canada’s SciNet GPC

cluster, on 5000 cores, each running at 2.53 GHz. A converged map requires

hundreds of iterations (≈ 100 seconds per iteration) and approximately ten CPU
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years. Figure 5.1 shows the final maps for the 2008 southern strip for 148 and

218 GHz, the result of the ACT-developed data analysis pipeline described in this

chapter.

Figure 3.3 ACT 2008 southern strip maps at 148 and 218 GHz. Four degrees in
declination by 60 degrees in right ascension. The top plot is the map at 148 GHz,
and the bottom is the map at 218 GHz.

The map sensitivities were characterized by the random noise level between 5

and 20 Hz. The random noise in the data, which excludes atmospheric contamina-

tion, appears to be dominated by detector noise. The total NET was found to be

30.9± 2.6µK
√
s at 148 GHz. The 218 GHz map is characterized by a sensitivity

level about 1.5 times that of 148 GHz, ≈ 45µK
√
s. This is due to a thinner AR

coupling layer for the 218 GHz array, which vibrated with greater amplitude than

for 148 GHz (leading to its removal after the 2008 observing season), and higher

atmospheric signal at 218 GHz.
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Chapter 4

ACT Power Spectrum and SZE

Galaxy Cluster Results

This chapter aims to illustrate the power of the ACT experiment and the

breadth of its results. From the 2008 ACT southern strip 148 GHz and 218 GHz

science maps presented in Chapter 3, the ACT CMB temperature anisotropy

angular power spectrum and galaxy cluster catalog were constructed. These in

turn can be used to derive cosmology. Though the author did not contribute

directly to these analyses, they are presented here as the scientific results of the

extensive instrumentation, fieldwork, and mapmaking pipeline to which the author

contributed. The next chapter, Chapter 5, is devoted to the development and

characterization of the ACT point source catalogs, the focus of the author’s ACT

analysis contributions.

4.1 The ACT Power Spectrum

Fowler et al. [2010] present the ACT angular power spectrum of the CMB radi-

ation observed over 228 deg2 at 148 GHz, estimated over the range 600< l < 8000

after masking point sources. Figure 4.1 also shows other contemporary measure-

ments, as well as a cross-correlation study between the ACT and WMAP maps.

Absolute calibration is based on observations of Uranus, limited by the uncertainty

in its 148 GHz brightness which is ≈ 6% (see Section 3.3.3). This is complemented
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by cross-correlating with the W-band (94 GHz) measurements of WMAP, which

also serves to test the fidelity of ACT maps on large scales. We recover the WMAP

power spectrum from 250< l < 1150.

Figure 4.1 Top: Recent measurements of the CMB power spectrum made by other
experiments. For all results, a radio point source contribution has been removed
either by masking and/or modeling the residual. APEX-SZ additionally masks
clusters and potential IR sources. Bottom: The ACT power spectrum derived
from 228 deg2 of the 148 GHz 2008 southern map. The inset shows the cross-
power spectrum between ACT and WMAP maps in the ACT southern field. The
solid blue curve is the ΛCDM model including lensing. The SZE and foreground
sources contribute power at high l. Figure from Fowler et al. [2010].

Fowler et al. [2010] use a model for the power spectrum at 148 GHz com-

prised of the primary CMB, an SZE contribution, and uncorrelated point sources.
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The power beyond the Silk damping tail of the CMB (l ≈ 5000) is found to be

consistent with models of the emission from point sources, the radio and dusty

infrared-emitting galaxies, and galaxy clusters. The brightest foreground galaxies

and clusters can be masked, but the net anisotropy power due to fainter unidenti-

fied sources still dominates the exponentially falling primary anisotropy spectrum

at small scales. The high multipole tail of the spectrum (l > 3000) is sensitive to

a variety of astrophysical phenomena, including the properties of the intracluster

medium, the redshift distribution and clustering of dusty star-forming galaxies,

and the physics of reionization, when the first stars and galaxies reionized the

neutral hydrogen around them with their prodigious flux.

The intermediate range, 2000< l < 4000, gets a significant contribution from

the tSZE, and lets us constrain the amplitude of the SZE spectrum, ASZ . The

SZE cluster contribution is quantified by fitting to a model normalized at σ8 =

0.8, constrained with amplitude ASZ < 1.63 (95% CL). Subject to uncertainty in

the SZE model used, this implies σSZ
8 < 0.86 (95% CL).

Das et al. [2010] augments these results by incorporating the second ACT

frequency, 218 GHz, and additional sky coverage (≈ 300 deg2). They also revise

their power spectrum estimation method to be able to detect the acoustic features

on the damping tail, probing the second through the seventh acoustic peaks in

the CMB power spectrum, and extending the range of multipoles probed to 500<

l < 10,000 at 148 GHz. Figure 4.2 depicts the angular cross-correlation power

spectra measured by ACT at 148 GHz and 218 GHz.

The Silk damping tail, where the primary anisotropies with the higher-order

acoustic peaks dominate, gives us leverage on early Universe cosmology. The

amplitude of the fluctuations in this tail is a sensitive probe of matter fluctuations,

constraining the spectral index of the primordial curvature perturbations, ns, and

its variation with scale (running). Because the positions of the high-order acoustic

peaks are sensitive to the evolution of the sound speed of the Universe and its

composition, these measurements constrain the primordial helium fraction and

the number of relativistic species, assumed to be neutrinos.

The CMB photons are deflected by large-scale structure potentials along their
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Figure 4.2 The angular power spectrum measured by ACT at 148 GHz and
218 GHz, and their cross-correlation (Das et al. [2010]), with the theoretical model
for CMB, SZE, 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. [2011]). It dominates at large scales, but falls exponentially towards higher l
due to Silk damping. The majority of power at l > 3000 comes from extragalactic
point sources. The power from radio sources is constrained by a source model
fit to detected sources at 148 GHz (Marriage et al. [2011]). The infrared source
emission is dominated by Poisson power at small scales but about 1/3 of the point
source power comes from infrared point source clustering by l = 3000. The best-
fit SZE (tSZE + kSZE) contribution at 148 GHz is shown. The data spectra and
errors have been scaled by best-fit calibration factors. Figure from Dunkley et al.
[2010].

path from the last scattering surface to us. Coherent deflections produce distor-

tions of the hot and cold spots on the CMB, leading to a broadening of their size

distribution, which manifests itself as a smoothing of the acoustic peaks in the

power spectrum. Das et al. [2010] find evidence of gravitational lensing of the

CMB in the power spectrum at the 2.8σ level. However, more optimal ways to

extract this signal involve using the four-point (rather than the two-point) correla-

tion, and cross-correlation with tracers of large-scale structure. The first method,

carried out by Das et al. [2011], found the first detection of the gravitational lens-
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ing of the CMB using the 4-point function. In this study, which used temperature

maps made by the Atacama Cosmology Telescope, the 4σ detection of the lensing

signal measured the amplitude of density fluctuations to 12%.

4.1.1 Cosmological Constraints

As discussed in Section 1.3, the angular power spectrum of the CMB can

be used to constrain parameters that describe our Universe, with the favoured

model currently the ΛCDM model. Dunkley et al. [2010] derive cosmological

parameters from the ACT power spectra described in Das et al. [2010]. They

fit the 148 GHz and 218 GHz power spectra to a model for the lensed CMB and

foreground contributions. These foreground contributions include the thermal and

kinetic SZE, Poisson power from radio and infrared point sources, and clustered

power from infrared point sources.

A likelihood function is constructed and used to estimate parameters from

the spectra. Given a CMB theory spectrum and a set of secondary parameters,

it yields the probability of the ACT data. Primary and secondary parameters

are then estimated from ACT data as well as additional extant datasets with

Markov Chain Monte Carlo (MCMC) algorithms. The first investigation uses the

combined 148 GHz and 218 GHz likelihood, with primary cosmological parameters

fixed to those from the WMAP best fit, to constrain the secondary parameters

to characterize the small-scale behavior. The second investigation uses the 148

GHz-only likelihood to constrain primary and secondary parameters by mapping

out the probability distribution using an MCMC method.

Combining ACT 148 GHz data and WMAP data, and additional cosmological

distance measures, marginalizing over SZE and source power, primary cosmolog-

ical parameters are found to be consistent with the 7-year WMAP limits (Figure

4.3), as are a set of extensions affecting the high-l tail of the spectrum. Scale-

invariance, ns = 1, is excluded at 99.7% CL (3σ). Probing the Silk damping

regime, the ACT data improve limits on cosmological parameters that affect the

small-scale CMB power, such as the ACT+WMAP 6σ detection of primordial

helium (YP = 0.313 ± 0.044), and an ACT+WMAP 4σ detection of relativistic
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species, assumed to be neutrinos (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/dlnk = -0.034 ± 0.018, the limit on the tensor-to-scalar ratio is r < 0.25

(95% CL), and the possible contribution of cosmic strings to the power spectrum

is constrained to string tension Gµ < 1.6 x 10−7 (95% CL).

Figure 4.3 One-dimensional marginalized distributions for the 6 ΛCDM parame-
ters derived from the ACT+WMAP combination (solid purple line), compared to
WMAP alone (dashed blue line). With the addition of ACT data a model with
ns = 1 is disfavored at the 3σ level. Figure from Dunkley et al. [2010].

Therefore, as illustrated by, for example, Figure 4.4, ACT data out to high

multipole extends the experimental data that continues to be consistent with the

favoured ΛCDM model, described in Section 1.3, with parameters listed in Table

1.1, and updated with the addition of ACT data in Dunkley et al. [2010].

4.2 ACT Galaxy Clusters

Clusters of galaxies are the largest virialized structures in the Universe, and

their formation and evolution rates depend on cosmological parameters and the

kinematics of Dark Matter. To exploit SZE cluster survey yields to measure the
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Figure 4.4 The power spectrum measured by ACT at 148 GHz, scaled by l4, over
the range dominated by primordial CMB (l < 3000). The spectrum is consistent
with WMAP results over the scales 500 < l < 1000, but becomes more constrain-
ing over the third to seventh acoustic peaks. The best-fit ΛCDM model is a good
fit to the two datasets. At l > 2000 the contribution from point soures and SZE
becomes significant (dashed shows the total best-fit theoretical spectrum; solid is
lensed CMB). Three additional models, Neff = 10 relativistic species, 4He frac-
tion Yp = 0.5, and running of the spectral index dns/dlnk = 0.075 are shown to
illustrate the constraining power of ACT data. These models are consistent with
WMAP but are excluded at > 95% by the ACT data. Figure from Dunkley et al.
[2010].

growth of structure and constrain cosmology, thereby taking advantage of the

redshift independence of the SZE to inventory the high-z Universe, independent

and robust estimates of the cluster masses are needed. Cluster masses can be de-

termined from proxies such as X-ray temperature, galaxy velocity dispersion, and

weak lensing. Several studies have explored the relation between the integrated

SZE signal, Y , and total cluster mass, M , for massive clusters (M & 1014M�)

(Huang et al. [2010], Plagge et al. [2010], Melin et al. [2011]). The following works

collectively study and attempt to fully exploit the SZE in clusters, exploring mass-

observable relations to relate this signal to cosmology.
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4.2.1 The Catalog

In order to detect clusters in single-frequency millimeter-wave maps, Marriage

et al. [2010] applies the matched filter described in Chapter 5, of the form

ψ(k) =

[
1

(2π)2

∫
|τ(k′)|2

P (k′)
d2k′

]−1
τ(k)

P (k)
. (4.1)

P (k) is the power spectrum of the astrophysical and instrumental noise. τ(k) is

the beam-convolved source shape in Fourier space. In Chapter 5 this filtering is

described in detail for point sources. Here, the source is not represented as simply

the ACT beam shape, but rather by a model for an SZE galaxy cluster, in this

case an isothermal beta model (Cavaliere and Fusco-Femiano [1978]), allowed to

assume various radii. The quantity in square brackets serves as a normalization

factor to ensure an unbiased estimate of the cluster signal.

The result, after filtering the map to optimally detect SZE galaxy cluster

signal, is 23 clusters selected blindly from 148 GHz maps over 455 square degrees

of sky (Marriage et al. [2010]). Of these, 10 are newly discovered by ACT, and

14 of the 23 first detected through their SZE emission, all optically confirmed

(Menanteau et al. [2010]). The selection of this sample is approximately mass-

limited and essentially independent of redshift. The 9 clusters detected with a

signal-to-noise ratio S/N > 6 constitute a 100% pure subsample. Figure 4.5 shows

a sensitivity map, the subset of the ACT 2008 148 GHz dataset used for the cluster

study, with cluster locations marked with boxes which have a size proportional to

the cluster decrement. Figure 4.6 is a gallery of SZE images of clusters detected

by ACT.

A preliminary study is performed for illustrative purposes of the correlation

of the SZE signal with mass for the more significant (S/N > 5) half of the SZE

detections. The central Compton-y SZE decrement, y′0, and the mass quantity,

M500c (derived from X-ray luminosities from Menanteau et al. [2010], and the

LX-M relation from Vikhlinin et al. [2009]; see Section 4.2.2), are the quanti-

ties used. For self-similar evolution, y′0 is expected to scale as M E2(z) where

E2(z) = ΩM(1 + z)3 + ΩΛ for a flat ΛCDM Universe. Figure 4.7 plots y′0 scaled by
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Figure 4.5 Sensitivity map with cluster detections denoted by boxes. The map
shows the sensitivity over the ACT 2008 148GHz dataset subset used for the
cluster study. The gray-scale encodes the noise rms in µK of a map match-
filtered with a β-model. The median noise in the map is 36 µK. Black boxes
mark the location of the 23 clusters, with the size of each box proportional to the
corresponding cluster decrement. Figure from Marriage et al. [2010].

E2(z) against corresponding M500c estimate. Because of systematic uncertainties

associated with the estimators for y′0 and M500c, no attempt has been made to fit

scaling relations to these data. In spite of this, the data appear consistent with

the self-similar model, plotted as a solid line in the figure. The data also appear

consistent with the dashed line, which uses y′0 ∝ M3/2E2(z), an approximation

to the y0-M relation from numerical simulations including star formation and

supernova feedback (Motl et al. [2005]).

While still preliminary, the SZE-mass scaling relations seem to follow expected

trends. Therefore, cosmological parameter estimation from cluster survey yields

seems a promising vein for future research.

4.2.2 Optical and X-ray Follow-up of Clusters

The cluster mass function constrains the normalization of the matter power

spectrum, typically expressed as σ8, the root-mean-square (rms) mass fluctuation

on a scale of 8h−1 Mpc. As a result, the number of clusters as a function of redshift

provides a powerful constraint on both the expansion history of the Universe and

the gravitational growth of structure within it (Carlstrom et al. [2002]).

As described above, an SZE-selected sample is expected to provide a reliable

correlation with cluster mass, the key cosmological property. However, optical
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Figure 4.6 Temperature decrements at 148 GHz of 23 clusters. Each thumbnail
is approximately 8 arcminutes on a side and is extracted from the source-masked,
match-filtered map. The scale of each thumbnail is symmetric about zero with a
range set to the depth of the decrement. The ordering of the clusters is according
to decreasing S/N from left to right and top to bottom. ACT designations are at
the top of each thumbnail and alternate names at the bottom, denoted “New” if
discovered by ACT. Figure from Marriage et al. [2010].

and X-ray observations are crucial to confirm the SZE detections, obtain cluster

redshifts and masses (e.g. Figure 4.7), and calibrate the Y -M relation predicted

by simulations. For this reason, Menanteau et al. [2010] compiled optical and

X-ray properties of the 23 ACT clusters.

Of these, 13 were previously known, with 4 first detected through their SZE

with the South Pole Telescope (SPT; bringing the total of SZE-detected clusters

to 14 with the 10 from ACT). Thus 13 had prior spectroscopic redshifts found in

the literature. Photometric redshifts were determined for the 10 new ACT clus-

ters through multi-band imaging on 4-meter-class optical telescopes in the g, r,

and i bands. Using the ESO Faint Object Spectrograph and Camera (EFOSC)

on the 3.6 m NTT on La Silla, and the SOAR Optical Imager (SOI) on the 4.1 m
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Figure 4.7 SZE-Mass Correlation. Estimated Compton y parameter estimates are
plotted, scaled for self-similar evolution, against X-ray luminosity-derived mass
estimates for the more significant half (S/N > 5) of the cluster sample. The errors
on y′0 include the estimated uncertainty from detection scale error and therefore
are asymmetric. The line plotted is the self-similar model y′0 ∝ M E2(z). The
model, which is not fit to the data, agrees reasonably well with the ACT data. For
comparison, the dashed line shows a simulation-motivated model with logarithmic
slope 3/2 (Motl et al. [2005]). Figure from Marriage et al. [2010].

SOAR telescope, Menanteau et al. [2010] confirmed the presence of a brightest

cluster galaxy (BCG) and an accompanying red sequence of cluster members (an

overdensity of red early-type galaxies with luminosities less than L*, the charac-

teristic Schechter luminosity) for the 14 SZE-selected clusters. The full cluster

sample spans redshifts between 0.118 and 1.066, with masses > 8×1014M�, and

a number distribution that peaks around a redshift of 0.4.

Figure 4.8 shows 4 images of ACT clusters at optical wavelengths with ACT

SZE contours overlaid, with redshifts around 0.5. Figure 4.9 plots the number of

clusters as a function of redshift in bins of ∆ z = 0.2, fit to the redshift distribu-

tion of massive halos using the Tinker et al. [2008] mass function and cosmolog-

ical parameters from Komatsu et al. [2011], assuming that all clusters above the
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threshold were detected. The upper histogram is for the entire sample of clusters,

while the bottom histogram is for the subset which is 100% pure. Overplotted are

curves that give the expected distribution for different mass thresholds based on

structure formation in a ΛCDM model (Tinker et al. [2008]).

Figure 4.8 Composite color images for ACT-CL J0346-5438, ACT-CL J0232-5257,
ACT-CL J0559-5249 (SPT-CL J0559-5249) and ACT-CL J0616-5227. White con-
tours show the 148 GHz SZE signal, in six equally-spaced steps between the min-
imum decrement and zero. Figure from Menanteau et al. [2010].

In order to estimate cluster masses, X-ray luminosities, which serve as coarse

mass proxies, were derived from archival ROSAT, Chandra, and XMM-Newton

datasets. The strong upper limits derived for SZE mass threshold values were

found to be consistent with those from optical and X-ray methods.
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Figure 4.9 Cumulative distribution of ACT SZE clusters per square degree as a
function of redshift. The top histogram is for the full sample of 23 clusters; the
bottom one is for the high-significance pure subsample of 10 clusters. Curves
delineate the best fit model distributions for each. Figure from Menanteau et al.
[2010].

This study characterizes one of the largest SZE-selected samples of massive

clusters over all redshifts within a cosmologically-significant survey volume, which

will enable cosmological studies on the evolution, morphology, and stellar popu-

lations in the most massive clusters in the Universe.

4.2.3 Cosmology From a Complete High-Mass Sample

Cosmology is extremely sensitive to the number of massive high-redshift clus-

ters. While the ΛCDM model predicts that there should be very few clusters with

masses greater than 8×1014M� at z > 1.2, early Dark Energy models and mod-

els with significant primordial non-Gaussianity predict significantly more high-

redshift clusters. In Dark Energy models, the number of high-redshift clusters

is also a sensitive function of w, the Dark Energy equation of state parameter.

Thus the detection of even a single massive high-redshift cluster has the power to

challenge our current standard paradigm.

