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Kinetic SZ effect

CMB photon passing though clusters are Doppler shifted due to bulk motion of 
clusters        distortion of the CMB spectrum

∆TkSZ

TCMB
= −τ

�vpec
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optical depth of cluster

δ̇ + ikv = 0
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 Mean pairwise statistics
Problem:

kSZ:  weak frequency dependence

kSZ:   Signal is small

Hard to observe

Solution:

Cross-correlate CMB maps with 
cluster positions and redshift to 

extract the kSZ signal

Mean pairwise velocity

ned.ipac.caltech.edu
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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 = 4.1×10
13 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 nonzero mean pairwise momentum

from a kSZ signal presented here can also be interpreted
as a measure of baryons on cluster length scales; a deficit
of observed baryons has long been a cosmological puz-
zle [44]. Our signal is roughly consistent with the stan-
dard baryon fraction based on primordial nucleosynthe-
sis, given independent halo mass estimates based on clus-
tering of our luminous galaxy sample. This issue will be
addressed in a future paper.

Hand et. al 2012

mean pairwise 
momentum
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Mueller,  De Bernardis, Bean, Niemack (arxiv 1408.6248)

 Dark Energy and Modified Gravity

Growth rate f:

Sheth et. al 2001
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V (r, a) = −2

3
H(a)a f(a)

rξ̄halo(r, a)

1 + ξhalo(r, a)

Mueller,  De Bernardis, Bean, Niemack (arxiv 1408.6248)

γGR = 0.55

γMG �= 0.55

Can test modified gravity 
and dark energy!

f(a) = Ωm(a)γ
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Massive neutrinos

Mueller,  De Bernardis, Bean, Niemack (arXiv:1412.0592)
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Neutrino Oscillation 
experiments: Neutrinos are 

massive!

normal : m1 < m2 << m3

inverted : m3 << m1 � m2

degenerate : m1 � m2 � m3

Scale dependency!
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Non-Gaussianity

Halo bias:
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preliminary work

b(k,M, z) = bG(M, z) +∆bNG(k,M, z)

Gaussian Non-Gaussian 
correction

∆blocNG(k,M, z) ∝ fNL

k2
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Potential of kSZ surveys
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Current constraints:

kSZ more powerful for constraining 
modified gravity than dark energy equation 

of state
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Mueller,  De Bernardis, Bean, Niemack (arxiv 1408.6248)
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Potential of kSZ surveys

Planck: 

Mueller,  De Bernardis, Bean, Niemack (arXiv 1412.0592)
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τ

∆TkSZ

TCMB
= −τ

�vpec
c

�

Pairwise momentum

Pairwise velocity

How well do we know the optical depth of 
clusters?

Use scatter in     from hydro-sims* as a proxy for the uncertainty in 
forecasts

τ

*Private communication with N. Battaglia 

• Fitting function from Hydro simulations

• Combine thermal SZ and X-ray observations 

• Polarization signal from scattering
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But:  Massive neutrino and inflation constraints are robust to 
uncertainty in the amplitude due to scale dependency! 

V̂ (z) = bτ (z)V (z)

Introduce nuisance 
parameter: Marginalize 
over the amplitude, 
i.e. optical depth

add prior on the 
    -biasτ

Need information on the 
optical depth

Mueller,  De Bernardis, Bean, Niemack (arxiv 1408.6248)
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Concluding thoughts:

Major uncertainty is the optical depth of clusters

kSZ surveys have the potential to constrain: 

Dark Energy and Modified Gravity

Massive Neutrinos

Inflation

Extract kSZ signal: Cross-correlating CMB and LSS

Mean pairwise velocity of clusters
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Thank you!


