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Abstract

We consider the Starobinsky model f(R) = R + yR? in the Palatini
formalism in both Jordan and Einstein frames. The dynamics of models is
also studied using dynamical system methods. We show the evolution of
the Friedmann equation can be reduced to the form of a piecewise smooth
dynamical system. In result, this system is reduced to a 2D dynamical
system of the Newtonian type. From the phase portraits, one can find
generic evolutionary scenarios of the evolution of the Universe. At each
frame the topological structures of the phase space are different. In the
Jordan frame, the sewn singularity appears which represents a finite scale
factor type. Such singularity appears in the Starobinsky model in the
Palatini formalism when dynamics is determined by the corresponding
piecewise-smooth dynamical system. After reformulation of the model in
the Einstein frame, we get the FRW cosmological model with a
homogeneous scalar field and the vanishing kinetic energy term.
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In the Einstein frame, in the Friedmann equation, dark energy is in the
form of a scalar field with a potential whose the form is determined in a
covariant way by the Ricci scalar of the FRW metric. In this frame, the
energy density of matter and dark energy are also parameterized through
the Ricci scalar and an interaction appears between matter and dark
energy because the dark energy is decaying. In this model, during the
cosmic evolution, the accelerating phase for the late times and the early
inflation exist. In the Einstein frame undesirable singularities disappear.
We calculate the slow roll parameters and the constant roll parameter in
terms of the Ricci scalar for the characterization of inflation. We have
found a characteristic behavior of the time dependence of density of dark
energy on the cosmic time following the logistic-like curve which
interpolates two almost constant value phases. From the required numbers
of e-folds N we found a limit on the model parameter. These models in
both frames are also analysed by statistical methods.
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Standard Cosmological Model (ACDM)

The action for gravity is introduced as

S—S,+Sn— ;/\ﬁ—ng4x+5m, (1)

where R = g"”R,,,, is the Ricci scalar and Ry, is the Ricci tensor. We
assume that 87G = c = 1.
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Standard Cosmological Model (ACDM)

In cosmology, the ACDM model has a status of the standard cosmological
model. In this case, we assume that the metric g is FRW metric

1
1— kr2

ds? = dt? — 2%(t) { dr® 4 r?(d6? + sin? 0d¢2)] : (2)
where a(t) is the scale factor, k is a constant of spatial curvature

(k =0,4£1), t is the cosmological time. The cosmological equations for
this model are the following

3 = (o 1)~ 5. )
(S SR, *)

and
p=—3H(p+ p). 5)

where H = g
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Standard Cosmological Model (ACDM)

As a source of gravity we assume perfect fluid with the energy-momentum
tensor

T# = dlag(_p7pa P, P), (6)

where p = wp, w = const is a form of the equation of state (w = 0 for
dust and w = 1/3 for radiation). Formally, effects of the spatial curvature
can be also included to the model by introducing a curvature fluid

Pk = —53_2, with the barotropic factor w = —% (px = —%pk). From the
conservation condition T}, = 0 we obtain that p = pga—3(1+%).
Therefore trace T reads as

T =" pio(3w; — 1)a(r) 3+, (7)

In what follows we consider visible and dark matter py, in the form of dust
w = 0, dark energy pp with w = —1 and radiation p, with w = 1/3.
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Palatini formalism in cosmology

In the Palatini gravity action for f(R) gravity is introduced to be
1 A
S=S+5m=7 / V=2F(R)d*x + Sm, (8)

where R = g R,,,,(T') is the generalized Ricci scalar and R,,,(T') is the
Ricci tensor of a torsionless connection . We assume that 87G = c = 1.
The equation of motion obtained from the first order Palatini formalism
reduces to

Al 1 .
f'(R)Rw — Ef(R)gW = T, (9)
Va(v=gf'(R)g") =0, (10)
where T,, = _\/%ngggLTnL is energy momentum tensor, i.e. one assumes

that matter couples to the metric. In eq. (10) Vo Mmeans the covariant
derivative calculated with respect to I'.
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Palatini formalism in cosmology

Taking the trace of (9), we obtain additional so called structural equation
f(R)R —2f(R)=T. (11)

where T = g’T,,.
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Starobinsky model in Palatini formalism — Jordan frame

