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–Tolstoy, Anna Karenina!

- J. Diamond, The Anna Karenina Principle

“Happy families are all alike, every unhappy 
family is unhappy in its own way” 

 The LCDM is a  ``Happy model”… but a little ``moody”!

 Therapy maybe required, perhaps by Dark sector physics: not f(R) !

!

!
             !

 ``Happy Community”:!

• All reliable data tell the same story. !
• Very low level (but important) systematics. !
• Focus here: LSS from Local Group to ~150Mpc!

                                  - traditional and New probes



The observed Large Scale Structure

The XY Super-galactic plane

MW disk

Basics: observations: !
redshift surveys



Distance measurements: Tully-Fisher Relation

Basics: observations: !
peculiar motions
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stant. Next we translate the observed linewidth param-
eter to a statistical measure of twice the maximum rota-
tion speed
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with Wc,m50 = 100 km s−1 describing the transition
from boxcar (horned) profiles to roughly gaussian profiles
and Wt,m50 = 9 km s−1describing the effects of thermal
broadening. Finally a de-projection translates from the
observed inclination, i, to edge-on orientation in order to
arrive at the desired parameter W i

mx

W i
mx = Wmx/sini. (3)

The uncertainty in a linewidth measurement Wm50 is
determined in the first instance by the ratio of the signal
S defined by the mean flux per channel in the spectral
line to the noise N in channels outside the spectral line
eW = 8 km s−1 if S/N > 17
eW = 21.6− 0.8S/N km s−1 if 2 < S/N < 17
eW = 70− 25S/N km s−1 if S/N < 2.
In order to be considered useful for a TFR distance de-

termination we require eW ≤ 20 km s−1. After an initial
automatic fit to line profiles from a computer algorithm,
profiles and fits are inspected by eye. Attention is given
to possibilities of confusion from neighbors or to anoma-
lies such as might arise from interactions. The result of
the inspection might be that a profile is rejected as a can-
didate for a distance determination, in which case eW is
set greater than 20 km s−1, or on rare occasions, that a
profile with low S/N is considered adequate, whence eW
is set by hand to 20 km s−1.
The line profile information, from whatever telescope

and whatever source, is accumulated in EDD in the
catalog called All Digital HI. The HI profiles and our
fits for the parameter Wm50 are available for inspec-
tion at that site. There can be up to three indepen-
dent profiles for a given target. The preferred measure
of Wmx is derived from an average of all contributions
with eW ≤ 20 km s−1, weighted by the inverse square
of the error estimates. As we close out acquisitions
for the present sample the All Digital HI catalog con-
tains entries for 14,219 galaxies and contains entries with
eW ≤ 20 km s−1 for 11,343 galaxies. Figure 5 is an ex-
ample of the graphic material made available for every
galaxy in EDD.
The All Digital HI catalog is incomplete in one impor-

tant respect that requires us to retain a legacy of the
analog W20 profile measurements. Very large galaxies
or special cases such as galaxies with profiles near zero
velocity confused by local emission are not adequately
observed with large single dish radio telescopes. In a
small number of cases it is necessary to interpret profiles
observed with interferometers or fall back to old obser-
vations with a small telescope like Dwingeloo. In such
cases, we make use of a tight correlation between the old
analog parameter WR that approximates twice the max-
imum rotation (before de-projection to edge-on) and the
new Wmx parameter to recover a Wmx proxy

Wmx = 1.015WR − 11.25. (4)

If S/N is sufficient, comparable and consistent profile

Fig. 5.— An image of the galaxy PGC42510=NGC4603 and an
HI profile of the galaxy obtained with GBT.

information is obtained with all seven radio telescopes
providing data. However some facilities are more sensi-
tive than others. Arecibo Telescope is the most sensi-
tive. As a consequence our sample extends dramatically
in the declination range 0◦ < δ < 38◦ accessed by this
telescope. GBT is the second most sensitive facility and
allows observations over the entire northern sky down to
δ = −45◦. Parkes Telescope is used for targets below
this limit. The lesser sensitivity of the Parkes Telescope
results in reduced redshift reach toward the southern ce-
lestial pole. Since Parkes Telescope is the smallest of
current facilities it has the largest beam so observations
with this telescope are favored for large nearby galaxies.

3.2. Photometry

The rotation curve information that has been discussed
characterizes the total mass within the observed domain
of galaxies. Photometry provides a characterization of
the mass in stars. It also provides a handle on galaxy
inclinations, information needed for the de-projection of
disk motions and for estimates of reddening. After ac-

33Mpc
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these procedures are demonstrated for the I band cali-
bration by Tully & Courtois (2012) in the top panel of
Figure 8.
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Fig. 8.— Two calibrations of the correlation between galaxy lu-
minosity and HI linewidth. Top: I band calibration (Vega magni-
tudes). Bottom: Spitzer [3.6] calibration (AB magnitudes). Col-
ored symbols: galaxies in 13 different clusters distinguished by
different colors and symbol types, slide in magnitude to a best fit.
These ‘template’ galaxies define the slopes of the solid lines. Large
open circles: galaxies with Cepheid PLR or TRGB distances that
set the zero points of the solid lines.

There is a complication with the calibration at 3.6µm.
There is a color term. The rms magnitude dispersion
of the I and [3.6] correlations are comparable at ∼ 0.4
mag but only after correction for a color term in the mid-

infrared case. The color dependency arises because of the
well known correlation between galaxy morphology and
color that causes the TFR to steepen in bands toward
longer wavelengths (Tully et al. 1982). Given two galax-
ies of different colors but the same linewidth, the two
galaxies must displace in magnitude in different pass-
bands. Empirically, displacements are minimum around
1µm. At shorter wavelengths the bluer of our hypothet-
ical pair will tend to be brighter while at longer wave-
lengths the redder system becomes brighter. I band mea-
surements are near the inflection wavelength so there is
no clear advantage for the introduction of a third pa-
rameter adjustment but by the mid-infrared there is a
clear need for a color adjustment. The issue of a third
parameter has been debated in the literature. It is gen-
erally couched as a surface brightness or morphologi-
cal dependence (Rubin et al. 1985; Theureau et al. 1998;
Masters et al. 2006) but surface brightness and morphol-
ogy are closely correlated with color. The use of mor-
phology rather than color as an additional parameter
creates unfortunate discontinuities in the distance tool.
Also, morphology assignments are subjective and may
vary with distance. An alternative, more quantitative
stand-in for morphology makes use of an HI flux to near
infrared luminosity ratio (Kashibadze 2008); later types
have relatively higher HI flux ratios.
The [3.6] band TFR with the color correction that was

derived by Sorce et al. (2013) is shown in the lower panel
of Figure 8. The slope template is based on the same
13 clusters, using the same galaxies in all cases where
Spitzer photometry is available (213 of the 267 galaxies
in the I calibration). The zero point is set by the sub-
set of galaxies with Cepheid PLR or TRGB distances
with Spitzer photometry (26 of the 36 galaxies in the I
calibration). The calibrations in the two bands use the
same linewidth and inclination values and the same red-
dening procedures save for the transparency differences
with wavelength.
The results of the TFR calibrations are summarized

with the following relations:

M b,i,k
I = −21.39− 8.81(logW i

mx − 2.5) (9)

with 1σ uncertainties of ±0.07 in the zero point and
±0.16 in the slope and magnitudes in the Vega system.

MC[3.6]
= −20.34− 9.13(logW i

mx − 2.5) (10)

with 1σ uncertainties of ±0.08 in the zero point and
±0.22 in the slope. The pseudo-magnitude MC[3.6]

is an
absolute magnitude in the [3.6] band where the apparent
magnitude after color correction is

C[3.6] = [3.6]b,i,k,a + 0.47[(I − [3.6]) + 0.77]. (11)

The [3.6] magnitudes are in the AB photometric system.
There is a small Malmquist selection bias to distances

that requires correction in either band. It arises for two
reasons. First, the magnitude cutoffs in the cluster sam-
ples were made at constant values in the blue but the
cutoff then slants with linewidth at redward wavelengths
since larger linewidth galaxies are redder. Second, as a
consequence of the exponential cutoff in the galaxy lu-
minosity function more galaxies are available to scatter
brightward than scatter faintward, especially at large dis-
tances where most candidates are near the bright limit.

Tully, Courtois, Dolphin  et al 13



Cosmic Flows 2: Tully et al

Basics: observations: !
peculiar motions

1700km/s



Recommendation: 
 ignore these data beyond 100 Mpc 

or 
 go back and check data- good luck 

!

!

rush to write papers killing LCDM 

Basics: observations: !
peculiar motions



Observations are related through Gravity

Basics: gravitational instability

Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Dynamics in an expanding background
Initial value vs Boundary value problems

“Snapshot” solutions to the boundary value problem
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Hence, it is good to do a combined analysis  the two independent datasets:

observations

Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Dynamics in an expanding background
Initial value vs Boundary value problems

“Snapshot” solutions to the boundary value problem

Applying LAP to recover large scale velocities

Velocities are a direct probe of 3D mass distribution
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matching z-surveys & Vpec



z-surveys

velocity catalogs

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

VVV = VVV 0 + H̄�

1. from �(xxx) to V (xxx) - OK

• linear theory is enough

• Peebles’ action method solved the quasi-linear problem but

not needed for current LSS

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set
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How well can velocities be recovered?
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U.Frisch)

Hard to solve directly. See Mohayaee, Frisch, Matarrese &
Sobolovski recovering displacements...

Linear theory

Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Observational Support
Probing Super-Survey Scales

A trivial fact: local velocities are a↵ected by mass distribution far away

Solution to the Fundamental Relation

v =
⌦�

4⇡

Z

all space

d3x 0�(x0)
x

0 � x

|x0 � x|3

=

Z

survey

(·) +

Z

external

(·)

Solution 
Theoretical tools

Linear theory application to data
The Cosmological Principle

Alternative probes of large scale motions

Observational Support
Probing Super-Survey Scales

Hence

�s
= �r � 1

r2
@
@r

⇣
r 2V

radial
⌘

= �1

f
r · V � [r · V]

radial

�r is isotropic but �s is not (Kaiser 87, Davis & Peebles 83)

Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Observational Support
Probing Super-Survey Scales

Hence

�s
= �r � 1

r2
@
@r

⇣
r 2V

radial
⌘

= �1

f
r · V � [r · V]

radial

�r is isotropic but �s is not (Kaiser 87, Davis & Peebles 83)

Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Observational Support
Probing Super-Survey Scales

From Distance to Redshift

Definition

s ⌘ Hr + V
radial

In redshift space



z-surveys

velocity catalogs

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

VVV = VVV 0 + H̄�

1. from �(xxx) to V (xxx) - OK

• linear theory is enough

• Peebles’ action method solved the quasi-linear problem but

not needed for current LSS

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

VVV = VVV 0 + H̄�

1. from �(xxx) to V (xxx) - OK

• linear theory is enough for current LSS data

• Peebles’ action method for future data and LG

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set

matching z-surveys & Vpec: challenges



The Astrophysical Journal, 788:1 (12pp), 2014 ??? Nusser, Davis, & Branchini

This choice is justified by the fact that strong nonlinearities
inside 5 Mpc seem to be absent in the real universe, as in-
dicated by the fact that the flow is fairly quiet within that
radius. Hereafter, we take Rlg = 5 Mpc to be the radius of
the LG and treat the motion of the central sphere of that
radius as the motion of the LG.

