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4
Modeling the local cosmic peculiar

velocity field II:
Constrained Simulations

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

W have modeled the peculiar velocity field of our Local Supercluster [LS] in a volume of
30 h−1Mpc radius from the Local Group by means of the FAM method. We have made use

of mock catalogs carved out from realistic constrained N−body simulations of the nearby universe.
The LS mock catalogs were constructed according to the Nearby Galaxy Catalog [NBG] in a vol-
ume fashion way. External contributions from the mass distribution beyond 30 h−1Mpc and up to
150 h−1Mpc from the Local Group have been considered by applying FAM to volume+flux limited
catalogs. Such catalogs mimic the mass distribution according to the IRAS-PSCz selection function.
The external contributions have been quantified by a multipolar decomposition of the residual velocity
field by substracting the “inner” contributions given by the NBG catalog, from the large scale “ex-
ternal” contributions given by the PSCz-alike catalog. Results show that the dipole and quadrupole
moments represent the major share of the external matter distribution beyond the LS region. When
adding these two components to the LS velocity model, it is possible to obtain a bias-free velocity field
for the inner NBG catalog. In an earlier study Romano-Dı́az et al. (2004) addressed the same issue by
using unconstrained N−body simulations for the LS. The accuracy of their results, however, depends
on the mass distribution beyond the LG region. In this chapter we do not suffer from this problem since
our parent N−body samples are effectively constrained according to the matter distribution revealed
by the Mark III catalog of peculiar velocities.
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Figure 4.1 — Interpolated
density (contour lines)
and Peculiar Velocity field
(arrows) around the LG
and LS within a slice of
[±60 h−1Mpc] centered
at the LG, and projected
along the supergalactic x− y
plane. The main nearby
structures can be recog-
nized, the Hydra-Centaurus
supercluster at (SGX,SGY)
= (-35,20). Together with
the Pavo-Indus-Telescopium
supercluster [(SGX,SGY) =
(-40,-15)] the latter makes
the Great Attractor. The
Perseus-Pisces supercluster
at (SGX,SGY) = (45,-20)
is the second largest struc-
ture on the map. (From
Branchini et al. 1999).

4.1 Introduction

Peculiar velocities are an important cosmological tool because they directly probe the matter spectrum
rather than the galaxy spectrum. The galaxy velocity field is the result of the gravitational attraction of
matter in any form. They can characterize the mass distribution on very large scales because velocities
are more sensitive to the low frequency part of the fluctuation power spectrum. They play an important
role in the determination of the cosmological density parameter, Ωm. A comparison of the velocity
field with the matter density field allows a test of gravitational instability theory.

Our Local Group of galaxies [LG, hereafter] is located in a rather atypical cosmic region of the
Universe. Massive nearby structures such as the Great Attractor [GA] (at ≈ 40 h−1Mpc) and at the
opposite site the Perseus-Pisces supercluster [PP] (at ≈ 50 h−1Mpc) generate a very strong peculiar
gravity field. Furthermore, the LG is located just at the edge of a bridge connecting these two struc-
tures, the Local Supercluster [LS]. This location is close to a saddle point in the gravity field. The
gravitational attraction of the two structures near compensate each other, being of comparable magni-
tude and pointing in opposite directions. The GA prevails slightly, resulting in a net pull toward the
GA region. Another characteristic of this system is that all these structures are positioned in a planar
configuration, the supergalactic x− y plane (Fig. 4.1, see also the cosmography section of Chapter 2).

The velocity field of the local cosmic vicinity is a mere reflex of the intricate peculiar mass config-
uration surrounding the LG. It receives contributions from the local, intermediate and large scale mass
distribution. At small scales (∼ 20 h−1Mpc), the local vicinity is strongly influenced by the nearby
Virgo cluster (e.g. the Virgocentric infall, Davis & Peebles (1983b) and references therein) and the
filamentary Local Supercluster, which itself connects to the Great Attractor (e.g. IRAS density field,
Strauss et al. 1992). At intermediate scales (40− 60 h−1Mpc) the GA and PP dominate. At large
scales the local environment seems still to experience significant influence from structures located
even beyond 150 h−1Mpc such as the Horologium supercluster (Raychaudhury 1989; Plionis & Val-
darnini 1991) and the Shapley concentration (Plionis & Kolokotronis 1998; Basilakos & Plionis 1998;
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Rowan-Robinson et al. 2000; Hoffman et al. 2001). It is therefore necessary to consider all dynamic
scales when studying the peculiar velocity field of the LG cosmic neighborhood.

Here we are interested in modeling in an optimal fashion the full peculiar velocity field of our
local Universe up to scales of 30 h−1Mpc. This scale corresponds to the volume enclosing the LS
and leaves out major cosmic structures such as the GA and PP. In this work we want to address two
separate problems concerning to the LS peculiar velocity field. First we want to quantify the effect of
neglecting the external contributions beyond the LS volume when modeling only the enclosed mass
distribution (LS). Secondly, we want to account for these external contributions in order to obtain an
unbiased LS peculiar velocity field free from any external and tidal effects.

We will make use of an improved implementation of the Least Action Principle [LAP], the Fast
Action Minimization method (FAM Nusser & Branchini 2000) to model the peculiar velocity field.
The LAP technique has been widely used to study the LG dynamics (Peebles 1989, 1990, 1994; Gi-
avalisco et al. 1993; Dunn & Laflamme 1993; Branchini & Carlberg 1994; Shaya et al. 1995; Phelps
2000; Sharpe et al. 2001). However, these implementations suffered mainly from expensive direct
force calculations, limiting the number of objects for their analyses. With FAM this is not longer the
case, as shown by Nusser & Branchini (2000) and Romano-Dı́az et al. (2004). FAM can deal with more
than 20 000 objects. This LAP implementation allows one to explore the mildly non-linear regime,
the same regime of the Local Supercluster. All these characteristics make FAM a very suitable tool for
studying the LS volume.

4.2 The external influence over the Local Supercluster

The power of velocity fields is that they sample scales large enough that density perturbations are fully
in the linear regime. Mass conservation in the linear regime of gravitational instability tells us that

∇ ·v(x) = −H0Ω
0.6
m δ(x) , (4.1)

where v is the peculiar velocity vector and δ is the mass density contrast. If we translate this equation
into Fourier space we get,

ık · ṽ(k) = −H0Ω
0.6
m δ̃(k) , (4.2)

Thus, it is possible to define a “velocity power spectrum” Pv(k) ∼ 〈ṽ2(k)〉 in analogy to the density
power spectrum P(k). Both quantities are related via

Pv(k) = H2
0Ω

1.2
m k−2 P(k) , (4.3)

and therefore |ṽ(k)| ∝ δ̃(k)/k. This means that the long-wavelength perturbations have a larger impact
on large-scale peculiar velocities than they do on mass fluctuations.

The LAP technique has been used to compute the peculiar velocity field of the LS from galaxy
positions. But because the peculiar velocity field receives contributions from the large scale mass
distribution, even beyond 150 h−1Mpc, these have to be taken into account if one pretends to model
such velocity field free from any systematic effect.