Because a form of the function f(R) is unknown, one needs to probe it via
ensuing cosmological models. Here we choose the simplest modification of
the general relativity Lagrangian

f(R) = R+~R?, (12)

induced by first three terms in the power series decomposition of an
arbitrary function f(R) In fact, since the terms R" have different physical
dimensions, i.e. [R"] # [R™] for n # m, one should take instead the
function Rof(R/Ro) for constructing our Lagrangian, where Ry is a
constant and [Ro] = [R]. In this case the power series expansion reads:
Rof(R/Ro) = Ro Y g an(R/Ro)” = X ,1— @nR", where the coefficients
o, are dimensionless, while [&,] = [R]'~" are dimension full.
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Starobinsky model in Palatini formalism — Jordan frame

From the other hand the Lagrangian (12) can be viewed as a simplest
deviation, by the quadratic Starobinsky term, from the Lagrangian R
which provides the standard cosmological model a.k.a. ACDM model. A
corresponding solution of the structural equation (11) is in the following

form
R=—T=4pro+ pmoa . (13)

The Friedmann equation

1 - -
H? = 3 (pr,oa * 4 pmoa >+ ,0/\,0) (14)

for the ACDM model in our model is modified.
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Palatini formalism in cosmology

A counterpart of the above formula in our extended model can be
presented as follows

H? b? _
B oy gy (e ono)?!

K —3)(K +1)
2b

Q02 ?
+ (a3 + Q) + -2

+ %), (15)
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Starobinsky model in Palatini formalism — Jordan frame

where

Qpro =

K=

Q, =
b=

Szydtowski & Krawiec (JU)

PA0
3HZ’
3Qn0
(Qmo0a=3 4+ Qnp)’
37H3,
FI(R) = 1420, (Qmoa > + 4Qn0),

~ Hdt = —QQw(Qm,Oa_3 + Q/\,O)(3 - K)'



Starobinsky model in Palatini formalism — Einstein frame

The action (8) is dynamically equivalent to the first order Palatini
gravitational action, provided that f"(R) # 0

(@i Tho ) = 5 [ @578 (FOOR =)+ F00) +Smgiur ), (29)

Let a scalar field ® = /() and x = R, then action (24) has the following
form

(e o ®) = 5 [ d*xv/=€ (OR = U(®)) + Sulgusv). (25)

where the potential U(®) is given by

Ur(®) = U(®) = x(®)® — F(x(P)) (26)
and ¢ = d';(i‘) and R=y = dl(jlgb).
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Palatini formalism in cosmology — Einstein frame

The Palatini variation of action (25) gives us

A 1 A 1
¢ (Ruy - 2gm/R) + Eguuu(q)) - Tuu = 07
Va(yv/—gdg) =0,

R— U'(®) =0.

(27a)

(27b)

(27¢)

Equation (27b) implies that the connection [ is a metric connection for
the new metric g, = ®g,,. The g-trace of (27a) gives a new structural

equation
2U(d) - U'(®)d=T.
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Starobinsky model in Palatini formalism — Einstein frame

Let the new metric g, is given by g, = f’ (R)g,w and let
Ru RW,R g Ry, = &~ 1R and gWR— gu,,R Then equations
(27a) and (27c) have the following form

- ) 1. -
Ry — Eg;wR = Tw — >8uv u(e), (29)
®R — (02 U(d)) =0, (30)

where we introduce U(¢) = U(¢)/®? and T,, = ®~1T,,. The structural
equation is replaced by
S U(®)+ T =0. (31)
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Palatini formalism in cosmology — Einstein frame

In this case, the action for the metric g,,,, and scalar field ® is given by

S(@ur®) = 5 [ A%V"F (R—U(®) +5n(0 Burv), (32

where

- 2 4
TW = ———— — S, =(p+p)i*t” + pg* = d3TH | 33
=% 52 ( ) (33)

and @ = & Zut, f=0"2p, p=0"2p, T, =017, T=072T,
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Starobinsky model in Palatini formalism — Einstein frame