The mocks were drawn from the original computational
box, taking into account periodic boundary conditions, i.e.,
wrapping around the distribution of objects when LG-like
observer happened to be close enough to the edge of the
box. These mocks are not fully independent in the sense
that their volumes overlap. This could effectively result in an
underestimation of the error in the recover of the LG motion.
However, the main point is the location of the mock LGs with
respect to the large-scale structure in the simulation. We expect
the lack of full independence to play an insignificant role.
The mocks are taken from the z = 0 simulation output and,
therefore, are free from any possible galaxy evolution. The two-
point correlation function of the mock galaxies fits reasonably
well the observed one (Westover 2007), but less so does the
K-band luminosity function, resulting in a discrepancy with the
observed number of galaxies. To fix this problem, the original
luminosity of mock galaxies was shifted to brighter values by
∼1.5 magnitude. We obtained, on average, ∼50,000 galaxies
per mock, slightly larger than, but close to, the real Ks = 11.75
2MRS catalog. Each of the 53 mock catalogs contains galaxy
distances, peculiar velocities (and hence redshifts), angular
positions, and Ks-band magnitudes.

4.1. The Selection Function

In the application to a flux limited survey like 2MRS, each
galaxy in the summation of the relations (6) and (5) should
be weighted by the inverse of the selection function, ϕ, to
compensate for missing faint galaxies that fall below the flux
limit. The selection function depends on the galaxy distances
and it is physically determined by the distribution of galaxy
luminosities. In the mocks, where galaxy distances and apparent
magnitude are both known, we compute ϕ using a direct method
which avoids the explicit calculation of the luminosity function
(Turner 1979; Kirshner et al. 1979; Davis & Huchra 1982).
The method provides discrete values of ϕ in distance bins,
which are then interpolated to the galaxy distances to yield
the weights to be assigned to individual galaxies. In realistic
applications, however, the distances to the galaxies are not
known. Using redshifts rather than distances as arguments to the
selection function induces systematic errors, sometimes dubbed
the “Kaiser Rocket” effect (Kaiser 1987). The hazards of not
explicitly accounting for the Kaiser rocket effect are given in
Section 6.

4.2. Bias of the Selected Galaxies

Galaxies typically form at the peaks of the mass density field
and, therefore, are not unbiased tracers of the underlying density
field. An indirect, but strong, evidence for galaxy biasing is the
fact that different types of objects exhibit different clustering
properties. On large scales, however, it is safe to assume a linear
biasing relation between the density contrast of the matter and
the galaxy distribution, δ(galaxies) = bδ(mass), with a constant
bias factor, b. If biasing is a local, though not necessarily a
Poisson, process, then this form is motivated by theory on linear
scales (e.g., Kaiser 1988; Coles 1993; Fry & Gaztanaga 1993;
Scherrer & Weinberg 1998; Coles et al. 1999; Seljak 2001;

0.2 0.4 1 2 4 8

0.2

0.4

1

2

4

8

1+δ
dm

1+
δ g

10Mpc/h

b=1.23

0.2 0.4 1 2 4 8
1+δ

dm

5Mpc/h

b=1.27

Figure 1. Scatter plot (logarithmic scale) of the galaxy vs. the dark matter over-
densities in the simulation. For each of the 53 mocks, densities of 125 randomly
selected points with a distance <70 h−1 Mpc from the LG candidate, are shown.
The left and right panels correspond to densities in cubic cells of 10 h−1 Mpc
and 5 h−1 Mpc on the side, respectively. The thick solid curve in each panel
is the mean of 1 + δg at a given 1 + δdm. The two thin solid curves are ±1σ
scatter-computed from points above and below the mean. Dashed curves are the
expected ±1σ Poisson (shot-noise) scatter. The nearly straight red lines show
δg = bδdm + const , where b (indicated in the figure) are determined using linear
regression from points in the range −0.5 < δdm < 4.
(A color version of this figure is available in the online journal.)

Smith et al. 2007), confirmed by numerical experiments (e.g.,
Kauffmann et al. 1997; Narayanan et al. 2000; Benson et al.
2000; Huff et al. 2007) and supported by observations involving
galaxy samples dominated, like in the 2MRS case, by late type
galaxies (e.g., Tegmark et al. 2001; Verde et al. 2002; Westover
2007).

Here, we explore the bias of the distribution of the mock
galaxies with respect to the dark matter density field in the
simulation. Gerard Lemson has kindly used the facilities of the
Millennium Simulation Database to produce for us the density
field from all 21603 dark matter particles in the simulation box
on a cubic grid of 1 h−1 Mpc spacing. Density fields from the
distribution of mock galaxies have also been directly computed
for all of the mocks. Figure 1 is a scatter plot of the over densities
computed from the mock galaxy distribution versus the dark
matter density field. For δdm ! 3, the scatter in the relation is

Q4

mainly Poissonian. However, at higher densities, intrinsic scatter
in the biasing relation dominates. The relation in small (right
panel) and large (left) cells is fairly linear, δg = bδdm, in the
moderate density (−0.2 ! δdm ! 4 in the two panels) regions,
with a weak dependence on b scale: b ∼ 1.23 and 1.27 in the
large and small cells, respectively. The values change according
to the density cut used in fits. Departure from linear bias in low
density regions is a well-known feature also detected in real
galaxy catalogs in the local universe (Branchini 2001) as well
as at moderate (z = [0.5, 1.2]) redshift (Marinoni et al. 2005;
Kovač et al. 2011). Here, we shall continue to assume linear bias,
noticing that the value of the linear bias parameter for various
densities yields 1.2 < b < 1.35, smaller but consistent within
1σ with the value b = 1.46 ± 0.2 obtained by comparing the
local velocity field with the gravity field generated by 2MRS
galaxies (Davis et al. 2011).

5. RECONSTRUCTION OF THE LG MOTION

In this section, we test the ability to reconstruct the LG
velocity using the relations (5)–(6). We first consider the ideal
case in which we can perform the reconstruction using the
dark matter density field. The aim of this test is to assess the
possibility of reconstructing vlg and to estimate the impact of
shot noise errors. In the second part, we repeat the reconstruction

4

AN, Davis & Branchini

Based on Millennium 2MRS mocks (De Lucia & Blaizot)

Scatter is mostly shot-noise
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The distribution of galaxies in space: redshift surveys

SDSS, from M. Blanton
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Peculiar motions derived (using linear theory)  from the distribution of 
galaxies in the !

Two Mass Redshift Survey (2MRS) !
and!

The observed peculiar motions from the SFI++

I will show next an excellent agreement between:!

V2mrs vs VTF
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ABSTRACT
We perform a reconstruction of the cosmological large-scale flows in the nearby Universe
using two complementary observational sets. The first, the SFI++ sample of Tully–Fisher
(TF) measurements of galaxies, provides a direct probe of the flows. The second, the whole
sky distribution of galaxies in the 2MASS (Two Micron All Sky Survey) redshift survey
(2MRS), yields a prediction of the flows given the cosmological density parameter, ", and a
biasing relation between mass and galaxies. We aim at an unbiased comparison between the
peculiar velocity fields extracted from the two data sets and its implication on the cosmological
parameters and the biasing relation. We expand the fields in a set of orthonormal basis functions,
each representing a plausible realization of a cosmological velocity field smoothed in such a
way as to give a nearly constant error on the derived SFI++ velocities. The statistical analysis
is done on the coefficients of the modal expansion of the fields by means of the basis functions.
Our analysis completely avoids the strong error covariance in the smoothed TF velocities by
the use of orthonormal basis functions and employs elaborate mock data sets to extensively
calibrate the errors in 2MRS predicted velocities. We relate the 2MRS galaxy distribution to
the mass density field by a linear bias factor, b, and include a luminosity-dependent, ∝ Lα ,
galaxy weighting. We assess the agreement between the fields as a function of α and β =
f (")/b, where f is the growth factor of linear perturbations. The agreement is excellent with
a reasonable χ2 per degree of freedom. For α = 0, we derive 0.28 < β < 0.37 and 0.24 <

β < 0.43, respectively, at the 68.3 per cent and 95.4 per cent confidence levels (CLs). For β =
0.33, we get α < 0.25 and α < 0.5, respectively, at the 68.3 per cent and 95.4 per cent CLs.
We set a constraint on the fluctuation normalization, finding σ 8 = 0.66 ± 0.10, which is only
1.5σ deviant from Wilkinson Microwave Anisotropy Probe (WMAP) results. It is remarkable
that σ 8 determined from this local cosmological test is close to the value derived from the
cosmic microwave background, an indication of the precision of the standard model.

Key words: cosmological parameters – dark matter – large-scale structure of Universe.

1 IN T RO D U C T I O N

For 15 yr, the problem of large-scale flows of galaxies has seen
little attention relative to other probes of the large-scale structure
in the Universe. The data on peculiar velocities have been difficult
to obtain, and the results had contradictory conclusions (Strauss &

⋆E-mail: mdavis@berkeley.edu

Willick 1995; Zaroubi 2002). They are limited to small redshifts
(∼100 h−1 Mpc) at which distance indicators can reliably be used.
These earlier forays into the subject led to disagreements that few
people wanted to sift through. But in the interval, the data have
improved dramatically, thus stirring recent activity in the subject.

Peculiar velocities are unique in that they provide explicit in-
formation on the three-dimensional mass distribution, and mea-
sure mass on scales of 20–50 h−1 Mpc, a scale untouched by al-
ternative methods. Local peculiar velocity data are, in principle,

C⃝ 2011 The Authors
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V2mrs vs VTF: visual



correlation of SFI (not to be compared with models)correlation of SFI-2MRS

V2mrs vs VTF: quantitative



Implications:

• finally, we have an excellent match.                                                                             

- no cosmic variance uncertainty                                                                                    

- Great job by the observers.!

• GI is confirmed with no indication for deviations on 30-70 Mpc scales.!

• no scale dependence of                                                                                                

-  likely to constraint alternative models!

    !
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as expected given the minimum scales we consider, although in
the case of model B the change in f�8 is at most 5%. Includ-
ing smaller scales in the fit reduces the statistical error but at

the price of slightly larger systematic error. Therefore from this
test we decided to use model B and a compromise value for the
minimum scale of smin = 6 h�1 Mpc.

7.5. The VIPERS result for the growth rate

These comprehensive tests of our methodology give us con-
fidence that we can now proceed to the analysis of the real
VIPERS data and expect to achieve results for the growth rate
that are robust, and which can be used as a trustworthy test of
the nature of gravity at high redshifts.

