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- 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 

             

 ``Happy Community”:

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

                                  - traditional and New probes



Condon et al 1998

no z, just fluxes



Theoretical tools
The Cosmological Principle

Alternative probes of large scale motions

Observational Support
Probing Super-Survey Scales

.
Einstein 1931
..

......

Allen Stellen des Universums sind gleichwertig; Im
speziellen solo also such die örtlich gemittelte Dichte der
Sternmaterie überall gleich seine

.
In English
..

......

All places in the Universe are equivalent. In particular,
the local, averaged density of stellar material ought to be
the same everywhere.
.
Note
..

......

The second part of this statement is vague (not unusual
for Einstein!) as the averaging process should refer to
some physical scale. A more explicit Cosmological
Principle is expressed by Milne (33,35).
The name (Cosmological Principle) was given by Milne.

.
In this talk, CP implies
..

......

average ρ exists

< δδ >= ξ(r) approaches zero on the “largest
scales”.

The Cosmological Principle (Einstein 1917)

Basics: cosmological principle



Approaching homogeneity in LCDM
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Approaching homogeneity in observations
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no redshifts, just fluxes

Dipoles in the Sky



Mean number as a function of flux at 1.4GHz

Angular dependence:

Tiwari et al 15



The NVSS observed dipole:

Solar motion in CMB frame: 369km/s,               RA=168,              DEC=-7

Tiwari et al 15



How to Resolve this ``Discrepancy’’?



(
open big brackets



(radial) peculiar velocities of galaxies

SFI++, Cosmic Flows II
Springob et al, Tully et al







)
close big brackets



B on 100Mpc/h  is almost parallel to solar motion

There must be a dipole component of mass fluctuations 
at R>100Mpc/h to account for B. 

This needs to considered when we compare NVSS dipole 
component of n(S) to theoretical predictions, e.g. LCDM 



Entries  100
Mean   0.002925
RMS    0.000935

Dipole 
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

2

4

6

8

10

12
Entries  100
Mean   0.002925
RMS    0.000935

``NVSS” Dipole in 100 mocks conditioned to yield proper B

This conditioning makes NVSS data  consistent with LCDM at ~1sigma level 



Dipoles in the Sky: SDSS

Alternative V



Advantage of SDSS: measured redshifts!



Tammann, Yahil & Sandage 79 and long before 
A reincarnation of an old idea 
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• 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
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• limits us to scales
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3. large velocity errors
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• spatial Malmquist bias if galaxies are placed at r
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Alternative V: luminosity modulation



Re-visiting the basics
Internal dynamics and masses of M31 and MW

Linear theory application to data
The Cosmological Principle

Alternative probes of large scale motions

Luminosity variations
Gaia

Galaxies as standard candles

For a Schechter luminosity function (↵ = �1):

< L >
L>2L⇤ = 2.77L⇤, �

L>2L⇤ = 0.81L⇤
< L >

L>4L⇤ = 4.85L⇤, �
L>4L⇤ = 0.74L⇤

How do we use this? (Tamman, Yahil & Sandage 79 )

take a very large redshift survey

as estimate of magnitudes, compute
M0 = m � 5log(cz) = m � 5log(Hr + V )

true magnitudes are M
t

= m � 5log(Hr)

Simultaneously constrain a model for V and P(M
t

) by
maximizing P[M0 = M

t

� 2.17log(1 � V /cz)], assuming
P(M

t

) does not depend on velocity.

Alternative V: luminosity modulation



Problems:

• coherent photometric mis-calibration:  affects all 

clustering studies on large scales

• environmental dependences of the luminosity 

distribution: affects certain velocity models

Re-visiting the basics
Internal dynamics and masses of M31 and MW

Linear theory application to data
The Cosmological Principle

Alternative probes of large scale motions

Luminosity variations
Gaia

Degree of the e↵ect

Observations give �M⇤/�� ⇠ 0.1 (this depends on the band and
it is actually zero for r-band).
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Alternative V: luminosity modulation: caveats



Application to  SDSS (z~0.1)
general velocity model

Theoretical tools
Linear theory application to data

The Cosmological Principle
Alternative probes of large scale motions

Luminosity variations
Gaia

SDSS DR7 Galaxy Catalog
real stu↵

NYU Value-Added Catalog

see Blanton et al. (2005)
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magnitudes (Petrosian)
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FIG. 7. Left panel: same as figure 6, but now for the real NYU-VAGC galaxy data which is missing direct velocity estimates.
Right panel: adopting a model with lmax = 3 and fixed LF to analyze the real galaxy data, the plot shows the marginalized
joint 1σ and 2σ confidence regions of C̃1 and C̃2 (solid line), C̃1 and C̃3 (dashed line), and C̃2 and C̃3 (dotted line) for the first
redshift bin.
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FIG. 8. Distribution of σ8 estimated from the simple NYU-VAGC mocks: shown are the recovered histograms (black lines) with
(solid lines) and without (dashed lines) the inclusion of a systematic dipole in the galaxy magnitudes, using the information in
both redshift bins (left) and the first redshift bin with 0.02 < z < 0.07 only (right). Note that the Gaussian curves (red lines)
are obtained by fitting the observed cumulative distribution, excluding the cases where no large-scale power is detected.

are found by directly fitting eq. (17) to the observed dis-
tribution. As is customary, σ8 is inferred from discretely
sampling the posterior probability and interpolating the
corresponding result. In our calculations, we will choose
a step size of 0.05.