Sehgal et al. [2010b] use a complete sample of 9 optically-confirmed high-mass

SZE-selected ACT clusters to constrain cosmological parameters, in particular, the
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Figure 4.10 The average profile derived from stacking a complete sample of 9
massive ACT clusters (black solid line) compared with the average profile stacking
40 clusters with unsmoothed yTCMB values greater than 300µK in simulated
tSZE maps convolved with the ACT beam (dashed blue line). The dotted red
(bottom) and dot-dashed green (top) lines show the same for assumed adiabatic
and nonthermal SZE models respectively. Figure from Sehgal et al. [2010b].

normalization of the matter power spectrum, σ8, and the Dark Energy equation-of

state parameter, w. Nonthermal processes and point source contamination will

affect the gas physics of lower mass clusters much more than that of the most

massive systems, and so a study of high-mass clusters reduces the degeneracy

between complicated cluster astrophysics and SZE-derived cosmology. Stacking

these clusters and comparing with clusters simulated assuming a fiducial model

shows good agreement (Figure 4.10), suggesting that these assumptions - that both

the astrophysics of massive clusters and the cosmological parameters derived from

them are broadly consistent with current models - are true.

Comparing the scaling relation between cluster mass and SZE signal to a

fiducial relation obtained from numerical simulations and calibrated by X-ray

observations, Sehgal et al. [2010b] find σ8 = 0.821 ± 0.044 and w = -1.05 ±

0.20, a decrease in the uncertainties on these parameters by roughly a factor of

three and two respectively as compared to WMAP7 alone. Figure 4.11 plots the
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Figure 4.11 Likelihood contour plots of w versus σ8 showing 1- and 2-σ contours.
Left: Blue contours are for WMAP7 alone, red contours are for WMAP7+ACT,
fixing the mass-observable relation to a fiducial relation. Right: Contours are the
same as at left, except that the uncertainty in the mass-observable relation has
been marginalized over. Figure from Sehgal et al. [2010b].

liklihood contours of w versus σ8. These results are consistent with constraints

from WMAP 7 plus baryon acoustic oscillations plus type Ia supernoava which

give σ8 = 0.802 ± 0.038 and w = -0.98 ± 0.053, suggesting agreement between

expansion rate and growth of structure measures.

4.2.4 Map-stacking at the Locations of LRGs

While ACT can easily detect clusters with masses > 1015M� (Marriage et al.

[2010]), CMB fluctuations and detector noise limit direct detection of less massive

clusters. However, it is expected that there are many more low-mass clusters

and groups than these most massive systems. Thus a significant fraction of the

baryons in the Universe inhabit systems with too little mass to detect directly

with current experiments. Stacking analyses, where maps are co-added on the

locations of objects selected in some other way, can be effective at drawing out

the net effect of lower signals in the maps. With the ACT maps, we can use this

to probe lower mass cluster and group scales.

Hand et al. [2011] stack a subset of ACT 148 GHz 2009 equatorial data at

the positions of 2681 Luminous Red Galaxies (LRGs) with spectroscopic redshift

range 0.16 < z < 0.47 discovered with the Sloan Digitial Sky Survey (SDSS). If
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the galaxy is located in a cluster, the cluster’s negative SZE signal will contribute

to the co-added map, while CMB fluctuations, with mean zero, will average out.

Because LRGs are more luminous than other galaxies, and reside in halos of

typical mass 1013-1014 h−1M� (Zheng et al. [2009], Reid and Spergel [2009]), this

analysis probes the SZE in systems with lower mass than can be directly detected

by current SZE surveys.

Once a detection of the SZE decrement associated with this LRG sample was

confirmed, the numerical simulations of Sehgal et al. [2010a] were used to relate

the signal decrement in the stacked ACT map to the integrated Y parameter.

Assuming that thermal energy results solely from gravitational collapse under

self-similar evolution, analytical theory (Komatsu and Seljak [2001]) can be used

to relate the observable integrated Y parameter and cluster mass. Hand et al.

[2011] estimate the characteristic halo masses from this study to be in the range

1013-1014 h−1M� , a lower range than has been previously probed. Given that ob-

servations show that the SZE-mass relation is relatively insensitive to the specifics

of cluster physics - cooling, AGN feedback, etc. (Bonamente et al. [2008], Seh-

gal et al. [2010b]) - this provides another way to probe the SZE observable-mass

relation.
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Chapter 5

ACT-selected Galaxies

High-resolution, large-area millimeter-wave maps of the sky provide a new

window for galaxy studies. In the data collected by ACT in 2008 are signals

from these extragalactic sources. This chapter describes the development of a

robust catalog of 189 ACT-selected sources at 148 and 218 GHz, detected with a

signal-to-noise ratio (S/N) of > 5.25 in at least one frequency band. The resulting

flux densities span 15 - 1500 mJy. We present measurements of the radio-to-

millimeter spectral indices and differential counts for these sources. ACT data

alone is used to identify dust-dominated galaxy candidates, which is possible due

to the multifrequency nature of ACT observations. Cross-identification of ACT-

selected sources with external catalogs provides more information for astrophysical

and cosmological interpretation.

The majority of this chapter follows Marriage et al. [2011], and extensions will

comprise a future ACT publication, Marsden et al. [in prep]. Recently, the map-

making routine has changed. Therefore, the catalog presented in the Appendix is

expected to differ slightly from the two-frequency catalog that will be presented in

Marsden et al. [in prep]. Preliminary tests, however, indicate that the final source

flux densities will vary by . 5% with respect to the catalog presented here. Thus

the conclusions drawn from general trends found in the two-frequency catalog

should remain unchanged.
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5.1 ACT Source Catalogs

The analysis presented here uses the 455 square degrees of the 2008 ACT

observations at 148 GHz and 218 GHz with the best uniformity of coverage and

depth in the southern ACT field. This occurs in a 7◦ -wide swath centered on a

declination of -52.5◦, spanning right ascension 00h12m to 07h08m, encompassing

the area used for the ACT power spectrum analyses. Figure 5.1 shows the area

of the sky used and associated point source sensitivities.
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Figure 5.1 Sensitivity maps with source detections at 148 GHz (top) and 218 GHz
(bottom). The subset of the ACT 2008 dataset considered for this study lies
between right ascension 00h12m and 07h08m and declination -56◦11′ and -49◦00′

(455 deg2). The color-scale encodes the rms of the map in mJy. The deepest
data correspond to an exposure time of 23.5 minutes per square-arcminute and
a 1σ sensitivity of 2.5 mJy at 148 GHz and 3.3 mJy at 218 GHz. White circles
mark the locations of ACT sources with a diameter proportional to the log of the
associated source flux density. Towards the edges of the map, the noise properties
display local variation due to areas with low integration time (high rms). For this
reason, detections with flux density values below 50 mJy have been discarded in
these areas of shallow coverage, accounting for the relative dearth of detections
there. The difference in effective map area with flux density is accounted for in
this analysis.
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Typical white noise levels in the map are 30 - 60µK-arcminute for 148 GHz

and 45 - 75µK-arcminute for 218 GHz, tending to higher values towards the map

boundaries where there is less uniform coverage. When match filtered with the

ACT beam, these white noise levels result in a 1σ point source flux density sensi-

tivity in the best-covered regions of 2.5 mJy at 148 GHz and 3.3 mJy at 218 GHz.

The 218 GHz map has higher white noise level due to the fact that the atmosphere

in this frequency band is brighter.

5.1.1 Source Extraction

To optimize source extraction we apply a matched filter to the maps which

increases the signal-to-noise ratio (S/N) of sources, an approach which has been

used previously by Tegmark and de Oliveira-Costa [1998], Wright et al. [2009],

and Vieira et al. [2010]. If T(x) is the sky temperature in the ACT map, with

x = (Θ, φ) the position on the sky and B(x) the ACT telescope beam function

normalized to unit amplitude and taken to be isotropic, we can decompose the

map as:

T (x) = B(x) ∗ (TCS(x) + TCMB(x)) + TN(x). (5.1)

Here TCS is the signal from compact sources, TCMB the CMB, and TN noise from

the detectors, atmosphere, and any other signals. At 148 GHz we include the

component of sky temperature signal due to the SZE, but at 218 GHz we can

ignore this component, negligible near the SZE null.

In Fourier space, after applying matched filter Φ(k), the temperature at the

center of the filtered field is:

T (0) = TCS

∫
Φ(k) B̃(k) dk +

∫
Φ(k) T̃other(k) dk, (5.2)

where B̃ and T̃other are the Fourier transform of the beam and the noise plus beam-

convolved CMB temperature field (and SZE for galaxy extraction at 148 GHz)

respectively. The CMB and atmosphere dominate Tother at large scales (l < 2500),

while white detector and photon shot noise dominate at smaller scales, with a

112



trough occuring at l ≈ 2500 - 3500. The detected source S/N peaks in this window.

The S/N at the center of the map is

S/N =
|TCS

∫
Φ(k) B̃(k) dk |

|
∫

Φ(k) T̃other(k) dk |
. (5.3)

To find a Φ(k) which maximizes this S/N, we can differentiate with respect to

Φ(k) and solve, which gives the matched filter

Φ(k) =
B̃∗(k)| T̃other(k) |−2∫

B̃∗(k′)| T̃other(k′) |−2B̃(k′) dk′
, (5.4)

resulting in a noise variance for the filtered data of

σ2 =

∫
|Φ(k) T̃other(k) |2dk (5.5)

=

[∫
B̃∗(k) |T̃other(k)|−2 B̃(k) dk

]−1

. (5.6)

We choose a normalization that ensures an unbiased estimate of the amplitude of

the source, TCS, at x = 0.

The brightest sources (S/N> 50 at 148 GHz, S/N> 30 at 218 GHz) increase the

rms of the maps by ≈ 10%, and the remaining sources contribute approximately

1% to the rms. Therefore, we actually calculate the noise variance from the filtered

map after masking these sources (6 at 148 GHz and 8 at 218 GHz), a slightly more

conservative estimate that is found to agree with the estimate from Equation 5.6.

The S/N at a given location in the filtered map is then defined as the temperature

at that location divided by the square-root of this masked-map noise variance.

In order to construct the matched filter, we must first obtain the best estimates

of the power spectra of the different ACT components, signal and noise.

5.1.1.1 The 148 GHz Filter

For the 148 GHz data, T̃other is composed of the primary CMB, modeled using

the WMAP best fit spectrum, the SZE, and undetected point sources. The point

source and SZE estimates are taken from a joint fit to the Fowler et al. [2010] power
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spectrum that relies on the Sehgal et al. [2010a] model predictions for the SZE

signal. These models must be convolved with the ACT 148 GHz beam function to

best match the data map. The noise term (atmospheric and instrumental noise)

is estimated from difference maps of the data, constructed by subtracting two

maps, each made with one half of the full complement of data. This should, in

principle, remove all sky signal, as it does not vary with time. Figure 5.2 shows

the one-dimensional model power spectra as a function of multipole l for the filter

components, including noise, as well as the two-dimensional auto power spectrum

where anisotropy in the noise becomes evident.
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Figure 5.2 Model ACT auto-power spectra used for the 148 GHz matched filter.
Left: One-dimensional spectra decomposed by component. The CMB spectrum is
taken from WMAP, the SZE and undetected source contributions are 1D templates
fit to the high-l 148 GHz spectrum in Fowler et al. [2010]. The 1D noise spectrum
is obtained by radially binning the average of 2D spectra from ACT 148 GHz
jackknife maps. The spectra are dominated at low l by the CMB and atmospheric
noise and at high l by white detector and photon shot noise. Convolution of all
celestial components by the ACT beam results in attenuation of the corresponding
spectra at high l. Right: The model 2D auto power spectrum. The spectrum
includes noise, CMB, undetected sources and the Sunyaev-Zel’dovich effect from
galaxy clusters. The latter three components were obtained from the 1D models.
The ACT noise is isotropic except for extra noise in scan parallel (from residual
1/f) and scan perpendicular (from detector row correlations) directions. For
each rising and setting scan direction, two orthogonal bands of excess power are
centered on the origin rotated 60◦ with respect to one another. To minimize
contamination, it is important to deweight data in these diagonal modes through
the 2D matched filter.

Specifically, the SZE model is a combined thermal and kinetic SZE model with
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σ8 = 0.8 from Sehgal et al. [2010a] normalized by a best-fit factor of ASZ = 0.63,

and the source model is a Poisson spectrum normalized to l (l + 1)Cp/2π =

11.2µK2 at l= 3000. These celestial models (CMB, sources, and SZE) are all con-

volved with the ACT 148 GHz beam function. They are natively one-dimensional

functions of multipole l (as shown in the left graph in Figure 5.2) with corre-

sponding azimuthally symmetric two-dimensional representations (right graph in

Figure 5.2). The noise term, on the other hand, is natively a two-dimensional

power spectrum, estimated from the maps. The two-dimensional noise power

spectrum is binned radially to obtain the one-dimensional representation shown

by the line of connected dots in the left graph of Figure 5.2. From Figure 5.2,

it is clear that the primary contributions to T̃other come from the CMB and at-

mosphere at large scales (l < 2500), while white detector and photon shot noise

dominate the power at small scales. In the spectral trough around l= 2500 - 3500,

the detectable sources will have greatest S/N.

5.1.1.2 The 218 GHz Filter

The filter for 218 GHz was constructed in a manner different than for 148 GHz.

The components of Tother at 218 GHz are the ACT noise and beam-convolved CMB

and undetected point sources. A simple way to construct this is to remove sources

from the maps down to the catalog detection threshold. The maps were thus

filtered with Tother in Equation 5.1 taken to be the map itself, to identify sources

with S/N & 5. These were replaced with the mean of the map and smoothed over

a circular region with 4′ radius, thereby creating Tother for the matched filter.

Figure 5.3 shows | T̃other(k) |2 for 218 GHz, which exhibits anisotropy similar to

the 148 GHz filter.

This model has excess noise when compared to the 148 GHz filter because it

is based on a single realization of the ACT noise. For this reason, it is necessary

to smooth |T̃other(k)|2, which we do with a Gaussian filter with a kernel equal to

5 Fourier space pixels. Outlying Fourier space pixels with amplitude greater than

10 times the median pixel value are set to the median value.

115



Figure 5.3 The 2D auto power spectrum at 218 GHz used to match filter the
218 GHz map for sources. Removing point sources with S/N> 5 from the data
map in an initial filtering step produced this filter. After source removal, the
remaining components are noise, the CMB, and undetected sources at 218 GHz
where the SZE signal from galaxy clusters is negligible at its null. The spectrum
is dominated at low l by the CMB and atmospheric noise and at high l by white
detector and photon shot noise. The noise at this frequency exhibits the same
characteristic anisotropy as at 148 GHz (the right image in Figure 5.2).

5.1.1.3 Pre-filtering steps

The Tother and data maps are tapered to zero at the edges to minimize artifacts

caused by aperiodicity when filtering, which affects the outermost 10′. These

border regions are excluded from the analysis, leaving an effective area of 443 deg2.

As is evident in Figures 5.2 and 5.3, the 2D noise power spectra exhibit

anisotropy, which comes from extra noise in scan parallel (from residual 1/f)

and scan perpendicular (from detector row correlations) directions. The result is

two orthogonal bands of excess power, centered on the origin, rotated 60◦ with

respect to one another. To minimize contamination, we deweight data in these

diagonal modes through the 2D matched filter.
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Scan-synchronous noise due primarily to modulations in atmospheric emission

attributable to vibrations of an anti-reflective coupling layer in the camera (re-

moved for 218 GHz for successive seasons) cause horizontal striping artifacts at

constant declination in the ACT maps. As this excess power is isolated to a verti-

cal strip in k-space, we truncate these modes by setting the noise power to infinity

for modes -100<kx< 100, effecting a vertical k-mask on both the data and Tother

maps.

The white noise rms scales as the number of observations per pixel, Nobs.

Since the Fourier-based matched filter (Equation 5.4) is non-local, it is important

to reweight map pixels before applying the filter so they have the same noise rms.

Thus we multiply both maps pixel-wise by
√
Nobs,i/Nobs,max, normalizing by the

value for the deepest part of the map. This is equivalent to weighting the data by

the inverse of the estimated white noise rms shown in Figure 5.1. Before source

extraction is performed, the maps are reweighted to the local noise properties.

5.1.1.4 Post-filtering steps

Applying the matched filter causes ringing in the maps about the brightest

sources which impacts source extraction for low S/N sources. Thus we identify

sources with S/N> 50 at 148 GHz and S/N> 30 at 218 GHz in an initial appli-

cation of the filter, and mask them in the maps. There are 19 such sources at

148 GHz and 7 at 218 GHz. Sources with S/N< 50 (30) at 148 GHz (218 GHz) are

then extracted by match filtering the maps with bright sources masked, and the

two catalogs are added together.

Localized, non-white noise in the map necessitates further processing beyond

the matched filter solution which only affects global scales. To treat local atmo-

spheric large-scale noise we apply a taper, which rises from zero at l = 0 to one at

l = 1200 following the function sin5(π l/2400), to | T̃other(k) |−2. This method only

affects ≈ 1% of the data containing source power, since the source power is at high

multipole, and makes our result more robust to any potential non-Gaussianity in

the large-scale noise.

Regions of shallow, uneven coverage have residual non-white noise after appli-
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Figure 5.4 An ACT 64 deg2 submap at 148 GHz filtered for source extraction.
The data have been match filtered such that the gray-scale is in units of flux
density (mJy). The inset shows the flux density distribution across the data
weighted by the maximum normalized square-root of the number of data per pixel√
Nobs(x)/Nobs,max . Thus the distribution represents the data in the deepest part

of the map (although it uses weighted data from all regions). The grey histogram
is the data, over which is plotted a dashed Gaussian distribution with standard
deviation 2.5 mJy. The positive non-Gaussian tail at 148 GHz may, in part, be
attributed to sources and the negative tail to ringing from the filter about sources
as well as SZE signal. Several sources are apparent as white points surrounded by
darker rings from the filter. The white contour marks the transition at the edge
of the map where the rms exceeds 4.6 mJy, corresponding to less than 7 minutes
of integration per arcminute. In this region we have excluded detections below
50 mJy due to contamination from local noise.

cation of the matched filter that produces striping. For this reason, we impose

uniform integration time and flux density criteria to minimize its effect on the

catalogs. Sources with integration time less than 7 minutes per square arcminute

are excised from the catalogs unless their flux density exceeds 50 mJy. This inte-

gration time corresponds to 4.6 mJy rms at 148 GHz and 6.0 mJy rms at 218 GHz.

Simulations have shown that these thresholds minimize the number of spurious
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Figure 5.5 A 64 deg2 218 GHz ACT submap filtered for source extraction. The
inset data distribution is shown as a grey histogram over which is plotted a dashed
Gaussian distribution with standard deviation 3.3 mJy. The white contour marks
the transition at the edge of the map where the rms exceeds 6.0 mJy, corresponding
to less than 7 minutes of integration per arcminute. In this region we have excluded
detections below 50 mJy due to contamination from local noise. See Figure 5.4
for further details.

detections. Figures 5.4 and 5.5 show an example 64 deg2 of the filtered maps at

each frequency, with a white contour marking the transition where these criteria

take effect. The subregion excluded for sources below 50 mJy comprises 64 deg2 at

148 GHz and 68 deg2 at 218 GHz of the whole 455 deg2 maps used for this analysis.

With the border exclusion (23 deg2 for both frequencies), this leaves 368 deg2 used

for extracting lower flux sources at 148 GHz and 364 deg2 at 218 GHz.

Purity tests reveal a significant number of false detections below S/N of 5.25,

possibly due to local noise and striping artifacts. Therefore we impose a 5.25 S/N

threshold on sources detected in each map given no prior knowledge of source

location from the other frequency. Once a S/N > 5.25 catalog has been generated

for each of the 148 and 218 GHz maps, if a source has only been identified at one
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frequency but not the other, the flux density for the second frequency is measured

directly from the source position in the second map.