As explained earlier, we assume a fixed shape of the mass
power spectrum consistent with the cosmological parameters ob-
tained from WMAP9 (Hinshaw et al. 2012) and perform a max-
imum likelihood analysis on the data, considering variations in
the parameters that are not well determined externally. The best-
fitting models are shown in Fig. 17 when considering either a
Gaussian or a Lorentzian damping function. Although the mock
samples tend to slightly prefer models with Lorentzian damping
as seen in Fig. 16, we find that the Gaussian damping provides
a much better fit to the real data and we decided to quote the
corresponding f�8 as our final measurement.

We measure a value of

f (z = 0.8)�8(z = 0.8) = 0.47 ± 0.08, (32)

which is consistent with the General Relativity prediction in a
flat ⇤CDM Universe with cosmological parameters given by
WMAP9, for which the expected value is f (0.8)�8(0.8) = 0.45.
We find that our result is not significantly altered if we adopt
a Planck cosmology (Planck Collaboration et al. 2013) for the
shape of the mass power spectrum, changing our best-fitting f�8
by only 0.2%. This shows that given the volume probed by the

Article number, page 16 of 19

de la Torre et al (VIPERS)
WMAP9

Planck

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

� =
⌦�

b

⌦�/b

�
galaxies

⇡ b�
mass

V ↵
gal

= H̄↵�r� + V ↵
B

f = ⌦�

� = f/b

��galaxies

8

= f�mass

8

1. from �(xxx) to V (xxx) - OK

• linear theory is enough for current LSS data

• Peebles’ action method for future data and LG

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

� =
⌦�

b

⌦�/b

�
galaxies

⇡ b�
mass

V ↵
gal

= H̄↵�r� + V ↵
B

f = ⌦�

� = f/b

��galaxies

8

= f�mass

8

1. from �(xxx) to V (xxx) - OK

• linear theory is enough for current LSS data

• Peebles’ action method for future data and LG

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

� =
⌦�

b

⌦�/b

�
galaxies

⇡ b�
mass

V ↵
gal

= H̄↵�r� + V ↵
B

f = ⌦�

� = f/b

��galaxies

8

= f�mass

8

1. from �(xxx) to V (xxx) - OK

• linear theory is enough for current LSS data

• Peebles’ action method for future data and LG

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

� =
⌦�

b

⌦�/b

�
galaxies

⇡ b�
mass

V ↵
gal

= H̄↵�r� + V ↵
B

f = ⌦�

� = f/b

��galaxies

8

= f�mass

8

1. from �(xxx) to V (xxx) - OK

• linear theory is enough for current LSS data

• Peebles’ action method for future data and LG

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set

 The value of 

2 Nusser

1. BASICS

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

P = w⇢vc
2

� = 0.55 + 0.05(1 + w)

� =
⌦�

b

⌦�/b

�
galaxies

⇡ b�
mass

VVV = VVV
0

+ H̄�

1. from �(xxx) to V (xxx) - OK

• linear theory is enough for current LSS data

• Peebles’ action method for future data and LG

2. biasing: �
galaxies

6= �
dark

but we know how to model that - OK

3. redshift distortions: cz = Hr + V - OK & NOK

• F.o.G: in general a bad e↵ect

• Large scale compression in the radial direction: good e↵ect

• Kaiser’s rocket e↵ect: hopless at r >⇠ 150Mpc

1. radial component only - not a big deal

2. sparseness with

<⇠ 10

4

galaxies

• limits us to scales

>⇠ 20� 30Mpc

3. large velocity errors

<⇠ 0.15H
0

r

• spatial Malmquist bias if galaxies are placed at r
set

V2mrs vs VTF



The most accurate peculiar velocity measurement 
i.e. the motion of the Local Group  

Nearby: LG



The LG

• The LG= MW & M31 + a dozen galaxies  within  d~1.4Mpc!

• Gravitationally bound, detached from the expansion!

• Average density environment!

!

Nearby: LG



The Curious Case of the Local Neighborhood

Note the impressive Local Void revealed by B. Tully and puzzled J. Peebles

Nearby LSS

172 SDSS galaxies
53 HIPASS galaxies

337 galaxies with good distances

Peebles & AN
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Nearby LSS: kinematics

From Brent Tully

185km/s pull by Virgo (Brent’s estimate)

push by other stuff including LV

Bulk Peculiar Velocities 

Virgo!

Leo Spur !

Virgo

Kinematics



LG motion: most accurate peculiar velocity measurement 

Step II

I + II

Step I
COBE

Nearby LSS:  LG motion



Can the gravitational field of the observed structures account for the motion of the LG? 

!
!
!
Q: Is linear theory sufficient?!
A: Yes!  Because the nearest 5Mpc is so special!
!
Q: Is an agreement within 200km/s OK? !
A: Yes! Currently, we cannot even do better.!
!
Q: What is the origin of the 200km/s?!
A: a little surprise.!

LG motion: origin 



Mock 2MRS catalogs from Millennium: 

• observer at an ``MW+M31” system!
• Vlg ~ 600km/s!
• quiet flow within 5Mpc!
• a ``Virgo” at ~20Mpc!
• flux limited with 45K galaxies

The Astrophysical Journal, 788:157 (12pp), 2014 June 20 Nusser, Davis, & Branchini
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Figure 4. Residuals of LG motions for the same nine mocks in Figure 3 for
reconstructions from the galaxy distribution in real (blue curves) and redshift
(red curves) space. For reference, we also plot the black curves of Figure 3 that
represent the dark matter case. Parallel and perpendicular components of the
residuals are shown as the solid and dashed lines, respectively.
(A color version of this figure is available in the online journal.)

motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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Figure 4. Residuals of LG motions for the same nine mocks in Figure 3 for
reconstructions from the galaxy distribution in real (blue curves) and redshift
(red curves) space. For reference, we also plot the black curves of Figure 3 that
represent the dark matter case. Parallel and perpendicular components of the
residuals are shown as the solid and dashed lines, respectively.
(A color version of this figure is available in the online journal.)

motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the

7

The Astrophysical Journal, 788:157 (12pp), 2014 June 20 Nusser, Davis, & Branchini

−100
0

100
200
300

−100
0

100
200
300

V
lgtr

u −V
lgre

c  [k
m

/s
]

50 100 150 200

−100
0

100
200
300

R
out

 [Mpc/h]
50 100 150 200

R
out

 [Mpc/h]
50 100 150 200

R
out

 [Mpc/h]
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reconstructions from the galaxy distribution in real (blue curves) and redshift
(red curves) space. For reference, we also plot the black curves of Figure 3 that
represent the dark matter case. Parallel and perpendicular components of the
residuals are shown as the solid and dashed lines, respectively.
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motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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represent the dark matter case. Parallel and perpendicular components of the
residuals are shown as the solid and dashed lines, respectively.
(A color version of this figure is available in the online journal.)

motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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Figure 4. Residuals of LG motions for the same nine mocks in Figure 3 for
reconstructions from the galaxy distribution in real (blue curves) and redshift
(red curves) space. For reference, we also plot the black curves of Figure 3 that
represent the dark matter case. Parallel and perpendicular components of the
residuals are shown as the solid and dashed lines, respectively.
(A color version of this figure is available in the online journal.)

motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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Figure 4. Residuals of LG motions for the same nine mocks in Figure 3 for
reconstructions from the galaxy distribution in real (blue curves) and redshift
(red curves) space. For reference, we also plot the black curves of Figure 3 that
represent the dark matter case. Parallel and perpendicular components of the
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motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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(red curves) space. For reference, we also plot the black curves of Figure 3 that
represent the dark matter case. Parallel and perpendicular components of the
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(A color version of this figure is available in the online journal.)

motion can be recovered. The individual β values above yield
vrec

lg,∥ = vtru
lg,∥ and, therefore, the angle, θ , between vrec

lg and vtru
lg is

θ = tan−1
vrec

lg,⊥

vtru
lg,∥

.

This yields ⟨θ2⟩1/2 ≈ 10◦ for real as well as redshift space
reconstruction.

5.2.2. vrec
lg versus vtru

lg for a Fixed β

We now assess the goodness of the LG velocity reconstruc-
tion, in both real and redshift space, when the value of β is
given a priori. We do this in three steps. First, we set a con-
venient value of β. Then, we reconstruct vlg using all objects
within Rout = 250 h−1 Mpc in each of the 53 mocks. Finally,
we compare the result with the true LG motion. We set β in cor-
respondence with the mean values of the histograms shown in
Figure 2, i.e., βr = 0.33 and βs = 0.25 in real and redshift space,
respectively. This guarantees that the reconstructed parallel LG
velocities are evenly distributed around the true values.

The results are shown in Figure 4, which is analogous to
Figure 3. The nine panels refer to the same mocks of that plot.
Blue and red curves refer to reconstructions performed in real
and redshift space, respectively. The black curves are the same
as Figure 3 and show the case of dark matter reconstruction.
Moreover the residuals in redshift space are occasionally much
smaller than in real space. This is an additional confirmation that
there is no problem in performing the computation in redshift
space (Nusser & Davis 1994). Finally, we note that beyond
150 h−1 Mpc the curves become flat, indicating that most of the
contribution to vrec

lg arises from large-scale structure within that
radius.

Figure 5 provides an additional assessment of the goodness of
the reconstruction. It shows the parallel velocity residuals versus
the true velocity, vtru

lg , (left panels) and versus the perpendicular
component of the reconstructed velocity, vrec

lg,⊥, (right panels) in
each of the 53 mocks, The filled black dots refer to the case
of dark matter particle reconstruction in real space. Open blue
dots and red crosses refer to reconstructions with mock galaxies
in real and redshift space, respectively. In the upper panels, the
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Figure 5. Scatter plot showing the velocity residual in the parallel and
perpendicular directions for all 53 mock catalogs. The blue dots are in real
space and the red crosses are in redshift space, while black dots show recovery
from the full dark matter density field in real space. The rms values of the
parallel and perpendicular residuals are listed in the left and right panels,
respectively. Top and bottom panels correspond to velocity reconstruction with
Rout = 250 h−1 Mpc and Rout = 100 h−1 Mpc, respectively. The rms of the
parallel and perpendicular residuals are indicated, respectively, in the left and
right panels.
(A color version of this figure is available in the online journal.)

reconstructed quantities are measured at Rout = 250 h−1 Mpc,
to match the simulation size. This represents the ideal and
rather unrealistic case of a deep, all-sky survey with a selection
function accurately estimated out to very large distances. The
bottom panel, in which Rout = 100 h−1 Mpc, represents a more
realistic case in which, like in the 2MRS, the errors in the
selection function are reasonably small out to ∼100 h−1 Mpc
(Branchini et al. 2012).

