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The dynamics of expansion and large scale structure formation in the multicomponent Universe with
dark energy modeled by the minimally coupled scalar field with generalized linear barotropic equation of
state are analyzed. It is shown that the past dynamics of expansion and future of the Universe—eternal
accelerated expansion or turnaround and collapse—are completely defined by the current energy density of
a scalar field and relation between its current and early equation of state parameters. The clustering
properties of such models of dark energy and their imprints in the power spectrum of matter density
perturbations depend on the same relation and, additionally, on the “effective sound speed” of a scalar
field, defined by its Lagrangian. It is concluded that such scalar fields with different values of these
parameters are distinguishable in principle. This gives the possibility to constrain them by confronting the
theoretical predictions with the corresponding observational data. For that we have used the 7-year
Wilkinson Microwave Anisotropy Probe data on cosmic microwave background anisotropies, the Union2
data set on Supernovae Ia and the seventh data release of the Sloan Digital Sky Survey data on luminous
red galaxies space distribution. Using the Markov Chain Monte Carlo technique the marginalized posterior
and mean likelihood distributions are computed for the scalar fields with two different Lagrangians: Klein-
Gordon and Dirac-Born-Infeld ones. The properties of such scalar field models of dark energy with best

fitting parameters and uncertainties of their determination are also analyzed in the paper.
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I. INTRODUCTION

The unknown nature of dark energy remains the most
intriguing problem of physics and cosmology of the last
decade. Theorists have proposed a dozen of models well
matching the observational data (see e. g. reviews [1] and
book [2]), but key tests for distinguishing of them still have to
be developed. This can be achieved by the detailed study of
their physical properties and confronting the theoretical pre-
dictions of each of them with observations. Physically moti-
vated and historically first after the cosmological constant
dark energy candidate is the scalar field violating the strong
energy condition. Here, we analyze two such fields—classi-
cal and tachyonic—in order to find out how they match the
current observational data assuming that one of these fields
dominates our Universe today. As in this paper we are inter-
ested mainly in the dark energy effects, we restrict ourselves
to models with zero curvature of 3-dimensional space.

Field and fluid approaches are used for inclusion of the
scalar field in the cosmological model, which describes the
dynamics of expansion of the Universe and formation of its
large-scale structure. They are equivalent if the intrinsic

*novos @astro.franko.lviv.ua
Tolka@astro.franko.lviv.ua
fapus @astro.franko.lviv.ua
Spelykh@iapmm.lviv.ua

1550-7998/2010/82(10)/103008(16)

103008-1

PACS numbers: 95.36.+x, 98.80.—k

entropy of dark energy is taken into account in the equa-
tions of perturbations. Here, we use the combined approach
in which the scalar field as dark energy is described by its
dimensionless density Q,, = 87Gpy,/ 3H(2), the equation
of state (EoS) parameter w = P,,/p,., and the effective
sound speed' (2= 8P(4e)/ 6P (ae)» determined by its
Lagrangian. We assume also that a scalar field is minimally
coupled to other components, i. e. it interacts with them
only gravitationally. Therefore, these quantities completely
define its model. In general case, the last two values w and
c? are arbitrary functions of time, which should be defined
by additional assumptions about the properties of dark
energy. The simplest case w = const and ¢? = 1 (classical
scalar field) is well studied. The recent determination of
value of w for this case by [3], based on the seven-year
WMAP data (WMAP7), the distance measurements from
the baryon acoustic oscillations (BAO) in the space distri-
bution of galaxies from SDSS DR7 data [4], Hubble
constant measurements [5], and supernova data [6]
(WMAP7 + BAO + SN), gives the value close to —1:
w = —0.98 = 0.053 (flat Universe, 68% CL). So, the cos-
mological model with such scalar field is rather similar to

"The terms effective sound speed and adiabatic sound speed of
dark energy are used in the literature for designations of dark
energy intrinsic values which formally correspond to thermody-
namical ones.
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ACDM model and has the same problems, e. g. fine tuning
and cosmic coincidence.

Varying in time EoS parameter w(a) of the so-called
dynamical dark energy is the more complicated case, which
can in principle resolve those problems as well as promises
the interesting properties of dark energy and its effect on
the dynamics and structure formation of the Universe. The
dynamical classical scalar fields called ‘““‘quintessence”
with different potentials were investigated extensively for
over a decade (for some early works see [7]). Often the
dependence of EoS parameter w on the scale factor a is
assumed in ad hoc manner. The linear form of this depen-
dence w(a) = wy + (1 — a)w, was proposed in [8] and
widely used. Here, wy and w, denote the present values
of w and its first derivative, respectively. The determination
of them by [9] on the base of WMAP7 + BAO + SN data
gives wy = —0.93 = 0.12, w, = —0.41 = 0.72. Such dark
energy evolves from phantom field with w = —1.34 at the
early epoch to the quintessential one at the current epoch
with w = —0.93. The dark energy density increases from
zeroto ~1.25 pg? ata =~ (.83 and decreases asymptotically
to zero after that. The previous determination of these
parameters by [10] using similar but older data sets gave
wy = —1.09 = 0.12, w, = 0.52 = 0.46. It means that in
this case the dark energy evolves from quintessential field
with w = —0.57 in the early epoch to the phantom one at
current epoch with w = —1.09. Its density decreases
at early epoch, achieves the minimal value of ~0.83p£102
at the same scale factor a = 0.83, and grows later.
Recently, this form has been modified by [10] in order to
bring the behavior of dynamical dark energy at early epoch
closer to that of A term. Their approximation has the
additional third parameter a,.,, which, however, is weakly
constrained by observations. The mentioned parametriza-
tions of time dependence of EoS parameter allow the
phantom divide crossing (w = —1) and extend the variety
of properties of dark energy and its possible physical
interpretations. Other three, four, and more parametric
approximations of EoS have been analyzed [11] too. The
additional degeneracies and uncertainties of parameters
related to the early dark energy density and time variations
of EoS parameter are inherent for them. And vice versa, the
value of EoS w as well as of energy density (), related to
the late epoch are determined well as a result of their main
impact on the expansion history of the Universe, horizon
scale, distance to cosmic microwave background (CMB)
last scattering surface, and scale-independent growth factor
of linear matter density perturbations. These values, how-
ever, give no possibility to constrain essentially the types of
cosmological scalar fields or, in other words, the forms of
their Lagrangians and potentials.

The additional constraints on the type of cosmological
scalar fields can be obtained by determination of the
third mentioned above parameter—the effective sound
speed c2, since it is related to the field Lagrangian as

PHYSICAL REVIEW D 82, 103008 (2010)

2 =3/02Xx S;Lv + L), It governs the evolution of dark
energy density perturbations, which influence the evolution
of matter density ones via the gravitational potential. Its
impact on the linear power spectrum of matter density
perturbations is essentially lower than the growth factor
caused by the background dynamics, but it is scale-
dependent and can be appreciable for some types of scalar
fields. Some of them are studied carefully in [12].

