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5
FAM for real:

PSCz as probe of the Local Universe

E. Romano-Dı́az, E. Branchini & R. van de Weygaert.

W have investigated the two main components of the large scale velocity field (in real space),
inferred from the IRAS-PSCz catalogue, the bulk flow and velocity shear. Such catalogue can

be considered as a fair representation of the nearby universe. In order to minimize redshift effects,
we have used the real spatial catalogues reconstructed from Branchini et al. (1999). The modeling of
the peculiar velocity field was performed by means of the FAM technique. The corresponding bulk
flow estimates are in very good agreement with other measurements from different catalogues and
techniques. The cumulative distributions of the velocity shear indicate that most of the contributions
to it come from structures located within a volume of 20 h−1Mpc around the Local Group. Structures
located within 20 and 60 h−1Mpc still deform the velocity ellipsoid considerably, and those located
beyond 70 h−1Mpc do not contribute to the velocity shear. The radius at which the shear vanishes
has been estimated at a distance of 80 h−1Mpc from the Local Group. The shear eigenvectors suggest
that the Hydra-Centaurus supercluster is responsible for the largest stretching direction of the velocity
ellipsoid, with an anti-apex direction pointing toward the Perseus-Pisces supercluster. This eigenvector
is roughly aligned with the bulk flow direction, implying that some of the structures responsible for the
bulk flow motion, are also responsible for the velocity shear, i.e. the Hydra-Centaurus supercluster.
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5.1 Introduction

The increase of quantity and quality of the galaxy distribution mapping in our nearby universe in the
last years has given us the opportunity to study in more detail several aspects of the large scale structure
of the universe. Several different techniques have been applied to the available data in order to estimate
or characterize such data catalogues, quantifying mainly the magnitude and direction of their dipole or
bulk flow.

Within the Gravitational Instability scenario, peculiar velocities are the result of galaxy interactions
with their surrounding matter concentrations, such as galaxies, clusters and superclusters of galaxies,
voids, etc. On the other hand, peculiar velocities are more prone to the large scale modes of the power
spectrum of fluctuations than its corresponding matter distribution. Therefore they can better trace the
inhomogeneities in the density field at larger distances than the matter itself.

When characterizing the peculiar velocity field by contributions coming from different scales and
regimes within a given volume, two terms are the most dominant : the bulk flow (dipole) and shear
(quadrupole) (Chapter 3 Romano-Dı́az et al. 2004). The bulk flow represents a robust statistic of the
velocity field over a volume of a characteristic length scale R. The convergence radius of the bulk flow
is estimated to be in the order of 150− 200 h−1Mpc from the Local Group (see Zaroubi 2002, for a
review about the topic).

The velocity shear measured in a given sample is the result of the action (stretching and/or com-
pression) over the enclosed matter distribution of structures located beyond the edge of the sample.
Unless one is dealing with a large enough volume (≥ 100 h−1Mpc), such contributions are not neg-
ligible (Chap. 2 & 3), becoming more pronounced at the edge of the sample. The velocity shear
convergence radius, the distance at which the shear amplitude vanishes, is more ill-defined than the
bulk flow one. In a seminal paper, Lilje, Yahil, & Jones (1986) proved the tidal field in the Local
Supercluster (30 h−1Mpc) and predicted the existence of a dominant structure beyond 40 h−1Mpc, the
so-called “Great Attractor”. Tonry et al. (2000) determined from the SBF catalogue, on a surveyed
volume of 30 h−1Mpc, that structures beyond 40 h−1Mpc like the Perseus-Pisces supercluster or Shap-
ley concentration do not play a substantial role in perturbing the velocity field within such catalogue.
However, in a preliminary study using the Mark III and SFI catalogues Hoffman et al. (2001) found
that the dilational eigenvector of the residual shear tensor is roughly aligned with the bulk velocity,
indicating the presence of a major attractor at distances > 150 h−1Mpc, coinciding with the Shapley
concentration. In Chapter 2 (Romano-Dı́az et al. 2004), it was shown that for a ΛCDM universe the
velocity shear (in linear theory) converges at scales larger than 100 h−1Mpc. From the flux-limited
mock catalogue analysis performed in Chapter 3, we did not find substantial contributions to the shear
amplitude from scales beyond 80 h−1Mpc.

Studies concerning the velocity shear need to make use of a homogeneous sample, with a large
effective radius and depth, and mainly, full sky coverage. The PSCz catalogue (Saunders et al. 2000)
fulfills these requirements and gives us the opportunity to prove the role of structures beyond the
effective radii of the samples mentioned above.

Several studies have been performed with the PSCz catalogue concerning to the large scale struc-
ture of the Universe, e.g. Branchini et al. (1999) inferred the velocity field, Tadros et al. (1999) studied
the real-space power spectrum and redshift distortions, Sutherland et al. (1999) the redshift-space
power spectrum, Rowan-Robinson et al. (2000) studied the direction and convergence of the dipole,
Plionis et al. (2000) studied the galaxy-cluster bias using the PSCz dipole. Nevertheless, none of the
previous works have investigated the role and origin of the velocity shear and the structures responsi-
ble for deforming the peculiar velocity ellipsoid. Here we address these issues which concern to the
peculiar velocity field of galaxies.

In this chapter we apply FAM to the real PSCz catalogue mapped from redshift-space to real
Cartesian coordinates. We compute the peculiar velocity field from the discrete galaxy distribution
and characterize it by means of its main components, the bulk flow and shear. We also investigate the
changes of these components when considering different volume sizes in the FAM modeling procedure.
Furthermore, we will try to determine the shear convergence radius and explore the effects of tripled-
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valued regions on the FAM velocity models. The error estimates have been assessed from the results
of Chapter 3. We will compare our results with the expected theoretical predictions and with respect
to those obtained from other samples and techniques.