The fact that in all plots the mean of the parallel residuals
is zero is just a consequence of the choice of the β value
used in the reconstructions. Instead, the fact that the parallel
residuals are uncorrelated with vtru

lg but anti-correlated with
vrec

lg,⊥ is a genuine result. The anti-correlation implies some
degeneracy between the error in the estimation of the direction
and amplitude in the reconstruction of the LG motion and it
should be kept in mind in realistic applications. The accuracy
of the LG velocity reconstruction is quantified by the rms of
the parallel residuals and is indicated in the plot. As expected,
it is smallest when the reconstruction is performed in real
space with dark matter particles and larger when one considers
mock galaxies at their redshift space positions. Moreover, the
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ns(s)d3s = n(r)d3r modify the real space linear Equation (1)
as

∇ · v + β∇ · [(ŝ · v)ŝ] = −H0βδs. (3)

To linear order, δs(s) = δs(r) and similarly for δ and v.
Given appropriate boundary conditions, a unique solution to
this equation can be obtained for a potential flow, v = −∇φ,
where φ is a scalar function of the spatial coordinates. For our
purposes, it is convenient to express the solution in terms of the
spherical harmonics, Ylm, expansion of the angular dependence
of φ(r) and δ(r). Writing

φ(r) ≡ φ(r, r̂) =
!

l!0

l!

m=−l

φlm(r)Y ∗
lm(r̂),

where r̂ is the radial unit vector and r = |r| is the distance.
δ(r, r̂) is similarly expanded. The solution to Equation (3) is
(Nusser & Davis 1994)

φlm(s) = − H0β/(1 + β)

2l̃ + 1

"
sl̃

# s1

s

δs
lm(u)

ul̃−1
du

+
1

sl̃+1

# s

0
δs
lm(u)ul̃+2du

$
, (4)

where l̃ ! l is related to the harmonic order, l, through the
algebraic equation, (1+β)l̃(l̃+1)−l(l+1) = 0, and s1 is a constant
dictated by the appropriate boundary conditions. The solution
in real space is obtained in the limit, β ≪ 1, where l̃ → l and
β/(1 + β) → β. Only the dipole, l = 1, component is relevant
for the LG motion. For this component, the appropriate choice
is s1 = 0. Thus, we work in the freely falling LG frame, not
the CMB frame, because obtaining the CMB should be a result
of the analysis. After all, we do not know how large the sphere
around us is that has the same dipole CMB anisotropy. Further,
working with CMB redshifts causes a singular behavior of the
density at the origin. In the LG frame, the mean motion of a very
distant thin spherical shell, i.e., the reflex dipole, approaches the
negative of the LG motion in the CMB frame. Thus, the LG
motion in the CMB frame, vlg, is identified with the negative
of the reflex dipoles of very distant shells. In Appendix A, we
derive a new relation for relating vlg to the density distribution
in redshift space.

For a sampling of the density in redshift space by a discrete
distribution of N mass tracers (galaxies) with redshift coordi-
nates si (i = 1 . . . N ) the relation yields

vlg(Rout) = Rl̃−1
out

(1 + β)
βH0

4π n̄

!

Rlg<si<Rout

si

ϕi s
l̃+2
i

− (1 − l̃)R−(l̃+2)
out

(1 + β)(2l̃ + 1)

βH0

4π n̄

!

Rlg<si<Rout

sl̃−1
i

ϕi

si , (5)

where l̃ corresponds to l = 1, i.e., it is the solution to
(1 + β)l̃(l̃ + 1) − 2 = 0, the selection function ϕi compensates
for the missing faint galaxies in flux-limited surveys and
n̄ is a measure of the average number density of galaxies.
The sum extends over all tracers between Rlg, the radius
assigned to the LG, and a maximum distance, Rout. In principle,
all fluctuations out to Rout → ∞ contribute to vlg. In a
hierarchical model for structure formation, distant structures
typically make smaller contributions. Therefore, it is interesting

to study the convergence of vlg as a function of Rout. Further,
in realistic redshift surveys, the noise increases dramatically
at large redshifts, due the significant decrease in the number
of observed galaxies, and the recovery of vlg can be assessed
reliably only out to the radius beyond which the large-scale
structure is poorly probed.

The real space counterpart of the relation (5) is obtained by
setting l̃ = l = 1 and replacing f with β/(1 + β). This yields

vlg = H0β

4π n̄

!

Rout>ri>Rlg

r i

ϕi r
3
i

, (6)

where we use the same symbol, Rout, to indicate the maximum
distance in real space. Note that the disappearance of the coun-
terpart of the second term on the right-hand side of Equation (5).
However, even for the redshift space reconstruction by
Equation (5), the second term makes a negligible contribution
to vlg as we find in the numerical tests below.

4. CONSTRUCTION OF MOCK GALAXY CATALOGS

We consider mock catalogs designed to match the 2MRS
catalog of ∼45,000 galaxies with Ks ! 11.75 (Huchra et al.
2012). A parent simulated catalog of the whole 2MASS catalog
has been prepared (De Lucia & Blaizot 2007) by incorporating
semi-analytic galaxy formation models in the Millennium simu-
lation (Springel et al. 2005) of the ΛCDM model with Ω = 0.25,
Ωb = 0.045, σ8 = 0.9, Λ = 0.75, and H0 = 73 km s−1 Mpc−1.
From this parent catalog we have drawn 53 mock 2MRS catalogs
satisfying the following conditions.

1. The “observer” in each mock is selected to reside in a galaxy
with a quiet velocity field within 500 km s−1, similar to the
observed universe. One observational signature of this quiet
flow is that in the LG frame, the only galaxies with measured
negative redshift belong to the Virgo cluster. We enforce this
condition by imposing that, at most, the observer sees one
cluster that has high enough peculiar velocities to result in
negative redshifts.

2. Note that in finding a cluster that produces negative redshifts
in its core region necessarily implies that the average
overdensity toward the region is substantial. For example,
the average overdensity toward the Virgo cluster is δ ∼ 2
(Davis & Huchra 1982), and the mock catalogs are roughly
the same. That means that the flows in this direction are
becoming nonlinear. To keep the overdensity close to that
of the Virgo cluster, we select only clusters with mean
overdensities between the LG and the cluster center that
are δ < 2. This is quite a stringent constraint that, alone,
eliminates ∼70% of the potential LG “observers.”

3. The velocity of the central galaxy must be in the range 400
to 700 km s−1 to match that of the LG with respect to the
CMB.

4. The density in the LG environment, i.e., averaged over a
sphere of 5 Mpc radius around the observer, is less than
twice the cosmic mean.

5. We impose the constraint that the bulk flow of a sphere of ra-
dius, 3.5 h−1 Mpc ≈ 5 Mpc (h = H0/[100 km s−1 Mpc] ≈
0.7), centered on the LG, is also in the range of
400–700 km s−1. This radius is more than three times larger
than the radius assigned to the real LG (∼1.4 Mpc). This
additional constraint is meant to eliminate strong nonlin-
earities that may still be present in some of the mocks
after applying the previous constraints mentioned above.
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Rout=250Mpc/h

Rout=100Mpc/h

LG motion: origin 



Therefore, !
 !• 150-200km/s error!
• limiting factor is survey depth!
               - don’t expect convergence at <300Mpc/h (c.f. Bilicki et al)!
               - shot-noise ~100km/s!
               - galaxy biasing is under control!
• beware of weighting galaxies at d>100Mpc/h, i.e. Kaiser rocket effect!

LG motion: origin 



Motions as a probe of LG mass

LG: mass



Internal Kinematics of LG

LG: internal motions  

• Not a fully virialized system: most 
tracers are currently on first approach!

• Two dominant members MW and M31!

• All tracers started at r=0 near t=0

Mikulizky+AN
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Keep MW and M31 
Ignore everything else

Mass of the LG: The Timing Argument (Kahn & Woltjer 59)



The general problem

Its is basically a transport problem!!
e.g. Monge-Kantorovich problem

boundary value problem

forward: N-body simulation

c.f. Frisch, Matarese, Mohayaee & Sobolovski 02  

LG: mass: action



Peebles’ action method

LG: mass: action



Practical application

1. write the action S for participles in cosmology!

2. pick trial orbits, q(t),  satisfying the BC!

3. Minimize S with respect to q(t_i)

The Action

LG: mass: action



Multiple solutions expected

Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Dynamics in an expanding background
Initial value vs Boundary value problems

“Snapshot” solutions to the boundary value problem

Problem: multiple solutions!

Consider a harmonic motion ẍ + x = 0.

Find solutions, x(t), satisfying x(0) = x(2⇡) = 0.

Solutions: x(t) = 0, x(t) = sin(t), x(t) = 2 sin(t)...

When are the conditions for a unique solution?

No idea!

LG: mass: action



Very hard to reconstruct orbits on small scales!!
!

Halo vs dark matter 
!

Halo merging 
!

tidal field 
!

LG: mass: action: missing ingredients



What do we do exactly?

• apply LAP with redshifts as input!

• get distances from orbits!

• compare LAP distances with observed ones!

• tune masses to get a good match!

• IMPORTANT: must allow for multiple solutions by locating saddle points

LG: mass: action: missing ingredients



How well can we recover masses in mock LG (Millennium simulation)?

LG: mass: action: tests



Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Dynamics in an expanding background
Initial value vs Boundary value problems

“Snapshot” solutions to the boundary value problem

Results
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Figure 1. Contours in χ2 for different values of MW (x-axis) and M31 (y-axis) masses, for 4000 NAM solutions in four different scenarios. Upper left: results from
the two-body problem of MW + M31. Upper right: LG actors only. Lower left: LG actors + four external groups. Lower right: same as lower left, with transverse
velocity constraints included for five nearby galaxies. The first contour level (solid black line) marks the region of 95% confidence (minimum χ2 + 6 for two degrees
of freedom).

we then jointly relax the galaxy masses, also using Powell’s
method, to minimize χ2 still further (we found that relaxing
the masses separately from the other quantities gave more rapid
convergence to a minimum). This method of relaxation between
the various observational quantities typically reduces χ2 by an
order of magnitude from its initial value; further improvements
to this ad hoc procedure are no doubt possible.

We generate four thousand independent solutions using this
method, varying the mass of MW and M31 in each solution as
described above. Parallelizing the code to run on 12 supercom-
puting nodes using 2.40 GHz six-core Xeon processors, each
solution typically takes 10 or 20 s for catalogs up to a dozen
or two particles. From an ensemble of solutions, we then plot a
Gaussian-smoothed χ2 map against the MW and M31 masses,
dividing the map into 24 × 24 equal bins and keeping the best
χ2 in each bin. The smoothing is desirable because the solution
space can feature many local minima, each corresponding to a
qualitatively different configuration of orbits.

3. RESULTS FOR THE LOCAL GROUP

Our LG catalog, based on Peebles & Tully (2013), is listed in
Table 1. The omission of the smallest, tightly bound satellites of
MW and M31 facilitates direct comparison to the simulations,
which lack comparable range in mass, and maximizes the
number of solutions that can be explored. The four actors listed
immediately after MW and M31 are intended to approximately
model the influence of the significant mass concentrations
residing immediately beyond the LG. While inclusion of all

Table 1
The Local Group Catalog: Observational Constraints

Name d SGL SGB cz mcat

MW 0.00 0.00 0.00 0 22.5
M31 0.79 336.19 12.55 −119 25.1
Cen+ 3.57 159.75 −5.25 386 119.0
M81+ 3.66 41.12 0.59 72 70.6
Maff+ 3.61 359.29 1.44 168 70.2
Scp+ 3.58 271.56 −5.01 251 50.6
M33 0.92 328.47 −0.09 −45 1.97
LMC 0.05 215.80 −34.12 66 1.24
IC10 0.79 354.42 17.87 −150 0.434
NGC 185 0.64 343.27 14.30 −40 0.106
NGC 147 0.73 343.32 15.27 −4 0.077
NGC 6822 0.51 229.08 57.09 43 0.06
LeoI 0.26 88.90 −34.56 121 0.001
LeoT 0.16 78.40 −38.75 −61 0.001
Phx 0.43 254.29 −20.86 −34 0.001
LGS3 0.65 318.13 3.81 −149 0.001
CetdSph 0.73 283.84 3.82 −27 0.001
LeoA 0.74 69.91 −25.80 −13 0.001
IC1613 0.75 299.17 −1.80 −159 0.001

Note. Units: Mpc, deg, km s−1, 1011 M⊙.

