
PHYSICAL REVIEW D, VOLUME 64, 063501
Cosmic antifriction and accelerated expansion

Winfried Zimdahl*
Fachbereich Physik, Universita¨t Konstanz, Postfach M678, D-78457 Konstanz, Germany

Dominik J. Schwarz†

Institut für Theoretische Physik, Technische Universita¨t Wien, Wiedner Hauptstraße 8–10/136, A-1040 Wien, Austria

Alexander B. Balakin‡

Fachbereich Physik, Universita¨t Konstanz, Postfach M678, D-78457 Konstanz, Germany
and Department of General Relativity and Gravitation, Kazan State University, 420008 Kazan, Russia§

Diego Pavo´ni

Departamento de Fı´sica Universidad Auto´noma de Barcelona, 08193 Bellaterra, Barcelona, Spain
~Received 21 September 2000; revised manuscript received 14 May 2001; published 3 August 2001!

We explain an accelerated expansion of the present Universe, suggested from observations of supernovae of
type Ia at high redshift, by introducing an antifrictional force that is self-consistently exerted on the particles of
the cosmic substratum. Cosmic antifriction, which is intimately related to ‘‘particle production,’’ is shown to
give rise to an effective negative pressure of the cosmic medium. While other explanations for an accelerated
expansion~cosmological constant, quintessence! introduce a component of dark energy in addition to ‘‘stan-
dard’’ cold dark matter~CDM! we resort to a phenomenological one-component model of CDM with internal
self-interactions. We demonstrate how the dynamics of the cold dark matter model with a cosmological
constant may be recovered as a special case of cosmic antifriction. We discuss the connection with two-
component models and obtain an attractor behavior for the ratio of the energy densities of both components
which provides a possible phenomenological solution to the coincidence problem.
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I. INTRODUCTION

There is evidence from supernova type Ia~SN Ia! data for
our present Universe to be in a state of accelerated expan
@1–5#. This interpretation, which is indirectly also backed
by recent data from the balloon experiments of Boomer
@6# and Maxima@7#, according to which we live in a fla
Universe, requires a cosmic medium with sufficiently hi
negative pressure to violate the strong energy condi
~SEC!, r13P.0. Cosmic matter with negative pressure
now known as ‘‘dark energy.’’ The problem why the dens
of the dark energy is of the order of the matter density jus
the present epoch is the ‘‘coincidence problem’’@10#. An
obvious dark energy candidate is a cosmological constan
the order of the current critical density. Another option is
scalar field called ‘‘quintessence,’’ either with a suitable p
tential @8–17# or with a nonstandard kinetic term@18#.

Negative pressures also occur in a different context.
was first pointed out by Zel’dovich@19# and Hu@20#, quan-
tum processes in the early Universe, such as cosmolog
particle production, may phenomenologically be equival
to effective negative bulk pressures. Numerous invest
tions have subsequently explored this analogy@21–29#. For
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gaseous matter with specific internal self-interactions ne
tive cosmic bulk pressures can be derived within the fram
work of relativistic gas dynamics@30–33#. In particular, it
turned out that accelerated expansion~inflation! of the Uni-
verse can be driven by a self-interacting gas@30–33#.

The observational data of the early 1990s left ample ro
for a presently non-negligible dissipative bulk stress on c
mological scales, as has been pointed out by two of us
Ref. @34#. Hypothetically, this bulk stress was ascribed
internal interactions inside the dark matter, the latter assum
to be the dynamically dominating component of the U
verse. According to the state of knowledge at that time
studies were restricted to matter for which the SEC hol
Taking into account the recent development sketched ab
it seems natural to investigate a present phase of accele
expansion from a gas dynamical point of view.

The present work is based on the assumption that
observational evidence for an effective cosmological c
stant is an indication for the existence of additional inter
tions within the cosmic medium, which macroscopica
manifest themselves as negative pressures. Our strate
the following: Instead of introducing from the outset a ne
kind of matter~‘‘quintessence’’ or ‘‘Q matter’’! with a nega-
tive pressure in addition to cold dark matter~CDM!, we start
with a one-component description of the cosmic mediu
Although the corresponding substratum is assumed to con
of non-relativistic particles, it does not represent simple d
since we include interactions within the matter. These in
actions turn out to be equivalent to effective one-parti
forces, which are self-consistently exerted by the cosmic m
©2001 The American Physical Society01-1
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dium on each of its individual particles. We show that t
cosmological principle restricts these forces to act l
‘‘friction’’ or ‘‘antifriction.’’ Generalized equilibrium re-
quirements for the cosmic medium relate those forces to t
perature and chemical potential. For a non-relativistic s
stratum only cosmic antifriction generates a negative fl
bulk pressure. We demonstrate that a suitable amount of
mic antifriction leads to a SEC violation equivalent to
accelerated expansion of the Universe. On this basis we
gue that the hypothesis of cosmic antifriction offers an alt
native interpretation of the magnitude-redshift relation
type Ia supernovas.

We present three different phenomenological models
cosmic antifriction which give rise to Hubble diagrams co
sistent with the SN Ia data. We estimate the redshifts
which the accelerated expansion started. Although SN Ia
alone cannot discriminate between those models, obse
tions of the cosmic microwave radiation anisotropies rule
one of them.

In a subsequent step we demonstrate how the antifric
dynamics may be decomposed into a two-component pic
with one component beingQ matter, the other one CDM
This procedure reveals that a negative fluid pressure du
antifriction may be dynamically equivalent to the acceler
ing effect of dominatingQ matter. For a specific ansatz fo
the cosmic force and for a specific decomposition one rec
ers the cold dark matter model with a cosmological cons
~LCDM!. Moreover, it turns out that the same amount
accelerated expansion of the presently observed Univer
compatible with different splittings of the total energy de
sity into the energy densities ofQ matter and CDM. In par-
ticular, there are decompositions in whichQ matter decays
into CDM. For a specific decay rate there exists a sta
attractor solution with a fixed ratio of the energy densities
CDM and Q matter, which indicates a possible solution
the coincidence problem.