In order to have a more realistic estimate of the bulk flow and velocity shear quantities, it would
be preferable to perform the analysis from velocities inferred directly from their redshift distribution.
However, we apply FAM to the real space galaxy distribution of the PSCz catalogue because we have
fully tested it, and we have control over the possible systematic error sources of the method. In the
future, we intend to use the FAM technique in redshift space (Branchini et al. 2002) to estimate the
peculiar velocity field from the redshift distribution of the PSCz survey. This chapter represents a first
step toward a better determination and understanding of these two important quantities (bulk flow and
shear) of the large scale peculiar velocity field.

5.2 The data: The PSCz catalog

The flux-limited IRAS-PSCz all sky redshift catalogue is described in detail by Saunders et al. (2000)
and we only summarize its main features here.

This catalogue is basically an extension of the IRAS 1.2− Jy survey (Fisher et al. 1995a). The
catalog contains ∼ 15500 galaxies with 60µm flux f60 > 0.6Jy covering a large part of the sky ∼
84%. The median redshift is 8500 km s−1, with a mean galaxy separation within 10 000 km s−1 of
〈l〉 ∼ 1000 km s−1. A major improvement with respect to the IRAS 1.2− Jy catalogue which has
〈l〉 ∼ 1500 km s−1. These characteristics ensure a depth and dense sample.

Because of the flux-limited nature of the catalogue, there is a degradation of sampling as a function
of distance from the observer, causing the number density of objects to decrease with distance. This
decrease is measured by a radial selection function. In order to recover the true galaxy density from the
observed flux-limited sample, each galaxy has been weighted by the inverse of the selection function
φ(r). This function has been defined as the fraction of galaxies that can be seen out to a redshift
distance r = cz/H0 (expressed in h−1Mpc) given the survey flux limit. Various authors have used
different estimators to compute the selection function (e.g. Canavezes et al. 1998; Sutherland et al.
1999; Branchini et al. 1999). Nevertheless, Branchini et al. (1999, hereafter B99) found that different
selection functions induce variations smaller than 5% in the model density and velocity fields within
a distance of 20 000 km s−1. In the present study, we have adopted the selection function of the form
assumed by B99:

φ(r) = Ar−2α
(

1+ r2

r2
∗

)−β
for r > rs (5.1)

with α = 0.52, β = 1.92, rs = 6.0 h−1Mpc, and r∗ = 90.75 h−1Mpc. The fitting parameters were com-
puted via likelihood analysis including only objects within 100 000 km s−1 and they provide a good
description of the data. B99 showed that the value of the normalization value A, does not affect the
modeling of peculiar velocities. In their implementation, the selection function was arbitrarily set
φ(r) = 1 for r ≤ rs. This is equivalent to imposing a lower cut-off in the 60−µm luminosity in order to
avoid too much weight to faint, nearby galaxies that may not trace the galaxy distribution reliably in
the nearby volume (Rowan-Robinson et al. 1990).

5.2.1 Real space distribution

In order to take into account (1) the 16% of the missing sky de-voided of data due to high cirrus
emission areas and unobserved regions, and (2) to correct for redshift-space distortions that affect the
observed galaxy distribution and to obtain the real spatial Cartesian positions, we have made use of
the corrected galaxy catalogue of B99. In this catalogue, B99 followed a method similar to the Yahil
et al. (1991) approach to fill the galactic plane with synthetic objects that reproduce the mean density of
galaxies of the nearby regions. In the cases of masked regions at larger latitudes, these are filled in with
a random distribution of synthetic galaxies having the observed mean number density of PSCz galaxies.
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Figure 5.1 — Aitoff projection of the IRAS-PSCz galaxy distribution in galactic coordinates. The dark regions
shown unobserved or obscured regions. The horizontal strip surrounding the Galactic plane is the Zone of Avoid-
ance (from Branchini et al. 1999).

Tests performed by B99 on mock catalogues showed that the only bias introduced by this filling-in
technique is a spurious bulk motion of < 60 km s−1. In order to minimize the “Kaiser effect” and to
recover the real spatial Cartesian positions, B99 applied an iterative algorithm in order to solve for
the positions and velocities. Such method is based on three main assumptions: (a) the gravitational
instability scenario is valid (Peebles 1980), and therefore cosmic structures have grown by gravitational
amplification of small-amplitude fluctuations in the density field at early epochs. (b) The linear or
mildly non-linear theory is applicable once the density field is smoothed. (c) Galaxies are assumed to
trace the underlying mass density field according to a linear biasing model of the form: δgal = bδmat,
where δmat is the mass overdensity, δgal is the fluctuation in the number of galaxies and b the biasing
parameter. Under these assumptions, a redshift survey enables an independent reconstruction of the
density and velocity fields. However, this method is only valid in the linear regime, where a one-to-one
mapping between distance and redshift is guarantee. Therefore the force field needs to be smoothed to
eliminate non-linear effects, shot-noise, distance uncertainty, and tripled-valued zones.

Although the catalogue contains objects with recession velocities as large as 30 000 km s−1, the
sample is not very reliable at these ranges. B99 considered all PSCz galaxies out to a radius of
200 h−1Mpc in their reconstruction procedure, beyond this radius galaxies are severely affected by
shot-noise effects.

Around high-density regions, like clusters of galaxies, there may occur shell crossing. Hence there
may be tripled-valued regions in which the same redshift is observed at three different positions along
the line of sight. B99 adopted the same procedure as in Yahil et al. (1991) by collapsing the tripled-
valued regions by using two different data sets. Their results showed that the collapsing procedure only
affects the infall pattern around the clusters. Nevertheless, with the level of smoothing used here, such
effects are not considerable. In order to check if tripled-valued regions have a considerable effect, we
have used two different PSCz catalogues from B99. One without collapsing the tripled-value regions,
and another with collapsing the galaxies.