LG actors may hold the promise of producing even better
dynamical constraints on the mass of MW and M31, it is offset
by the greatly increased effort required to produce acceptable
solutions.
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Note: a) M31 + M
MW

is consistent with van der Marel et al 12. b) radial

V31 � V
MW

= 109 ± 4kms�1. c) tangential V31 � V
MW

< 34kms�1(1�).

Phelps, AN & Desjacques

If  Leo I (300kpc) is bound to  MW then mass of MW~(3)10^12 !
(Li & White)

also Shaya & Tully
LG: mass: action: real data

(Sangmo, Anderson & van der Marel)



Proper motions are badly needed!

A factor of 2 from 200kpc!
to 400kps is a little 

uncomfortable!

LG: mass: action: end

P.s. Diaz et al 14 get much 
lower masses using Mw-
M32 center of mass and 

virial theorem.
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Figure 2. Expected errors (1σ ) on two quantities computed from the Gaia
astrometric galaxy data. Top: errors in the 2D transverse peculiar velocity
field obtained by filtering the data with a Gaussian window of width RG =
1500 km s−1. For comparison, the thin solid magenta line is the error in the
SFI++ line-of-sight peculiar velocities smoothed with the same window. Errors
scale like R

3/2
G . Bottom: errors in the bulk (dipole) motion of spherical shells

of thickness ∆cz = 3000 km s−1. Errors scale like (∆cz)1/2. For reference,
predictions from the WMAP7 ΛCDM for the dipole on shells are also plotted.
In both panels, dash-dotted, solid, and dotted curves correspond to G = 14, 15,
and 16 mag cuts, as indicated in the figure.
(A color version of this figure is available in the online journal.)

more conservative choice and assume that only sources with
µG < 18.5 mag arcsec−2 will be used for astrometric purposes.
A survey of the literature shows that this condition is satis-
fied for the central region of a significant fraction of galaxies
(e.g., Kormendy 1977; Allen et al. 2006; Oohama et al. 2009;
Balcells et al. 2007; Smith et al. 2009; Graham 2011; Ferrarese
et al. 1994; Carollo et al. 1998; Lauer et al. 2007). For example,
this can be seen in Figure 3 in Oohama et al. (2009) show-
ing a scatter plot of the B-band effective SB versus half-light
radius for various galaxy types.9 More importantly, we have vi-
sually inspected the observed V-band SB profiles of 200 out of
∼600 galaxies in the Carnegie-Irvine Galaxy Survey (Ho et al.
2011; Li et al. 2011). Most of these galaxies are nearby (me-
dian distance of ∼25 h−1

70 Mpc) and with mean B-band absolute
total magnitude of −20.2, close to M∗. We identified galaxies
reaching a central SB of 18.5 mag arcsec−2 and tabulated the
corresponding radii (in arcsec). Since we did not have access to
the actual data, the minimal radius we could determine using a
ruler is 1–2 arcsec. About 70% of the galaxies we inspected were
brighter than 18.5 mag arcsec−2, allowing them to be detected
by Gaia. Since SB is a distance-independent quantity, we can
use this threshold to compute the maximum distance at which

9 For old stellar populations, B ∼ V + 1 (Fukugita et al. 1995), and since
G = V + 0.27, the astrometric condition G � 18.5 translates to B � 19.7.

a galaxy would be detected in a single resolution element of
Gaia. We find that the majority of early- and late-type galaxies
could be detected as point sources at G = 20 if, respectively,
placed at �500 h−1

70 Mpc and �250 h−1
70 Mpc. Overall, it looks

like the overwhelming majority of early-type galaxies and more
than 50% of late types will have peculiar motions measured by
Gaia with errors in transverse velocities given in the top panel
in Figure 2. In addition, a significant fraction of their emitted
light will be within Gaia’s detection window, which justifies the
simple relation between galaxy number density and luminosity
function that we have adopted in Section 3. AGNs will be easily
detected by Gaia as bright, pointlike sources and possibly mis-
taken by galaxies. However, their contamination to a relatively
local sample of objects with measured redshift, like the one we
consider here, should be negligible.

In fact, since we are interested in studying the velocity field
of the local (�100 h−1

70 Mpc) universe, the situation is likely to
be even more favorable. Within this distance the typical galaxy
will be resolved in high-SB substructures that, if brighter than
G = 20, can be detected as individual sources and analyzed as a
group. Examples of multiple high-SB sources are star-forming
regions, globular clusters, and bulges with steep SB profiles that
are more extended than Gaia’s window (for example, the SB
profile of M87 drops below 18.5 mag arcsec−2 at ∼700 h−1

70 pc
from the center; if placed at ∼50 h−1

70 Mpc, it will be detected
as ∼10 individual sources by Gaia). Detecting multiple sources
from the same objects significantly improves the astrometric
precision, as we shall show in the next section.

5. ASTROMETRY WITH EXTENDED OBJECTS

The possibility of placing multiple constraints on the same
objects allows one, in principle, to improve the astrometric ac-
curacy. We discuss this possibility in a general context and with
a formalism that contemplate both the possibility of perform-
ing resolved photometry with high-resolution instruments like
HST,10 JWST, LSST, or Pan-STARRS (Saha & Monet 2005;
Chambers 2005) and that of splitting an extended source in
individual sources, like in the case of Gaia.

Suppose for simplicity we observe a galaxy at two different
epochs, t1 and t2. Let us define Ii(θ i) as the SB of the object
at the epoch ti measured at the angular position of a pixel
θ i . In the case of traditional photometry Ii(θ i) represents the
SB profile of the object at θ i , whereas in the case of Gaia
it represents the magnitude of the SB substructure measured
within the detection window. In principle, the astrometric shift,
p, could be determined by minimizing, with respect to p,
χ2 =

!
i[I1(θ i) − I2(θ ′

i)]
2/σ 2

i , where the summation is over
all pixels, θ ′ = θ − p, and σI i here is the 1σ error in the
measurement of the SB (since p is small, we assume that σI i

in pixel i is the same for both images). We have assumed that
I1 and I2 differ only by a linear displacement. In principle, one
should take into account changes in the internal structure of
the object. Those, however, will have little effect compared to
the overall observational accuracy. Since we will eventually be
interested in the mean coherent displacement of an ensemble of
many galaxies, incoherent changes in the internal structure of
galaxies will be insignificant.

This procedure of minimizing the image differences exploits
all information contained in both images, but it requires a possi-
bly non-trivial interpolation of θ ′ on the observed pixel positions

10 http://www.stsci.edu/hst/
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possibly making Gaia’s proper motions an excellent probe of the
large-scale flows. This probe of large-scale flows is completely
independent of any assumption on the intrinsic relations of
galaxies. Further, the two-dimensional (2D) transverse motions
are orthogonal (in information content as well as in geometry)
to standard line-of-sight peculiar velocities.

The outline of the paper is as follows. In Section 2, we present
the general setup and describe theoretical tools for analyzing
future transverse velocity data. We present, in Section 3, a
rough estimate of the expected error in the transverse velocity
obtained by smoothing individual velocities. Expected errors on
astrometry for Gaia’s galaxies are discussed in Section 4, and
a more general discussion on astrometry of extended objects
is given in Section 5. In the concluding section, Section 6,
we present a general assessment of the transverse velocity
data in comparison to other probes of large-scale motions. We
also discuss possible sources for redshifts of the population of
galaxies expected to be observed by Gaia.

Unless otherwise specified, magnitudes observed by Gaia
will refer to an aperture photometry of 0.65 arcsec. They are
given in the G band (350–1000 nm). Transformation from the
more familiar V and Ic bands is performed using constant colors
V − G = 0.27 and V − Ic = 1 for all galaxies (Fukugita
et al. 1995; Jordi et al. 2010). We also assume that Gaia will
identify all sources with G < 20 within 0.65 arcsec with
100% completeness. Finally, we use H0 = 70 km s−1 Mpc−1

to set the distance scale and use h70 = H0/70 to parameterize
uncertainties.

2. METHODOLOGY

We will assume an all-sky catalog of redshifts and proper
motions. We denote the physical peculiar velocity by vvv and
the real space comoving coordinate by rrr , both expressed in
km s−1. Further, v∥ = vvv · r̂rr and vvv⊥ = vvv − v∥r̂rr are, respectively,
the components of vvv parallel and perpendicular to the line of
sight, where r̂rr is a unit vector in the line-of-sight direction.
We restrict the analysis to cz � 15,000 km s−1 and neglect
cosmological geometric effects, so that the redshift coordinate
is sss = rrr + v∥r̂rr . Note ŝss = r̂rr and cz = r + v∥ = sss · r̂rr = s. Proper
motions transverse to the line of sight will be denoted by µ. The
transverse 2D space velocity of a galaxy at real-space distance
r is

vvv⊥ = rµ

= 677.22
µ

1 µas yr−1

r

104 km s−1
h70, (1)

which corresponds to a transverse peculiar velocity of
474 km s−1 for 1 µas yr−1 at d = 100 Mpc.

However, the true distances, r, are unknown, and, therefore,
we make the approximation

vvv⊥ = sµ. (2)

This introduces a relative error v∥/s in the determination of vvv⊥
where ⟨v2

∥⟩1/2 ∼ 200–300 km s−1 (Davis et al. 2011). Hence,
the error is negligible as we go to s � 2000 km s−1. The error
is also random since ⟨vvv⊥v∥⟩ = 0.

Therefore, the estimated velocity field will be given as a
function of the redshift space coordinate. To linear order, veloc-
ity fields expressed in real and redshift spaces are equivalent.
In the quasilinear regime, dynamical relations can be derived
for the velocity field in redshift space (Nusser & Davis 1994),

thanks to the interesting property that an irrotational (or poten-
tial) flow in real space remains irrotational also in redshift space
(Chodorowski & Nusser 1999).

