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Mirror dark matter and large scale structure
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Mirror matter is a dark matter candidate. In this paper, we reexamine the linear regime of density perturba-
tion growth in a universe containing mirror dark matter. Taking adiabatic scale-invariant perturbations as the
input, we confirm that the resulting processed power spectrum is richer than for the more familiar cases of cold,
warm and hot dark matter. The new features include a maximum at a certain scalelmax, collisional damping
below a smaller characteristic scalelS8 , with oscillatory perturbations between the two. These scales are
functions of the fundamental parameters of the theory. In particular, they decrease for decreasingx, the ratio of
the mirror plasma temperature to that of the ordinary. Forx;0.2, the scalelmax becomes galactic. Mirror dark
matter therefore leads to bottom-up large scale structure formation, similar to conventional cold dark matter,
for x&0.2. Indeed, the smaller the value ofx, the closer mirror dark matter resembles standard cold dark matter
during the linear regime. The differences pertain to scales smaller thanlS8 in the linear regime, and generally
in the nonlinear regime because mirror dark matter is chemically complex and to some extent dissipative.
Lyman-a forest data and the early reionization epoch established by WMAP may hold the key to distinguishing
mirror dark matter from WIMP-style cold dark matter.
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I. INTRODUCTION

The dark matter problem provides one of the strong
reasons to suspect the existence of physics beyond the
dard model. We will explore the possibility that dark matt
is mirror matter in this paper. Our objective is to understa
the growth of density perturbations in the linear regime
such a universe, taking adiabatic scale-invariant pertu
tions as the input. In doing so, we both confirm and exte
the results of Ref.@1#. By comparing mirror dark matte
~MDM ! with conventional cold, warm and hot dark matt
~CDM, WDM and HDM, respectively!, we hope to explain
the physics of mirror dark matter in as clear a way as p
sible, and to pinpoint the data that are most sensitive to
characteristic features.

Before launching into the analysis, we should set the st
by briefly reviewing the evidence for nonbaryonic dark m
ter, and explaining why we think mirror matter is an inte
esting candidate.

It is very well established that the dynamics of obje
ranging in size from galaxies up to clusters of galaxies c
not be understood using standard gravity unless one po
lates that invisible matter dominates over the visible by
factor of 10230. ~It is also logically possible that our unde
standing of gravity at large scales is incomplete@2#, though
we will not pursue that possibility here.! It has been known
for some time that the conservative option of the dark ma
rial being simply ordinary matter in the form of nonluminou
objects such as ‘‘Jupiters,’’ neutron stars, and so on, is ru
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out if one accepts that the light elements H, D,3,4He and7Li
were created through big bang nucleosynthesis~BBN!. The
baryon-to-photon ratio is the one free parameter in stand
BBN, and the value required to produce fair agreement w
the primordial abundance data is a factor of five or so
small to account for all the dark matter required to succe
fully model the gravitational dynamics of clusters.1 Ordinary
baryonic dark matter is also inconsistent with success
large scale structure formation, principally because pertur
tion growth begins too late.2 In addition, acoustic peak dat
from cosmic microwave background anisotropy measu
ments, including those very recently reported by the Wilk
son Microwave Anisotropy Probe~WMAP! Collaboration,
have independently pointed to a matter-to-baryon density
tio of about six @6,7#. So, if one accepts standard hot b
bang cosmology, then one must perforce accept the exist
of nonbaryonic dark matter.

Acknowledging the reality of nonbaryonic dark matte
one can maintain conservatism by supposing that mas
ordinary neutrinos provide the additional matter dens
While this is a natural and obvious possibility, it runs a fo
of large scale structure data. A successful account of la
scale structure, the concern of this paper and one of the m

1We prefer to add the electron-neutrino chemical potential to
baryon-to-photon ratio in the parameter count of BBN, with ‘‘sta
dard BBN’’ then defined as the zero chemical potential line in
two-dimensional parameter space. Some quite persistent discre
cies in the data actually hint that a nonzero chemical potential m
be necessary@3#.

2Large scale structure may be observationally probed via ga
surveys@4# and gravitational weak lensing@5#.
©2003 The American Physical Society18-1
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important problems in physics@8#, must be part of a success
ful cosmology. Neutrino dark matter is the archetype
HDM, inducing ‘‘top-down’’ structure formation whereby
very large structures form first, with smaller ones arisi
from subsequent fragmentation. Hot dark matter driven ‘‘to
down’’ scenarios are now ruled out by the data: more str
ture is observed at small scales than possible with HDM~see,
for instance, Refs.@7# and @9#!.

To sum up: the confluence of galactic/cluster dynam
big bang nucleosynthesis, acoustic peak, gravitational le
ing and large scale structure data strongly points to a
verse whose material or positive-pressure componen
roughly 3% luminous baryonic, 15% dark baryonic, and 82
exotic. This is a remarkable conclusion.3

It is very interesting that the exotic dark component m
consist ofstableforms of matter, or at least extremely long
lived. While exotic unstable particles abound in extensio
of the standard model, completely new stable degrees
freedom pose a more profound model-building challen
The stability challenge is fully met by mirror matter.