The reconstruction technique recovers the main cosmic features of the PSCz catalogue as shown
by B99, and we will address readers to this work for a detailed cosmographic tour of the local universe.
We want to stress, as it can be noticed from Figure 5.2, that structures like the Virgo cluster, Hydra-
Centaurus supercluster (Great Attractor), Coma, Perseus-Pisces and Camelopardalis superclusters, the
Pavo-Indus-Telescopium complex, the Cetus wall, the Shapley concentration and voids like the Sculp-
tor void and the voids in the foreground of Coma, in the background of Perseus-Pisces complex and
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Figure 5.2 — Real space density and velocity fields derived from the PSCz survey. The fields, smoothed with
a Gaussian filter RG = 6 h−1Mpc, are shown in a slice along the Supergalactic plane. The thick continuous line
represents the δ = 0 contour. The continuous lines represent overdensity regions, while dashed lines underdense
regions. Contours are plotted at steps of ∆δ = 0.5. The labels mark the position of the largest structures along
the Supergalactic plane. V: Virgo cluster, LS: Local Supercluster, H-C: Hydra-Centaurus, Sh: Shapley, P-P:
Perseus-Pisces superclusters, P-I-T: Pavo-Indus-Telescopium complex, Cet: Cetus wall, Sculp: Sculptor void.
(from Branchini et al. 1999).

behind the Great Attractor are clearly recognizable in the reconstructed density field maps. Figure 5.2
shows the PSCz model density and velocity fields reconstructed up to 120 h−1Mpc smoothed with a
6 h−1Mpc Gaussian filter in a slice through the Supergalactic plane. The central crux denotes de po-
sition of the Local Group. Notice how the Local Group is located between two massive structures,
the Hydra-Centaurus and Perseus-Pisces superclusters. The modeled linear velocity field is strongly
distorted by these two matter concentrations.

5.3 FAM modeling of the peculiar velocity field

We have modeled the peculiar velocity field by using our implementation of the Least Action Principle
[LAP], the Fast Action Minimization method [FAM] (Nusser & Branchini 2000, Chapters 2 & 3).

5.3.1 Redshift space considerations

It is necessary to mention that the application of FAM over the real space Cartesian galaxy distribution
represents a refinement over the linear reconstruction method to model the peculiar velocity field. FAM
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represents an improvement over the B99’s method in the sense that it extends the velocity modeling
into the mildly non-linear regime.

In order to have a more consistent non-linear peculiar velocity field from redshift catalogues, e.g.
PSCz, it could be preferable to apply a modified version of FAM, directly applicable to redshift space.
Such modification of the FAM formalism was indeed introduced by Branchini et al. (2002). Their
analysis from mock catalogues proved that this new algorithm could be applied to redshift galaxy
distributions such as the PSCz catalogue.

Here we applied FAM to the real space galaxy distribution of the PSCz catalogue because we have
fully tested it, and we have control over the possible systematic error sources of the method. In the
future, we intend to use the FAMz technique to estimate the peculiar velocity field from the redshift
distribution of the PSCz survey. refinement

5.3.2 Least Action Principle and FAM analysis

The LAP technique has been applied to predict the orbits of galaxies within the Local Group (Peebles
1989, 1994; Phelps 2000), and to predict the peculiar velocities of nearby PSCz galaxies contained
in a volume of 2 000 km s−1 from the LG (Sharpe et al. 2001). The main limitation of the previous
implementations is the small number of objects used in the calculations due to the expensive force
algorithms employed (direct summation). As discussed in Chapter 2, FAM overcomes this problem
by using the TREECODE technique (Bouchet & Hernquist 1988) to speed up the gravity calculations.
Our LAP implementation has proved to be a very suitable algorithm to be applied on large cosmologic
data sets. Furthermore, the force calculation algorithm implemented on FAM gives it the especial
advantage of handling particle distributions in spherical regions as in the case of whole-sky galaxy
catalogues (e.g. PSCz).

FAM needs 3 basic input parameters: (1) the number of basis expansion functions N f , to
parametrize the orbits. (2) A tolerance parameter to search for the minimum of the action. (3) A
softening parameter to smooth the gravitational force in the TREECODE. In Chapters 2 & 3 (see also
Nusser & Branchini 2000) we have shown that a N f = 6 basis functions and a tolerance parameter
tol = 10−4 are the optimal choices. Nevertheless, we still have to look for the best suitable softening
employed in the force calculation. The role of the softening is to impose the limiting scale on the FAM
calculations, below which the FAM cannot model accurately the structure of orbits.

5.3.3 Optimum FAM softening

In Chapters 2 & 3 we set the force resolution to match the one given by the N−body simulations.
Nevertheless, we face here the problem of finding an optimum “natural” softening for the real galaxy
distribution. An obvious choice would be to set it to the minimum inter-particle separation. Never-
theless, such softening could introduce extra noise in the modeled velocity field since it would lead
FAM to calculate interactions at small scales where the method is not completely accurate. Other
possible softening prescriptions are the mean of the minimum inter-particle separations or the mean
inter-particle separations computed at different radii. They may also be acceptable due to the fact that
the 3D-real particle distributions were computed by means of linear theory.

To choose the most suitable softening we performed 5 different runs testing 5 different softenings:
the minimum inter-galaxy separation distance (0.014 h−1Mpc); the mean minimum inter-galaxy dis-
tance (1.55 h−1Mpc); the mean inter-galaxy distance at a distance of 30 and 60 h−1Mpc (4.57 and
7.14 h−1Mpc respectively); and the N−body softening of 0.27 h−1Mpc used in Chapter 3.

Point-to-point comparisons between all test samples indicated that the minimum inter-particle sep-
aration and N−body softenings present larger scatters in the point distributions with respect to the
other 3 options. The two mean inter-particle separation samples are very similar to each other and also
with respect to the velocity field computed with linear theory. This is mainly due to the fact that the
softening is comparable in length to the smoothing kernel used to compute the Cartesian density and
velocity field. Taking into account that our intention is to preserve the mildly non-linear regime, we
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have chosen as our optimum softening the mean minimum inter-particle separation of 1.55 h−1Mpc.
This choice will keep the shot-noise level low at very high density regions while given an acceptable
performance at quasi-linear and low density regions.

