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WHY PECULIAR VELOCITIES?

• The best way to measure the matter power 
spectrum on very large (~Gpc) scales in the low z 
Universe : bulk flows

• Measure deviations from GR+Λ e.g. through growth 
factor f, and by comparison with lensing, “slip” etc: 
infall



BULK FLOWS
•Bulk flow = Weighted mean velocity V of a set of sparse, 
noisy peculiar velocity data

•Watkins, Feldman, MH 2009 designed weights to minimize 
aliased small-scale power, and applied this method to peculiar 
velocity compilation “COMPOSITE”

~400 +- 80 km/s bulk flow inconsistent with LCDM 
(~100 kms) at ~98% level 

Large cosmic flows on scales of 100 h−1 Mpc 745

(1.3 per cent) group outliers, our sample consists of 2675 field
galaxies and 726 groups. For some analyses, we split this large
sample into a field (SFI++F) and group (SFI++G) subsamples.
The characteristic depth of SFI++ is 34 h−1 Mpc.

(v) SC (Giovanelli et al. 1998b; Dale et al. 1999a) is a TF-based
survey of spiral galaxies in 70 clusters within 200 h−1 Mpc. The
characteristic depth of the combined sample is 57 h−1 Mpc.

(vi) SMAC (Hudson et al. 1999, 2004) is an all-sky FP survey of
56 clusters. The characteristic depth of the survey is 65 h−1 Mpc.

(vii) LP (Lauer & Postman 1994; Postman & Lauer 1995) is
a survey based on using brightest cluster galaxies (BCGs) as dis-
tance indicators. The survey consists of BCGs in 119 Abell clus-
ters across the whole sky within a distance of 150 h−1 Mpc. Here
we obtain peculiar velocities using the methodology, but not the
X-ray correction, of Hudson & Ebeling (1997), which makes a
small correction to the error estimates of LP. The typical error per
measurement is 19 per cent and the characteristic depth of the survey
is 84 h−1 Mpc.

(viii) EFAR (Colless et al. 2001) is a survey of 85 clusters and
groups, based on the FP distance indicator. The EFAR survey was
not intended to measure the dipole moment, but rather to examine
peculiar velocities in two superclusters: Hercules-Corona Borealis
and Perseus-Pisces-Cetus at a distance of ∼120 h−1 Mpc. As a result
of this strategy, the coverage is far from all sky. The characteristic
depth is 93 h−1 Mpc.

(ix) Willick (1999) is a TF based survey of 15 clusters with a
characteristic depth of 111 h−1 Mpc.

In addition to treating each of the above surveys independently,
it is also interesting to combine them into supersets. The distance
range spanned by the surveys is rather heterogeneous, however.
Essentially the surveys fall into two categories: dense, relatively
shallow surveys of nearby field galaxies or small groups (SBF,
ENEAR, SFI++) and sparser but deeper surveys of clusters (EFAR,
SC, SMAC, Willick). The SN sample straddles a range of depths, but
is rather sparse, so we associate it with the latter category. However,
the large numbers of objects in SFI++ dominate all samples, hence
our superset labelled SHALLOW consists of SBF and ENEAR
only, and we combine SFI field and group samples separately into
a second shallow set labelled SFI++. The DEEP sample includes
all other surveys, except for LP (see Section 5).

Finally, we also combine all surveys (except for LP) into a mas-
ter catalogue labelled ‘COMPOSITE’. The COMPOSITE catalogue
has a characteristic depth of 33 h−1 Mpc and is based on 4481 pecu-
liar velocity measurements, making it the largest peculiar velocity
catalogue studied to date.

3 V E L O C I T Y M O M E N T S

The statistics of individually measured galaxy or cluster peculiar
velocities Sn are not described well by linear theory due to the
existence of non-linear flows on small scales. This problem is typi-
cally solved by forming moments as linear combinations of peculiar
velocities, ua =

∑
n wa,nSn, where wa,n are a set of weights that

specify the composition of the ath moment. For a proper choice of
weights, and for a peculiar velocity survey that densely occupies a
large volume of space, moments can be formed that are relatively
insensitive to small-scale motions and thus can be treated by lin-
ear theory; small-scale motions are essentially averaged out in the
summation.