The mirror matter model arose from the aesthetic desir
retain the improper Lorentz transformations as exact inv
ances of nature despite theV2A character of weak interac
tions @11–13#.4 It does so by postulating that, first, the gau
group of the world is a product of two isomorphic factor
G^ G, and, second, that an exact discreteZ2 parity symme-
try, unbroken by the vacuum, interchanges the two secto5

The minimal mirror matter model takesG to be simply the
standard model gauge group SU(3)^ SU(2)^ U(1). All or-
dinary particles except the graviton receive a mirror partn
A mirror particle has the same mass as the correspon
ordinary particle, and mirror particles interact among the
selves in the same way that ordinary particles do, except
mirror weak interactions are right-handed rather than l
handed.

The two sectors must interact with each other gravitati
ally, with certain other interaction channels also genera
open, though controlled by free parameters that can be a
trarily small. The possible nongravitational interactions
clude photon–mirror-photon kinetic mixing@12,16#,
neutrino–mirror-neutrino mass mixing@17#, and Higgs-
boson–mirror-Higgs-boson mixing@12,18#. We will assume,
for simplicity, that all of these parameters are small enou
to be neglected.~One should bear in mind, however, th
photon–mirror-photon kinetic mixing can cause remarka

3Acoustic peak and other data also require the total matter den
to be about 30% of the critical value giving a spatially flat unive
@6,7#. With the strong evidence for flatness from the acoustic p
features, one is also obliged to add a 70% nonmaterial, nega
pressure component called ‘‘dark energy,’’ as also suggested by
pernova type 1a~SN1a! observations@10#. Note also that much of
the dark baryonic matter, for high redshifts, has now been dete
through Lyman-a studies.

4Alternative motivations include E8^ E8 string theory, and brane
world constructions such as the ‘‘manyfold’’ universe@14#.

5For the alternative of spontaneously broken mirror symmetry
Refs.@15#.
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phenomena even with a controlling parameter as smal
102621029 @16,19#.!

Mirror protons and mirror electrons are stable for exac
the same reason that ordinary matter is stable. One wo
expect that mirror matter would have existed in the cosm
logical plasma of the early universe. If so, mirror matt
relics in the form of gas clouds, planets, stars, galaxies
so on might well be common in the universe today, manife
ing observationally as dark matter. Most prior work o
MDM, with the notable exception of Ref.@1#, has focused on
the astrophysical phenomenology of compact mirror ma
objects, hybrid ordinary-mirror systems, and diffuse mirr
matter gas/dust in our own solar system@19,20#. The discov-
ery of mirror matter through such means would, obvious
be a major breakthrough. In this paper, however, we turn
the other generic purpose of dark matter: to assist the gro
of density perturbations in the early universe, thus initiati
large scale structure formation. We want, ultimately, to kn
if mirror dark matter is consistent with large scale structu
data, and, if it is, to develop observables that can discri
nate between MDM and the current paradigm of collisionle
CDM ~and whatever other candidates might be dreamed!.

Mirror matter is a much more complicated dark mat
candidate than standard CDM particles such as axions
WIMPs.6 Rather than just one species of particle, mirror da
matter is chemically complicated, consisting of all the mirr
analogues of ordinary matter: protons, neutrons and e
trons. Further, MDM is self-interacting, and a background
mirror photons and mirror neutrinos interacts with t
mirror-baryonic matter. However, since~i! the self-
interactions of the mirror particles are by construction ide
tical to those of ordinary particles except for the chiral
flip, and~ii ! the interaction between ordinary and mirror ma
ter is by assumption dominated by standard gravity,
MDM universe can be analyzed through well-defined ph
ics despite the complex nature of the dark sector.7 It is not
necessarily a virtue for DM to consist of a single exo
species such as a WIMP or axion. Indeed, in their rec
review Peebles and Ratra@21# emphasized that standar
CDM can be viewed as the calculationally simplest DM sc
nario that, in broad terms, is phenomenologically accepta
but which may be subject to revision or replacement wh
more detailed large scale structure data are collected. T
then point out that certain data already challenge stand
CDM on points of detail, though they caution that these d
crepancies might in the end be due to calculational proble
only. We take the view that all well-motivated standa
model extensions supplying stable exotic species should
investigated for their DM potential.

The rest of this paper is structured as follows. In Sec.
we review the elements of cosmology in a universe w
mirror matter, and explain why there need not be a 50
mixture of ordinary and mirror matter. Sections III and I
then discuss two key scales in the perturbation evolut

ity

k
e-
u-

ed

e

6We emphasize that the microscopic theory is by constrast v
simple.

7Initial conditions must also be supplied~see the next section!.
8-2
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MIRROR DARK MATTER AND LARGE SCALE STRUCTURE PHYSICAL REVIEW D68, 023518 ~2003!
problem: the Jeans length and Silk scale for mirror baryo
The former determines the scale at which subhorizon s
modes can begin to grow in the dark matter~mirror! sector,
while the latter determines the scale below which growth
damped. Section V discusses the outcomes of the lin
growth regime through final processed spectra for mir
dark matter perturbations. It also discusses Lyman-a forest
data, cosmic microwave background radiation~CMBR! an-
isotropy and early reionization. We conclude in Sec. VI.

II. COSMOLOGY WITH MIRROR DARK MATTER

We begin by dispelling a common misconception rega
ing mirror matter. One might naively expect that the ex
discrete symmetry between the ordinary and mirror sec
in the Lagrangian would require the universe to contain, a
to have always contained, a precisely 50/50 mixture of o
nary and mirror particles. Such a universe would be inc
sistent with the standard cosmological framework. First,
doubling of the universal expansion rate due to mirror p
tons, neutrinos and antineutrinos would completely spoil
bang nucleosynthesis. Even if some way could be found
counteract the additional relativistic species,8 there would be
a second objection. As we reviewed above, observations
vor a DM to baryon density ratio of about five, comfortab
larger than two.

