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We explain an accelerated expansion of the present Universe, suggested from observations of supernovae of
type la 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, quintessenggroduce a component of dark energy in addition to “stan-
dard” cold dark matte(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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[. INTRODUCTION gaseous matter with specific internal self-interactions nega-
tive cosmic bulk pressures can be derived within the frame-
There is evidence from supernova typg &N la) data for ~ work of relativistic gas dynamicg30—33. In particular, it
our present Universe to be in a state of accelerated expansionrned out that accelerated expansiorflation) of the Uni-
[1-5]. This interpretation, which is indirectly also backed up verse can be driven by a self-interacting ¢§a8—33.
by recent data from the balloon experiments of Boomerang The observational data of the early 1990s left ample room
[6] and Maxima[7], according to which we live in a flat for a presently non-negligible dissipative bulk stress on cos-
Universe, requires a cosmic medium with sufficiently highmological scales, as has been pointed out by two of us in
negative pressure to violate the strong energy conditiomRef. [34]. Hypothetically, this bulk stress was ascribed to
(SEQ, p+3P>0. Cosmic matter with negative pressure isinternal interactions inside the dark matter, the latter assumed
now known as “dark energy.” The problem why the density to be the dynamically dominating component of the Uni-
of the dark energy is of the order of the matter density just aterse. According to the state of knowledge at that time our
the present epoch is the “coincidence problefl0]. An  studies were restricted to matter for which the SEC holds.
obvious dark energy candidate is a cosmological constant dfaking into account the recent development sketched above,
the order of the current critical density. Another option is ait seems natural to investigate a present phase of accelerated
scalar field called “quintessence,” either with a suitable po-expansion from a gas dynamical point of view.
tential [8—17] or with a nonstandard kinetic terfi8]. The present work is based on the assumption that the
Negative pressures also occur in a different context. A®bservational evidence for an effective cosmological con-
was first pointed out by Zel'dovicfil9] and Hu[20], quan-  stant is an indication for the existence of additional interac-
tum processes in the early Universe, such as cosmologicéibns within the cosmic medium, which macroscopically
particle production, may phenomenologically be equivalenimanifest themselves as negative pressures. Our strategy is
to effective negative bulk pressures. Numerous investigathe following: Instead of introducing from the outset a new
tions have subsequently explored this analf@y—29. For  kind of matter(“quintessence” or ‘Q matter”) with a nega-
tive pressure in addition to cold dark mat{&@DM), we start
with a one-component description of the cosmic medium.

*Electronic address: winfried.zimdahl@uni-konstanz.de Although the corresponding substratum is assumed to consist
"Electronic address: dschwarz@itp.hep.tuwien.ac.at of non-relativistic particles, it does not represent simple dust
*Electronic address: dulkyn@mail.ru since we include interactions within the matter. These inter-
SpPresent address. actions turn out to be equivalent to effective one-particle
IElectronic address: diego@ulises.uab.es forces, which are self-consistently exerted by the cosmic me-
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dium on each of its individual particles. We show that the Tgflg:(p+ P)uduP+ P g2, (1)
cosmological principle restricts these forces to act like
“friction” or “antifriction.” Generalized equilibrium re-  wherep is the energy density, measured by an observer co-
quirements for the cosmic medium relate those forces to tenmoving with the fluid four-velocityu® normalized according
perature and chemical potential. For a non-relativistic subto u,u®=—1. The effective pressute splits into two parts,
stratum only cosmic antifriction generates a negative fluid
bulk pressure. We demonstrate that a suitable amount of cos- P=p+II, v
mic antifriction leads to a SEC violation equivalent to an . _ ,
accelerated expansion of the Universe. On this basis we aP- P€ing the equilibrium pressure wifi=0 for gaseous mat-
gue that the hypothesis of cosmic antifriction offers an alter{€r andll a non-equilibrium part. For a perfect fluid we have
native interpretation of the magnitude-redshift relation for!I=0. i..,P=0. For a conventional viscous fluld <0 is
type la supernovas. valid during expansion, e.g., if kinetic energy of thg fluid is
We present three different phenomenological models otransferred to internal degrees of freedom. In the first-order
cosmic antifriction which give rise to Hubble diagrams con-Eckart theory one hal = —3H{ (see, e.g.[35]), whereH
sistent with the SN la data. We estimate the redshifts aEu’/3=a/a is the Hubble expansion rate age=0 is the
which the accelerated expansion started. Although SN la dateoefficient of bulk viscosity. Within the more satisfactory
alone cannot discriminate between those models, observaecond-order theorieBl becomes a dynamical degree of
tions of the cosmic microwave radiation anisotropies rule oufreedom(see, e.g.[36—39). Both the first- and the second-
one of them. order theories are valid under the condit|{®h < p, such that
In a subsequent step we demonstrate how the antifrictiothe effective pressurB of a viscous fluid or gas is positive.
dynamics may be decomposed into a two-component picture Apart from viscosity, particle number non-conserving in-
with one component bein@ matter, the other one CDM. teractions inside the matter may, as discussed above, lead to
This procedure reveals that a negative fluid pressure due @n effective bulk pressure. This includes particle production
antifriction may be dynamically equivalent to the accelerat-out of the gravitational field. The fact that<O0 if there is
ing effect of dominatingQ matter. For a specific ansatz for particle production and th&<0 is possible under such con-
the cosmic force and for a specific decomposition one recowditions may be demonstrated as follows. Let the cosmic mat-
ers the cold dark matter model with a cosmological constanter be characterized by the particle flow vector
(ACDM). Moreover, it turns out that the same amount of . )
accelerated expansion of the presently observed Universe is N'=nu, 3
compatible with different splittings of the total energy den-