After having selected the softening, we proceed to model the two velocity fields by considering
galaxies up to 150 h−1Mpc. The choice for this value as the limiting radius is based on two con-
siderations. The first one is that galaxies up to this radius are not seriously affected by shot-noise
effects (B99). The second reason is based on the analysis of B99, where they did not find substantial
contributions to the bulk flow estimate beyond this radius.

5.3.4 Error estimates from mock catalogues

In order to assess and to quantify random and systematic errors in our modeled peculiar velocity
fields, we have used the constrained mock catalogues presented in Chap. 3. These catalogues mimic
the main properties of our nearby Universe according to the same adopted PSCz selection function.
An important consideration is the fact that these catalogues do not contain large scales contributions
beyond 150 h−1Mpc.

5.3.5 Dependence on the β parameter

In our actual FAM implementation, the equations of motion expressed in terms of the time variable
D (the linear growing mode of the density perturbations), are almost independent of Ωm and the cos-
mological constant (e.g. Nusser & Colberg 1998). Our velocity field models will therefore depend
linearly on the β parameter (β = Ω0.6

m /b, with b the biasing parameter), affecting only the amplitude
of the computed velocities. However, the β value should be consistent with the one chosen from the
reconstruction procedure, i.e. β = 0.5.

5.4 Analysis

In order to determine the bulk flow and shear contributions, and the radius at which the shear van-
ishes, we have considered 5 different volumes for the FAM modeling. The bulk flow and velocity
shear were computed by using the same decomposition method presented in Chapter 3 (Kaiser 1991).
The first volume was chosen in order to obtain the contributions from the Local Supercluster region
(30 h−1Mpc). The second and third volumes were limited at the radii at which most of the existing cata-
logue samples, 60 and 80 h−1Mpc. B99 estimated that with the depth and frequency of the PSCz survey,
a reliable density field can be constructed out to a radius of 150 h−1Mpc. Beyond this radius sparsed
sampling effects become more important and could affect the field reconstruction. Nonetheless, Tadros
et al. (1999) indicated that the PSCz catalogue should not be used down to a flux limit of 0.6Jy and that
a more conservative limit in flux of 0.745Jy, should be adopted instead. This flux cut translates into
a volume of radius 120 h−1Mpc. We have taken into account these two results and decided to model
3 large scale velocity fields with radii of 100,120 and 150 h−1Mpc. The 5 FAM catalogues were con-
structed for the two PSCz reconstructions in order to check for possible effects in the reconstruction
process. Table 5.1 presents the 5+5 different volume samples for both reconstructed catalogues: those
considering tripled-valued regions (“tripcoll”), and those where this effect was not taken into account
(“untripcoll”). This table also indicates their respective depths and corresponding number of galaxies
enclosed by each subsample.

5.4.1 Bulk flow

The bulk flow is defined as the average streaming motion within a certain volume. Within the linear
gravitational instability scenario, the rms expected bulk velocity within a sphere of radius R, is given
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Label Sample Volume Sample Type Ngal

( h−1Mpc)

PSCz30 30 untripcoll 1875
tripcoll 1789

PSCz60 60 untripcoll 5421
tripcoll 5262

PSCz80 80 untripcoll 7527
tripcoll 7336

PSCz100 100 untripcoll 9300
tripcoll 9098

PSCz120 120 untripcoll 10651
tripcoll 10415

PSCz150 150 untripcoll 12166
tripcoll 11939

Table 5.1 — PSCz subsamples at different depths. Each catalogue has been constructed from the full sample
(200 h−1Mpc). Col. 1 indicates the catalogue label. Col. 2 gives the limiting depth of the sample. Col. 3 refers
to the sample used: “tripcoll” indicates the reconstruction where tripled-valued regions (collapsed) were treated
(see text), while ’untripcoll’ to the reconstruction were this effect was not taken into account. Col. 4 presents the
number of galaxies contained in the subsample.

by (Peebles 1993a),

V(R)Exp =
H0 f (Ωm)√

2π

[∫ ∞

0
P(k)W̃2(kR)dk

]1/2
, (5.2)

where f (Ωm) ' Ω0.6
m (Peebles 1980), P(k) is the mass fluctuation power spectrum, and W̃(kR) is the

Fourier transform of a top-hat window of radius R.
In order to estimate the effects of tripled-valued regions, we have compared the bulk flow estimates

at different radii from the two PSCz reconstructions using the PSCz150 volume sample. Table 5.2
gives the bulk flow direction and amplitude expressed in galactic coordinates (Columns 3, 4 and 5
respectively), together with their ±1σ dispersion computed from the mock catalogues. Column 1
indicates the volumes at which the FAM bulk estimates were performed. Column 2 gives the name
of the PSCz reconstruction used for the analysis. As in Table 5.1, the labels refer to the sample
where tripled-valued regions were considered or not. We have only indicated dispersion errors for one
reconstruction, because we have found that they are similar for both samples.