The paper is organized as follows. Section II recalls so
basic relations and features on the possible role of a cos
bulk pressure. In Sec. III we provide the basic relations o
kinetic theory for self-interacting gases. We show that a c
tain class of particle number non-preserving interactions m
be mapped onto effective one-particle forces. The cos
logical principle implies that these forces necessarily
scribe a friction or an antifriction within the cosmic medium
We determine the strength of the force and realize that o
antifriction is compatible with a negative pressure. The ba
reaction of the antifrictional self-interactions on the cosm
logical dynamics is considered in Sec. IV for three differe
antifriction models. The luminosity and angular distances
functions of redshift are studied for all three models. Cor
sponding two-fluid models are established in Sec. V wh
provide the basis for a discussion of the coincidence pr
lem. Section VI sums up our conclusions on the possible
of cosmic antifriction. Units have been chosen so t
c5kB5\51.

II. COSMIC BULK PRESSURE

We suppose the Universe to be describable by the str
energy tensor of an imperfect fluid
06350
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ab5~r1P!uaub1Pgab, ~1!

wherer is the energy density, measured by an observer
moving with the fluid four-velocityua normalized according
to uaua521. The effective pressureP splits into two parts,

P5p1P, ~2!

p being the equilibrium pressure withp>0 for gaseous mat-
ter andP a non-equilibrium part. For a perfect fluid we hav
P50, i.e., P>0. For a conventional viscous fluidP<0 is
valid during expansion, e.g., if kinetic energy of the fluid
transferred to internal degrees of freedom. In the first-or
Eckart theory one hasP523Hz ~see, e.g.,@35#!, whereH

[u;a
a /35ȧ/a is the Hubble expansion rate andz>0 is the

coefficient of bulk viscosity. Within the more satisfacto
second-order theoriesP becomes a dynamical degree
freedom~see, e.g.,@36–39#!. Both the first- and the second
order theories are valid under the conditionuPu,p, such that
the effective pressureP of a viscous fluid or gas is positive

Apart from viscosity, particle number non-conserving i
teractions inside the matter may, as discussed above, lea
an effective bulk pressure. This includes particle product
out of the gravitational field. The fact thatP<0 if there is
particle production and thatP,0 is possible under such con
ditions may be demonstrated as follows. Let the cosmic m
ter be characterized by the particle flow vector

Ni5nui , ~3!

wheren is the particle number density. In case the fluid p
ticle number is not preserved, the number density chan
according to the balance@23,24#

N;a
a 5ṅ13Hn5nG, ~4!

whereG5Ṅ/N is the change rate of the numberN[na3 of
particles in a comoving volumea3. For G.0 we have par-
ticle creation, forG,0 particles are annihilated. Conserv
tion of the effective stress-energy tensor~1! implies

ṙ13H~r1P!50. ~5!

With the help of the Gibbs equation

Tds5d
r

n
1pd

1

n
, ~6!

wheres is the entropy per particle andT the temperature, and
with the balances~4! and ~5! we obtain

nTṡ523HP2~r1p!G. ~7!

If the particle numberN is conserved, i.e., forG50, the
second law of thermodynamics impliesP<0 in an expand-
ing universe.

If the particle number is not conserved one may defi
‘‘isentropic’’ ~or ‘‘adiabatic’’! particle production byṡ50,
which here means ‘‘constant entropy per particle.’’ Und
this condition the equilibrium entropy per particle does n
1-2
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COSMIC ANTIFRICTION AND ACCELERATED EXPANSION PHYSICAL REVIEW D64 063501
change as it does in dissipative processes. Instead, one
associate a viscous pressure to the particle production
@23,24#:

ṡ50 ⇒ P52~r1p!
G

3H
. ~8!

The cosmic substratum is not a conventional dissipative fl
but a perfect fluid with varying particle number. Obvious
G>0 guaranteesP<0. Substantial particle production is
phenomenon which is reasonably to be expected in the e
Universe. It is less clear whether such processes are op
tive at the present epoch as well. However, given that
nature of CDM is unknown, there seems to be some room
speculations in this direction. As easily seen,P,0 in the
case of dust (p50) and P;2r is possible if G/(3H)
5O(1). Compared to typical rates of particle physics th
requires an extremely small particle production rate on
Below we shall comment on the origin of negative bulk pre
sure in more detail.

Referring to matter creation as a relevant cosmolog
mechanism may remind us of corresponding proces
within the steady state model@40#. However, different from
the latter, our considerations are fully within Einstein
theory. Moreover, we shall trace the production process
internal interactions within the system.

For a universe of the Friedmann-Lemaıˆtre-Robertson-
Walker ~FLRW! type with scale factora we have

2
ä

a
1S ȧ

a
D 2

1
k

a2
528pGP ~k51,0,21! ~9!

and

k

a2H2
5V21, V[

r

rc
5

8pG

3H2
r, ~10!

implying

P52
1

4pG F S 1

2
V2qDH214pGpG , ~11!

where q[2ä/(aH2) is the deceleration parameter. In th
standard big-bang scenario the non-equilibrium pressureP is
ignored and sincep cannot become negative it follow
V(t)<2q(t). But it is obvious that as long asp(t) does not
vanish and both pressures are of similar magnitude,V(t) can
be either larger or smaller than 2q(t). Usually the current
value of the hydrostatic pressure is approximated by the s
equation of dustp050. The recent SN Ia data seem to co
firm the existence of an effectively negative pressure of
cosmic medium. Assumingp050 in Eq. ~11!, the current
value of the bulk stress can then be expressed as

P052
1

3 S 122
q0

V0
D r0 , ~12!

where the current energy densityr0 is of the order of the
critical energy densityrc053H0

2/(8pG). For q0.0 we get
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3uP0u,r0, which is in agreement with the strong energ
condition. The latter is violated, however, forq0,0. As al-
ready mentioned, for ‘‘conventional’’ viscous matter witho
particle production the non-equilibrium partP of the pres-
sure is smaller in magnitude than the equilibrium contrib
tion p, so thatP.0. Here we argue that relation~8! offers
the option of understanding the existence of a negative b
pressure as a manifestation of cosmological ‘‘particle p
duction.’’ In the following sections we show how such a kin
of negative pressure may emerge as a consequence of
cific internal interactions within the cosmic substratum.