In FRW case, we have the metric in the following form
ds? = d? — 3(t) |dr? + r2(d0? + sin 0d?) | (34)

where dt = ¢(t)%d t and new scale factor 3(t) = d)(f)%a(f).
The cosmological equations (in the case of the barotropic matter) are
given by

| i:

5 = po — pm(1 +3w)

where pp = %U(CD),ﬁm = po§*3(1+"")¢%(3""_1) and W = Pm/pm. In this
case, the conservation equations has the following form

3H2:ﬁ¢+ﬁm7 3

pm + 3Hpm(1 + w) = —po.
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Starobinsky model in Palatini formalism — Einstein frame

Let us consider the Starobinsky model in FRW geometry in details. The
potential U is described by the following formula

— _ 1 1 11 1
wm:amm=<h+nyw—h¢+h. (35)

Note that the function pe has the same shape like the Starobinsky
potential. The function pe(®) has the minimum for

® =14 8yA. (36)
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Starobinsky model in Palatini formalism — Einstein frame

The scalar field ®(3) is given by
®(3) =1+ 8yA+2vpm — 67Ppm. (37)
Because pm = ®?pm, Pm = P 2pm, from equation (37) we get
(27pm — 6YPm)P? — ©(3) + 1+ 8yA = 0. (38)

Because we assume the positive ®, equation (38) gives the following
formula for ® in the case of the positive parameter ~y

o(z) = 1+ V1 =87(pm — 3Bm)(1 + 87))
B 47(ﬁm + 4I_7m)

and the negative parameter

o(3) — L= VI=810n —3m) 1+ 813)
45(pm + 4Pm)

. (40)
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Starobinsky model in Palatini formalism — Einstein frame

From formulas (39) and (40), we get the following condition for p,, + 4pm
for the positive parameter ~

1
_m - 3_m < 41
Pm = 2Pm = (1 + 87N (41)
and for the negative parameter ~
1
_m - 3_m > . 42
Pm = 3Pm = 5 (1 + 87)) (42)

For v & 0, the potential U can be approximated as U = —pp, + %. In this
case the Friedmann equation can be written as
_ om 1
3H2 =" 43
> T8y (43)

In the case of p, =0, pe is constant and the Friedmann equation has the
following form

3H? = . (44)
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Starobinsky model in Palatini formalism — Inflation

Now we consider the function (39) with the positive parameter . In this
model the inflation phenomenon appears when the the value of the
parameter -y is close to zero and the matter p,, is negligible with
comparison to pe. In this case the approximate number of e-foldings is
given by the following formula

Eﬁn - Z.init
\/ 24~

The number of e-folds N should be equal 50 ~ 60 in the inflation epoch.
In this model we obtain N = 60, when v = 1.16 x 10799 s2 and the
timescale of the inflation is equal 10732 s.

The condition for appearing of the inflation requires the value of the
parameter y to be close to zero, hence the influence of the parameter A for
the evolution of the universe is negligible.

N = Hinit(tin — tinit) = (45)
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Starobinsky model in Palatini formalism — Inflation

In this model the inflation appears when matter p, is negligible with

comparison to pg.
In statistical analysis the slow roll parameters are helpful in the estimation

of model parameter in the inflation period. These parameters are defined
as

H é
6—7m andn—2€f27H6. (46)

In our model the slow roll parameters have the following form

3 R—4A(1 +2vR)?
=3 RO ANLERRY (47)
R+ 1R? —3\(1+29R)
3 R(1 + 2~k

+ St .
2(vR—1) * 6A(1+~R)2 — R(2+~R)
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Starobinsky model in Palatini formalism — Inflation

From the Planck observations, we know a limit at a 2-¢ level of the values
of the scalar spectral index ns and the tensor-to-scalar ratio r

(ns = 0.9667 £ 0.0040 and r < 0.113). The relation between the scalar
spectral index and the tensor-to-scalar ratio and the slow roll parameters
are the following

ns—1=—6e+2n and r = 16e. (49)