So, does an exact discrete mirror symmetry at the mic
scopic level of fundamental interactions imply that the or
nary and mirror matter densities in the universe must alw
be equal@23#? In one sense, it is trivial to say that the answ
is ‘‘no.’’ One may simply adopt asymmetric initial condition
at the big bang. In that case, the temperatureT8 of the mirror
plasma in the early universe, and the background mirror p
tons todayT08 , is different from that of the ordinary plasma
T, and the ordinary cosmic microwave background phot
today,T0. One of the fundamental parameters in our cosm
ogy will therefore be

x[
T08

T0
. ~2.1!

Since the energy density of relativistic species goes as
fourth power of temperature, the contribution of the lig
mirror degrees of freedom to the cosmological density
strongly suppressed byx4. Even a small difference betwee
the temperatures, such as a factor of 1/2, is enough to com
with the BBN upper bound on extra relativistic energy de
sity. This removes the first objection to mirror matter co
mology.

One might be uncomfortable with ascribing the mac
scopic asymmetry of the universe to asymmetric initial co
ditions. However, standard Friedmann-Robertson-Wa
cosmology already has a raft of problems associated w
initial conditions: homogeneity, spatial flatness, etc. One
proach to those problems is, of course, inflationary cosm

8A coincident epoch with a temporarily negative cosmologi
constant of the right magnitude perhaps@22#?
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ogy. Interestingly, prior work has shown that inflation c
also effectively initialize a mirror matter universe to ha
T8ÞT @23,24#. One way is to introduce a mirror inflaton t
partner the ordinary inflaton within the chaotic inflation par
digm. Since the stochastic processes germinating infla
will not comply with the discrete symmetry on an event-b
event basis, the main result follows.

What about the second objection to mirror matter cosm
ogy? Given thatT8,T, one might conclude that the mirro
baryons would have a correspondingly lower density th
their ordinary counterparts, thus exacerbating the problem
not enough MDM. This conclusion would be true if the ma
nitudes of the baryon asymmetries in the two sectors w
equal.

However, we have to take into account that the inequa
of temperatures of ordinary and mirror matter will in gene
change the outcome of baryogenesis in the two sectors, e
though the microphysics is the same@24#. One expects in
fact that

h8[
nB8

ng8
Þ

nB

ng
[h, ~2.2!

wherenX is the number density of ordinary speciesX andnX8
is the number density of mirror speciesX8. ~We denote the
mirror partner to a given particle by a prime.! The ratio of
mirror baryon and ordinary baryon number densities can
written as

nB8

nB
5

h8

h
x3. ~2.3!

Because the baryons and mirror baryons have equal
masses and are highly nonrelativistic for the epochs we c
sider, this quantity is also approximately the energy den
ratio,

VB8

VB
.

h8

h
x3, ~2.4!

where, as usual,VX denotes the energy density ofX in units
of the critical density. In Refs.@1,24#, it was shown that the
mirror baryon asymmetry can begreater than the ordinary
baryon asymmetry, and can in fact overwhelm thex3 factor
in Eq. ~2.4!:

h8

h
.

1

x3
. ~2.5!

Two quite different baryogenesis scenarios were analyze
Ref. @1#: the out-of-equilibrium baryon-number violating de
cays of massive bosons and electroweak baryogenesis. I
estingly, in both casesVB8.VB with an acceptableVB could
be obtained provided that

x*0.01. ~2.6!

We will use this value as an indicative lower limit to cosm
logically interesting values ofx. It obviously should not be

l

8-3
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taken as definitive, because we do not yet know what ba
genesis mechanism actually operates in nature.~A new
mechanism involving mirror matter has been very recen
proposed in Ref.@25#.!

Motivated by the above results, we takeVB8 /VB as the
second free parameter in our cosmology, fixed only by
servational data.

Before moving on, we should deal with a third possib
objection to mirror dark matter, this one based on the res
of recent works constraining self-interacting CDM. Rec
that an extension of standard CDM through self-interacti
was proposed to circumvent the problem of overdense c
for some types of galaxies@26#. The required properties wer
that the elastic scattering cross-section of DM particle
DM particle should lie in the intervals/M.10223

210224 cm2/GeV, and the DM should remain dissipatio
less. These constraints are violated by MDM because
dissipative and, if we take an atomic hydrogen cross-sec
as a guide, then the self-interaction strength is too h
However, the two cases are not directly comparable.
evolution of MDM is much more complicated than that
the self-interacting CDM considered in Ref.@26#. For in-
stance, MDM would form more intrinsic structure~mirror
stars and other compact objects! than self-interacting CDM,
so it is not just a question of scattering cross-sections.
actly what sorts of compact mirror matter objects wou
form, and how they would be distributed, is a very comp
cated question beyond the scope of this work. This deve
ment will not parallel that of the ordinary sector. For in
stance, one of the key parameters affecting the gal
formation process—the rate of star creation—will be diffe
ent because primordial nucleosynthesis in the mirror se
will produce much more mirror helium relative to mirro
hydrogen than is the case for their ordinary analogues@1#.