III. KINETIC THEORY FOR SELF-INTERACTING GASES

A. Basic relations

The one-particle distribution functionf 5 f (x,p) of a rela-
tivistic gas is supposed to obey the Boltzmann equation

L@ f #[pi f , i2Gkl
i pkpl

] f

]pi
5C@ f #1S~x,p!, ~13!

where C@ f # is Boltzmann’s collision integral. The term
S(x,p) on the right-hand side takes into account additio
interactions which cannot be reduced to elastic, binary in
actions. In particular, it describes production or decay p
cesses of particles.

The particle number flow four-vectorNi and the energy
momentum tensorTik are defined in a standard way~see,
e.g.,@41#! as

Ni5E dP pi f ~x,p!, Tik5E dP pipkf ~x,p!. ~14!

The integrals in the definitions~14! and in the following are
integrals over the entire mass shell, characterized bypipi5
2m2 and p0.0. The entropy flow vectorSa is given by
@41,42#

Sa52E dP pa@ f ln f 2 f #, ~15!

where we have restricted ourselves to the case of clas
Maxwell-Boltzmann particles.

Using the general relationship@43#

F E pa1
•••panpbf dPG

;b
5E pa1

•••panL@ f #dP ~16!

and Eq.~13! we find

N;a
a 5E dP~C@ f #1S!, T;k

ak5E dP pa~C@ f #1S!,

~17!

and

S;a
a [sC1sS , ~18!

where
1-3
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sC52E dP C@ f # ln f , ~19!

and

sS52E dPS ln f . ~20!

Under the condition that with respect to the elastic par
the interactions the gas is at equilibrium, the expressionf
is a linear combination of the collision invariants 1 andpa

and the collision integralC@ f # vanishes. The correspondin
equilibrium distribution function becomes~see, e.g.,@41#!

f 0~x,p!5exp@a1bapa#, ~21!

wherea5a(x) andba(x) is timelike. This impliessC50,
i.e., there is entropy production only due tosS .

With f replaced byf 0 in the definitions~14! and~15!, Na,
Tab, and Sa may be split with respect to the unique fou
velocity ua according to

Na5nua, Tab5ruaub1phab, Sa5nsua. ~22!

Note that we have identified here the general fluid quanti
n, r, andp of the previous sections with those emerging fro
the Maxwell-Boltzmann gas dynamics. The exact integ
expressions forn, r, andp may be found, e.g., in Ref.@44#.
The entropy per particles is

s5
r1p

nT
2

m

T
. ~23!

Here we have used the identificationsb i5bui , b5T21, and
a5m/T with m being the chemical potential.

Use of the equilibrium distribution function~21! in the
balances~17! yields

ṅ13Hn5nG[E dPS 0, ~24!

and

ua@ ṙ13H~r1p!#1~r1p!u̇a1p,bhab

52ta

[E dP paS 0, ~25!

whereS 0 denotes the source termS for f 5 f 0. We consider
the special case thatS 0 depends linearly onf 0. For reasons
that will become clear shortly, we suppose that the facto
proportionality can be written in terms of a suitable proje
tion of a quantityFi which will turn out to play the role of an
effective one-particle force:

S 052mb iF
i f 0. ~26!

The constant factor2m has been chosen for later conv
nience. The expression~26! may be regarded as a spec
case of the more general structure
06350
f
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S52mFi
] f

]pi
. ~27!

It is straightforward to realize that a ‘‘collision’’ term of this
form may be taken to the left-hand side of Boltzmann
equation~13!, resulting in

pi f , i2Gkl
i pkpl

] f

]pi
1mFi

] f

]pi
5C@ f #. ~28!

The left-hand side of this equation can be regarded as

d f~x,p!

dl
[

] f

]xi

dxi

dl
1

] f

]pi

dpi

dl

with

dxi

dl
5pi ,

Dpi

dl
5mFi . ~29!

Equations~29! are the equations of motion for gas particl
that move under the influence of a force fieldFi5Fi(x,p).
The quantityl is a parameter along the particle worldlin
which for massive particles may be related to the proper t
t by l5t/m. Consequently, a specific ‘‘collisional’’ interac
tion, described by a ‘‘source’’ termS, may be mapped onto
an effective one-particle forceFi . This demonstrates tha
there exists a certain freedom to interpret collisional eve
in terms of forces.~This freedom can also be used in th
reverse direction, i.e., to interpret~parts of! forces as colli-
sions@45#.! We emphasize that our approach is different fro
the ‘‘canonical’’ theory of particles in a force field for whic
the force term mFi ] f /]pi in Eq. ~28! is replaced by
m](Fi f )/]pi @45#. While both approaches are consiste
with the equations of motion~29!, they coincide only for
]Fi /]pi50, which holds, e.g., for the Lorentz force. In th
cases of interest here we will have]Fi /]pi5” 0.

