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We consider a cosmological domain wall model where the dark matter interacts nongravitationally
with the walls. We find that the dark matter is quickly {as early as z = 100}swept up in wakes and voids,
with the wakes growing with time in a self-similar manner. The dark matter wakes, of order 5h Mpc
thick today, tug on the baryons, which also trail behind in wakes of similar thickness. We find that the
peculiar motions induced are of the order of a few hundred km/s, coherent on a scale of order 20h
Mpc. The baryon overdensities generated by the domain walls are distributed in a geometry similar to
that of galaxy superclusters found in recent surveys.

PACS number{s}: 98.80.Cq, 95.35.+d, 98.80.Hw

I. INTRODUCTION

One of the most interesting unsolved problems of
modern cosmology is the formation of structure and the
growth of clustering, especially on very large scales. Re-
cent surveys have found statistical correlations between
galaxies, even up to scales as large as 40h ' Mpc [1].
The "pencil beam" deep surveys appear to find numerous
walls of galaxies, at typical intervals of 50—100h ' Mpc
[2]. Structures on scales bigger than 10h ' Mpc are very
difficult to incorporate in the simplest version of the cold
dark matter (CDM) model [3], which involves the
growth, via gravitational instability, of primordial adia-
batic perturbations with a scale-invariant power-law
spectrum.

An independent problem facing any perturbation mod-
el is the very low experimental upper limit to the cosmic
microwave background radiation (CMBR) temperature
fluctuations at the 1' angular scale, found by the MAX
group [4] to be b, T/T ( 3 X 10 . This angular scale cor-
responds roughly to a 100h ' Mpc comoving scale, at
recombination. In the framework of perturbation mod-
els, it is difficult to obtain the observed galaxy correla-
tions at large scales, given the small value of density Auc-
tuations inferred from the CMBR distortion limits. Fur-
thermore, the peculiar velocity field, again on scales of
about 50—100h ' Mpc, seems to be inconsistent with the
standard CDM model [5].

In recent years, an alternative class of models for
galaxy and structure formation has been developed, based
on topological defects, which arise from a cosmological
phase transition. One of these is the cosmic strings mod-
el. Strings, arising from a phase transition at the grand
unified theory (GUT) energy scale, would indeed have the
right range of energy density, although not necessarily
the right dynamics, to act gravitationally on the sur-
rounding matter, generating matter inhomogeneities and
collapse [6]. Recently, textures have also been studied ex-
tensively [7].

Phase transitions can also produce domain walls.
However, if the transition takes place at high-energy

scales, such as the GUT, the electroweak, or the quark-
hadron phase transition scales, domain walls are a disas-
ter from a cosmological point of view. Their energy den-
sity is far too big and dominates the present energy densi-
ty of the Universe. There are many reasons why that
cannot be true [8].

Domain walls can work, however, in the context of
late-time phase transitions. In the schizon model [9], for
example, domain walls can arise from a phase transition
taking place weH after primordial nucleosynthesis. Their
energy density could be small enough to be consistent
with the CMBR observations. However, the topic of a
natural particle physics model generating a late-time
phase transition is far from settled. Our view is that, be-
fore comparing detailed Lagrangian models, one should
ensure that domain walls can be of any interest from a
dynamical point of view. In fact, the simplest domain
wall models fail to generate large-scale structure, since
the typical interwall distance, or network scale, grows too
rapidly with the horizon [10,11].

Domain walls do become cosmologically interesting
when some nongraUitationa/ interaction between these de-
fects and the dark matter is introduced in the study of
wall dynamics. The general issue of wall-particle interac-
tion was discussed, for example, by Everett and by Kibble
[12], but not in connection with late-tiine phase transi-
tions. This interaction can occur because of a Lagrang-
ian coupling term between the field associated with the
domain walls and other fields. This sort of coupling is
commonly present both in axion models, e.g. , Huang and
Sikivie [13],and the schizon models mentioned above.

