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Two-fluid matter-quintessence FLRW models: Energy transfer
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Abstract. The dark energy — dark matter interaction has recently been proposed as a solution of the CDM crisis at galactic
halo scales. We have made a study of general properties of two-fluid FLRW models with energy transfer between DE and
matter, independently of the specific mechanism of interaction. A mixture of quintessence with negative ppgssured)

and matter with positive pressurp £ Bey) define the associated one-fluid mode ye). It is shown that, for givem andg,

the energy transfer defingsand, therefore, the total gravitating mass and dynamics of the model. The behaviour of the energy
content, gravitating mass, pressure, and energy transfer are given as functions of the scale factor for interesting examples from
different two-fluid classes, defined by the presgatzsence of energy transfer and by the stationadty-stationarity of the
equations of state. Three characteristic scalesy, ay separate periods of time in which quintessence energy, pressure and
gravitating mass dominate. Sequences of the scales define six evolution types.
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1. Introduction In Sect. 2 we give a brief introduction to two-fluid interact-
_ _ _ ing FLRW models. In Sect. 3 we introduce a new classification
In studies of cosmological models with dark energy, DE ang such models and study the general case. Three particular ex-

matter are usually viewed as independent substances so #ifles of the classification are described in Sect. 4 and our
the energy-momenta of the partial fluids are separately c@@mclusions are given in Sect. 5.

served. Recently the discussion of the CDM crisis at galactic
halo scales has put forward the question of interaction of CDM )
particles and in particular that between CDM and DE (PeebigsThe two-fluid model: A summary

& Ratra 2003; Ostriker & Steinhardt 2003; Farrar & Peeblege gerivation of the FLRW equations contains the following
2003). As emphasized by Farrar & Peebles there are mgyhkic elements:

possible unexplored interaction mechanisms. Fortunately, ti‘)eThe Einstein equations (notations from Landau & Lifshitz
parameters of FLRW models with interacting DE may be r4971).
stricted from observations (Teerikorpi et al. 2003).

1

Here we study general properties of two-fluid FLRW modR| — Zg\ R = %
els in which the DE component dominates at late epochs
and there may be energy transfer between DE and mat®rThe Bianchi identity in the form:
Independently of specific mechanisms of interaction in the
complex dark sector, we study the behaviour of the main p-5<-;i =0. ()
rameters of two-fluid models, determined by energy trans
between DE and matter. The first attempt to consider an intrgg-
action of matter withA was made by Bronstein (1933). One
can find historical notes in Baryshev & Teerikorpi (2002) angk® = c?dt? — S?(t)dy? — 32('[)||§(X) (d92 + sin? gd¢2). (3)
Peebles & Ratra (2003).

T ()

The RW line element in spherical comoving space coordi-
tes £, 6, ¢) and synchronous tinte

4) The total energy momentum tensor in comoving coordinates
(ordinary matter, vacuum, quintessence):

Send g@print requests toP. Teerikorpi, )
e-mail:pekkatee@astro.utu. fi T, = diagk, —p. —p. —p). 4)
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Here l(x) = (sin(y), x, sinh()) for the curvature constant2.3. The two-fluid model for matter and quintessence
k = (+1,0, -1), respectivelyS(t) is the scale factog = pc? is

the energy density, anglis the pressure. In his pioneering work, Lem#&e (1933) studied a model con-

taining dust and the cosmological constant without interaction.
_ Energy transfer was first applied for a two-fluid cosmology by
2.1. The FLRW one-fluid model Davidson (1962). We also make use of the results by Chernin
i 965), Thomas & Schulz (2000), Coley & Tupper (1986b),
For the one-fluid model the (0, 0) and (1, 1) components %mendola&Tocchini—VaIentini (2001).

Eq. (1) give the FLRW equations . L
We study two kinds of substances: 1) a perfect fluid with

S2 k&2 8xG § $2 ke 8rG positive pressure; 2) a fluid with positive energy and negative
St 3@d sttt e P (3)  pressure. The equations of states are:
where ‘= d/dt. Equation (2) implies: Pm = B €ms (13)
3§ - (6) whereO<pB<1landB=emn/pm>0,and