B. Cosmic forces

Since we assume the Universe to be homogeneous
isotropic at large scales we ask for forces that are consis
with the cosmological principle. In such a case the metric
space-time is of the Robertson-Walker form and the ener
momentum tensor is given by Eq.~1!. Since the particle
four-momenta are normalized according topipi52m2, the
force Fi has to satisfy the relationpiF

i50. The momentum
of a comoving particle isp(c)

i 5mui . From its definition co-
moving particles are force-free and thusFi(mu)50. This
property follows also from the relation

Dui

dt
5u;n

i pn

m
, ~30!

which for p(c)
i 5mui via u;n

i un[u̇i}Fi requires a vanishing

force since the cosmological principle impliesu̇i50.
On a spatial sliceS t , normal toui , the force fieldFi has

to be independent of the spatial position, otherwise homo
1-4
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neity would be violated, thusFi5Fi(p;t). Sincepi and ui

are generally independent four-vectors, we may decomp
according to

Fi5Api1Bmui , ~31!

whereA andB are arbitrary functions ofpi with dimension
1/time. FromFipi50 we find

Fi5
B

m
~2Epi1m2ui !, ~32!

with E[2piui being the particle energy as measured b
comoving observer. For a comoving particle one hasE5m
and we consistently recover thatFi(mu)50 for all B. A
particle which exactly moves with the mean macrosco
four-velocity is force free. The temporal and spatial proje
tions of the force field give

uiF
i5

B

m
~E22m2!, eiF

i52
B

m
EAE22m2, ~33!

where

ei[
1

AE22m2
~pi2Eui ! ~34!

is the spatial direction of the particle momentum (eiui
50, eiei51). Due to spatial isotropyB may not depend
on the spatial directionei , thusB5B(E;t). The expression
~32! is the most general force field consistent with the c
mological principle.

According to the projections~33!, the force is acting par-
allel or anti-parallel to the motion of the particle under co
sideration, depending on the sign ofB. For non-relativistic
particles it should be a good approximation to assume thB
is independent ofE. With E5m1«, where«5mv2/2!m,
we find at leading order in the velocityeiF

i.2B(m)mv.
This is nothing but Stokes’ law of friction. ForB.0 the
force field may be interpreted as cosmic friction, forB,0 as
cosmic antifriction. We conclude that cosmic~anti!friction is
the most general force field which is compatible with t
cosmological principle.

With the expressions~26! for S 0 and the equivalent force
~32! we may calculate the ‘‘source’’ terms in the balanc
~24! and ~25!. For aB independent ofE, the results are

G523B ~35!

and

ta53Bua~r1p!. ~36!

In general, neither the particle number nor the energy m
mentum are conserved. Consequently,Tab in Eq. ~22! is not
the quantity which will appear on the right-hand side of E
stein’s field equations. Equation~35! clarifies that the force
strength determines the particle production~decay! rate G

5Ṅ/N. The entropy production density~18! is determined
by
06350
se

a

c
-
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-

S;a
a 5sS52aN;a

a 2baT;b
ab5nsG523nsB. ~37!

A production of particles is characterized byG.0 and cor-
responds toB,0, i.e., an antifrictional force, while a deca
of particles is equivalent to an effective friction.

C. Generalized equilibrium solutions

To obtain the conditions under which the equilibrium d
tribution ~21! is preserved even under the action of
~anti!frictional force we insert the expression~21! into the
Boltzmann equation~28! which yields

paa ,a1b (a;b)p
apb52mb iF

i . ~38!

Sinceb i[ui /T, it is only the projectionuiF
i of the force

which is relevant here. If this projection vanishes, relati
~38! reduces to the ‘‘global’’ equilibrium condition of stan
dard relativistic kinetic theory, i.e., toa5const and either to
the Killing vector conditionb (a;b)50 for m.0, or to the
conformal Killing vector conditionb (a;b)5f(x)gab for m
50. The Friedmann models do not supply a timelike Killin
vector, thus there is no equilibrium solution for particles w
finite mass. However, in the non-relativistic limitT!m a
quasi-equilibrium, characterized bya5m/T1const, b i
5ui /T, and T}a22, exists. In the case of cosmi
~anti!friction we find a similar quasi-equilibrium solution fo
Friedmann models which reads

a5
m

T
1const, b i5

ui

T
,

Ṫ

T
522S ȧ

a
1BD . ~39!

With 3B52G52Ṅ/N, according to relation~35!, the tem-
perature behavior is

T}a22N2/3. ~40!

For vanishing~anti!friction the particle number is constan
and the familiarT}a22 dependence for non-relativistic ma
ter is recovered.

The explicit knowledge of the forceFi in terms ofG now
allows us to study the motion of the matter particles exp
itly. Contracting the equation of motion~29! with the mac-
roscopic four-velocity results in

D~uip
i !

dt
[2

dE

dt
5uiF

i1
1

m
ui ;kp

ipk. ~41!

With Eq. ~33! and under the condition of spatial homogen
ity we have

dE

dt
52

B1H

m
~E22m2!. ~42!

Sincedt5dt(m/E) anddE/dt[Ė whereE5m1« with «
!m, we finally obtain for the evolution of the non
relativistic ~kinetic! energy the expression

«̇522S H2
G

3 D «. ~43!
1-5
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Consequently,

«}a22N2/3}T, ~44!

the equipartition theorem. Since the exponenta1bapa5a
2E/T of the function~21! in the non-relativistic limit, with
a5m/T1const andE5m1«, reduces toa2E/T→const
1«/T, relation~44! demonstrates explicitly the invariance
the equilibrium distribution~21!. The non-relativistic veloc-
ity scales asv}a21N1/3.

With Eqs.~25! and~36! the fluid energy balance become

ṙ13H~r1p!523B~r1p!5G~r1p!. ~45!

Introducing the quantity

P[
B

H
~r1p!52

G

3H
~r1p!, ~46!

Eq. ~45! may be written in the form of the energy balan
~5!, whereP plays the role of an effective viscous pressu
according to the definition~2!, thus we haveP5p1P. The
energy balance forTab with a generally non-vanishing
source in Eq.~45! is identical to the conservation law
uaTeff;k

ak 50 with the energy momentum tensor~1!. It is this
energy-momentum tensor that appears on the right-hand
of Einstein’s field equations@see the discussion following
Eq. ~36!#. With the reinterpretation~46! of the sources on the
right-hand side of the balance~25! in terms of an effective
pressure of the medium the latter becomes a ‘‘closed’’ s
tem. In the following we shall restrict ourselves to negat
pressuresP, corresponding to the production of particles a
to an antifrictional force. We emphasize again that des
the non-vanishing entropy productionS;a

a the microscopic
particles are always governed by an equilibrium distribut
function. In this contextS;a

a .0 describes just an enlargeme
of the phase space of the system but not a dissipative
cess. Although inter-particle collisions are necessary to
tablish an initial equilibrium characterized by Eq.~21!, this
equilibrium may then be maintained even under the influe
of the antifrictional force and in the absence of further c
lisional interactions which might have been frozen out. T
force which gives rise to a negative fluid pressure is comp
ible with an equilibrium distribution of the particles durin
the expansion. This feature is an essential advantage o
presented approach since it allows us to apply standard
dynamical concepts to characterize ‘‘exotic’’ matter forms