In the previous papers [13,14], we have analyzed the
cosmological models with minimally coupled classical and
tachyonic scalar fields with the EoS parameter varying in
time as w(a) = wya®/(1 + wy — wya’®), which was de-
duced from the condition of ‘““‘zero adiabatic sound speed”:
c2=P,/ps. =0. It was shown that at the early epoch
such fields can mimic the dark matter and diminish the fine
tuning problem. The magnitude of dark energy perturba-
tions of such fields increases before entering the acoustic
horizon and decays in oscillating manner after that. It was
shown also that they affect the magnitude of gravitational
potential and cause the scale dependence of matter density
perturbations, which can be used for constraining the pa-
rameters of such dark energy models along with other
cosmological ones.

Here, we analyze more general case— ‘“‘constant adia-
batic sound speed” c¢2 = const that is equivalent to
assumption of the linear barotropic EoS of dark energy
P, = Cipg. + C,, where C; and C, are constants. The
important question related to such scalar fields is how their
introduction agrees with the observational data on accel-
erated expansion of the Universe, its large-scale structure,
and CMB anisotropy? To find the answer, we perform
analysis using the Markov Chain Monte Carlo (MCMC)
method for multicomponent cosmological model and the
present data, namely, seven-year WMAP data on CMB
anisotropy, SDSS DR7 data on luminous red galaxies
(LRG) power spectrum, and the SNIa photometric
relations.

The paper is organized as follows. In Sec. II, we discuss
the background dynamics of our models and parametriza-
tion of EoS parameter by the “‘adiabatic sound speed”. In
Sec. II1, the evolution equations for the scalar field pertur-
bations in the synchronous gauge are presented. In Sec. IV,
the method of determination of cosmological parameters
and used observational data sets are described. In Sec. V,
we present the results of determination of scalar field
parameters and discuss the properties of models with the
best fitting ones. The conclusion can be found in Sec. VI.

II. DARK ENERGY WITH BAROTROPIC EOS AND
BACKGROUND EQUATIONS

We assume that background Universe is spatially flat,
homogeneous, and isotropic with Friedmann-Robertson-
Walker (FRW) metric of 4-space

dS2 = g,'jdxidxj = az(ﬂ)(d"?2 - 6(1,deadxﬁ)’
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where 7 is the conformal time defined by relation’
dt = a(n)dn, and a(n) is the scale factor normalized
to 1 at the current epoch 7n,. The Latin indices i, j, ...
run from O to 3, and the Greek ones are used for the spatial
part of the metric: «, B, ... =1, 2, 3. We also suppose that
the Universe is filled with nonrelativistic particles (cold
dark matter and baryons), relativistic ones (thermal elec-
tromagnetic radiation and massless neutrino), and mini-
mally coupled dark energy. The last one is considered as
the scalar field with either Klein-Gordon (classical) or
Dirac-Born-Infeld (tachyonic) Lagrangian

Lclas =X- U(d))’ Ltach = _U(f)v 1 - 2)2: (1)

where U(¢) and U(£) are the field potentials defining the
model of the scalar field, X = ¢.;¢"/2 and X = £,£1/2
are kinetic terms. We assume also that the background
scalar fields are homogeneous (P(x, ) = d(7n),
&(x, m) = &(7)), so their energy density and pressure
depend only on time:

Pclas = X+ U(QS)’ Pclas =X- U(d)), (2)
U

N Poon = —UEWN1 —-2X.  (3)

The EoS parameters w,, = P,,/pg. for these fields are
following:

Ptach =

X-U
Ven T X0
Using the last relations the field variables and potentials

can be presented in terms of densities and EoS para-
meters as

=2X— 1. 4)

Wtach

pla) — pp == /‘la da \/pdecilaH)Eclz/;L ma )), (5)
i = Paal! = vta) ©
for the classical Lagrangian and
e ada'\1 + w(a)
g(a) é‘:() - = [l a/H(a/) ’ (7)
U(a) = paclaW=wla) ®)

for the tachyonic one.
The dynamics of expansion of the Universe is com-
pletely described by the Einstein equations

R, R=8aG(T" + TV + T9), ()

1
J 58
(m) (r)  p(de)
i o T T
energy- momentum tensors of nonrelativistic matter (m),

where R;; is the Ricci tensor, and T are the

Here and below we put c = 1.
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relativistic matter (r), and dark energy (de), correspond-
ingly. Assuming that the interaction between these compo-
nents is only gravitational, each of them should satisfy
the differential energy-momentum conservation law
separately:

Ti, ™ = 0. (10)

Hereafter *;” denotes the covariant derivative with respect
to the coordinate with given index in the space with metric
gij» and (n) stands for (m), (r), or (de).

For the perfect fluid with density p, and pressure P,
related by the equation of state P, = w,p,, it gives

a

and here and below a dot denotes the derivative with
respect to the conformal time, “ ° = d/dn. For the
nonrelativistic matter w,, = 0 and p,, = p,O) ~3; for the
relativistic one w, = 1/3 and p, = p(,o) -, Hereafter,
“0” denotes the current values. The EoS parameter wy,

and adiabatic sound speed ¢ ,,) = Pge/ P, are related by
the ordinary differential equation:

w =3a (1 +w)w— c2), (12)

where a prime denotes the derivative with respect to the
scale factor a. Here and below, we omit index de for wy,
and c2 (de)" As it can be easily seen, the derivative of EoS

parameter with respect to the scale factor will be negative
for w < ¢2 and positive for w > ¢2. In the first case, the
repulsive properties of scalar fields will be raising, in the
second one—receding. In the general case, c2 can be an
arbitrary function of time, but here we assume that it is
constant: ¢2 = const. In such case, the temporal derivative
of P,(n) is proportional to the temporal derivative of
pa.(m). The integral form of this condition is the general-
ized linear barotropic equation of state

Pde = C%pde + C’ (13)

where C is a constant. Cosmological scenarios for the
Universe filled with the fluid with such EoS® have been
analyzed in [15]. The solution of the differential Eq. (12)

for ¢, = const is following:
1+ +
wia) = (1 + c2)(1 + wp) L a4
1+ wy — (wy — ¢2)a31+ed)

where the integration constant of (12) wy is chosen as the
current value of w. One can easily find that (14) gives (13)
with C = p(o)(wo — ¢2), where p( ) is current density of
dark energy. Thus, we have two values w, and ¢2 defining
the EoS parameter w at any redshift z = a~! — 1. The time
dependences of barotropic EoS parameter for different
values of ¢2 are shown in the top panel of Fig. 1. As it

30ften called in literature “wet dark fluid”.
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FIG. 1. Top panel: the dependences of EoS parameter on scale

factor for barotropic dark energy with wy = —0.85 and different
c2 (0, —0.2, —0.85, —0.99). Bottom panel: the dependences of
dark energy density (in the units of critical one at the current
epoch) on scale factor with EoS parameters presented in the top
panel.

follows from (14), ¢2 corresponds to the EoS parameter at
the beginning of expansion (Wi, = w(0) =2, a =0,
7 = 00).

The differential Eq. (11) with w from (14) has the
analytic solution too:

(0 (1 + Wo)a_3(1+63) + C% - Wy
pde - pde 1 + CZ :

5)

The dependences of dark energy density on scale factor for
different values of ¢2 are shown in the bottom panel of
Fig. 1.

