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Peculiar velocities are a generic result of structure growth in the
universe
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How to Measure Velocities: Doppler Shift

∆ν

ν0
=

vlos

c

or

vlos = cz , 1 + z ≡ ν

ν0
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How to Measure Velocities In Cosmology

Peculiar velocity = (redshift velocity) - (Hubble velocity)

vlos = cz − H0d

Typical vlos ' 300 km/s = 10−3c

For z = 0.1, need error on d much less than 1% to measure vlos

via Doppler shift
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Kinematic Sunyaev-Zeldovich Effect

Alternate velocity measurement: for a blob of ionized gas,

∆T

T
∝ Mgasvlos (1)

Measures v with respect to CMB rest frame directly, independent
of distance (Sunyaev and Zeldovich 1972)
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Size of kSZ Effect

For a galaxy cluster with M = 3× 1014 M� and vlos = 300 km/s,
kSZ distortion is a few µK over a region of 1 square arcmin.

(Also, thermal SZ distortion is a few × 10 µK,
y ∝ MgasTgas ∝ M5/3)
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Atacama Cosmology Telescope

4 S. Das et al.

Fig. 3.— Southern maps (ACT-S) made from 2008 (top panel) 2009 (middle panel) and 2010 (bottom panel) 148 GHz observations
filtered to emphasize modes in the range ! = 500 − 2500. The four data splits were co-added to make this plot. Also delineated are the
patches used for computing power spectra. The smaller two patches common between the three maps are used to compute cross-season
cross-power spectra. The four larger patches for season 2sf are used to compute the full footprint 2008-only cross-power spectrum. Areas
of large noise or stripes are heavily down weighted in the analysis. The color scale is the same as Fig 1.
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Fig. 4.— Noise spectra for each seasons for the ACT-S maps for
148GHz (upper panel) an 218GHz (lower panel). The red solid line
shows the CMB-only spectrum. Season 3s is significantly noisier
than the other two seasons. Note that the combination of seasons
3s and 4s is more sensitive than season 2s which was used in D11
and Dunkley et al. (2011).

Fig. 5.— Comparison of a sky patch from the WMAP 7-year
94 GHz map (Jarosik et al. 2011) (top) with the map of the same
region made from ACT 148GHz (bottom) observations (co-added
across seasons). All maps have been high-pass filtered with a cos2 !-
like filter that goes from 0 to 1 for 100 < ! < 300. Agreement
between the CMB features in the two maps is clear by eye.

15 minute timestream for the 218 GHz 2008/2009/2010
data, and 9/11/11 for the 2008/2009/2010 148 GHz data.
We then interpolate across gaps in the remaining detec-
tor timestreams and deconvolve the effects of the detec-

Map sensitivity 20 to 30 µK arcmin, angular resolution 1.4 arcmin
at 148 GHz (S. Das et al. 2013)
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ACT and SPT

ACT Final TT Power Spectrum 5

Fig. 6.— Side by side comparison between the ACT map (co-added across seasons) and the SPT map for the same region of the sky.
The left panel shows the ACT map high-pass filtered with a cos2 !-like filter that goes from 0 to 1 for 100 < ! < 300, and the center
and right panels show the ACT and SPT maps respectively under the same high-pass filter used in the SPT data release (Schaffer et al.
2011). Agreement between the CMB features in the two maps is clear by eye. It is noteworthy that the instrumentation, scan strategy,
and analysis methods for these two experiments are completely different.

tor time constants and a (known) filter from the readout
electronics. Next we remove an offset from each detector
and a single slope common across the array. We then
estimate the noise as described in Dünner et al. (2012),
using a model that finds correlations across the array,
and measures the power spectra of those correlations in
frequency bins and the power spectra of the individual
detectors after the correlations are removed (the domi-
nant correlated signal is a common-mode atmosphere sig-
nal, but both higher order atmosphere signals and elec-
tronic noise produce correlated noise across the array).
We then use a preconditioned conjugate-gradient (PCG)
iterative algorithm to solve for the maximum-likelihood
maps. At the same time we solve for the values of the
timestreams in regions where the data have been cut out.
The cut samples are assumed to be decoupled from the
sky; the solution is effectively using the noise model to
interpolate across the gaps. We do this procedure twice;
the second time we subtract off the first solution from
the timestreams to avoid any signal in the data from bi-
asing the noise estimation. We find that the maps are
typically unbiased to better than one part in 10−3 and in
all cases the transfer function is much smaller than the
beam error in the ! ranges we use for science and calibra-
tion. Simulations show that the maps typically converge
within a few hundred PCG iterations.