Reference [14] gives a more specific discussion of the
dynamical implications of wall-particle interaction for
walls arising during late-time phase transitions. There, a
wall-matter coupling of Yukawa type is assumed, in anal-
ogy with axion and schizon models. Reference [14] as-
sumes that the scalar field of the walls is coupled with a
dark matter component since, in general, late-time phase
transitions are possible only for weakly interacting fields.
If the wall-particle coupling is strong enough, the result-
ing effects can be quite interesting, since particles passing
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through the region where the classical value of the scalar
field changes (this is the region that defines the domain
wall) will be refiected. Wall-particle scattering leads to
momentum exchange and therefore friction when the
wall moves through the dark matter with a given relative
velocity. In conditions of high friction, the domain walls
are slowed down to very nonrelativistic speeds, and move
in an overdamped regime similar to that studied in
condensed-matter physics [15].

The dark matter is pushed by the walls in the regions
through which they move, giving rise both to a strong
underdensity behind the walls and to a strong overdensity
in front of them. Hence, one is left with sheetlike struc-
tures, such as wakes and associated voids, which follow
the pattern of the domain wall network. The sheets of
overdensity in the dark matter gravitationally drag the
baryonic component of the matter. Thus, even though
they do not interact directly with the domain walls,
baryons are affected indirectly, via gravitation, by the
wakes induced in the dark matter component. Along
these lines, one of us discussed analytically the range of
parameters that are interesting if one wants the domain
wall network to be associated with the observed "great
walls" [16]. The CMBR distortions produced by the
gravitational effects of walls and wakes are small, con-
sistent with the present limits and observations [17].

The issue of the overdamped wall mode which is most
difficult to approach analytically is the role of gravity in
the evolution of the wakes. This is especially true when
dealing with the gravitational effects of the wakes on the
baryonic component. For this reason, in this paper we
study the model numerically, and we look at the process
of wake formation in detail. The very important issue
treated here is if, when, and exactly where the baryonic
gravitational collapse occurs. We find that our domain
wall model is complementary to the standard CDM mod-
el by providing a new mechanism for the formation of
structure on a very large scale. The paper is structured
as follows: in Sec. II, we summarize the domain wall
scenario introduced in our previous work; in Sec. III, we
describe the fluid-dynamical equations we have used; in
Sec. IV, we discuss the numerical code; in Sec. V, we give
our results; in Sec. VI we conclude our discussion by re-
lating the results to observations.

II. THE DOMAIN WALL SCENARIO

Domain walls arise when a scalar field has a potential
with two or more disconnected minima. As an example,
such is the case for the quartic potential of a real scalar
field V(N) =A, (4& —C&0) . In all of what follows we limit
ourselves to models in which the potential minima are de-
generate. In such cases, the domain wall network
stretches solely under the driving force of its surface ten-
sion [10,11]. In general, wall networks are very compli-
cated curved surfaces, whose topology is determined by
the number and relative depth of the potential minima.

Independently of the details of the Lagrangian, we can
identify some general features. Since the driving force of
the walls is surface tension, these can be locally described
by the following equation of motion:

y v+3 —u+a
a Oy

In this expression u is the physical speed of the
infinitesimal wall element considered (in units of c), the
velocity being normal to surface itself. Also,
y=(l —

U )
'~ and a is the universal scale factor. In

what follows, we will take a =(t/to) ~, implying that all
our calculations are performed in an expanding universe
with negligible curvature (0= 1 within the range of red-
shifts examined). The surface energy density of the walls,
o., depends solely on the field Lagrangian, while 1/R is
the local value of the scalar curvature of the wall. Final-
ly, P& is the friction pressure exerted by the dark matter
on the wall.