IV. COSMOLOGICAL DYNAMICS

Let us assume the cosmic substratum after mat
radiation decoupling to be non-relativistic matter with inte
nal antifriction, characterized by the energy-momentum t
sor ~1! with p!r and

P'P52
G

3H
r52

uBu
H

r. ~47!
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Bearing in mind thatG5Ṅ/N the energy balance~45! may
be integrated to yield

r5r0

N

N0
S a0

a D 3

. ~48!

The index 0 again denotes the present epoch. Accordin
the Friedmann equation for the spatially flat case, 8pGr
53H2, to which we restrict ourselves from now on, the co
responding Hubble rate is given by

H5H0F N

N0
S a0

a D 3G1/2

. ~49!

For the ratioP/r we obtain

P

r
5

B

H
5

B

H0
FN0

N S a

a0
D 3G1/2

. ~50!

The ‘‘particle number’’ changes as

N5N0 expF23E
t

t0
dtuBuG . ~51!

For vanishing antifriction, corresponding to a conserved p
ticle number, we haveN5N0.

The ratiouBu/H enters the Hubble law for small redshiftz
(dL is the luminosity distance!,

H0dL5z1
1

2
~12q0!z21¯, ~52!

via the deceleration parameterq, which for k50 and non-
relativistic matter becomes

q5
1

2
2

3

2

uBu
H

. ~53!

Generally, the luminosity distancedL in a spatially flat uni-
verse may be written as

dL5~11z!E
0

z dz

H~z!
. ~54!

As usual@46# this is related to the angular distancedA of an
object as

dA~z!5~11z!22dL~z!. ~55!

Relation~47!, the field equations~9! and ~10! for k50 and
p!r may be combined to yield

P

r
5

B

H
5212

2

3

Ḣ

H2
. ~56!

It is convenient to express the Hubble rate as a function
redshiftz5(a0 /a)21. With

Ḣ52H8H~11z!,
1-6
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whereH8[dH/dz, the resulting equation is

H8

B1H
5

3

2~11z!
. ~57!

To establish specific models, assumptions aboutB are neces-
sary. In the following we solve the cosmological dynam
for three different choices ofB and compare the results wit
the Hubble diagrams from recent SN Ia measurements.
though SN Ia data cannot discriminate between our differ
models, since they provide equally good fits for redshifts t
are accessible with SN of type Ia, the additional informat
from the angular distance to the last scattering surface
cosmic microwave background~CMB! measurements wil
rule out one of the choices even without any detailed sta
tical analysis.

A. The caseBÊÀH

The simplest possible choice is apparentlyB52nH with
n5const. According to Eq.~47! this ansatz is equivalent t
assuming a constant ratioP/r, which should be considere
realistic at most piecewise. With this assumption we ge
Hubble rate

H~z!5H0~11z!(3/2)(12n). ~58!

Note that the same power-law behavior follows if a perf
fluid with the equation of state2n5w5p/r is assumed. We
recover the matter dominated Universe forn50 and the
vacuum dominated universe forn51. Equation~54! is easily
integrated to provide an explicit expression for the lumin
ity distance (n5” 1/3)

H0dL5
2

3n21
@~11z!(1/2)(113n)212z#. ~59!

This result coincides with the one by Lima and Alcaniz@47#.
The corresponding luminosity distance-redshift relation
shown in Fig. 1 while Fig. 2 shows the difference to t

FIG. 1. Hubble diagram for (VM ,VL)5(1,0) ~thin, dashed
line!, (0.3,0.7) ~thin line! compared to case A with the valuesn
50.7,0.5,0.3~thick lines from top to bottom!. The data points are
taken from Perlmutteret al. @3#, the diamonds are the Cala´n/Tolodo
SN1a data, the triangles are those of the SCP.
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standard cold dark matter~SCDM! model. We find thatn
50.5 gives a good fit to the observations of SN Ia. At fi
sight one might have expected the best fit forn50.7 since it
is this value that reproduces an equation of stateP/r
5P0 /r0520.7. However, as already indicated, a const
ratio P/r is realistic only piecewise. The fact that the bett
fit is n50.5 suggests thatn must have been smaller forz
.0 than forz50. This illustrates the circumstance that th
SN Ia observations for higherz do not directly reflect the
cosmological equation of state at the present time but, a
be seen from the integral in the expression~54! for dL , de-
pend on the entire dynamics from redshiftz to redshift 0.

The ‘‘particle number’’ changes according to

N

N0
5expS 23E

0

zuBu
H

dz

~11z! D 5~11z!23n. ~60!

The energy density@cf. Eq. ~48!# decays as r}(1
1z)3(12n), the temperature@cf. Eq. ~40!# as T}(1
1z)2(12n). For the ‘‘best fit’’ n50.5 there is a decrease i
N/N0 by about 3~5! for a redshift of 1~2!. Over a larger
intervalN might decrease by many orders of magnitude. T
again reflects the unrealistic nature ofP/r5const over a
large range ofz values.

The observations of SN type Ia are restricted to redsh
of order 1. In order to test a specific model of antifriction
redshift z@1, additional information is required. A ver
promising possibility are CMB anisotropy data. Acoustic o
cillations in the early Universe give rise to peaks and dips
the band power spectrum of these anisotropies. The typ
length scale of the largest acoustic oscillations is given
the sound horizonRs5cs/H at the time of photon decou
pling, wherecs is the sound velocity. This physical lengt
corresponds to the presently observed angular scale@46# of
the first acoustic peak

d1st peak'
Rs~zdec!

dA~zdec!
. ~61!