S e+p
The equation of state for the one-fluid model is PQ = weq, (14)
p=vye. (7) where-1 < w < 0 andw = eg/pg < 0. The minimum value

o _ ~ for w has been usually accepted as that corresponding to the
The characteristic energy contertif the sphere with the radiusyacuum ¢ = -1). In a model of phantom energy (Caldwell

equal to the proper metric distance: S(t)y is": 2002; Caldwell et al. 2003) a value of< —1 was also regarded

as admissible. Our approach does not depend on the particular
er) = fedv = 4 & S® oy (x). (8) value ofw. An important function
The gravitating masdly is defined by the equation of motiona(S) = q(S)/&m(S) (15)

(f = =G My(r)/r?) from Egs. (5):
characterizes the relative contributions to the energy density
p e from quintessence and matter (e.g. Wetterich 1995; see for a
de =2 By+1). (9) different approach Coley & Wainwright 1992).
0 The two-fluid model is defined on two levels: 1) the level of
partial one-fluid, with interactions through the common gravity
2.2. Time dependence of energy field and by energy transfer from one fluid to the other, and
2) the level of the associated one-fluid (as termed by Coley
Two factors cause a time dependence of energy of each pargia/ainwright 1992). For a full description of a two-fluid one
ular fluid and, hence, of the associated one-fluid model: 1) thgs to study both levels simultaneously. THeetive one-fluid
expansion of the universe, and 2) one fluid may be convertgguation of state is not produced by particles alone, but together
into another. with DE.
For the associated one fluid the Bianchi identity is:

e+ 3p

Mg(r) = C2

d (g 53) d(S3) 2.3.1. The associated one-fluid model
+p =0. (10) . . iy :
dt dt We specify the partial quantities and equations of state:
Representing the total energy density and pressure as a sum of 5
two parts: £Q = pQC’, Em = PmC’, g=¢&q+ é&m,
_ _ 11 PQ = weq, Pm = BEm, P=Pqg+ Pm,
P = pPg+ Pm g=&Q+ém (11) p=ye. (16)

one defines, following Davidson (1962), the energy trans- ) ] ) )
fer from quintessence to mattar, and from matter to £2ch ﬂ“"_j has an equation of state (Eq. (7)) witfiefent co-
quintessenceg as follows: efficients:3(S) for matter andu(S) for quintessence. Thus the

equation of state for the associated one-fluid is:
d(29S)  d(S?)

- _ p wa+p
a PRTgt U Y=o F o 17)
d (em S°%) d(s?)
T + Pm - —Ug. (12) For the energy ratia > 0 one finds thatv < y < 8. The as-

sociated one-fluid description of the two-fluid model includes
! The volume element\d = S®12(y) sirf(¢) dydodg. Fork = Egs. (5)—(7) and Eq. (17). The three functions of the scale fac-
+1,0,-1: o(x) = x?/2 - sin2¢/4,x%/3, sinh X /4 — x?/2. torw(S), B(S) and a(S) are assumed given.
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2.3.2. The two-fluid model 3. General properties of two-fluid FLRW models

The energy-momentum tensor of the associated one-fluid is 81¢. The classification

sum of the partial tensors. From Eq. (2) we have . . .
In a two-fluid negative pressure and gravitating components

Tii = Tenpi + Tiopi =0 (18) lead to novel behaviour of the total pressure and gravitating
mass. It is useful to define four classes (Gromov et al. 2002;
Teerikorpi et al. 2003) according to two independent proper-
Hes: 1) the fluids have a stationary (SES) or at least one has
OQ'non—stationary (NSES) equation of state and 2) the pres-
ence (ET) or absence (NET) of energy transfer between the
T(m)li<;i =0 and T(Q)Ii(;i =0, (19) components (Table 1 in Teerikorpi et al. 2003). Further, the be-

haviour of the functionv(a) = Eq/Em defines three kinds of
so thatug = 0 anduy, = 0. In the second case we allow thgygdels:

which leads to Eqg. (6) witls = g + &m, P = Pg + Pm.

Here we consider two cases in the two-fluid descriptio
First, the EM tensors of the partial fluids are separately c
served:

presence of the energy transfer, when# 0 anduy, # 0 but 1. coherent modewhen
Ug + Um = 0 which is equivalent to Eq. (6). We note that in
his pioneering paper Bronstein (1933) considered the third c&$@) = const (27)

when the conservation of energy is violated byg/dt term.  \hich is defined by Eq. (27) at any moment of time:

For two-fluid FLRW models the characteristic energy con- 2 asymptotically coherent modethen Eq. (27) is reached
tent within the sphere of a fixed comoving radius at a limit of large time:

e=4rxsS%0w(x) = 4n (@ + 1) em S> (). (20) jim o’(@) =0 (28)

a—oo

The gravitating maskg is the sum and

e 3. non-coherent mod€Eqs. (27) and (28) invalid).
Mg(r)=M5"+M§=?(3y+1). (21) ¢Egs. (27) (28) )

) ) ) 3.2. The general solution: ET-NSES models
2.4. Dimensionless equations
The ET-NSES class is the most general of two-fluid models.