Let us now examine Eq. (1) in more detail. The first
term is the relativistic generalization of Newton's second
law, modified to account for the universal expansion by
introducing the damping term 3(a/a)U. The right-hand
side (RHS) is the surface tension, which is proportional to
the curvature. P& accounts for the friction that arises
when the wall moves relative to the surrounding dark
matter, and it has units of pressure. When the PI term
dominates over the other noninertial terms of Eq. (1), the
motion of the wall is friction dominated, and its speed is
u «1. In the frictionless regime, however, the motion is
relativistic. PI is proportional to the particle-wall col-
lisions rate and to the average momentum exchange per
collision. These quantities, in turn, depend on the tem-
perature T of the dark matter, on the mass m of the dark
matter particles, and on the reflection coefficient of the
domain wall [14]. For example, if the refiection
coefficient is unity, one can identify two friction regimes.

(1) "Hot" gas regime In this cas.e, the wall moves
through the dark matter with a speed v much smaller
than the average thermal speed of the particles, v « v,h.
The average momentum exchange is Ap —T. The wall
collides with the matter at almost equal rates from both
sides, and the differential collision rate between the back
and the front of the wall is —T v. Therefore, PI—-vT .
The motion of the wall causes an overdensity in front of
it, but the differential of particle density between the back
and the front of the wall is small, namely, 5p/p —v /U, h.

(2) "Cold" gas regimes. It takes place when U ))U,h.
The momentum exchange is Ap =mv and the collision
rate is p U/ omwhere m is the mass of the dark matter
particles and pD is the dark matter energy density.
Hence, we get P& -pDu . Walls create voids behind and
wakes ahead. It is important to note that walls produce
large inhomogeneities in the dark matter only when they
are in this regime.

In a previous study [18],we considered the other cases
in which the wall-particle reflection coefficient is less than
unity and energy dependent. There are thus a variety of
wall-rnatter interaction scenarios that can be considered.
In what follows, we will concentrate on the case in which
this coefficient is unity.

In this case, the friction is most effective at early times,
in both "hot" and "cold" regimes. In our work, we start
with the assumption that the domain walls are indeed
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able to generate big inhomogeneities in the dark matter
on scales of 50—100h ' Mpc. We consider this as the
range for the scale of our wall network. These assump-
tions mean that the walls today are moving through a
"cold" gas and in conditions of very effective friction. By
simple inspection of the redshift dependence of J'f and by
using Eq. (1), it can be seen that if the friction is dom-
inant today then it always was; hence, the network start-
ed and maintained its present configuration and the
comoving scale of the network is roughly constant. By
causality considerations [17] one argues that the phase
transition must have taken place at or after recombina-
tion, at redshifts less than a few thousand, since the
comoving scale of the network has to be smaller than the
horizon scale at the time of the phase transition. At the
transition, the physical scale of the network is of the
same order as the wall thickness 6 and the correlation
length of the field. Thus, we obtain a lower limit on b of
a few kpc. Such a range of parameters describes walls
originating in typical late-time phase transitions.

In all scenarios, galaxy formation will take place only
when the walls move in the "cold gas regime, " since only
then are big inhomogeneities (voids and wakes) in the
dark matter produced. It is therefore of key importance
to know the details of the wake formation and evolution
in this regime. In particular, we would like to determine
the resulting density profile for both dark matter and the
baryons. We are especially interested in extracting the
value of redshift z when the baryons collapse. If domain
walls are responsible for the formation of sheets and
voids, the scale of the network should be 50—100h
Mpc and the thickness of the wakes should be of the or-
der of a few Mpc. These are the only relevant constraints
on our numerical study of wake formation.

In our study, we restrict ourselves to the examination
of the overdamped cold gas regime, which is the most im-
portant, from the point of view of baryon collapse. We
begin our simulation at the time t;„, with corresponding
scale factor a;„~10 (corresponding to redshifts
z;„81000), when the cold gas regime starts. Equation
(1) allows us to calculate the motion of a wall section of
given curvature. In the friction-dominated (overdamped)
case the first two terms are small, and one finds