FIG. 2. Differences of the magnitudes with respect to
(VM ,VL)5(1,0) universe versus redshift. The plotted models a
data are the same as in Fig. 1. Note that other authors often d
the magnitude difference with respect to an empty universe, wh
has negative spatial curvature and is thus incompatible with in
tion.
1-7
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In fact, the corresponding observational data rule out
constant value forP/r. Namely, insertion of Eqs.~58!, ~55!,
and ~59! leads to (zdec@1)

d1st peak'cs

3n21

2
'0.14 rad, ~62!

which for n50.5 and cs5A1/3 exceeds the detecte
d1st peak.0.9°50.016 rad@6,7# by about one order of mag
nitude. Thus, a constant effective equation of state ove
large range in redshift is incompatible with observations.
illustrate this feature we plot in Fig. 7 the angular scale un
which the Hubble radiusH21(z) is seen for the ‘‘best fit’’
n50.5. At z5zdec'1100 the Hubble radius differs from th
sound horizon only by a factorcs'A1/3. The present mode
corresponds to the upper curve. In the following we consi
two cases for whichP/r is time varying. Since we are inter
ested in a modification of the cosmological dynamics at l
times we focus on two models where this ratio is increas
with time.

B. The caseBÄÀzB0zÄconst

From Eq.~47! follows that the simplest choice leading
an increasing ratiouPu/r is a constant value ofB. From Eq.
~57! we obtain withn0[uB0u/H0,

H~z!5H0@~12n0!~11z!3/21n0#. ~63!

This solution describes a transition from matter dominat
to vacuum domination of the Universe. In the past,z@1, we
have H}(11z)2/3, a matter dominated universe, while fo
the future,z→21, H, and thusr are constant. The expan
sion of the Universe starts to accelerate whenH(z),3uBu
@cf. Eq. ~53!#, which happens for a redshiftzacc, given by

11zacc5F 2n0

12n0
G2/3

. ~64!

In Figs. 3 and 4 we compare the Hubble diagram for t
model to recent observations of SN Ia. Here we find a bes

FIG. 3. Same as in Fig. 1 but for case B withuB0u/H0

50.9,0.7,0.5~thick lines from top to bottom!.
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value n050.7. For this model the Universe starts accele
tion atzacc'1.8. The increase in the particle number may
expressed as

N

N0
5

@~12n0!~11z!3/21n0#2

~11z!3
, ~65!

which gives an increase by a factor of about 5 sincezacc.
Also for this model the angular scale of the Hubble rad

is shown in Fig. 7 forn050.7 ~second curve!. Obviously,
here the Hubble scale is of the order of the scale of the
acoustic peak, i.e., this model is consistent with the CM
observations. However, a more quantitative statement co
only be made on the basis of a Boltzmann code, which
beyond the scope of our present work.

C. The caseBÊÀHÀ1

Another choice leading to an increasing ratiouPu/r is
uBu}H21, equivalent to an ansatz

uBu
H

5
1

m11

H0
2

H2
. ~66!

The specific choice of the constant factor 1/(m11) was
made for later convenience. Integration of Eq.~57! with the
ansatz~66! yields

H5
H0

A11m
@m~11z!311#1/2. ~67!

For z@1 we have

H}~11z!3/2, ~68!

which is characteristic of a matter-dominated universe.
the opposite casez→21 the Hubble rate approaches th
constant value

H→ H0

Am11
. ~69!

FIG. 4. Differences of the magnitudes versus redshift for
models in Fig. 3.
1-8
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COSMIC ANTIFRICTION AND ACCELERATED EXPANSION PHYSICAL REVIEW D64 063501
The Hubble rate~67! implies again a transition from a
matter-dominated universe atz@1 to a de Sitter universe a
z→21. Equations~67! and ~54! determine the luminosity
distance, which is plotted in Figs. 5 and 6. This case in f
includes allLCDM models, as can be easily seen by repl
ing 1/(m11)→VL and m/(m11)→VCDM . As expected,
the best fit model has 1/(11m)50.7.

To obtain the redshift at which acceleration starts we w

uBu
H

5
1

m~11z!311
. ~70!

The conditionuBu/H>1/3 for accelerated expansion@cf. Eq.
~53!# gives 11zacc5(2/m)1/3. The growth ofN follows from

N5N0

m~11z!311

~m11!~11z!3
. ~71!

For the favored value 1/(11m)50.7 accelerated expansio
starts atzacc'0.67, which is in the expected range 0.5,zacc
,1 ~cf. Ref.@48#!, andN has grown since then by a factor o
about 3.

Again we show an estimate of the angular scale of
Hubble radius@for 1/(11m)50.7# in comparison to the

FIG. 5. Same as in Fig. 1 but for case C with 1/(11m)
50.9,0.7,0.5~thick lines from top to bottom!. Note that this case is
identical toLCDM, with VL51/(11m).

FIG. 6. Differences of the magnitudes versus redshift for
models in Fig. 5.
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scale of the first acoustic peak in Fig. 7~lower curve!. This
model is consistent with observations as well. The differen
to the former model is large enough that it should give rise
a significant difference in the CMB predictions. We do n
further elaborate this point here.

V. TWO COMPONENT MODELS AND THE
COINCIDENCE PROBLEM

A. Interacting fluids

In this section we investigate in which sense cosmolog
antifriction may be regarded as effective description for
underlying two-component model. To this purpose we d
compose the total energy density~48! into a ‘‘conventional’’
matter part~subscriptM ) and a ‘‘Q matter’’ part ~subscript
Q):

r5rM1rQ , ~72!

with

rM[rr0S a0

a D 3

and rQ[F N

N0
2r Gr0S a0

a D 3

, ~73!

where r 5r (a).0 with r ,N/N0 and r 0[r (a0),1. The
factor r 0 fixes the ratio of both components ata0:

rM~a0!

rQ~a0!
5

r 0

12r 0
. ~74!