sity into the energy densities @ matter and CDM. In par- wheren is the particle number density. In case the fluid par-

ticular, there are decompositions in whiGhmatter decays ticle number is not preserved, the number density changes

into CDM. For a specific decay rate there exists a stabl@ccording to the balande3, 24
attractor solution with a fixed ratio of the energy densities of
CDM and Q matter, which indicates a possible solution of
the coincidence problem. . . 3
The paper is organized as follows. Section Il recalls somd'nerel’=N/N is the change ratse of the numkigr=na” of
basic relations and features on the possible role of a cosmfgarticles in a comoving voluma®. ForI'>0 we have par-
bulk pressure. In Sec. Il we provide the basic relations of dicle creation, forl'<0 particles are annihilated. Conserva-
kinetic theory for self-interacting gases. We show that a certion of the effective stress-energy tensay implies
tain class of particle number non-preserving interactions may :
be mapped onto effective one-particle forces. The cosmo- p+3H(p+P)=0. )
logical principle implies that these forces necessarily des,, . .
scribe a friction or an antifriction within the cosmic medium. With the help of the Gibbs equation
We determine the strength of the force and realize that only o 1
antifriction is compatible with a negative pressure. The back Tds=d—=+pd—, (6)
reaction of the antifrictional self-interactions on the cosmo- n n
Iogi_cql Qynamics Is consider_ed i_n Sec. IV for thrge different, heresis the entropy per particle anidthe temperature, and
ant|fr!ct|on models_. The Iummosny and angular distances a%yith the balances4) and (5) we obtain
functions of redshift are studied for all three models. Corre-
sponding two-fluid models are established in Sec. V which — _ _
provide the basis for a discussion of the coincidence prob- nTs=—3HIl=(p+p)L. @
lem. Section VI sums Up our conclusions on the pOSSible r0|$f the partic'e numbemN is Conserved' i_e.’ fof‘zo, the
of cosmic antifriction. Units have been chosen so thatsecond |aW Of thermodynamics |mp||§B$0 in an expand_
c=kg=h=1. ing universe.
If the particle number is not conserved one may define
“isentropic” (or “adiabatic”) particle production bys=0,
We suppose the Universe to be describable by the stresghich here means “constant entropy per particle.” Under
energy tensor of an imperfect fluid this condition the equilibrium entropy per particle does not

N&=n+3Hn=nT, 4

Il. COSMIC BULK PRESSURE

063501-2



COSMIC ANTIFRICTION AND ACCELERATED EXPANSION PHYSICAL REVIEW D64 063501

change as it does in dissipative processes. Instead, one cafily|<p,, which is in agreement with the strong energy

associate a viscous pressure to the particle production rat®ndition. The latter is violated, however, fqg<<0. As al-

[23,24): ready mentioned, for “conventional” viscous matter without
particle production the non-equilibrium pdi of the pres-

®) sure is smaller in magnitude than the equilibrium contribu-
tion p, so thatP>0. Here we argue that relatidi®) offers

) ) ) o the option of understanding the existence of a negative bulk

The cosmic substratum is not a conventional dissipative ﬂu'cbressure as a manifestation of cosmological “particle pro-

but a perfect fluid with varying particle number. Obviously, gyction.” In the following sections we show how such a kind

I'=0 guarantee$l<0. Substantial particle production is a gf negative pressure may emerge as a consequence of spe-

phenomenon which is reasonably to be expected in the earfic internal interactions within the cosmic substratum.
Universe. It is less clear whether such processes are opera-

tive at the present epoch as well. However, given that thq”. KINETIC THEORY FOR SELF-INTERACTING GASES
nature of CDM is unknown, there seems to be some room for
speculations in this direction. As easily seéh<0 in the A. Basic relations

case of dust §=0) and P~—p is possible ifT'/(3H)  rpg gne particle distribution functioh= f (x,p) of a rela-
=0O(1). Compared to typical rates of particle physics thisiqtic gas is supposed to obey the Boltzmann equation
requires an extremely small particle production rate only.

Below we shall comment on the origin of negative bulk pres- _ _ of

sure in more detail. L[f]=p'f,i—Tip*p'— =C[f1+S(x.p), (13
Referring to matter creation as a relevant cosmological ap

mechanism may remind us of corresponding processes ) o ]

within the steady state modp#0]. However, different from Where C[f] is Boltzmann's collision integral. The term

the latter, our considerations are fully within Einstein's S(X,P) on the right-hand side takes into account additional

theory. Moreover, we shall trace the production process tdteractions which cannot be reduced to elastic, binary inter-

: r
s=0 = H=—(p+p)ﬁ.

internal interactions within the system. actions. In particular, it describes production or decay pro-
For a universe of the Friedmann-LeiatRobertson- C€sses of particles. _
Walker (FLRW) type with scale factoa we have The particle number flow four-vectdd' and the energy
momentum tensoff’ are defined in a standard wadgee,
a (a|® k e.g.[41]) as
2—+|=| +—==-87GP (k=1,0-1) 9
N=[dppioop), TH= [ dP ppep). (14
and
K 87G The integrals in the definitiond4) and in the following are
=0-1, _P_ P, (10 integrals over the entire mass shell, characterizeg'py=
a’H? Pc  3H? —m? and p®>0. The entropy flow vectoS* is given by
: : (41,42
implying
1 1 Sa:—f dP p[fInf—f] (15
[ —_ J— 2 1
ypre (ZQ gq|H*+47Gp|, (12)

. . ) where we have restricted ourselves to the case of classical
where g=—a/(aH?) is the deceleration parameter. In the pMaxwell-Boltzmann particles.