Below we use dimensionless quantities, as defined in Gromgere, any fluid (the associated and two particular ones) may

etal. (2002j; have a nonstationary equation of state. Here we fully describe
a(r) = S(t)/lo, 7 = t/to, the two—fluid prob_lem ?n terms of the asgociated one fluid and
two particular fluids simultaneously. This leads us to rewrite
& pi e u; the FLRW equations in terms of the dheients of the three
&i = P Pi= g0’ Ei = & Ui = £ to equations of state, 8, w.

wherei = Q, m, and
3.2.1. The input equations and their solution
E=8E0+EmP=Pg+PnE=Eqg+EnU=Ug+Up
We describe the associated one-fluid model by Egs. (23, 24)
11(a) = Mg(t)/Mo = 30(x) (3y + 1)a%e. with Y= v(a). The solution of these eque@u.ons, with the initial
conditions stated for the present epoch, is:
Then initial equations are rewritten as

a
+1

2 K a & k &= &(1) ex —3[7 dx|. 29
a—2+—2=8, 2§+a—2+—2=—3P, (22) @) p[ X ] (9)
a2 a a a a 1

. . The two particular fluids are described by Egs. (25) and the
qa___6 (23) equations of state:

a E+P’

Po=w(@) &g, Pm=p(a) Em (30)
P=y8& @4 Fromas (Um - %) andUg + Up, = 0, we find:
_1]d 3 d 3 Una+l 5 _,a., . @

Ui=> |5 (82°)+Pi 2. 25 & a’=3_(B-uw)-— (31)
The equation for the scale factor now has the form: where the energy contelg = &a’. This leads to a general
5. result:the model can be coherent (= cons} only if there is
a“a=-Qopu(a), (26)  energy transferThe critical transfetUE which keepsy con-

whereQ is the cosmological density parameter. stant (coherence) is:
E_nq8 A =
2 We use = d/dr, andto = #-, lo = Cto, 50 = po € = gfg Un = 358(5 - w) @+ 12 Un(w,B.7, ). (32)
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UE separates the behaviour of the two-fluid witffeiient signs 3.2.2. Three characteristic scales
of a(a): Eq. (31) implies that(a) > 0 requiresUn,, < UE;

) . . . . .. Depending on the initial conditions and the class of a model,
a(a) < 0 requiredJ,, > UE. That is, the ratlog—i increases, if b g

} there is one (or, possibly, more) moment of time when the one-

Um < Uf, and decreases i, > Ur,. fluid is effectively dust, i.ey(acg) = 0. The general expression
Previously the energy transfer has been calculated f@F the “effective dust scaledyyis:

some model of interaction between dust and radiation, i.e. for

givenw(a) andp(a) (e.g. Mcintosh 1967, 1968; Sistero 1971%(2ed) = —B/w. (36)
Coley & Tupper 1985, 1986a). Now we know that energy tranghe evolution of a two-fluid from initial conditions @pi, to
fer is inevitably required for coherence. an asymptotic state with — oo has a complex character, as
Substitutingg from Eq. (22) into Eg. (31) shows how theshown by the contributions of energy, pressure and gravitating
energy transfer depends on curvatire (0): mass of each component to the total quantities. Equations (35)
give the relative contributions:
1)2 k ]
%(a+):i3 &-— . (33) ,_ G _Eo
a a a (CJm Em
Using the definition ofy, Eq. (15), and its time derivate,(y— , _ IPol _ @,/ luol _ @ (37)
w)? = (y-w)pB+B-y)w-(B-w)y, Eq. (31) leads to the Pn ap’ Um  am’
expression for the energy transfer: whereap anda » depend ora:
K _ —w _ 8@ _3p@+1
Um(y,d) = &(y,a) 1/E(y.a) - P [i3% a7(a) lw(a@)|’ am(@) 13w(a) + 1] (38)
a Three characteristic scalag, ap anday appear so that
(- 08 + 6 - G- ) ) 0 -
B-w) a= as implies a=1,