Finite map pixel size affects the measured flux densities since it is rare that

a source falls exactly in the center of a pixel, leading to a systematic negative

bias and increased scatter. Increasing the map pixel resolution by a factor of 16

in a region around each source through Fourier space zero-padding (e.g., Press

et al. [2007]) allows for more precise determination of the source peak location,

and therefore its flux density. Finally, we account for the convolution of sources

with the camera detector pixel window function. Hence, we deconvolve the pixel

window function in the higher resolution map. We find that the total method,

comprised of the aforementioned steps, reduces systematic errors to below 2%.

Therefore the flux densities reported in our catalog are the source-centered value

of the Fourier-interpolated filtered submap (Equation 5.2) multiplied by the solid

angle of the beam profile and rescaled by
√
Nobs,max/Nobs(~x).

5.1.2 The Catalog

The catalog of 148 GHz- and 218 GHz-selected ACT extragalactic sources is

given in Table A.1 of the Appendix. We find 157 148 GHz-selected sources with

S/N> 5.25, spanning two decades in flux density, from 15 mJy to 1500 mJy. The

218 GHz map was independently analyzed for sources with S/N> 5.25, and 118

sources were detected. The addition of these two independent source lists gives

a total source count of 189, with 86 sources detected at both frequencies with

S/N> 5.25. For the 103 sources only identified at one frequency, the flux density

at the location of the source in the second map was used for the flux density at

the second frequency (S/N< 5.25).

The catalog provides the IAU name, celestial coordinates (J2000) as well as

S/N and flux density estimation of each source. Raw flux densities are estimated

directly from the map as described in Section 5.1.1. Deboosted flux densities

as derived according to Section 5.1.4.2 are given with associated 68% confidence

intervals. The time spent integrating at the location in the map of each source is

given in minutes per square-arcminute. Spectral indices between 148 and 218 GHz,
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α148−218, are given for each source. We classify sources as synchrotron-dominated

or dust-dominated according to whether the spectral index α148−218 is greater than

(dust) or less than (synchrotron) 1.0. Finally, we provide the ID and 20 GHz flux

densities of AT20G sources co-located with an ACT source, using a 30′′ search

radius. An asterisk indicates that the 20 GHz flux density was measured during

a November 2010 follow-up campaign, described in Section 5.3. The following

sections provide details and context for the catalog values.

5.1.2.1 Source Variability

The flux densities reported in the ACT catalog are the average over approxi-

mately two months of observation for each source. Many of these are AGN-driven

radio galaxies, with fluxes which likely varied in that time. True for any radio

source catalog, the epoch of the measurements for an individual source is impor-

tant to consider when generating its spectral energy distribution (SED). However,

there is evidence that AGN population properties measured at one particular

time are not doomed to isolated study. Bonavera et al. [2011], for example, found

that their ensemble source spectral properties did not vary substantially despite

individual source flux density variability of up to 40% over 2 years.

AGN variability, with no strict periodicity, also introduces bias to spectral

indices calculated across catalogs constructed at different epochs, as any survey of

variable objects will preferentially select those in a high flux state. The spectral

indices quoted in the catalog are between the self-consistent 148 GHz and 218 GHz

ACT catalogs, using simultaneous observations made during the 2008 observing

season. The spectral indices derived using these two frequencies, therefore, do not

suffer from any time lag biases.

The source properties we present here that use extrapolation to lower frequen-

cies, are studied as an ensemble. We use cross-identification with the AT20G

catalog, a catalog derived from observations made several years apart from the

ACT data. Because the AT20G catalog was constructed through a blind survey,

the sources selected in AT20G will also have been biased towards their high flux

state, and therefore the overall selection bias may be minimal. Taken as a whole,
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we can study the source population properties for informative trends. As these

datasets were compiled at disparate times, we do not attempt to draw any con-

clusions using the lower frequency data for individual sources. Multiple years of

data will be used to quantify the effects of variability on individual source spectra

in a future study.

5.1.3 Astrometric Accuracy

Radio interferometers can achieve very precise positional accuracy for sources,

so cross-identification of ACT-selected sources with a robust radio catalog can

give a good measure of the positional accuracy of the ACT source detections.

The AT20G catalog covers the Southern sky, and through pointing checks against

Very Long Baseline Interferometer (VLBI) measurements of International Celes-

tial Reference Frame calibrators, is shown to be accurate to better than 1′′ (Mur-

phy et al. [2010]). AT20G selection guarantees small source angular size since the

catalog is dominated by compact flat spectrum sources. At 20 GHz, they probe

the central region of the AGN as opposed to the more extended radio lobes.
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Figure 5.6 Astrometric accuracy of the ACT source detections for 148 GHz (left)
and 218 GHz (right). Black dots represent the positional offsets of ACT sources
with S/N> 20 from counterparts in the AT20G catalog. The values calculated
for mean and rms offsets in right ascension and declination are contained in Table
5.1.
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The locations of ACT sources with S/N> 20 were compared to the posi-

tions of associated sources in the AT20G catalog. Figure 5.6 shows the cal-

culated offsets in location of the twenty-seven 148 GHz-selected and fourteen

218 GHz-selected sources which meet this criterion, also given in Table 5.1. One

ACT synchrotron-dominated source (ACT-S J042906-534943) with S/N> 20 at

148 GHz cross-identified with an extended AT20G source 18′′ away represents an

outlier in this analysis, as it is spatially extended with nontrivial geometry, and

is not used. The large overlaid errorbars represent the rms of the offsets. For

sources with lower S/N, the ACT location rms with respect to AT20G position

becomes inflated by the effect of noise in the maps.

Most of the scatter in Figure 5.6 is attributable to noise in the maps. However,

a 10′′ systematic shift in pointing was identified from maps made with parts

of the data throughtout the observing season, likely associated with movement

of the telescope. This systematic pointing jitter effect, which causes the non-

Gaussianity of the distribution in the figure, also contributes a small fraction of

the scatter. The effect is minimized by incorporating many observations, and the

next generation of ACT maps will correct for this offset.

Table 5.1 Pointing Accuracy

148 GHz 218 GHz

Mean RA Offset (′′) -0.3± 0.7 1.0± 0.5

Mean Dec Offset (′′) 0.0± 0.6 0.6± 0.8

RMS in RA Offset (′′) 3.5 2.8

RMS in Dec Offset (′′) 3.3 1.8

5.1.4 Flux Density Recovery

Flux densities derived from the ACT maps will have systematic uncertainties

arising from the following: the overall detector response calibration uncertainty

(7%, dominated by systematic errors in the temperature of Uranus), errors in the

flux estimation due to errors in the assumed source profile, flux boosting of lower

significance candidates, and any failure of the mapmaker to converge. Calibration
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uncertainties are discussed in Section 3.3.3. Tests of the latter 3 potential sources

of flux density error were performed, as well as an end-to-end check of the matched

filter recovery and deboosting through simulations, described here.

5.1.4.1 Beam Profile

The source profile used in the matched filter, B(Θ,φ) requires an input func-

tion. For ACT, this shape was derived in Hincks et al. [2009] based on fits to

multiple planet observations. Deviations from this form will result in biased esti-

mates of the source flux densities.
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Figure 5.7 Source Profile Fitting. The radially binned and normalized brightness
profile observed for ACT-S J021046−510100 is represented by the points with error
bars at 148 GHz (left) and 218 GHz (right). The solid line is the measured ACT
beam from Hincks et al. [2009] convolved with a Gaussian with width σ = 3′′

for 148 GHz and σ = 9′′ for 218 GHz, plus an additive background term. The
convolution is intended to represent spreading of the beam by random pointing
error. The value for σ describes the best-fit to a Gaussian-convolved beam plus
background term. Note that these values are consistent with pointing uncertainty
from Figure 5.6. The dashed line shows the model with background and beam
amplitude fit to the data, but no Gaussian convolution. The error bars shown on
the radially binned points are correlated.

To quantify any misestimation arising from the assumed shape of the beam

model and the source profile in real data, we fit the data for the twenty sources

with highest S/N to a radius of 3′ . The input source shape is a background term
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plus the Hincks et al. [2009] model profile, allowed to vary in width. This is

effected by including parameters for a Gaussian that is convolved with the beam

profile. The best fit for the average of these twenty source shapes is the beam

profile from Hincks et al. [2009] convolved with a Gaussian of width σ= 3′′± 1′′

for 148 GHz, and width σ= 9′′±1′′ for 218 GHz. This mimics the effect of random

pointing errors, and is consistent with the pointing rms in Figure 5.6. Without

the Gaussian convolution, the background term increases to fit the data at small

angles and forces the model high at large angles. The data clearly prefer the

Gaussian-convolved model.

Figure 5.7 shows the the best fit background plus Gaussian-convolved model

with data points from the brightest ACT source, ACT-S J021046−510100, for

both frequencies. Similar fits to the rest of the brightest sources in the ACT data

suggest that misestimation of source flux densities, which scales as approximately

the ratio of measured profile solid angle to the model profile solid angle, is at the

few percent level. With the ACT beam size, a normal galaxy will appear point-

like at redshifts z & 0.05 (distances greater than ≈ 200 Mpc), so only very nearby

objects appear extended in our maps. These local objects are easily selected

from our data through cross-identification with other catalogs, and we are not

concerned about resolved sources affecting this analysis.

5.1.4.2 Deboosting

At ACT frequencies, the number density of sources as a function of source

flux falls steeply. The undetected source background leads to more positive noise

fluctuations in the map than negative. Therefore, the measured flux of a source de-

tected in a blind survey at these frequencies will almost certainly suffer a positive

bias. This “flux boosting”, which affects the estimated brightness of individual

sources, is not to be confused with Eddington bias, the bias introduced to estima-

tion of source counts with respect to brightness, N(> S). The amount of boosting

depends on the shape of the underlying counts curve (a flat function would pro-

duce no flux boosting), the S/N of the extracted flux, and the value of the rms in

the maps. Note that for sources detected with S/N > 5.25 in one frequency band,
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but which are not independently detected at the second frequency, we take its flux

at the known location from the second map, and no deboosting is required.

For single-frequency analysis, given relatively high flux density and significance

of the detections, one can adopt a straightforward Bayesian approach. With

two frequencies, one can use the results from the first frequency to inform the

deboosting prior for the second frequency. Here we take 148 GHz to be our first

frequency, independently deboosted, and 218 GHz to be the second.

In a source population for which the counts are a steeply falling function

of flux, a source’s measured flux density, Sm, in the presence of noise, which

includes the background of undetected sources, is likely to be an overestimate of

its intrinsic value S0. The overestimation is most pronounced for sources at low

S/N. The process of deboosting accounts for this overestimate by constructing the

posterior flux distribution based on prior knowledge of the source population. The

Bayesian approach, following Coppin et al. [2006] and Austermann et al. [2009],

has posterior flux distribution

P (S0|Sm) ∝ P (Sm|S0)P (S0), (5.7)

where P (Sm |S0) is the probability of measuring flux density Sm given S0, and

P (S0) is the prior probability of flux S0 in a pixel. P (Sm |S0) is taken to be

normal with mean S0 and variance derived from the S/N, which essentially comes

from the noise in the maps.

P (S0) is computed by generating simulations of the (filtered) intrinsic source

flux distribution per pixel. To do this, individual source profiles, T0

∫
φ(k) b̃(k) dk,

are added to a blank survey map at randomly chosen locations. Figure 5.13

shows the ACT number counts as well as those for other millimeter survey exper-

iments, fit by several models. The best fit at 148 GHz was found to be a Toffolatti

143 GHz radio source number counts model scaled by 0.34 (Marriage et al. [2011]).

Therefore the numbers and associated amplitudes, T0, of the simulated sources

are chosen in accordance with infrared and re-scaled radio counts from Toffolatti

et al. [1998] at 143 GHz (see Section 5.2.3), randomly Poisson-distributed within a
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model-seeded bin. The radio counts input model was cut off at 150 mJy, reflecting

the fact that the brightest six sources at 148 GHz, with flux densities greater than

150 mJy, are detected and subtracted before constructing the rest of the catalog.

The function Pi(S0), the distribution of fluxes in the simulated map with

pixel index i, is then generated by binning the fluxes associated with each map

pixel in 0.5 mJy flux bins (≈ 10% of the the 1σ detected source flux level in the

148 GHz maps). The final distribution, P (S0) is then computed as the average

of Pi(S0) from 10,000 independent simulations. Ten thousand iterations were

required to make the distribution clearly smooth. As the mean of the filtered map

is zero, there is nonzero probability of negative values in the source simulations

that generated the prior, P (S0).

The deboosting algorithm is illustrated for a single source at 148 GHz with

S/N = 5.6 in Figure 5.8. The dashed Gaussian represents P (Sm |S0), and the

dotted profile peaking just below zero flux is the prior probability P (S0). The

posterior probability, P (S0 |Sm) is the solid line. The deboosted flux, Sdb, re-

ported in the ACT catalog for sources below 50 mJy is the median of the associ-

ated P (S0 |Sm), and the reported asymmetric errors enclose the 68% confidence

interval.

Sources with low S/N will have posteriors with peaks from P (Sm |S0) and

then separate peaks at low flux from the prior P (S0). The bump in the posterior

at low flux supports the interpretation that the flux being measured could be a

dim background source plus a large positive noise fluctuation. The median of the

posterior favors P (Sm |S0). Sources which are substantially boosted are known

to have a skewed and very broad posterior likelihood distribution, but in the case

of robust sources, as with our S/N> 5.25 sample, this is not an issue.

The abrupt 150 mJy cutoff imposed on the radio counts in combination with

finite pixel size affects the smoothness of the prior estimate, P (S0), at higher

fluxes. To mitigate this effect, the simulated maps used to construct the prior

feature a pixel size of half that of the data (0.25′ ). Furthermore, deboosted

fluxes are only provided for sources with flux below 50 mJy, where the computed

prior is smooth. For sources above 50 mJy, we simply report the center and 68%
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Figure 5.8 Single frequency flux density deboosting for the first deboosted fre-
quency, 148 GHz. The Gaussian flux density distribution P (Sm |S0) (dashed) de-
rived directly from the maps is multiplied by the prior distribution P (S0) (dotted)
of the intrinsic source flux to obtain the deboosted posterior flux distribution
(solid). Since the mean of the maps is set to zero through filtering, P (S0) can
assume negative values. The peak in the posterior flux distribution is shifted to
lower flux density compared to P (Sm |S0) (a < 10% effect for 20 mJy sources). The
shift is smaller for higher S/N sources as a large flux density is less likely to have
a significant fraction of its flux contributed by an underlying positive background
fluctuation. For the S/N = 5.6 source shown here, there is little volume in the
posterior P (Sm |S0) at negative flux. Note that the curves have been normalized
in this figure such that their integrals equal one.

confidence interval of P (Sm |S0).

The prior probability, P (S0), in Figure 5.8 is broader and, for the range of

flux densities plotted, more symmetric than analogous distributions derived in

previous work (e.g., Figure 6 of Austermann et al. [2009]). This difference arises

because our simulations include the radio source population whose number counts

are much shallower than the infrared populations. The bright radio sources, in

addition to having a bright positive tail, produce significant negative ringing when
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filtered. A more familiar form of P (S0) would be generated if we were to recover

fluxes using the CLEAN algorithm as described in, for example, Vieira et al.

[2010].

Our method was tested for robustness against input source model, using for

example, the source count model from de Zotti et al. [2005] instead of Toffolatti

et al. [1998]. Different underlying input models consistent with the ACT 148 GHz

number counts, however, yield almost no effect on the deboosted flux distribution

(no change to the level of ≈ 1%). Thus over the S/N range presented in our

catalog, the posterior flux reported is not sensitive to the range of allowed counts

models.

For a multi-frequency survey, the sources selected at the second frequency

can make use of the prior provided by a flux density estimate at the first fre-

quency for deboosting. For frequency bands with central frequencies near to

each other, such as ACT’s, despite perfect prior knowledge of the source counts

in both bands, the priors in the two bands would only be independent if the

source populations measured in each band were unique. The ACT priors for both

148 GHz and 218 GHz contain contributions from the dusty starburst population

and synchrotron-dominated AGN, and are therefore clearly correlated.

The two-frequency deboosting method developed by Crawford et al. [2010] is

a Bayesian flux reconstruction for astronomical surveys in two frequency bands.

This method assumes that the number count, dN/dS, is known for both frequen-

cies (for the prior), and that the noise terms from the instrument (calibration and

thermal) and background sources at confusion can be described by a covariance

term.

Three covariance inputs are needed: the contribution due to calibration, the

contribution due to uncertainty in the beam (everything which impacts the flux

estimate, but which does not appear in the absolute calibration), and the covari-

ance of the background flux between bands. The most convenient way to calculate

the first two would be to use flux recovery simulations with varying realizations

of the window function error. The third component can be derived in the same

way as for the noise model for the matched filter at 218 GHz. In removing all the
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sources down to the lowest flux reported in the catalog, and then match filtering

the maps, the covariance matrix would represent the background source flux plus

the noise between the two bands, with off-diagonal components due to correlated

background sources between bands.

As the next generation of ACT maps are currently under construction, and the

two-frequency deboosting pipeline has not yet been completed, the 218 GHz flux

densities presented here and analysis derived therefrom are the raw, undeboosted

flux densities extracted from the filtered 218 GHz map.

5.1.4.3 Simulations to Test Flux Recovery

Simulations were performed to test the flux estimation and deboosting pipeline

of the 148 GHz catalog. Source flux densities were derived from simulated maps

constructed using the Sehgal et al. [2010a] prescription, with two differences im-

plemented. First, the SZE component was excluded to prevent confusion due to

cluster-galaxy correlations. The correlations caused negative outliers in derived

flux density due to brightness cancellation by the cluster decrement. Second,

we excluded instances of superposed, very bright, (30 mJy) infrared sources that

caused positive outliers in derived flux density which do not appear to match

observations.

With the exceptions noted above, the simulated sources were detected with

the same blind algorithm that was described for source extraction from the data.

Similarly, the deboosted flux densities of the simulated sources were derived. Fig-

ure 5.9 shows the result. At the percent level, the derived deboosted flux density,

Sdb, is a consistent estimate of the intrinsic flux density, S0, with a best fit of

Sdb = (−0.09 ± 0.29mJy) + (1.008 ± 0.005)× S0, (5.8)

where the fit (reduced χ2 = 1.06 for 451 degrees of freedom) was performed only

for sources with flux density greater than 20 mJy to restrict the analysis to a

complete (and thus symmetric) distribution. The errors (68% confidence interval)

are derived from one thousand bootstrap samplings described in the previous
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Figure 5.9 Simulation Flux Recovery. The matched filter derived and deboosted
flux density estimate, Sdb, plotted versus the intrinsic flux density, S0. The dashed
gray lines depict ± 15 mJy about the solid black one-to-one line. For S0 < 20 mJy,
the sample is incomplete due to the S/N > 5.25 selection. This is manifest in the
graph by the apparent skew of the population above the one-to-one line for low
flux densities.

section. Furthermore, the model Sdb = S0 fits the 451 simulated sources with flux

densities greater than 20 mJy with a reduced χ2 = 1.07. The one-to-one model fits

the entire population (down to the S/N = 5.25) with reduced χ2 = 1.19 over 651

degrees of freedom.