2.1. From 2D Transverse Velocities to 3D Flows

Here, we offer basic expressions for the derivation of the full
peculiar velocity field vvv(sss) from the smoothed 2D transverse
velocity field,vvv⊥(sss). Assuming a potential flowvvv(sss) = −∇Φ(sss)
and expanding the angular dependence of Φ in spherical
harmonics, Φ(sss) =

!
lm Φlm(s)Ylm(ŝss), gives (Arfken & Weber

2005)

v∥ = −
"

lm

dΦlm

ds
Ylm (3)

vvv⊥ = −
"

lm

Φlm

s
! lm, (4)

where !lm = r∇Ylm is the vector spherical harmonic. Thanks to
the orthogonality conditions

#
dΩ!lm · !l′m′ = l(l + 1)δK

ll′δ
K
mm′

the potential coefficients can be recovered by

Φlm(s) = −1
l(l + 1)

$
dΩvvv⊥(sss) · !lm(ŝss), (5)

for l > 0. This means that Φ(sss) can be recovered from the vvv⊥ up
to a monopole term that corresponds to a purely radial flow with
zero transverse motions. That is not a serious drawback since
the monopole term can always be removed from the predictions
of any model to be compared with the data.

2.2. Testing the Potential Flow Ansatz

Initial conditions in the early universe might have been
somewhat chaotic, so that the original peculiar velocity field
was uncorrelated with the mass distribution or even contained
vorticity (e.g., Christopherson et al. 2011). At late time, a
cosmological velocity field should have a negligible rotational
component, vvvrot on large scale, away from orbit mixing regions.
The reason is that any circulation, Γ =

%
vvvrot·dsss, is conserved by

Kelvin’s theorem. Hence, any rotational component will decay
as 1/a, where a is the scale factor. In contrast, the irrotational
component of the peculiar velocity will have a growing v ∼

√
a.

Therefore, on large scales, away from collapsed objects, the
irrotational component is expected to be negligible. The absence
of any significant large-scale vorticity is, therefore, a strong
prediction of the standard cosmological paradigm. To assess
this prediction, the observed transverse motions can be used to
constrain the amplitude of the irrotational component. This can
be done by writing the transverse component of vvvrot as (Arfken
& Weber 2005)

vvvrot
⊥ =

"

lm

V rot
lm "lm, (6)

where "lm = sss × ∇Ylm belong to another class of vector spher-
ical harmonics that satisfy the same orthogonality conditions as
!. Hence, V rot

lm is equal to the right-hand side of Equation (5) but
with "lm instead of !lm. Further,

#
dΩ"lm · !l′m′ = 0; hence,

the recovery of the rotational mode is formally independent of
the potential flow mode.
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possibly making Gaia’s proper motions an excellent probe of the
large-scale flows. This probe of large-scale flows is completely
independent of any assumption on the intrinsic relations of
galaxies. Further, the two-dimensional (2D) transverse motions
are orthogonal (in information content as well as in geometry)
to standard line-of-sight peculiar velocities.

The outline of the paper is as follows. In Section 2, we present
the general setup and describe theoretical tools for analyzing
future transverse velocity data. We present, in Section 3, a
rough estimate of the expected error in the transverse velocity
obtained by smoothing individual velocities. Expected errors on
astrometry for Gaia’s galaxies are discussed in Section 4, and
a more general discussion on astrometry of extended objects
is given in Section 5. In the concluding section, Section 6,
we present a general assessment of the transverse velocity
data in comparison to other probes of large-scale motions. We
also discuss possible sources for redshifts of the population of
galaxies expected to be observed by Gaia.

Unless otherwise specified, magnitudes observed by Gaia
will refer to an aperture photometry of 0.65 arcsec. They are
given in the G band (350–1000 nm). Transformation from the
more familiar V and Ic bands is performed using constant colors
V − G = 0.27 and V − Ic = 1 for all galaxies (Fukugita
et al. 1995; Jordi et al. 2010). We also assume that Gaia will
identify all sources with G < 20 within 0.65 arcsec with
100% completeness. Finally, we use H0 = 70 km s−1 Mpc−1

to set the distance scale and use h70 = H0/70 to parameterize
uncertainties.

2. METHODOLOGY

We will assume an all-sky catalog of redshifts and proper
motions. We denote the physical peculiar velocity by vvv and
the real space comoving coordinate by rrr , both expressed in
km s−1. Further, v∥ = vvv · r̂rr and vvv⊥ = vvv − v∥r̂rr are, respectively,
the components of vvv parallel and perpendicular to the line of
sight, where r̂rr is a unit vector in the line-of-sight direction.
We restrict the analysis to cz � 15,000 km s−1 and neglect
cosmological geometric effects, so that the redshift coordinate
is sss = rrr + v∥r̂rr . Note ŝss = r̂rr and cz = r + v∥ = sss · r̂rr = s. Proper
motions transverse to the line of sight will be denoted by µ. The
transverse 2D space velocity of a galaxy at real-space distance
r is
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= 677.22
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1 µas yr−1
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104 km s−1
h70, (1)

which corresponds to a transverse peculiar velocity of
474 km s−1 for 1 µas yr−1 at d = 100 Mpc.

However, the true distances, r, are unknown, and, therefore,
we make the approximation

vvv⊥ = sµ. (2)

This introduces a relative error v∥/s in the determination of vvv⊥
where ⟨v2

∥⟩1/2 ∼ 200–300 km s−1 (Davis et al. 2011). Hence,
the error is negligible as we go to s � 2000 km s−1. The error
is also random since ⟨vvv⊥v∥⟩ = 0.

Therefore, the estimated velocity field will be given as a
function of the redshift space coordinate. To linear order, veloc-
ity fields expressed in real and redshift spaces are equivalent.
In the quasilinear regime, dynamical relations can be derived
for the velocity field in redshift space (Nusser & Davis 1994),

thanks to the interesting property that an irrotational (or poten-
tial) flow in real space remains irrotational also in redshift space
(Chodorowski & Nusser 1999).

2.1. From 2D Transverse Velocities to 3D Flows

Here, we offer basic expressions for the derivation of the full
peculiar velocity field vvv(sss) from the smoothed 2D transverse
velocity field,vvv⊥(sss). Assuming a potential flowvvv(sss) = −∇Φ(sss)
and expanding the angular dependence of Φ in spherical
harmonics, Φ(sss) =
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lm Φlm(s)Ylm(ŝss), gives (Arfken & Weber
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where !lm = r∇Ylm is the vector spherical harmonic. Thanks to
the orthogonality conditions
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the potential coefficients can be recovered by

Φlm(s) = −1
l(l + 1)

$
dΩvvv⊥(sss) · !lm(ŝss), (5)

for l > 0. This means that Φ(sss) can be recovered from the vvv⊥ up
to a monopole term that corresponds to a purely radial flow with
zero transverse motions. That is not a serious drawback since
the monopole term can always be removed from the predictions
of any model to be compared with the data.

2.2. Testing the Potential Flow Ansatz

Initial conditions in the early universe might have been
somewhat chaotic, so that the original peculiar velocity field
was uncorrelated with the mass distribution or even contained
vorticity (e.g., Christopherson et al. 2011). At late time, a
cosmological velocity field should have a negligible rotational
component, vvvrot on large scale, away from orbit mixing regions.
The reason is that any circulation, Γ =

%
vvvrot·dsss, is conserved by

Kelvin’s theorem. Hence, any rotational component will decay
as 1/a, where a is the scale factor. In contrast, the irrotational
component of the peculiar velocity will have a growing v ∼

√
a.

Therefore, on large scales, away from collapsed objects, the
irrotational component is expected to be negligible. The absence
of any significant large-scale vorticity is, therefore, a strong
prediction of the standard cosmological paradigm. To assess
this prediction, the observed transverse motions can be used to
constrain the amplitude of the irrotational component. This can
be done by writing the transverse component of vvvrot as (Arfken
& Weber 2005)

vvvrot
⊥ =

"
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V rot
lm "lm, (6)

where "lm = sss × ∇Ylm belong to another class of vector spher-
ical harmonics that satisfy the same orthogonality conditions as
!. Hence, V rot

lm is equal to the right-hand side of Equation (5) but
with "lm instead of !lm. Further,

#
dΩ"lm · !l′m′ = 0; hence,

the recovery of the rotational mode is formally independent of
the potential flow mode.
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Figure 2. Expected errors (1σ ) on two quantities computed from the Gaia
astrometric galaxy data. Top: errors in the 2D transverse peculiar velocity
field obtained by filtering the data with a Gaussian window of width RG =
1500 km s−1. For comparison, the thin solid magenta line is the error in the
SFI++ line-of-sight peculiar velocities smoothed with the same window. Errors
scale like R

3/2
G . Bottom: errors in the bulk (dipole) motion of spherical shells

of thickness ∆cz = 3000 km s−1. Errors scale like (∆cz)1/2. For reference,
predictions from the WMAP7 ΛCDM for the dipole on shells are also plotted.
In both panels, dash-dotted, solid, and dotted curves correspond to G = 14, 15,
and 16 mag cuts, as indicated in the figure.
(A color version of this figure is available in the online journal.)

more conservative choice and assume that only sources with
µG < 18.5 mag arcsec−2 will be used for astrometric purposes.
A survey of the literature shows that this condition is satis-
fied for the central region of a significant fraction of galaxies
(e.g., Kormendy 1977; Allen et al. 2006; Oohama et al. 2009;
Balcells et al. 2007; Smith et al. 2009; Graham 2011; Ferrarese
et al. 1994; Carollo et al. 1998; Lauer et al. 2007). For example,
this can be seen in Figure 3 in Oohama et al. (2009) show-
ing a scatter plot of the B-band effective SB versus half-light
radius for various galaxy types.9 More importantly, we have vi-
sually inspected the observed V-band SB profiles of 200 out of
∼600 galaxies in the Carnegie-Irvine Galaxy Survey (Ho et al.
2011; Li et al. 2011). Most of these galaxies are nearby (me-
dian distance of ∼25 h−1

70 Mpc) and with mean B-band absolute
total magnitude of −20.2, close to M∗. We identified galaxies
reaching a central SB of 18.5 mag arcsec−2 and tabulated the
corresponding radii (in arcsec). Since we did not have access to
the actual data, the minimal radius we could determine using a
ruler is 1–2 arcsec. About 70% of the galaxies we inspected were
brighter than 18.5 mag arcsec−2, allowing them to be detected
by Gaia. Since SB is a distance-independent quantity, we can
use this threshold to compute the maximum distance at which

9 For old stellar populations, B ∼ V + 1 (Fukugita et al. 1995), and since
G = V + 0.27, the astrometric condition G � 18.5 translates to B � 19.7.

a galaxy would be detected in a single resolution element of
Gaia. We find that the majority of early- and late-type galaxies
could be detected as point sources at G = 20 if, respectively,
placed at �500 h−1

70 Mpc and �250 h−1
70 Mpc. Overall, it looks

like the overwhelming majority of early-type galaxies and more
than 50% of late types will have peculiar motions measured by
Gaia with errors in transverse velocities given in the top panel
in Figure 2. In addition, a significant fraction of their emitted
light will be within Gaia’s detection window, which justifies the
simple relation between galaxy number density and luminosity
function that we have adopted in Section 3. AGNs will be easily
detected by Gaia as bright, pointlike sources and possibly mis-
taken by galaxies. However, their contamination to a relatively
local sample of objects with measured redshift, like the one we
consider here, should be negligible.