where’ = & and&(y, a) is defined by Eq. (29). The signa R !mpll_es P=1l &=t

“4” corresponds to expansion while the sigr*corresponds & = @ implies M =1, (39)

to collapse. Thus the energy transtéy depends ory, B, w, whereaeqis defined by Eq. (36) These are the solutions of the

their derivates and, also, on the scale faet¢as an indepen- equations:

dent variable) and curvature. For a more realistic situation with

givenk, B(a) andw(a), Eqg. (34) shows that(a) is completely a(ag) = 1,

defined byUn(a). lw(ap)|
Equations (31)—(34) represent irfidirent forms how a con- B(&»)

vertion of one-fluid into anotheld,, # 0) affects the properties 13

a(ap) =1,

a 1
of particular fluids (equations of state, energy transfer rate?ﬁ alay) = 1. (40)

and the expansion of spaaé). Equation (34) gives the depen- Blay) +1
dence of the energy transfer pranda as an independent vari-5(2), w(a) anda(a) are model-dependent, so there is no possi-
able. Excludingy from Egs. (34), (29) and (26) we find thatility to study the general case.
energy transfer completely defines the gravitating mass as aEquation (31) shows that the energy transfer is required for
function of the scale factor. Thuthe total gravitating mass coherencedq = const). One may also substitute= a( M into
and, consequently, the dynamics of the expansion, is dete@ (31), and find foconstantM the critical value for energy
mined by the energy transfer transfer:

The general (ET-NSES) solution for particular fluids is , a
represented by the functian(a) and two coéicients of the Un = 35(ﬂ_ w) —
equation of statg(a) andw(a):

d InaM Ma )
dr (Map + 1)

A similar formula may be derived for the critical energy trans-

(41)

Ea s fer UL, producing constar®.
Eo=—=» Em=—-o7,
a+1 a+1l
Eq = &qa’, Em= &md’, 3.2.3. The evolution types
Pq =w &q, Pm =8 &m, (35)

We study only models fully dominated 1) by matter in the very
early epoch¢ < 1,P < 1,8 < 1), while 2) by dark energy
K= HQ + Hm, at large timesd¢ > 1, > 1,& > 1). Then the characteristic

scales allow 6 types of nonequalities:
where

ag<ap<ay, EPM;, as<apy<ap, EMP
to = 3ok(x) BB+ 1)a° &q, ap<ay<as, PME; ap<ag<ay, PEM
pm = 30(x) Bw+ 1)a° &, ay <ag<ap, MEP; ay<ap<as, MPE (42)
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Table 1. Detailed description of the EPM evolution type. Table 2. NET-SES models:uf = -1, g = 0) give a constant pressure,
(w = -1/3, B = 0) a constant gravitating mass.
(SM > (SQ
amin <a<as Pum>|Pq w B E P u
féM > 'f‘g 1 0 &)@ +801)  -Eml) -2&m(D)d
M < ©Q _ _ 2
a<a<ap Pu> Py 1/3 0 &m(l)a+8q(l) -Em(1)/(Ba®)  &q(1)
pv > gl
Eu < &q The solution of Eqgs. (43) is well known. The interesting quan-
& <a<ay Pu<IPdl tities have the following dependenciesan
m > |uol
Em < &q &a(1) Em(1)
ay<a<o Py <|Pql Ea(@) = Bw+D)’ Em(@) = A36+1)°
im < gl & ( ) Em(L)
Q
Eo(a) = —3-, En(@) = 255,
Q(l) &Em(1)
Each nonequality system defines an “evolution type™: a unlque a a
sequence of the scaleg, ap anday, which border the peri- 3w +1

ods of time when dark energy dominates in total energy, pré‘Q-(a) 301)Ee(1)
sure and gravitating mass, respectively. The ratio between
ergieskE, andE,, was used by Chernin et al. (2002) to make
division between the growth and suppression of structure f%n d
mation. In Table 1 the EPM evolution type is described in d
tail. Equation (31) leads to a dependencexobn Uy, for
givenw(a) andg(a). Equations (37)—(40) lead to a dependen
of the evolution type om for a givenw(a) andg(a). So, for a
givenw(a) andp(a) the evolution type is connected to the en4.1.2. The condition of coherence
ergy transfer (which defines the gravitating mass). Ttheye
exists a correspondence between the dynamics of a model

§Hd analogously fquzm(a). We comment on two models in this

SS:  = = 0) has a constant total gravitating mass

a time- dependent energy content.£{ -1, 8 = 0) pro-
Buces a total constant pressure and variable energy content and
Lgeravnatlng mass (Table 2).