2.4. Beam Transfer Functions
The beams are estimated independently for each array

and season (Hasselfield et al. 2013, in preparation) from
observations of Saturn following a procedure similar to
the one described in Hincks et al. (2010). Radial beam
profiles from the planet maps are transformed to Fourier
space by fitting a set of basis functions whose analytic
transform is known. The fit yields the beam transform as
well as a covariance matrix following a procedure similar
to that discussed in D11. The transform is subsequently
corrected for the mapper transfer function, the solid an-

gle of Saturn, and the difference in Saturn’s spectrum
compared to the CMB blackbody spectrum. Because any
location in the ACT CMB maps contains data from many
different nights, the effective beam in the maps is broad-
ened relative to the planet-based beam due to pointing
variation from night to night. This pointing variation
! 6′′, is modelled as having a two-dimensional Gaussian
distribution, and the standard deviation is measured by
comparing the shape of the beam obtained from stacked
radio sources to the planet-based beam transform. The
error in the beam due to the pointing correction is in-
cluded in the final beam covariance matrix. The covari-
ant error in the beam is obtained after fixing the normal-
ization of the beams at ! = 700 (1500) for the 148 GHz
(218 GHz) array. The calibration error is thus separated
from the covariant error due to beam shape uncertainty,
which is 0 by construction at ! = 700 (1500).

2.5. Comparison with WMAP and South Pole Telescope
Maps

Fig. 5 shows a comparison between the WMAP 7-
year 94 GHz map (Jarosik et al. 2011), and the 148GHz
and 218GHz ACT maps on the same region of the sky.
On the one hand, it exemplifies how our map-making
pipeline faithfully reproduces all the large-scale CMB
features seen in the WMAP map, and on the other hand
it portrays the significantly higher resolution afforded by
ACT over WMAP. This figure is a visual representation
of the fact that the transfer function in our maps are
unity down to small angular scales (! ! 300) or large
spatial scales (0.◦6) – this proves highly beneficial for cal-
ibrating our maps against the WMAP maps, as discussed
later.

We also compare ACT maps with publicly released
maps from the South Pole Telescope (Schaffer et al.
2011) in the region of overlap in the southern strip. Fig. 6
shows a side by side comparison between the ACT map
co-added across all seasons and the SPT map on the same

Left: ACT Center: ACT filtered Right: SPT
(S. Das et al. 2013)
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Galaxy Clusters in Thermal SZ Effect

ACT: SZ Selected Galaxy Clusters 7

Figure 3. Section of the 148GHz map (covering 18.7 deg2) match-filtered with a GNFW profile of scale θ500 = 5.′9. Point sources are
removed prior to filtering. Three optically confirmed clusters with S/N > 4.9 are highlighted (see Table 7). Within this area, there are an
additional 11 candidates (4 < S/N < 4.9) which are not confirmed as clusters in the SDSS data (and thus may be spurious detections or
high-redshift clusters).

Figure 4. Central decrement and signal to noise ratio as a func-
tion of filter scale for the 20 clusters in S82 detected with peak
S/N > 5. Top panel : Although the central decrement is a model-
dependent quantity, the value tends to be stable for filter scales
of θ500 > 3′. Bottom panel : On each curve, the circular point
identifies the filter scale at which the peak S/N was observed. The
vertical dashed line shows the angular scale chosen for cluster prop-
erty and cosmology analysis, θ500 = 5.′9. Despite the apparent gap
near S/N ≈ 6, the clusters shown represent a single population.