Let us see how the main cosmological equations
changed by the presence of mirror matter@1#. The Friedmann
equation for a flat universe becomes

H25
8pG

3
r tot , ~2.7!

wherer tot is the total energy density, ordinary plus mirr
~plus vacuum!

r tot5r1r81rL , ~2.8!

and the Hubble parameterH5ȧ/a wherea is the scale fac-
tor. In terms of the present-day energy densities,V r ,m,L for
radiation, matter and vacuum, respectively, and the pres
day Hubble parameterH0 ~the so-called Hubble constant!,
the Friedmann equation can be rewritten as

H~z!25H0
2@V r~11z!41Vm~11z!31VL# ~2.9!

wherez is redshift.~We include the vacuum energy contr
bution for completeness and self-consistency only. Its effe
are negligible for the early universe epoch we will conside!
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The present energy density of relativistic particles,r r , is
the sum of contributions from ordinary photons, mirror ph
tons, and presently relativistic neutrinos and mirror neu
nos. It is given by

r r5
p2

30
@g* ~T0!T0

41g
*
8 ~T08!T08

4#

5
p2

30
g* ~T0!T0

4~11x4!, ~2.10!

whereg* (T0) andg
*
8 (T0) are the effective numbers of rela

tivistic degrees of freedom in the ordinary and mirror sect
respectively:

g* ~T0!5g
*
8 ~T08!.2~110.23N0

reln!. ~2.11!

The number of presently nonrelativistic neutrino flavo
N0

reln , is either zero or one, depending on whether the n
trino masses are degenerate or hierarchical, respecti
From Eq.~2.10! we see that the contribution of mirror pa
ticles to the relativistic energy density can be neglected a
times becausex4!1 due to the BBN constraintx,;0.5.

Observations require us to take the mirror baryons
dominate the total present-day matter density, viz.

Vm5VB1VB8.VB8 . ~2.12!

After WMAP, the favored range at 68% C.L. is

Vmh2.0.1460.02, ~2.13!

where h.0.72 is the Hubble constant@27# in units of H̄
[100 km/s Mpc. For future convenience, we will use

y[
0.14

Vmh2
~2.14!

instead ofVB8 /VB as the seconda priori free parameter in
our mirror matter cosmology. The 3s preferred range fory is
0.721.75 @7#.

There are a number of the critical moments in the proc
of perturbation growth. One of them occurs when the u
verse is equally dominated by radiation and matter. The c
responding redshift,zeq , is found from

~Vg1Vg8 !~11zeq!
41

r reln~zeq!

rc
5Vm~11zeq!

3,

~2.15!

wherer reln(z) is the energy density in relativistic neutrino
at matter-radiation equality. Using Eq.~2.10!, the observed
present-day background photon temperature andx!1, this
evaluates to

11zeq.
5500

yj
, ~2.16!

where
8-4
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j[11
7

8 S 4

11D
4/3

Nreln.110.23Nreln, ~2.17!

with Nreln denoting the number of relativistic neutrino fla
vors at the designated moment. For the epoch prior to o
nary photon decoupling, it is most likely that all three ne
trino mass eigenstates are always relativistic, so we will
j.1.69 in all of our numerical estimates. Adopting this, E
~2.16! becomes

11zeq.
3300

y
~2.18!

yielding zeq in the range 190024600 from the 3s allowed
interval for y.

Two other critical moments are matter-radiation deco
pling in the ordinary and mirror sectors. The exponen
factor in the Saha equation describing decoupling imp
that these events occur at about the same temperature@1#,
Tdec.Tdec8 , so that

11zdec8 .
11zdec

x
.

1100

x
. ~2.19!

Matter-radiation decoupling in the mirror sector preced
that in the ordinary sector because of the temperature hie
chy x,1. In the following, it turns out that we will have to
consider two cases defined byx.xeq andx,xeq , where

xeq.0.34y. ~2.20!

The distinction follows from Eqs.~2.16! and ~2.19!: for x
.xeq , mirror radiation-matter decoupling occurs during t
matter-dominated epoch, while forx,xeq it occurs during
the radiation dominated epoch. Numerically,xeq takes values
in the approximate interval 0.2420.6 ~the upper end of this
range is disfavored by BBN!.

III. THE JEANS LENGTH

The Jeans length for mirror matter determines the m
mum scale at which subhorizon sized perturbations in
mirror matter will start to grow through the gravitation
instability in the matter-dominated epoch. The mirror bary
perturbations begin growing first, with the perturbations
the ordinary matter catching up subsequently. This proces
similar to the standard CDM scenario, with the points
difference to be discussed later.

Physically, the Jeans length sets the scale at which
gravitational force starts to dominate the pressure force.
defined as the scale at which the sound travel time acro
lump is equal to the gravitational free-fall time inside t
lump. The Jeans length for mirror matter is given by

lJ8~z!5
Apvs8~z!~11z!

AGr tot~z!
, ~3.1!
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wherevs8(z) is the sound speed in the mirror matter, and t
(11z) factor translates the physical scale at the time of r
shift (11z) to the present time.

Let us examine the mirror matter Jeans length for
period between mirror-neutrino decoupling and mirro
photon decoupling. The sound speed is calculated from

~vs8!25
dp8

dr8
~3.2!

where the pressure is dominated by the contribution fr
mirror photons,p8.rg8 /3, and the relevant density is give
by

r85rg81rB8 . ~3.3!

Using rg8;T84 andrB8;T83, we see that

~vs8!25
1

3

1

11
3

4

rB8

rg8

. ~3.4!