Using the obtained dependences of densities of each
component on the scale factor, one can deduce from the
Einstein Egs. (9) the following equations for background
dynamics:

H = HyQ,/a* + Q,,/a* + Q,/a> + Qu f(a), (16)

PHYSICAL REVIEW D 82, 103008 (2010)

_1 20, /a* + Q,,/a® + (1 +3w)Qy.f(a)
1 2.Q,/a*+ Q,/a+ Q,/a* + Qg fa) ’

a7)

where  f(a) = [(1 + wo)a 30+ + 2 — wo]/(1 + 2),
and Q; = —K/(aH)? is the dimensionless curvature pa-
rameter. H = a/a’ is the Hubble parameter (expansion
rate) for any moment of time, and g = —(ad/a> — 1) is
the acceleration parameter. They completely describe the
dynamics of expansion of the homogeneous isotropic
Universe.

To analyze the properties of scalar field models of dark
energy with barotropic EoS and to calculate the observa-
tional predictions, the allowed by physics and mathematics
ranges of values for w, and c2 should be determined. The
field variables ¢ (for positive energy density of the scalar
field) and £ are always real if w = —1. The potential U(a)
of classical scalar field is positive if w = 1, and the poten-
tial U(a) of tachyonic one is real if w =0. As w(a)
changes from c2 to wy in the range of 0 < a =<1, the
allowed ranges of values for w, and c2 are the same for
both fields. Other upper constraint for classical scalar field

D H<O -
= f
o : 1
jas .
q>0 ]
o ]
-15C A | i i ]
0.01 0.10 1.00 10.00

FIG. 2. The dynamics of expansion of the Universe with
barotropic dark energy: H?(a) (top panel) and g(a) (bottom
one) for the same models as in Fig. 1.
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can be obtained from the next speculations. In order to
keep the shape of angular power spectrum of CMB tem-
perature fluctuations close to the ACDM one matching
well the observational data, the dimensionless density of
dark energy Q,,(a) = 87Gp,,(a)/3H*(a) should not ex-
ceed 0.01-0.02 at the last scattering surface. Its asymptotic
at small a is Qg.(a) = QO + wp)a 30+ /(1 + ).
The condition €,,(0.001) < 0.02 is satisfied for ¢ < 0.
Therefore, for both quantities w, and c2, we accept the
ranges of values —1 =< wy, ¢2 =< 0 for which the scalar
field variables and potentials have no singularities during
the past history of the Universe, but there is no warranty
that the singularities will not appear in future. Let us
analyze that.

The system of Eqgs. (14)—(17) describes 3 possible vari-
ants of future evolution of the Universe defined by the
relationship between w, and c2 for given values of rest
of the parameters (2,,, Q;, Q,, and Q,, (Figs. 1-3).

(1) w' <0 (c2 > wy): As it follows from (14), in this
case w decreases monotonically from c2 at the early epoch

104 T T T
R

102 > :

Co>W, ~U X

10741 ~.

104
102 :

> 100 -

102 X

10-4- :

104 T T ;
H®>0! H*<0

102 :

> 100

102

104

0.01

> 109 -

> 100

PHYSICAL REVIEW D 82, 103008 (2010)

to wq at current one up to —1 at the infinite time. The
constant C in EoS (13) is negative. The dark energy density

and pressure tend asymptotlcally to pde) = P(O)(c

wo)/(1 + ¢2) and P( ) = pd ) Therefore, in this case
the scalar field rolls slowly to the vacuum (see Fig. 1) and
in far future the Universe will proceed into de Sitter

stage of its expansion with ¢ = —1 and H®™ =

VOQ.(c2 —wy)/(c2 + 1)H,. The scalar fields of such
type have the following general properties [see relations
(4)—(8) and top panels of Fig. 3]: their kinetic terms and
potentials have always real positive values; for classical field
X < U, and for tachyonic one X < 1/2, their potentials roll
slowly to minima (U,;,, Upyin = 0), which correspond to the
infinite value of time and finite one of the field variables; the
kinetic terms of these fields
means that ¢ and £ — 0 and the fields will “freeze”.

2) w' = 0 (c2 = wy): It corresponds to the well-studied
case w = const. In this case, C = 0, and we have usual
barotropic EoS P, = wopses Pae — 0 when a — oo.

104 T T T

102 -

Co>W, ~

1074 S

104

102 -

10-2 X _

C.l=w,

1074 -

104 T T

102?

1072

104+ ' —

0.01

FIG. 3. Evolution of potentials and kinetic terms of classical (left) and tachyonic (right) scalar fields with barotropic EoS for c2 > w

(top panels), ¢2 = wo (middle panels), and ¢2 < wy (bottom panels). In the top panels c2 =

in the bottom ones ¢2 = —0.99. In all panels w, = —0.85.

—0.2, in the middle ones c = —0.85, and
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So, the future Universe will experience the power law
expansion with a o r2/300) and acceleration parameter
g — (1 + 3wg)/2. The scalar fields of such type have the
following general properties [see relations (4)—(8) and
middle panels of Fig. 3]: their kinetic terms and potentials
have always real positive values; for classical field
U/X =const>1, and for tachyonic one X = (1 +
wg)/2 = const; their potentials roll very slowly to minima,
which correspond to the infinite values of the field varia-
bles and time; the potentials of these fields tend asymptoti-
cally to O—it means that such fields “thaw”.

3) w' >0 (c2 < wgy): The EoS parameter w increases
monotonically from c¢2 at the early epoch to w, at the
current one and still continues to increase after that. It
will reach 0 in future at ag,—q = [c2(1 + wg)/(c2 —
wp)]/GU+¢d) when potential of tachyonic scalar field be-
comes imaginary (relation (8) and right bottom panel of
Fig. 3) and 1 at ag,—; =[3(1 = c2)(A + wo)/(wo —
¢2)]/G0+cd)  when potential of the classical one
becomes negative (relation (6) and left bottom panel
of Fig. 3). The scalar field densities at these a are posi-

tive: paelag—o) = Py (ch = wo)/ck and py(ag—1) =
pgl)(cﬁ —wy)/(c2 — 1), correspondingly. The field will
satisfy the strong energy condition p,, + 3P, = O starting

0.6 LIS S S S S S S I B R S S R B R R

©

£

<

~

Z r |

e} L 4
o2k - freezing |
—0.4r \\
70.6"“‘1““1““1““<

—-1.00 -0.95 -0.90 -0.85

w

FIG. 4 (color online).