A%umlng coherence (see Eq. (27)) Eq. (45) leads to

evolution type and energy transfer a (,3 —w)=0, (47)
which for the non-static solution reduces to the simplest case

4. Classifying two-fluid FLRW models: Examples of a one-fluid dust model:

4.1. NET-SES models B=w=0. (48)

Such two-fluid models have been much studied because thed§suming asymptotic coherence (Eq. (28)) Eq. (45) gives
put equations are simple. We discuss the evolution types for B-w e
w=-1,-2/3,-1/3,0ands = 0, 1/3, /3, 1. =30~ =3a(1) - w) ¢, (49)

S0, liMyse @ = 0 0Ny forp —w < 3

4.1.1. Input equations and their solutions
4.1.3. Asymptotic behaviour and evolution type

Substituting (45) into (17) one findga):

The input equations are given by Eq. (23) for each fluid:

a &
3—-=—-——————, Pg=w &y, w=const, B-w
a~ &q+Py 7 © Y@ =p-1— (50)
a Em i@
3 a_  Em+ Py Pm =4 &m, f=const, which has the following asymptotical properties:
Equation (31) is written in the form: so,any matter-quintessence NET-SES modeféctvely mat-
a & ter at early times and quintessence at later times
3;6B-w)--=0 (44) The unique moment when the total pressar® and the

associated one-fluid is dust-like defines the seale

_[-w &e(1) Wl)
‘[/3 am(l)} (52)

and has a solution

a = a(1)adl™). (45)
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Table 3. Evolution types for NET-SES models with various valued.2. A NET-NSES case: Generalizing Chernin (1965)

of w andB. The numbers are given by Egs. (39) and (40)8g(1) =

0.7 and&m (1) = 0.3 (ME) meansxy = ag etc.

Chernin (1965) obtained the solution for radiation plus dust,
which we use as the matter component. For quintessence we

w=—1 w=—2/3 w=-1/3 takew = const A new property due to complex matter is that
B=0 a=0754 a;=0655 as=0429 the dfective equation of state is non-stationary. The input equa-
ap =000 a =000 ap=0.00 tions are given by Eq. (23):
ay = 0598 ay =0.655 ay = . P
a
PME P(ME) PEM 3o =-_"9_ Po=w &g, w = const,
Bed = 00 Bed = 00 Bed = a &g + Pg
B=1/3 as=0809 as=0754 ag=0.655 a s s
ap =0615 ap=0598 ap=0.655 3Z-__R_ P = =R,
ay=0809 ay=0949 ay=co a  &+Pr 3
P(ME) PEM (PEM a_ & P 0
8eg= 107 @q=0.950 agq=0.655 a &’ D=
B=2/3 a;=0844 a;=0809 as=0.754 & —En+ & P —Pn+Po=p
ap=0778 ap=0809 ap =0949 mooRTED moTPTIRTIR
ay=0915 ay=107 ay=o Ug=0, Ur=0, Up=0 (56)
PEM (PEM EPM . L
8= 0915 aug= 0809 a.= 0598 The solutions of Egs. (56) are well-known .We write:
p=1 as =0.868 a;=0844 g =0.3809 o - Eo(l) P Ep(l) ~ Er(1)
ap=0868 ap=0915 ap=107 Q—m, D = PCI R = 2
ay =097 ay =111 ay = Eo(1) Er(1)
(PE)M EPM EPM Eq = =2, Ep=&p(l), Egr= 2
g =0.868 8,q=0778 a,4=0.615 a a
o 80 L, _1&)
R WEe  PPEO PRIz
To find the evolution types of NET-SES models, we use the 3w+1 2&Rr(1)
functione to calculate two function® and M: Ko = &q(1) p/w * HD = &p(1).  ur= a (57)
a(@ = &a(1) a36-v) Fora andB = Pm/Em we find:
Em(1) ’
Eg(l)al3» Er(1)
|w| 3w + 1 qQ) = oXHE Q)= R 58
Pl = Fa(a)’ M@) = 3+1 a(@) (53) @ &p(l)a+&r(1) A &p(1l)a+Er(1) (>8)
The characteristic scales (Eg. (39)) are simply calculated: EQ- (31) has the form:
a a
ne (gm(l))m . (ﬁ gm(l))wlw) 3_(B@-w)-==0. (59)
&o(1) ’ lwl Eq(1) ’
a ( 38+1 Sm(l))Wl-w) (54) 4.2.1. The conditions of coherence
M =
Bw+ 1] Eo(1) From Egs. (28), (58) and (59) we find
Table 3 illustrates the complex evolution from the matter- 36r(1) al-3w
dominated model to quintessence-dominanc&ebént phys- o’ = ==X . (60)
ical quantities pass through “boundaries’ € 1; P = 1; a  &m(l)a+&o(l)
M = 1) between the matter and quintessence stageferatit
i . i i . 1 1
times Note thateq cannot fully define the evolution type andIIm o = 3w Er( )a‘(3’”+1) _0, for w> =
dynamics. a— Em(1) 3
1 1
. _ =—3w8R( ), for w=-=
4.1.4. The time dependence of the gravitating mass Em(1) 3
1
The total gravitating mass in any NET-SES model has its = for ws<-= (61)