For r 5const the Universe evolves as though the cosmic s
stratum would consist of two non-interacting componen
Non-relativistic matter withpM50 and Q-matter with an
equation of state

PQ5P5
B

H
r52

uBu
H

N/N0

~N/N0!2r
rQ ~r 5const!.

~75!
e

FIG. 7. The angular scaleH21(z)/dA(z) in degrees under which
the Hubble radiusH21 is seen for the models of Secs. IV A, IV B
and IV C ~from top to bottom!. For comparison we indicate th
angular scale of the observed first acoustic peak (.0.9°) by the
horizontal line.
1-9
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ZIMDAHL, SCHWARZ, BALAKIN, AND PAVÓ N PHYSICAL REVIEW D 64 063501
For an expanding universe the pressureP is always nega-
tive. For any form of the potential of a quintessence mo
the corresponding coefficient of antifriction is easily o
tained from Eq.~75!.

If r is allowed to vary we have

ṙM13HrM5
ṙ

r
rM . ~76!

For ṙ .0 the term on the right-hand side may be regarded
a matter ‘‘source.’’ This corresponds to a ‘‘sink’’ in the en
ergy balance of theQ component,

ṙQ13HrQ5G~rQ1rM !2
ṙ

r
rM . ~77!

By introducing the effective pressures

PM5PM[2
ṙ /r

3H
rM , ~78!

and

PQ5P2PM52F G

3H

N

N0
2

ṙ

3H
G rQ

~N/N0!2r
, ~79!

the balances~76! and ~77! become

ṙM13H~rM1PM !50 ~80!

and

ṙQ13H~rQ1PQ!50, ~81!

respectively. The circumstance that forṙ .0 both compo-
nents have a negative effective pressure~given that uPMu
,uPu) is essential for a discussion of the ‘‘coincidence pro
lem’’ in the present context.

Supernovas Ia observations suggest thatuPu/r5uBu/H is
of the order unity in the present epoch. Within our approa
this raises the question: Why is the coefficient of antifricti
2B of the order of the Hubble rate just at the present epo
As demonstrated in Sec. IV A for the caseB}2H, the CMB
data rule out that this was the case through the entire ev
tion of the Universe since decoupling. Thus it seems to b
coincidence that we live in this special era. The decomp
tion ~72! allows us to relate our consideration to the us
discussion of the coincidence problem. It is obvious that
models according to which the Universe is made of a n
interacting mixture of quintessence and CDM correspond
r 5const. In this special case our approach does not pro
any new insight into the coincidence problem. Forṙ .0,
however, it offers a solution which is similar to the one pr
posed by Chimentoet al. @49#. The quantity of interest is the
ratio rM /rQ which is governed by the equation

S rM

rQ
D •53HFrM

rQ
GFPQ

rQ
2

PM

rM
G . ~82!
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For PM50, or equivalentlyr 5const, one hasPQ5P,0,
i.e., the ratiorM /rQ continuously decreases and for larg
cosmological times one hasrM!rQ . In other words, the
matter component becomes dynamically negligible. Ho
ever, if an exchange between both components is admi
which amounts to a nonvanishing quantityPM5PM , there
exists a second stationary solution of Eq.~82!, namely,

PQ

rQ
5

PM

rM
. ~83!

Combining relations~78! and ~79! we obtain

PQ

rQ
2

PM

rM
5

1

3H

N/N0

~N/N0!2r
F ṙ

r
2GG . ~84!

Obviously, the condition~83! is equivalent to

ṙ

r
5

Ṅ

N
⇒ r 5r 0

N

N0
. ~85!

Via Eq. ~73! the stationarity condition~85! for the ratio
rM /rQ provides us with

S rM

rQ
D

s

5
r 0

12r 0
, ~86!

which, according to the split~73!, is just the present ratio o
both components. Concerning its possible role for the co
cidence problem it is interesting to investigate the stabi
properties of the solution~86!. To this purpose we conside
deviations from this stationary value:

rM

rQ
5S rM

rQ
D

s

1d. ~87!

Since (rM /rQ)s
•50, the resulting equation is

ḋ53HF S rM

rQ
D

s

1dG FPQ

rQ
2

PM

rM
G . ~88!

By visualizing this dynamics in aḋ2d diagram, the station-
ary solution~86! is an attractor solution for

PQ

rQ
2

PM

rM
,0 ⇒ 0,

ṙ

r
,G5

Ṅ

N
. ~89!

The rateṄ/N represents a limit for the rateṙ /r at which
energy is transferred from theQ component to the matter. W
conclude that a certain decay of vacuumlikeQ matter into
CDM offers a potentially promising approach to the coin
dence problem. The phenomenological concept of a deca
vacuum is widely used in the physics of the early Universe
order to describe the decreasing dynamical role of an ef
tive cosmological ‘‘constant’’ connected with a transitio
from an initial inflationary period to a subsequent FLR
behavior@50,51#. It is noteworthy that a similar mechanism
seems to be relevant also for the transition from matter do
nance to ‘‘vacuum’’ dominance in the late Universe. At fir
1-10
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sight it might seem counter-intuitive that a decay of t
vacuum at the same time leads to an apparent dominanc
the latter. However, for the previously discussed modelB}
2H21 ~Sec. IV C! we shall confirm explicitly that such kind
of transition is indeed consistent with a positive rateṙ /r
.0.

At this point we come back to our previous stateme
@following Eqs.~8! and~46!# on the nature of ‘‘particle pro-
duction’’ in the presented formalism. According to Eq.~75!
the ratio uBu/H, equivalent toG/3H, determines the contri
bution of the vacuum to the total energy density. Cosm
antifriction may be viewed as a vacuum effect which is co
nected with a nonvanishing particle production rateG. For an
equation of staterM5nMm it is obvious thatṙ /r is the pro-
duction rate of matter particles out of the decaying vacu
componentQ. It represents a real physical particle produ
tion. According to Eq.~89! the rateṙ /r is smaller thanG

[Ṅ/N. Only for the ‘‘stationary’’ solution~85! the physical
particle production rate coincides withG. For r 5const the
particle production is entirely connected with theQ compo-
nent.