Many attempts have been done in order to consider the large scale influence when modeling pe-
culiar velocities in the local vicinity. Shaya et al. (1995) modeled the influence of the external mass
distribution by considering the distribution of rich Abell clusters, while Sharpe et al. (2001) accounted
for the linear contributions from this mass distribution according to the PSCz catalog (Saunders et al.
2000). Schmoldt & Saha (1998) proposed a different approach, they considered a “tidal” potential
caused by the influence of objects external to the region considered. They characterized this potential
by its dipole and quadrupolar terms based on observational estimates. The linear evolution of this tidal
field was taken into account in the evolution of the action in the LAP machinery. However, such char-
acterizations of the external mass influence may not properly account for the evolution of nonlinear
systems, such as the massive superclusters Hydra-Centaurus (GA) and Perseus Pisces. Furthermore,
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this mass distribution beyond the LS volume (30 h−1Mpc) exerts a strong tidal influence over this “in-
ner” volume. Lilje, Yahil, & Jones (1986) estimated that at the location of the LG the velocity shear
had a value ∼ 200 km s−1 with respect to the Virgo cluster. They argued that the source of this shear
had to be a considerable mass concentration at a distance of ∼ 3 times the distance to the Virgo cluster,
soon after confirmed by the results of Lynden-Bell et al. (1988). Hoffman et al. (2001) reconstructed
the tidally induced component of the cosmic velocity field from the Mark III and SFI catalogs out to a
distance of 60 h−1Mpc . Their results indicate that there is still non-negligible influence from structures
beyond such sample radius.

Romano-Dı́az, Branchini, & van de Weygaert (2004, hereafter RBW, see Chapter 2) studied and
analyzed the velocity fields of cosmic regions which resemble statistically the cosmic neighborhood.
They assessed how well currently available all-sky, flux-limited redshift surveys of galaxies, such as
PSCz, can account for the major share of mass concentrations inducing the external tidal forces. They
compared the N−body velocities for two different cosmological scenarios, ΛCDM and τCDM cos-
mogonies, with respect to their reconstruction from mock catalogs up to distances of 100 h−1Mpc.
The study was centered in spherical regions around LG-alike observers in volumes of 30 h−1Mpc ra-
dius (the Local Supercluster region) according to the Nearby Galaxy Catalog of Tully (1988, hereafter
NBG). The reconstruction of the peculiar velocity field was done by means of FAM. Results showed
that in all plausible cosmological scenarios the mass distribution outside the Local Supercluster does
significantly affect the local dynamics: a typical reconstruction of the velocity field around the LS is bi-
ased in the sense that it does not account properly for the mass distribution beyond the sampled region.
The corresponding external velocity field can be reasonably represented by the two main components
(dipole and quadrupole, i.e. Bulk and Shear) of a multipolar decomposition of such field. The modeled
LS peculiar velocity fields can be corrected by adding the bulk and shear velocity components of the
external tidal velocity field. Despite of the good agreement between the corrected FAM results and
N−body velocity fields, there is a considerable large dispersion, especially in the case of the ΛCDM
scenario. The scatter around the main results implies that the goodness of these corrections depends
on the position of the observer and the mass distribution beyond 100 h−1Mpc.

Although RBW used LG-alike observers for their study, this choice only constrained the LG en-
vironment. The mass concentrations beyond 5 h−1Mpc were only statistically consistent with the LS
environment, and did not fairly represent the mass configuration as presented in the real universe.
Structures such as the GA and PP need to be taken into account if one wants to make a faithful model
of the velocity field in the LS.

Taking into consideration the large scatter of the fits from the velocity-velocity comparisons be-
tween the corrected FAM velocities and N−body ones for the ΛCDM cosmology, and taking into
account the consideration that this model seems to be the most viable cosmological scenario (WMAP,
Spergel et al. 2003), we have addressed this problem in more detail for this particular cosmological
scenario. In this chapter we have asked ourselves how important the external influences are when re-
constructing the peculiar velocity field of realistic realizations of the LS within a volume of 30 h−1Mpc.
As in RBW, we want to characterize this external influence by its bulk and shear flow components. A
main difference from the RBW analysis, is the use of constrained N−body simulations of the cosmic
neighborhood, that effectively represent the real mass distribution as inferred from the reconstructed
density field obtained from the Mark III catalog of peculiar velocities (Willick et al. 1997a). With this
approach the presence of real structures such as the GA, PP, Coma, Cetus and other structures can be
taken into account.

4.2.1 Decomposing the peculiar velocity field

Any given vectorial field can be characterized or decomposed through a multipolar decomposition
(around some origin) of the form:

F(x) = M+αD+βQ ·x+O . . . (4.4)
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where M represents the monopole term, D dipole, Q quadrupole and O the higher order terms, and
α,β, . . . are the multipole scalar coefficients.

In the same way, the peculiar velocity field can be decomposed in a multipolar summation of
terms. The decomposition can be performed in several ways. One may use a decomposition by using
spherical harmonics and Legendre polynomials (e.g. Fisher et al. 1995b). Or, one can take a more
straightforward approach like the one adopted here (Kaiser 1991, RBW), where the field is expressed
in terms of a Taylor series expansion, as function of spatial positions xi. Each term of the velocity
decomposition carries information on different scale regimes. The monopole term indicates the local
underdense of overdensity and does not affect peculiar velocities and can be ignored when considering
co-moving coordinates. The dipole term, also referred as the bulk flow, is the average streaming motion
within a volume of a characteristic length scale R. The quadrupole term, also known as the velocity
shear, is the result of the action (stretching and/or compression) over the enclosed matter distribution
of structures located beyond the edge of the sample, and its effects become more pronounced at the
edge of the sample. Higher order terms are related to non-linear structures and therefore their influence
radius is very limited, mainly around the virialized structures. Thus, they only represent a minor, very
local, contribution to the peculiar velocity field.

RBW showed that a multipolar decomposition of the type of Eqn. 4.4 for the “residual” velocity
field (the field which is the outcome of extracting the LS “inner” contributions to the “large-scale”
velocity field) is a fair characterization of the external gravitational influence over the LS volume.
They showed that it is possible to fairly model the LS peculiar velocity field by solely considering
the mass distribution within a volume of radius 30 h−1Mpc, and by considering only the dipole and
quadrupole moments of the residual velocity field. Here, we apply the present velocity decomposition
to the residual velocity field. Because we are interested in studying the large scale structure effects
over the LS, we only include up to the quadrupolar moment of the residual velocity field.

4.3 N−body simulation of the Local Universe

RBW studied the influence of the mass distribution beyond 30 h−1Mpc over the LS environment. In
their analysis they made use of N−body simulations which statistically resembled the nearby universe.
A challenging problem for this type of statistical approaches is the peculiar velocity field around the
LG. The presence of rare objects such as the GA and the specific configuration with PP imprint strong
characteristics on the local peculiar velocity field (e.g. Lilje et al. 1986; Lynden-Bell et al. 1988;
Bertschinger et al. 1990; Branchini et al. 1999). A very important characteristic of the local peculiar
velocity field is the observed low velocity dispersion of nearby galaxies. This has been perceived
as one of the challenges for structure formation models (Peebles 1993b), mainly because the typical
velocities of galaxies in cosmological simulations turn out to be too large in comparison with those
from the LG (Schlegel et al. 1994; Governato et al. 1997).

A very successful technique for making realistic simulations that reproduce the large-scale struc-
tures of the nearby real universe as revealed by the large-scale surveys (e.g. IRAS, SDSS, PSCz), and
at the same time the small-scale nearby structures is the combined use of Constrained Realizations and
the Wiener Filter [WF] technique (Bertschinger 1987; Hoffman & Ribak 1991; van de Weygaert &
Bertschinger 1996; Zaroubi et al. 1995, 1999).