By far the most common moments used in the analysis of peculiar
velocity surveys are the three components of the bulk flow vector.

The bulk flow represents the net motion of the survey volume as
a whole as traced by the galaxies occupying it. For an idealized
survey, consisting of positions rn and exact line-of-sight velocities
vn for a set of N galaxies or clusters, the bulk flow vector components
Ui are just averages over the projections of the radial velocities on
to the three coordinate axis directions, so that the weights for Ui are

wi,n = x̂i · r̂n/N. (2)

For a more realistic survey, the measured line-of-sight velocity
is assumed to have the form Sn = vn + δn, where δn is a drawn
from a Gaussian distribution with variance σ 2

n + σ 2
∗. Here σn is the

measurement error of the nth galaxy in the survey and σ ∗ is the
velocity noise, which accounts for smaller scale flows not included
in our model. Kaiser (1988) has shown that the weights for the MLE
for the bulk flow components, which we will refer to as the MLE
weights, are

wi,n = A−1
ij

∑

m

x̂j · r̂n

σ 2
n + σ 2

∗
, (3)

where

Aij =
∑

m

(x̂i · r̂m)
(

x̂j · r̂m

)

σ 2
m + σ 2

∗
. (4)

The statistics for velocity moments can be obtained directly from
the formulae for individual velocities obtained from linear theory.
For example, the covariance matrix for a set of moments ua formed
from the velocities Sn of a survey is given by

〈uaub〉 =
〈(

∑

n

wa,nSn

) (
∑

m

wb,mSm

)〉

=
∑

n,m

wa,nwb,m〈SnSm〉

=
∑

n,m

wa,nwb,mGnm. (5)

The covariance matrix for the individual measured velocities
Gnm = 〈SnSm〉 can be written in terms of the velocity field v(r) as

Gnm = 〈vnvm〉 + δnm(σ 2
∗ + σ 2

n )

= 〈r̂n · v (rn) r̂m · v (rm)〉 + δnm

(
σ 2

∗ + σ 2
n

)
. (6)

In linear theory the first term can be expressed as an integral over
the density power spectrum P(k):

〈r̂n · v(rn) r̂m · v(rm)〉 = #1.1
m

2π2

∫
dk P (k)fmn(k), (7)

where the function f mn(k) is the angle averaged window function

fmn(k) =
∫

d2k̂

4π
(r̂n · k̂)(r̂m · k̂)

× exp[ik k̂ · (rn − rm)]. (8)

Plugging equation (6) into equation (5) and using equation (7),
the covariance matrix of the moments reduces to two terms,

Rab = R
(v)
ab + R

(ε)
ab . (9)

The second term, called the ‘noise’ term, is given by

R
(ε)
ab =

∑

n

wa,nwb,n

(
σ 2

n + σ 2
∗
)
. (10)

The first term is given as an integral over the matter fluctuation
power spectrum, P(k):

R
(v)
ab = #1.1

m

2π2

∫ ∞

0
dkW2

ab(k)P (k), (11)
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VERY LARGE-SCALE POWER?626 E. Macaulay et al.

Figure 6. Power spectrum shape inferred from dipole, shear and octupole
moments for the COMPOSITE catalogue. The shaded regions are 1σ un-
certainties, marginalized over the growth rate, and the other Pα . We find
a slight excess of power on scales of ∼1 h−1 Gpc. These are the scales at
which we are most sensitive. This excess of power appears to agree with
the largest scales in the 2dFGRS and SDSS, which are plotted here as in
Percival et al. (2007) and have been deconvolved from their survey window
functions.

flow which is consistent with the #CDM. On the other hand, all
moments are not equivalent. The dipole moments are special in the
sense that they probe the largest scales (and are also the moments
that are most robustly measured). Consequently, the inferred shape
of the power spectrum is different from the #CDM.
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“If your experiment needs statistics, you ought to have done a 
better experiment.”

E. Rutherford



SNE

• “Constitution” + Carnegie SNe =  “First Amendment” 
sample : 

• 254 SNe within 200 Mpc/h

• V = 250±75 km/s for a RG=50 Mpc/h.