To transform the sound speed expression into a more us
form, we first note that

rB8 ~z!

rg8~z!
5

VB8

Vg8

1

11z
. ~3.5!

Then, from the definition ofzeq as given by Eq.~2.15!, we
obtain that

Vm

Vg
.~11zeq!~11x4!j. ~3.6!

Using VB85Vm2VB , we therefore deduce that

rB8 ~z!

rg8~z!
5j

11zeq

11z S 1

x4
11D 2

VB

Vg

1

~11z!x4
. ~3.7!

For our purposes it will be good enough to make the appro
mations VB8.Vm and 1/x4@1, so thatrB8 (z)/rg8(z).j(1
1zeq)/@x4(11z)#. It is easy to check that 3rB8 /4rg8@1 for
the epoch of interest. Using these approximations, Eq.~3.4!
yields

vs8.
1

A3

2x2j

A3
A 11z

11zeq
. ~3.8!

Observe that the sound speed in the mirror photon-bar
plasma is approximately proportional tox2: the low mirror
sector temperature suppresses the sound speed by dil
the relativistic component of the mirror plasma@1#.

Substituting Eq.~3.8! in Eq. ~3.1! and evaluating the re
sulting expression we obtain

lJ8~z!.
2.13104

A21z1zeq

x2y1/2 Mpc, ~3.9!
8-5
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which implies that

lJ8~zeq!;260x2y Mpc, ~3.10!

and

lJ8~zdec8 !;A 2x

x1xeq
lJ8~zeq! Mpc. ~3.11!

Beware that if mirror photon decoupling occurs befo
matter-radiation equality (zdec8 .zeq , x,xeq), then Eq.
~3.10! is inapplicable. The mirror baryon Jeans length plu
mets to very low values after mirror photon decoupling, b
cause the pressure supplied by the relativistic componen
the mirror plasma disappears, and the sound speed gr
decreases.

IV. THE SILK SCALE

For the case of mirror dark matter, perturbations on sca
smaller than a characteristic lengthlS8 will be washed out by
the collisional or Silk damping that arises while mirror ph
tons decouple from the mirror baryons@28#. The microphys-
ics of this process is identical to that of Silk damping in
universe containing only ordinary baryons. We use the la
~imaginary! universe as a familiar reference.

Elementary considerations involving photon diffusio
may be used to estimate that in our baryonic reference
verse, the Silk scale is given by

~lS
0!25

3

5

tdec
0 lg~ tdec

0 !

~adec
0 !2

, ~4.1!

where tdec
0 is the photon decoupling time,lg the photon

mean free path, andadec
0 the scale factor at decoupling. Th

mean free path is given by

lg5
1

XenesT
, ~4.2!

whereXe is the electron ionization fraction at decoupling~so
that Xene is the total number density of free electrons! and
sT58pa2/(3me

2) is the Thomson scattering cross-sectio
Using ne;nB , this expression yields

lg;
GmBme

2

H̄2a2

1

Xe

1

~11zdec!
3

1

VBh2
. ~4.3!

Using Xe;0.1, adec
0 .zdec;1100, and incorporating som

refinements, one obtains the estimate

lS
0;2.5~VBh2!23/4 Mpc ~4.4!

for our reference baryonic universe@29#.
The mirror matter Silk length at mirror photon decouplin

can be obtained by deducing how the various quantitie
Eq. ~4.1! scale withx. The results depend on whether mirr
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photon decoupling occurs before or after matter-radiat
equality, i.e. whetherx,xeq or x.xeq , respectively@see Eq.
~2.20!#.

A. Case I: xÌxeq

The sequence of events in this case is as follows.

~1! Matter-radiation equality occurs at redshiftzeq .
~2! At a smaller redshiftzdec8 mirror photons decouple

from mirror baryons.
~3! Later still, atz5zdec, ordinary photon decoupling oc

curs.

After z5zeq , perturbation growth is no longer damped b
the expansion rate, but it is still retarded by mirror-phot
induced pressure. The latter disappears atz5zdec8 , and per-
turbations above the scalelS8 ~determined below! begin to
grow in the mirror sector. Afterz5zdec, ordinary photon
pressure stops preventing the ordinary baryons from fal
into the potential wells created by the now growing pert
bations in the mirror baryons.

To evaluate the Silk scale, we note that

tdec8

tdec
0

5
tdec8

tdec
5S adec8

adec
D 3/2

5S 11zdec

11zdec8
D 3/2

5x3/2, ~4.5!

wheretdec is the actual photon decoupling time. The expre
sion for lg tells us that

lg8

lg
5S 11zdec

11zdec8
D 3

5x3. ~4.6!

Hence,

lS85x5/4lS
0 , ~4.7!

where it is understood thatVB is replaced byVm in the
expression forlS

0 . Observe that the mirror Silk scale is su
pressed relative to the reference universe analogue by
temperature ratio to the stated power.

Numerically, we find that

lS8~x.xeq!;11x5/4y3/4 Mpc. ~4.8!

B. Case II: xËxeq

In this case, the mirror photon decoupling has occur
prior to matter-radiation equality, so perturbation growth
the mirror sector begins atz5zeq . Scaling arguments tha
we will suppress establish that the mirror Silk length is giv
by

lS85lS
0xeq

21/4x3/2 ~4.9!

for this situation. Once again, the temperature ratio decre
the scale from that of the reference model. Numerically,

lS8~x,xeq!;14x3/2y1/2 Mpc. ~4.10!
8-6
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V. PROCESSED POWER SPECTRA FOR MIRROR DARK
MATTER

Having obtained the values of the characteristic scales
our problem, we are now in a position to qualitatively d
cuss the shapes of the MDM processed power spectra in
linear regime, treating cases I and II defined above se
rately.