4.3.1 Constrained N-body simulations

Constrained simulations [CS] are meant to match as close as possible the kinematics, dynamics, and
structure of the mass distribution in our local universe. This can be achieved by imposing certain
constraints on the initial conditions in the N-body experiments which guarantee the time-evolved dis-
tribution of particles to reproduce some specific properties of the mass distribution in the local cosmos.

Because velocities reflect the mass distribution on large scales, they can be used to map the linear
density field of the nearby universe. This can be done by applying the WF algorithm to the Mark III
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catalog of peculiar velocities (Zaroubi et al. 1995, 1999). Fluctuations on all scales are given by the
constrained random field technique (CRF Bertschinger 1987; Hoffman & Ribak 1991; van de Weygaert
& Bertschinger 1996). The WF field is used as the “mean field” in the CRF procedure to constraint
the initial Gaussian field. The field is most correlated on scales of constraints. However, since we are
using peculiar velocities to constraint the field, the constrained field will be “effectively” constrained
at scales larger than the effective radius of the input catalog used (see Eqn. 4.3). The small-scale
density fluctuations are generated via the CRF according to a specific power spectrum of fluctuations
and adopted cosmology model. This approach guarantees that whether the signal to noise from the
data is very high, the information is dominated by the input data, and where the signal is very low
the constrained random method provides with the right power according to a priory model previously
selected.

The combined use of the WF and constrained realizations provides a reconstruction or a realization
of how the present day structure would appear if linear theory is valid. This implementation can be
used as a tool to recover the initial conditions of structures that prevail nowadays in the nearby universe.
Once the small and large scale density fluctuations have been computed, they are extrapolated back in
time using linear theory to provide a reconstruction of the initial conditions.

The CSs success in reproducing the main features of our local universe has been shown in Klypin
et al. (2003); Mathis et al. (2002), see also Chapter 3. Low and high resolution CSs have been per-
formed for studying several purposes related to the LS (e.g. Kolatt et al. 1996; Bistolas & Hoffman
1998; van de Weygaert & Hoffman 1999; Kravtsov et al. 2002; Klypin et al. 2003). However, none of
these authors studied the dynamical influences of the large scale mass distribution over the LS region.

In the present study, we will make use of the N−body simulations presented in Chapter 3. They are
a set of four constrained N−body simulations of our local universe. The CSs methodology was applied
to the Mark III catalog of peculiar velocities to generate the initial density fields. The four simulations
are fully constrained within a volume of ≈ 60 h−1Mpc from the LG region surveyed by the Mark III
catalog. The regions beyond this radius will also be correlated at scales within the velocity correlation
length of the Mark III catalog. At scales larger than this length, the method weakly constraints such re-
gions obeying the a priori model. The simulations not only reproduced the spatial density distribution
of the local universe within ≈ 60 h−1Mpc, but also its dynamical behavior even beyond 100 h−1Mpc.
The simulations correspond to a ΛCDM cosmology with ΩΛ = 0.7 and Ωm = 0.3, where ΩΛ measures
the cosmological constant Λ in units of the critical density and Ωm is the cosmological density param-
eter. The Hubble constant is h = 0.7 (measured in units of 100 km s−1 Mpc−1) and the power spectrum
is normalized to σ8 = 0.9. The present model is consistent with the current observational constraints
(WMAP, Spergel et al. 2003), and also consistent with the radial velocity surveys including the Mark
III. The simulations were loaded with 1283 particles and performed in a box of 320 h−1Mpc side with
the position of the LG located at the center of the box. The evolution of the initial density fields into
the non-linear regime was followed by means of the public available code HYDRA (Couchman et al.
1995).

4.3.2 Mimicking the universe: Mock Catalogs

For our analysis we have considered two different types of mock catalogs from the parent N−body sim-
ulations. The first ones are meant to sample the mass distribution within a region of the size of the
LS in a volume-limited fashion similarly to the Nearby Galaxy Catalog [NBG] of Tully (1988). The
second ones are designed to account for the mass distribution out to distances of 150 h−1Mpc as traced
by the IRAS-PSCz galaxies in our universe (Saunders et al. 2000) (for a detailed description of the
Mock-construction procedure see Chapter 3).

The NBG catalogs were subtracted from the PSCz ones by carving out the matter distribution
within 30 h−1Mpc, in this way both types of catalogs shear the same inner region. Catalogs have been
centered at the center of the simulation box where the LG should reside. Two main aspects concerning
the mock-center election should be discussed. The first one concerns the presence of the LG in the
linear (initial) density field. This structure corresponds to the small-scale part of the power spectrum
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Label Radius Number 〈Nob j〉 Characteristic
( h−1Mpc) of catalogs

CNBG 30 4 2 800 Volume limited

CPSCz 150 4 19 000 Volume + Flux limited

Table 4.1 — Characteristics of the constrained mock catalogs. The radius indicates the catalog’s size, 〈Nob j〉 the
average number of objects for the 4 catalogs.

which is hardly correlated with the constrained scale. Therefore, its presence and mass configuration
will be a more fortunate event than a real local structure. Even more, if a LG configuration has formed
in any of the simulations, this does not necessary has to be located at the center of the simulation box.
The second point is related to the resolution of LG-alike structures in the parent N−body simulations.
Due to the mass resolution within the simulations (6.4×1011 M�), it is not possible to resolve with a
high resolution (many particles) a Local Group observer (MLG ≈ 3× 1012 M�). Nevertheless, as we
will show in Section 4.5.1 our choice for the mock-centers is not far from reality since the local mock
environment within 2 h−1Mpc from the LG-observer is in good agreement with the real observational
characteristics for this region.

From the 4 constrained simulations we have constructed 4 volume-limited catalogs (CNBG) and
4 volume+flux limited catalogs (CPSCz). Table 4.1 states the main characteristics for the 4+4 sets of
Mock catalogs. The second column indicates the radius of the sample, the third column the average
number of objects (〈Nob j〉) for the 4 catalogs, and the fifth column the main characteristics of each set.

Figure 4.2 depicts 2D projections for one Mock catalog of our sample. The “C4” label at the top-
left panel indicates that the catalog has been extracted from the fourth constrained simulation of our
CSs set presented in Chapter 3. Each slice has a thickness of 20 h−1Mpc centered along its respective
supergalactic plane. The inner circles indicate the transition region between volume and flux limited
samples. Clearly visible along the x− y plane, and indicated by labels, are the LS running along the
inner circle. It connects with the PP supercluster at the right-hand and the GA at the opposite side,
both structures are located just outside of the circled region.

4.4 The velocity fields

In this section we present the different estimates of the velocity fields: the Mock velocity fields and
the FAM modeled velocity fields for the two sets of catalogs, CNBG and CPSCz. Because we are
interested in performing our analysis for the LS region (30 h−1Mpc), the plots presented here concern
only to the objects within this volume. All velocity plots presented here will refer to the unsmoothed
velocity fields unless something different is stated. A discussion about smoothing effects is presented
in Appendix 4.A at the end of this chapter.

4.4.1 The “observed” velocity field

The “observed” velocity field is defined to be that obtained from the Mock galaxy distribution. This
field represents our best estimate for the real velocity field in the hypothetical case that we could
measure the full 3D velocity field. Selection effects in the mock-making procedure, such as sparse
sampling affect the sampled mass distribution and therefore the velocity field (Chapter 3). These
effects become more pronounced at large scales (> 100 h−1Mpc) To avoid these problems, it will be
desirable to deal with a sample that covers properly the whole space under study.