From the comparison between the two PSCz reconstructions, we can notice that both samples are
consistent with each other at any sampled volume. Bulk flow amplitudes are ∼ 10% larger for the
collapsed reconstructions than for the uncollapsed ones, but consistent within the 1σ dispersion. How-
ever, differences in the bulk flow directions are less pronounced than for the corresponding magnitudes.
The different bulk flow directions point consistently toward the same region in the sky. These results
indicate that for the case of the bulk flow, tripled-valued regions do not represent an important source
of error. It is worth mentioning that this effect has also been minimized by the smoothing procedure in
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Sample Volume Sample Type Vbulk l b
( h−1Mpc) ( km s−1) (◦) (◦)

30 tripcoll 326 253 18
untripcoll 302±55 250±31 19±30

60 tripcoll 222 249 16
untripcoll 221±59 247±16 17±19

80 tripcoll 229 250 19
untripcoll 201±73 246±14 20±19

100 tripcoll 210 249 20
untripcoll 185±78 247±13 20±17

120 tripcoll 195 250 20
untripcoll 171±82 247±12 20±16

150 tripcoll 174 251 19
untripcoll 155±78 247±12 20±14

Table 5.2 — Bulk flow estimates from the two PSCz reconstructions computed at different radii from the PSCz150

sample. Col. 1 indicates the radius at which the bulk flow estimate was performed. Col. 2 gives the label of the
PSCz sample used : ’tripcoll’ refers to the reconstruction where galaxies were collapsed, while ’untripcoll’ to the
reconstruction were it was not taken into account. Cols. 3, 4 & 5 present the bulk flow amplitude, and its direction
in galactic coordinates.

the catalogue-reconstruction.
Taking into consideration the fact that the bulk flow estimates from the two different reconstructions

are equivalent, we will refer from now on to the PSCz bulk flow as that quantity computed from the
uncollapsed reconstructed catalogue.

Figure 5.3 depicts several aspects of the computed bulk flow. The upper left-hand plot displays
the bulk flow amplitudes computed as a function of depth for the different volumes. Each different
volume is indicated by different symbols and line styles. Notice that we have changed labels from
PSCz to FAM. We have done so because the samples represent now velocity fields modeled by means
of FAM. The thick continuous line represents the expected theoretical rms bulk flow prediction (VExp)
of a sphere of radius R as given by Eqn. 5.2 for a ΛCDM universe. The lines are a measurement of the
contributions from the density fluctuations enclosed by such regions. It is clear that small volumes up to
middle size (30−100 h−1Mpc) miss the very large scale contributions exerted by the matter distribution
beyond the limits of the corresponding samples. Volumes large enough (≥ 120 h−1Mpc) seem to
enclose most of the density fluctuations that contribute to the real power spectrum and are consistent
with the theoretical expectation of a ΛCDM universe as revealed by the residual bulk flow. This is
defined as the expected bulk flow (VExp) minus the different FAM volume models (Vi). The bottom part
of the upper left-hand plot shows the residual bulk flows for the different FAM samples. Because the
bulk flow is a characteristic quantity of the enclosed matter concentration, the missing contributions are
the same for the whole surveyed region. Furthermore, one would not expect configuration-dependent
effects. This brings as a consequence, that the residual bulk flows (VExp−Vi) are almost constant along
the sampled volumes.
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Figure 5.3 — Cumulative bulk flow amplitudes (upper left-hand plot) computed for 5 different volume samples.
The top panel indicates the volume contributions to the bulk flow, while the lower panel depicts the residual bulk
flows computed between the theoretical expected bulk flow and the 5 subsamples. The upper right-hand plot
depicts the bulk flow directions shown in Table 5.2. The asterisk plotted at the center represents the CMB dipole
direction. The lower plot shows the angular misalignment between the 150 h−1Mpc volume FAM model and the
CMB direction.

The upper right-hand plot of Figure 5.3 depicts the bulk flow directions as stated in Table 5.2.
The symbols indicate the corresponding volumes at which the directions were computed from the
150 h−1Mpc volume sample. The error bars represent the 1σ uncertainties computed from the mock
catalogues. The central asterisk represents the CMB dipole direction in galactic coordinates as given
by COBE, (l,b) = (276◦,28◦)±3◦ and |V | = 627±22 km s−1 (Kogut et al. 1993). The contours indicate
equidistant regions in steps of 10◦ from the CMB direction. All computed directions are in very good
agreement with respect to each other, indicating that the flow has converged to the CMB frame. This
agreement can be better noticed in the lower plot of Fig. 5.3. This plot shows the convergence direction
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Figure 5.4 — Different bulk flow measurements. The left-hand plot shows the amplitude of the measured bulk
flows together with their respective errors. We have over-plotted our FAM estimates at different radii and the
PSCz estimates from B99. The solid line represents the expected rms bulk flow velocity for a ΛCDM universe,
while the dashed line the cumulative FAMPS Cz bulk flow. The corresponding directions are indicated at the
right-hand plot. The central asterisk indicates the CMB dipole direction.

(misalignment) of the bulk flow with respect to the CMB direction as a function of distance for the
150 h−1Mpc volume FAM model. As can be noticed, there is a clear convergence in the bulk flow

Survey Sample Volume Method Vbulk l b
( h−1Mpc) ( km s−1) (◦) (◦)

SBF 30 SBF 350 294 67
FAMPS Cz 30 LAP 300 250 19

Mark III 60 TF+FP 370 305 14
SFI 60 TF 200 295 28
SF 60 TF 70 269 27
SNIa 60 SNIa 320 282 -8
ENEAR 60 FP 220 304 25
FAMPS Cz 60 LAP 220 247 17

EFAR 100 FP 180 (≈ 0)
PSCz 120 LT 180 255 24
FAMPS Cz 120 LAP 172 252 20
SMAC 60-140 FP 630 260 -1
LP 150 BCG 700 341 49
FAMPS Cz 150 LAP 150 255 21

Table 5.3 — Different bulk flow estimates. Column 1 gives the survey name. Col. 2 the depth of the sample.
Col. 3 specifies the method used to computed the velocity field : SBF-Surface Brightness Fluctuations method;
LT-Linear Theory; LAP-Least Action Principle; TF-Tully-Fisher measurements; FP-Fundamental plane; BCG-
Brightest Cluster Galaxy method. Bulk flow amplitudes and sky directions are shown in the Cols. 4, 5 & 6
respectively.
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direction beyond distances larger than 60 h−1Mpc.
The direction, amplitude and convergence behavior of our bulk flow estimates are consistent with

those of B99. This indeed was expected from the fact that our velocity model is based on the real
spatial Cartesian reconstruction procedure performed to erase redshift distortions.