Applying this procedure to the full suite of mock cata-
logs with and without the inclusion of a systematic mag-
nitude dipole, we obtain the histograms shown in figure
8. As described in section III B, the NYU-VAGC mocks
are based on the parameter set param mock and assume

z1 z2
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FIG. 9. Raw estimates of σ8 obtained from the real NYU-VAGC galaxy data: shown is the derived ∆χ2 as a function of σ8

for both redshift bins (left panel) and the first redshift bin with 0.02 < z < 0.07 only (right panel), adopting the hybrid (solid
line), fixed (dashed line), and Schechter (dotted line) estimator of the LF.

an input value of σ8 = 0.8. In addition, we have as-
sumed a Schechter LF for the mock analysis (just like in
section IVC), but using the other LF models does not
significantly change the results. The spikes in the his-
tograms at σ8 = 0 correspond to the cases in which we
do not detect any power. Once we exclude those, the
histograms are reasonably well represented by Gaussian
distributions with standard deviations of ∼ 0.3–0.4 (solid
and dashed, red lines). As is readily seen from compar-
ing the left and right panels, the presence of a systematic
magnitude dipole (solid lines) causes a bias in the esti-
mate of σ8 which is rather severe for higher redshifts, i.e.
0.07 < z < 0.22 (left panel). As expected, removing the
dipole (dashed lines) also eliminates the bias, thus lead-
ing to the same mean value of σ8 in both redshift bins.
Expressing the bias in numbers, the dipole contribution
to galaxy magnitudes amounts to a systematic shift of
∆σ8 ≈ 0.13 and ∆σ8 ≈ 0.52 in the first and second red-
shift bin, respectively.

Considering now the real SDSS galaxy sample, we per-
form exactly the same analysis to obtain measurements
of σ8 for the different LF estimators introduced in sec-
tion IVC. Our results are presented in figure 9 which
shows the derived ∆χ2 as a function of σ8, obtained after
combining the information from both redshift bins (left
panel) and using the first redshift bin only (right panel).
Similar to what we have discovered in our investigation
of “bulk flows”, the values based on different LF mod-
els agree very well within their corresponding 1σ errors,
and we get σ8 ∼ 1.0–1.1 in the low-z and σ8 ∼ 1.5–1.6
in the high-z bin. Remarkably, the measured values and

uncertainties closely match the inferred biased distribu-
tions of the previous mock analysis depicted in figure 8.
If the magnitude tilt in the SDSS data is the only relevant
source of systematic errors and sufficiently characterized
by a dipole-like modulation, we can use the the bias es-
timated from the mocks to correct our measurements.
Taking the result of the hybrid LF estimator (solid line
in figure 9), for example, we obtain corrected values of
σ8 = 1.09± 0.38 (both bins) and σ8 = 0.95± 0.53 (low-z
bin) which are fully compatible with each other and also
consistent with the expectation of the ΛCDMmodel. The
quoted errors are the statistical errors inferred from the
NYU-VAGC data. Note that changing the cosmology to
param planck or choosing a different LF estimator has
only a minor impact on the results.
Again, one may ask whether fixing the linear evolution

as described in section IVA causes an additional bias in
our measurements of σ8. To answer this question, we plot
the derived values of σ8 for both redshift bins against the
estimate of the evolution parameterQ0 in figure 10, using
the simple NYU-VAGC mocks with (black squares) and
without (red circles) the magnitude dipole. As before
(see section IVC), the linear correlation coefficients turn
out <

∼ 0.1, and there is no indication for a correlation
between these quantities.
Of course, one is not restricted to σ8, but also free to

look at other cosmological parameters or various com-
binations thereof. Considering the two parameters h
and Ωb which, together, determine the baryonic matter
density, for instance, we have found that the respective
constraints turn out weaker than before, and are also

1% tilt in photometry!!!



Re-visiting the basics
Internal dynamics and masses of M31 and MW

Linear theory application to data
The Cosmological Principle

Alternative probes of large scale motions

Luminosity variations
Gaia

Constraints on Growth Rate from SDSS

As a velocity model, take V (� = f /b) from the SDSS galaxy
distribution.

Tune � such as P(M0) is maximum.
This is basically an elaborate alternative for minimizing the
variance in M

est

= m � 5log(cz � V (�) with respect to �.

Growth Rate From SDSS
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The result is competitive and completely independent of z-distortions
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Fig. 18. Marginalized likelihood distribution of f�8 in the data (solid
curve) and distribution of fitted values of f�8 for the 26 individual Mul-
tiDark simulation mocks (histogram). These curves show a preferred
value and a dispersion in the data that is consistent at the 1� level with
the distribution over the mocks.