In fact, since we are interested in studying the velocity field
of the local (�100 h−1

70 Mpc) universe, the situation is likely to
be even more favorable. Within this distance the typical galaxy
will be resolved in high-SB substructures that, if brighter than
G = 20, can be detected as individual sources and analyzed as a
group. Examples of multiple high-SB sources are star-forming
regions, globular clusters, and bulges with steep SB profiles that
are more extended than Gaia’s window (for example, the SB
profile of M87 drops below 18.5 mag arcsec−2 at ∼700 h−1

70 pc
from the center; if placed at ∼50 h−1

70 Mpc, it will be detected
as ∼10 individual sources by Gaia). Detecting multiple sources
from the same objects significantly improves the astrometric
precision, as we shall show in the next section.

5. ASTROMETRY WITH EXTENDED OBJECTS

The possibility of placing multiple constraints on the same
objects allows one, in principle, to improve the astrometric ac-
curacy. We discuss this possibility in a general context and with
a formalism that contemplate both the possibility of perform-
ing resolved photometry with high-resolution instruments like
HST,10 JWST, LSST, or Pan-STARRS (Saha & Monet 2005;
Chambers 2005) and that of splitting an extended source in
individual sources, like in the case of Gaia.

Suppose for simplicity we observe a galaxy at two different
epochs, t1 and t2. Let us define Ii(θ i) as the SB of the object
at the epoch ti measured at the angular position of a pixel
θ i . In the case of traditional photometry Ii(θ i) represents the
SB profile of the object at θ i , whereas in the case of Gaia
it represents the magnitude of the SB substructure measured
within the detection window. In principle, the astrometric shift,
p, could be determined by minimizing, with respect to p,
χ2 =

!
i[I1(θ i) − I2(θ ′

i)]
2/σ 2

i , where the summation is over
all pixels, θ ′ = θ − p, and σI i here is the 1σ error in the
measurement of the SB (since p is small, we assume that σI i

in pixel i is the same for both images). We have assumed that
I1 and I2 differ only by a linear displacement. In principle, one
should take into account changes in the internal structure of
the object. Those, however, will have little effect compared to
the overall observational accuracy. Since we will eventually be
interested in the mean coherent displacement of an ensemble of
many galaxies, incoherent changes in the internal structure of
galaxies will be insignificant.

This procedure of minimizing the image differences exploits
all information contained in both images, but it requires a possi-
bly non-trivial interpolation of θ ′ on the observed pixel positions

10 http://www.stsci.edu/hst/
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possibly making Gaia’s proper motions an excellent probe of the
large-scale flows. This probe of large-scale flows is completely
independent of any assumption on the intrinsic relations of
galaxies. Further, the two-dimensional (2D) transverse motions
are orthogonal (in information content as well as in geometry)
to standard line-of-sight peculiar velocities.

The outline of the paper is as follows. In Section 2, we present
the general setup and describe theoretical tools for analyzing
future transverse velocity data. We present, in Section 3, a
rough estimate of the expected error in the transverse velocity
obtained by smoothing individual velocities. Expected errors on
astrometry for Gaia’s galaxies are discussed in Section 4, and
a more general discussion on astrometry of extended objects
is given in Section 5. In the concluding section, Section 6,
we present a general assessment of the transverse velocity
data in comparison to other probes of large-scale motions. We
also discuss possible sources for redshifts of the population of
galaxies expected to be observed by Gaia.

Unless otherwise specified, magnitudes observed by Gaia
will refer to an aperture photometry of 0.65 arcsec. They are
given in the G band (350–1000 nm). Transformation from the
more familiar V and Ic bands is performed using constant colors
V − G = 0.27 and V − Ic = 1 for all galaxies (Fukugita
et al. 1995; Jordi et al. 2010). We also assume that Gaia will
identify all sources with G < 20 within 0.65 arcsec with
100% completeness. Finally, we use H0 = 70 km s−1 Mpc−1

to set the distance scale and use h70 = H0/70 to parameterize
uncertainties.

2. METHODOLOGY

We will assume an all-sky catalog of redshifts and proper
motions. We denote the physical peculiar velocity by vvv and
the real space comoving coordinate by rrr , both expressed in
km s−1. Further, v∥ = vvv · r̂rr and vvv⊥ = vvv − v∥r̂rr are, respectively,
the components of vvv parallel and perpendicular to the line of
sight, where r̂rr is a unit vector in the line-of-sight direction.
We restrict the analysis to cz � 15,000 km s−1 and neglect
cosmological geometric effects, so that the redshift coordinate
is sss = rrr + v∥r̂rr . Note ŝss = r̂rr and cz = r + v∥ = sss · r̂rr = s. Proper
motions transverse to the line of sight will be denoted by µ. The
transverse 2D space velocity of a galaxy at real-space distance
r is

vvv⊥ = rµ

= 677.22
µ

1 µas yr−1

r

104 km s−1
h70, (1)

which corresponds to a transverse peculiar velocity of
474 km s−1 for 1 µas yr−1 at d = 100 Mpc.

However, the true distances, r, are unknown, and, therefore,
we make the approximation

vvv⊥ = sµ. (2)

This introduces a relative error v∥/s in the determination of vvv⊥
where ⟨v2

∥⟩1/2 ∼ 200–300 km s−1 (Davis et al. 2011). Hence,
the error is negligible as we go to s � 2000 km s−1. The error
is also random since ⟨vvv⊥v∥⟩ = 0.

Therefore, the estimated velocity field will be given as a
function of the redshift space coordinate. To linear order, veloc-
ity fields expressed in real and redshift spaces are equivalent.
In the quasilinear regime, dynamical relations can be derived
for the velocity field in redshift space (Nusser & Davis 1994),

thanks to the interesting property that an irrotational (or poten-
tial) flow in real space remains irrotational also in redshift space
(Chodorowski & Nusser 1999).

2.1. From 2D Transverse Velocities to 3D Flows

Here, we offer basic expressions for the derivation of the full
peculiar velocity field vvv(sss) from the smoothed 2D transverse
velocity field,vvv⊥(sss). Assuming a potential flowvvv(sss) = −∇Φ(sss)
and expanding the angular dependence of Φ in spherical
harmonics, Φ(sss) =

!
lm Φlm(s)Ylm(ŝss), gives (Arfken & Weber

2005)

v∥ = −
"

lm

dΦlm

ds
Ylm (3)

vvv⊥ = −
"

lm

Φlm

s
! lm, (4)

where !lm = r∇Ylm is the vector spherical harmonic. Thanks to
the orthogonality conditions

#
dΩ!lm · !l′m′ = l(l + 1)δK

ll′δ
K
mm′

the potential coefficients can be recovered by

Φlm(s) = −1
l(l + 1)

$
dΩvvv⊥(sss) · !lm(ŝss), (5)

for l > 0. This means that Φ(sss) can be recovered from the vvv⊥ up
to a monopole term that corresponds to a purely radial flow with
zero transverse motions. That is not a serious drawback since
the monopole term can always be removed from the predictions
of any model to be compared with the data.

2.2. Testing the Potential Flow Ansatz

Initial conditions in the early universe might have been
somewhat chaotic, so that the original peculiar velocity field
was uncorrelated with the mass distribution or even contained
vorticity (e.g., Christopherson et al. 2011). At late time, a
cosmological velocity field should have a negligible rotational
component, vvvrot on large scale, away from orbit mixing regions.
The reason is that any circulation, Γ =

%
vvvrot·dsss, is conserved by

Kelvin’s theorem. Hence, any rotational component will decay
as 1/a, where a is the scale factor. In contrast, the irrotational
component of the peculiar velocity will have a growing v ∼

√
a.

Therefore, on large scales, away from collapsed objects, the
irrotational component is expected to be negligible. The absence
of any significant large-scale vorticity is, therefore, a strong
prediction of the standard cosmological paradigm. To assess
this prediction, the observed transverse motions can be used to
constrain the amplitude of the irrotational component. This can
be done by writing the transverse component of vvvrot as (Arfken
& Weber 2005)

vvvrot
⊥ =

"

lm

V rot
lm "lm, (6)

where "lm = sss × ∇Ylm belong to another class of vector spher-
ical harmonics that satisfy the same orthogonality conditions as
!. Hence, V rot

lm is equal to the right-hand side of Equation (5) but
with "lm instead of !lm. Further,

#
dΩ"lm · !l′m′ = 0; hence,

the recovery of the rotational mode is formally independent of
the potential flow mode.
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where ⟨v2
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and expanding the angular dependence of Φ in spherical
harmonics, Φ(sss) =

!
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the potential coefficients can be recovered by
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for l > 0. This means that Φ(sss) can be recovered from the vvv⊥ up
to a monopole term that corresponds to a purely radial flow with
zero transverse motions. That is not a serious drawback since
the monopole term can always be removed from the predictions
of any model to be compared with the data.

2.2. Testing the Potential Flow Ansatz

Initial conditions in the early universe might have been
somewhat chaotic, so that the original peculiar velocity field
was uncorrelated with the mass distribution or even contained
vorticity (e.g., Christopherson et al. 2011). At late time, a
cosmological velocity field should have a negligible rotational
component, vvvrot on large scale, away from orbit mixing regions.
The reason is that any circulation, Γ =

%
vvvrot·dsss, is conserved by

Kelvin’s theorem. Hence, any rotational component will decay
as 1/a, where a is the scale factor. In contrast, the irrotational
component of the peculiar velocity will have a growing v ∼

√
a.

Therefore, on large scales, away from collapsed objects, the
irrotational component is expected to be negligible. The absence
of any significant large-scale vorticity is, therefore, a strong
prediction of the standard cosmological paradigm. To assess
this prediction, the observed transverse motions can be used to
constrain the amplitude of the irrotational component. This can
be done by writing the transverse component of vvvrot as (Arfken
& Weber 2005)

vvvrot
⊥ =
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where "lm = sss × ∇Ylm belong to another class of vector spher-
ical harmonics that satisfy the same orthogonality conditions as
!. Hence, V rot

lm is equal to the right-hand side of Equation (5) but
with "lm instead of !lm. Further,
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the recovery of the rotational mode is formally independent of
the potential flow mode.
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Figure 2. Expected errors (1σ ) on two quantities computed from the Gaia
astrometric galaxy data. Top: errors in the 2D transverse peculiar velocity
field obtained by filtering the data with a Gaussian window of width RG =
1500 km s−1. For comparison, the thin solid magenta line is the error in the
SFI++ line-of-sight peculiar velocities smoothed with the same window. Errors
scale like R

3/2
G . Bottom: errors in the bulk (dipole) motion of spherical shells

of thickness ∆cz = 3000 km s−1. Errors scale like (∆cz)1/2. For reference,
predictions from the WMAP7 ΛCDM for the dipole on shells are also plotted.
In both panels, dash-dotted, solid, and dotted curves correspond to G = 14, 15,
and 16 mag cuts, as indicated in the figure.
(A color version of this figure is available in the online journal.)