122 Chapter 4: Modeling the local cosmic peculiar velocity field II: Constrained Simulations

LS

PP

GA

Sculp

C

Figure 4.2 — 2D projections along the three supergalactic planes of the particle distribution for one Mock cata-
log (C4) of our sample. The slices are centered at the LG-observer’s position, and with a thickness of 20 h−1Mpc.
The circles indicate the transition region between volume-limited and flux-limited regions. The labels indicate
some of the most prominent structures presented in the catalog.

Figure 4.3 shows cuts for the mock-observed velocity field along the 3 supergalactic planes from
two mock catalogs of our set (C1 & C4). The plots show the unprocessed projected peculiar velocities
at the particle positions within a slice of ±5 h−1Mpc from its respective supergalatic plane. The size
of the arrows is proportional to the amplitude of the galaxy velocity components within the 3 slices,
with each arrow starting at the location of the galaxy. As expected, the two set of plots show clear
similarities between both, the velocity field and the mass distribution. Both catalogs show a strong
coherent bulk flow along the x− y plane towards the −x direction -the GA location which lies just
outside the considered volume and mainly responsible for this bulk flow. This significant flow is also
present along the x− z projection. Apart from the intrinsic flow contained within the sample, there is a
clear signal pointing towards the center of this slice, the x−y plane and location of the GA region. The
third projection also shows some interesting characteristics, there is (easily noticed) the presence of a
filament running from the bottom-left of the projection to the opposite side. Another striking feature is
the presence of a shear pattern along the x− y plane and also noticeable, although not so pronounced,
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Figure 4.3 — 2D projected velocity fields at the mock-galaxy positions for the 3 central slices of 10 h−1Mpc
thick centered along the supergalactic planes for two mock catalogs, C1 & C4, top and bottom panels respectively.
The local group is located at the center of slices. The top labels indicate the projected Cartesian axes (abscissa -
ordinate).

in the x− z plane. This shear pattern is mainly produced by the quadrupolar mass distribution around
the LG and LS. Characteristics of this configuration are the mass concentrations defined by the GA on
one side and the PP on the other, with the local void in the midplane (see Fig. 4.2). The maximum
stretching direction is oriented along the GA-PP direction. This particular matter distribution also
constraints the compressional mode.

The nonlinear regions (clusters of galaxies) can be easily recognized as the sites with clumps of
randomly oriented velocities. Another noticeable feature is the Local Supercluster. It is visible in the
x− y plane as the running structure from the middle right part of the panel towards the upper-left part
of the panel, and along the y− z plane at the right upper part of the panel.

4.4.2 The FAM velocity fields

We have modeled the velocity fields from the particle distributions of the two sets of Mock cata-
logs by means of the FAM approach. We will refer to the modeled velocity field coming out from
the constrained NBG volume-limited catalog (within 30 h−1Mpc) as FAMCNBG, while we will call
FAMCPS Cz to those constrained velocity fields resulted from the volume+flux limited mock catalogs
(150 h−1Mpc). All catalogs were modeled using the same FAM parameters, e.g. a tolerance parameter
of 0.0001 to search for a minimum of the action S , number of basis functions n f = 6 and a soft-
ening parameter for the force resolution matching the one from the original N−body simulation of
ε = 0.25 h−1Mpc.

The FAM technique suffers from a main problem. It fails in properly model the peculiar velocities
at high density regions, the virialized regions where velocities not longer laminar (Nusser & Branchini
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Figure 4.4 — 2D projected FAM velocity fields at the mock-galaxy positions for the C4 CNBG catalog. The
slice properties are the same than in Fig. 4.3, and velocities have been normalized with the same parameters than
the mock ones.

2000; Branchini et al. 2002, RBW). Therefore, the corresponding velocity scatter around these regions
will not correspond to the mock one. However, this is a very local effect that only affects objects’
velocities at the high-density regions and not the overall velocity flow (Branchini et al. 2002, RBW).

4.4.3 The FAMCNBG velocity field

Burstein et al. (1990) pointed out that the fact that galaxies within a volume enclosing the LS seem
to fall into Virgo is a mere coincidence. They are directed towards a rather central, wide region of
the LS which coincides with the positions of the Virgo cluster and the Ursa Major cluster (Burstein
et al. 1990). It has been measured that galaxies within the plane of the LS are falling towards this
central region with velocities that increase with distance outward. The LG, which lies near the edge of
the LS, has a velocity ≈ 300 km s−1 to its centre (Aaronson et al. 1982a; Tonry et al. 2000), but only
≈ 150 km s−1 is directed towards the central region of the LS (Davis & Peebles 1983b; Tonry et al.
2000). With the present kind of analysis it is possible to address what is the net influence of the LS
over the LG.

The FAMCNBG velocity field is solely induced by the matter distribution contained within
30 h−1Mpc without considering any type of inhomogeneities located outside the radius sample. FAM
considers a homogeneous matter distribution outside the sampling radius, which has a null effect over
the sample’s dynamic (Nusser & Branchini 2000, RBW). Figure 4.4 depicts the FAMCNBG velocity
field for the same C4 catalog presented in Fig. 4.3 (lower panel). The velocities have been normalized
with the same parameter than the mock ones.

The reproduced velocity fields show the so-called Virgocentric infall (see Pierce & Tully 1988).
This can be most clearly seen in the x− y plane, but also shows to be influenced by structures along
the y− z plane. From the y− z projection it is very visible the fact that the structure running along the
volume is pulling towards itself the galaxies around it. An important feature present in Figs. 4.3 &
4.4 is the Local Void. This “empty” zone is visible along the 3 projections. The galaxies’ movements
can be clearly pick up by the FAM reconstruction as a zone of expansion. The difference between the
observed and FAM modeled velocity fields in the void region shows that while in the observed field
the objects’ velocities are dominated by the general external bulk flow, this is not so for the FAMCNBG

catalog. Instead, the FAMCNBG void gives the impression of a spherical expanding mini-universe. This
is in line with theoretical expectations, see e.g. Icke (1984); van de Weygaert & van Kampen (1993).
Another important characteristic is the fact that the shear patterns presented in the mock catalogs are
not longer present in the corresponding FAMCNBG catalogs.
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Figure 4.5 — 2D projected FAM velocity fields at the volume-mock-galaxy positions for the corresponding
PSCz catalog of Fig. 4.4 (C4). The slice properties are the same than in Fig. 4.3.

4.4.4 The FAMCPS Cz velocity field

RBW showed that in order to account properly for the external mass influence and depending on
the power spectrum of fluctuations, one should take into consideration very large volumes of at least
100 h−1Mpc in radius (see Chap. 2). Such large volumes assure oneself for accounting for the large
modes of the power spectrum. In the particular case of the LG it is necessary to consider larger volumes
due to the contributions to the local peculiar velocities from structures located beyond 100 h−1Mpc
(e.g. Raychaudhury 1989; Plionis & Valdarnini 1991; Hudson et al. 1999).

Figure 4.5 shows the projected FAMCPS Cz velocity field corresponding to the same CNBG catalog
(C4) presented in Fig. 4.4. The slice characteristics are the same than in the previous velocity field
plots, and velocities have been normalized with the same constant parameter than in the previous plots.
It can be noticed from the 3 panels that the amplitude and direction of the vectors are very similar to
those from the observed ones. The x− y and x− z projections clearly show the presence of a dominant
bulk flow towards the GA region. The local bulk induced by the filamentary structure along the y− z
projection is also present. The shear pattern in the x− y and x− z has returned and points toward the
same directions than in the mock sample. As expected, the incoherent motions at the virialized regions
are more pronounced than in the observed maps.