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
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How well can velocities be recovered?
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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;
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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
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Based on Millennium 2MRS mocks (De Lucia & Blaizot)

Scatter is mostly shot-noise



Peculiar motions derived (using linear theory)  from the distribution of 
galaxies in the 
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and

The observed peculiar motions from the SFI++
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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,
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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

    

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: why do we care



Still, standard paradigm might have some problems!



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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About  half of the brightest 20 nearby galaxies are pure 
disks just like the MW (Kormendy et al 10)

The Challenge of Pure-Disk Galaxies 21

The problem of pure disk galaxies proves to depend on
environment– it is a puzzle in the field but not in rich clusters.
Also, we need detailed observations to classify (pseudo)bulges.
These considerations motivate us to restrict ourselves to a
nearby volume that contains small groups of galaxies like the
Local Group but not any denser environments that approach
the conditions in the Virgo cluster. M101 is the most distant
bulgeless disk discussed in § 3, at D = 7 Mpc. We look for all
giant galaxies withD≤ 8 Mpc. As our cutoff for giant galaxies,
we will be conservative and chooseVcirc> 150 km s!1 or central
σ ∼ Vcirc/

√
2 > 106 km s!1. We use Tully (1988), HyperLeda,

and NED to construct a master list of nearby galaxies and then
use individual papers that provide accurate measures ofD, Vcirc,
and σ to cull a sample that satisfies the above criteria.

TABLE 2
BULGE, PSEUDOBULGE, AND DISK INVENTORIES IN GIANT GALAXIES CLOSER THAN 8 MPC DISTANCE

Galaxy Type D S MK MV Vcirc S B/T PB/T S
(Mpc) (km s!1)

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

NGC 6946 Scd 5.9 a,b !23.61 !21.38 210±10 a,b 0 0.024±0.003 a
NGC 5457 Scd 7.0 c,d,e !23.72 !21.60 210±15 c,d,e 0 0.027±0.008 a
IC 342 Scd 3.28 f,w !23.23 !21.4 : 192± 3 a,f 0 0.030±0.001 c,e,f
NGC 4945 SBcd 3.36 g !23.21 !20.55 174±10 e 0 0.036±0.009 b
NGC 5236 SABc 4.54 d,i,j !23.69 !21.0 180±15 e,i 0: 0.074±0.016 c,e
NGC 5194 Sbc 7.66 h !23.94 !21.54 240±20 a,i,j 0: 0.095±0.015 d,e
NGC 253 SBc 3.62 g,k !24.03 !20.78 210± 5 a,f 0: 0.15 c
Maffei 2 SBbc 3.34 l !23.0 : !20.8 : 168±20 f 0: 0.16 ±0.04 b
Galaxy SBbc 0.008 m,n,o !23.7 !20.8 : 220±20 k,l 0: 0.19 ±0.02 g,h
Circinus SABb: 2.8 a !22.8 !19.8 155± 5 o,p 0: 0.30 ±0.03 b,e
NGC 4736 Sab 4.93 h,p !23.36 !20.66 181±10 e,q 0: 0.36 ±0.01 d,e
NGC 2683 SABb 7.73 h !23.12 !19.80 152± 5 g,h 0.05±0.01 0: b
NGC 4826 Sab 6.38 h,u !23.71 !20.72 155± 5 m,n 0.10 0.10 d,e,f,i,j
NGC 2787 SB0/a 7.48 h !22.16 !19.19 220±10 r,s,t 0.11 0.28 ±0.02 d,k
NGC 4258 SABbc 7.27 g,h,q !23.85 !20.95 208± 6 e,u 0.12±0.02 0: b,d,e,l
M 31 Sb 0.77 c,h,r !23.48 !21.20 250±20 e 0.32±0.02 0 b,m,n
M81 Sab 3.63 d,r,s !24.00 !21.13 240±10 e,v 0.34±0.02 0 d,e,f,i,o,p
Maffei 1 E 2.85 l !23.1 : !20.6 : (264±10) w 1 0 q
NGC 5128 E 3.62 e,h,t,v !23.90 !21.34 (192± 2) x 1 0: q

NOTE.— Galaxies are ordered from pure disk to pure elliptical, i. e., by increasing pseudobulge-to-total luminosity ratio PB/T and then by increasing bulge-to-total
luminosity ratio B/T . Column (2): Hubble types are from NED. Column (3): Adopted distance. Column (4): Distance sources are: (a) Karachentsev et al. 2004; (b)
Karachentsev et al. 2000; (c) Sakai et al. 2004; (d) Saha et al. 2006; (e) Rizzi et al. 2007; (f) Saha et al. 2002; (g) Mouhcine et al. 2005; (h) Tonry et al. 2001; (i) Thim
et al. 2003; (j) Karachentsev et al. 2002; (k) Karachentsev et al. 2003d; (l) Fingerhut et al. 2007, which is also the source for Galactic extinctions and, together with
Buta & McCall 1999, for VT ; (m) Paczyńsky & Stanek 1998; (n) Stanek & Garnavich 1998; (o) Eisenhauer et al. 2003; (p) Karachentsev et al. 2003b; (q) Caputo et al.
2002; (r) Ferrarese et al. 2000; (s) Jensen et al. 2003; (t) Rejkuba 2004; (u) Mould & Sakai 2008; (v) Ferrarese et al. 2007; (w) Karachentsev et al. 2003a. Columns
(5) and (6): Absolute magnitudes MK and MV are calculated from apparent integrated magnitudes (in K band, from Jarrett et al. 2003; in V band, preferably from
HyperLeda, otherwise from NED) and colors (preferably (B!V )T from RC3, otherwise from HyperLeda). Galactic absorptions are from Schlegel et al. 1998. Column
(7): Circular rotation velocity at large radii, Vcirc, corrected to edge-on inclination. Values in parentheses are