A. Processed power spectrum for case I:xÌxeq

Figures 1 and 2 schematically depict the processed po
spectrum in MDM whenx.xeq at the two important mo-
ments of matter radiation equality (z5zeq) and mirror pho-
ton decoupling (z5zdec8 ), respectively. The vertical axes a
log(drB8/rB8)l , the logarithm of the mirror baryon density pe
turbation at scalel, at these two moments, plotted as fun
tions of log(l/arbitrary scale). We will now explain how
these ‘‘cartoons’’ arise.

A number of scales are highlighted along the horizon
axis. The largest of these isleq , the horizon scale atz
5zeq , which is easily found to be given by

leq;130y Mpc. ~5.1!

FIG. 1. Schematic form of the processed power spectrum~not to
scale! at z5zeq for case I (x.xeq). The curve depicts the mirro
dark matter density perturbation log(drB8/rB8)l as a function of the
logarithm of the scale, logl. The dashed section represents oscil
tory evolution, while the solid line section shows nonoscillato
evolution. See the text for a full discussion and for the definition
the important scales indicated along the horizontal axis.

FIG. 2. As for Fig. 1, except thatz5zdec8 .
02351
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he
a-

er

l

Scales smaller thanleq have already entered the horizon a
have thus been processed by gravitationally driven gro
and microphysical effects such as Silk damping. Pertur
tions on super-horizon sized scales obey (dr/r)l;l22 for
the usual reason, the prior period having been radia
dominated.

The next scale is the mirror baryon Jeans mass, as g
by Eq. ~3.10!. Notice that the BBN boundx&0.5 guarantees
that the mirror baryon Jeans scale is always within the h
zon at matter-radiation equality. The~subhorizon sized! per-
turbations betweenleq and lJ8(zeq) have grown only loga-
rithmically because of radiation dominance.

The spectrum peaks atlJ8(zeq). Below that scale, the per
turbations are oscillatory and suppressed, being washed
completely below the Silk scalelS8(zeq). To understand the
detailed behavior in this interval, we need to look mo
closely at the evolution of the perturbations.

Before doing so, however, we should pause to note
similarities and differences between case I MDM and CD
For scalesl.lJ8(zeq), the processed spectrum is identical
that of CDM. BelowlJ8(zeq), however, the story is different
Recall that the CDM spectrum maintains its slow logarithm
rise asl decreases belowleq until extremely small scales
This is because both the Jeans and free-streaming length
weakly interacting massive particle~WIMP! CDM are ex-
tremely small, the former because there is no pressure
port to fight, and the latter because the WIMPs are v
massive and thus slow-moving. For all practical purpos
CDM just has two regimes (l larger or smaller thanleq),
while the physically richer MDM has four.

We now turn to the relatively complicated behavior in t
interval lS8(zeq),l,lJ8(zeq). Consider the time evolution
of a perturbation at scalel within this interval. A relevant
consideration is whether or notl was smaller or larger than
the Jeans length at thel horizon-crossing time. One ca
compute that

zent~l!;
4.63105

l/Mpc
, ~5.2!

with Eq. ~3.9! then yielding

lJ8„zent~l!…;
360x2y

A11
130y

l/Mpc

Mpc. ~5.3!

The special scalelC which is equal to the Jeans length
zent(lC) is then

lC;140y~211A116x4! Mpc. ~5.4!

For l.lC , the scale is larger thanlJ8„zent(l)…, otherwise it
is smaller. Perturbations on scaleslS8,l,lC therefore start
to oscillate about their horizon-entry values upon enter
inside the horizon; the averaged power spectrum is
within this interval.

Perturbations on scaleslC,l,lJ8(zeq) exhibit more
complicated behavior. Upon entering the horizon, the per

-

f
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bation begins to grow~logarithmically! slowly. But the Jeans
length increases asz decreases, and at some momenz
5zend it overtakesl. One may estimate that

zent~l!

zend~l!
;

~l/Mpc!y

920x4y220.008~l/Mpc!2
. ~5.5!

The larger this ratio, the larger the perturbation growth. I
easy to see that the ratio in fact increases monotonically f
l5lc until l5lJ8(zeq), which means that the growth facto
for the perturbation also grows in this interval. This com
pletes the explanation of the qualitative features of Fig. 1

Figure 2 depicts the processed spectrum at the other c
cal moment: mirror photon decoupling atz5zdec8 . After this
moment, the mirror Jeans and Silk lengths fall to very sm
values, and of course the universe is now matter domina
Perturbations at all scales therefore begin to grow in prop
tion to the cosmological scale factora, the processed spec
trum retaining itsz5zdec8 shape~until linearity breaks down!.

Many of the qualitative features of Fig. 2 have the sa
explanation as their counterparts in Fig. 1. There are so
differences, though. Perturbations on scales larger t
lJ8(zdec8 ) @see Eq.~3.11!# grow linearly with a because the
universe is matter-dominated. A scale betweenlJ8(zeq) and
lJ8(zdec8 ) is larger than the Jeans length at its horizon en
time, so the associated perturbation grows until that sca
overtaken bylJ8 beforez5zdec8 .