With this visual inspection seems that when we consider the mass distribution of large enough
volumes (> 100 h−1Mpc), it is possible to reconstruct LS peculiar velocity fields free from large scale
influences. We will discuss this point in more detail in Section 4.5.3 where point-to-point comparisons
between mock and FAM velocities will be presented.

4.4.5 The residual velocity field

We define the residual velocity field as the residual velocities between the large scale (full) velocity
field and the FAM velocity field computed within 30 h−1Mpc :

vres = vls−vFAMCNBG , (4.5)

where vls is in principle the full large scale velocity field. This residual field contains the missing
external large scale contributions when only modeling the LS peculiar velocity field as given by its
mass distribution. RBW pointed out that the vls may also be replaced by the FAMPS Cz velocity field
due to the fact that this field adequately accounts for most of the significant influence of the external
mass distribution. For the present study, we have adopted the mock-observed vobs field as the full
velocity field.
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Figure 4.6 — 2D projected residual velocity fields at the volume-mock-galaxy positions. The top row panels
show the outcome residual field between the mock-observed and FAMCNBG velocity fields. The low row panels
refer to the residual field between the mock and FAMCPS Cz. The slice properties are the same as in Fig. 4.3.

Figure 4.6 shows two different residual fields for the same C4 catalog presented in previous plots.
The top-row panels refer to the residual field between the mock and FAMCNBG velocities, while the
lower panels depicts the residual field from the mock and FAMCPS Cz. The plot characteristics are
the same as previous plots. From this figure we can make three major observations. The first one
concerns the bulk flow. There is a clear bulk flow pattern present in the top panels along the three
plane projections. The appearance of those coherent flows is due to the influence of the external mass
distribution that was not taken into account when modeling the FAMCNBG. From the x− y plane we
can infer that the major share of the large scale bulk in the LGE and LS is due to the structures located
along the negative part of this plane, the GA region.

The second point refers to the existence of a shear pattern in the three top projections. This pattern
indicates the presence of a quadrupolar mass configuration located outside the studied region along
the x− y plane as revealed by the x− y and x− z projections. The velocities in these two projections
increase outward, implying an external tidal shear, whose stretching mode is in a direction parallel to
the LS. In the y− z plane the velocities decrease inward and they point toward the central filament.
This configuration indicates a compression mode along the z-axis, perpendicular to the filament and
the stretching mode. All these imply that the shear effects are more pronounced toward the edge of the
sample than at the center.

The third point deals with the fact that when modeling the velocity field inside large volumes it
is possible to account for nearly all significant dynamical influences exerted by large scale structures
located far away from the observer. It results in a velocity field free from any external influence.
This may be observed in the lower row panels where the residual velocity field from the mock and
FAMCPS Cz velocities is shown. It shows how the bulk flow and shear pattern have disappeared and
only small thermal-alike motions are presented.
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Sample Vbulk s
|V | ( km s−1) l (◦) b (◦) ( km s−1 Mpc−1)

Mock 390±34 285 ± 23 5 ± 23 16.5±2.9

FAMCNBG 66 ±18 248 ± 49 17 ± 18 2.6±1.2
FAMCPS Cz 389±28 287 ± 24 3 ± 27 15.8±2.9

ResCNBG 345±50 290 ± 22 1 ± 25 16.1±3.4
ResCPS Cz 56±31 173 ± 59 27 ± 41 1.54±0.8

FAMcor 390±34 285 ± 23 5 ± 23 16.5±2.9

Table 4.2 — Average bulk flow and shear amplitudes for the different velocity fields. All analyses have been
made within a 30 h−1Mpc sphere. The velocity field sample label is presented in Column 1. The bulk flow
amplitude (|Vbulk |) in Column 2, and its direction projected into the sky in galactic coordinates (l,b, Columns 3 &
4). The eigenvalue’s amplitude in Column 5.

4.5 Correcting for external effects

The residual field corresponding to FAMCNBG still contains a large amount of information indicated
by the presence of a flow and shear pattern. One option for accounting for the external influence is
to include mass concentrations in larger volumes. This is a way to compute a faithful velocity field
for the LS. RBW studied the characteristics of the missed bulk flow and tidal contributions velocity
field for the the LS region. They found that the residual field can be well characterized by its dipole
and quadrupole moments, the bulk flow and tidal shear. When adding them to the internal catalog
velocities yield to an unbiased velocity field which resembles the mock one.

We have decomposed the residual velocity field according to Eqn. 4.4. The residual field is modeled
by its first two components, a bulk flow vector, Ui, and a quadratic shear tensor contribution, si j,

vres,i = Ui+ si j xx̂ j , (4.6)

where i, j = 1,2,3 denote the Cartesian component indexes. The vectors x̂ j represent the unity vector
components along the j direction of the v vector. For a more extensive discussion on the procedure to
obtain the 3 Ui and the 6 si j coefficients we refer to RBW (Chapter 2).

Table 4.2 presents the average results for the bulk flow (Vbulk), and tidal shear magnitude (s, in units
of km s−1 Mpc−1) for all catalog samples, FAMCNBG, FAMCPS Cz, ResCNBG, ResCPS Cz and Mock.
Table 4.3 presents the average results for the 3 individual tidal shear eigenvalues : s1−dilational,
s2−middle and s3−compressional for the same samples. The quantities have been averaged over the
4 catalogs for each sample. The errors represent the ±1σ dispersion error around the mean value. In
both tables (| |) represents the amplitude of the velocity component, while (l,b) specifies their direction
in galactic coordinates (longitude and latitude).

The external contributions for the FAMCNBG case are very substantial and significant. In the LS
volume, the bulk flow is missing ∼ 300 km s−1. The amplitude and direction of the corresponding
missing bulk flow (ResCNBG) coincides with the observed Mock bulk flow. This result clearly indicates
that the external mass distribution plays a dominant role in the kinematics of the LS environment. Also
of considerable importance is the tidal shear contribution. The FAMCNBG sample lacks an important
contributions from pure tidal effects, as may be inferred from the ResCNBG shear results. In Chapter 3
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Figure 4.7 — Galactic directions for the different bulk flows (filled symbols) and 1st shear eigenvectors (stretch-
ing, empty symbols) from our set of catalogs. The asterisks mark the direction of the large structures that may
influence the bulk and shear components, Hydra-Centaurus supercluster (H-C,GA), Perseus-Pisces (Per,Pis) su-
perclusters, Shapley concentration (Sha).

we argue that there are still significant tidal contributions to the LG from structures located around
60 h−1Mpc. Therefore, this non-negligible quantity has to be included in any study concerning LG and
LS studies. In the case of the FAMCPS Cz, we can see how the external contributions are minor. The
amplitude and direction of the bulk flow and shear eigenvalues are very close to the mock values. The
FAMCPS Cz residual bulk and shear contributions are not statistically significant.

From Tables 4.2 & 4.3, we see that the ResCNBG stretching eigenvector is misaligned with respect
to the mock Vbulk by 13.82◦±15.4◦, and 20.03◦±17.2◦ with respect to the ResCNBG bulk. This can be
better understood by looking at Figure 4.7, where we have plotted the direction in galactic coordinates
of the different bulk flows (filled symbols) and first shear eigenvector estimates (empty symbols).
The small misalignments can be explained in terms of the main external large scale structures which
are responsible for the tidal influence. These estimates point toward the same direction, the Hydra-
Centaurus supercluster (GA region), which is one of the main structures responsible for the external
bulk and tidal shear. Nevertheless, these results might contrast with the larger misalignment between
the mock bulk and its corresponding dilational shear component of 33.86◦±19.5◦. This misalignment
can be explained as follows: the general bulk flow is mainly dominated by the massive structures
beyond the 30 h−1Mpc and up to a distance of ∼ 150 h−1Mpc, while the tidal shear is mainly produced
for more local (closer) structures, with some of these structures also being responsible for the bulk
flow (GA mainly). In such configuration, the tidal shear is aligned with the external bulk flow which is
dominated mainly by the GA, but not with the overall large scale structure because there might more
than a single nearby structure responsible for the tidal field (Lilje et al. 1986; Hoffman et al. 2001).
The ResCPS Cz bulk flow and tidal shear estimates are randomly oriented because they involve merely
spurious quantities.