√
2σ. In many galaxies (e. g., M 31) error bars reflect

variations with radius, not errors of measurement. Column (8): Source of Vcirc measurements: (a) Sofue 1996; (b) Tacconi & Young 1986; (c) Bosma et al. 1981; (d)
Kenney et al. 1991; (e) Sofue 1997; (f) Kuno et al. 2007; (g) Casertano & van Gorkom 1991; (h) McGaugh 2005; (i) Bosma 1981; (j) Tilanus & Allen 1991; (k) Gunn
et al. 1979; (l) McMillan & Binney 2010 – Caution: Vcirc may be more uncertain (although not smaller) than we commonly think; (m) Braun et al. 1994; (n) Rubin
1994a; (o) Jones et al. 1999; (p) Curran et al. 2008; (q) Bosma et al. 1977; (r) Shostak 1987; (s) Sarzi et al. 2001; (t) Erwin et al. 2003; (u) van Albada 1980; (v) Visser
1980; (w) Fingerhut et al. 2003; (x) Silge et al. 2005. Columns (9) and (10) are averages of measured classical-bulge-to-total and pseudobulge-to-total luminosity
ratios. Quoted errors are from the variety of decompositions discussed in this paper or, when there are multiple sources, are the dispersions in the published values
divided by the square root of the number of values averaged. In the latter case, the smallest values are unrealistically optimistic estimates of the true measurement
errors and indicate fortuitously good agreement between published values (e. g., for IC 342). Colons indicate uncertainty in the sense that we know of no observational
evidence that this component is present in the galaxy but we are also not aware of a rigorous proof that a small contribution by this component is impossible. Column
(11): References for Columns (9) and (10): (a) This paper, § 3: I band for NGC 6946; K band for NGC 5457; (b) This paper and Kormendy 2010; see Appendix for
details on individual galaxies; (c) Simien & de Vaucouleurs 1986; (d) Fisher & Drory 2008; (e) Fisher & Drory 2010; (f) Baggett et al. 1998; (g) Kent et al. 1991; (h)
Dwek et al. 1995; (i) Méndez-Abreu et al. 2008; (j) Möllenhoff & Heidt 2001; (k) Erwin et al. 2003; (l) Sánchez-Portal et al. 2004; (m) Seigar et al. 2008; (n) Tempel
et al. 2010; (o) Möllenhoff 2004; (p) Laurikainen et al. 2004; (q) From assumed Hubble type. For NGC 4826, the five sources of photometric decompositions give a
total (pseudo)bulge-to-total luminosity ratio of 0.20± 0.05; we conservatively assign half of this to a classical bulge and half to a pseudobulge, for reasons discussed
in the Appendix. Note: Since we convert our bulge-pseudobulge-disk luminosity inventory into a stellar mass inventory using MK and K-band mass-to-light ratios,
(P)B/T values were determined in the infrared (H to L bands) whenever possible, especially for spiral galaxies. Some sources that list (P)B/T determined in optical
bandpasses are therefore not used here. Kormendy 2010 discusses the dependence of (P)B/T on bandpass in more detail.

Table 2 lists the resulting 19 galaxies in order from pure disk
to pure elliptical. Distances are a complicated problem; we
use averages (Column 3) of the most accurate determinations
that we could find in the sources in Column (4). Column (5)
gives the K-band absolute magnitude of the galaxy from the
total magnitude in the 2MASS Large Galaxy Atlas (Jarrett et al.
2003). Column (6) is the V -band total absolute magnitude.
Column (7) gives the outer rotation velocity Vcirc from sources
in Column (8). For the two ellipticals, we use Vcirc =

√
2σ,

where σ is an approximate velocity dispersion. Finally,
classical-bulge-to-total and pseudobulge-to-total ratios B/T
and PB/T , respectively, are listed in Columns (9) and (10). We
averaged the values given by the sources listed in Column (11).
Bulge classifications are discussed in the Appendix.
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Andromeda has a huge bulge
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FIG. 14.— Color image of NGC 6503 taken with the Hubble Space Telescope Advanced Camera for Surveys. Colors are bland because the wavelength range
available is small. Blue corresponds to the F650N filter (Hα), red to F814W (I band) and green to their average. Brightness here is proportional to the square root
of the brightness in the galaxy. North is up and east is at left. Like NGC 5457 and NGC 6946, this is a pure-disk galaxy. But NGC 6503 is smaller; it has a flat
outer rotation curve with Vcirc ≃ 115 km s!1 compared with Vcirc ≃ 210 km s!1 for the previous galaxies. Like those galaxies, its Hubble type is Scd. And like them,
a tiny, bright center visible in this image proves to be a pseudobulge that makes up 0.11% of the I-band light of the galaxy (see text). The nucleus that we use to
constrain M• makes up only 0.040% of the I-band light of the galaxy. It is completely invisible here but is illustrated in Figure 15.