5.4.2 FAMPS Cz bulk flow vs observed bulk flows

We have compared our FAMPS Cz bulk flow estimates with others based on different survey catalogues
and techniques. We present results based on the 150 h−1Mpc volume sample because this one seems
to enclose most of the large scale fluctuations.

We have considered bulk flow estimates from the following surveys : Surface Brightness Fluctu-
ations (SBF, Tonry et al. 2000); SFI (Haynes et al. 1999a,b); Shellflow (SF, Courteau et al. 2000);
Supernova type Ia (SNIa Riess et al. 1997); ENEAR (da Costa et al. 2000a); Streaming Motions of
Abell Clusters (SMAC, Hudson et al. 1999); Mark III (M3 Dekel et al. 1999); EFAR (Colless et al.
2001), Brightest Cluster Galaxies (LP, Lauer & Postman 1994), and the linear theoretical prediction
inferred from the PSCz catalogue (Branchini et al. 1999). Although this list is not complete, our inten-
tion is to give a broad view of the different bulk flow measurements at different volumes using different
samples and techniques. The different bulk flow measurements are presented in Table 5.3. We have
indicated for each survey the sample’s depth limit and the method used to compute the velocity field.
The methods depend on the kind of sampled objects : Tully-Fisher (TF) for spiral dominated samples;
Fundamental Plane (FP) for elliptical dominated surveys; Brightest Cluster Galaxy method (BCG);
Surface Brightness Fluctuations (SBF) for early-type galaxies; Linear Theory (LT) and Least Action
Principle (LAP) for the models derived from the PSCz catalogue. According to their surveyed volumes,
there are 3 main groups of catalogues : nearby samples (30 h−1Mpc), middle scales (60 h−1Mpc) and
large scales (≥ 100 h−1Mpc). We have included 5 FAM-PSCz estimates at different radii for compari-
son purposes.

Figure 5.4 depicts in a more clear way the different amplitudes and directions from the different
surveys. In the left-hand plot, the continuous line represents the expected rms bulk velocity in a
ΛCDM universe. Almost all bulk flow magnitudes are consistent with the predicted model, except
for the well known cases of the SMAC and LP estimates (for a review about their implications see
Dekel 1999; Zaroubi 2002). The estimates at 60 h−1Mpc have been slightly shifted for sake of clarity.
These quantities are consistent, within their dispersion errors, with each other and the bulk prediction.
This is also the case for their directions displayed at the right-hand plot, which are within ≈ 25◦ of the
CMB dipole direction (located at the center of the plot). At larger volume samples both direction and
magnitude agree with each other. The FAM-PSCz estimates are in good agreement with the different
samples at different radii, both in amplitude and direction.

5.4.3 Velocity shear

The velocity shear is given by (Chapter 2 & 3):

si j =
1
2

{
∂vi

∂x j
+
∂v j

∂xi

}
− 1

3
(∇ ·v) δi j , (5.3)

where i, j = 1,2,3 and δi j is the Kronecker’s delta. With this definition, we are considering a traceless
shear tensor. Therefore, when diagonalizing its matrix representation only two eigenvalues are linearly
independent.

In order to compute the velocity shear components from the different PSCz catalogues, we have
followed the prescription given in Kaiser (1991). We have taken care of re-arranging the eigenvectors
in descending order according to the magnitude of their respective eigenvalues. The most positive
eigenvalue indicates the largest stretching direction, and it is known as the dilational component. The
central eigenvalue could be positive or negative, and determines the nature of the shear pattern, i.e. if
it is positive indicates an extra stretching component, while if it is negative indicates a compressional
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mode. The direction of this eigenmode is by construction perpendicular to the first eigenvalue. The
smallest eigenvalue (most negative) indicates the direction of the compressing mode, and it is known
as the compressional component.

In Sec. 5.4.1, we showed that tripled-valued regions do not have a considerable effect on the bulk
flow estimates. Table 5.4 shows the 3 shear components ordered by their amplitudes (dilational, central
and compressional) with their respective galactic directions (l,b). Calculations were performed by tak-
ing into account only the matter distribution enclosed in 80 h−1Mpc. We considered this limit because
it is the radius at which the shear amplitude convergences in the mock catalogues. The amplitude of
the 3 eigenvalues for the two reconstructions are very similar for all four volumes, with differences less
than 5% for each component. However, directions are more severely affected, except in the case of the
dilational component where the angular misalignment is less than 4◦. The middle and compressional
components experience larger deviations (≤ 10◦). However, in the case of the 150 h−1Mpc volume, the
difference is ∼ 18◦ for both components. Such a difference could be due to big mass concentrations
like the Shapley concentration that distort the field as shown by B99. We can therefore conclude that,
the effect of tripled-valued regions is not considerable in the case of the velocity shear.

Figure 5.5 depicts several aspects of the velocity shear eigenvalues. The upper left-hand plot shows
the cumulative shear amplitude distributions for the FAM models estimated using different sample
volumes. From this plot we can distinguish three different regions separated by two points (indicated
by arrows) where the slope changes considerably. The shear amplitude values at those points are
20 km s−1 Mpc−1 at a depth of 20 h−1Mpc and 4 km s−1 Mpc−1 at 80 km s−1 Mpc−1 respectively. The
first region is an “inner” sector enclosing the matter distribution within the first 20 h−1Mpc (first arrow)
from the Local Group, and where most of the shear contributions originate. This region is character-
ized by a very fast drop in the cumulative distribution up to the edge of this volume. The second region
is located between the 2 different slope points (20,80 h−1Mpc). The cumulative distribution presents
a more gentle descent in this region, implying that the corresponding enclosed structures still play an
important role. Considering the fact that the shear contributions decrease as r3, the responsible struc-
tures should be very massive in order to affect considerably the velocity shear (e.g. Great Attractor,
Perseus-Pisces supercluster, see Fig. 5.2). The third region (> 80 h−1Mpc) is a “convergence” region.
All samples larger than 60 h−1Mpc (80,100,120,150 h−1Mpc) show a clear convergence beyond this
radius. In fact, we could say that the PSCz-FAM60 sample indicates that no substantial contributions
are coming beyond this radius.