standard big-bang scenario the non-equilibrium presduis Using the general relationshjg3]
ignored and sincep cannot become negative it follows
Q(t)=<2q(t). But it is obvious that as long gxt) does not
vanish and both pressures are of similar magnitatg) can
be either larger or smaller thamg@). Usually the current
value of the hydrostatic pressure is approximated by the staighq Eq.(13) we find
equation of duspy,=0. The recent SN la data seem to con-

fpal...panpbfdp :fpal...panL[f]dP (16)
;b

firm the existence of an effectively negative pressure of the A ak
cosmic medium. Assuming,=0 in Eq. (11), the current N;a:f dP(C[f]+S), T: Zf dP pX(C[f]+S),
value of the bulk stress can then be expressed as (17)
o= 1—2ﬁ) o, 1y 8
3 Qg
S?aEO'C‘i‘(Ts, (18)

where the current energy densipy is of the order of the
critical energy densitpco=3H§/(8wG). Forgo>0 we get where
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0'C=—JdP Cf]in f, (19 S:_mpii_ (27)
ap'
and . . . T .
It is straightforward to realize that a “collision” term of this
form may be taken to the left-hand side of Boltzmann’'s
5= —J dPSin f. (200 equation(13), resulting in

Under the condition that with respect to the elastic part of
the interactions the gas is at equilibrium, the expressidn In
is a linear combination of the collision invariants 1 aod

and the collision integraC[ f] vanishes. The corresponding The left-hand side of this equation can be regarded as
equilibrium distribution function becomdsee, e.g.[41])

if _ 1l Ak Iﬂ iﬂ_
p'f, WP p'— +mF —=C[f]. (28
ap' ap'

df(x,p) _df dx of dp

fO = + Bap? 21 = —4—
(x,p)=ex a+Bap%, (21) v
wherea= a(x) and B,(x) is timelike. This implieso =0, _
i.e., there is entropy production only duedq. with

With f replaced byf° in the definitions(14) and(15), N2, dx i
T2 and S* may be split with respect to the unique four- _X:pi D_p:mFi. (29)
velocity u? according to dA Toodh

Ne=nu?, T3=puduP+ph?®, S=nsi?. (220 Equations(29) are the equations of motion for gas particles
that move under the influence of a force fi#t=F'(x,p).
Note that we have identified here the general fluid quantitiea'he quan“ty)\ is a parameter a|ong the partide worldline
n, p, andp of the previous sections with those emerging fromwhich for massive particles may be related to the proper time
the Maxwell-Boltzmann gas dynamics. The exact integral: py \ = 7/m. Consequently, a specific “collisional” interac-
expressions fon, p, andp may be found, e.g., in Ref44].  tjon, described by a “source” tern§, may be mapped onto

The entropy per particle is an effective one-particle forc€'. This demonstrates that
+ there exists a certain freedom to interpret collisional events
s= PP _ Ll (23  in terms of forces(This freedom can also be used in the
nT T reverse direction, i.e., to interprgbarts o forces as colli-

sions[45].) We emphasize that our approach is different from
the “canonical” theory of particles in a force field for which
the force termmF of/gp' in Eq. (28) is replaced by
md(F'f)/op' [45]. While both approaches are consistent
with the equations of motiori29), they coincide only for

_ dF'/9p'=0, which holds, e.g., for the Lorentz force. In the
n+3Hn= nl“zf dPS°, (24)  cases of interest here we will hav&'/dp'+#0.

Here we have used the identificatigfis= Bu;, =T 1, and
a=ulT with w being the chemical potential.

Use of the equilibrium distribution functiof21) in the
balanceq17) yields

and B. Cosmic forces

ar 2 ab Since we assume the Universe to be homogeneous and

up+3H(p+p) ]+ (p+p)U"+pph isotropic at large scales we ask for forces that are consistent

—_ta with the cosmological principle. In such a case the metric of
space-time is of the Robertson-Walker form and the energy-

Zf dP RSO 25 momentum tensor is given by E@l). Since the particle

o ' four-momenta are normalized accordingfdgp; = —m?, the

force F' has to satisfy the relatiop;,F'=0. The momentum

whereS° denotes the source terghfor f=f°. We consider ¢f g comoving particle i:pi(c):mu‘. From its definition co-

the special case th&° depends linearly ori®. For reasons moving particles are force-free and thB&(mu)=0. This

that will become clear shortly, we suppose that the factor ofgperty follows also from the relation

proportionality can be written in terms of a suitable projec-

tion of a quantityF' which will turn out to play the role of an put . p"
effective one-particle force: ar Yy (30
S§%=—mp,F'f°. (26)

which for p,,=mu via u! u"=u'=F' requires a vanishing
The constant factor-m has been chosen for later conve- force since the cosmological principle impligs=0.

nience. The expressiof26) may be regarded as a special On a spatial slic&,, normal tou', the force fieldF' has
case of the more general structure to be independent of the spatial position, otherwise homoge-
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neity would be violated, thu§'=F'(p;t). Sincep' and u’ P =gg=—aNi—B,T¥=nsI'=—-3nsB. (37
are generally independent four-vectors, we may decompose ' ’ ’
according to A production of particles is characterized by>0 and cor-
: i . responds td<0, i.e., an antifrictional force, while a decay
F'=Ap'+Bmdu, (1) of particles is equivalent to an effective friction.

whereA andB are arbitrary functions op' with dimension . _ .
1/time. FromFipi=0 we find C. Generalized equilibrium solutions