3.4. NGC 6503
NGC 6503 (Figures 14 and 15) is an Scd galaxy that is

smaller than NGC 5457 and NGC 6946. It has a rising rotation
curve over the inner 100′′, i. e., roughly the radius range shown
in Figure 14, and then a well known, flat outer rotation curve
with Vcirc ≃ 115 km s!1 (van Moorsel & Wells 1985; Begeman
1987; Begeman et al. 1991) out to r ≃ 800′′. This is similar
to Vcirc in M33. NGC 6503 is another example of a pure-disk
galaxy; it is not in the § 4 sample because Vcirc < 150 km s!1.
Two HST archive images include the nucleus, an F814W

image that defines our I photometry bandpass and an F650N
image that includes Hα emission. Color images of the galaxy
and its nucleus plus pseudobulge are constructed from these
images in Figures 14 and 15. The wavelength range is small, so
colors look bland. But absorption and star-formation regions
are recognizable, and the figures serve to emphasize how
thoroughly this is a pure-disk galaxy.
The tiny, bright center that is saturated in Figure 14 is

resolved in Figure 15 into an elongated structure that resembles
a nuclear bar (see also González-Delgado et al. 2008). The
disk-like or bar-like morphology is sufficient to identify this as
a pseudobulge. It surrounds a distinct, high-surface-brightness
nucleus. NGC 6503’s distance is only 5.27 Mpc (Karachentsev
et al. 2003c; Karachentsev & Sharina 1997). So the nucleus
provides another opportunity to use ground-based spectroscopy
to derive anM• limit in a pure-disk galaxy.

FIG. 15.— Color image of the central 20.′′5×20.′′5 of NGC 6503 made as in
Figure 14 but with a different square-root stretch to show the central bar-like
pseudobulge and nuclear star cluster. Both together are saturated in Figure 14.

pure disk galaxy



Pure disk NGC4247
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3.3. NGC 6946
Globally, NGC 6946 is very similar to NGC 5457. It has

the same Scd Hubble type. It has almost the same luminosity
(MV ≃ !21.4 versus !21.6 for NGC 5457), inclination-
corrected maximum rotation velocity (Vmax = 210± 10 km s!1
versus 210± 15 km s!1 for NGC 5457), and distance (5.9 Mpc
versus 7.0 Mpc for NGC 5457; see Tables 1 and 2). It is less
well known than NGC 5457 because it is heavily obscured by
our Galactic disk. We adopt absorptionsAV = 1.133, AI = 0.663,
and AK = 0.125 (NED, following Schlegel et al. 1998).
Figure 7 illustrates the similarity to NGC 5457. We tried to

match the color scheme of Figure 4 but did not fully succeed:
the bandpasses are different, and the correction for foreground
reddening is not perfect. In fact, the galaxies have similar
dereddened total colors: (B !V )T0 ≃ 0.46 for NGC 6946 and
0.44 for NGC 5457. Both disks are dominated by ongoing star
formation. A difference is that NGC 6946 has a compact central
concentration of molecular gas and a nuclear starburst; we will
detect this gas dynamically. We will not find a secureM• limit.

Like NGC5457, NGC6946 has no hint of a classical bulge.
In photometry discussed below, the overexposed red center
shown in Figure 7 proves to be a pseudobulge. As in NGC5457,
it is easy to identify an engine for secular evolution: the spiral
structure and associated dust lanes reach the nucleus, so there
is no effective inner Lindblad resonance (see Kormendy &
Norman 1979) that acts as a barrier to inflowing gas. However,
we expect that secular evolution is slow in a barless Scd galaxy
(Kormendy& Kennicutt 2004; Kormendy& Cornell 2004). So,
as in NGC 5457, it is no surprise that the pseudobulge of NGC
6946 is tiny. It adds up to 2.4% of the I-band light of the galaxy.
At the center of NGC 6946 is an even tinier nucleus (Fig. 8)

that is seen in the V -band decomposition of Fisher & Drory
(2008) but that is still more obvious in I band. Large color
gradients in NGC 6946 imply (in contrast to NGC 5457) that
the nucleus is dominated by young stars. To measure its mass,
it is important that we measure its brightness profile at the same
wavelength that we used in our spectroscopy to measure σ.
We therefore work in I band.

FIG. 7.— Color image of NGC 6946 taken with the Large Binocular Telescope (http://medusa.as.arizona.edu/lbto/astronomical.htm). This
galaxy is very similar to NGC 5457: it is a giant galaxy (Vcirc ≃ 210±10 km s!1: Table 2), but it is completely dominated by its disk (Hubble type Scd). As in NGC
5457, the tiny, bright center visible in this image proves to be a pseudobulge that makes up 2.4% of the I-band light of the galaxy (see text). The nucleus whose
dispersion we measure makes up only 0.12% of the I-band light of the galaxy. It is completely invisible here but is illustrated in Figure 8.