• Similar direction but lower amplitude compared to previous

• By itself, this is consistent with ΛCDM

Turnbull, MH, et al. ‘12, MNRAS, 420, 447, 1111.0631   



COMPOSITE+SNE BULK FLOW

• The MV-weighted V of Composite and A1 SNe are 
consistent with each other.

• Taking both samples together the BF is V=340 ± ~40 km/s 
towards l=293, b=6

• This combined BF is still slightly inconsistent with LCDM at 
the 97.5% (2.2 σ) level (vs. 99% for “Composite”). 



PREDICTING PECULIAR 
VELOCITIES USING THE 
GALAXY DENSITY FIELD



Measurable



SNE  VS. PSCZ

We find

β=0.53 ±0.08

Residual U = 150±43 km/s, towards l=345±20 b= 8±13

Turnbull, MH, et al. ‘12, MNRAS, 420, 447, 1111.0631   



COSMOLOGICAL 
PARAMETERS

Combined with galaxy clustering measurements, peculiar 
velocities yield:

f σ8 = 0.40+- 0.07

Compare with WMAP7 + BAO + SN :  0.39 +- 0.04

Peculiar velocities are consistent with other cosmological probes 
on small (~20 Mpc/h) scales.

Turnbull, MH, et al. ‘12, MNRAS, 420, 447, 1111.0631



GROWTH OF STRUCTURE

• Using only peculiar velocities at different z, it is possible to break 
degeneracies between f and σ8

• At higher redshift we need to add redshift space distortions



USING ONLY 
PECULIAR 

VELOCITIES AT 
ALL REDSHIFTS
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KINETIC SUNYAEV-ZELDOVICH 
FROM GALAXIES

• kSZ measures momentum of electrons; most electrons are expected 
to be in galaxy halos and intergalactic space.

• Use nearby galaxy distribution as a template for large-scale free 
electron density field; model velocity as bulk flow.

• Fit template to WMAP, primordial CMB is noise

• V =  533 +- 263 km/s , in the direction l ~ 324 °, b ~ −7 ° similar in 
amplitude and direction to previous measurements on this scale

Lavaux, Afshordi & MH ‘13, MNRAS, 430, 1617



RESIDUAL BULK FLOW

• The residual bulk flow suggests that PSCz does not account 
for all of the local motions

• Is the missing contribution:

• Beyond 200 Mpc/h?

• In the ZoA

• Or within the volume spanned by the PSCz data?



2M++

•  Combine 2MRS (K<11.5), 6dF (K<12.5) and SDSS (K<12.5)

• ~70k galaxies

• Reach 200 Mpc/h in 6dF and SDSS areas

Lavaux & Hudson 2011, MNRAS, 416, 2840 



2M++ RECONSTRUCTION

Jonathan
Carrick

with Guilhem 
Lavaux

Preliminary



2M++ GRAVITY DIPOLE
In ΛCDM we 
expect 40 km/s 
per component 
from material 
beyond 20000 
km/s.

If β ~ 0.4 for this 
sample, then we 
have ~recovered 
LG dipole.

Carrick et al. 
2013, in prep

Pre
liminar

y!



FUTURE
• Deeper all-sky redshift surveys (6dF + WALLABY+ 
TAIPAN + WNSHS + ? ... ) will help to identify sources

• New peculiar velocity data from FP (6dF+TAIPAN), 
SNe, TF (WALLABY) and Planck kSZ

• Better treatments of “biasing” (halo model)

• Better non-linear treatment of predicted peculiar  
velocities (e.g. Least Action, MAK)



SUMMARY

• Bulk flow on large scales still in slight tension with LCDM

• On smaller scales, only ~6000 peculiar velocities give strong constraints on 
f(z)σ8(z), consistent with WMAP+

• kSZ around galaxies is a promising new probe ... Planck analysis underway.

• 2M++ may be recovering the full LG motion wrt CMB

Cosmic flows estimated from direct peculiar velocity estimates have 
great potential : need systematic SDSS-like surveys!