Because the slow roll parameters ¢ and 1 cannot be treated as constant
parameters in our model, then we cannot use these parameters to find the
restriction on the parameter v from astronomical observations.
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Starobinsky model in Palatini formalism — Inflation

km

For example, if we assume that 3H2 = 0.6911, where Hy = 67.74 7

then we get that 3.277 x 10_6s Mpc < 7y <3.285 x 10_6M,

0< Q= 3H2 < 0.0047 and Qq; = p,fl’ ~ 0.50. But this value of the
parameter -y is too large in order to explain the present evolution of the
Universe. In consequence, the slow roll parameters are useless in the
estimation of the parameter ~.
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Starobinsky model in Palatini formalism — Inflation

0.008
0.006|
0.004 |

0.002|

L L L I . . I . . L L L I Z
1.x107%2 12x107%% 14x107%2 1.6x107%2 1.8x107*

Figure: Diagram presents the evolution of € with respect to the cosmological time
t. The time is expressed in seconds. The value of the parameter ~ is assumed as
3.277 x 10762 liv'pc and we assume that A2 = 0.6911, where Hy = 67.74; "m
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Starobinsky model in Palatini formalism — Inflation

. . | . . . . . . | . . . | ;
1.2x1072 14x107%? 1.6x107%? 1.8x107%

Figure: Diagram presents the evolution of 1 with respect to the cosmological time
t. The time is expressed in seconds. The value of the parameter + is assumed as

3.277 x 10-55Me€ 304 we assume that =25 = 0.6911, where Hy = 67.74—km__
km 3H; ’ s Mpc
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Starobinsky model in Palatini formalism — Inflation

The evolution of matter in the inflation period can be divided into four
phases. The first phase is when matter is negligible and the density of pn,
increases by the interaction with the potential pgp. The second phase is
when the matter cannot be negligible and its density still increases. In this
phase the injection of matter is the most effective. After achieving of the
maximum of the density of p,, the third phase appears. In this phase
matter still cannot be negligible but its density decreases. The last phase
is when matter density decreases and is negligible. The maximum is

achieved when )

%.

In the maximum, the value of p,, is equal to % — 4A.

R = (50)

Szydtowski & Krawiec (JU) 28/82



Starobinsky model in Palatini formalism — Inflation

60+
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Figure: Diagram presents the evolution of p,, with respect to the cosmological

. - . . . - . . 2
time t. The time is expressed in seconds and py, is expressed in sZT\Tch The value

2 2
of v parameter is assumed as 3.277 x 10*65&/'% and we assume that

A km
3hz = 06911, where Ho = 67.74 .
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Starobinsky model in Palatini formalism — Inflation

We can find four phases. In the four phase, p¢ is constant and is equal

1—169A+ I =329A
q> p—

51
- (51)
and in the last phase when p¢ is also constant
1—169A — /1 —329A
> = 3 (52)
Y
for § = 0. The difference between pg¢ in the first and in the last phase is
equal
V1 —327A 1
gl 4y
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Starobinsky model in Palatini formalism — Inflation

4000 "
2000

[ . . . | . . . | . . . | . . . | ;
1.x107% 12x107 1.4x107% 1.6x107? 1.8x107%
Figure: Diagram presents the evolution of pe with respect to the cosmological
- 2
time t. The time is expressed in seconds and pe is expressed in s;;vl%' The value
2 2
of ~ parameter is assumed as 3.277 x 10*65:/'% and we assume that

3pz = 0.6911, where Ho = 67.74 51
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Starobinsky model in Palatini formalism — Inflation
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Figure: Illustration of the dependence pe of ®. We assume that

2
v =1.16 x 107% s2. The units of je are expressed in SZT\/I%' Note that this
potential has the same shape like the Starobinsky potential.
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Starobinsky model in Palatini formalism — Inflation

d(In(a))

2.0x108
1.5x 108 |
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Figure: lllustration of the typical evolution of ® with respect to In(3) at the
beginning of the inflation epoch. We assume that v = 1.16 x 107% s? and
3o = 1 at the beginning of the inflation epoch.
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Starobinsky model in Palatini formalism — Inflation