where the relevant quantities are expressed in comoving
coordinates, namely, v = v la, r =R /a, and pD =a pD.
Now, E =2, if the walls were only scattering the dark
matter particles once. This would mean that the wall
comoving speed is constant in time. In fact, our numeri-
cal simulation shows that the domain wall scatters the
dark matter several times, and while the speed of the par-
ticle decays due to the universal expansion, the wall
comoving speed v remains about constant. Such an effect
has been examined already in our previous work. E has
to be modified to take into account multiple collisions,
namely K =2.7, as we will discuss in Sec. IV. We
find u =5X10 3RD '~ (o /10 ' MeV )'~ (r/100h
Mpc) ', QD is the ratio of the dark matter to the criti-

cal density.
Note that, for a given infinitesimal wall section under

consideration, the radius of curvature r remains virtually
constant in time, since the whole configuration is basical-
ly frozen in. The network itself is composed of segments
whose curvature is distributed with a fairly broad disper-
sion around a mean value [10]. In the following, we will
study the average characteristics of the network, by con-
sidering a wall section with typical comoving curvature.
Since the average radius of curvature is very large (of or-
der 50h ' Mpc), we will treat the wall as essentially fiat,
moving with a constant comoving speed which is
governed by the local curvature. In the final section, we
will consider variations in the local curvature. Such vari-
ations have important ramifications for structure forma-
tion.

III. HYDRODYNAMICAL EQUATIONS

1 1 1
Vp ——V4 ——V4

PD a D a G a

~~D 1+—V (1+5D )vD =0,
Bt a

for the dark matter, and

Bvg a 1+ —(v V)v +—v = ——VN
a ' ~ a ~ a

06~ + —V.(1+5 )v =0,
Bt a B B

(3)

(5)

for the baryons.
The functions are expressed in comoving coordinates r

and the universal time t. Here, vD, pD, and 6D, are, re-
spectively, the velocity, pressure, and overdensity
[5o =(pD —pD)/pD] of the dark matter, with similar
definitions applying to the baryons. The potential terms
in Eqs. (3) and (5) contain VNG, which is the gradient of
the Newtonian gravitational potential, generated by inho-
mogeneity in the matter distribution: namely,

V@G(r)=4vrGa f (5DpD+5~p~ )dr .

Additionally, Eq. (3) contains V@~, which is the po-
tential barrier of the wall, itself located at the position

We performed a one-dimensional computer simulation
of a moving straight wall, studying the details of wake
formation in the case where the wall moves through
matter in the cold gas regime. As we have previously dis-
cussed, this is the only regime where analytical estimates
are not detailed enough to fully understand the evolution
of the system. We limited the simulation to one spatial
dimension and one wall, since the interwall distance is
much larger than the thickness of the inhomogeneities
created by the motion of the wall.

The equations describing the dark matter and the
baryons are the usual Auid equations, applied to an ex-
panding universe [19]:

BvD a+—(vD V)vD+ —vD
Bt a a
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DvD~ 2a 1 d C
+ VDia ' & dr

(8)

r~(t). With the reasonable assumption that the walls are
thin, compared to any other physical scale involved, we
take this to be a hard-core potential, infinite at re, (t) and
zero elsewhere.

In order to study the case of wall motion through a
cold gas, we have found it most useful to divide the Auid
in thin layers, each moving with a different speed, and
then follow the evolution of each separately. Here, we
treat the gas as collisionless, so that the various fIuid lay-
ers can move through each other without interacting.
Then, the pressure term pD is zero. By changing partial
derivatives to convective derivatives, i.e., moving with
each fluid layer, the gradient term (1/a)(v V)v is also el-
iminated.

We further simplify Eq. (3) by comparing the strength
of the gravitational and the damping terms. For the
baryons, gravitation is the only driving force, while for
the dark matter the dominant term is the wall barrier.
Even the damping due to the universal expansion is
larger than the effect of self-gravity of the dark matter.
A comparison between (a/a)vii and (I/a)V&bG shows
that neglecting the latter term leads only to roughly 10%
error in the computation of the dark matter density
profile; thus, we neglect that term in Eq. (3).