A pure disk with a pseudo-bulge



Tweaking

Some motivations:

• Need for deeper voids:                                                

Local Void is too deep                                               

ISW is too large in big voids   (Granett et al)           

Hotter voids in the         forest (Botlon et al)    

• Quieter, more isolated galaxies (Kormendy et al)

• fewer satellites

• many LxCDM models include these modification 
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Possible evidence for an inverted temperature-density
relation in the intergalactic medium from the flux
distribution of the Lyα forest
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ABSTRACT

We compare the improved measurement of the Lyα forest flux probability distribution
at 1.7 < z < 3.2 presented by Kim et al. (2007) to a large set of hydrodynamical
simulations of the Lyα forest with different cosmological parameters and thermal
histories. The simulations are in good agreement with the observational data if the
temperature-density relation for the low density intergalactic medium (IGM), T =
T0∆γ−1, is either close to isothermal or inverted (γ < 1). Our results suggest that the
voids in the IGM may be significantly hotter and the thermal state of the low density
IGM may be substantially more complex than is usually assumed at these redshifts.
We discuss radiative transfer effects which alter the spectral shape of ionising radiation
during the epoch of He II reionisation as a possible physical mechanism for achieving
an inverted temperature-density relation at z ≃ 3.

Key words: hydrodynamics - methods: numerical - intergalactic medium - quasars:
absorption lines.

1 INTRODUCTION

Traditional analyses of the Lyα forest observed in the spec-
tra of high redshift quasi-stellar objects (QSOs) decom-
pose the flux distribution into a series of discrete absorp-
tion profiles, generally characterised by a Voigt function
(Hu et al. 1995; Lu et al. 1996; Kirkman & Tytler 1997;
Kim et al. 1997, 2001). Voigt profiles provide an accurate
description for an absorption line if the absorber is a lo-
calised gas cloud with a Gaussian velocity dispersion (Rauch
1998). In the now widely established paradigm for the
origin of the Lyα forest most of the absorption is, how-
ever, caused by extended gas distributions broadened by
the Hubble flow, removing much of the physical motiva-
tion for the decomposition of the flux distribution into
Voigt profiles. Such a decomposition is nevertheless use-
ful, but it is non-unique and the line fitting process is
time consuming and somewhat subjective (see Kim et al.
2007, hereafter K07, for an exhaustive discussion). Al-
ternative characterisations of the flux distribution based
on pixel statistics (Jenkins & Ostriker 1991; Rauch et al.
1997; Gaztañaga & Croft 1999; McDonald et al. 2000;
Theuns et al. 2000; Meiksin et al. 2001; Viel et al. 2004c;

Lidz et al. 2006; Becker et al. 2007) and wavelet analysis
(Meiksin 2000; Theuns & Zaroubi 2000; Zaldarriaga 2002)
have also been developed. These measures are simple and -
at least in principle - easy to compare to the same quan-
tities extracted from theoretical models of the Lyα for-
est (Cen 1992; Miralda-Escudé et al. 1996; Bi & Davidsen
1997; Croft et al. 1999; Davé et al. 1999; Theuns et al. 1998;
Jena et al. 2005). In particular, the power spectrum of the
Lyα forest flux distribution has recently been successfully
developed into a quantitative tool for measuring the matter
power spectrum on scales of 0.5h−1 Mpc to 40h−1 Mpc (e.g.
Croft et al. 2002; Viel et al. 2004b; McDonald et al. 2005).

The simplest pixel statistic is the Lyα flux probability
distribution function (PDF), which is sensitive to the density
distribution and thermal state of the IGM (e.g. Becker et al.
2007). Several attempts have been made to obtain joint con-
straints on a variety of cosmological and astrophysical pa-
rameters using the flux PDF together with the flux power
spectrum (Choudhury et al. 2001; Desjacques & Nusser
2005; Lidz et al. 2006; Desjacques et al. 2007). However, the
PDF is also sensitive to a range of systematic uncertainties,
most notably the assumed continuum level, the noise prop-
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• bellow is a simplified version which incorporates 
much of effects of more complicated models
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How do we do that?

WARNING: ONLY BETWEEN DARK MATTER 
PARTICLES!!!! 

The Baryons do not feel the extra term

Tweaking: 5th force
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Important:

•     ~  a few Mpc comoving

•     ~ 1

• careful with element production
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bers of particles, compared to what can be done, and
should therefore be regarded as only a first exploration
of what the model has to offer. Nevertheless, as discussed
in section §III C, we can conclude that the effects we do
establish are observationally attractive. In §IV, we com-
ment on issues related to massive halos which we cannot
analyze using our simulations, but which we hope will be
explored in future work.