On the other hand, the 30 h−1Mpc sample clearly and substantially underestimates the shear from
the external mass distribution. There is ≈ 10 km s−1 Mpc−1 shear difference between this sample and
the largest samples for the whole distance range. The shear effects become more pronounced at the
edge of the sample, where the difference has increased up to ≈ 14 km s−1 Mpc−1, due to the more
localized nature of shear.

The comparison between the PSCz-FAM velocity shear and the predicted one for aΛCDM universe
is presented at the upper right-hand plot of Fig. 5.5. The gray shadow around the cumulative FAM
distribution represents the ±1σ dispersion error given from the analysis of the mock catalogues. Apart
from the bump registered at ≈ 40 h−1Mpc, both curves describe the same behavior for the whole
distance ranges. Although this bump is only significant at the 1σ level, it is interesting that it coincides
with the GA location.

The lower plot at Fig. 5.5 shows the cumulative distributions for the 3 shear eigenvalues: dilational,
central and compressional from the PSCz150 sample. The shear component distributions show that
matter concentrations beyond 80 h−1Mpc do not distort the velocity ellipsoidal.

The second eigenvalue has a magnitude around zero for the whole range of distances, with the
exception of the so-called “inner” region, where it is positive and indicates a stretching mode along the
direction given by its corresponding eigenvector.
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Figure 5.5 — Velocity shear eigenvalues. The upper left-hand plot shows the cumulative distributions of the
amplitude of the eigenvalues for the different volume samples. The upper right-hand panel compares the amplitude
of the eigenvalues with respect to the expected shear amplitude prediction for a ΛCDM universe. The lower plot
depicts the 3 eigenvalue components for the FAM150 sample. The gray shadows represent the 1σ dispersion error.

The corresponding directions of the eigenvalues (eigenvectors) are displayed in Figure 5.6. From
the cumulative distribution of the largest PSCz-FAM reconstruction (FAM150), we have plotted the
directions of 15 shells separated every 10 h−1Mpc. The gray symbols indicate their corresponding
anti-apex directions. The big black filled circle indicates the CMB dipole direction. The filled inverted
triangles represent the position of the major clusters around the Local Group : V-Virgo; C-Coma; UM-
Ursa Major; H-Hydra, C-Centaurus and H-C Hydra-Centaurus supercluster; Per-Perseus, Pis-Pisces
supercluster; Pav-Pavo, Tel-Telescopium, Ind-Indus supercluster; Scul-Sculptor cluster; Boot-Bootes
supercluster; Her-Hercules supercluster; Sha-Shapley concentration; and Hor-Horologium superclus-
ter. The empty triangles correspond to the first eigenmode direction, and they point toward the direc-
tion where the velocity ellipsoid suffers the largest stretching. According to linear theory, the bulk
flow direction and the first shear eigenvector should point toward the same region. Nevertheless, the
dynamics of the nearby universe (< 30 h−1Mpc) is far from being linear. Furthermore, the presence
of several massive structures (e.g., PP, GA) strongly gravitationally perturb the local nearby matter
concentrations (see Fig. 5.2). The bulk flow points toward the direction where there are several large
matter concentrations like the Hydra-Centaurus supercluster and the Shapley concentration. From our
analysis, the dilational component points roughly toward the same direction. To be precise, directly to
the H-C region. The corresponding dilational anti-apex points toward the Perseus-Pisces supercluster
region. This apparent alignment between the shear eigenvector and the directions of the H-C and PP
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Figure 5.6 — Sky directions of the FAM velocity bulk and the 3 velocity shear eigenvectors. The gray symbols
represent their corresponding anti-apex directions. The black circle depicts the CMB dipole direction, while the
inverted black triangles the positions of the most prominent clusters and superclusters.

superclusters is more than a simple coincidence. The Local Group resides in a region that is being
stretched along the direction of these two giants, H-C (GA region) and PP superclusters (e.g. Fig. 5.2,
also B99).

The source of the bulk flow motion is also the source (partially) of the stretching shear eigenmode.
From the shear eigenvalues cumulative distribution functions we deducted that most of the shear con-
tributions come from matter distributions within 60 h−1Mpc (i.e. H-C, PP).

The source of the second eigenmode (central) is less well determined. There are no nearby struc-
tures (clusters or voids) that could be responsible for this mode. However, any two matter concentra-
tions that stretch along the line connecting them, will compress in a perpendicular direction. Therefore,
the direction of this eigenmode is most probably also due to the H-C, PP configuration. However, the
two measurements at 10 and 20 h−1Mpc of the cumulative distribution point toward the Ursa-Major
cluster. The corresponding eigenvalues for these two eigenvectors are positive, indicating a stretch-
ing mode along this direction. This is the very local influence of the Local Supercluster (Virgo +
Ursa-Major) over the Local Group (e.g. Tonry et al. 2000).