Expressing the Auid equations in comoving coordinates
(we define v =av and R =ar), and changing the partial
derivatives to convective derivatives, we get

hv~, = —2(b,a /a)vi, ;, (12)

with the additional condition, from momentum ex-
change, that Avv, =2( v —vi, ; ) when the ith layer bounces
off the wall. To calculate the density p, , given its position
r, , we note that p; ~(r, +—i r, i) ', for both dark matter
and baryons. A similar procedure to discretization leads
to the following equation of motion for the baryons:

and from the relative distance of the center of the layers
we can determine the evolution of the relative density as
well. The evaluation of the gravitational force follows
directly from using the density profiles and a discretized
version of Eq. (7).

In order to have the optimal spatial resolution at all
times of the integration and because of the scaling
behavior we expected for the density profiles, we have
found it useful to perform the simulation in logarithmic
spatial coordinates, with a dynamic range of three de-
cades on both sides of the origin. The initial thickness of
the layers is chosen to be constant in logarithmic units.
Additionally, we have kept the origin of coordinates at
the position of the wall throughout the simulation and we
have used periodic boundary conditions. The time step is
chosen so that the variation of the scale factor is
Aa/a =0.1% at each time step.

We can easily discretize the equation for the ith layer
of the dark matter starting from AvD, /At
= —2[6,a/(an't)]vz, , valid for all layers which are not
bounced by the wall within the time step At. The equa-
tion can be rewritten as

D6, d6,+ VDiDt dr

for the dark matter, and

Aa 1 Aa
b, vs, + vs; ——— (5vQi, +5~0s )dr,

a t a
(13)

DvB; 2a+
Dt VBi

dN&

a dr
(10)

D6B, d6B,-+

IV. OUTLINE OF THE NUMERICAL CODE

The numerical code studies the phase-space evolution
of each gas layer [see Eqs. (8)—(11)] separately. We have
chosen an array of 1200 layers for both dark matter and
baryons. The position of these layers are evolved in time,

for the baryons. The index i refers to the ith Auid layer,
with its own comoving speed v, and comoving density p;.
The comoving coordinate r, along which we want to in-
tegrate, is, of course, normal to the wall.

In Eq. (8), the only physical scale involved is the
comoving distance traveled by the infinite wall barrier

We only need to numerically integrate the dark
matter equations for one value of the comoving wall
speed, say vo=5X10 =1500 km/s. The choice of a
different vo leads only to a rescaling of the size of the
dark matter profile. Thus, the width of the dark matter
wake is proportional to the product vot. We have found
that the baryon wake grows in a similar manner to the
dark matter profile. We will outline our results in Sec. V.

with QD B
=—pD B /p„, and where the integral is a summa-

tion over all layers behind the ith baryon layer under con-
sideration. Incidentally, in rewriting Eq. (10) we used
4nGpt, tto =—', .

We now brieAy discuss the modification to the value of
the constant K in Eq. (2), due to the multiple collision
effect we mentioned in Sec. II. We performed a prelimi-
nary run choosing a constant wall speed v, and we stud-
ied the formation of the dark matter wake. The particles
are rejected and gain momentum, only to lose it gradual-
ly due to the universal expansion. Eventually they are
reAected again, but their speed relative to the wall at the
second collision is smaller. Collision after collision, the
particle layers gain less momentum and their speed tends
to that of the wall. The density profile reaches a scaling
regime, as already predicted in Ref. [17]. The value of IC

rapidly converges to %=2.7, as the wake reaches the
scaling regime. From Eq. (2), it is therefore clear that the
modification to the wall speed due to this effect is small,
namely, 6v /v = 15%.