In this section we develop a relationship between clus-
ter mass and the expected signal in the ACT filtered
maps. The form of the scaling relationship between the
SZ observable and the cluster mass is based on the UPP,
and parameters of that relationship are studied using
models of cluster physics and dynamical mass measure-
ments. We obtain masses for the ACT Equatorial clus-
ters assuming a representative set of parameters.

3.1. Profile Based Amplitude Analysis
Scaling relations between cluster mass and cluster SZ

signal strength are often expressed in terms of bulk in-
tegrated Compton quantities, such as Y500, which are
expected to be correlated to mass with low intrinsic scat-
ter (e.g., Motl et al. 2005; Reid & Spergel 2006). Due to
projection effects, and the current levels of telescope res-
olution and survey depth, measurements of Y500 for in-
dividual clusters can be obtained only by comparing the
microwave data to a simple, parametrized model for the
cluster pressure profile. Such fits may be done directly, or
indirectly as part of the cluster detection process through
the application of one or more matched filters (where the
filters are “matched” in the sense of being tuned to a par-
ticular angular scale). In such comparisons, the inferred
values of Y500 are very sensitive to the assumed cluster
scale (i.e., θ500

1), and this scale is poorly constrained by
microwave data alone.

Recent microwave survey instruments make use of spa-
tial filters to both detect and characterize their clus-
ter samples, coping with θ500 uncertainty in different
ways. For example, the Planck team uses X-ray lu-
minosity based masses (Planck Collaboration 2011a) as

1 M500c = (4π/3) × 500ρc(z)R3
500; θ500 = R500/DA(z).

M. Hasselfield et al. 2013
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Galaxy Clusters in Thermal SZ Effect

8 Hasselfield, Hilton, Marriage et al.

Figure 5. Postage stamp images (30′ on a side) for the 10 highest S/N detections in the catalog (see Table 7), taken from the filtered
ACT maps. The clusters are ordered by detection S/N, from top left to bottom right, and each postage stamp shown is filtered at the
scale which optimizes the detection S/N. Note that J2327.4−0204 is at the edge of the map. The greyscale is linear and runs from -350 µK
(black) to +100 µK (white).

well as more detailed X-ray and weak lensing studies
(Planck Collaboration et al. 2013) to constrain R500, and
obtain Y500 measurements assuming profile shapes de-
scribed by the UPP.

In cases where suitable X-ray or optical constraints
on the cluster scale are not available, authors have con-
structed empirical scaling relations based on alternative
SZ statistics, such as the amplitude returned by some
particular filter (Sehgal et al. 2011), or the maximum
S/N over some ensemble of filters (Vanderlinde et al.
2010). Recognizing that the cluster angular scale is
poorly constrained by the filter ensemble, recent work
from the South Pole Telescope has included a marginal-
ization over the results returned by the ensemble of fil-
ters (e.g., Story et al. 2011; Reichardt et al. 2013). Such
approaches rely on simulated maps to guide the interpre-
tation of their results.

For the purposes of using the SZ signal to understand
scaling relations and to obtain cosmological constraints,
we develop an approach in which the cluster SZ signal
is parametrized by a single statistic, obtained from the
ACT map that has been filtered using Ψ

5.′9(k). Instead
of using simulations to inform our interpretation of the
data, we develop a framework where the SZ observable is
expressed in terms of the parameters of some underlying
model for the cluster pressure profile. In particular, we
model the clusters as being well described, up to some
overall adjustments to the normalization and mass de-
pendence, by the UPP (see Section 2.2).

An estimate of the cluster central Compton parameter,
based only on the non-relativistic SZ treatment, is given
by

ỹ0 ≡
∆T

TCMB
f−1
SZ (m = 0, z = 0), (10)

where fSZ(m = 0, z = 0) = −0.992 as explained in Sec-
tion 2.2. This “uncorrected” central Compton parameter
is used in place of ∆T to develop an interpretation of the

SZ signal. This quantity is uncorrected in the sense that
it is associated with the fixed angular scale filter and does
not include a relativistic correction.