4.5.1 The Local Group Environment

With the present analysis and samples, it is possible to investigate in more detail the situation around
the LG volume. First we have computed the reliability of the LGE with respect to observations. From
the mock catalogs we have considered all particles within a sphere of 5 h−1Mpc from the center of
each catalog. These Local Group Environments have on average a peculiar velocity of 600 km s−1,
with a fractional overdensity of 1.5 and with a shear of ≈ 200 km s−1. This is consistent with observed
physical properties of the real LG (Brown & Peebles 1987). Secondly, we have computed the average
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Sample |vlg| l b
( km s−1) (◦) (◦)

Mock 598± 117 271.1 ± 25.8 13.3 ± 12.3

LGECNBG 330±124 242.3± 46.8 25.3± 12.4
LGECPS Cz 660±136 273.2± 34.7 14.8± 26.1

LGE ResCNBG 395 ±108 291.5±14.8 -1.1±15.4
LGE ResCPS Cz 225 ±106 261.6± 87.1 2.4±44.3

FAMcor 567± 99 267.8±33.0 16.0±16.4

Table 4.4 — Average results for the LGE velocity for the different velocity fields. All analyses have been made
within a 2 h−1Mpc radius sphere. The velocity field sample label is presented in Column 1, LGCNBG stands for the
LG motion computed from the FAMCNBGwhile LGCPS Cz for the FAMCPS Cz. The LG velocity amplitude (|vlg|)
is shown in Column 2, and its direction projected on the sky in galactic coordinates (l,b) in Columns 3 & 4).

velocity amplitude and direction in galactic coordinates for the LGE for each different sample. The
analysis was performed by including all objects within a sphere of 2 h−1Mpc from the center of each
catalog. We have compared these results with those by enlarging the local volume up to a radius of
5 h−1Mpc to ensure ourselves that there are no significant discrepancies in our estimates.

Table 4.4 presents the average results for the LGE for different samples. The subindices in the
first column indicate their respective parent sample to which they belong. It can be noticed that when
considering larger volumes it is possible to better model the LGE.

The FAMCNBG sample reveals that if we only consider objects within the inner volume of
30 h−1Mpc, the corresponding LGE velocity vector points toward the direction of the Virgo super-
cluster (LS). But this structure is not the only one that generates this motion, there are other sources
located along the x− z & y− z planes that also influenced considerably the LGE motion (see Fig. 4.4).
The direction of the LGE coincides with the direction of the FAMCNBG bulk, indicating that the bulk
flow source inside the sample is also responsible for the LGE motion.

When considering larger volumes, the LGE motion matches the one from the expected mock cat-
alog. Even though the LGECPS Cz amplitude is slightly larger than the mock one, it is still consistent
with the 1σ error. This difference could be attributed to a poor sampling around the LGE. Still, the
direction of the FAM-LGE coincides very well with the expected mock direction, indicating that the
FAM-LGE has been properly modeled.

4.5.2 The corrected velocity field : FAMCNBG + B + S

RBW argued that in order to correct for the missing contributions in the peculiar CNBG velocity field,
it is enough to add the first two moments of the external velocity contribution: the missing bulk flow
[B] and tidal shear [s] components.

Figure 4.8 presents 4 different projected velocity fields for the same C4 catalog presented in previ-
ous plots. The fields correspond to the same enclosed particle distribution within a slice of ±5 h−1Mpc
thickness centred along the supergalactic planes. The 4 velocity fields have been normalized with
the same constant value for a better comparison. The first row presents the external bulk flow com-
puted from the velocity decomposition. Clearly, the bulk glow pattern points towards the GA region
as shown in the x− y and x− z planes. Along the y− z the bulk flow is mainly influenced by the inner
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Figure 4.8 — 2D projected velocity fields at the volume-mock-galaxy positions for the C4 catalog. The top
panels depict the tidal bulk while the second row presents the tidal shear components. The third row displays the
FAMcor velocity field (FAMCNBG+ B + S). The final row shows the residual field between the mock-observed
velocities and FAM corrected. The slice properties are the same than in Fig. 4.3.

mass distribution but also by the void located at the upper left part of the distribution.

The tidal shear pattern is presented in the second row of the same figure. The shear amplitude and
directions are well defined in the three panels. The maximum stretching directions reveal the presence
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of two major mass concentrations responsible for such pattern, the GA and PP, both opposite to each
other and located along the z-supergalactic plane. In the y− z plane, what appears to be a free-falling
pattern or a negative divergence, it is the action of the local void exerting pressure over the LS volume,
the compressional shear mode.

We define the corrected FAM velocities [FAMcor] like:

FAMcor = FAMCNBG +Missing Bulk+Tidal Shear , (4.7)

where we have added to the inner FAM velocities the major external contributions, the missing bulk
flow and tidal shear components. The third row in Fig. 4.8 shows the corrected velocities after adding
the two upper panels to the FAMCNBG velocities. This new velocity field is very similar to the mock-
observed one. This can be noticed from the lower row plots, where the residual field between the
FAMcor and mock velocities are shown. The FAMcor field presents now the main characteristics of
the mock-observed field, the bulk flow toward the GA, the correct inner bulk flow in the y− z plane
and the shear pattern exerted by the GA, PP and local void. In the same way, the residual field is not
anymore dominated by any large scale pattern. Only random motions are presented, and large velocity
dispersion at the high density regions where FAM cannot recover the orbits properly. These results are
quantified by the average results presented in Tables 4.2, 4.3 and 4.4. From these tables one can infer
that the amplitude and directions of the bulk flow, shear components and LG of the FAMcor samples
match very well the mock results.

4.5.3 Point-to-point comparisons

In order to quantify the reliability of our reconstructions we have performed point-to-point compar-
isons between our FAM fields (CNBG, CPSCz and corrected) versus the Mock catalogs. In order
to quantify these comparisons, we have carried out linear fits for each Cartesian velocity component
(α = x,y,z), allowing errors along both directions, of the form:

vobs,α(x) = v0,α + av,α vFAM,α , (4.8)

by minimizing the χ2 merit function:

χ2(a,b)α =
N∑

i=1

(vobs,i−v0−avvFAM,i)2
α

(σ2
e +a2

vσ
2
e)α

, (4.9)

with respect to v0 and av, where these parameters correspond to the zero-point and slope of the fit
for each α-Cartesian component. The subindexes indicate the respective sample, obs for the mock-
observed sample and FAM for any of the respective FAM fields. σe represents equal standard devia-
tions for all samples.

From the linear fits, we can asses how good our algorithm is in order to correct for the external mass
distribution. It give us information about the amount of missing data in the FAM reconstructions. The
slope of the fit tell us how good the FAM fields are with respect to the mock-observed one. The zero-
point is an indication of the presence of residual or external bulk flows in the FAM field. Together with
these two quantities, we have computed the velocity dispersion (σv) which measures the deviations
from the FAM velocities to the best linear fit.