5.1.4.4 Convergence

As described in Section 3.4.2, maximum-likelihood maps generated from the

cross-linked ACT data are unbiased for all modes, effectively corresponding to

multipoles in excess of a few hundred. This was verified through simulations,

which found that the flux density estimates of sources converged to within 1% of

their simulation values before the 25th iteration of the preconditioned conjugate
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gradient map-solver for the 148 GHz map. Since the source studies in this chap-

ter use maps from the 100th iteration of the ACT maps, we conclude that the

flux densities are not biased by failure of the mapping algorithm to converge at

148 GHz.

At 218 GHz, however, the data downsampling and map pixel size of 0.5 arcmin-

utes, while sufficient for the 148 GHz maps and source flux density estimation, are

not entirely appropriate for the 218 GHz data. This derives in part from the fact

that the size of the ACT beam at 148 GHz (≈ 1.4′ ) is well-sampled by 0.5 ar-

cminute pixels, but the 218 GHz beam (≈ 1.0′ ) is not. Preliminary tests show

that the flux density may vary by as much as ≈ 5% when using a map that is

not downsampled for 218 GHz, as was done at 148 GHz. This will be accounted

for in the next generation of ACT maps and reflected in the catalog presented in

Marsden et al. [in prep].

5.1.5 Purity and Completeness

The number of false detections in the 148 GHz catalog of 157 sources was esti-

mated by running the detection algorithm on an inverted (negative temperature)

map in which the SZE decrements from all ACT-detected and optically confirmed

clusters had been masked (a full description of the ACT SZE cluster population

and optical followup can be found in Menanteau et al. [2010]). With this approach,

three spurious detections are found, giving a purity of 98% for detections above

a S/N of 5.25. Below this S/N, the purity of the sample was found to decrease

rapidly with only 50% purity in the range 5 < S/N < 5.25 (7 false detections).

These results are consistent with estimates of purity based on cross-identification

of the ACT detections with other catalogs. From simple Gaussian statistics, one

expects fewer than five false detections in a sample selected with S/N > 5. Thus,

some of the false detections are most likely the result of localized noise not ac-

counted for by the weighting and matched filter. At 218 GHz, the purity of the

catalog of 118 sources was evaluated in the same way, with the caveat that at the

null of the SZE, the effect of clusters did not have to be ascertained. Table 5.2

summarizes the findings.

132



Table 5.2 Number Counts, Purity, and Completeness for the ACT Source Catalog.a

148 GHz

Flux Range # Det # False Completeness Areab

mJy sq-deg

1390 - 2870 1 0 100% 432

650 - 1390 1 0 100% 432

330 - 650 2 0 100% 432

170 - 330 4 0 100% 432

90 - 170 12 0 100% 432

50 - 90 22 0 94± 6% 432

30 - 50 40 0 100% 368

20 - 30 44 1± 1 97± 2% 368

15 - 20 25 2± 1 86± 5% 368

218 GHz

Flux Range # Det # False Completeness Areab

mJy sq-deg

1390 - 2870 0 0 100% 432

650 - 1390 1 0 100% 432

330 - 650 1 0 100% 432

170 - 330 2 0 100% 432

90 - 170 10 0 100% 432

50 - 90 14 1±2 100% 432

30 - 50 31 0±2 99± 1% 364

20 - 30 50 3±3 70± 6% 364

15 - 20 9 6±4 24± 5% 364

aSee Figure 5.13 for a graph of purity/completeness-corrected differential source counts.
bFor a discussion of flux density dependent area, see Section 5.1.1.

Simulations from Sehgal et al. [2010a] with ACT noise estimated from dif-

ference maps were used to estimate completeness at 148 GHz. Due primarily to

the uneven depth of coverage, the population of sources detected between 15 and

20 mJy was found on average to be 86% complete and the population between

20 and 30 mJy to be 97% complete. Because of the strict 50 mJy lower bound

set for detections in areas of the map characterized by integration times below 7

minutes, the 50 - 90 mJy range also suffers from incompleteness (94% complete).

The full simulations of Sehgal et al. [2010a] include a correlation between radio
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sources and galaxy clusters, but in order to simplify the current study we excluded

the SZE component. Tests indicate that the resulting cancellation of source flux

density by cluster decrements was found to cause an additional few percent of the

incompleteness in the source population with flux densities below 30 mJy.

For the 218 GHz completeness study, 5 sources were simulated in a given flux

bin and deposited in a raw map with the brightest sources (S/N > 30) masked.

The map filtering and source detection algorithm were run, and the resulting

catalog checked for inclusion of the input sources. This was repeated 200 times

for each flux bin (1000 simulated sources per bin). As seen in Table 5.2, below

source flux densities of 50 mJy (. 15σ for the deepest data) the completeness

declines rapidly.

5.2 The ACT-selected Source Population Char-

acteristics

5.2.1 Comparison With Other Source Catalogs

To characterize ACT sources we consider cross-identifications with other source

catalogs. As a first step we conducted a search through the NASA/IPAC Extra-

galactic Database (NED) using a radius of 30′′ , which finds that 43 ACT sources

have measured redshifts, ranging from 0.003 to 2.46. The choice of association

radius was made based on the positional rms of the ACT catalog and comparison

catalogs (allowing for outliers, by 30′′ the number of associations with a given

external catalog plateaus), as well as the fact that the source of low-frequency

radio signals in a given system may be physically displaced from the source of

high-frequency radio signal. Of our 189 sources, 158 are identified with either the

0.84 GHz Sydney University Molonglo Sky Survey (SUMSS; Mauch et al. [2003]) or

4.85 GHz Parkes-MIT-NRAO (PMN) survey (Wright et al. [1994]) radio catalogs.

Thirty-five sources are cross-identified with either the 12 - 100µm Infrared Astro-

nomical Satellite (IRAS; Helou et al. [1988]) or the 1.25 - 2.16µm Two Micron All

Sky Survey (2MASS; Skrutskie et al. [2006]) infrared catalogs. Twenty-five ACT-
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detected sources have locations that match sources in both the radio and infrared

catalogs within our search radius. For the remaining unidentified sources, 3 were

matched with the above-mentioned catalogs when the search radius was increased

to 40′′, and 6 more were identified with one or more of the following catalogs: the

optical 6dF galaxy survey (Jones et al. [2004]), the Australian Telescope 20 GHz

survey (AT20G; Murphy et al. [2010]) and the 1.4/2.0 mm South Pole Telescope

(SPT; Vieira et al. [2010]). One otherwise unmatched source was observed at

high S/N (> 36 mJy) with the Australian Telescope Compact Array (ATCA) dur-

ing our November 2010 follow-up campaign. This leaves 16 sources not identified

with sources in any extant catalog, most with dust-dominated spectra, and two

of which fall within the Vieira et al. [2010] SPT field, ACT-S J054311-531312 and

ACT-S J053944-513546. Two synchrotron-dominated sources with no match in

the auxiliary catalogs, ACT-S J004042-511830 and ACT-S J035343-534553, both

with S/N = 5.6 at 148 GHz, may be false detections, which would be consistent

with the study of sample purity presented in Section 5.1.5.

Figure 5.10 shows the ACT sources located in flux density space, with cross-

identifications from overlapping catalogs in the southern hemisphere. For sources

with S/N> 5.25 in both bands, the synchrotron-dominated sources are expected

to occupy points near the power law with spectral index α = -1. Our 148 GHz-

selected population is consistent with this classification. Dust-dominated sources

will follow a line closer to α = 3, and are associated with 218 GHz-selected sources.

The Planck satellite produced all-sky catalogs in January 2011 in nine chan-

nels, including frequencies close to those of ACT, 143 and 217 GHz (Planck Col-

laboration et al. [2011b]). The Early Release Compact Source Catalog (ERCSC)

contains highly robust compact sources, with a sensitivity of ≈ 200 mJy and a

beam size of ≈ 7′ at 143 GHz and ≈ 4′ at 217 GHz. As seen in Figure 5.13, their

number counts drop precipitously below ≈ 1 Jy. Though Planck (and WMAP)

make great gains by surveying the full sky, building up statistics with large sam-

ples of bright objects, due to their large beam sizes these experiments will find

only the brightest sources. Therefore it is not surprising that in the area mapped

by ACT, we detect all 5 WMAP sources and all 3 Planck ERCSC sources.
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Figure 5.10 The ACT sources cross-identified in flux density space. Sources have
been selected with SNR > 5.25 in at least one frequency band (dotted lines). See
the text for a more thorough description of cross-identification statistics with the
various catalogs shown here. The diagonal lines follow the power law Sν ∝ να

with α = -1 for the dashed line, a typical spectral index for synchrotron-dominated
sources, and α = 3 for the dot-dashed line, a typical spectral index for dust-
dominated sources.

The AT20G survey, carried out from 2004 to 2008, covered the Southern sky

(6.1 sr) to a flux density limit of 40 mJy (Murphy et al. [2010]), with 180 sources

in the ACT survey area. Of our 157 148 GHz-selected sources, 109 match sources

in the AT20G catalog (5, 8, and 20 GHz), listed in Table A.1. If we estimate the

probability of a spurious detection in the ACT data falling in the fractional area

(Nπr2) occupied by N sources from the auxiliary catalog, this gives a random

cross-identification occuring once in 11,600 cases. Given the AT20G completeness
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limit and the predominance of flat spectra for our 148 GHz-selected sources (Sec-

tion 5.2.6), faint ACT sources may not have matches in AT20G. We applied for

and received time on the Australia Telescope Compact Array to measure flux den-

sities for the 48 sources in the Marriage et al. [2011] catalog that did not appear

in AT20G, the results of which are described in Section 5.3.

The Vieira et al. [2010] study from the South Pole Telescope (SPT) used a

square survey of 87 deg2 centered at 05h30m in right ascension and -55◦ in dec-

lination, only partially overlapping the ACT region. Of the 3,496 SPT source

candidates (SNR> 3; flux densities spanning 4.4 - 800 mJy), 2,304 fall within the

ACT survey area. Comparing to the reported SPT 1.4 mm (220 GHz) and 2.0 mm

(145 GHz) catalogs, we find 32 cross-identifications with ACT sources. Twenty-

four of these were 148 GHz-selected, and the remaining 8 are sources detected by

ACT with SNR> 5.25 at 218 GHz only. All 24 148 GHz-matching sources were

categorized in Vieira et al. [2010] as synchrotron-dominated. Three of the de-

tections, ACT-S J041959-545622 (NGC 1566), ACT-S J04285-542959 and ACT-S

J033133-515352 (IC 1954), are identified with sources in the IRAS catalog.

The IRAS sources are primarily local (z� 1) and dust-dominated. The com-

bined two-frequency ACT catalog contains 15 sources cross-identified with IRAS

sources, out of a possible 829 within the survey area. The ACT sources that

show dust re-emission dominating at 218 GHz which have been cross-identified

with IRAS are Galactic sources, in the Magellanic clouds, or nearby known star-

forming galaxies. For two local resolved galaxies particularly bright at ACT fre-

quencies, NGC1566, a Seyfert two-arm spiral, and IC 1954, a late-type spiral with

a short central bar (both shown in Figure 5.11), ACT observes a higher 218 GHz

flux density than at 148 GHz or 20 GHz, highlighting the fact that we are sensitive

to their dust emission.

If we impose a spectral index threshold of α > 1.0 for classification of ACT

sources as being dust-dominated, then all ACT-SPT cross-identified sources have

the same source classification type (either synchrotron- or dust-dominated). This

coincides with the Planck threshold of α143−217 > 1.0. Applying this criterion

yields 33 dust-dominated sources from the ACT 148 + 218 GHz catalog. Nineteen
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Figure 5.11 Nearby galaxies observed with ACT. Top Left: NGC 1566 at 218 GHz
in the ACT map. The x-axis is in degrees right ascension, the y-axis in degrees
declination. Top Right: An image of NGC 1566 in a four-channel false-color com-
posite made from Spitzer infrared data, where blue indicates emission at 3.6µm,
green corresponds to 4.5µm, and red to 5.8 and 8.0µm. The image is approxi-
mately 6′ on a side. Bottom Left: IC1954 at 218 GHz in the ACT map. The x-axis
is in degrees right ascension, the y-axis in degrees declination. Bottom Right: An
IC 1954 image taken with the Digital Sky Survey (DSS), approximately 12′ on a
side.

of these are cross-identified with IRAS (13 sources) and/or SPT (8 sources) cat-

alogs, and 10 of these 19 have a radio (SUMSS) match as well. The remaining 14

have no matching counterpart. Twelve of this ACT-only sample lie outside the

SPT area reported in Vieira et al. [2010], who find no cross-identifications for the
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majority of their bright, dust-dominated sources. While one of these otherwise

unidentified ACT sources outside the SPT region has S/N = 12.6 at 218 GHz, the

rest have S/N . 5.8. Purity tests suggest that at least a few of these are spurious,

as may be the two found in the SPT region not detected by SPT. However, given

the number of S/N . 5.8 sources cross-identified with SPT, we expect some frac-

tion of these sources to be real, potentially at high redshift. As posited by Vieira

et al. [2010], we may be probing a new population of sources, not selected at other

wavelengths. Potentially intrinsically extremely bright SMGs or gravitationally

lensed very high redshift galaxies, these sources are being pursued for follow-up

in a campaign described in more detail in Section 5.3.3.

Figure 5.12 compares the point source sensitivity of some of the experiments

discussed in this Section.

Figure 5.12 ACT sensitivity compared with other experiments: WMAP, Planck,
ATCA, the Scuba All Sky Survey (SASSY), and IRAS. Figure adapted from
Planck Collaboration et al. [2011b].
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5.2.2 Correlation With Galaxy Clusters

The brightest galaxies in galaxy clusters (BCGs) frequently host AGN, and

are more likely to host AGN than field galaxies, as shown in a study by Best et al.

[2007]. They used data from the National Radio Astronomy Observatory (NRAO)

Very Large Array (VLA) Sky Survey (Condon et al. [1998]) and the Faint Images

of the Radio Sky At Twenty centimeters survey (FIRST; Becker et al. [1995]) to

study radio-loud AGN in the Sloan Digital Sky Survey (SDSS), comparing those

hosted by BCGs with field galaxies of the same stellar mass. This is probably

due to the fact that BCGs are located in special places - the centers of clusters

- and the AGN activity is most likely fueled by gas cooling in these high density

regions.

The ACT 148 GHz-selected sources are mostly synchrotron-dominated, and

therefore could very well be associated with galaxy clusters. We tested for this

possibility by cross-matching the locations of sources against the REFLEX cat-

alog, a homogeneous X-ray selected sample with a nominal (0.1 - 2.4 keV) flux

limit of & 3× 1012 erg/s covering δ <+2.5 deg (Böhringer et al. [2004]). The RE-

FLEX catalog is > 90% complete above its nominal flux limit, and 23 REFLEX

clusters are located within the 2008 ACT survey region, spanning the redshift

range 0.03< z < 0.34. Using a generous 5′ matching radius, we find that three

ACT sources are associated with REFLEX clusters: ACT-S J062142-524136 (RXC

J0621.7-5242), ACT-S J042906-534943 (RXC J0429.1-5350/AS0463), and ACT-S

J062620-534136 (RXC J0626.3-5341/A3391). The separation between the ACT

sources and the corresponding REFLEX cluster positions is 0.3 - 1.1′ . All of these

clusters are at very low redshift (0.041< z < 0.055), and have low masses (≈ 0.4 -

2× 1014M�), inferred from their X-ray luminosities.

All three of these ACT sources have corresponding matches in the AT20G cat-

alog. For ACT-S J062142-524136, both the ACT and AT20G sources are located

within < 5′′ of each other and are coincident with the BCG, from inspection of

SDSS imaging. For the other two sources, we find that either the ACT source

position (in the case of RXC J0626.3-5341) or the AT20G position (in the case of
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RXC J0429.1-5350) is coincident with the BCG, although the AT20G and ACT

positions are offset by < 19′′ . In all cases, the projected radial distance between

the BCG and the REFLEX X-ray position is < 60 kpc.

A second NED search with radius increased to 2′ yielded 2 more ACT sources

identified with galaxy cluster locations, ACT-S J022216-510627 (AS0250) and

ACT-S J062649-543233 (A3395). Both of these galaxies have redshifts which

would locate them in the clusters, and lie within a radius of 1′ . This brings

the total of 148 GHz-selected galaxies identified as cluster members to 5 out of

the 157, or about 3%, consistent with the findings from recent simulations of the

microwave sky by Sehgal et al. [2010a].

5.2.3 Source Number Counts

The differential number counts for ACT sources based on the data in Table 5.2

are plotted in Figure 5.13. For comparison, number counts from Vieira et al. [2010]

and Planck Collaboration et al. [2011b] are plotted as well. The ACT data fills in

the flux density gap between the SPT and Planck catalogs at these frequencies,

caused by the difference in sky coverage and sensitivity to point sources of the

two experiments.

At 148 GHz, the ACT counts are fit reasonably well by the Toffolatti et al.

[1998] radio source model most frequently used in the literature, which assumes

an average spectral index of α= 0 for radio sources between 20 and 200 GHz. The

data are best fit when a scaling factor of 0.34± 0.04 is applied to the Toffolatti

et al. [1998] model. At 30 GHz, Wright et al. [2009] derive a scaling to this model

of 0.64 for 30 GHz data from WMAP and other extant datasets, that can be

explained by spectral steepening of the radio source spectrum, which has been

observed by Planck and ACT (Section 5.2.6).

Also plotted are the de Zotti et al. [2005] and Sehgal et al. [2010b] radio source

models. de Zotti et al. [2005], while consistent with the counts below 0.1 Jy, over-

predicts the counts at higher flux densities. The initial Planck analyses claim that

the de Zotti et al. [2005] model is consistent with the counts at frequencies up

to 100 GHz, but overpredicts the counts at higher frequencies in the flux density
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Figure 5.13 Differential number counts of ACT-selected sources. Derived from Ta-
ble 5.2 and corrected for completeness, the ACT differential source counts (blue
stars) are plotted together with models of radio and infrared source populations.
Red circles are Planck (Planck Collaboration et al. [2011b]) data points and ma-
genta squares are SPT (Vieira et al. [2010]) data points, consistent with ACT
counts where complete. Errors (1σ) are Poissonian. Top: 148 GHz. The solid line
is the de Zotti et al. [2005] 143 GHz radio sources model and the dashed line is
the Toffolatti et al. [1998] 143 GHz radio model rescaled by 0.34. On this scale,
the Toffolatti et al. [1998] 143 GHz fIR model predicts number counts too low to
be seen. The dashed-dot line follows the Sehgal et al. [2010b] model. Bottom:
218 GHz. The solid line is the de Zotti et al. [2005] 217 GHz radio model. The
dashed line is Toffolatti et al. [1998] 217 GHz radio model, and dotted is the Tof-
folatti et al. [1998] 217 GHz fIR model. The ACT data are consistent with being
dominated by radio sources at both frequencies.

region of ≈ 1 Jy, though they suffer from incompleteness below ≈ 1 Jy. Our few

≈ 1 Jy brightest sources appear to be consistent with this finding but lend little

statistical significance.

The models for counts of dusty starburst galaxies from Toffolatti et al. [1998]

are shown in Figure 5.13. The brightest infrared sources in this model are 10 mJy.
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Given that all sources in the ACT catalog have flux densities greater than 10 mJy,

these models predict that the 148 GHz- and 218 GHz-selected ACT catalogs should

have few or no detected infrared sources. However, we find 33 sources that have

dust-dominated spectra with flux densities above 15 mJy, and Vieira et al. [2010]

find 36 dust-dominated sources with flux densities above 15 mJy. As yet there is

no model that better fits the recent millimeter source counts.