As a check of the numerical code, we compared the
thickness of the dark matter wake to the analytical esti-
mate we had presented in Ref. [17]. The wake is one-
sixth of the void left behind, in good agreement with the
previous estimate. The scaling behavior of the dark
matter density profile is also a good indicator of the va-
lidity of our code.
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V. RESULTS

30
I

j
I

10

I I I I I I I I I I

—10 —5
r (h Mpc)

I I I I

FIG. 1. Dark matter density profile, in units of the average
dark matter density. The abscissa is the comoving distance (in
h ' Mpc) from the wall, which is located at the origin. The
positive axis is in the direction of motion of the wall. The densi-
ty profile evolves self-similarly with time. The edge of the void
region lies at ~r~=lOh '(uo/SX10 'c)(t/to) Mpc, where uo is
the comoving wall speed and to is the present age of the
Universe. We show the case vo =5 X 10 c and t = to.

We operate in the matter-dominated regime, namely
a ~t . With Qo=p„, /p«, „ this is strictly true only
when Qo=1. However, this expansion law effectively
holds whenever the scale factor a (Qo, certainly z ) 5,
the epoch we are studying. For our simulation, we fix the
dark matter density at 90% of the total energy density of
the Universe, with the remaining 10% in baryons. Thus,
QD =0.9 and Q& =0.1.

The simulation confirms the analytical results for the
evolution of the dark matter profile. The width of the
wake is roughly one-sixth the width of the void behind
the domain wall, and the relative overdensity profile of
the dark matter scales with uot, namely, 5D =5D(r/uot),
in comoving coordinates. The density profile of the dark
matter in the scaling regime is shown in Fig. 1. The dis-
tance axis units have been rescaled to show what the dark
matter profile looks like at the present epoch, for a typi-
cal domain wall speed of 1500 km/s.

The baryons are tugged by the gravitational potential
gradient of the dark matter wake and their own self-
gravity. The baryons form a "tug" wake behind the wall,
in the region where the dark matter has been swept away.
The baryon density profile also reaches a scaling solution
5~ =6~(r/uot), but only after a time t, =15t, , when the
peak overdensity saturates at a value of approximately
5 '"=0.4. Such a baryon profile is shown in Fig. 2. We
find that this maximum overdensity depends only on the
ratio between the mean densities of the dark matter and
the baryons. It is a maximum in the case we have
presented, namely, in a Universe that is 90% dark matter
dominated.

We find that the width dz of the baryon wake is about
one-half of the dark matter void behind the domain wall,

1.5

0 ( 1. I L
—15 —10

r {h Mpc)

5 10 15

FIG. 2. Baryon density profile, in units of the average baryon
comoving density, with the same units as Fig. 1.

namely, d& ——0.5Upt. The crest of the baryon wake moves
at a constant comoving speed of 0. 5UO. For a typical
domain wall moving at speed uo = 1500 km/s, the present
thickness of the dark rnatter void is
uotII = 10h '(uo/5 X 10 ) MPc, and ds ——5h '(uo/5
X 10 ) Mpc, with the crest moving at 750(uo/5 X 10 )

km/s. Thus, this domain wall scenario leads to cosrno-
logically very interesting peculiar velocities in the baryon
wake. In the next section we will discuss this and other
implications of the model.

VI. DISCUSS1ON

We have found that, in this overdarnped regime, the
domain wall scenario leads to the formation of large
structures in both the dark matter and the baryons. This
process of structure formation occurs relatively quickly,
reaching a scaling solution at a redshift z„=a,, ' when
the scale factor grows tenfold. Thus, since a;„can be as
small as 10, a„can be as small as 10;hence, struc-
ture formation can occur as early as redshifts z„—100.
The voids and wakes trace the domain wall network as a
whole, which is "frozen in" in comoving coordinates be-
cause of the high friction with the dark matter. The
thickness of these structures grows linearly with time;
however, the total thickness of the wakes and voids, of
order a few Mpc today, is small compared to the network
scale of order 50' ' Mpc. The same picture holds for
the baryons. They also trace the domain wall network by
trailing behind the dark matter wakes. The baryons ac-
cumulate in sheetlike structure that are separated by dis-
tances corresponding to the wall network scale. An in-
teresting consequence of this model is that sheets of
baryon overdensity have a typical thickness of 5h
Mpc, if we independently fix the baryon overdensity peak
to be moving with a velocity close to 750 km/s (by choos-
ing a typical uo = 1500 km/s).