The spectrum therefore has a maximum at the scale

lmax5lJ8~zdec8 !. ~5.6!

Using Eq.~3.11!, this evaluates to

lmax;370
x2y

A11
xeq

x

Mpc. ~5.7!

B. Processed power spectrum for case II:xËxeq

For this case, mirror photon decoupling precedes ma
radiation equality (zdec8 .zeq). Figures 3 and 4 depict th
processed power spectra at these two moments. Their q

FIG. 3. As for Fig. 1, except that it refers to case II (x,xeq).
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tative features can be explained in a very similar way to
preceding case. There are some points of difference, h
ever.

Examine Fig. 3 first. It is similar to Fig. 1, butldec8 ~the
horizon scale atz5zdec8 ) plays the role previously held by
leq . Betweenldec8 andlJ8(zdec8 ), the spectrum grows loga
rithmically slowly. BetweenlJ8(zdec8 ) andlS8(zdec8 ), the spec-
tral curve looks similar to the analogous region in Fig.
except that there is no flat part because the scalelC is always
smaller than the Silk length: the curve is growing, on avera
in this region, with the perturbations also oscillating abo
the mean for a givenl. The spectrum has a maximum at th
same scale as computed for case I@see Eq.~5.7!#. Once
again, the relatively quick fall off as the scale decreases fr
lmax to the Silk scale represents qualitatively different b
havior compared to standard CDM.

Turning to Fig. 4, the case II processed power spectrum
matter-radiation equality, we see perturbations falling off
l22 for l.leq and growing logarithmically asl falls from
leq to lJ8(zdec8 ). For smaller scales, the form of the pow
spectrum remains unchanged from its character atz5zdec8 ,
displaying slow logarithmic growth in the direction of in
creasingl. Recall that after mirror photon decoupling, th
mirror baryon Jeans length plummets to a very small val
so all physically interesting scales are now greater than
Jeans length and thus can grow. The growth imprinted on
processed spectrum atz5zeq is, however, only logarithmic
simply because the preceding period was radiation do
nated. The oscillations in this regime created prior toz
5zdec8 remain as a feature of the spectrum because ther
no process that can damp them out. The position oflmax
thus remains unchanged.

For z,zeq , the universe is matter-dominated and pert
bations on all scales grow in proportion to the cosmologi
scale factora. The spectrum thus retains its shape atz
5zeq .

C. Discussion

1. Linear regime

We have seen that for both cases I and II, the proces
power spectrum at the relevant moment,zdec8 andzeq respec-
tively, displays a peak atlmax as given by Eq.~5.7!. For
scales abovelmax the MDM perturbation spectrum is iden

FIG. 4. As for Fig. 3, except thatz5zeq .
8-8
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MIRROR DARK MATTER AND LARGE SCALE STRUCTURE PHYSICAL REVIEW D68, 023518 ~2003!
tical to that of standard CDM. At scales below the peak,
perturbations oscillate about either a constant mean or
that is slowly rising towards the peak. Such oscillations
not a feature of standard CDM.

The extent of the difference between MDM and CD
therefore hinges on the value oflmax ~andlS8), and hence on
the temperature ratiox. Furthermore, the first structures
form will do so at the scalelmax. It is therefore interesting
to comparelmax with the typical galactic scale,9

lgal;3.7y1/3 Mpc. ~5.8!

Puttingy51 we see thatlmax is equal to the galactic scale a

x;0.2. ~5.9!

For x.0.2, the first structures to form would be larger th
galaxies, while forx,0.2 the scale falls rapidly into the
subgalactic regime.

If one classifies dark matter as CDM-like, WDM-like an
HDM-like according to whether the first structures are su
galactic, galactic or supergalactic, respectively, then we c
clude that MDM is as follows.

~1! CDM-like for x&0.2.
~2! WDM-like for x;0.2.
~3! HDM-like for x*0.2.

Given that top-down structure formation appears to be di
vored, we conclude that

x&0.2 ~5.10!

is the favored temperature range for large scale structure
mation.

The smallerx is, the more closely the MDM processe
power spectrum in the linear regime resembles its analo
for standard CDM. It is interesting that MDM become
CDM-like for x’s that are not too small relative to our in
dicative lower limit of about 0.01@recall the discussion lead
ing to Eq.~2.6!#.

A stringent test of the perturbation spectrum at sm
scales in the linear regime arises from Lyman-a forest data
@30#. A detailed study of the implications of these data f
MDM is certainly well motivated. In this paper we will hav
to settle for the rough guidance provided by existing analy
constraining warm dark matter. MDM and WDM are simil
in that each exhibits small scale wash-out, though the me
nisms are different~Silk damping and free-streaming, respe
tively!. In Ref. @31#, Narayananet al. use Lyman-a data to
constrain the massmWDM of the WDM particle through its
free-streaming scaleR, given by

R.0.2~VWDMh2!1/3S mWMD

keV D 24/3

Mpc ~5.11!

9As usual in this context, what we mean by this is the size
material forming a galaxy would have today had nonlinearity
set in.
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in terms of the cosmological WDM densityVWDM . They
obtain

mWDM.0.75 keV ~5.12!

for an VWDMh250.2 universe. Adopting the resulting upp
bound onR as a rough bound onlS8 , we get from Eqs.
~4.10!, ~5.11! and ~5.12! that

x&0.06, ~5.13!

wherey50.14/0.2 was used for consistency. This bound
pears to be more stringent than thex,0.2 range obtained by
requiring thatlmax be subgalactic.