extremum at

akz(ﬁ 3/3+1)W1-w).

-w3w+1

(55)

As a. should be real, se'1/3 < w < 0. The requirement of Equations (58) and (17) give th&ective codicienty(a):

positiveu” (a.) is reduced t@ > w (always valid). So, in NET-
SES the gravitating mass has a minimum £dy3 < w < 0. ~ Eol)w + SRT(D asw-1
No extrema exist forl < w < -1/3. (@) = Eo(1) + Ep(1)a®” + Er(1) Bw-1

4.2.2. The asymptotic behaviour and evolution types

(62)
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Table 4. The numbers are obtained from Eqgs. (39) and (65) wi}j;Q = 3ov(y) (1) a 3w+l
Eo(1) = 0.7 and&n (1) = 0.3; here&p = 0.05,8g = 0.25. (01 37
Q( ) ( ) D R 6 - 8(1) 1 " 8(1) 1
- w=-2/3 w=-1/3 M@ e+l T @ o+l
2 = 0803 a; =0743 a; = 0634 p. - SME 1 (69)
ap =0587 ap=0563 ap=0598 astl) @ + 1
ay =0.788 ay =0.921 ay = o 1 38+1
PME PEM PEM pm = 300() 8Q) — — 5~
g = 0.587 @a,4=0563 a,q=0.598 .
< < < From Eg. (31) we find the energy transfer
. . a  &Q) a
Becauses — w > 0, the associated one-fluid model has thg, = 3 B-w). (70)

following asymptotic properties: (o +1)2 @30+ a
) The asymptotic behaviour much depends on the sign and value
of y. The functions usually defining evolution type (=

So the one-fluid model, associated with the consider€@/Em = const® = (jwl/B)a = const M = [(Bw+1))/(38+
NET-NSES two-fluid is &ectively radiation at early times andl)]e = const) are now fixed ratios. Which component domi-

limy(@) =1/3,  lim y(a) = w. (63
a—0 a—oo

quintessence at late times. I§eztive dust scale is nates during evolution depends on the value.of .
) For the Amendola & Tocchini-Valentini (2001) solution,
Aed = [-3wEq(1)/Er(L)] 71 . (64) reached at late timesv(= -0.7,8 = 0, @« = 7/3), the
Th luti . by f : & M: equation of state of an associated one-fluid is giveryby
e evolution types are given by functiomsP & M: (wa+B)/(a + 1) = —49/100~ —1/2, which gives
3w
P = —= (Ep(l)a+ Er(L)) a(a), 8 &) _ 147/100 _ 3/2
8'}51)1 5 . E= m = E’ E= 8(1)3. = 8(1)a
m=ROCUD a2 - (30+1) afa) ©5) p__ 29 80 L&)
Ep(l)a+ 28r(1) 100 3153100 2 @32
In Table 4 three characteristic scales represent two evolution 47 1
types for this model: PME and PEM. u=-——=5&(1)al*"10 -5 &(1)ad2 (71)
For-1/3 < w < 0 the total gravitating mass has a unique 100
minimum at a scale. The energy transfer for the fldt € 0) model is:
1 3/2
36 (1) 30-1 _ a & (1) _
a = (5 %(1) (-w) Bw+ 1)) . (66) Um =371y o -0 (72)