To obtain the conditions under which the equilibrium dis-
tribution (21) is preserved even under the action of an
(antfrictional force we insert the expressidgl) into the
_ Boltzmann equatiori28) which yields
with E=—p'u; being the particle energy as measured by a _
comoving observer. For a comoving particle one Easm PPa o+ BanyP?p°=—mMBiF'. (39)
and we consistently recover th&'(mu)=0 for all B. A ) _ L L i
particle which exactly moves with the mean macroscopico"¢€8i=Ui/T, it is only the projectionu;F" of the force

four-velocity is force free. The temporal and spatial projec-WNich is relevant here. If this projection vanishes, relation
tions of the force field give (38) reduces to the “global” equilibrium condition of stan-

dard relativistic kinetic theory, i.e., ta=const and either to
B _ B the Killing vector conditionf,.,)=0 for m>0, or to the
UiF':E(EZ—mZ), eF'=— EE\/EZ—mZy (33 conformal Killing vector conEjitig)nB(a;b)=¢(x)gab for m
=0. The Friedmann models do not supply a timelike Killing
where vector, thus there is no equilibrium solution for particles with
finite mass. However, in the non-relativistic linifi<m a
_ 1 _ _ quasi-equilibrium, characterized by=m/T+const, B;
e'zﬁ(p'—Eu') (39 =u;/T, and Txa 2, exists. In the case of cosmic
-m (antfriction we find a similar quasi-equilibrium solution for
Friedmann models which reads

;B i 2, i
F =E(—Ep +meu'), (32

is the spatial direction of the particle momentura'
=0, €e'gj=1). Due to spatial isotrop may not depend -
on the spatial directior', thusB=B(E;t). The expression a= T+const B,:ﬂ —=_9
(32) is the most general force field consistent with the cos- T T T
mological principle. .

According to the projection&33), the force is acting par- With 3B=—T"=—N/N, according to relatiort35), the tem-
allel or anti-parallel to the motion of the particle under con-perature behavior is
sideration, depending on the sign Bf For non-relativistic
particles it should be a good approximation to assumeBhat
is independent of. With E=m+ ¢, wheree=mo?/2<m,
we find at leading order in the velocitF'=—B(m)mo.
This is nothing but Stokes’ law of friction. FAdB>0 the
force field may be interpreted as cosmic friction, B0 as
cosmic antifriction. We conclude that cosntantifriction is
the most general force field which is compatible with the
cosmological principle.

With the expression€&6) for S° and the equivalent force

. (39

a
~+B
a

Tma*2N2/3. (40)

For vanishing(antfriction the particle number is constant
and the familiaiT=xa ™2 dependence for non-relativistic mat-
ter is recovered. A

The explicit knowledge of the force' in terms ofl" now
allows us to study the motion of the matter particles explic-
itly. Contracting the equation of motiof29) with the mac-
roscopic four-velocity results in

(32) we may calculate the “source” terms in the balances D(u;p') dE 1 _
(24) and(25). For aB independent oE, the results are dr = E=uiF'+ Eui;kp'pk. (42
I'=-38 (35 With Eqg. (33) and under the condition of spatial homogene-
and ity we have
t*=3Bu*(p+p). (36 dE__B*H b o). 42
dr m

In general, neither the particle number nor the energy mo-

mentum are conserved. Consequeriff in Eq. (22) isnot  Sincedr=dt(m/E) anddE/dt=E whereE=m+¢ with &
the quantity which will appear on the right-hand side of Ein-<m, we finally obtain for the evolution of the non-
stein’s field equations. Equatid35) clarifies that the force relativistic (kinetic) energy the expression

strength determines the particle producti@ecay rate I'

=N/N. The entropy production densit{L8) is determined oe _2(

r
by H— —) €. (43

3
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Consequently, Bearing in mind thal’=N/N the energy balancé!5) may
be integrated to yield
scca’ZNZ’?’oCT, (44)
N () 48
the equipartition theorem. Since the exponent 8,p%= a p=po Nol a (48)

—E/T of the function(21) in the non-relativistic limit, with ) ) .
a=m/T+const andE=m-+¢, reduces toa—E/T—const  The index 0 again denotes the present epoch. According to

+¢/T, relation(44) demonstrates explicitly the invariance of the Friedmann equation for the spatially flat casesGp

the equilibrium distributiorn(21). The non-relativistic veloc- = 3H?, to which we restrict ourselves from now on, the cor-
ity scales apoca INY3, responding Hubble rate is given by
With Egs.(25) and(36) the fluid energy balance becomes NEPREIEE
| H=Ho | 3 (49)
p+3H(p+p)=-3B(p+p)=I(p+tp). (45) 0
For the ratioll/p we obtain
Introducing the quantity
II B B[Ny a\3 50
B r » H Ho Nla,
= (p+p)==35(p+p), (46 g oL
The “particle number” changes as
Eq. (45 may be written in the form of the energy balance t
(5), wherell plays the role of an effective viscous pressure N=Njg exp{ —BJ dt|B||. (51
according to the definitio2), thus we haveP=p+11. The t

energy balance forT@® with a generally non-vanishing
source in EQ.(45) is identical to the conservation law
uaTgf‘?;k=0 with the energy momentum tensd). It is this
energy-momentum tensor that appears on the right-hand si(%%
of Einstein’s field equation$see the discussion following
Eq. (36)]. With the reinterpretatiof46) of the sources on the 1
right-hand side of the baland@5) in terms of an effective Hod, =2+ = (1—qo) 2%+ -+, (52
pressure of the medium the latter becomes a “closed” sys- 2
tem. In the following we shall restrict ourselves to negativevia the deceleration parameter which for k=0 and non-
pressure$l, corresponding to the production of particles andrelativistic matter becF())mes 4
to an antifrictional force. We emphasize again that despite
the non-vanishing entropy producticsf, the microscopic
particles are always governed by an equilibrium distribution q=
function. In this contexSf‘a>0 describes just an enlargement
of the phase space of the system but not a dissipative presenerally, the luminosity distanad in a spatially flat uni-
cess. Although inter-particle collisions are necessary to eSjgrse may be written as
tablish an initial equilibrium characterized by E@1), this
equilibrium may then be maintained even under the influence z dz
of the antifrictional force and in the absence of further col- dL:(1+Z)f ) (54)
lisional interactions which might have been frozen out. The 0
force which gives rise to a negative fluid pressure is compaty
ible with an equilibrium distribution of the particles during object as
the expansion. This feature is an essential advantage of the
presented approach since it allows us to apply standard gas da(2)=(1+2)"2d,(2). (55)
dynamical concepts to characterize “exotic” matter forms.