L R
2.x107°7  4.x107% 6.x10°%7 8.x107%7 l.><10’6y

Figure: The diagram of the relation between ~ and the approximate number of
e-foldings N = Hinit(ttin — Tinit) from Tinic to .. We assume that

tin — it = 10732 s. The units of the parameter ~ are expressed in s>. Note that
the number of e-foldings grows when the parameter v decreases and N = 60
when v = 1.16 x 1079 s2.
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Starobinsky model in Palatini formalism — Inflation
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Figure: lllustration of the typical evolution of p,, with respect to In(3) at the
beginning of the inflation epoch. We assume that v = 1.16 x 107%° s? and 35 = 1

2
at the beginning of the inflation epoch. The units of p,, are expressed in Szl;vl%
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Starobinsky model in

Palatini formalism

— Inflation

Po(In(@))

3.090 1017 -

pp—

L - - L L L L
0.5 1.0 1.5 2.0

In(a)

Figure: lllustration of the typical evolution of 54 with respect to In(3) at the
beginning of the inflation epoch. We assume that v = 1.16 x 107%° s? and
50 = 1 at the beginning of the inflation epoch. The units of pg are expressed in

52M —— . Note that during the
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Starobinsky model in Palatini formalism — Inflation

n T T n n - TR R R
4.x1073* 45x107 5.x 1073 5.5x1073* 6.x 107 6.5x 1073*

Figure: lllustration of the typical evolution of 3 with respect to t at the beginning
of the inflation epoch. We assume that v = 1.16 x 107%° s? and 3y = 1 at the
beginning of the inflation epoch. The time t is expressed in seconds.
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Starobinsky model in Palatini formalism — Inflation

H (In(a))

1.860x 107

1.85 0%

1.850x10°% |-

S0 —0s o5 10 15 20 In(@)
Figure: lllustration of the typical evolution of H with respect to In(3) at the
beginning of the inflation epoch. We assume that y = 1.16 x 107% s? and
3o = 1 at the beginning of the inflation epoch. The units of H are expressed in

SK,I";,C. Note that for the late time, H can be treated as a constant.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

Following their classification the type of singularity:

@ Type 0: ‘Big crunch’. In this type, the scale factor a is vanishing and
blow up of the Hubble parameter H, energy density p and pressure p.

o Type I: ‘Big rip". In this type, the scale factor a, energy density p and
pressure p are blown up.

@ Type Il: 'Sudden’. The scale factor a, energy density p and Hubble
parameter H are finite and H and the pressure p are divergent.

o Type lll: ‘Big freeze'. The scale factor a is finite and the Hubble
parameter H, energy density p and pressure p are blown up or
divergent.

@ Type IV. The scale factor a, Hubble parameter H, energy density p,
pressure p and H are finite but higher derivatives of the scale factor a
diverge.

@ Type V. The scale factor a is finite but the energy density p and
pressure p vanish.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

al)
0.0010?—
0.0005;
\/‘(a‘(t);)‘ ool ooz __ooooss——sroood

~0.0005

-0.0010}

~0.0015 H

Figure: lllustration of sewn freeze singularity, when the potential V/(a) has a pole.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis
at)
0004*

0.002

t

Il L L L Il L L L L L L Il L L Il
-0.0004 -0.0002 E 0.0002 0.0004

V) J

Figure: Illustration of a sewn sudden singularity. The model with negative €2, has
a mirror symmetry with respect to the cosmological time. Note that the spike on
the diagram shows discontinuity of the function %—‘;. Note the existence of a
bounce at t = 0.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

In our model, one finds two types of singularities, which are a consequence
of the Palatini formalism: the freeze and sudden singularity. The freeze
singularity appears when the multiplicative expression TZ/T in the
Friedmann equation (15), is equal the infinity. So we get a condition for
the freeze singularity: 2b + d = 0 which produces a pole in the potential
function. It appears that the sudden singularity appears in our model when
the multiplicative expression TZQ vanishes. This condition is equivalent
to the case b = 0.