5.2.4 Contribution to the Power Spectrum

The l= 3,000 - 10,000 power spectrum of the millimeter-wave sky is domi-

nated by synchrotron and infrared sources, and at 148 GHz the thermal SZE

from clusters contributes as well. Synchrotron-dominated sources are observed to

be Poisson-distributed on the sky, and therefore their contribution to the power

spectrum is simply a function of the number counts:

CPS =

(
δ Bν

δ T

)−2 ∫ Slim

0

S2 dN

dS
, (5.9)

where Slim is the flux density detection threshold, and the upper-limit of the

residual unmasked sources in the data. At the highest multipoles, the measured

power spectrum can be used to constrain the Poisson-distributed component of

the source population. The difference between the data and the Poisson spectrum

is due to the clustered infrared sources, a stronger effect at 218 GHz than at

148 GHz.

At l= 3,000, Dunkley et al. [2010] find that about half of the power at 148 GHz

is from the primary CMB, with the remainder found to be divided among SZE,

Poisson and clustered power from infrared-emitting sources, and radio source Pois-

son power. The 148 - 218 GHz cross-spectrum model fit indicates that a similar

population of galaxies is contributing at both frequencies, but with different con-

tributions due to spectral behaviour, highlighting the importance of the character-

ization of the radio source population for estimating the SZE power and clustering

of dusty sources at 148 GHz. Fowler et al. [2010] masked sources with flux den-

sities > 20 mJy before calculating the power spectrum at 148 GHz. They found
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a Poisson component to the spectrum from the residual sources at the level of

Csync = (7.8 ± 2.3) × 10−6 µK2. A flux density limit of 20 mJy, using the Toffo-

latti et al. [1998] model, rescaled by the best-fit factor 0.34, predicts a synchrotron-

dominated source contribution to CPS of Csync = (2.8 ± 0.3) × 10−6 µK2. This

implies that the infrared sources have a Poisson-distributed power component of

Cir = (5.0 ± 2.3) × 10−6 µK2. Dunkley et al. [2010] use the 218 GHz spectrum

to provide further constraints. Imposing a prior on the residual radio power from

Marriage et al. [2011], they find Cir = (5.5 ± 0.5) × 10−6 µK2. At 218 GHz, the

point source power is thus dominated by IR dust emission, with only about 15% of

the power at l= 3000 coming from the CMB. The remaining 85% is attributed to

IR sources (approximately 50% Poisson and 35% clustered), with spectral index

α= 3.69± 0.14.

5.2.5 The Undetected Source Background

From Figure 5.13 we see that the source count models predict radio source

abundance to decrease slowly with decreasing flux density, but the dust-dominated

sources have increasing abundance with decreasing flux density. With our 15 mJy

flux density cutoff, most of the dust-dominated sources at high redshift will have

flux densities at ACT frequencies that fall below the ACT detection level for

individual sources. However, their steep number counts result in an undetected

source background with significant global effects on extracting information at the

high-multipole end of power spectra.

Hajian et al. [2011] compute the cross-frequency correlation power spectra of

the ACT 1380 and 2030µm (218 and 148 GHz respectively) and Balloon-borne

Large Aperture Submillimeter Telescope (BLAST) 250, 350 and 500µm (1200,

860 and 600 GHz) maps after masking out individually-detected sources. The

region of overlap between the two experiments covers 8.6 square degrees near the

south ecliptic pole. While ACT is most sensitive to emission from dusty star-

forming galaxies (DSFGs) at higher multipoles, at BLAST frequencies DSFGs

are the dominant component. Hajian et al. [2011] interpret a > 25σ significance

Poisson correlation detection as a detection of the DSFG background in ACT
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maps. Too faint to be individually detected, these sources have a large impact

on the angular anisotropy power spectrum. In addition to a Poisson component

in the cross-frequency power spectra, they detect a clustered signal at 4σ, and

using a model for the DSFG evolution and number counts, successfully fit all our

spectra with a linear clustering model and a bias that depends only on redshift

and not on scale. The data generally agree with phenomenological models for the

DSFG population, demonstrating the constraining power of the cross-frequency

correlation technique to constrain models for the DSFGs.

5.2.6 Spectral Indices

To continue characterizing the ACT source population, we can break it down

according to four broad spectral groups: classical steep (and steepening) spec-

trum sources, sources that peak within the freuency range under consideration,

and sources that show flat, rising or upturned spectra. As mentioned earlier, the

ACT catalog is dominated by variable sources. However, as an ensemble a spec-

tral study may give rise to some insights about the average spectral behaviour

of the population. We seek to give a clearer picture of the ACT source popula-

tion characteristics and inform models of AGN emission mechanisms and evolu-

tion, particularly whether FSRQs undergo spectral steepening at shorter wave-

lengths. A color-color comparison of spectral indices for ACT-selected sources,

cross-identified with AT20G sources (for 5 and 20 GHz flux densities) may high-

light this transition from roughly flat to steep spectrum for the blazars.

Figures 5.14 and 5.16 show the 5 - 20 GHz vs. 20 -148 GHz and 20 - 148 GHz vs.

148 - 218 GHz radio color-color diagrams respectively. The sources are predomi-

nantly characterized by steepening of the spectra, with only a few characterized

by extremely flat or inverted spectra. All but two of the ACT detections with flux

density > 50 mJy have cross-identifications in AT20G, and these sources have in

fact been identified as dust-dominated, indicated by their rising spectra and cross-

identification with the IRAS catalog. Below this flux density, the mean spectral

indices of the population of ACT-AT20G cross-identified sources is biased nega-

tive by the incompleteness of the AT20G catalog at 5 GHz below 100 mJy and at
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20 GHz below 40 mJy. Hence, we further divide this subpopulation according to

148 GHz flux density, with the black crosses corresponding to the forty-two bright-

est sources in the ACT sample with flux density > 50 mJy, and the gray crosses

correspond to the fainter fraction of the subpopulation. Follow-up measurements

of the 148 GHz-selected sources without matches in AT20G were found to signif-

icantly impact the picture in the range 20 - 50 mJy (Section 5.3), represented by

circles in Figure 5.16.

�1.5 �1.0 �0.5 0.0 0.5 1.0�
5�20�1.2�1.0

�0.8�0.6
�0.4�0.2
0.0
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Figure 5.14 Radio color-color diagram, with 5 - 20 GHz vs. 20 - 148 GHz spectral
indices shown for ACT-AT20G cross-identified sources. The population is dom-
inated by sources which are peaked (lower right quadrant) or falling (lower left
quadrant), with some rising spectra sources becoming evident at lower flux density
(upper left quadrant). Black (Gray) crosses correspond to sources with 148 GHz
flux density greater (less) than 50 mJy. The low flux sample is incomplete and
suffers from selection bias that favors sources with more negative spectral indices.

In obtaining the spectral indices we compare the deboosted flux densities from

ACT with the raw flux densities from AT20G. Using the raw AT20G values should

not significantly bias the index estimates because the AT20G detections are all

characterized by a S/N greater than 15. The unbiased, bright sources have an
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Figure 5.15 Radio color-magnitude diagram at 5 and 148 GHz. As in Figure
5.14, the data are divided between high flux densities (black crosses) and low flux
densities (gray crosses) at 50 mJy. The unbiased Sdb > 50 mJy sample has a 5 -
148 GHz spectral index of α5−148 = -0.20 ± 0.21 (± 0.03).

average spectrum that steepens between 5 - 20 GHz and 20 - 148 GHz. The

median spectral indices of the unbiased sample of sources are α5−20 = -0.07 ±

0.37 (± 0.06) and α20−148 = -0.39 ± 0.24 (± 0.04), where the quoted errors are

the 68% confidence levels of the distribution and, in parentheses, for the median.

The 5 - 148 GHz spectral index for this subset is α5−148 = -0.20 ± 0.21(± 0.03).

This distribution is in 2σ tension with the SPT-reported mean 5-150 GHz spectral

slope (for 57 sources) of α5−150 = -0.13 ± 0.21 (± 0.03) [Vieira et al., 2010]. Vieira

et al. [2010] claim that the mean spectral index of their synchrotron-dominated

species remains near -0.1 to 2.0 mm (150 GHz), and that a simple power law

extrapolation from lower frequencies is reasonably accurate. They also state that

the flat behaviour of their sources changes between 150 and 220 GHz, steepening

to -0.5. While our data follow a similar trend, the transition to steep spectrum is

more gradual.
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This picture is further supported by the rescaling of ACT 148 GHz source

counts relative to source counts at 30 GHz (see Section 5.2.3). As well, our bright

(> 50 mJy) 148 GHz-selected population median spectral index, α20−148 = -0.39

± 0.04, is in good agreement with the one found by Planck Collaboration et al.

[2011b]. It is possible that the tension between our results and those of SPT is due

to a flattening of the high frequency spectral index at flux densities fainter than

those probed by Planck and ACT. At these lower flux densities, dust emission is

expected to begin to play a larger role.

Including the 218 GHz data, as Figure 5.16 shows, the spectral indices continue

to steepen at the higher frequencies (compared with Figure 5.14), but objects with

positive spectral slope begin to be in evidence as well, selected by their higher flux

densities at 218 GHz.

�1.5 �1.0 �0.5 0.0 0.5 1.0�
20�148�2.0�1.5

�1.0�0.5
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Figure 5.16 Radio color-color diagram, with 20 - 148 GHz vs. 148 - 218 GHz
spectral indices shown for ACT-AT20G cross-identified sources. The open circles
in the lower plot are data taken in an ATCA follow-up observing run, described
in Section 5.3 that completes the 148 GHz-selected sample with respect to their
20 GHz flux densities. See the caption from Figure 5.14 for more details.
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5.3 Follow-up Observations with the Australian

Telescope Compact Array

Marriage et al. [2011] found that the population of ACT 148 GHz-detected

sources cross-identified with the Australian Telescope 20 GHz (AT20G) survey is

dominated by sources with peaked or falling SED using flux densities measured

at 5, 20 and 148 GHz. The study also confirmed that this sample of radio sources

is characterized, on average, by spectral steepening between 20 - 30 GHz and

148 GHz found by the AT20G study (Murphy et al. [2010], Massardi et al. [2011b]).

This spectral behaviour, when combined with the AT20G survey completeness

level of 78% above 50 mJy at 20 GHz, limited the number of cross-identified sources

between the ACT and AT20G catalogs for the “faint” sample (flux densities <

50 mJy at 148 GHz). It also resulted in a selection bias that favoured sources

with negative spectral indices between 148 GHz and 20 GHz. By measuring flux

densities at 20 GHz for ACT-selected sources not identified within a 30′′ search

radius of any source in the AT20G catalog, we aimed to complete the 20 - 148 GHz

spectral study for our faint subsample.

5.3.1 Observations

We observed the ACT 148 GHz-selected sources which were not cross-identified

with AT20G sources with the 6× 22 m antenna array of the Australian Telescope

Compact Array (ATCA1) over 12.5 hours allocated in November 2010, when the

array was in its East-West 750A configuration, with 15 baselines ranging from 77 m

to 3750 m. The 20 GHz data were collected during a 6.5 hour run on November

10th.

The synchrotron-dominated nature of these sources as revealed in Marriage

et al. [2011] led to the conclusion that they will be compact (AGN), and in most

cases unresolved, and therefore any array configuration could be used. The pri-

mary beam of each array telescope at 20 GHz is 2.3′ , with a resolution of 0.5′′

1The ATCA homepage is http://www.narrabri.atnf.csiro.au/
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Figure 5.17 The Australian Telescope Compact Array (ATCA) at the Paul Wild
Observatory near Narribri, Australia is a radio interferometer composed of six
22 m diameter telescopes.

possible with the full array in this configuration. For the 20 GHz observations

we set the two 2 GHz-wide frequency bands of the new ATCA Compact Array

Broadband Backend (CABB; Wilson et al. [2011]) digital array correlators to be

adjacent by centering them at 19 GHz and 21 GHz. The reduced average flux den-

sities over the whole correlator output corresponds to the “20 GHz” flux density

listed in Table A.1. Throughout the observations, from 07:35:24.9 UT through

14:11:54.9 UT, we benefitted from good weather conditions. Few data blocks were

flagged and removed due to poor weather, in order to minimize noise and any

spurious effects.

The primary flux calibrator used for these observations was PKS B1934-638,

and the bandpass calibrator used was PKS B1921-293, both observed for a few
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minutes at least once every run. Throughout observations, secondary calibrators

were observed for pointing and phase calibration, chosen to lie near in right as-

cension to the targets: 2355-534, 0252-549, 0332-403, and 0537-441. Care was

taken to observe sources far enough above the horizon to prevent antennae shad-

owing. The target sources were expected to have flux densities at or just below

the AT20G survey limit of 40 mJy. Sensitivity calculations for the ATCA array

at 20 GHz predict that ≈ 1 minute of integration time per source was needed for

an rms noise level of 0.15 mJy/beam. Therefore, each target source was observed

once for 1.5 minutes. As we planned to extract flux densities through analysis

in the Fourier domain, which does not require imaging, we simply looked once

at each target. The schedule was constructed to minimize the slewing time and

maximize the time on source, completing the measurements for 60 target sources.

The scheduling pattern consists of ≈ 30 minute blocks of target observations in-

terleaved with 2.5 minute-long observations of the secondary calibrators. This

pattern is repeated throughtout the 6.5 hour observing block, and each target

source is calibrated using the nearest secondary calibrator.

5.3.2 Analysis

The data were reduced using a fully automated custom shell script pipeline for

the follow-up observations which uses tasks from the MIRIAD aperture synthesis

reduction package (Sault et al. [1995]). An initial manual inspection of the data

is performed to identify interference or any problems in the data acquisition.

Automatic procedures identify and flag channels for each frequency band to flag

data affected by shadowing or known radio interference, resulting in less than 1%

of the band being flagged. The pipeline then generates the calibration solutions

for bandpass, flux density, pointing and phase based on the calibrators. Once

source flux densities are calibrated, a set of processes is applied to determine peak

flux densities.

The basic measurement of a radio interferometer is a visibility, the signal corre-

lation between a pair of antennas integrated over an observation. It is a complex

quantity, with the amplitude measuring flux and the phase giving position in-
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formation. The space of all baselines makes up the uv plane, from which the

visibilities can be Fourier transformed to the image plane. If it is not well sam-

pled, as is usually the case, deconvolution methods are needed to interpolate the

visibility function between samples. Such a method, for example, might remove

“dirty beams”, the Fourier transform of the uv sampling pattern, from the image

and replace them with Gaussians of the same size. The image, or “dirty map”, is

a straight Fourier transform of the visibilities, equivalent to the source plus noise

convolved by the dirty beam.

When delay errors are present, with a minimum of three antennas, information

about visibility phases can be obtained through the closure phase. The complex

visibilities are multiplied together to form the triple product, and the phase of

the triple product is the closure phase, unaffected by phase errors at any of the

antennas thanks to complex algebra which cancels the error terms.

The data analysis of the AT20G survey (Murphy et al. [2010]) and of other

ATCA projects (Massardi et al. [2011a], Bonavera et al. [2011]) have shown that

the triple correlation technique (Thompson et al. [1986]) can be effectively used to

determine source flux densities down to tenth of mJy scales for point-like sources

unaffected by poor phase stability, if the noise level is low. However, for source flux

density extraction on the ATCA follow-up data taken in November 2010, triple

product techniques failed. This is likely due to the faintness of the sources, as

the Fourier transform of the visibilities (“dirty map”) for calibrators reproduced

a point source shape, but dirty maps for target sources did not. Because only

one short E-W track was observed, the uv-plane coverage was extremely sparse,

resulting in deconvolution methods failing, and therefore very poor images as

shown in Figure 5.18.

The dirty maps do not allow for straightforward analysis techniques. There-

fore, we measured the peak amplitude in the image for each source, verified to be a

good estimate for the flux density on calibrator data, using the MIRIAD HISTO

task. As a further check, this process was applied for each source to both the

19 GHz- and 21 GHz- centered bands, and the results compared for consistency

before being averaged. The noise is estimated from the rms in a region of the
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Figure 5.18 Dirty maps for a calibrator and for one target source. Because the cal-
ibrator has flux density & 1 Jy/beam, and there is no possibility of the calibrator
being offset from center of the field, the dirty map for the calibrator reproduces
a nice point source shape. For the low flux density source, likely due to its faint-
ness combined with poor uv-plane coverage, the dirty map does not allow for
straightforward analysis techniques.
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dirty map chosen to be far from the source, close to the edge of the image. S/N

for each target is > 5 with this method. The final result is a 20 GHz flux density

listed in the catalog presented in Table A.1 with an asterisk denoting its inclusion

in this follow-up sample.

5.3.3 Results

10-2 10-1 100

148 GHz Flux [Jy]

�1.4�1.2
�1.0�0.8
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�0.20.0
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Figure 5.19 Radio color-magnitude diagram using 20 - 148 GHz spectral indices
for ACT-AT20G cross-identified sources. The data are divided between high flux
densities (black crosses) and low flux densities (gray crosses) at 50 mJy. The low
flux sample is incomplete and suffers from selection bias that favors sources with
more negative spectral indices. The unbiased S148 > 50 mJy sample has a 20 -
148 GHz spectral index of -0.39 ± 0.24. Magenta crosses represent data from the
ATCA follow-up study for ACT 148 GHz sources not cross-identified with AT20G.
Including these data, the 15 - 50 mJy sample has a spectral index of -0.45 ± 0.32.

Figure 5.19, a radio color-magnitude diagram, plots spectral index α20−148

against 148 GHz source flux density. Crosses identify the ACT 148 GHz sources

that were cross-identified with the AT20G catalog. Black crosses are for sources

with flux densities > 50 mJy, which represented a complete sample. Grey crosses
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denote the fainter, incomplete sample. The magenta crosses were obtained by

calculating the spectral index for the previously unmatched, lower flux density

subsample, followed up with ATCA (see Table A.1 for 20 GHz flux densities,

denoted by an asterisk). The population represented by the magenta crosses

fills in the picture remarkably for the fainter (< 50mJy flux density at 148 GHz)

population, especially in the region with spectral index ≈ 0.

The median spectral index of the S148 > 50 mJy subsample of sources between

20 and 148 GHz is α20−148 = -0.39 ± 0.24 (± 0.04). For the whole sample prior

to follow-up with ATCA (without the inclusion of the magenta crosses), the 20

- 148 GHz spectral index was α20−148 = -0.56 ± 0.23 (± 0.02). However, with

the addition of the ACT-selected sources with the 2010 ATCA follow-up data,

the full sample has 20 - 148 GHz spectral index α20−148 = -0.42 ± 0.30 (± 0.02).

In a broad sense this shows that the AT20G completeness limit hindered the

spectral characterization of the subset of lower flux density ACT source population

represented by sources with flatter spectra, the previously mentioned FSRQ AGN

thought to dominate sources at these frequencies and flux densities. These sources

are interesting as they have the potential to inform models of AGN emission

mechanisms and evolution. Combining this result with the median 148 - 218 GHz

spectral index α148−218 = -0.84 ± 0.12 (± 0.01) we reported in Section 5.2.6,

indicates a clear steepening towards higher frequency. Thus we concur with the

results put forth by Vieira et al. [2010] and Planck Collaboration et al. [2011b] that

the spectral behavior of these sources at millimeter wavelengths shows evidence

of a spectral break or turnover.

Lastly, we note that this subset of ACT sources were also followed up at 5 GHz,

9 GHz, 33 GHz and 39 GHz, and analysis of this data is currently ongoing.
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Chapter 6

Conclusion

6.1 Conclusion

This thesis describes the ACT experiment, designed to address open questions

in cosmology. Millimeter-wave maps made from ACT 2008 season data were used

to construct the power spectrum of the CMB, galaxy cluster and extragalactic

point source catalogs. The maps from a southern stripe region centered on a

declination of -52.5◦ at 148 GHz and 218 GHz were match filtered to optimally

detect galaxies, and these ACT-selected source populations studied in detail.