In addition to the linear fits, we have also computed two different correlation indexes, the linear
correlation coefficient (Pearson’s r) denoted by Rlin and given by the formula (see Press et al. 1992b)

Rlin =

∑

i

(vobs,i−vobs)(vFAM,i −vFAM)

√∑

i

(vobs,i−vobs)2

√∑

i

(vFAM,i −vFAM)2

, (4.10)
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Sample av v0 σv RS pear Rlin

( km s−1) ( km s−1)

FAMCNBG 0.57±0.27 63.2±89.1 147.8±19.6 0.54±0.14 0.56±0.14
FAMCPS Cz 1.08±0.25 4.1±109.3 189.4±47.5 0.71±0.14 0.75±0.10

FAMcor 0.95±0.08 -6.5±24.2 142.6±18.4 0.79±0.10 0.80±0.09

NBG-PSCz 0.93±0.09 -62.1±87.6 142.5±20.0 0.79±0.10 0.80±0.09

Table 4.5 — Average results for the linear fits performed from the point-to-point comparisons between the 3
FAM velocity fields and the Mock one. The last row indicates the results between FAMcor vs FAMCPS Cz instead
of the mock field. The first column indicates the sample used for the comparison. The second column gives the
slope of the best fitting line. Col. 3: the zero point of the best linear fit. Col. 4: the dispersion around the fit. Col.
5: the non-parametric (Spearman) correlation coefficient and in Col. 6: the linear correlation index.

and the nonparametric or Spearman rank-order correlation coefficient RS pear given by

RS pear =

∑

i

(Ri−R)(S i−S )

√∑

i

(Ri−R)2

√∑

i

(S i−S )2

, (4.11)

where Ri correspond to the rank of vobs,i and S i to the rank of vFAM,i.
These indexes are indicators of how well the pair of velocities (vobs,vFAM)i fit the straight line

given by the linear fit. They rank from −1 to 1, indicating positive (slopes > 0) or negative (slopes < 0)
correlations. If the indexes are close to ±1, the points lie close to the given straight line. A value near
to zero indicates that the compared variables are uncorrelated and have little or no tendency to lie on a
straight line. An additional inherent feature is that their values are independent of the measured slope.
Therefore, when a correlation is known to be significant, these indexes are one way of summarizing its
strength.

Table 4.5 presents the results from the point-to-point comparison parameters and correlation in-
dexes. The numbers represent the mean values from averaging the 3 spatial directions for the 4 cat-
alogs of each set. The errors represent the 1σ dispersion around the mean value. The first column
gives the sample used for the comparison, the second column the slope of the best fitting line, the third
column the zero-point in units of km s−1, while the fourth column gives an estimate of the velocity
dispersion (also measured in km s−1) in the case that all errors were of equal magnitude. The final
two columns show the 2 correlation indexes, the linear correlation index Rlin, and the nonparametric
correlation coefficient RS pear.

As shown by RBW, when comparing the CNBG vs Mock, the missing external information is
reflected in recovering slopes considerably lower than unity. The FAMCNBG results are very similar
to those found by RBW for unconstrained NBG catalogs. The scatter around the average quantities
and velocity dispersion may be somewhat smaller. This is a result of the constrained realization pro-
cedure which effectively constrains the dynamical effects of the mass distribution around the CNBG
catalogs. The FAMCNBG slopes in Table 4.5 indicate that these velocity fields are missing more than
40% of the total contribution, which is induced by the external mass distribution. The large velocity
dispersion is mainly dominated by the contributions from the non-linear regions. These are responsible
for a large dispersion around the fit, quantified by small correlation indexes. To appreciate this situa-
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tion, Figure 4.9 shows density contours of the point-to-point comparisons between the same Cartesian
components for the FAMCNBG and Mock catalogs are presented. The gray scale indicates the density
point distribution going from black (lowest densities) to white (highest densities). The dashed lines
correspond to the best fitting line between the Cartesian velocities for the two given samples. For
guidance we have included continuous lines representing one-to-one relations. The best fitting line
is considerably lower than the one-to-one line denoting missing external information. The zero point
of the distribution is offset from the zero origin. This is a consequence of the presence of bulk flows
not accounted for. The broad contours reflect the large velocity dispersion. A possible solution for
overcoming this large dispersion is by smoothing the velocity fields with a Top-Hat filter. The lower
panels of Fig. 4.9 refer to the 2 h−1Mpc smoothed velocity fields. This mainly decreases the dispersion
around the fit while preserving the main characteristics of the fit.

A different situation prevails for the FAMCPS Cz case. Their sufficiently large volumes (>
100 h−1Mpc) properly recover all the information. The corresponding slopes of the best fits are very
close to unity. The zero-point is very close to zero, because of the absence of significant unaccounted
bulk flows. The Spearman and linear correlation indexes indicate a tight one-to-one correlation be-
tween the two fields. The middle panels of Fig. 4.9 show the corresponding FAMCPS Cz velocities.
They clearly show a better correlation with respect to the Mock velocities. The zero offset has de-
creased, although the velocity scatter around the fit is of the same order than in the FAMCNBG case,
while the smoothed case also shows a much tighter point distribution. These results are similar to
the unconstrained PSCz catalogs of RBW. We find that the zero point and the two correlation indexes
are very similar although, the slopes of the best linear fits are closer to one than in RBW. All these
reflect the effect of using N−body simulations which effectively constraint the mass distribution up
to intermediate scales (60 h−1Mpc), as a difference of the unconstrained simulations where the mass
distribution beyond the LG varied from catalog to catalog.

The FAMcor fields present characteristics similar to the FAMCPS Czcase. Table 4.5 shows that the
average slope is close to unity with a small dispersion, a negligible zero-point value, a velocity dis-
persion of the same order than in the previous two cases (FAMCNBG and FAMCPS Cz), and correlation
indexes indicating a strong correspondence between the mock and FAMcor velocities. The right-hand
panels of Fig. 4.9 illustrates these points. The FAM corrected velocities are in very good agreement
with the Mock-observed ones indicated by a slope very close to unity, the zero offset is very small.

An interesting point to note is that while the FAMCPS Czand FAMcor distributions are skewed toward
negative velocity values, this is not the case for the FAMCNBG. This reveals the dominant gravitational
effect of the GA over the whole LS volume. While in the FAMCNBG sample this effect is not present,
as it is excluded from consideration, a more symmetric distribution follows.

We have also investigated what the effects are when computing the external contributions from
the residual field between the CPSCz and CNBG catalogs and not from the Mock and CNBG. We
have characterized this residual field as before by its two main dominant components and add them
to the inner CNBG sample. Table 4.5 shows that results are very close to the FAMcor case. The
main difference is related to the zero-points which for this case are larger than before. This is a mere
reflection of the large scatter present in the FAMCPS Czsample. These results show that the Mock mass
distribution can be characterized by its Bulk Flow and tidal Shear components.

We have checked the net effect of adding separately each external component to the FAMCNBG sam-
ple and compared these new samples with respect to the expected Mock velocities. Figure 4.10
shows the density contours of the point-to-point distributions between the different residual fields
and Mock velocities for the 3 Cartesian velocities. For reference we included the one-to-one line,
zero residual line (horizontal), and the centre lines (vertical). The top-most panels present the Mock-
FAMCNBGresidual velocities versus the Mock ones. These residual velocities correspond to the exter-
nal tidal field. From Table 4.5 we infer that this field contains almost 50% of the relevant gravitational
contributions. This explains the strong correlation with respect to the Mock catalog. This correla-
tion mainly concerns the x and y components (main directions of the GA gravitational pull and bulk
motion), and is less pronounced along the z component.