In our basic setting the cosmic substratum is entir
made of non-relativistic particles that are governed by
equilibrium distribution function. The splitting~73! has re-
vealed that this ‘‘generalized’’ equilibrium description ma
be regarded as a two-fluid model of ‘‘conventional’’ and ‘‘e
otic’’ matter. The point is that also the exotic matter is d
scribed in terms of conventional matter particles, only t
the property of being exotic requires a ‘‘production’’ proces
If generated at a certain rate, conventional particles in
expanding Universe effectively exhibit vacuum-like prope
ties that manifest themselves macroscopically throug
negative pressure.

Our fluid approach formally implies that a particle num
ber is attributed to the vacuum component as well. At fi
sight the concept of a particle number of the vacuum mi
appear obscure. In a fluid picture, however, it appears q
naturally ~cf. Ref. @51#!, as long as the interpretation of th
first moment~14! of the distribution function as ‘‘particle
number flow’’ is maintained. As in any two-fluid picture, th
production rateG naturally splits into

nG5nMGM1nQGQ , ~90!

implying a split of the total particle number densityn of the
one-component model inton5nM1nQ , by which the no-
tions of a particle number densitynQ of Q ‘‘particles’’ and a
corresponding change rateGQ are introduced.GM5 ṙ /r is the
rate by which the CDM particle number changes andnM is
the CDM particle number density. A non-vanishingG does
not necessarily imply a non-vanishingGM but may be a fea-
ture of the fluid picture of ‘‘vacuum matter,’’ characterize
by GQ5” 0.

B. The caseBÊÀHÀ1

In this section we focus on the previously discussed c
B}2H21 @cf. Eqs.~66!–~71!# for which the energy density
is given by
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r5
r0

m11
@m~11z!311#. ~91!

Performing the splitting~73!, it is convenient to replacer by

r ~z!5
m

m11
f ~z!, r 05

m

m11
, f 051. ~92!

The energy density~91! then decomposes into

rM5
m

m11
r0~11z!3f ~z!,

rQ5
r0

m11
@12@ f ~z!21#m~11z!3#. ~93!

For the special casef 51 this splitting characterizes a non
interacting mixture of non-relativistic matter and vacuu
This is just theLCDM model as already mentioned belo
Eq. ~69!. In the general casef 5 f (z) both components inter
act. More specifically, there will be a decay of theQ compo-
nent into matter. The constantm is the ratio

m5
rM~z50!

rQ~z50!
. ~94!

Here it is expedient to emphasize that the basic o
component dynamics~67! and ~70! is compatible with any
continuous positive-definite but otherwise arbitrary functi
f. The splitting into two components does not affect the qu
tity P/r at all. However, different splittings may produc
different perturbation spectra. In particular, isocurvature p
turbations may occur which should be sensitive to the type
splitting. Corresponding effects are expected to leave an
print on the CMB anisotropies and are potential tools to d
criminate between different choices. Furthermore, the und
lying two-component dynamics is relevant for th
coincidence problem. The corresponding stationary solu
rM /rQ5const is easily found. The condition~85!, together
with Eqs.~92! and ~71!, provides

f s5
1

m11
@m1~11z!23#, ~95!

where the subscripts again indicates stationarity accordin
to Eq. ~86!. The obtained solution~95! for f is expected to
describe the splitting~93! for large cosmological times. Fo
the corresponding asymptotic behavior ofrM and rQ we
obtain

~rM !s5
mr0

~m11!2
@11m~11z!3# ~96!

and

~rQ!s5
r0

~m11!2
@11m~11z!3#, ~97!

respectively. These asymptotic expressions satisfy
1-11
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S rM

rQ
D

s

5m5
r 0

12r 0
5const. ~98!

Both components redshift at the same rate. There is a pe
nent energy transfer from theQ component to the matte
component. Without transferrM would redshift asa23 while
rQ would remain constant. The transfer makesrQ redshift
also and, on the other hand,rM to redshift at a lower rate
than without transfer. In general, the redshifts differ. Fo
specific amount of transfer, however, given by the express
~95! for f, the rates just coincide. We conclude that a fix
ratio rM /rQ is compatible with cosmic antifriction. If ou
Universe follows such an asymptotic solution presently, t
should manifest itself by a violation of the CDM partic
number. If we are still far from the asymptotic regime, t
CDM particle production might be negligible. These cons
erations of the coincidence problem give rise to a pict
according to which an initial cosmological term did not com
pletely vanish during the early stages of the cosmolog
evolution but still exists and even continues to decay.
large cosmological times not only the cosmological term
self becomes dynamically relevant again but also its de
properties may be essential for the asymptotic state of
Universe~ignoring here a recently discussed scenario wit
less bleak eschatological picture@52#!.

VI. SUMMARY

We have introduced the concept of cosmic antifriction
discuss the possible origin of an accelerated expansion o
et

rd
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present Universe. Cosmic antifriction relies on a on
component picture of the cosmic substratum which is
garded as a self-interacting gas of non-relativistic particle
~generalized! equilibrium. Together with simple assumption
about the interaction rate it allowed us to establish exa
solvable models of the cosmological dynamics. Cosm
antifriction leads to a negative bulk pressure which may w
account for the magnitude-redshift data of type Ia super
vae. TheLCDM scenario is recovered as a special case
cosmic antifriction. For the models of Secs. IV B and IV C
which are consistent both with the SN Ia observations a
with CMB anisotropy data, we find the beginning of th
phase of accelerated expansion at redshiftszacc'1.8 and
zacc'0.7, respectively. The one-component dynamics may
split into a two-fluid mixture in which aQ matter component
decays into CDM. For a suitable decay rate there exists
attractor solution characterized by a fixed ratio of the ene
densities of both components, which indicates a possible
lution of the coincidence problem. As for scenarios with
cosmological constant or quintessence, the microphys
evidence for our models remains open. This shortcom
seems presently unavoidable and reflects our basic ignor
concerning the substance our Universe is made of.
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