We find 157 148 GHz-selected sources with S/N> 5.25, spanning two decades

in flux density, from 15 mJy to 1500 mJy. The 218 GHz map was independently

analyzed for sources with S/N> 5.25 and 118 sources were detected at this fre-

quency. The addition of these 218 GHz-selected sources to the master catalog

increases the total S/N> 5.25 source count to 189. Flux density calibration of

the sources derives from observations of Uranus with 7% error, dominated by the

temperature uncertainty for Uranus. Typical statistical 1σ sensitivities for source

flux density range from 2.5 - 5 mJy at 148 GHz and 3.3 - 6.5 mJy at 218 GHz.

The catalog was assessed for bias in the quoted flux densities due to beam shape

uncertainty, astrometry errors, purity and completeness. The catalog is estimated

to be 98% pure and 86% complete above 15 mJy at 148 GHz, and 97% pure and

70% complete above 20 mJy at 218 GHz.

Comparison to other catalogs shows that 98% of the 148 GHz and 88% of the
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218 GHz ACT detections correspond to sources also detected at lower or higher

frequencies. The 148 GHz source counts are fit reasonably well by the radio model

of Toffolatti et al. [1998] scaled by 0.34. Compared with a scaling of 0.64 for

30 GHz source counts (Wright et al. [2009]), this suggests a spectral steepening

towards higher frequencies (& 100 GHz) consistent with the findings of Planck

Collaboration et al. [2011b] and the average spectral indices derived from the

combined AT20G and ACT datasets. The recent prevalence of new data sets

at millimeter wavelengths put forth by the ACT, the SPT and Planck projects

invite a rethinking of the most common source population models currently in

use, originally developed to match longer wavelength data sets and then later

extrapolated to the millimeter regime.

The ACT 148 & 218 GHz catalog contains three types of sources: low-redshift

dust-dominated sources with IRAS counterparts (typically ULIRGs), synchrotron-

dominated sources, the vast majority of which are cross-identified with radio cat-

alogs, and dust-dominated sources either cross-identified with SPT sources or not

cross-identified at all. The latter two source types probe cosmological volumes.

The sources with dust-dominated spectra may very well be high-redshift galaxies

that are part of the progenitor population for massive modern-day ellipticals. Ac-

counting for cosmological dimming, they are either extremely luminous, possibly

the very rare bright tail of the SMG population distribution, or else they are back-

ground SMGs whose flux has been magnified through gravitational lensing by a

foreground galaxy. Both scenarios are extremely interesting and this subsample

is the subject of ongoing investigation. Properly linking these sources into the

broader context of galaxy formation and evolution is of cosmological interest, and

a goal of future work.

6.2 Ongoing Study

ACT has completed four seasons of observing, three with all three arrays.

Though observations are complete, the vast quantity of data in hand results in an

ongoing process of analysis. The analysis presented in this thesis was for the most
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part based on data taken during the 2008 season in the south. This represents

only ≈ 1/6 of all ACT data. Analysis of the data from the equatorial strip,

overlapping the deep Sloan Digital Sky Survey Stripe 82, will yield many more

galaxies, tightening constraints on structure formation scenarios. The addition

of data from other years will increase the integration time over sources, lowering

the sensitivity floor of the source analysis and allowing us to probe more deeply

into the populations of sources, which have much higher sky surface density but

fainter flux densities.

6.2.1 ALMA Follow-up Observations

SMGs are high-redshift star-forming galaxies, believed to be passing through

an important phase in their evolution. The blind surveys conducted by ACT, SPT

and Herschel in recent times have yielded a significant number of sources which

are either intrinsically extremely bright (LfIR & 1014L�) SMGs with brightnesses

falling in the high-flux tail of the SMG distribution, or gravitationally lensed

by foreground galaxies and galaxy clusters. This interpretation would be greatly

bolstered by redshifts and dust emission imaging of SMG candidates. Based on the

ACT source catalog at 148 and 218 GHz, lensed SMG candidates can be selected

according to the following criteria:

• Detected at 218 GHz (> 5.25σ), and fainter at 148 GHz (spectral index

α> 1.5, implying dust-dominated emission as opposed to synchrotron).

• Undetected by IRAS (thereby ruling out nearby galaxies).

• Undetected at 20 GHz by the AT20G survey (implying S20 GHz < 40 mJy).

The result is a subcatalog of 12 sources with flux densities S218 GHz in the

range 20-40 mJy. Only one of these has a corresponding detection at 148 GHz at

> 4.267σ. For the rest, the 148 GHz flux density was measured from the 148 GHz

map at the location of the 218 GHz detection. Four were cross-identified with the

SPT catalog, from a study based on 87 square degrees of sky, mostly overlapping

with the ACT region. Two of these sources, ACT-S J053250-504711 and ACT-S
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J055139-505805 were observed at 20 GHz in a follow-up study done in November

2010 (Section 5.3).

A dusty starburst radio-to-fIR SED template created by Yun and Carilli [2002]

can be used to derive photometric redshifts for SMGs. The template was devel-

oped by modeling various emission mechanisms related to massive star formation

processes, with parameters set by observations of 23 IR-selected starburst galax-

ies including the well-known Arp 220. Figures 6.1 and 6.2 show the result of

fitting the Yun and Carilli [2002] template to the SEDs of ACT-S J053250-504711

and ACT-S J055139-505805. Using this method, we find both have z≈ 1.5± 0.1,

where the error is from the range of SED templates used for the fit combined with

only three flux density measurements for each SED. It is clear that fluxes must

be obtained on either side of one of the spectral bumps - one which occurs in the

range 20-50 GHz or one which occurs at roughly 1000 GHz - to make a definitive

redshift identification based on this method.

Figure 6.1 Left: The best-fit redshifted SED from Yun and Carilli [2002] (black
curve), normalized to the data at 218 GHz, overplotted on the radio/mm photome-
try (red data points), for ACT-S J053250-504711. Right: The redshift distribution
determined from fitting the observed spectral indices. The red solid and dashed
curves represent the maximum-likelihood solution and the 68.3% confidence in-
terval, respectively. Figure courtesy of K. Scott.
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Figure 6.2 Left: The best-fit redshifted SED from Yun and Carilli [2002] (black
curve), normalized to the data at 218 GHz, overplotted on the radio/mm photome-
try (red data points), for ACT-S J055139-505805. Right: The redshift distribution
determined from fitting the observed spectral indices. The red solid and dashed
curves represent the maximum-likelihood solution and the 68.3% confidence in-
terval, respectively. Figure courtesy of K. Scott.

The ALMA interferometer will have the capability to perform both high-

resolution continuum imaging and blind CO redshift detections. In its Early

Science phase, ALMA will have 16 12 m antennas covering baselines of 250 -

400 m, . 2 GHz instantaneous bandwidth for spectroscopy and ≈ 1′ field of view

in Band 3. We are currently constructing an ALMA Early Science proposal to

make high-resolution imaging of the dust continuum for SMG candidates detected

by ACT, and to carry out a search for the CO emission in some subset of these

galaxies. Continuum observations would provide accurate positions, allowing eas-

ier counterpart identification at other wavelengths, as well as indicate whether

the millimeter fluxes are from multiple lensed images of the source galaxy. If the

galaxy were indeed lensed, this data would have sufficient resolution to construct

a lensing model for the source background SMG.
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6.2.2 Other Follow-up Observations

Follow-up Herschel and further ATCA data can provide even more redshift

constraints, as could the use of data maps recently released by the WISE experi-

ment (λ= 3.4 - 22µm), which may provide the lever arm necessary to extend the

SEDs of these sources far enough to use the Yun and Carilli [2002] template to

constrain redshift.

6.3 ACTpol: The Future of ACT

As outlined in the Astronomical Decadal Survey 2010, one of the main goals

for the future of Cosmology and Gravitation is to detect the B-mode polarization

component of the CMB. This B-mode signal can be caused by either primordial

gravitational waves at the time of decoupling, or from gravitational distortion of

light around massive objects that have formed along the line of sight between the

surface of last scattering and Earth.

A new receiver for ACT, named ACTpol, is currently being designed and

fabricated in order to begin observations within the next few years at the ACT

site, compatible with the existing infrastructure. It as well as a vast array of other

such instruments represent the next generation in CMB science.
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Appendix A

The ACT Source Catalog

The catalog of ACT 148 GHz - and 218 GHz -selected extragalactic sources is

given in Table A.1. The catalog provides the IAU name, celestial coordinates

(J2000), S/N and flux density estimation of each source. Raw flux densities, Sm,

are estimated directly from the map as described in Section 5.1.1. A source is

listed if its S/N is greater than 5.25 in at least one frequency band. If a source

was not identified with S/N > 5.25 at both frequencies, the raw flux density at

the second frequency, where it was not independently identified, is taken to be the

flux density at the location of the source in the second frequency map. Deboosted

flux densities for the 148 GHz sources with Sm < 50 mJy, derived according to

Section 5.1.4.2, are given with associated 68% confidence intervals. For sources

with measured fluxes greater than 50 mJy, the S/N is so high that the amount of

boosting is negligible, and thus the measured flux together with S/N-derived errors

are reported. The time spent integrating at the location in the map of each source

is given in minutes per square-arcminute. The spectral indices between 148 and

218 GHz are also provided. Finally, we give the ID of AT20G sources collocated

within 30′′ of an ACT source. An asterisk indicates that the 20 GHz flux density

was measured during the November 2010 follow-up campaign described in Section

5.3.
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Table A.1: The ACT High Significance 148 and 218 GHz Extragalactic Source

Catalog

ACT ID RA (J2000) Dec S/N S148
m S148

db t148int S/N S218
m t218int α148−218 AT20G ID S20

h m s ′ ′′ 148 (mJy) (mJy) (min) 218 (mJy) (min) (mJy)

ACT-S J001850−511454 00 : 18 : 50 −51 : 14 : 54 10.4 53.7 53.7+5.2
−5.2 6.1 5.7 27.4 9.3 -1.14 J001849−511455 154.0±5.0

ACT-S J001851−492949 00 : 18 : 51 −49 : 29 : 49 7.4 52.8 52.8+7.1
−7.1 3.0 5.0 44.4 2.7 -0.45 ... –

ACT-S J001940−511515 00 : 19 : 40 −51 : 15 : 15 1.6 8.0 – 5.8 5.5 26.6 9.2 1.11 ... –

ACT-S J002513−542737 00 : 25 : 13 −54 : 27 : 37 6.7 26.1 24.8+3.9
−4.0 10.0 4.9 22.7 10.0 -0.23 J002511−542739 59.0±3.0

ACT-S J003134−514308 00 : 31 : 34 −51 : 43 : 08 13.9 52.7 52.7+3.8
−3.8 10.3 8.3 34.6 12.5 -0.94 J003134−514325 78.0±4.0

ACT-S J003734−530729 00 : 37 : 34 −53 : 07 : 29 11.9 39.1 38.5+3.3
−3.3 13.9 6.8 27.4 13.4 -0.81 J003735−530733 81.0±4.0

ACT-S J004012−514950 00 : 40 : 12 −51 : 49 : 50 5.7 20.2 18.7+3.7
−3.7 12.2 2.8 11.9 14.1 -0.95 J004011−515018* 10.2±1.3

ACT-S J004042−511830 00 : 40 : 42 −51 : 18 : 30 5.6 22.9 21.1+4.2
−4.2 9.5 0.0 0.0 11.4 -1.67 J004049−511941* 1.6±0.5

ACT-S J004906−552106 00 : 49 : 06 −55 : 21 : 06 14.1 62.6 62.6+4.5
−4.5 7.5 8.1 47.4 6.5 -0.72 J004905−552110 89.0±5.0

ACT-S J004949−540240 00 : 49 : 49 −54 : 02 : 40 6.7 21.8 20.7+3.3
−3.3 14.2 2.8 12.6 12.8 -0.97 J004950−540255* 32.8±2.1

ACT-S J005240−531127 00 : 52 : 40 −53 : 11 : 27 5.5 17.6 16.2+3.4
−3.4 14.5 2.4 11.1 12.0 -0.86 J005242−531142* 37.6±2.3

ACT-S J005605−524154 00 : 56 : 05 −52 : 41 : 54 8.2 28.6 27.6+3.5
−3.5 12.5 5.8 24.3 12.2 -0.33 J005604−524147* 43.7±2.4

ACT-S J005622−531845 00 : 56 : 22 −53 : 18 : 45 9.7 32.4 31.6+3.4
−3.4 13.5 5.2 21.9 12.0 -0.86 J005622−531903* 23.7±1.5

ACT-S J005706−521423 00 : 57 : 06 −52 : 14 : 23 13.9 47.4 46.8+3.4
−3.4 12.7 7.7 31.0 13.1 -0.93 J005705−521418 97.0±5.0

ACT-S J005855−521925 00 : 58 : 55 −52 : 19 : 25 20.3 70.4 70.4+3.5
−3.5 12.4 9.4 38.1 13.3 -1.08 J005855−521926 170.0±9.0

ACT-S J010309−510907 01 : 03 : 09 −51 : 09 : 07 8.8 33.5 32.5+3.8
−3.8 10.4 4.9 21.8 10.8 -0.91 J010306−510907 82.0±4.0

ACT-S J010330−513544 01 : 03 : 30 −51 : 35 : 44 11.7 41.9 41.2+3.6
−3.6 12.0 9.6 39.1 13.1 -0.14 J010329−513551 87.0±4.0

ACT-S J011324−532938 01 : 13 : 24 −53 : 29 : 38 7.2 22.4 21.4+3.2
−3.2 15.4 4.3 20.2 11.8 -0.15 J011323−532949 117.0±6.0

ACT-S J011654−544653 01 : 16 : 54 −54 : 46 : 53 5.8 21.0 19.5+3.7
−3.8 11.3 1.7 8.6 10.5 -1.19 ... –

ACT-S J011830−511521 01 : 18 : 30 −51 : 15 : 21 13.0 48.4 47.7+3.6
−3.7 11.0 10.3 43.4 12.1 -0.24 J011828−511524* 43.4±3.3

ACT-S J011950−535714 01 : 19 : 50 −53 : 57 : 14 46.9 157.2 157.2+3.4
−3.4 15.4 28.7 108.7 14.9 -0.84 J011950−535717 245.0±12.0

ACT-S J012006−521104 01 : 20 : 06 −52 : 11 : 04 6.1 19.6 18.4+3.3
−3.3 14.8 1.2 4.7 15.4 -1.39 J012008−521102 59.0±3.0

ACT-S J012457−511309 01 : 24 : 57 −51 : 13 : 09 51.0 199.1 199.1+3.9
−3.9 11.4 33.8 150.1 12.3 -0.71 J012457−511316 745.0±37.0

ACT-S J012501−532514 01 : 25 : 01 −53 : 25 : 14 5.3 15.5 14.2+3.1
−3.2 17.6 1.6 7.0 14.0 -1.08 ... –
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ACT ID RA (J2000) Dec S/N S148
m S148

db t148int S/N S218
m t218int α148−218 AT20G ID S20

h m s ′ ′′ 148 (mJy) (mJy) (min) 218 (mJy) (min) (mJy)

ACT-S J012623−510305 01 : 26 : 23 −51 : 03 : 05 7.0 26.0 24.8+3.8
−3.8 11.1 3.5 16.3 11.7 -0.93 J012624−510309 111.0±6.0

ACT-S J012755−513642 01 : 27 : 55 −51 : 36 : 42 12.1 39.5 38.8+3.3
−3.3 14.1 7.9 30.4 14.7 -0.63 J012756−513641 100.0±5.0

ACT-S J012756−532933 01 : 27 : 56 −53 : 29 : 33 9.6 27.6 26.9+2.9
−2.9 18.1 6.4 24.1 14.9 -0.29 J012759−533007* 44.4±3.3

ACT-S J012834−525520 01 : 28 : 34 −52 : 55 : 20 6.3 18.5 17.4+3.0
−3.0 17.7 3.0 12.2 15.7 -0.83 J012834−525519 175.0±9.0

ACT-S J013107−545707 01 : 31 : 07 −54 : 57 : 07 6.3 23.8 22.3+3.9
−3.9 10.3 2.0 9.0 12.1 -1.26 J013108−545732* 48.6±3.9

ACT-S J013225−512903 01 : 32 : 25 −51 : 29 : 03 5.3 18.4 16.8+3.6
−3.7 12.9 0.6 -2.5 14.4 -1.78 ... –

ACT-S J013306−520003 01 : 33 : 06 −52 : 00 : 03 74.7 239.0 239.0+3.2
−3.2 17.1 40.5 152.3 16.9 -0.92 J013305−520003 1198.0±60.0

ACT-S J013409−552612 01 : 34 : 09 −55 : 26 : 12 6.0 24.7 23.1+4.2
−4.3 8.8 3.2 17.1 8.7 -0.75 J013408−552616 47.0±3.0

ACT-S J013541−514943 01 : 35 : 41 −51 : 49 : 43 6.6 19.8 18.8+3.0
−3.1 16.7 5.7 19.9 17.5 0.15 J013540−514945 60.0±3.0

ACT-S J013548−524414 01 : 35 : 48 −52 : 44 : 14 18.2 51.6 51.6+2.8
−2.8 18.8 10.1 35.0 18.1 -0.90 J013548−524417 55.0±3.0

ACT-S J013727−543942 01 : 37 : 27 −54 : 39 : 42 7.4 25.3 24.2+3.5
−3.5 12.6 4.6 18.2 13.9 -0.73 J013726−543940* 29.9±2.1

ACT-S J013949−521739 01 : 39 : 49 −52 : 17 : 39 12.1 35.2 34.6+2.9
−2.9 17.7 6.7 22.7 19.0 -0.91 J013949−521746 91.0±5.0

ACT-S J014648−520232 01 : 46 : 48 −52 : 02 : 32 25.3 77.5 77.5+3.1
−3.1 16.0 16.2 55.9 18.0 -0.79 J014648−520233 226.0±11.0

ACT-S J014743−524603 01 : 47 : 43 −52 : 46 : 03 4.5 13.1 – 17.8 9.2 30.5 19.8 0.87 J014741−524616* 0.7±0.2

ACT-S J015358−540649 01 : 53 : 58 −54 : 06 : 49 11.4 33.7 33.1+3.0
−3.0 16.9 7.8 26.3 18.8 -0.59 J015358−540653 50.0±3.0

ACT-S J015420−510750 01 : 54 : 20 −51 : 07 : 50 49.3 172.1 172.1+3.5
−3.5 14.2 28.4 109.3 14.4 -0.92 J015419−510751 329.0±17.0

ACT-S J015559−512538 01 : 55 : 59 −51 : 25 : 38 5.8 18.2 16.9+3.2
−3.3 15.0 0.8 2.9 16.7 -1.50 J015557−512545 115.0±6.0

ACT-S J015640−524330 01 : 56 : 40 −52 : 43 : 30 1.9 5.6 – 18.7 5.3 17.8 18.8 1.13 ... –

ACT-S J015649−543940 01 : 56 : 49 −54 : 39 : 40 13.4 42.2 41.6+3.2
−3.2 15.1 4.0 16.5 15.1 -1.20 J015649−543949 278.0±14.0

ACT-S J015817−500415 01 : 58 : 17 −50 : 04 : 15 5.8 24.6 22.8+4.4
−4.4 8.3 4.7 23.2 8.7 0.04 J015817−500419 121.0±6.0

ACT-S J015914−530902 01 : 59 : 14 −53 : 09 : 02 9.2 25.3 24.7+2.8
−2.8 19.8 2.4 9.1 18.3 -1.22 J015913−530853 69.0±4.0

ACT-S J020037−522304 02 : 00 : 37 −52 : 23 : 04 0.4 1.2 – 18.4 5.8 19.3 19.6 1.07 ... –

ACT-S J020448−550257 02 : 04 : 48 −55 : 02 : 57 14.7 48.4 47.9+3.2
−3.3 13.6 11.2 43.2 14.3 -0.27 J020454−550337* 52.7±3.8