2. CMBR acoustic peaks

Over the past decade the measurements of the co
microwave background anisotropy provided us with a po
erful tool for finding the cosmological parameters and stu
ing the structure formation in the Universe. In particula
recent WMAP data@6,7# have established that the adiaba
perturbation scenario is favored over isocurvature pertur
tions. A natural question is then: could the CMB data help
in discriminating between MDM and other types of da
matter?

From our previous discussion it follows that the new fe
tures of the MDM power spectrum might leave an imprint
the CMB anisotropy at small angular scales, dictated by
~5.7!. With decreasingx these angular scales become sma
which corresponds to the larger values of,;u21. Thus we
could expect a non-negligible effect only at largerx which is
comparatively less interesting in view of the arguments p
sented above. However, it could be worthwhile to give fu
ther precision to this qualitative argument before a final c
clusion can be made. In any case, this follow-up stu
should be done in combination with the analysis of the lar
scale structure surveys such as 2dF and the Sloan Digital
Survey.

3. Nonlinear regime

No matter what the value ofx, there is no doubt that the
nonlinear evolution of MDM must be very different from
that of standard CDM. We certainly expect MDM to event
ally form mirror stars, mirror galaxies, and so on, by analo
with ordinary matter. However, the details of this evolutio
cannot be an exact parallel to that of ordinary matter. O
very important reason for this is that the mirror-helium
mirror-hydrogen ratio from mirror primordial nucleosynth
sis will be significantly higher than its ordinary counterpa
thus affecting star formation and evolution, which in tu
will influence mirror galaxy formation. No one has yet a
tempted a detailed study of this interesting topic, apart fr
pointing out relatively obvious consequences such as
faster evolution of mirror stars, and we have no progress
report ourselves. Suffice it to say that purely observatio
searches for compact mirror objects within and in the halo
our galaxy should be pursued irrespective of the status
theoretical investigations.

e
t
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The detection of early reionization by the Wilkinson M
crowave Anisotropy Probe~WMAP! is potentially highly rel-
evant for MDM. Early reionization implies early~ordinary!
star formation, which in turn requires sufficient power
small scales to encourage gravitationally collapsed objec
form. Indeed, since WMAP claims to have ruled out WD
through this means, one might be concerned that MDM
similarly ruled out. This is not obviously so, however. Th
earliest stars must arise from some rare large amplitude
tuations going nonlinear. But since WDM is nondissipativ
whereas MDM is chemically complex and dissipative, t
analogy between the two breaks down in the nonlinear
gime. It is a priori possible that the collisional damping o
small scale perturbations is compensated by the greate
pacity of MDM to clump compared to regular WDM. This
a very interesting topic for future studies of MDM.

VI. CONCLUSION

Mirror matter is a natural dark matter candidate becaus
is stable. Furthermore, the mirror matter model has aesth
appeal through its invariance under the full Poincare´ group,
including improper Lorentz transformations. Because the
crophysics of mirror matter is basically identical to that
ordinary matter, the study of its cosmological implications
well-defined, depending on a small number ofa priori free
parameters~the ratio of the relic mirror photon temperatu
to that of ordinary relic photonsx and the mirror baryon
mass densityVB8 ).

In this paper, we have looked at the linear regime of d
sity perturbations for mirror dark matter in more detail th
the previous major study of Ref.@1#. We deduced the semi
quantitative features of the processed power spectrum
MDM, compared it to standard CDM and HDM and e
plained the origin of the differences. A MDM power spe
trum is characterized by a peak at the scalelmax which is
itself a function ofx andVB8 . The first structures to form will
have sizelmax. Requiring this scale to be subgalactic im
plies thatx should be less than about 0.2. Because bottom
structure formation is favored over top-down, we conclu
that this is in fact the favored range for the temperature ra

It is encouraging that MDM can behave very similarly
standard CDM for reasonable values ofx andVB8 . However,
6;

n
o
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observational differences hopefully also exist and should
used to discriminate between the two candidates. Fu
Lyman-a forest data probing structure at small scales w
further challenge the standard CDM paradigm, with the pr
pect of uncovering a subtle discrepancy, or of constrain
models featuring small scale damping even further. F
MDM, a constraint on small scale damping translates into
upper bound onx. By using an analogy with warm DM, we
estimated an upper bound of about 0.06. At some point,
need for a smallerx could clash with plausible mechanism
for baryogenesis, though our ignorance of the correct bar
genesis mechanism will prevent a rigorous ruling out
MDM by this means. More optimistically, the hypothetic
discovery of small scale damping would specify the value
x.

The nonlinear regime obviously will differ strongly, with
the generic expectation of compact mirror objects~stars,
planets, meteorites! and structures~galaxies and so on!. The
discovery of early reionization by WMAP potentially pro
vides important input into the comparison of the MDM sc
nario with the real universe. Exploitation of this opportuni
is not straightforward, however, because the dissipative
chemically complex nature of MDM acts as a barrier to co
fident theoretical analysis of the formation of the earlie
stars in the MDM universe.

Finally, if mirror matter supplies all of the nonbaryon
dark matter, then existing dark matter searches for WIM
and axions should fail.~It is of course possible that the un
verse contains both MDM and standard CDM, even thou
we did not focus on that hypothesis here.!
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