Relation(47), the field equation$9) and (10) for k=0 and

For vanishing antifriction, corresponding to a conserved par-
ticle number, we havél= N

The ratio|B|/H enters the Hubble law for small redskuft

L is the luminosity distange

B

v (53

3
2

N| -

s usual[46] this is related to the angular distandg of an

IV. COSMOLOGICAL DYNAMICS p<p may be combined to yield
Let us assume the cosmic substratum after matter- I B 2 H
radiation decoupling to be non-relativistic matter with inter- e 1-3 nz (56)

nal antifriction, characterized by the energy-momentum ten-
sor (1) with p<p and It is convenient to express the Hubble rate as a function of
r redshiftz=(ag/a) — 1. With

P=ll==3gr="Hr “7 H=—H'H(1+2),
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FIG. 2. Differences of the magnitudes with respect to a
(Qm,Q4)=(1,0) universe versus redshift. The plotted models and
data are the same as in Fig. 1. Note that other authors often depict
the magnitude difference with respect to an empty universe, which
has negative spatial curvature and is thus incompatible with infla-
tion.

FIG. 1. Hubble diagram for @,,,Q,)=(1,0) (thin, dashed
line), (0.3,0.7) (thin line) compared to case A with the values
=0.7,0.5,0.3(thick lines from top to bottom The data points are
taken from Perlmutteet al.[3], the diamonds are the Caldolodo
SNla data, the triangles are those of the SCP.

whereH’=dH/dz, the resulting equation is standard cold dark mattdSCDM) model. We find thatv

H 3 =0.5 gives a good fit to the observations of SN la. At first
(57) sight one might have expected the best fit#er0.7 since it
is this value that reproduces an equation of stRig
=Py/pg=—0.7. However, as already indicated, a constant
ratio P/p is realistic only piecewise. The fact that the better

B+H 2(1+2)°

To establish specific models, assumptions al®ate neces-

sary. In the following we solve the cosmological dynamics_ .~ "

for three different choices d and compare the results with fit is v=0.5 suggests t.ha’t must have_been smaller far
>0 than forz=0. This illustrates the circumstance that the

the Hubble diagrams from recent SN la measurements. Al= N la ob i for higher d ¢ directl flect th
though SN la data cannot discriminate between our differenlS a observations for higher do not directly refiect the
osmological equation of state at the present time but, as to

models, since they provide equally good fits for redshifts tha . .

are accessible with SN of type la, the additional informationge seen from th_e integral n the express{ﬁn) for d.L’ de-
from the angular distance to the last scattering surface anBend Orj the. entire dyna,l,”mcs from reds"”?to redshift 0.
cosmic microwave backgroun@CMB) measurements will The “particle number” changes according to
rule out one of the choices even without any detailed statis-

\ ; N z|B| dz
tical analysis. N exp —3
0

me =(1+Z)_3v. (60)

A. Th Boc—H
€ casebe The energy density[cf. Eq. (48)] decays aspx(1

The simplest possible choice is appareidh — vH with +2)317%) the temperature[cf. Eq. (40)] as Te(1
v=const. According to Eq(47) this ansatz is equivalent to 1 7)2(1=%)_ For the “best fit" »=0.5 there is a decrease in
assuming a constant ratld/p, which should be considered N/N, by about 35) for a redshift of 12). Over a larger
realistic at most piecewise. With this assumption we get antervalN might decrease by many orders of magnitude. This
Hubble rate again reflects the unrealistic nature Bfp=const over a

. large range ok values.
H(2)=Ho(1+2)207), (58) The observations of SN type la are restricted to redshifts
Note that the same power-law behavior follows if a perfectOf ord_er L orde_r totesta speci_fic ”?Ode' Of. antifriction at
fluid with the equation of state v=w=p/p is assumed. We redshift z>1, additional information is required. A very
recover the matter dominated Universe fer-0 and the Promising possibility are.CMB amsot-ropy data. ACOUS“? 0s-
vacuum dominated universe for= 1. Equation(54) is easily cillations in the early Universe give rise to pea}ks and d|ps.|n
integrated to provide an explicit expression for the Iuminos—the band power spectrum of thesg anlsptro.p|es.'Th('a typical
ity distance ¢+ 1/3) length scale of the largest acoustic oscillations is given by
the sound horizorRg=c¢/H at the time of photon decou-
pling, wherecq is the sound velocity. This physical length
[(1+2z) V23 1 7], (590  corresponds to the presently observed angular $é@leof
the first acoustic peak

2
HOdL:Sv—l

This result coincides with the one by Lima and AlcaiZ]. Ry(Zaed
The corresponding luminosity distance-redshift relation is 1t eaﬁs_de_ (61)
shown in Fig. 1 while Fig. 2 shows the difference to the P da(Zged