This gives for the Amendola & Tocchini-Valentini solution
4.3. An ET-SES example: Coherence 441 £92(1) 2 92(1)

. = R = 73
ET-SES models allow coherence. An important class of dark' = 1000a#59200 = 5 523 (73)

energy models is the coupled quintessence (e.g. Wetterighy,s this model is asymptotically NET-SES.
1995; Amendola 2000), where the total energy momentum

tensor is conserved. For coupled quintessence, a stationary )

DE model was found (Amendola & Tocchini-Valentini 2001p- Conclusions

which predicts coherent behaviour of matter and DE at la§g stydies of FLRW models withh, A and matter are usually
cosmic epochs. Such a relation was independently studied\iMyed as independent substances so that the energy momen-
Baryshev et al. (2001) to solve the problem of the smooth Igym tensors of the partial fluids are separately conserved.

cal Hubble flow. Teerikorpi et al. (2003) discussed the Hubble aAg 5 solution of the CDM crisis at galactic halo scales,
relation for coherent models. The coherenee=(const), pro- pegples & Ratra (2003) and Ostriker & Steinhardt (2003) sug-
duced by energy transfer, impligs= const and the model is yested an interaction between dark energy and matter. One

much simplified. _ _ _ may find in the literature several models of DE-DM interac-
The associated one-fluid model is described by tion, but the complexity of the dark sector still leaves a huge
a s unexplored area.
a- E.p P& y=const (67) This makes it necessary to study on a phenomenological

o _ i - level the general case when a one-fluid converts into another
Separating its solutions (e.g.= &(1)/a*"*Y) into matter and and the equations of state may be non-stationary. This is pos-

quintessence we find: sible thanks to the remarkable fact that the FLWR models are
81) «a 81) «a defined at the level of the total energy-momentum conservation
Eq = 20D g1 1 QT B a1 and are not directly sensitive to the specific mechanism pro-
EDw a ducing the energy transfer. This is one reason why the internal

Q= (68) physics of CDM and dark energy are still largely unknown.

attl) o+ 17
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We analyzed four classes of models defined by the pr&aryshev, Yu., Chernin, A., & Teerikorpi, P. 2001, A&A, 378, 729
encg¢absence of energy transfer and by the stationanty- Baryshev, Yu., & Teerikorpi, P. 2002, Discovery of Cosmic Fractals
stationarity of the equations of state. (Singapore: World Scientific Publishing Co.)

The equations of state with for positive andw for neg- Bronstein, M. 1933, Phis. Z. Sowjetunion, 3, 73
ative pressure components apdor the associated one—fluid,Ca'%"(‘)’egggéR" Dave, R., & Steinhardt, P. J. 1998, Phys. Rev. Lett.,
oo oo el . 200, P Lt 545,00

. aldwell, R. R., Kamionkowski, M., & Weinberg, N. N. 2003, Phys.
clas§ of the model. From the behaviour of the energy content, ., Lett., 91, 071301
gravitating mass, and pressure versus the scale factor, we @gsmin. A. D. 1965, Astr. zh., 42, 1124
fined three characteristic scaleg, a» anday. These border chemin, A., Teerikorpi, P., & Baryshev, Yu. 2002, Adv. Space Res.,
time intervals when quintessence energy, pressure and gravitat31, 459
ing mass dominate. Sequences of the scales define 6 evolut@siey, A. A., & Tupper, B. O. J. 1985, ApJ, 288, 418
ary types. It was shown that Coley, A. A., & Tupper, B. O. J. 19863, Can. J. Phys., 64, 204
Coley, A. A., & Tupper, B. O. J. 1986b, J. Math. Phys., 27, 406
o for givenw andg, energy transfer definesand, hence, the Coley, A. A., & Wainwright, J. 1992, Class. Quant. Grav., 9, 651
total gravitating mass and dynamics of the model. Davidson, W. 1962, MNRAS, 124, 79
« amodel can be coherent only if there is energy transfer. Farrar, G. L., & Peebles, P. J. E. 20G3{ro-ph/0307316]
o the dynamics of a model, its evolution type and enerdy/©moV. A., Baryshev, Yu., & Teerikorpi, P. 2002

. -ph/0209458]
ransfer are interrelated. [astro-p e . .
transfer are interrelated Landau, L. D., & Lifshitz, E. 1971, The Classical Theory of Fields

(New York: Pergamon Press)
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