II. DYNAMICS

The form (1) is identical [37] to the standard
parametrization of hypothetical fifth force corrections to
Newton’s law of gravity in the visible sector (see for ex-
ample the review article [10]). The interesting regime for
the strength parameter β is also the same as in discus-
sions of a fifth force: β ∼ O(1). But the interesting scale
for the screening length in our case is rs ∼ 1 Mpc, vastly
larger than the regime rs ∼ 100 µm of interest in modern
fifth force experiments. And, crucially, we assume that
the scalar force acts only in the dark sector: visible mat-
ter interacts with the dark matter only through ordinary
gravity.

It is essential that we assume that the self-interaction
potential V (φ) for the scalar field can be neglected: a
significant non-zero V ′(0) would drive φ away from 0 at
late times, and non-zero V ′′(0) (with V ′(0) = 0) amounts
to a mass for φ which dominates over the screening ef-
fect of the relativistic particles at late times. Non-zero
higher derivatives of V at φ = 0 might endanger our
story in subtler ways which have not been fully probed.
These requirements on V (φ) are in conflict with standard
notions of field-theoretic naturalness. We nevertheless
claim some motivation for our model from string theory
and supersymmetry, as we briefly review in §II B.

Our further discussion in sections II A and II B of the
physics behind the force law (1) includes some recapit-
ulation of earlier discussions [2, 8, 9], presented here in
the interest of a self-contained presentation.

A. The screening mechanism

Let one dark matter species have mass m − yφ, while
a second species has mass ysφ. The couplings y and ys

are positive dimensionless constants. Assume that the
particles of mass ysφ have a much larger number density,
n̄ ≪ n̄s, so that as the field moves to minimize the energy
in particle masses it is pulled to 0 < φ ≪ m. That
makes the screening particles relativistic and gives the
dark matter particles masses that are close to m. The
particle dynamics, independent of spin or statistics, can
for present purposes be modeled as gasses of classical
point-like particles with the action

S =

!

d4x
1

2
(∂φ)2 −

"

α

!

γα

ds mα(φ) , (2)

where the sum is over all the particles, and mα(φ) =
m − yφ or ysφ depending on the species of particle α.

During structure formation the scalar field dynamics
can be treated in a quasi-stationary approximation:

∇2φ = φ/r2
s − yn(r, t) , (3)

where ∇2 is the spatial laplacian and

rs =
#

ϵs/y2
s n̄s . (4)

The last term in (3) accounts for the non-relativistic
particles in a hydrodynamic approximation. The pre-
vious term, φ/r2

s , follows by noting [2] that the source
term for φ for a particle with speed v includes a factor
ds/dt =

√
1 − v2, and that for quasi-static configurations

of φ the screening particle energy, ϵs = ms/
√

1 − v2 =
ysφ/

√
1 − v2, is nearly independent of position. Elimi-

nation of
√

1 − v2 in favor of ϵs results in the screening
length (4). The energy ϵs does change with time, scal-
ing with the expansion of the universe as ϵs ∝ a(t)−1.
The screening length thus scales as rs ∝ a(t), that is, the
comoving length is constant.

The scalar field produced by a single dark matter par-
ticle at distance r ≪ rs is φ = y/4πr. The force this field
exerts on another dark matter particle is the negative of
the gradient of the mass m − yφ, that is, F = y∇φ,
so we see that the particles are attracted with force
F = y2/4πr2 at r ≪ rs. This means the ratio of the
scalar and gravitational forces of attraction of two dark
matter particles is

β =
y2

4πGm2
. (5)

The relations (4) and (5) summarize how the parameters
of the potential (1) emerge from the dynamics we have
added to the dark sector.

The effect of the scalar interaction on the evolution of
the mass density contrast δ = δρ/ρ in linear perturba-
tion theory is simply expressed in terms of the Fourier
amplitudes δk(t). In the approximation that all the mass
is in the dark matter, the evolution equation is

δ̈k + 2
ȧ

a
δ̇k = 4πGρ̄

$

1 +
β

1 + (krs)−2

%

δk, (6)

where k and rs are constant in comoving coordinates. In
the Einstein-de Sitter model, modes with wavenumber k
grow as

δk ∝ tp, p =
1

6

$

25 +
24β

1 + (krs)−2

%1/2

−
1

6
, (7)

to be compared to the usual power law, p = 2/3, at krs ≪
1. The scalar interaction thus causes earlier development
of small-scale structure. We comment on the possible
implications in §IV.

The value of the interaction cutoff length rs is limited
by the allowed energy density ρs = ϵsn̄s in the relativistic
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Newton’s law of gravity in the visible sector (see for ex-
ample the review article [10]). The interesting regime for
the strength parameter β is also the same as in discus-
sions of a fifth force: β ∼ O(1). But the interesting scale
for the screening length in our case is rs ∼ 1 Mpc, vastly
larger than the regime rs ∼ 100 µm of interest in modern
fifth force experiments. And, crucially, we assume that
the scalar force acts only in the dark sector: visible mat-
ter interacts with the dark matter only through ordinary
gravity.