063501-7



ZIMDAHL, SCHWARZ, BALAKIN, AND PAVO N PHYSICAL REVIEW D 64 063501

28 2

26r
24y
22¢

4y
4y
o
)
g

20¢

18t

16

FIG. 4. Differences of the magnitudes versus redshift for the

FIG. 3. Same as in Fig. 1 but for case B wilBy|/H, models in Fig. 3

=0.9,0.7,0.5(thick lines from top to bottom

value vo=0.7. For this model the Universe starts accelera-

In fact, the corresponding observational data rule out anyion atz,.~1.8. The increase in the particle number may be
constant value foP/p. Namely, insertion of Eqg58), (55), expressed as

and(59) leads to g4e1)
N [(1—wg)(1+2)%%+ ]2
3r—1 N—: 0 3 0 , (65)
5lstpeaﬁCsTQO-14 rad, (62 0 (1+2)

which gives an increase by a factor of about 5 singe.
which for »=0.5 and c;=1/3 exceeds the detected  Also for this model the angular scale of the Hubble radius
15t peai=0-9°=0.016 rad[6,7] by about one order of mag- is shown in Fig. 7 forv,=0.7 (second curve Obviously,
nitude. Thus, a constant effective equation of state over fere the Hubble scale is of the order of the scale of the first
large range in redshift is incompatible with observations. Toacoustic peak, i.e., this model is consistent with the CMB
illustrate this feature we plot in Fig. 7 the angular scale undepbservations. However, a more quantitative statement could
which the Hubble radiugi ~*(z) is seen for the “best fit” only be made on the basis of a Boltzmann code, which is
v=0.5. At z=z4,~1100 the Hubble radius differs from the beyond the scope of our present work.
sound horizon only by a factar,~ \/1/3. The present model
corresponds to the upper curve. In the following we consider C. The caseBx—H 1
two cases for whiclP/p is time varying. Since we are inter- ] ) ) ) )
ested in a modification of the cosmological dynamics at lat AnoEkler choice leading to an increasing rafid|/p is
times we focus on two models where this ratio is increasinjB *H"™", equivalent to an ansatz

with time. 2
Bl 1 Hg
H o aripe (60
B. The caseB=—|B,|=const HTLH

I_:rom Eq.(47) f_ollows _that the simplest choice leading to e specific choice of the constant factor A4 1) was
an increasing ratioll|/p is a constant value d8. From Eq.  mnade for later convenience. Integration of E&7) with the

(57) we obtain withvg=|Bg|/H,, ansatz(66) yields
H(z)=Ho[(1— vo)(1+2)¥%+ vg]. (63) H
0
H= 1+2)3+171%2 6
This solution describes a transition from matter domination \/1+,u['u( ) ] 67

to vacuum domination of the Universe. In the past1, we

have Hx (1+2)%3, a matter dominated universe, while for For z>1 we have

the future,z— —1, H, and thusp are constant. The expan-

sion of the Universe starts to accelerate wiéfr)<3|B] Hec(1+2)%2 (68)

[cf. Eq. (53)], which happens for a redshiff.., given by
which is characteristic of a matter-dominated universe. For

2v, 122 the opposite case— —1 the Hubble rate approaches the
14+ Zaoo= | 7= - (64)  constant value
Vo
In Figs. 3 and 4 we compare the Hubble diagram for this H_ Ho _ (69)
model to recent observations of SN la. Here we find a best fit vutl
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FIG. 5. Same as in Fig. 1 but for case C with 1Hi&)
=0.9,0.7,0.5thick lines from top to bottom Note that this case is
identical to ACDM, with Q ,=1/(1+ w).
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FIG. 7. The angular scalé " 1(z)/d,(2) in degrees under which
the Hubble radiugd ! is seen for the models of Secs. IVA, IVB,
and IV C (from top to botton). For comparison we indicate the
angular scale of the observed first acoustic peal0.0°) by the

The Hubble rate(67) implies again a transition from a
matter-dominated universe z#1 to a de Sitter universe as
z——1. Equations(67) and (54) determine the luminosity scale of the first acoustic peak in Fig.(Idwer curve. This

distance, which is plotted in Figs. 5 and 6. This case in fackodel is consistent with observations as well. The difference
includes al ACDM models, as can be easily seen by replac+g the former model is large enough that it should give rise to

horizontal line.

ing /(u+1)—Q, and u/(u+1)—Qcpw- AS expected,
the best fit model has 1/(Au)=0.7.

a significant difference in the CMB predictions. We do not
further elaborate this point here.

To obtain the redshift at which acceleration starts we write

Bl _ ! (70)
H  u+2°%+1

The condition|B|/H=1/3 for accelerated expansifcf. Eq.
(53)] gives 1+ .= (2/u) 3. The growth ofN follows from

w(l+z)3+1
Y(ur1)(1+2)°

(71)

For the favored value 1/(1 «)=0.7 accelerated expansion

starts atz,.~0.67, which is in the expected range €.5,

<1 (cf. Ref.[48]), andN has grown since then by a factor of

about 3.

Again we show an estimate of the angular scale of the

Hubble radius[for 1/(1+ w)=0.7] in comparison to the

FIG. 6. Differences of the magnitudes versus redshift for the

models in Fig. 5.