more conservative choice and assume that only sources with
µG < 18.5 mag arcsec−2 will be used for astrometric purposes.
A survey of the literature shows that this condition is satis-
fied for the central region of a significant fraction of galaxies
(e.g., Kormendy 1977; Allen et al. 2006; Oohama et al. 2009;
Balcells et al. 2007; Smith et al. 2009; Graham 2011; Ferrarese
et al. 1994; Carollo et al. 1998; Lauer et al. 2007). For example,
this can be seen in Figure 3 in Oohama et al. (2009) show-
ing a scatter plot of the B-band effective SB versus half-light
radius for various galaxy types.9 More importantly, we have vi-
sually inspected the observed V-band SB profiles of 200 out of
∼600 galaxies in the Carnegie-Irvine Galaxy Survey (Ho et al.
2011; Li et al. 2011). Most of these galaxies are nearby (me-
dian distance of ∼25 h−1

70 Mpc) and with mean B-band absolute
total magnitude of −20.2, close to M∗. We identified galaxies
reaching a central SB of 18.5 mag arcsec−2 and tabulated the
corresponding radii (in arcsec). Since we did not have access to
the actual data, the minimal radius we could determine using a
ruler is 1–2 arcsec. About 70% of the galaxies we inspected were
brighter than 18.5 mag arcsec−2, allowing them to be detected
by Gaia. Since SB is a distance-independent quantity, we can
use this threshold to compute the maximum distance at which

9 For old stellar populations, B ∼ V + 1 (Fukugita et al. 1995), and since
G = V + 0.27, the astrometric condition G � 18.5 translates to B � 19.7.

a galaxy would be detected in a single resolution element of
Gaia. We find that the majority of early- and late-type galaxies
could be detected as point sources at G = 20 if, respectively,
placed at �500 h−1

70 Mpc and �250 h−1
70 Mpc. Overall, it looks

like the overwhelming majority of early-type galaxies and more
than 50% of late types will have peculiar motions measured by
Gaia with errors in transverse velocities given in the top panel
in Figure 2. In addition, a significant fraction of their emitted
light will be within Gaia’s detection window, which justifies the
simple relation between galaxy number density and luminosity
function that we have adopted in Section 3. AGNs will be easily
detected by Gaia as bright, pointlike sources and possibly mis-
taken by galaxies. However, their contamination to a relatively
local sample of objects with measured redshift, like the one we
consider here, should be negligible.

In fact, since we are interested in studying the velocity field
of the local (�100 h−1

70 Mpc) universe, the situation is likely to
be even more favorable. Within this distance the typical galaxy
will be resolved in high-SB substructures that, if brighter than
G = 20, can be detected as individual sources and analyzed as a
group. Examples of multiple high-SB sources are star-forming
regions, globular clusters, and bulges with steep SB profiles that
are more extended than Gaia’s window (for example, the SB
profile of M87 drops below 18.5 mag arcsec−2 at ∼700 h−1

70 pc
from the center; if placed at ∼50 h−1

70 Mpc, it will be detected
as ∼10 individual sources by Gaia). Detecting multiple sources
from the same objects significantly improves the astrometric
precision, as we shall show in the next section.

5. ASTROMETRY WITH EXTENDED OBJECTS

The possibility of placing multiple constraints on the same
objects allows one, in principle, to improve the astrometric ac-
curacy. We discuss this possibility in a general context and with
a formalism that contemplate both the possibility of perform-
ing resolved photometry with high-resolution instruments like
HST,10 JWST, LSST, or Pan-STARRS (Saha & Monet 2005;
Chambers 2005) and that of splitting an extended source in
individual sources, like in the case of Gaia.

Suppose for simplicity we observe a galaxy at two different
epochs, t1 and t2. Let us define Ii(θ i) as the SB of the object
at the epoch ti measured at the angular position of a pixel
θ i . In the case of traditional photometry Ii(θ i) represents the
SB profile of the object at θ i , whereas in the case of Gaia
it represents the magnitude of the SB substructure measured
within the detection window. In principle, the astrometric shift,
p, could be determined by minimizing, with respect to p,
χ2 =

!
i[I1(θ i) − I2(θ ′

i)]
2/σ 2

i , where the summation is over
all pixels, θ ′ = θ − p, and σI i here is the 1σ error in the
measurement of the SB (since p is small, we assume that σI i

in pixel i is the same for both images). We have assumed that
I1 and I2 differ only by a linear displacement. In principle, one
should take into account changes in the internal structure of
the object. Those, however, will have little effect compared to
the overall observational accuracy. Since we will eventually be
interested in the mean coherent displacement of an ensemble of
many galaxies, incoherent changes in the internal structure of
galaxies will be insignificant.

This procedure of minimizing the image differences exploits
all information contained in both images, but it requires a possi-
bly non-trivial interpolation of θ ′ on the observed pixel positions

10 http://www.stsci.edu/hst/
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possibly making Gaia’s proper motions an excellent probe of the
large-scale flows. This probe of large-scale flows is completely
independent of any assumption on the intrinsic relations of
galaxies. Further, the two-dimensional (2D) transverse motions
are orthogonal (in information content as well as in geometry)
to standard line-of-sight peculiar velocities.

The outline of the paper is as follows. In Section 2, we present
the general setup and describe theoretical tools for analyzing
future transverse velocity data. We present, in Section 3, a
rough estimate of the expected error in the transverse velocity
obtained by smoothing individual velocities. Expected errors on
astrometry for Gaia’s galaxies are discussed in Section 4, and
a more general discussion on astrometry of extended objects
is given in Section 5. In the concluding section, Section 6,
we present a general assessment of the transverse velocity
data in comparison to other probes of large-scale motions. We
also discuss possible sources for redshifts of the population of
galaxies expected to be observed by Gaia.

Unless otherwise specified, magnitudes observed by Gaia
will refer to an aperture photometry of 0.65 arcsec. They are
given in the G band (350–1000 nm). Transformation from the
more familiar V and Ic bands is performed using constant colors
V − G = 0.27 and V − Ic = 1 for all galaxies (Fukugita
et al. 1995; Jordi et al. 2010). We also assume that Gaia will
identify all sources with G < 20 within 0.65 arcsec with
100% completeness. Finally, we use H0 = 70 km s−1 Mpc−1

to set the distance scale and use h70 = H0/70 to parameterize
uncertainties.

2. METHODOLOGY

We will assume an all-sky catalog of redshifts and proper
motions. We denote the physical peculiar velocity by vvv and
the real space comoving coordinate by rrr , both expressed in
km s−1. Further, v∥ = vvv · r̂rr and vvv⊥ = vvv − v∥r̂rr are, respectively,
the components of vvv parallel and perpendicular to the line of
sight, where r̂rr is a unit vector in the line-of-sight direction.
We restrict the analysis to cz � 15,000 km s−1 and neglect
cosmological geometric effects, so that the redshift coordinate
is sss = rrr + v∥r̂rr . Note ŝss = r̂rr and cz = r + v∥ = sss · r̂rr = s. Proper
motions transverse to the line of sight will be denoted by µ. The
transverse 2D space velocity of a galaxy at real-space distance
r is

vvv⊥ = rµ

= 677.22
µ

1 µas yr−1

r

104 km s−1
h70, (1)

which corresponds to a transverse peculiar velocity of
474 km s−1 for 1 µas yr−1 at d = 100 Mpc.

However, the true distances, r, are unknown, and, therefore,
we make the approximation

vvv⊥ = sµ. (2)

This introduces a relative error v∥/s in the determination of vvv⊥
where ⟨v2

∥⟩1/2 ∼ 200–300 km s−1 (Davis et al. 2011). Hence,
the error is negligible as we go to s � 2000 km s−1. The error
is also random since ⟨vvv⊥v∥⟩ = 0.

Therefore, the estimated velocity field will be given as a
function of the redshift space coordinate. To linear order, veloc-
ity fields expressed in real and redshift spaces are equivalent.
In the quasilinear regime, dynamical relations can be derived
for the velocity field in redshift space (Nusser & Davis 1994),

thanks to the interesting property that an irrotational (or poten-
tial) flow in real space remains irrotational also in redshift space
(Chodorowski & Nusser 1999).

2.1. From 2D Transverse Velocities to 3D Flows

Here, we offer basic expressions for the derivation of the full
peculiar velocity field vvv(sss) from the smoothed 2D transverse
velocity field,vvv⊥(sss). Assuming a potential flowvvv(sss) = −∇Φ(sss)
and expanding the angular dependence of Φ in spherical
harmonics, Φ(sss) =

!
lm Φlm(s)Ylm(ŝss), gives (Arfken & Weber

2005)

v∥ = −
"

lm

dΦlm

ds
Ylm (3)

vvv⊥ = −
"

lm

Φlm

s
! lm, (4)

where !lm = r∇Ylm is the vector spherical harmonic. Thanks to
the orthogonality conditions

#
dΩ!lm · !l′m′ = l(l + 1)δK

ll′δ
K
mm′

the potential coefficients can be recovered by

Φlm(s) = −1
l(l + 1)

$
dΩvvv⊥(sss) · !lm(ŝss), (5)

for l > 0. This means that Φ(sss) can be recovered from the vvv⊥ up
to a monopole term that corresponds to a purely radial flow with
zero transverse motions. That is not a serious drawback since
the monopole term can always be removed from the predictions
of any model to be compared with the data.

2.2. Testing the Potential Flow Ansatz

Initial conditions in the early universe might have been
somewhat chaotic, so that the original peculiar velocity field
was uncorrelated with the mass distribution or even contained
vorticity (e.g., Christopherson et al. 2011). At late time, a
cosmological velocity field should have a negligible rotational
component, vvvrot on large scale, away from orbit mixing regions.
The reason is that any circulation, Γ =

%
vvvrot·dsss, is conserved by

Kelvin’s theorem. Hence, any rotational component will decay
as 1/a, where a is the scale factor. In contrast, the irrotational
component of the peculiar velocity will have a growing v ∼

√
a.

Therefore, on large scales, away from collapsed objects, the
irrotational component is expected to be negligible. The absence
of any significant large-scale vorticity is, therefore, a strong
prediction of the standard cosmological paradigm. To assess
this prediction, the observed transverse motions can be used to
constrain the amplitude of the irrotational component. This can
be done by writing the transverse component of vvvrot as (Arfken
& Weber 2005)

vvvrot
⊥ =

"

lm

V rot
lm "lm, (6)

where "lm = sss × ∇Ylm belong to another class of vector spher-
ical harmonics that satisfy the same orthogonality conditions as
!. Hence, V rot

lm is equal to the right-hand side of Equation (5) but
with "lm instead of !lm. Further,

#
dΩ"lm · !l′m′ = 0; hence,

the recovery of the rotational mode is formally independent of
the potential flow mode.
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Pros: free of biases, allows 
tests of potential flow ansatz



Final remarks
★Standard paradigm is great, but a broader scope for DM would be fruitful!

•Direct detection: Should we be bother by a null result? !

    - not really! Solar system could live in a locally DM deprived region.!

    - massive DMP!

    - very large cross section with baryons: DM does not even reach detectors !

•LHC: at 13-14 TeV (through missing energy). March 2015!

•Indirect detection: Fermi Large Area Telescope (a few more years)!

★What data will be most useful?!

•High hopes for Gaia!

•low photometric mis-calibration (mmag) is almost a must for LSS on large scales!