-0.80

PHYSICAL REVIEW D 82, 103008 (2010)

from a=[(1+wo)(1 +3c2)/(2(cZ — w))]/C0+eD),
and then accelerated expansion of the Universe will
be changed by the decelerated one. The density of
scalar field continues decreasing, reaches 0 at
agp—0) = [(1 + wo)/(wg — ¢2)]/C0+€D) | and then be-
comes negative. The EoS parameter at this moment will
have discontinuity of the second kind (Fig. 1). Later, when
Pm t pae. reaches 0, the expansion of the Universe will be
changed by the contraction since at this moment ¢ = 0,
a <0, as it follows from Egs. (16) and (17), which have no
solution for larger a. Such behavior can be corrected only
slightly by the curvature parameter from the allowable
range. Though the potential and field variable of tachyonic
scalar field become imaginary at a(,—g) < a < a(,—g) and
a > a,—), correspondingly (their energy density and pres-
sure are real value always), we have no substantial argu-
ments for ruling out such models since they have not
singularities in past and are not excluded by the observa-
tional data. We have also no physical argument against the
possibility of generation of such fields at the early epoch.
Meanwhile, we will use the condition c¢2 > w, too for
analysis of the scalar field dark energy without singularities
in future. The appearance of imaginary values of either

1.0

0.5

0.0

dw/dlna

raising re

70.5 =

-10_ . v oy
-1.0 -0.8 -0.6 -0.4 -0.2 0.0
w

The w — dw/d Ina phase plane for scalar fields, with barotropic EoS as models of dynamical dark energy

(solid lines). If dw/d1na < 0, the fields evolve from right to left raising their repulsion properties; if dw/dIna > 0 the fields evolve
from left to right receding them. Thick dashed lines show the ranges occupied by the thawing and freezing scalar fields deduced by
[16] from the analysis of simplest particle-physics scalar field models of dynamical dark energy. In the left panel, the phase plane
evolution tracks of the scalar fields with barotropic EoS are shown in the range 0.5 =< a = 1 (0 = z = 1) and in the same scale as in
[16] for easy comparison. In the right panel, the phase plane evolution tracks of the scalar fields with barotropic EoS correspond to the
range 0.0001 = a = 10 (— 0.9 = z = 10000). Thick solid black lines show the limits for such scalar field models: the upper line
corresponds to c2 = —1, the lower one to c2 = 0 (superimposed with the lower limit for freezing scalar fields from [16]). The thin
solid blue lines show the phase tracks of models considered in this section, the thin solid red lines show the phase tracks of the best
fitting models discussed in Sec. V. The red point shows the best fitting w = const model.
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field variable or potential of the tachyonic scalar field
suggests that this case needs to be analyzed using the
multifield model of dark energy. That will be the matter
of a separate paper.

At the end of the analysis of general properties of the
scalar field models of dark energy with ¢2 = const, let us
examine their occupancy of the w — dw/dlna phase
plane. From (12) and the constraint —1 < ¢2 < 0 follows
that the scalar field models of dark energy with ¢2 = const
occupy the w — dw/dlIna region limited by the lines
dw/dIna =3(1 +w)> and dw/dlna = 3w(l +w)
(Fig. 4). The last one coincides with the lower limit for
freezing scalar field models of dark energy deduced by [16]
from the analysis of the simplest particle-physics models
of cosmological scalar fields. Below it the scalar fields
have too large density at the early epoch that contradicts
the data on CMB anisotropy. Above the upper limit, there
is a range of fields which started as phantom ones, which
is excluded for fields with classical and tachyonic
Lagrangians considered here. The scalar fields, which are
in the phase plane between the lines dw/dIna = 0 and
dw/dlIna = 3w(1 + w), evolve from right to left in Fig. 4,
and their repulsion properties are raising with time. They
are unlimited in time, and w for them tends asymptotically
to —1. The scalar fields, which are in the phase plane
between the lines dw/dlna=0 and dw/dIna =
3(1 + w)?, evolve from left to right in the Fig. 4, and their
repulsion properties are receding with time (dw/d Ina > 0,
w increases) to change the accelerated expansion by decel-
erated one and even collapse. They can start in the range
below the lower limit for thawing scalar fields, then enter
the range of thawing scalar fields limited by [16], cross it,
and go out of upper limit dw/dIna = 3(1 + w) when
w > 0. So, the scalar fields with dw/dIna > 0 (c2 < w)
can only partially be called thawing. We propose to call
them ‘‘scalar fields receding repulsion”, reflecting their
main properties. Symmetrically, the scalar fields with
dw/dlIna <0 (c2 > wy), occupying the same range as
freezing scalar fields from [16], can be called “‘scalar fields
raising repulsion”. Establishing of how well they can fit
the current observational data is the goal of the paper.

Since the classical scalar fields are completely indistin-
guishable from the tachyonic ones when considering only
the background dynamics, the linear theory of perturba-
tions in the multicomponent Universe must be included
into analysis.

III. EVOLUTION OF LINEAR PERTURBATIONS IN
THE SYNCHRONOUS GAUGE

Now we consider the spatially flat (), = 0) background
with scalar perturbations in the synchronous gauge with the
line element

ds* = gdx'dx) = a*(n)(dn? — (8,p + hap)dxdxP).
(18)
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The scalar perturbations of metric 4,4 can be decomposed
into the trace 7 = h% and traceless ﬁaﬁ components as
hop = héap /3 + ﬁaﬁ. The perturbations are supposed to
be small (A < 1), henceforth, all following equations are
linearized with respect to the perturbed variables. In the
multicomponent fluid each component moves with a small
peculiar velocity V¥ = dx%/dn, defined by its intrinsic
properties (density, pressure, entropy, etc.) and h. At the
linear stage of evolution of perturbations the cold dark
matter (CDM) component is a pressureless perfect fluid
interacting with other components only via gravity.
Therefore, the synchronous coordinates are usually defined
as comoving to the particles of CDM. The energy density
g, and pressure P, of each component are perturbed as
ﬁ(an 77) = Pn(”’l)(l + 6(n)(xa’ 7’)) and ﬁn(xa’ 77) =
P,(n) + 6P, (x* n). They are measured by a comoving
observer being at rest relative to the fluid at the instant of
measurements, so their perturbations are related as 6P, =
C?(n) PnO(n), Where cf(n) is the comoving effective sound
speed of component (n). This sound speed equals to zero
for dust medium (e. g. CDM or baryonic matter after
recombination at scales above Jeans scale) and 1/3 for
relativistic components. For scalar fields, the entropy per-
turbations are inherent and cause in addition to the adia-
batic pressure perturbations, which follow from the

variation of (13), the nonadiabatic pressure ones 8PEZ;’)‘1),

so the total perturbation is their sum [17]:

ad
SP(de) = C%(Sp(de) + 5PE;‘Z))

In the rest frame of dark energy (V(4,) = 6¢ = 6& = 0), it
can be presented as

_ 2
OP(de) = C5(4o)P e (de):

where the effective (rest-frame) sound speed cf( de) for the
scalar field with given Lagrangian can be calculated as

> _Px_ Lx
cx(de) P
p,X ZXL,XX + L,X

It equals 1 for the classical scalar field and —w for the
tachyonic one (hereafter ¢ = ¢7 ;).
(nad) __
(de)
that distinguishes it from the scalar fields with barotropic
equation of state.

