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The challenge: structure formation in an accelerating Universe
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Observations of the initial conditions: the CMB
Observations of the evolved structure

Cosmic Microwave Background (CMB) radiation

Tiny fluctuations at recombination era — 300,000 years after Big

Bang

A lot is known about the Initial Conditions. The shape of Cl is

sensitive to some of the cosmological parameters
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Observations of the initial conditions: the CMB
Observations of the evolved structure

Cosmological parameters inferred from CMB + other data

WMAP Cosmological Parameters

Model: lcdm+sz+lens

Data: wmap7

102Ωbh
2 2.258+0.057

−0.056 1 − ns 0.037 ± 0.014

1 − ns 0.0079 < 1 − ns < 0.0642 (95% CL) ABAO(z = 0.35) 0.463+0.021
−0.020

C220 5763+38
−40 dA(zeq) 14281+158

−161 Mpc

dA(z∗) 14116+160
−163 Mpc ∆2

R (2.43 ± 0.11) × 10−9

h 0.710 ± 0.025 H0 71.0 ± 2.5 km/s/Mpc

keq 0.00974+0.00041
−0.00040 !eq 137.5 ± 4.3

!∗ 302.44 ± 0.80 ns 0.963 ± 0.014

Ωb 0.0449 ± 0.0028 Ωbh
2 0.02258+0.00057

−0.00056

Ωc 0.222 ± 0.026 Ωch
2 0.1109 ± 0.0056

ΩΛ 0.734 ± 0.029 Ωm 0.266 ± 0.029

Ωmh2 0.1334+0.0056
−0.0055 rhor(zdec) 285.5 ± 3.0 Mpc

rs(zd) 153.2 ± 1.7 Mpc rs(zd)/Dv(z = 0.2) 0.1922+0.0072
−0.0073

rs(zd)/Dv(z = 0.35) 0.1153+0.0038
−0.0039 rs(z∗) 146.6+1.5

−1.6 Mpc

R 1.719 ± 0.019 σ8 0.801 ± 0.030

ASZ 0.97+0.68
−0.97 t0 13.75 ± 0.13 Gyr

τ 0.088 ± 0.015 θ∗ 0.010388 ± 0.000027

θ∗ 0.5952 ± 0.0016 ◦ t∗ 379164+5187
−5243 yr

zdec 1088.2 ± 1.2 zd 1020.3 ± 1.4

zeq 3196+134
−133 zreion 10.5 ± 1.2

z∗ 1090.79+0.94
−0.92
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Observations of the initial conditions: the CMB
Observations of the evolved structure

The distribution of galaxies in space: redshift surveys

SDSS, from M. Blanton

cz = Hr + Vpec
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Observations of the initial conditions: the CMB
Observations of the evolved structure

Radial peculiar motions of galaxies in space
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From Davis et al based on SFI++ data of Springob et al
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c .

only radial component
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very noisy data

a lot of biases
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(30, 000km s−1).
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Equations of motion
Dynamics of linear perturbations
Dynamics of the expansion

The equations for structure formation (without gas)

Euler

dV

dt
+ HV = −∇Φ

a

Poisson

∇2Φ

a2
= 4πG ρ̄mδ(x, t)

Structure formation is driven by the gravity of the DM density contrast

δ(x, t), but the rate is dictated by H(t) and Ωm = ρ̄m/ρcrit .
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Equations of motion
Dynamics of linear perturbations
Dynamics of the expansion

Growth of structure in a simulation
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Equations of motion
Dynamics of linear perturbations
Dynamics of the expansion

Linear theory and dependence on cosmological background

The Fundamental Relation for this talk

δ = − 1

f (Ω)
∇ · V

obtained from the full EOM in the limit of δ � 1

f (Ω) ≈ Ωγ
matter

0.5 < γ < 0.6 is the growth index, it is dictated by the

underlying theory of gravity and dark energy
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Equations of motion
Dynamics of linear perturbations
Dynamics of the expansion

Goals

Constrain Ω, γ... Test underlying gravitational theory... Test basic

paradigm on large scales...

Methodology

Application of the Fundamental Relation (or variants of it) to

peculiar velocity catalogues and redshift surveys
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Equations of motion
Dynamics of linear perturbations
Dynamics of the expansion

Dynamics of the Background

−

4πG

3
ρva2

E =
ȧ2

2
−

GM

a
General relativity:

a
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Equations of motion
Dynamics of linear perturbations
Dynamics of the expansion

For DE described by a Cosmological Constant

ρv = const & Pv = −ρvc2

time

de
ns

ity

matter

dark energy

u r here!
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Equations of motion
Dynamics of linear perturbations
Dynamics of the expansion

Dark Energy

The usual candidates

quintessence: a scalar field

f̃ (R) gravity: S = 1
16πG

∫
d4xf̃ (R)

√−g + Smatter

DGP (Dvali, Gabadadze & Porrati) gravity

Since

In GR ä = −4πG (ρ+ 3P)a/3

hence

Dark Energy should mimic GR with an EOS P = wρc2 with

w → −1 at late times
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Strategies for inferring cosmological information from data

A. statistical properties of observed velocities:

PCMB
δ versus Pv yields constraints on f (Ω)

moments of velocities, e.g. bulk flow

B. velocity-velocity comparison:

get δgal from observed galaxy distribution
use the Fundamental Relation to get Vgal from δgal
the comparison Vgal versus Vobs constrains f and δgal(δDM),
i.e. galaxy biasing
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Definition

B(r) = 3
4πr3

∫
x<r V(x)d3x

V(x) is the 3D velocity field
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

But....