This model can thus accommodate recent observation-
al data, showing large peculiar velocities of order several
hundreds of km/s in galaxies, which appear to be
grouped in sheetlike structures of the aforementioned
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scales. Note that the dark matter and the baryon over-
densities are largely segregated. It may thus be possible
to account for much of the controversy in various esti-
mates of Ao, which at smaller scale appears to be
Do=0. 1 —0.2, and Go=0. 5 —1 on the larger scales.

Despite the early formation of sheets and voids in the
dark matter, the resulting perturbation in AT/T of the
CMBR due to gravitational effects are small. These are
of the order AT/T-10 on angular scales of a few de-
grees. We have not computed the effects of reionization
and reheating, i.e., the y parameter, because of our in-
complete knowledge of galaxy formation within the
sheets. We now address this last remaining issue.

To study the formation of structure within the sheets
requires a knowledge of the three-dimensional topology
of the domain wall network. It is still true that the basic
effects of wake and void formation are described by our
one-dimensional computation, mostly because these in-
volve accumulation of matter in a direction perpendicu-
lar to the surface of the walls. However, we have found
that the perturbations saturate in one dimension, and we
need to consider the effects of curvature of the domain
wall network on the baryon perturbations.

Because the domain wall network is irregular, different
sections of the walls move at different speeds. We have
found that both the dark matter and the baryon density
profiles tend to scaling solutions, with a scale directly
proportional to the wall speed. Thus, the total mass ac-
cumulated in front and emptied behind the wall is direct-
ly proportional to the local wall speed, which, in turn, is
determined by the local value of the domain wall curva-
ture. Thus, there is a direct relation between perturba-
tions in matter and the topology of the wall network. The
largest accumulation of mass occurs near sections of the
network that are highly curved and thus move more
quickly. Conversely, wall sections that are Aat disturb
the surrounding dark matter very little.

The curvature effects lead to peculiar velocity Aows
tangential to the wakes, and outside of the wakes as well.
We can estimate the typical peculiar velocities U induced
in the surrounding medium by the wake network in the
following way. The gravitational field will be of the same
order as that of a typical dipole with moment p =Md,
mass M —pDdR, and an average coherence scale R.2

Thus 0 -4m Gp/R =4~GpD(d /R ), which yields

u —vz(d/R). Here d —ujt and vt is the speed of the
baryons within the wakes in a direction perpendicular to
the network surface. As one may expect, when the "di-
pole size" d is comparable with the "dipole separation"
R, the component of the velocity tangential to the wakes
is similar to vz. For the typical values we used in the pa-
per d/R —

—,', we get v —100 km/s. Since the coherence
length of this velocity field is -R &)vt, we see that struc-
ture formation by the effects we just calculated is not very
significant.

While the "high barrier" domain wall model cannot,
by itself, generate baryon collapse and galaxy formation,
it may be able to accelerate the formation of the large-
scale structure once the small-scale collapse has already
started due to some other mechanism. In this sense, this
domain wall model can be complementary to the stan-
dard CDM model. In fact, because of the time depen-
dence of the wake thickness, most of the dark matter is
swept by the walls at z=0—2, just during the period
when the standard CDM model predicts that most of the
collapse and merging processes take place. It is hard to
evaluate what changes the wake formation may imply for
the standard scenario, without more detailed numerical
work. This phase of the collapse is poorly known already
in the standard model. The number of bright galaxies
and the eKciency of the star formation may be greatly
affected by the violent sweeping action of the walls, and
this may, in turn, result in an enhancement of the galaxy
correlation function up to scales close to that of the wall
network. A more detailed simulation of the nonlinear
phase of collapse may help in determining if this
enhancement actually occurs. Clearly, this domain wall
model is very interesting from the point of view of struc-
ture formation, and should be investigated further by
more detailed three-dimensional simulations.
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