In the linear perturbation theory, it is convenient to
perform the Fourier transformation of all spatially-
dependent variables and use the equations for correspond-
ing Fourier amplitudes. The differential energy-momentum

conservation law BT};i("") =0 for perturbations in the

2

For pure barotropic fluid,* 8P 0 and ¢? = 2—

“The conditions on the Lagrangian for vanishing nonadiabatic
pressure perturbation in the case of generic scalar field can be
found in [18].
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space with metric (18) gives the equations for evolution of
Fourier amplitudes of density and velocity perturbations of
dark energy in the synchronous gauge:

. h
8(de) + 3(6‘% - w)aH6(de) + (1 + W)E

ct—c2

+(1+ w)[k + 9a’H? ]V(de) =0, (19

2k

V(de) + ClH(l - 3C%)V(de) - 1+w

8(ae) = 0. (20)

These equations in the conformal-Newtonian gauge are
presented in [12], in the gauge-invariant variables in [14].
In these papers, it was shown also that the perturbations of
scalar fields with different ¢2 evolve differently. For the
case of classical and tachyonic scalar fields with ¢ = 0,
the evolution was extensively studied for the two-
component (dark energy plus dark matter) model in [14].
It was shown also that the transfer function of the cold
dark matter perturbations is different for the same set of
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FIG. 5 (color online).
field (solid) with ¢2 = wy

—0.85, ¢2 =0, 2 =-0.2, c2

tachyonic one—right. The wave number of perturbations is k = 0.1 Mpc™".
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cosmological parameters but different Lagrangians (and
thus ¢2) of dark energy.

The equations for the rest of components (nonrelativistic
and relativistic) are the same as in [19], so we skip this part
here. For calculation of the evolution of perturbations in all
components and power spectra of matter density perturba-
tions and cosmic microwave anisotropy, we have used the
publicly available code CAMB [20,21], modified to in-
clude the presented here expressions for H(a), p4.(a), and
the evolution equations for dark energy perturbations. The
evolution of density perturbations (k= 0.1 Mpc™!) of
cold dark matter, baryons, and scalar fields with different
c2 (0, —0.2, —0.85, —0.99) is shown in Fig. 5. Other cos-
mological parameters have the next values: ), = 0.722,
wo = —0.85, Qnh>=0.111, Q,h* =0.0227, Hy, =
66.1 km/s/Mpc, ny, = 0.975, 7,,; = 0.085. The adiabatic
initial conditions from [19], for all components except dark
energy, are used here and below. The initial conditions for
dark energy perturbations are obtained from the asymptotic
solutions of (19) and (20) for kn < 1 (the superhorizon
perturbations) in the early radiation-dominated epoch and
are following:

100
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Evolution of linear density perturbations of cold dark matter (dash-dotted line), baryons (dotted), and scalar
—0.99 (from top to bottom). Classical scalar field—left column,

1
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4-3cH1 +w)

init — __ h, 21
(de) 8+ 6¢2 — 12w + 9c2(w — ¢2) @D
2
init — Cskninit
= — h. 22
(de) 8 + 6¢2 — 12w + 9c2(w — c2) (22)

The character of evolution of scalar field density perturba-
tions depends on the temporal behavior of EoS parameter,
the difference of adiabatic and effective sound speeds (the
value of intrinsic entropy of scalar field is proportional to
it), and the ratio of the scale of perturbation to particle
horizon [see Egs. (19) and (20)]. We can see that the
magnitude of density perturbations of such fields increases
before entering the acoustic horizon, decreases and
changes the sign during entering one, and decays with
oscillations later. So, at the current epoch the magnitude
of dark energy linear density perturbations is essentially
lower than matter one at all subhorizon scales.

Evolution of matter density perturbations is affected
by the dynamics of background expansion through the

PHYSICAL REVIEW D 82, 103008 (2010)

scale-independent expansion rate and by scalar field den-
sity perturbations through the perturbations of metric
which depend on scale. For visualization of such total
influence of dark energy on matter density evolution, we
present in Fig. 6 the ratios of matter density power spec-
trum P(k) and CMB angular power spectrum C; in the
models with scalar field to the corresponding ones in the
ACDM model with the same cosmological parameters.
The dependence of both ratios on scale, ¢2, and type of
scalar field inspires hope that usage of the accurate enough
data set will give the possibility to constrain the scalar field
models of dark energy considered here. For that we use
here the available currently observational data.

At the end of this section, let us discuss the difference
between scalar field models of dark energy with barotropic
equation of state and pure barotropic fluid models of dark
energy. For pure barotropic fluid (PBF), ¢? = ¢2. The
analysis of equation (49) from [14] shows that such dark
energy is strongly gravitationally instable at subhorizon
scales of density perturbations (kn < 1) for ¢ <O0.
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FIG. 6 (color online).

1

Top panels: The ratios of matter density power spectra P(k) in the models with classical (left) and tachyonic

(right) scalar fields to the matter density power spectra in the ACDM model. Bottom panels: the ratios of CMB angular power spectra
C, in the models with classical (left) and tachyonic (right) scalar fields to the corresponding ones in the ACDM model. In each panel,

the solid line stands for the scalar field with ¢2 = w, = —0.85, dotted one for c2 = 0, dashed one for c2

—0.99.
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Pure barotropic fluid models of dark energy in the multicomponent Universe. Left: the evolution of linear

density perturbations (k = 0.1 Mpc ') of cold dark matter (dash-dotted line), baryons (dotted), and barotropic fluid (solid) with ¢ =
c2=0.0, ¢2=c2=0.1, and ¢Z = ¢2 = —0.1 (from top to bottom). Right: the ratios of matter density power spectrum P(k) (top
panel) and CMB angular power spectrum C; in the model with barotropic fluid to the corresponding ones in the ACDM model. In each
panel, the solid line corresponds to the pure barotropic fluid with ¢2 = ¢2 = 0.0, dashed one with ¢ = ¢2 = —0.1.

So, such fluid model of dark energy will not contradict the
observational data when ¢2 = ¢2 > 0. In the left panel of
Fig. 7, the evolution of linear density perturbations of cold
dark matter, baryons, and pure barotropic fluid with ¢Z =

c2=0,c2=c2=0.1,and ¢? = ¢2 = —0.1 is shown for
perturbations with the wave number k = 0.1 Mpc~!. The
curves for last case (¢ = —0.1) illustrate the strong in-

stabilities in perturbation growth so that the models with
¢2 < 0 should be avoided. In order to check the viability of
PBF models of dark energy, we have computed the ratios of
matter density power spectrum P(k) and CMB angular
power spectrum C; in such models to the corresponding
ones in the ACDM model. In the right panel of Fig. 7, one
can see that the influence of PBF dark energy with ¢2 =
c2 =0 on the evolution of matter density perturbations
differs from one of classical and tachyonic scalar fields
with ¢2 = 0 (see Fig. 6). The large difference between the
power spectra of PBF + CDM with ¢Z = 0.1 and ACDM
models means that the upper observational constraint on ¢?
should be close to zero.

In the context of this discussion and results presented in
this section, we would like to explain the title of the

analyzed here dark energy model—scalar field with baro-
tropic equation of state. It was shown above that the
scalar field is not exactly barotropic because of the non-
adiabaticity, which appears at the level of linear perturba-
tions and is = (4. Since 6(4,) < 1 now and in the past
at all scales (at large scales due to the initial power
spectrum o ks, at small scales due to the decaying of
subhorizon perturbations of the scalar field, shown in
Fig. 5), in the main order, the dark energy equation of
state is the generalized linear barotropic one. This prop-
erty defines the scalar field dynamics as well as the
dynamics of expansion of the Universe and its future.
That is why we call such scalar field the “scalar field
with barotropic equation of state”.

IV. METHOD AND DATA

To determine the best fitting values and confidential
ranges of the scalar field parameters together with other
cosmological ones, we perform the MCMC analysis for the
set of current observational data, which include the power
spectra from WMAP7 [3] and SDSS DR7 [4], the Hubble

103008-10



PROPERTIES AND UNCERTAINTIES OF SCALAR FIELD ...

constant measurements [5], the light curves of SNIa [22],
and Big Bang nucleosynthesis (BBN) prior [23].