5.4.4 FAMPS Cz shear vs other estimates

Figure 5.7 shows the distribution of other different estimates of the velocity shear eigenvectors. The
black-filled symbols correspond to our estimates from the FAM modeling (We) as indicated in Ta-
ble 5.4 for the 150 h−1Mpc volume sample, computed at a radius of 80 h−1Mpc. The gray-filled
symbols represent the estimates from the tidal field as inferred from the Mark III catalogue (Hoffman
et al. 2001), using two different techniques: POTENT (POT) and the Wiener Filter (WF) to estimate the
residual tidal field. The empty symbols represent the estimates from Lilje, Yahil, & Jones (LYJ, 1986)
who used the galaxy catalogue of Aaronson et al. (1982a) to infer the direction of the shear in a volume
equivalent to the Local Supercluster region, i.e. 30 h−1Mpc. Our FAM estimates are, within the 1σ
dispersion, in concordance with those from LYJ, and they roughly agree with the first eigenvector from
Hoffman et al. (2001). However, our estimates for the other two eigenmodes do not agree with those
from Hoffman et al. There is a misalignment of more than 100◦ for these two eigenvectors. Although
the WF and POT eigenmode estimates are for the tidal field, these should coincide with our estimates
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Figure 5.7 — Different shear eigenvector estimates. The black-filled symbols represent our FAM estimates
(We). The gray-filled symbols represent the tidal shear eigenvectors from Hoffman et al. (2001), WF refers to
those from the Wiener Filter analysis of the Mark III catalogue, while the POT labels refers to those performed
with POTENT to the same catalogue. The empty symbols indicate the estimates from Lilje, Yahil, & Jones (LYJ,
1986).

since we do not find contributions to the velocity shear beyond 80 h−1Mpc. Furthermore, the large
discrepancy measured with respect to our estimates could be due to the fact that beyond 60 h−1Mpc
the amplitude of the second eigenvalue is of the order of zero. The tidal shear is then dominated by the
largest eigenmode, making difficult to estimate the other independent direction. This can be noticed
by the large dispersion in the mock catalogues of Figure 6 from Hoffman et al. (2001).

5.5 Conclusions

We have modeled the IRAS-PSCz catalogue velocity field by means of the FAM technique from the
galaxy distribution in real space. In order to do so, we have used the reconstructed PSCz catalogues
from B99. In this sense, the use of the FAM technique was implemented as a refinement in the estima-
tion of the peculiar velocity field over the linear reconstructed velocity field of B99. However, as we
have shown, results do not yield a significant improvement to the linear theory analysis.

We have characterized the large scale velocity field by means of its most dominant moments: the
bulk flow and velocity shear components.

Our results showed that tripled-valued regions do not have a considerable effect on the bulk flow
estimates. We found a difference of less than 10% in amplitude and direction between the sample con-
sidering tripled-valued regions and the one without considering them. This effect is more substantial
for the velocity shear components. Although the magnitudes of the 3 components remain the same,
differences arise for their respective sky directions. Such differences are larger for the direction of
the middle and compressional modes (second and third eigenvectors) with an angular misalignment
of 18◦ (largest case) at distances of 150 h−1Mpc. However, directions at smaller scales show a better
agreement between the two different samples.

The bulk flow estimates as a function of depth are in good agreement with the different measure-
ments from other catalogues performed with different techniques. Since we have used as input to our
FAM the linear reconstruction method to map galaxy positions from redshift-space to real-space, our
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results are very similar to those obtained by B99.
From the analysis of the cumulative distribution of the shear amplitude, we found that this curve

identifies two radii at which the slope changes considerably. They correspond to regions providing
different contributions. The first point is located at ≈ 20 h−1Mpc, and gives the range of the largest
contributions to the velocity shear. At this region, the cumulative shear experiences a very rapid
fall off, meaning that the very nearby structures (Local Supercluster) are markedly responsible for
these contributions. The proximity of such structures provoke that their influence would be more
pronounced than those registered at larger scales. The second transition occurs at ≈ 60 h−1Mpc, and is
characterized by a more gentle slope. This region enclosed between 20− 60 h−1Mpc still contributes
considerable to the velocity shear. Such significant contributions come from structures like the Hydra-
Centaurus and Perseus-Pisces superclusters. Beyond 60 h−1Mpc matter distributions hardly affect the
velocity shear. This is indicated by the very good agreement between the models constructed at radii
80,100,120,150 h−1Mpc, showing no contributions at all to the velocity shear amplitude. On the basis
of this analysis, we roughly estimate that the radius at which the shear amplitude converges (vanishes)
is 80 h−1Mpc.

The direction of the largest eigenmode (stretching mode) is roughly aligned with the direction of
the bulk flow. This indicates that at least some of the sources which produce the gravity bulk are
also responsible for the shear contribution, i.e. the Hydra-Centaurus supercluster. Furthermore, the
anti-apex direction of this eigenvector point toward the Perseus-Pisces supercluster region, indicating
that this structure also plays a major role in molding of the velocity field of the nearby universe, in
contradiction with the results of Tonry et al. (2000).

The Local Supercluster also exerts a stretching mode. The amplitude of the second eigenmode is
positive for the first 20 h−1Mpc from the Local Group. These results are confirmed by the fact that the
corresponding second eigenvector within this region points toward the Ursa-Major cluster (the Local
Supercluster).

Our results are in agreement with those from LYJ, and only in the case of the largest eigenvector,
with those from (Hoffman et al. 2001). We did not find any alignment for the directions of the other
two eigenmodes between our estimates and those from Hoffman et al. Such misalignment could be
due to the fact that beyond 40 h−1Mpc, the amplitude of the second eigenvalue is of the order of zero,
making difficult to estimate its direction. Nevertheless, we do agree with the fact that there is more
than one source responsible for the shear pattern in our cosmic vicinity.

Some issues should be addressed in order to improve bulk flow and velocity shear estimates. The
first one concerns to the quality of the data. Although the IRAS-PSCz catalogue represents a good
estimate of the cosmic matter distribution up to scales contained within 15 000 km s−1, it would be
desirable to have larger and better sampled data bases covering the entire sky, and as uniformly ob-
served as possible. Such survey should have full-sky, uniform sampling in angle and redshift, and a
very accurate distance indicator with small intrinsic dispersion (such as the 2MASS survey, Cutri et al.
2003). The second point refers to the inclusion and better treatment of non-linear regions. The exten-
sion of FAM to redshift space (Branchini et al. 2002) could be a great advantage in order to estimate
the bulk flow and shear in a more consistent way. In the future, we plan to apply directly the FAM
implementation in redshift space to the PSCz catalogue and other samples.
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