For a cluster with SZ signal described by equation (7),
the value of ỹ0 that we would expect to observe by ap-
plying the filter Ψ

5.′9 to the beam-convolved map is

ỹ0 = 10A0E(z)2m1+B0Q(θ500/mC0)frel(m, z) (11)

where

Q(θ) =
∫

d2k

(2π)2
Ψ

5.′9(k)B(k)
∫

d2θ′ eiθ′ ·kτ(θ′/θ).

(12)

is the spatial convolution of the filter, the beam, and the
cluster’s unit-normalized integrated pressure profile. We
note that in this formalism, θ500 = R500/DA(z) is de-
termined by the cluster mass and the cosmology (rather
than being some independent parameter describing the
angular scale of the pressure profile).

The response function Q(θ) for the Equatorial clusters
is shown in Figure 6. It encapsulates the bias incurred
in the central decrement estimate due to a mismatch be-
tween the true cluster size and the size encoded in the
filter, for the family of clusters described by the UPP.
While this bias is in some cases substantial (Q ≈ 0.3),
the function Q(θ) is not strongly sensitive to the details
of the assumed pressure profile (as demonstrated in Sec-
tion 3.3), and the assumptions underlying this approach
are not a significant departure from other analyses that
rely on a family of cluster templates to extract a cluster
observable.

Equation (11) thus relates ỹ0 to cluster mass and red-
shift while accounting for the impact of the filter on clus-
ters whose angular size is determined by their mass and
redshift. This relationship can be seen in Figure 7.

The essence of our approach, then, is to filter the maps
with Ψ

5.′9(k) and for each confirmed cluster obtain ∆T
and its error. This is equivalent to measuring ỹ0, which

M. Hasselfield et al. 2013
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Mean Pairwise Momentum

For galaxy clusters at positions ri and momenta pi , consider

ppair(r) ≡ 〈(pi − pj) · r̂ij〉
with rij ≡ ri − rj and r ≡ |rij |.

If a pair is moving towards each other, contribution is negative and
if moving away from each other, contribution is positive.

Closely related to mean pairwise velocity (Davis and Peebles 1977)
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Line-of-Sight Estimator

ppair(r) ≈
∑

i<j(pi · r̂i − pj · r̂j)cij∑
i<j c2

ij

cij ≡ r̂ij ·
r̂i + r̂j

2
=

(ri − rj)(1 + cos θ)

2
√

r2
i + r2

j − 2ri rj cos θ

To use this estimator, need to know ri , plos = pi · r̂i and sky
position for each cluster
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SDSS BOSS Survey in Stripe 82

Sky image from the SDSS-3 collaboration
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BOSS Galaxies

We use positions and redshifts of luminous galaxies in the SDSS
Baryon Oscillation Spectroscopic Survey (BOSS) as tracers of
galaxy clusters.

220 square degrees of overlap with ACT maps, 27381 galaxies.
0.05 < z < 0.8, average z̄ = 0.51. Most halo masses around
1013 M� with 10% in haloes of 1014 M�.

For estimator, use 5000 most luminous galaxies, L > 8.1× 1010L�
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Cluster sky position from BOSS galaxy position

Cluster ri from BOSS redshift and standard cosmological model

Cluster plos from temperature Ti which is a noisy estimator of the
kSZ signal plus other signals which average to zero
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that our galaxy luminosity cut corresponds to a cluster
halo mass limit of roughly M200 � 4.1 × 1013 M⊙ and a
mean cluster halo mass of M200 = 6.5× 1013 M⊙. Error
bars are estimated via bootstrap resampling. Neighbor-
ing bins have a mean correlation of 0.25 and we include
smaller mean correlations out to a 5-bin separation, as
determined using independent simulation volumes.

The measured points largely fall below zero and have
∆χ2 = 23 for 15 degrees of freedom, compared to the
best-fit model. The model is a good fit to the data: 13%
of random data realizations with the same normal er-
rors and correlations have larger ∆χ2. The measured
points have ∆χ2 = 43 for 15 degrees of freedom, com-
pared to a null signal; the probability of random noise
having ∆χ2 at least this large is 2.0 × 10−3 including
correlations. The measured points approach zero signal
as the comoving pair separation increases, which demon-
strates that the signal depends on spatial separation, not
redshift separation.