V. TWO COMPONENT MODELS AND THE
COINCIDENCE PROBLEM

A. Interacting fluids

In this section we investigate in which sense cosmological
antifriction may be regarded as effective description for an
underlying two-component model. To this purpose we de-
compose the total energy dens{@g) into a “conventional”
matter part(subscriptM) and a “Q matter” part (subscript

Q):

p=pmTtPQ, (72)

with
3 aO

and pg= a

3
N_O_r}Po ) ’ (73)

wherer=r(a)>0 with r<N/Ny and ro=r(ay)<1l. The
factor r fixes the ratio of both components &:

=l
=r —
Pm=TpPo a

PM(ao): o . (74)

po(ag) 1-rg
Forr=const the Universe evolves as though the cosmic sub-
stratum would consist of two non-interacting components:
Non-relativistic matter withp,,=0 and Q-matter with an
equation of state

B IB]  N/N,

P ll=[P= = (NN —r 0

(r=cons}.
(75)
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For an expanding universe the pressiires always nega- For P =0, or equivalentlyr =const, one ha®y=I11<0,
tive. For any form of the potential of a quintessence model.e., the ratiopy, /pg continuously decreases and for large
the corresponding coefficient of antifriction is easily ob- cosmological times one hasy<pq. In other words, the
tained from Eq(75). matter component becomes dynamically negligible. How-
If r is allowed to vary we have ever, if an exchange between both components is admitted,
which amounts to a nonvanishing quantRy,=1II,,, there

. r exists a second stationary solution of E82), namely,
pmt3Hpm="pwm - (76)
Po Pu
. . , R_M (83)
Forr>0 the term on the right-hand side may be regarded as PQ  Pm
a matter “source.” This corresponds to a “sink” in the en- - . .
ergy balance of th€ component, Combining relationg78) and (79) we obtain
- Po P 1 NINg |r
. B r _Q__M:_—O__F . (84)
pot3Hpe=T(po+pm)— pm- (77) po  pm 3H (N/No)—r[r
By introducing the effective pressures Obviously, the conditior{83) is equivalent to
ir r_N N (85
—=— = r=ro—.
PM:HM__ﬁPMa (78) r N No
Via Eq. (73) the stationarity condition85) for the ratio
and pm!po provides us with
I' N r Po Pm )
Po=11-1y _[ﬁ N_o_ﬁ}—(N/No)—r’ 79 (% . 1-ro’ %9
the balance$76) and(77) become which, according to the spli73), is just the present ratio of
) both components. Concerning its possible role for the coin-
pm+3H(py+Py)=0 (80)  cidence problem it is interesting to investigate the stability
properties of the solutiok86). To this purpose we consider
and deviations from this stationary value:
po+3H(pg+Pq)=0, (81) Pu_[pu) @
Pq \PQ/g

respectively. The circumstance that for-0 both compo-

nents have a negative effective press(geven that|ITy| Since (w/pg):=0, the resulting equation is

<|II]) is essential for a discussion of the “coincidence prob-

lem” in the present context. (pM) s Po Pu
PqQ/g

P Pwm

6=3H

Supernovas la observations suggest tRatp=|B|/H is : (88)

of the order unity in the present epoch. Within our approach
this raises the question: Why is the' coefficient of antn‘nctlon’l;)y visualizing this dynamics in a— & diagram, the station-
— B of the order of the Hubble rate just at the present epochary solution(86) is an attractor solution for
As demonstrated in Sec. IV A for the caBe: —H, the CMB

data rule out that this was the case through the entire evolu- Po Py r N
tion of the Universe since decoupling. Thus it seems to be a ———<0 = 0<F<F= N (89
coincidence that we live in this special era. The decomposi- PQ  Pwm

tion (72) allows us to relate our consideration to the usual . . . .
discussion of the coincidence problem. It is obvious that aIIThe rateN/N represents a limit for the ratefr at which

models according to which the Universe is made of a nonENerdy is transferred from th@component to the matter. We

interacting mixture of quintessence and CDM correspond t Og&lu:ﬁee:hi[ a ?erﬁ%l\n derf)?%/isoiz vzcu%rgal‘?ﬁr?aitﬁé i:nc;[ic:wci-
r=const. In this special case our approach does not provid S a pote yp g app 0 .
ence problem. The phenomenological concept of a decaying

any new insight into the coincidence problem. Kor0, \4cuum is widely used in the physics of the early Universe in
however, it o_ffers a solution which is S|_m|Iar to the ONE€ Pro-grder to describe the decreasing dynamical role of an effec-
posed by Chimentet al.[49]. The quantity of interestis the (e cosmological “constant” connected with a transition
ratio py /pq which is governed by the equation from an initial inflationary period to a subsequent FLRW

. behavior[50,51. It is noteworthy that a similar mechanism
Pm Pm
e

PQ

PQ

Po Pwm
PQ Pwm

) (82)  seems to be relevant also for the transition from matter domi-
nance to “vacuum” dominance in the late Universe. At first
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sight it might seem counter-intuitive that a decay of the Po 5
vacuum at the same time leads to an apparent dominance of p= M+1[M(1+Z) +1]. (99)
the latter. However, for the previously discussed mdgiel

—H™* (Sec. IVQ we shall confirm explicitly that such kind - performing the splitting73), it is convenient to replaceby
of transition is indeed consistent with a positive rafe
>0.

At this point we come back to our previous statements
[following Egs.(8) and(46)] on the nature of “particle pro- ] ]
duction” in the presented formalism. According to Bg5) ~ 1he energy densityd1) then decomposes into
the ratio|B|/H, equivalent tol'/3H, determines the contri-
bution of the vacuum to the total energy density. Cosmic M= i po(1+2)%(2),
antifriction may be viewed as a vacuum effect which is con- ptl
nected with a nonvanishing particle production ftd-or an
equation of statgy =nym it is obvious that/r is the pro- po= Po
duction rate of matter particles out of the decaying vacuum +1

componentQ. It represents a real physical particle produc-For the special casé=1 this splitting characterizes a non-
tion. According to Eq.(89) the rater/r is smaller thanl’ jnteracting mixture of non-relativistic matter and vacuum.
=N/N. Only for the “stationary” solution(85) the physical  This is just theACDM model as already mentioned below
particle production rate coincides wilh. For r=const the  Eq. (69). In the general cask=f(z) both components inter-
particle production is entirely connected with tQecompo-  act. More specifically, there will be a decay of t@ecompo-