ACT-S J020645−532729 02 : 06 : 45 −53 : 27 : 29 1.9 5.2 – 20.2 5.4 18.0 19.3 1.65 ... –

ACT-S J020649−534528 02 : 06 : 49 −53 : 45 : 28 5.4 15.2 13.9+2.9
−3.0 19.4 2.7 10.0 19.0 -0.81 J020647−534543 60.0±3.0

ACT-S J020920−522921 02 : 09 : 20 −52 : 29 : 21 11.1 30.5 29.9+2.8
−2.8 20.2 8.7 27.5 21.4 -0.22 J020916−522949* 40.5±2.8

ACT-S J021046−510100 02 : 10 : 46 −51 : 01 : 00 470.3 1677.6 1678.0+3.6
−3.6 13.6 309.7 1259.3 14.8 -0.69 J021046−510101 3287.0±164.0
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ACT-S J021519−510435 02 : 15 : 19 −51 : 04 : 35 5.5 17.3 15.9+3.3
−3.4 15.1 1.4 5.7 15.6 -1.28 J021518−510426* 11.3±0.9

ACT-S J021603−520007 02 : 16 : 03 −52 : 00 : 07 12.7 34.6 34.1+2.7
−2.7 20.1 6.4 21.7 18.6 -0.93 J021603−520012 211.0±11.0

ACT-S J021709−542750 02 : 17 : 09 −54 : 27 : 50 5.8 17.3 16.1+3.1
−3.1 16.4 1.2 4.9 16.1 -1.33 ... –

ACT-S J021835−550354 02 : 18 : 35 −55 : 03 : 54 12.5 43.0 42.4+3.5
−3.5 12.5 7.5 29.4 14.2 -0.86 J021834−550350 54.0±3.0

ACT-S J022027−543946 02 : 20 : 27 −54 : 39 : 46 0.9 3.0 – 14.6 5.4 20.4 15.3 1.03 ... –

ACT-S J022115−515032 02 : 21 : 15 −51 : 50 : 32 0.1 -0.2 – 21.0 5.5 18.7 18.9 -0.98 ... –

ACT-S J022216−510627 02 : 22 : 16 −51 : 06 : 27 9.4 29.7 28.9+3.2
−3.2 15.1 2.8 11.6 14.5 -1.20 J022215−510629 75.0±3.0

ACT-S J022330−534737 02 : 23 : 30 −53 : 47 : 37 40.5 119.9 119.9+3.0
−3.0 19.4 21.9 73.2 19.2 -0.96 J022330−534740 464.0±23.0

ACT-S J022530−522547 02 : 25 : 30 −52 : 25 : 47 15.3 40.2 39.8+2.6
−2.7 21.4 8.4 27.3 20.4 -0.86 J022529−522555 52.0±3.0

ACT-S J022820−553732 02 : 28 : 20 −55 : 37 : 32 5.6 21.9 20.2+4.1
−4.1 9.8 4.6 20.6 10.5 0.05 J022820−553725 89.0±5.0

ACT-S J022821−554601 02 : 28 : 21 −55 : 46 : 01 25.9 104.7 104.7+4.0
−4.0 9.0 14.0 64.1 10.3 -0.96 J022821−554603 391.0±18.0

ACT-S J022912−540324 02 : 29 : 12 −54 : 03 : 24 112.5 333.1 333.1+3.0
−3.0 19.9 65.9 239.9 18.7 -0.76 J022912−540324 338.0±17.0

ACT-S J022925−523226 02 : 29 : 25 −52 : 32 : 26 17.2 45.3 44.9+2.6
−2.6 21.7 9.9 31.7 20.9 -0.83 J022925−523226 182.0±9.0

ACT-S J023245−535634 02 : 32 : 45 −53 : 56 : 34 8.1 21.9 21.2+2.7
−2.7 20.7 5.6 18.5 20.0 -0.34 J023246−535636* 32.5±2.8

ACT-S J023357−503014 02 : 33 : 57 −50 : 30 : 14 6.3 21.4 20.2+3.5
−3.5 13.0 1.4 6.8 10.5 -1.26 J023356−503020 62.0±3.0

ACT-S J023924−510824 02 : 39 : 24 −51 : 08 : 24 8.5 25.2 24.4+3.0
−3.0 16.8 3.0 12.7 14.4 -1.08 J023923−510817* 48.0±4.2

ACT-S J024040−542942 02 : 40 : 40 −54 : 29 : 42 6.9 21.7 20.7+3.2
−3.2 15.3 3.2 13.4 14.8 -0.92 J024040−542933 58.0±3.0

ACT-S J024154−534541 02 : 41 : 54 −53 : 45 : 41 6.7 17.8 16.9+2.7
−2.8 20.9 5.5 18.1 19.8 0.16 J024155−534548* 58.6±4.8

ACT-S J024313−510512 02 : 43 : 13 −51 : 05 : 12 11.5 35.1 34.5+3.1
−3.1 16.2 6.9 27.1 14.0 -0.62 J024313−510517 189.0±7.0

ACT-S J024508−554421 02 : 45 : 08 −55 : 44 : 21 2.3 10.0 – 8.5 10.6 52.9 8.5 1.26 ... –

ACT-S J024539−525756 02 : 45 : 39 −52 : 57 : 56 7.6 19.1 18.4+2.6
−2.6 23.4 3.7 13.6 19.2 -0.75 J024539−525748* 17.1±1.4

ACT-S J024614−495346 02 : 46 : 14 −49 : 53 : 46 10.3 42.8 41.9+4.2
−4.2 8.5 2.8 16.7 7.3 -1.17 J024614−495350 70.0±4.0

ACT-S J024616−552741 02 : 46 : 16 −55 : 27 : 41 1.5 5.6 – 10.9 6.7 32.3 9.3 1.23 ... –

ACT-S J024947−555619 02 : 49 : 47 −55 : 56 : 19 5.4 22.8 20.9+4.4
−4.6 8.2 5.1 25.7 8.5 0.54 J024948−555615 95.0±3.0

ACT-S J025112−520822 02 : 51 : 12 −52 : 08 : 22 5.7 15.0 13.9+2.7
−2.8 21.8 2.3 8.5 19.1 -0.95 J025109−520801* 57.2±4.8

ACT-S J025204−514554 02 : 52 : 04 −51 : 45 : 54 5.4 14.4 13.2+2.8
−2.8 20.7 2.4 8.9 18.0 -0.87 J025201−514546* 10.2±1.1

ACT-S J025328−544151 02 : 53 : 28 −54 : 41 : 51 246.7 837.5 837.5+3.4
−3.4 15.3 122.2 569.3 11.2 -0.77 J025329−544151 1933.0±96.0
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ACT-S J025353−495314 02 : 53 : 53 −49 : 53 : 14 1.3 5.4 – 8.4 7.3 39.0 7.6 1.27 ... –

ACT-S J025629−522711 02 : 56 : 29 −52 : 27 : 11 5.3 14.1 12.8+2.8
−2.9 21.0 4.1 14.6 19.8 0.34 ... –

ACT-S J025838−505200 02 : 58 : 38 −50 : 52 : 00 33.2 113.6 113.6+3.4
−3.4 14.6 18.0 71.4 13.7 -0.93 J025838−505204 314.0±15.0

ACT-S J025849−533210 02 : 58 : 49 −53 : 32 : 10 7.2 19.5 18.6+2.7
−2.8 20.6 2.7 10.7 15.8 -0.99 J025847−533205* 22.0±1.9

ACT-S J030056−510229 03 : 00 : 56 −51 : 02 : 29 11.2 36.8 36.1+3.3
−3.3 14.0 5.3 20.7 13.8 -1.02 J030055−510229 104.0±5.0

ACT-S J030132−525603 03 : 01 : 32 −52 : 56 : 03 15.0 39.7 39.3+2.6
−2.7 21.6 8.1 27.7 18.4 -0.82 J030132−525555* 56.8±3.8

ACT-S J030327−523427 03 : 03 : 27 −52 : 34 : 27 24.8 66.4 66.4+2.7
−2.7 21.0 13.4 45.8 18.4 -0.84 J030328−523433 89.0±5.0

ACT-S J030616−552808 03 : 06 : 16 −55 : 28 : 08 15.2 56.4 56.5+3.7
−3.7 10.9 9.3 46.7 8.6 -0.49 J030616−552808 109.0±6.0

ACT-S J031002−532009 03 : 10 : 02 −53 : 20 : 09 2.8 7.5 – 20.9 8.0 28.3 17.0 1.18 J031010−532054* 0.7±0.2

ACT-S J031206−554135 03 : 12 : 06 −55 : 41 : 35 18.3 72.7 72.7+4.0
−4.0 9.5 9.7 52.5 7.3 -0.77 J031207−554133 294.0±15.0

ACT-S J031426−510430 03 : 14 : 26 −51 : 04 : 30 29.0 90.6 90.5+3.1
−3.1 15.2 16.5 65.9 13.4 -0.77 J031425−510431 112.0±6.0

ACT-S J031823−533148 03 : 18 : 23 −53 : 31 : 48 18.6 51.6 51.6+2.8
−2.8 19.6 8.3 29.1 17.7 -1.01 J031823−533146* 45.2±3.9

ACT-S J031910−500031 03 : 19 : 10 −50 : 00 : 31 7.5 30.2 28.9+4.1
−4.1 9.3 2.9 15.7 8.6 -1.04 J031910−500026* 51.1±4.5

ACT-S J032207−535419 03 : 22 : 07 −53 : 54 : 19 6.5 18.3 17.3+2.9
−2.9 19.6 3.4 13.1 17.1 -0.70 J032210−535445* 31.9±3.1

ACT-S J032212−504229 03 : 22 : 12 −50 : 42 : 29 11.0 35.5 34.8+3.2
−3.3 14.5 6.3 26.4 12.3 -0.72 J032212−504233* 65.7±5.9

ACT-S J032246−495535 03 : 22 : 46 −49 : 55 : 35 1.6 -6.6 – 9.3 5.6 28.1 8.3 1.57 ... –

ACT-S J032327−522627 03 : 23 : 27 −52 : 26 : 27 14.9 41.0 40.5+2.8
−2.8 19.7 9.7 32.0 19.8 -0.61 J032327−522630 72.0±4.0

ACT-S J032540−524715 03 : 25 : 40 −52 : 47 : 15 2.9 8.0 – 20.6 6.7 22.2 19.4 1.05 J032543−524623* 1.4±0.4

ACT-S J032650−533658 03 : 26 : 50 −53 : 36 : 58 17.0 48.0 47.6+2.8
−2.8 18.9 11.1 41.3 15.6 -0.36 J032650−533701 91.0±5.0

ACT-S J033002−503518 03 : 30 : 02 −50 : 35 : 18 6.5 21.9 20.7+3.4
−3.4 13.5 4.1 18.6 12.2 -0.27 J033002−503519 80.0±4.0

ACT-S J033041−501846 03 : 30 : 41 −50 : 18 : 46 1.1 4.0 – 11.1 5.6 24.7 11.2 1.65 ... –

ACT-S J033114−524149 03 : 31 : 14 −52 : 41 : 49 9.0 24.4 23.7+2.7
−2.7 21.1 6.4 21.7 18.8 -0.24 J033114−524148 55.0±3.0

ACT-S J033126−525829 03 : 31 : 26 −52 : 58 : 29 11.9 31.6 31.0+2.7
−2.7 21.5 7.4 25.2 18.6 -0.54 J033126−525830 81.0±4.0

ACT-S J033131−515423 03 : 31 : 31 −51 : 54 : 23 4.7 12.9 – 20.2 12.3 41.8 18.4 1.15 ... –

ACT-S J033133−515352 03 : 31 : 33 −51 : 53 : 52 5.9 16.1 15.0+2.8
−2.9 19.8 10.1 37.2 18.7 1.06 ... –

ACT-S J033444−521851 03 : 34 : 44 −52 : 18 : 51 7.1 19.2 18.4+2.8
−2.8 20.4 5.0 16.5 19.8 -0.27 J033443−521900* 44.6±4.6

ACT-S J033554−543028 03 : 35 : 54 −54 : 30 : 28 14.8 44.0 43.6+3.0
−3.0 16.6 4.1 17.5 13.9 -1.15 J033553−543025 305.0±15.0
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ACT-S J034157−515140 03 : 41 : 57 −51 : 51 : 40 6.3 16.6 15.7+2.7
−2.7 22.1 2.4 8.7 20.2 -1.04 J034154−515144* 36.6±4.0

ACT-S J034348−524112 03 : 43 : 48 −52 : 41 : 12 8.3 21.9 21.2+2.7
−2.7 21.5 2.7 9.5 20.8 -1.19 J034349−524116 171.0±9.0

ACT-S J034640−520459 03 : 46 : 40 −52 : 04 : 59 5.0 13.1 – 21.8 12.6 41.0 20.5 1.15 ... –

ACT-S J034940−540111 03 : 49 : 40 −54 : 01 : 11 7.4 21.7 20.7+3.0
−3.0 17.1 3.7 14.3 16.7 -0.86 J034941−540106 80.0±9.0

ACT-S J035128−514254 03 : 51 : 28 −51 : 42 : 54 50.7 145.2 145.2+2.9
−2.9 21.6 27.1 94.3 17.7 -0.89 J035128−514254 401.0±20.0

ACT-S J035343−534553 03 : 53 : 43 −53 : 45 : 53 5.6 16.3 15.0+3.0
−3.1 17.9 0.4 -1.6 16.6 -1.71 ... –

ACT-S J035700−495549 03 : 57 : 00 −49 : 55 : 49 14.1 58.3 58.3+4.1
−4.1 8.7 6.7 33.8 8.6 -0.99 J035700−495547 74.0±4.0

ACT-S J035840−543403 03 : 58 : 40 −54 : 34 : 03 8.3 27.4 26.4+3.3
−3.4 14.0 7.2 30.5 12.1 0.37 J035842−543407* 37.7±3.9

ACT-S J040401−552022 04 : 04 : 01 −55 : 20 : 22 7.0 27.6 26.3+4.0
−4.0 10.2 3.2 16.1 10.0 -1.00 J040400−552023 84.0±10.0

ACT-S J040403−540556 04 : 04 : 03 −54 : 05 : 56 1.1 3.4 – 16.2 10.0 38.3 14.9 1.31 J040357−540619* 0.7±0.2

ACT-S J040621−503509 04 : 06 : 21 −50 : 35 : 09 5.5 20.5 18.8+3.9
−4.0 10.8 1.3 6.5 10.9 -1.31 J040621−503504* 39.6±4.1

ACT-S J041137−514918 04 : 11 : 37 −51 : 49 : 18 22.8 72.5 72.5+3.2
−3.2 14.9 12.1 45.4 15.3 -0.94 J041137−514923 259.0±12.0

ACT-S J041247−560044 04 : 12 : 47 −56 : 00 : 44 5.4 23.4 21.4+4.5
−4.6 8.1 5.9 29.5 8.3 0.81 J041247−560035 118.0±6.0

ACT-S J041313−533157 04 : 13 : 13 −53 : 31 : 57 13.2 39.5 38.9+3.0
−3.0 16.6 8.2 31.1 15.0 -0.58 J041313−533200 163.0±7.0

ACT-S J041959−545618 04 : 19 : 59 −54 : 56 : 18 7.2 23.8 22.7+3.4
−3.4 13.8 26.8 112.3 12.2 1.23 J041959−545617* 5.0±0.8

ACT-S J042503−533201 04 : 25 : 03 −53 : 32 : 01 49.8 152.1 152.1+3.1
−3.1 18.6 34.0 122.5 18.7 -0.56 J042504−533158 184.0±9.0

ACT-S J042842−500532 04 : 28 : 42 −50 : 05 : 32 33.1 154.7 154.7+4.7
−4.7 6.9 18.0 90.6 8.5 -0.99 J042842−500534 238.0±11.0

ACT-S J042852−543001 04 : 28 : 52 −54 : 30 : 01 6.8 21.8 20.8+3.3
−3.3 14.5 5.0 21.0 12.1 0.03 J042852−543007 54.0±3.0

ACT-S J042906−534943 04 : 29 : 06 −53 : 49 : 43 31.7 87.4 87.4+2.8
−2.8 19.9 17.2 58.1 18.9 -0.91 J042908−534940 145.0±4.0

ACT-S J043221−510926 04 : 32 : 21 −51 : 09 : 26 26.5 86.8 86.8+3.3
−3.3 14.1 15.5 58.7 15.2 -0.88 J043221−510925 319.0±15.0

ACT-S J043651−521632 04 : 36 : 51 −52 : 16 : 32 14.1 38.4 38.0+2.7
−2.7 20.4 7.2 24.5 18.4 -0.92 J043652−521639 74.0±4.0

ACT-S J043935−530059 04 : 39 : 35 −53 : 00 : 59 2.6 7.1 – 20.4 5.6 19.2 18.2 1.09 ... –

ACT-S J044115−543848 04 : 41 : 15 −54 : 38 : 48 6.1 19.4 18.2+3.3
−3.3 14.9 3.8 17.9 11.2 -0.03 J044115−543859* 16.2±2.2

ACT-S J044158−515456 04 : 41 : 58 −51 : 54 : 56 30.4 87.5 87.5+2.9
−2.9 18.2 16.5 59.4 16.8 -0.87 J044158−515453 262.0±13.0

ACT-S J044502−523426 04 : 45 : 02 −52 : 34 : 26 9.1 25.5 24.8+2.8
−2.8 19.4 2.9 11.1 17.5 -1.15 J044506−523448* 32.4±4.0

ACT-S J044746−515103 04 : 47 : 46 −51 : 51 : 03 9.7 27.2 26.5+2.8
−2.8 19.3 5.0 18.0 16.5 -0.89 J044748−515100 156.0±8.0

ACT-S J044821−504140 04 : 48 : 21 −50 : 41 : 40 10.8 37.1 36.3+3.5
−3.4 13.1 5.9 26.0 11.3 -0.80 J044822−504133 76.0±4.0
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ACT-S J045028−534659 04 : 50 : 28 −53 : 46 : 59 8.9 24.8 24.1+2.8
−2.8 19.5 3.7 13.9 18.1 -1.03 J045032−534655* 16.5±2.8

ACT-S J045103−493632 04 : 51 : 03 −49 : 36 : 32 12.1 58.2 58.2+4.8
−4.8 6.3 5.3 31.3 6.0 -1.04 J045102−493626 147.0±7.0

ACT-S J045239−530637 04 : 52 : 39 −53 : 06 : 37 8.4 23.3 22.6+2.8
−2.8 19.3 4.1 15.9 17.0 -0.83 J045238−530635 78.0±4.0

ACT-S J045503−553119 04 : 55 : 03 −55 : 31 : 19 9.8 36.7 35.8+3.8
−3.8 10.8 5.5 26.5 9.3 -0.76 J045503−553112 67.0±4.0

ACT-S J045559−530236 04 : 55 : 59 −53 : 02 : 36 6.9 18.3 17.4+2.7
−2.7 21.2 3.3 11.9 19.1 -0.86 J045558−530239 61.0±3.0

ACT-S J050018−532122 05 : 00 : 18 −53 : 21 : 22 10.6 28.2 27.6+2.7
−2.7 21.3 6.2 20.3 19.9 -0.78 J050019−532121 135.0±7.0