Data: noisy and sparse radial velocities!
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

BF from the sparse SFI++ catalogue of peculiar velocities

Methods for inferring BF from observed velocities:

1 MLE: simply assume V(x) = B = constant (Kaiser 84)

2 ASCE: interpolate using physically motivated basis for the

velocity field (AN & Davis 11). This is similar to constrained

realisations (Courtois, Hoffman, Tully & Gottlöber 12)
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales
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Fig. 6.— The amplitude of the bulk as a function of distance for ASCE and MLE as indicated

in the figure. The solid curve shows the rms value of the bulk flow as expected in a flat Universe

ΛCDM model with Ωm = 0.266, h = 0.71 and σ8 = 0.85.
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Fig. 7.— The same as the previous figure with ASCE basis functions generated using a ΛCDM7

power spectrum but with scalar index n = 0.75 and σ8 = 1, which has more power on large scales

compared to our standard choice n = 0.963.

– 16 –

+

o

 
!m

"
8

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

Fig. 8.— Contour plot of the 68% and 95% confidence levels in the Ωm − σ8 place. The plus sign

marks the maximum of the probability distribution function at (Ωm, σ8 = (0.236, 0.88), while the

circle indicates (0.266, 0.8), corresponding to the best fit WMAP7 values.
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Fig. 9.— Curves of ∆χ2 as a function of σ8 for Ωm = 0.266 (blue solid line) and Ωm = 0.236 (red

dot-dashed).

σ8 = the clustering amplitude
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m fixes velocity amplitude
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

The 3 components (Galactic coordinates)

– 12 –

Fig. 5.— The three Galactic cartesian components of the bulk flow as a function of radius. Top

and bottom panels correspond to ASCE and MLE estimation, respectively.

    B is at 40 deg to the SGP
B is pretty featureless     
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Constant direction and slowly decaying

Some BF values

R[Mpc] B(R)[ km s−1] l b

∼ 2 (CMB dip.) 627± 22 276± 3 30± 3

60 333± 38 276± 2 14± 2

150 257± 44 279± 4 10± 4

Note: external fluctuations give B = const.
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Is there a “dark flow” (or Kashlinsky flow)?

Dark flow = large bulk flow (∼ 1000 km s−1) over a very large

scale. Such a flow will introduce detectable systematic differences

in the observed galaxy magnitudes, M0 = m − 5 log(cz).

BF from SDSS, 14.5 < mr < 17.6

R[Mpc] B(R)[ km s−1] lfixed bfixed

100− 300 −150± 150 266 33

300− 500 300± 150 266 33

No evidence for dark flow in SDSS
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Velocities
from the Fundamental Relation applied to a galaxy redshift
survey. Requires an assumed f (Ω) and a biasing relation
between galaxies and mass.

versus

Velocities
directly from the Tully-Fisher relation. Requires careful
removal of observational biases.
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Two basic “obstacles” (related to Vgal from δgal)

Galaxy Biasing

What is δgal(δDM)?

Redshift Distortions in redshift surveys

We observe galaxies at cz = Hr + V radial rather than Hr .
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Galaxy Biasing

Galaxies preferentially form at peaks of δDM

de
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ty

x



Galaxy Biasing

Alaska
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Linear Galaxy Biasing

On large scales (Kaiser 87)

δgal = b δDM

b is the linear bias factor.



Biasing in a simulation

Kauffmann, AN, Steinmetz 97



Biasing in observations (SDSS)

Zehavi et al 2002 97
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Redshift distortions

real space redshift space

cz=Hd+Vpec
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Redshift distortions

by Hume Feldman
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Definition

s ≡ Hr + V
radial

Hence

δs = δr − 1
r2

∂
∂r

(
r 2V

radial
)

= −1

f
∇ · V − [∇ · V]

radial

δr is isotropic but δs is not!
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Visual inspection
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Is the Universe close to homogeneity on a few Gpc scale?

The Cosmological Principle

Increasing degree of homogeneity as the Universe is viewed on

larger and large scales
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The Bulk flow (BF) from observed velocities
Velocity-Velocity comparison
Homogeneity on very large scales

Probing scales larger than Ldata

Let δs be the redshift space density contrast derived from the

galaxy distribution in an observed volume.

Let Vext be the component of the velocity field due to mass

distribution external to the survey volume

Note that

δs = −f −1∇ · V − [∇ · V]
radial

∇ · Vext = 0 inside the survey volume.

[∇ · Vext]radial
6= 0 inside the survey volume

Hence signatures of external fluctuations must be present in

δs inside the survey volume.
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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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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) =

∑
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Galaxies as standard candles

For a Schechter luminosity function (α = −1):

< L >
L>2L∗ = 2.77L∗, σ

L>2L∗ = 0.81L∗

< L >
L>4L∗ = 4.85L∗, σ

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 Mt = m − 5log(Hr)

constrain a model for V by maximising P(M0), assuming P(Mt)
does not depend on velocity.
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Application to 2MRS

As a velocity model, take V (β = f /b) from the 2MRS galaxy

distribution. Tune β such as P(M0) is maximum (or by minimising

the scatter in Mest = m − 5log(cz − V (β) with respect to β.
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direct distance indicators!
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Concluding remarks

ΛCDM is a good approximation on scales 10s − 100s Mpc/h.

The scales 100s Mpc to CMB, remain to be assessed.

Almost surely, ΛCDM needs tweaking on small scales smaller

that a few Mpc

Bulk flow is reasonable. But,

it is hard to pin-point specific structures causing it
it could simply be an accumulated effect over scales of a few
100s Mpc (see Bilicki et al 2011)

Direct distance indicators such as Tully-Fisher are limited and

are difficult to analyze. We have to explore other possibilities.
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are difficult to analyze. We have to explore other possibilities.
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