Null tests are simple, as the statistic is essentially a
sum of pixel temperatures, half with positive and half
with negative signs, with weights corresponding to rel-
ative galaxy positions. Figure 1 also displays the null
test corresponding to using the same weights but random
pair positions compared to the signal plot (∆χ2 = 11.6
for 15 degrees of freedom). Success of this null test veri-
fies that the function T (z) correctly models any redshift-
dependent contributions to the microwave signal. Chang-
ing the sign in the second term of Eq. (4) from negative to
positive also gives a null signal (∆χ2 = 9.9 for 15 degrees
of freedom).

Discussion and Prospects. The signal in Fig. 1 repre-
sents the first measurement of the cosmic velocity field
made directly with respect to the rest frame of the uni-
verse. It is consistent with simulations based on the stan-
dard cosmological model. This signal is also the first
clear evidence for the kinematic Sunyaev-Zel’dovich ef-
fect. A recent attempt by Kashlinsky et al. to measure
the large-scale bulk flow via the galaxy cluster kSZ sig-
nal uses galaxy clusters from X-ray surveys and searches
for an overall dipole dependence of the microwave tem-
perature in the WMAP data at these locations [36, 37].
However, Keisler [38] found the first reported detection
was not statistically significant. Osborne et al. [39] rean-
alyzed the most recent results including both a monopole
and dipole term, obtaining limits on a bulk flow a factor
of three below the reported detection of Ref. [37]. Mody
and Hajian [40] also fail to reproduce the bulk flow re-
sult using Planck and ROSAT galaxy clusters. Planck
will soon make a more precise test of this reported large
scale flow [41]. The statistic used in this paper is differ-
ential, which mitigates many of the potential systematic
errors affecting bulk flow measurements, but also is not
sensitive to an overall bulk flow.

Most previous work on peculiar velocities using opti-
cal observations has measured the properties of the local

FIG. 1: The upper panel shows the mean pairwise momentum
estimator, Eq. (4), for the 5000 most luminous BOSS DR9
galaxies within the ACT sky region (red points), with boot-
strap errors. The solid line is derived from numerical kSZ sim-
ulations [34] using a halo mass cutoff of M200 = 4.1×1013 M⊙.
The probability of the data given a null signal is 2.0 × 10−3

including bin covariances. The lower panel displays the same
sum but with randomized map positions, and is consistent
with a null signal.

bulk flow, but has not been able to extend measurements
to cosmologically interesting distances. The traditional
method of measuring velocities – a Doppler shift of an
object’s radiation spectrum – is very challenging at cos-
mological distances because the spectrum of an object is
redshifted due to the expansion of the universe, and this
cosmological redshift is typically large compared to the
velocity frequency shift. Precise distance measurements
are required, a difficult observational problem. Recent
optical work [42] extends to around 100 Mpc, a redshift
of z = 0.02, while this paper uses galaxy cluster velocities
out to z = 0.8. Future large optical surveys such as the
LSST may enable competitive cosmological velocity sur-
veys using large catalogs of standard candles for distance
measurements [43].

The evidence for a non-zero mean pairwise momen-
tum from a kSZ signal presented here can also be inter-
preted as a measure of baryons on cluster length scales;
a deficit of observed baryons has long been a cosmologi-
cal puzzle [44]. Our signal is roughly consistent with the
standard baryon fraction based on primordial nucleosyn-
thesis, given independent halo mass estimates based on
clustering of our luminous galaxy sample. This issue will
be addressed in a future paper.

Model curve with cluster
mass cutoff
M200 = 4.1× 1013M�

Chance due to noise is
2× 10−3

N. Hand et al. 2012
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First detection of the kinematic Sunyaev-Zeldovich Effect

Direct detection of motions at cosmological distances

Detection of “missing baryons” in galaxy groups

Signal dominated by Poisson and map noise, not systematic errors:
linear, differential statistic
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