ACT-S J050401−502314 05 : 04 : 01 −50 : 23 : 14 15.8 59.6 59.5+3.8
−3.8 10.7 7.8 38.5 8.7 -0.90 J050401−502313 129.0±7.0

ACT-S J051355−505543 05 : 13 : 55 −50 : 55 : 43 6.5 22.0 20.9+3.4
−3.5 13.4 4.4 19.6 11.0 -0.15 J051355−505541 46.0±2.0

ACT-S J051506−534420 05 : 15 : 06 −53 : 44 : 20 0.7 2.0 – 21.1 7.9 25.9 20.2 1.30 ... –

ACT-S J051812−514359 05 : 18 : 12 −51 : 43 : 59 8.7 24.7 23.9+2.9
−2.9 18.6 6.8 26.2 14.5 0.23 J051811−514404 57.0±3.0

ACT-S J052044−550832 05 : 20 : 44 −55 : 08 : 32 7.0 24.1 22.9+3.5
−3.5 12.7 5.5 23.4 11.7 0.05 J052045−550824 78.0±4.0

ACT-S J052317−530836 05 : 23 : 17 −53 : 08 : 36 8.4 22.9 22.1+2.7
−2.7 20.5 2.5 10.1 15.5 -1.12 J052318−530837 47.0±2.0

ACT-S J052743−542614 05 : 27 : 43 −54 : 26 : 14 8.9 26.0 25.3+2.9
−2.9 17.3 4.6 19.7 13.9 -0.64 J052743−542616 98.0±5.0

ACT-S J052853−545756 05 : 28 : 53 −54 : 57 : 56 1.9 6.3 – 14.1 5.8 24.1 12.5 1.31 ... –

ACT-S J052903−543654 05 : 29 : 03 −54 : 36 : 54 2.9 9.0 – 15.5 6.4 26.9 11.8 1.43 ... –

ACT-S J053117−550431 05 : 31 : 17 −55 : 04 : 31 14.1 47.9 47.3+3.3
−3.4 13.0 6.6 28.7 11.1 -0.99 J053115−550423* 36.7±5.8

ACT-S J053208−531035 05 : 32 : 08 −53 : 10 : 35 18.9 51.2 51.2+2.7
−2.7 20.3 12.2 43.5 16.8 -0.42 J053208−531035 88.0±4.0

ACT-S J053250−504711 05 : 32 : 50 −50 : 47 : 11 3.4 12.3 – 12.2 7.6 32.9 11.6 1.07 J053251−504729* 1.0±0.2

ACT-S J053323−554941 05 : 33 : 23 −55 : 49 : 41 16.7 65.7 65.7+3.9
−3.9 9.7 8.7 46.9 7.6 -0.79 J053324−554936 51.0±3.0

ACT-S J053458−543903 05 : 34 : 58 −54 : 39 : 03 10.0 30.8 30.1+3.1
−3.1 15.7 6.0 25.6 11.8 -0.42 J053458−543901 61.0±3.0

ACT-S J053817−503058 05 : 38 : 17 −50 : 30 : 58 0.5 -1.7 – 12.1 6.9 32.6 9.8 1.39 ... –

ACT-S J053909−551059 05 : 39 : 09 −55 : 10 : 59 8.9 30.6 29.7+3.5
−3.5 12.8 4.8 23.4 9.2 -0.62 J053909−551059 113.0±6.0

ACT-S J053944−513546 05 : 39 : 44 −51 : 35 : 46 0.0 -0.1 – 16.7 5.3 20.5 14.3 1.15 ... –

ACT-S J054025−530354 05 : 40 : 25 −53 : 03 : 54 11.5 31.7 31.1+2.8
−2.8 19.9 7.5 25.8 18.4 -0.48 J054025−530346 193.0±10.0

ACT-S J054029−535628 05 : 40 : 29 −53 : 56 : 28 5.5 14.8 13.6+2.8
−2.8 21.2 3.4 12.5 18.6 -0.22 J054029−535632 53.0±3.0

ACT-S J054046−541825 05 : 40 : 46 −54 : 18 : 25 133.4 416.2 416.2+3.1
−3.1 17.4 71.6 288.4 14.8 -0.77 J054045−541821 1127.0±56.0

ACT-S J054223−514259 05 : 42 : 23 −51 : 42 : 59 27.4 79.7 79.7+2.9
−2.9 18.1 14.2 55.1 14.2 -0.83 J054223−514257 128.0±7.0
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ACT ID RA (J2000) Dec S/N S148
m S148

db t148int S/N S218
m t218int α148−218 AT20G ID S20

h m s ′ ′′ 148 (mJy) (mJy) (min) 218 (mJy) (min) (mJy)

ACT-S J054311−531312 05 : 43 : 11 −53 : 13 : 12 1.3 -3.7 – 19.6 5.4 18.6 18.1 1.29 ... –

ACT-S J054357−553206 05 : 43 : 57 −55 : 32 : 06 6.2 22.2 20.9+3.7
−3.7 11.3 3.5 19.5 8.2 -0.18 J054402−553225* 32.9±3.9

ACT-S J054830−521836 05 : 48 : 30 −52 : 18 : 36 9.3 25.2 24.6+2.7
−2.7 20.2 5.9 21.6 16.3 -0.33 J054833−521840* 49.0±5.1

ACT-S J054901−502118 05 : 49 : 01 −50 : 21 : 18 0.6 -2.3 – 10.6 5.7 27.8 9.1 1.42 ... –

ACT-S J054943−524629 05 : 49 : 43 −52 : 46 : 29 63.4 180.3 180.3+2.8
−2.8 21.8 34.6 125.3 18.8 -0.82 J054943−524625 235.0±11.0

ACT-S J055047−530502 05 : 50 : 47 −53 : 05 : 02 9.0 24.5 23.8+2.8
−2.8 20.1 3.3 12.4 17.9 -1.08 J055049−530501* 15.1±2.0

ACT-S J055115−533435 05 : 51 : 15 −53 : 34 : 35 1.7 4.7 – 19.6 7.9 27.7 17.3 1.25 ... –

ACT-S J055139−505805 05 : 51 : 39 −50 : 58 : 05 1.1 3.6 – 13.4 7.2 32.2 10.9 1.32 J055133−505709* 0.9±0.2

ACT-S J055152−552642 05 : 51 : 52 −55 : 26 : 42 8.6 31.5 30.4+3.7
−3.7 11.1 6.2 30.7 9.1 0.02 J055152−552632 81.0±4.0

ACT-S J055811−502957 05 : 58 : 11 −50 : 29 : 57 16.0 57.5 57.5+3.6
−3.6 11.8 9.3 45.8 9.2 -0.59 J055811−502948 381.0±19.0

ACT-S J055830−532640 05 : 58 : 30 −53 : 26 : 40 6.1 16.6 15.6+2.8
−2.8 19.7 2.0 7.6 17.2 -1.10 J055830−532631 104.0±5.0

ACT-S J055946−502656 05 : 59 : 46 −50 : 26 : 56 12.5 45.9 45.2+3.7
−3.7 11.2 5.6 27.1 9.3 -1.00 J055947−502652 78.0±4.0

ACT-S J060213−542509 06 : 02 : 13 −54 : 25 : 09 12.5 38.3 37.7+3.1
−3.1 15.9 6.5 26.9 12.3 -0.80 J060212−542507 114.0±5.0

ACT-S J060749−525747 06 : 07 : 49 −52 : 57 : 47 13.1 36.0 35.5+2.8
−2.7 19.6 8.1 28.2 17.5 -0.59 J060749−525744 85.0±4.0

ACT-S J060849−545650 06 : 08 : 49 −54 : 56 : 50 38.4 136.9 136.9+3.6
−3.6 13.7 22.8 98.5 11.4 -0.79 J060849−545642 386.0±19.0

ACT-S J061138−512134 06 : 11 : 38 −51 : 21 : 34 2.1 7.0 – 14.1 5.3 21.1 13.4 1.35 ... –

ACT-S J061518−513340 06 : 15 : 18 −51 : 33 : 40 1.0 -3.2 – 14.5 5.3 21.4 13.1 1.37 ... –

ACT-S J061709−523111 06 : 17 : 09 −52 : 31 : 11 1.5 4.5 – 17.3 5.6 20.4 16.2 1.05 ... –

ACT-S J061715−530615 06 : 17 : 15 −53 : 06 : 15 13.1 39.6 39.0+3.0
−3.1 16.2 7.5 26.4 17.0 -0.88 J061716−530615* 34.1±4.1

ACT-S J061846−532948 06 : 18 : 46 −53 : 29 : 48 6.3 18.7 17.6+3.0
−3.1 16.8 2.1 8.3 17.0 -1.15 J061841−532927* 24.9±3.2

ACT-S J061955−542718 06 : 19 : 55 −54 : 27 : 18 12.1 39.1 38.5+3.3
−3.3 13.8 6.6 27.3 12.5 -0.82 J061955−542713 99.0±5.0

ACT-S J062142−524136 06 : 21 : 42 −52 : 41 : 36 37.3 118.9 118.9+3.2
−3.2 17.4 22.9 83.9 16.6 -0.82 J062143−524132 266.0±9.0

ACT-S J062552−543856 06 : 25 : 52 −54 : 38 : 56 28.5 105.9 105.9+3.7
−3.7 10.8 16.5 74.6 10.6 -0.83 J062552−543850 304.0±15.0

ACT-S J062620−534136 06 : 26 : 20 −53 : 41 : 36 15.1 46.7 46.3+3.1
−3.1 15.8 7.3 27.9 14.8 -1.00 J062620−534151 253.0±4.0

ACT-S J062649−543233 06 : 26 : 49 −54 : 32 : 33 8.9 32.8 31.8+3.7
−3.7 11.0 4.8 21.5 11.0 -0.90 J062648−543214 106.0±3.0

ACT-S J062746−512627 06 : 27 : 46 −51 : 26 : 27 0.0 -0.0 – 14.7 5.5 22.0 13.5 2.02 ... –

ACT-S J063200−540501 06 : 32 : 00 −54 : 05 : 01 6.1 21.0 19.7+3.5
−3.6 12.7 5.2 20.9 13.2 0.16 J063201−540455 68.0±4.0
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ACT ID RA (J2000) Dec S/N S148
m S148

db t148int S/N S218
m t218int α148−218 AT20G ID S20

h m s ′ ′′ 148 (mJy) (mJy) (min) 218 (mJy) (min) (mJy)

ACT-S J064111−520223 06 : 41 : 11 −52 : 02 : 23 5.8 19.4 18.1+3.4
−3.5 13.5 2.5 12.0 11.0 -0.89 J064107−520225* 37.3±5.1

ACT-S J064319−535850 06 : 43 : 19 −53 : 58 : 50 32.1 104.5 104.5+3.3
−3.3 14.0 18.4 72.9 13.4 -0.85 J064320−535846 130.0±7.0

ACT-S J064629−545120 06 : 46 : 29 −54 : 51 : 20 9.7 37.7 36.7+3.9
−3.9 10.1 2.7 13.8 9.9 -1.25 J064629−545116 90.0±3.0
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Burman, A. Pearce, C. Pearson, I. Pérez-Fournon, F. Pinsard, G. Pisano,

J. Podosek, M. Pohlen, E. T. Polehampton, D. Pouliquen, D. Rigopoulou,

D. Rizzo, I. G. Roseboom, H. Roussel, M. Rowan-Robinson, B. Rownd,

P. Saraceno, M. Sauvage, R. Savage, G. Savini, E. Sawyer, C. Scharmberg,

D. Schmitt, N. Schneider, B. Schulz, A. Schwartz, R. Shafer, D. L. Shupe,

B. Sibthorpe, S. Sidher, A. Smith, A. J. Smith, D. Smith, L. Spencer, B. Sto-

bie, R. Sudiwala, K. Sukhatme, C. Surace, J. A. Stevens, B. M. Swinyard,

M. Trichas, T. Tourette, H. Triou, S. Tseng, C. Tucker, A. Turner, M. Vac-

cari, I. Valtchanov, L. Vigroux, E. Virique, G. Voellmer, H. Walker, R. Ward,

T. Waskett, M. Weilert, R. Wesson, G. J. White, N. Whitehouse, C. D. Wilson,

B. Winter, A. L. Woodcraft, G. S. Wright, C. K. Xu, A. Zavagno, M. Zem-

cov, L. Zhang, and E. Zonca. The Herschel-SPIRE instrument and its in-flight

performance. A&A, 518:L3+, July 2010.

A. Hajian, V. Acquaviva, P. A. R. Ade, P. Aguirre, M. Amiri, J. W. Appel, L. F.

Barrientos, E. S. Battistelli, J. R. Bond, B. Brown, B. Burger, J. Chervenak,

S. Das, M. J. Devlin, S. R. Dicker, W. Bertrand Doriese, J. Dunkley, R. Dunner,

T. Essinger-Hileman, R. P. Fisher, J. W. Fowler, M. Halpern, M. Hasselfield,

C. Hernandez-Monteagudo, G. C. Hilton, M. Hilton, A. D. Hincks, R. Hlozek,

K. M. Huffenberger, D. H. Hughes, J. P. Hughes, L. Infante, K. D. Irwin,

J. Baptiste Juin, M. Kaul, J. Klein, A. Kosowsky, J. M. Lau, M. Limon, Y.-T.

Lin, R. H. Lupton, T. A. Marriage, D. Marsden, P. Mauskopf, F. Menanteau,

K. Moodley, H. Moseley, C. B. Netterfield, M. D. Niemack, M. R. Nolta, L. A.

Page, L. Parker, B. Partridge, B. Reid, N. Sehgal, B. D. Sherwin, J. Sievers,

180



D. N. Spergel, S. T. Staggs, D. S. Swetz, E. R. Switzer, R. Thornton, H. Trac,

C. Tucker, R. Warne, E. Wollack, and Y. Zhao. The Atacama Cosmology

Telescope: Calibration with WMAP Using Cross-Correlations. ArXiv e-prints,

Sept. 2010.

A. Hajian, M. P. Viero, G. Addison, P. Aguirre, J. W. Appel, N. Battaglia, J. J.

Bock, J. R. Bond, S. Das, M. J. Devlin, S. R. Dicker, J. Dunkley, R. Dunner,

T. Essinger-Hileman, J. P. Hughes, J. W. Fowler, M. Halpern, M. Hasselfield,

M. Hilton, A. D. Hincks, R. Hlozek, K. D. Irwin, J. Klein, A. Kosowsky, Y. Lin,

T. A. Marriage, D. Marsden, G. Marsden, F. Menanteau, L. Moncelsi, K. Mood-

ley, C. B. Netterfield, M. D. Niemack, M. R. Nolta, L. A. Page, L. Parker,

D. Scott, N. Sehgal, J. Sievers, D. N. Spergel, S. T. Staggs, D. S. Swetz, E. R.

Switzer, R. Thornton, and E. Wollack. Correlations in the (Sub)millimeter

background from ACTxBLAST. ArXiv e-prints, Jan. 2011.

N. Hand, J. W. Appel, N. Battaglia, J. Bond, S. Das, M. J. Devlin, J. Dunk-

ley, R. Dunner, T. Essinger-Hileman, J. W. Fowler, A. Hajian, M. Halpern,

M. Hasselfield, M. Hilton, A. D. Hincks, R. Hlozek, J. P. Hughes, K. D. Ir-

win, J. Klein, A. Kosowsky, Y. Lin, T. A. Marriage, D. Marsden, M. McLaren,

F. Menanteau, K. Moodley, M. D. Niemack, M. R. Nolta, L. A. Page, L. Parker,

B. Partridge, R. Plimpton, E. D. Reese, F. Rojas, N. Sehgal, B. D. Sherwin,

J. L. Sievers, D. N. Spergel, S. T. Staggs, D. S. Swetz, E. R. Switzer, R. Thorn-

ton, H. Trac, K. Visnjic, and E. Wollack. The Atacama Cosmology Telescope:

Detection of Sunyaev-Zel’dovich Decrement in Groups and Clusters Associated

with Luminous Red Galaxies. ArXiv e-prints, Jan. 2011.

B. Hatsukade, K. Kohno, I. Aretxaga, J. E. Austermann, H. Ezawa, D. H.

Hughes, S. Ikarashi, D. Iono, R. Kawabe, S. Khan, H. Matsuo, S. Matsuura,

K. Nakanishi, T. Oshima, T. Perera, K. S. Scott, M. Shirahata, T. T. Takeuchi,

Y. Tamura, K. Tanaka, T. Tosaki, G. W. Wilson, and M. S. Yun. AzTEC/ASTE

1.1-mm survey of the AKARI Deep Field South: source catalogue and number

counts. MNRAS, 411:102–116, Feb. 2011.

181



G. Helou, I. R. Khan, L. Malek, and L. Boehmer. IRAS observations of galaxies

in the Virgo cluster area. ApJS, 68:151–172, Oct. 1988.

A. D. Hincks, P. A. R. Ade, C. Allen, M. Amiri, J. W. Appel, E. S. B. A.

Burger, J. A. Chervenak, A. J. Dahlen, S. Denny, M. J. Devlin, S. R. Dicker,

W. B. Doriese, R. Dünner, T. Essinger-Hileman, R. P. Fisher, J. W. Fowler,

M. Halpern, P. C.Hargrave, M. Hasselfield, G. C. Hilton, K. D. Irwin, N. Jarosik,

M. Kaul, J. Klein, J. M. Lau, M. Limon, R. H. Lupton, T. A. Marriage, K. L.

Martocci, P. Mauskopf, S. H. Moseley, C. B. Netterfield, M. D. Niemack, M. R.

Nolta, L. Page, L. P. Parker, A. J. Sederberg, S. T. Staggs, O. R. Stryzak,

D. S. Swetz, E. R. Switzer, R. J. Thornton, C. Tucker, E. J. Wollack, and

Y. Zhao. The effects of the mechanical performance and alignment of the Ata-

cama Cosmology Telescope on the sensitivity of microwave observations. Mil-

limeter and Submillimeter Detectors and Instrumentation for Astronomy IV.

Edited by William D. Duncan, Wayne S. Holland, Stafford Withington, Jonas

Zmuidzinas. Proceedings of the SPIE, 7020:70201P, 2008.

A. D. Hincks, V. Acquaviva, P. A. R. Ade, P. Aguirre, M. Amiri, J. W. Appel,

E. S. B. L. F. Barrientos, J. R. Bond, B. Brown, B. Burger, J. Chervenak, S. Das,

M. J. Devlin, S. Dicker, W. B. Doriese, J. Dunkley, R. Dünner, T. Essinger-

Hileman, R. P. Fisher, J. W. Fowler, A. Hajian, M. Halpern, M. Hasselfield,

C. Hernández-Monteagudo, G. C. Hilton, M. Hilton, R. Hlozek, K. Huffen-

berger, D. Hughes, J. P. Hughes, L. Infante, K. D. Irwin, R. Jimenez, J. B.

Juin, M. Kaul, J. Klein, A. Kosowsky, J. M. Lau, M. Limon, Y.-T. Lin, R. H.

Lupton, T. Marriage, D. Marsden, K. Martocci, P. Mauskopf, F. Menanteau,

K. Moodley, H. Moseley, C. B. Netterfield, M. D. Niemack, M. R. Nolta, L. A.

Page, L. Parker, B. Partridge, H. Quintana, B. Reid, N. Sehgal, J. Sievers,

D. N. Spergel, S. T. Staggs, O. Stryzak, D. Swetz, E. Switzer, R. Thornton,

H. Trac, C. Tucker, L. Verde, R. Warne, G. Wilson, E. Wollack, and Y. Zhao.

The atacama cosmology telescope (act): Beam profiles and first sz cluster maps.

ArXiv e-prints, 907:0907.0461v1, 2009.

G. Hinshaw, M. R. Nolta, C. L. Bennett, R. Bean, O. Doré, M. R. Greason,
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