We use the publicly available package CosmoMC
[24,25], which includes the code CAMB [20,21], for calcu-
lation of model predictions for sampled sets of 8 cosmo-
logical parameters’ (for recent usage of this package
see [26]): the present value of the dark energy EoS wy,
the physical energy density of cold dark matter Q) 42, the
physical energy density of baryons (), 42, the Hubble con-
stant® H,, the scalar spectral index of the primordial pertur-
bations ng, the amplitude of primordial perturbations A, the
reionization optical depth 7, and the Sunyaev-Zel’dovich
amplitude Agy. The run of original CosmoMC with data set
listed above gives the best fitting values and confidential
ranges for these parameters, which are presented in the first
and second columns of Table II.

The original CAMB has been modified as described
above, so the CosmoMC has been run with proposed
here parametrization of dark energy EoS parameter (14).
The extra parameter ¢2 can be either fixed or left free for
determination of its best fitting value. Thus, we have 9 free
parameters to be explored with MCMC. By now, we have
excluded the phantom models (w < —1) and assumed flat
priors for wy and c2 in the range —1 < wy, ¢2 =< 0.

V. RESULTS AND DISCUSSION

We have performed MCMC runs for 9 spatially flat
cosmological models with the data set described above.
All models consist of 5 components: scalar field as dark
energy, dark matter, baryons, thermal background radia-
tion, and massless active neutrinos. The models differ by
the type of scalar field [classical scalar field (CSF) or
tachyonic scalar field (TSF)] and additional conditions
for values of adiabatic sound speed (c2 = wy, ¢2 =0,
c2>w,, and c2 free). We assume that dark matter is
cold (CDM), and since the density of dark components
are dominating now and defining the dynamical and clus-
tering properties of our Universe the models are called
CSF + CDM or TSF + CDM with corresponding addi-
tional conditions for c2, which determine the type of
dark energy. Each run has 8 chains, and the number of
samples in each chain is ~200000. The main results are
presented in the Tables I and II, where the parameter values
of best fit samples, and 1o confidential ranges are shown
for the main cosmological parameters. In the last row of the
tables, the quantity —logL = y?/2 of best fit sample is
presented for each model.

The most interesting models with free ¢2 we have tested
using 2 sets of observational data: WMAP7 + SDSS LRG

>The curvature parameter was fixed at Qg =0, so Q,, =
1 (_ Qb - chm.

“Instead of H, the CosmoMC code varies the parameter 6,
which is the ratio of the sound horizon to the angular diameter
distance multiplied by 100.
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TABLE I. The best fitting values and 1o confidential ranges of
cosmological parameters in the CSF + CDM and TSF + CDM
models, determined on the base of WMAP7 and SDSS LRG
DR7 data. The current Hubble parameter H, is in units
kms~! Mpc ™!, the age of the Universe t, is given in Giga years.

Parameters CSF + CDM TSF + CDM
Que 0.6970:9¢ 0.6870:0%
W —0.807934 —0.95794¢
c2 —0.9192 —-0.20910
10092, /2 2.27101¢ 2.277017
10Q g h? 110514 1127512
H, 65.4779 65.0774
n 0.97*5%3 0.975%%
log(10'°4;) 3.0870:% 3.0850%
Zrei 10.8732 10.4733
oy 0.75*01 0.74+013
o 13.879¢ 14.0%23

— logL 3760.26 3760.39

DR?7 (Table I), and WMAP7 + SDSS LRG DR7 + SN +
HST + BBN (Table II, last 2 columns). The normalized
mean likelihood functions L(x;; #;) and marginalized pos-
terior distributions L~(0,»;xj) for Q4,, wy, and c2 are pre-
sented for both data sets in Fig. 8. The first of them,
L(x;; 6;), is the probability distribution of the observational
data x; for given model parameters ¢;. The second one,
L(x;; 6,), is the probability distribution of the parameters 6
for given observed data x;.

We can see that for both fields the current density {,,
is constrained well by both data set: the likelihoods and
posteriors are close. The current density ), and EoS
parameters w, are determined more accurately by the
complete data set: Qg = 0.72700¢, wy = —0.931513
for the classical scalar field and Qg = 0.72700%, wy =
—0.97+%17 for the tachyonic one. The adiabatic sound
speed c2, which is the EoS parameter at early epoch, is
essentially unconstrained; its 1o confidence range is wide
and coincides practically with the prior range [ —1, 0]. The
mean likelihood and posterior are different, for both fields
the likelihood is bimodal. First peak is close to —1,
another one to 0. For classical scalar field the bimodal
character of distribution is more appreciable. It means
that the used data sets are not appropriate for the estima-
tion of this parameter. On the other hand, it means that for
any fixed value of ¢2 from the range [—1, 0] there exists a
set of the rest best fitting parameters for which the model
predictions match the used observational data well. The
results presented in the columns 1-7 of Table II illustrate
that. In order to remove the uncertainties in determination
of ¢2, the other data and/or other statistical methods of
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TABLE II.

CDM models determined on the base of complete data set listed in Sec. IV. The current Hubble parameter H is in units kms™! Mpc™!;

the age of the Universe ¢, is given in Giga years.

PHYSICAL REVIEW D 82, 103008 (2010)

The best fitting values and 1o confidential ranges of cosmological parameters in the ACDM, CSF + CDM, and TSF +

1

Parameters ACDM CSF + CDM TSF + CDM CSF + CDM TSF + CDM CSF + CDM TSF + CDM CSF + CDM TSF + CDM

w =const w = const 2=0 2=0 2> wy c2 > wy c2 free 2 free

1 2 3 4 5 6 7 8 9

Qqe 0.72509¢  0.7273% 0.72+0:04 0.72+0.%4 0.7210.%4 0.7179:04 0.7173% 0.725.04 0.725:9¢
wo -1 —1.00%%4 —0.992010  —0.991003  —1.0025%  —0.99101°  —1.005%4  —0.931013  —0.97:%)]
c2 -1 —1.005547  —0.99+0.10 0 0 —0.057097  —0.06%2%  —0.977537  —0.99107
100Q,n2 2277513 2257918 2.267013 2.26701¢ 2.244017 2.251017 2.25%017 2.25%017 2.29701¢
10Qmh? 114758 115799 1147099 1.14+09% 1147019 1137019 1.15+09% L117943 1134019
H, 70.013%  69.4749 69.7+49 69.2+38 69.5+49 68.6747 69.2+42 69.2+42 69.7+37
n, 0.9779%3  0.97+% 0.9775% 0.987203 0.9775% 0.97+903 0.97+9%4 0.9779% 0.97*004
log(10'°4,) 3.0970%  3.0970% 3.0970% 3.0970% 3.09700 3.097049 3.097089 3.075504 3.0970:69
Zrei 10.5%39 10.6%32 10.5%32 10.7537 10.5%532 10.8%32 10.3734 103733 10.4734
o 0.83790  (.83120¢ 0.83799%¢ 0.78%219 0.821207 0.781019 0.83109¢ 0.791219 0.811098
f0 13.7503 13.8703 13.7403 13.7404 13.8703 13.8104 13.8104 13.8104 13.7404
— logL 4027.60  4027.63 4027.62 4027.24 4027.75 4027.51 4027.79 4027.35 4027.41

analysis must be used, but this will be the matter of a
separate paper.