Because the external missing bulk motion is a constant vector, the net effect of adding it to the
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Figure 4.9 — Density contours of the point-to-point distributions for the same Cartesian component for the 3
different FAM samples vs the corresponding Mock one. The continuous line represent the one-to-one relation,
while the broken line represents the best fitting line from the comparison. The top panels represent the unsmoothed
velocities, and the bottom panels refer to the convolved velocities with a Top-Hat kernel of 2 h−1Mpc.

FAMCNBG sample shifts the whole distribution. The corresponding central value of the distribution will
move to the zero point. The second row of Fig. 4.10 illustrates this point. The three point distributions
have been shifted and are more symmetric than before. Yet, the residual velocities still present a strong
correlation with respect to the mock velocities.

The last two rows of Fig. 4.10 represent the unsmoothed and smoothed residual velocity fields of
the Mock - (FAMCNBG+ missing bulk + tidal shear). After subtracting the shear, the central contours
of the residuals tilt toward the zero abscissa line. This is particularly visible along the x and y axes
where most of the tidal shear is coming from. This situation is clearer in the smoothed panels, where
the bulk of the distributions are aligned along the zero abscissa line. The fact that the z component
is only vaguely affected implies that the major external sources are located along the x− y and x− z
supergalactic planes.

4.6 Conclusions

In this chapter we have studied the influence of the large scale mass distribution over the peculiar
velocity field of the Local Supercluster confined within a volume of 30 h−1Mpc radius, based on
constrained realizations of the nearby universe.

We have reconstructed the peculiar velocity fields by means of the FAM technique from Mock
catalogs which resemble the mass distribution within the LS volume. Such catalogs were obtained
from constrained N−body simulations of the nearby universe according to the real mass distribution
inferred from the the Mark III catalog of peculiar velocities up to 60 h−1Mpc. The fields are effectively
constrained at larger radii since the correlation length of the velocity field extends further away than
the physical boundaries of the surveyed data. Constraints were imposed on the initial Gaussian density
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Figure 4.10 — Density contours of the point-to-point comparison for the 3 Cartesian components of the velocity
residuals between Mock and FAMCNBG , FAMCNBG+ Bulk, FAMCNBG+ Bulk + Shear. The continuous line in the
two top panels represent the one-to-one relation, while the lines in the lower two panels represent the residual-zero
line. The top 3 rows represent the unsmoothed velocities, and the bottom row refers to the convolved velocities
with a Top-Hat kernel of 2 h−1Mpc.

field by means of the Constrained Realization method. The Mock catalogs were constructed to sample
the LS region in a volume-limited way according to the Nearby Galaxy Catalog of Tully (1988), and in
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a flux-limited way from 30−150 h−1Mpc according to the IRAS-PSCz catalog (Saunders et al. 2000)
in order to account for the tidal influence of the large scale structure over the LS volume.

We have divided our velocity modeling in two steps. The first models the local contributions
within the LS by considering only the mass distribution enclosed by the volume-limited catalogs. In
the second step we modeled the LS + large scale distribution of the nearby universe (volume + flux
limited samples).

The Mock catalogs showed that the LS is dominated by a bulk flow induced mainly by the GA.
It involves a particular mass configuration around the LG and LS resembles a quadrupolar mass dis-
tribution, composed by the GA and PP. Both structures are located at opposite directions from the
Local Group and along the same z-supergalactic plane. This mass distribution induces a strong shear
pattern along all directions over the LS, but it has its strong components along the x− y and x− z
planes. It implies that most of the external tidal influence comes from structures located along the x−y
supergalactic plane.

The FAM modeling of the LS region argues that this volume only accounts for ∼ 55% of the total
gravitational influence. The rest it is induced by the external mass distribution. Comparisons between
FAMCNBG and Mock velocities indicate that the large scale components of the power spectrum are
missing when the velocity modeling only refers to the LS region. The average recovered slope from
the point-to-point comparisons is 0.57± 0.27 with a considerably large deviation from the zero point
of 63± 89 km s−1. These results indicate that the large components of the velocity field are missing.
This information should be added to the LS peculiar velocity field in order to get an unbiased field.

When modeling the LS + large scale structure, we found that the corresponding LS peculiar ve-
locity field has accounted for the missing gravitational influence properly. The modeled fields are
bias-free, and therefore trustable with respect to the expected ones. Comparisons of these fields with
respect to the mock catalogs showed a good agreement between both fields.

We have characterized the external gravitational influence over the LS by a multipolar decom-
position of the residual velocity field between the FAMCNBG and Mock fields. This residual field is
exclusively the result of the influence of the unaccounted mass distribution beyond the LS volume. Our
results indicate that for an external mass distribution of the nearby universe as measured by the PSCz
catalog up to distances of 150 h−1Mpc, can be characterized by the two most dominant components
of such field, the dipole and quadrupole (bulk flow and shear). By adding such components to the
LS volume-limited peculiar velocities, it is possible to recover an unbiased peculiar velocity field free
from any external unaccounted large scale effect.

Comparing our results with those from RBW, we found two main differences. The first one con-
cerns the scatter around the average values, in the present work the measured uncertainty is smaller
than in RBW as a result of the use of constrained N−body simulations which effectively constrain
the mass distribution within 60 h−1Mpc in the four simulations. The second one is related to the
tidal eigenvalues, our estimates are slightly larger than those reported by RBW. The reason for this is
the specific configuration of the cosmic neighborhood. The presence of the GA and PP superclusters
mould in a particular way the local peculiar velocity field.

From these results it can be infer that one can indeed construct an unbiased model for the cosmic
velocity field within our Local Supercluster by taking into account the mass distribution traced by
PSCz galaxies out to a distance of 150 h−1Mpc, provided that the mass distribution responsible for the
dynamics of the LS is indeed contained within this distance.

Finally, the FAM technique has proved to be a good tool to model the peculiar velocity field within
the LS volume from the corresponding density field, up to the mildly non-linear regime.

4.A Smoothing effects

The raw Mock velocities are severely affected at the highly clumped regions by two body relaxation
processes. These interactions have erased any memory from their initial linear state. Therefore, they
are responsible for the large differences between FAM and Mock velocities at the non-linear regions.
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Nusser & Branchini (2000) suggested that increasing the number of basis functions will not improve
the results because after 6 expansion functions, there are not considerable changes in the FAM perfor-
mance (Chap. 2 & 3). RBW showed that a simple smoothing procedure (after applying FAM) helps to
improve the results, mainly to reduce the large scatter along the average results, but also to decrease
considerably the velocity dispersion. Branchini, Eldar, & Nusser (2002) pointed out that by discarding
in the analysis galaxies located at high density regions also helps to improve the results substantially,
but this will erase small scale signal that could be of importance when performing studies concerning
to small scales, e.g., the coldness of the flow. In this chapter we have adopted the RBW approach and
applied a Top-Hat smoothing procedure to our velocity fields for all statistical analyses and point-to-
point comparisons.

We have convolved the velocity fields with 3 different top-hat kernels of sizes 1,2 and 5 h−1Mpc.
We have found that a kernel of 2 h−1Mpc is more than enough for our purposes. Although the velocity
dispersions get smaller with a kernel of 5 h−1Mpc, the slopes, zero points and correlation indexes do
not change considerable with respect to the 2 h−1Mpc case.