M

rozm, fozl. (92)

M
(2=,

[1-[f(2)-1]u(1+2)°]. (93

nent. nent into matter. The constapt is the ratio
In our basic setting the cosmic substratum is entirely
made of non-relativistic particles that are governed by an _ pm(z=0)
equilibrium distribution function. The splitting73) has re- M= po(z=0)" (94)

vealed that this “generalized” equilibrium description may
be regarded as a two-fluid model of “conventional” and “ex- Here it is expedient to emphasize that the basic one-
otic” matter. The point is that also the exotic matter is de-component dynamic&7) and (70) is compatible with any
scribed in terms of conventional matter particles, only thatcontinuous positive-definite but otherwise arbitrary function
the property of being exotic requires a “production” process.f. The splitting into two components does not affect the quan-
If generated at a certain rate, conventional particles in théity I1/p at all. However, different splittings may produce
expanding Universe effectively exhibit vacuum-like proper-different perturbation spectra. In particular, isocurvature per-
ties that manifest themselves macroscopically through #urbations may occur which should be sensitive to the type of
negative pressure. splitting. Corresponding effects are expected to leave an im-
Our fluid approach formally implies that a particle num- print on the CMB anisotropies and are potential tools to dis-
ber is attributed to the vacuum component as well. At firstcriminate between different choices. Furthermore, the under-
sight the concept of a particle number of the vacuum mightying two-component dynamics is relevant for the
appear obscure. In a fluid picture, however, it appears quiteoincidence problem. The corresponding stationary solution
naturally (cf. Ref.[51]), as long as the interpretation of the py /pgo=const is easily found. The conditiai85), together
first moment(14) of the distribution function as “particle with Egs.(92) and(71), provides
number flow” is maintained. As in any two-fluid picture, the .
production ratd” naturally splits into fszm[/—LﬂL(lﬂLZ)*?’], 95)
nC=nyl'y+nglg, (90
_ _ _ i ) where the subscrips again indicates stationarity according
implying a split of the total particle number densityof the ¢, £q (86). The obtained solutio95) for f is expected to
one-component model into=ny +ng, by which the no-  yescripe the splittingd3) for large cosmological times. For
tions of a particle number density, of Q parUchs anda  ihe corresponding asymptotic behavior @f and po we
corresponding change rdfg, are introducedl’y,=r/r isthe  obtain
rate by which the CDM particle number changes apdis

the CDM patrticle number density. A non-vanishifigdoes Po 5
not necessarily imply a non-vanishidg, but may be a fea- (PM)s:( n 1)2[1+M(1+Z) ] (96)
ture of the fluid picture of “vacuum matter,” characterized K
by FQZIE 0. and
B. The caseBx—H ! Po 3

In this section we focus on the previously discussed case (pQ)S:(MJr 1)2[1+’“(1+Z) 1, ©7)
Box—H ™! [cf. Egs.(66)—(71)] for which the energy density
is given by respectively. These asymptotic expressions satisfy
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0
KT, =const. (99) component picture of the cosmic substratum which is re-

(pM) r present Universe. Cosmic antifriction relies on a one-
s 0

PQ garded as a self-interacting gas of non-relativistic particles in
Both components redshift at the same rate. There is a permideneralizedequilibrium. Together with simple assumptions
nent energy transfer from th® component to the matter about the interaction rate it allowed us to establish exactly
component. Without transfen, would redshift as ™2 while sol\_/a_blt_e models of the c_osmologlcal dynam_lcs. Cosmic
po would remain constant. The transfer makes redshift antifriction leads to a negative bulk pressure which may well
aI(?so and, on the other hangy, to redshift at a lower rate account for the magmtt_;dg-redshﬂ data of type la superno-
than without transfer. In general, the redshifts differ. For a’ae '_I'heAt'Cf[.)I\t/! scanarltcr)] IS re(SO\I/eredeas a Is\p/)%mal Oclz?\s/ecof
specific amount of transfer, however, given by the expressioﬁos.mIC antiimction. ~or the models of Secs. an '
(95) for f, the rates just coincide. We conclude that a fixedWhlch are consistent both with the SN la observations and
ratio py /pq is compatible with cosmic antifriction. If our Wr':h CME anlslotrotp)é data, we fmc{[ th% t;;_aglinllng ofdthe
Universe follows such an asymptotic solution presently, thid af%? acce ei_rale Tehxpansmn atre St d£§~ - an b
should manifest itself by a violation of the CDM particle Zacc Y-/, FESPECUVEly. The one-component dynamics may be
number. If we are still far from the asymptotic regime, thespIIt |nto.atwo—fIU|d mixture in which & matter component
CDM particle production might be negligible. These consid—decays Into C.DM' For a swtable deqay rate_ there exists an
erations of the coincidence problem give rise to a pictureattr"’u.:t.Or solution characterized by_a f|_xeq ratio of the energy
according to which an initial cosmological term did not com- de_nsmes of bOth components, which indicates a p_055|b_|e S0
pletely vanish during the early stages of the cosmologica|UtIOn of the coincidence proplem. As for scenarios W'th.a
evolution but still exists and even continues to decay. Atco_smologlcal constant or quintessence, the_ m|crophys!cal
large cosmological times not only the cosmological term it_ewdence for our modgls remains open. This shortcomlng
self becomes dynamically relevant again but also its decageemS presently unavoidable and.reflect's our basic ignorance
properties may be essential for the asymptotic state of th onceming the substance our Universe is made of.
Universe(ignoring here a recently discussed scenario with a

less bleak eschatological picturg2]). ACKNOWLEDGMENTS
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