Analogical likelihood and posterior distributions for the
rest of parameters have the shape of the Gaussians with
half width equal approximately to the values shown in the
upper/lower indices of each value in the tables. We can
see also that the best fitting values of all parameters of
models, presented in the Table II in columns 1-7, lie in
the 10 marginalized confidential limits of the models with
free c2. The differences of y? values are statistically
insignificant. It means that observational data sets used
here give no possibility to distinguish these 9 models at
high statistical level, none of which can be ruled out by
these data.

In Fig. 9, we compare the power spectra of CMB tem-
perature fluctuations and matter density ones for cosmo-
logical models with the best fitting parameters from
Table II with WMAP7 and SDSS DR7 LRG data. They
demonstrate perfect agreement of all models with obser-
vations. The power spectra of best fitting ACDM model
(its parameters are presented in the column 1 of Table IT)
overlap with the spectra of CSF + CDM and TSF + CDM
models.

Let us discuss the best fitting CSF + CDM and TSF +
CDM models presented in the Table II. For comparison,
we present the ACDM model with the best fitting
parameters determined for the same data set by original
CosmoMC.

1. Scalar field models with ¢2 = 0 (columns 4 and 5 in
Table II). Such fields have partially the properties of
ACDM model. Their pressure is constant during the whole

0) _

history of the Universe: P,, = wopile = const. But their

density py, = p(doe)[(l + wg)a—? — wy] at the early epoch
changes similarly to one of the dust matter (« a3) and
asymptotically approaches the constant value _WOPS? in
far future (a > 1). The EoS parameter w(a) = woa®/(1 +
wo — woa’) decreases from = 0 at the early epoch (a = 0)
to — 1 in future. Now it is very close to its asymptotic value:
wo = —0.99. The expansion rate (16) decreases from

H(a) = \/Q,Hya"? in early epoch to the constant value

H = =woQ,.Hy = 0.85H, in future. The acceleration
parameter varies slowly from +1 in the early Universe to
qo = —0.57 for classical field and g, = —0.58 for ta-
chyonic one at the current epoch up to —1 in far future.
So, such scalar fields in the early Universe mimic the dust
matter and will mimic vacuum energy density in future.
The final stage of evolution of the Universe with classical
or tachyonic scalar field with c¢; = 0 will be de Sitter one:
a < expJH t forever. These fields, jointly with cold dark
matter, can be considered as some type of the generalized
dark component, which decays and has properties of the
two-component model, dark matter plus dark energy. The
evolution of density perturbations of matter and both scalar
fields is shown for the wave number k = 0.1 Mpc ™! in
Fig. 5 (for other scales in the two-component model see
[14]). The density perturbations of classical and tachyonic
scalar fields evolve differently because of difference of
their effective sound speeds (¢ =1 for classical field
and c¢2 = —w(a) for the tachyonic one). Their impact on
the matter density perturbations in the models with the
same parameters is distinguishable too (see Fig. 0).
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FIG. 8 (color online).

One-dimensional marginalized posteriors (blue lines, lower ones in the middle panels, unimodal in the right

panels) and mean likelihoods (upper lines in the middle panels, bimodal in the right panels) and mean likelihoods (upper lines in the
middle panels, bimodal in the right panels) for Q,,, wo, and ¢2 (from left to right) for the combined data sets WMAP7 + SDSS LRG
DR7 (upper row) and WMAP7 + SDSS LRGDR7 + SN + HST + BBN (bottom row) averaged in each of 30 bins. Solid lines
correspond to the classical scalar field, dashed lines to the tachyonic one.

However, small variation of the main cosmological pa-
rameters (columns 3 and 4 in the Table II) reduce this
distinction (Fig. 9) at the cost of a bit larger x> for the
tachyonic field. At the decoupling (2,4, = 10%) and at the
earlier epochs, the ratio of scalar field density to matter one
was constant (pg./p, = (1 + wy)Q4./Q,,), and for
parameters from the table it equals = 0.015. So, scalar
fields with such parameters do not change practically the
predictions of the concordance ACDM model for the
Big Bang nucleosynthesis; however, they reduce essen-
tially the fine tuning problem: at the end of phase transi-
tions (r ~ 10710 s) their energy densities were about 1012
of radiation energy density against 107>* for ACDM
model.

2. Scalar field models with ¢2 > w, (columns 6 and 7 in
Table II). The condition c¢2 > w, changes slightly the
distributions shown in the bottom row of Fig. 8 but causes
finding of the best fitting value of ¢2 near 0; therefore, the
properties of such dark energy models are similar to ones
with fixed ¢2 = 0. The future of the Universe with such

fields is de Sitter expansion a « expH t, where H =

VOQ.(c2 —wy)/(1 + c2)H, = 0.84H, for both fields.

3. Scalar field models with w = const (columns 2 and 3
in Table II). The density of scalar fields with the best
fitting parameters decreases very slowly (p,, * a %0003
for classical field and = a~ %% for tachyonic one) during
the whole history of the Universe, the pressure follows it
rigorously: P,, = —p,.. The ratio of scalar field density

to matter one was p,,/p,, = 1078 at the decoupling and
lower at the earlier epoch. So, such fields also do not
change the expansion dynamics of the early Universe and
predictions of the concordance ACDM model. In the very
early Universe, at t~ 107" s, the energy densities of
classical and tachyonic scalar fields with the best fitting
parameters were about 107* of radiation one, so the
models with such fields have the same fine tuning prob-
lem. The acceleration parameters at current epoch are the
same for both fields: g, = —0.57. Therefore, the past and
future dynamics of expansion of the Universe with such
fields is similar to the ACDM model one. The best fitting
parameters of CSF + CDM and TSF + CDM models with
w = const are close, since the evolution of their density
perturbations is similar for values of w relatively close to
—1 (see Figs. 5 and 6). So, such fields with different
Lagrangians are practically indistinguishable by cosmo-
logical observations.