It is essential that we assume that the self-interaction
potential V (φ) for the scalar field can be neglected: a
significant non-zero V ′(0) would drive φ away from 0 at
late times, and non-zero V ′′(0) (with V ′(0) = 0) amounts
to a mass for φ which dominates over the screening ef-
fect of the relativistic particles at late times. Non-zero
higher derivatives of V at φ = 0 might endanger our
story in subtler ways which have not been fully probed.
These requirements on V (φ) are in conflict with standard
notions of field-theoretic naturalness. We nevertheless
claim some motivation for our model from string theory
and supersymmetry, as we briefly review in §II B.

Our further discussion in sections II A and II B of the
physics behind the force law (1) includes some recapit-
ulation of earlier discussions [2, 8, 9], presented here in
the interest of a self-contained presentation.

A. The screening mechanism

Let one dark matter species have mass m − yφ, while
a second species has mass ysφ. The couplings y and ys

are positive dimensionless constants. Assume that the
particles of mass ysφ have a much larger number density,
n̄ ≪ n̄s, so that as the field moves to minimize the energy
in particle masses it is pulled to 0 < φ ≪ m. That
makes the screening particles relativistic and gives the
dark matter particles masses that are close to m. The
particle dynamics, independent of spin or statistics, can
for present purposes be modeled as gasses of classical
point-like particles with the action

S =

!

d4x
1

2
(∂φ)2 −

"

α

!

γα

ds mα(φ) , (2)

where the sum is over all the particles, and mα(φ) =
m − yφ or ysφ depending on the species of particle α.

During structure formation the scalar field dynamics
can be treated in a quasi-stationary approximation:

∇2φ = φ/r2
s − yn(r, t) , (3)

where ∇2 is the spatial laplacian and

rs =
#

ϵs/y2
s n̄s . (4)

The last term in (3) accounts for the non-relativistic
particles in a hydrodynamic approximation. The pre-
vious term, φ/r2

s , follows by noting [2] that the source
term for φ for a particle with speed v includes a factor
ds/dt =

√
1 − v2, and that for quasi-static configurations

of φ the screening particle energy, ϵs = ms/
√

1 − v2 =
ysφ/

√
1 − v2, is nearly independent of position. Elimi-

nation of
√

1 − v2 in favor of ϵs results in the screening
length (4). The energy ϵs does change with time, scal-
ing with the expansion of the universe as ϵs ∝ a(t)−1.
The screening length thus scales as rs ∝ a(t), that is, the
comoving length is constant.

The scalar field produced by a single dark matter par-
ticle at distance r ≪ rs is φ = y/4πr. The force this field
exerts on another dark matter particle is the negative of
the gradient of the mass m − yφ, that is, F = y∇φ,
so we see that the particles are attracted with force
F = y2/4πr2 at r ≪ rs. This means the ratio of the
scalar and gravitational forces of attraction of two dark
matter particles is

β =
y2

4πGm2
. (5)

The relations (4) and (5) summarize how the parameters
of the potential (1) emerge from the dynamics we have
added to the dark sector.

The effect of the scalar interaction on the evolution of
the mass density contrast δ = δρ/ρ in linear perturba-
tion theory is simply expressed in terms of the Fourier
amplitudes δk(t). In the approximation that all the mass
is in the dark matter, the evolution equation is

δ̈k + 2
ȧ

a
δ̇k = 4πGρ̄

$

1 +
β

1 + (krs)−2

%

δk, (6)

where k and rs are constant in comoving coordinates. In
the Einstein-de Sitter model, modes with wavenumber k
grow as

δk ∝ tp, p =
1

6

$

25 +
24β

1 + (krs)−2

%1/2

−
1

6
, (7)

to be compared to the usual power law, p = 2/3, at krs ≪
1. The scalar interaction thus causes earlier development
of small-scale structure. We comment on the possible
implications in §IV.

The value of the interaction cutoff length rs is limited
by the allowed energy density ρs = ϵsn̄s in the relativistic
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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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However, the true distances, r, are unknown, and, therefore,
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vvv⊥ = sµ. (2)

This introduces a relative error v∥/s in the determination of vvv⊥
where ⟨v2
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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),
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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 =
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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 ∼
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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
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But, a large number of galaxies have stellar light concentrated
in compact regions, making them appear as point sources.

For example, the nuclei of M87 and N5121 (both d=17.8Mpc) should be detectable by Gaia with
an end of mission accuracy of 600km/s in V?.
Visual inspection of SB profiles of the Carnegie-Irvine Galaxy Survey (Ho et al 2011) shows that
70% of galaxies in this survey could be detected by Gaia. The majority of those nearby galaxies
will be detected if placed at >⇠ 500Mpc (early types) and >⇠ 250Mpc (late type).
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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

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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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
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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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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,
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vvv⊥ = sµ. (2)

This introduces a relative error v∥/s in the determination of vvv⊥
where ⟨v2
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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
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Here, we offer basic expressions for the derivation of the full
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and expanding the angular dependence of Φ in spherical
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where !lm = r∇Ylm is the vector spherical harmonic. Thanks to
the orthogonality conditions
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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 =
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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,
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dΩ"lm · !l′m′ = 0; hence,

the recovery of the rotational mode is formally independent of
the potential flow mode.
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