4. Scalar field models with —1 < ¢2 < w, (columns 8
and 9 in Table II). The best fitting values of ¢2 and wy, are
—0.97 and —0.93 for classical scalar field, —0.99 and
—0.97 for tachyonic one, correspondingly. The EoS pa-
rameter w increases very slowly from the first value to the
second one during the age of the Universe. In the early
epoch, the density of classical scalar field changed o« a =%,
the density of tachyonic one « a~ %%, Their energy den-
sities were only ~1073! of radiation one at the baryogenesis
epoch (t~ 10719 and ~1073' at the nucleosynthesis
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FIG. 9 (color online).
models with classical (left) and tachyonic (right) scalar fields
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The power spectra of CMB temperature fluctuations (top) and matter density ones (bottom) for cosmological

and best fitting parameters from Table II. The corresponding

observational data from WMAP7 and SDSS LRG DR?7 are presented.

epoch. At the decoupling, they were ~10% of matter
density. For the ACDM model, these values are ~1074,
~10732, and ~1078, respectively. So, in this case—like the
previous one—the classical and tachyonic scalar fields do
not change the expansion dynamics of the Universe in its
past history and do not affect the local physical processes
such as cosmological recombination, nucleosynthesis, bar-
yosynthesis, etc. comparing to the concordance ACDM
model. The current acceleration parameters are g, =
—0.51 in the model with classical scalar field and g, =
—0.55 in the model with tachyonic one. But predicted by
these models, future dynamics of the Universe differs es-
sentially from the one predicted by previous models. The
general properties were discussed in Sec. II, here we par-
ticularize them for the best fitting parameters of the model
with classical scalar field. So, in this model, the EoS pa-
rameter will continue to increase in future. It will reach
—1/3 at a(,—p = 570, when accelerated expansion of the
Universe is changed by the decelerated one (the age of the
Universe will be = 195 Gyrs). Thereafter, w will reach O at
ag,—0) = 678, when the age of the Universe is = 208 Gyrs.
If the scalar field is tachyonic, then at this moment its
potential will become imaginary. The potential of classical
scalar field will become negative when w reaches 1 at
ay=1) = 804, the age of the Universe will be = 226 Gyrs

then. The next important moment in the evolution of the
scalar field with such parameters will occur when the
Universe is = 268 Gyrs old (a = 950); it will violate the
weak energy condition (p,, = 0) and its energy density will
become negative after that. The pressure at this time will

have constant positive value (P, = (wy — cﬁ)p(doe) ~

O.OSp(dOe)), EoS parameter will have a discontinuity of the
second kind (like in Fig. 1), as well as the potentials of both
fields, and kinetic terms of tachyonic scalar field (like in
Fig. 3). Some time after a(,,—q the total energy density
remains positive (p,, + pg. > 0), the strong energy condi-
tion p,, + pg. + 3P4, > 0 is still satisfied. The decelerated
expansion of the Universe will stop finally when the scale
factor reaches the maximal value a,,,,, which is slightly
larger than a(,,, —g). At this moment @ = 0 and & < 0. The
values of matter and dark energy densities at the turnaround

are p,, = —pg. =3 X ]O_IOpg?. The age of the Universe
will be = 268 Gyrs then. After that the collapse begins. So,

the Universe, filled with the scalar field with such parame-
ters, is limited in time by the age of =~ 540 Gyrs and
finishes its existence in the Big Crunch singularity. Of
course, the possibility of existence of scalar fields with
such unusual properties needs yet the comprehensive
analysis.
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Therefore, all models presented in Table II match well
the set of current observational data used here (Fig. 9).
Using different subsets (for example, excluding SDSS
LRG DR7, SN data or both) or substituting the last release
of SDSS LRG DR7 by one of the previous ones, e. g. by
DR4, changes somewhat the best fitting values, so the
preferable model has ¢2 > w,,. The same relation between
these parameters holds when the SDSS data are excluded
as well as WMAP7 and Union2 SN data are substituted by
the WMAPS [10] and Union [27] data sets, correspond-
ingly (see also [28]). It means that the different data sets,
obtained by different techniques and corresponding to
different redshifts, are not in complete agreement with
each other yet.

VI. CONCLUSION

We have analyzed the minimally coupled cosmological
scalar fields with the time-variable EoS parameter w(a)
and constant adiabatic sound speed c2, which means that
the temporal derivative of pressure follows rigorously the
temporal derivative of energy density: P,, « p,,. In this
case, the equation of state has two natural parameters w
and c¢2, which are the EoS parameter at the present epoch
and at the early stages, correspondingly. The evolution of
w(a) from c2 at the beginning to w, now is monotonous;
however, the future character of it is determined by the
relation between the values of w, and c2. So, in the case
c2 > w, the derivative of w with respect to the scale
factor a is negative w’ <0, and fields roll down to the
vacuum energy at the infinite time like one with w = —1.
In the opposite case c2 < wy, w' > 0 and fields lose their
repulsion properties. The accelerated expansion of the
Universe will change in future to the decelerated one,
the weak energy condition will be violated, and the
Universe will eventually collapse. Intermediate case ¢2 =
wy is the well studied, simplest dark energy model with
w = const. The dynamics of expansion of the multicom-
ponent Universe in the past depends slightly on the value
of ¢2 (see Fig. 2) but depends strongly on the values of
Q. and w related to the current epoch. This gives the
possibility to constrain them by observational data. In this
paper, we have concentrated on determination of all pa-
rameters of scalar field models of dark energy. For this
purpose, we have analyzed the evolution of density and
velocity perturbations of scalar fields [Eqgs. (19) and (20)]
and their influence on the evolution of matter ones. The
entropy perturbations are inherent for scalar fields, so the
dark energy pressure perturbations are connected with the
density ones via the effective sound speed c? instead of
the adiabatic one c2. For the classical and tachyonic
Lagrangians, it equals 1 and —w, correspondingly. The
results, presented in Figs. 5 and 6, show that the fields
with different ¢2 and c? are distinguishable in principle if
the rest of cosmological parameters is known.
Unfortunately, it is not the case, and we have to determine
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the parameters of scalar field models of dark energy (.,
Wo, €2 jointly with other cosmological parameters, the
minimal set of which is Q,, Q.4m» 15, Ag, Hy, 7, Agy.
We restricted ourselves to the spatially flat models—that
reduces the number of free model parameters to 9.

For the calculations of evolution of perturbations in all
components, the power spectra of matter density perturba-
tions, and cosmic microwave background anisotropy, we
have used the publicly available code CAMB [20,21],
modified to include the presented here expressions (14)—
(16) and (19)—(22). To determine the parameters of scalar
field models of dark energy jointly with rest of cosmologi-
cal ones, we have performed the MCMC analysis for set of
current observational data, which include the power spectra
from WMAP7 [3] and SDSS DR?7 [4], the light curves of
SNIa [22], the Hubble constant measurements [5], and BBN
prior [23]. It has been obtained that the best fitting parame-
ters of scalar field models of dark energy have next values
and 1o confidence limits: Qg = 0.72700  wy =
—0.93%213, 2 = —0.97107] in the case of Klein-Gordon
Lagrangian, and Q,, = 0.72*03%, wy = —0.9770)], ¢2 =
—0.997237 in the case of Dirac-Born-Infeld one. The first
two parameters, corresponding to the current epoch, are
determined well, while the last one much worse (Fig. 8).
So the used observational data prefer the scalar fields with
w’ > 0, which lose their repulsive properties, and predict
the collapse of spatially flat Universe. But other models
withw’ = 0, ¢2 = w,, and even c2 = 0 are in the 10 range
of the best fitting one (Table II). Therefore, the values of
EoS parameters of the scalar fields at the early epoch are not
determined surely enough to say which field dominates now
with receding (w' > 0) or raising (w’ < 0) repulsion, and,
correspondingly, which is the future fate of our Universe,
eternal accelerated expansion or decelerated one and col-
lapse. We also conclude that the used observational data
give no possibility to distinguish two different scalar fields
(Fig. 9 and Table II), classical and tachyonic, but we hope
that the operating and planed observational programs will
give the possibility to constrain better the parameters of
scalar field models of dark energy and the number of
admissible evolution trajectories of our Universe.
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