The freeze singularity in our model is a solution of the algebraic equation

2b+d=0= (K, Q0 Q) =0 (54)

or
K
—3K — +1=0, 55
32, (Qm + Q27,0)00 (55)

where K € [0, 3).
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

The solution of the previous equation is

1

Kfreeze =

(56)

T .
3+ 32 (Q2m+24,0)2 0

From equation (56), we can find an expression for a value of the scale
factor for the freeze singularity

W=

1-— Q/\’o

1
88,0 + o o)

dfreeze —
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

The sudden singularity appears when b = 0. This provides the following
algebraic equation

142Q,(Qmoa >+ Quo)(K +1) = 0. (58)
The above equation can be rewritten as
1429, (Qnoa > +4Qnr0) = 0. (59)

From the equation (59), we have the formula for the scale factor for

sudden singularity
2Q e
m,0
Asudden = | ———————— . (60)
sudde ( Qlw + 8Q, o)

which, in fact, becomes a (degenerate) critical point and a bounce at the
same time.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

There is a class of cosmological models, which dynamics can be reduced to
the dynamical system of the Newtonian type. Let consider a homogeneous
and isotropic universe with a spatially flat space-time metric of the form

ds® = di? — 2(t) [dr? + r2(d6? + sin? 0d¢?)] (61)

where a(t) is the scale factor and t is the cosmological time.

Let us consider the energy-momentum tensor T/ for the perfect fluid with
energy density p(t) and pressure p(t) as a source of gravity. In this case
the Einstein equations assumes the form of Friedmann equations

357

p=3H> = 22 (62)
25 &

p= L 2 (63)

where dot denotes differentiation with respect to the cosmic time t, H = g
is the Hubble function.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

We assume that p(t) = p(a(t)) as well as p(t) = p(a(t)), i.e. that both
energy density as well as pressure depends on the cosmic time through the
scale factor a(t). The conservation condition T!,” = 0 reduces to

p=—3H(p+p). (64)

It would be convenient to rewrite (62) in an equivalent form

2> = —2V(a), (65)
where )
V(a) = —'0@6)'3. (66)
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

In (66) p(a) plays the model role of effective energy density. For example
for the standard cosmological model (14)

2 2
o _peffa . _i _3
V= 6~ % (Pm,oa - p/\,O) , (67)

where pett = pm + A and pm = pmoa 3. Equation (63) is equivalent to

E 1

- =—= 3 68

Z = —<(p+3) (68)
which is called acceleration equation. It is easily to check that

oV
0a’

a= (69)
where V/(a) is given by (66) provided that conservation equation (64) is
fulfilled.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

Due to equation (69) the evolution of a universe can be interpreted as a
motion of a fictitious particle of unit mass in the potential V/(a). Here
a(t) plays the role of a positional variable. Equation of motion (69)
assumes the form analogous to the Newtonian equation of motion.

If we know the form of effective energy density then we can construct the
form of potential V/(a), which determine the whole dynamics in the phase
space (a, a). In this space the Friedmann equation (65) plays the role of a
first integral and determines the phase space curves representing the
evolutionary paths of the cosmological models. The diagram of potential
V/(a) contains all information needed to construction of a phase space
portrait. In this case the phase space is two-dimensional

{(a,é): ‘f+ V(a):—g}. (70)
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

In a general case of arbitrary potential, a dynamical system which
describes the evolution of a universe takes the form

We shall study the system above using theory of piece-wise smooth
dynamical systems. Therefore it is assumed that the potential function,
except some isolated (singular) points, belongs to the class C?(R.).
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

The lines X; + V(a) = —g represent possible evolutions of the universe for
different initial conditions. The equations (71) and (72) can be rewritten
in dimensionless variables if we replace effective energy density pesr by
density parameter

_ Peff

Qefr = =5, (73)
O 3H2
then
1 42 Qefra®
B (74)
d%a oV
a2 = 02 (7%)
where t — 7 = |Hp|t and
- Qefra’
V(a) = —%fa. (76)
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

Any cosmological model can be identified by its form of the potential

function V(a) depending on the scale factor a. From the Newtonian form
of the dynamical system (71)-(72) one can see that all critical points
correspond to vanishing of r.h.s of the dynamical system

(X =0, BV ) Therefore all critical points are localized on the
X-axis, i.e. they represent a static universe.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

Because of the Newtonian form of the dynamical system the character of
critical points is determined from the characteristic equation of the form

a® + det A|X0:O,M|30:0 =0, (77)

where det A is determinant of linearization matrix calculated at the critical
points, i.e.
0%V(a)

det A = Wbo’agga)'aozo. (78)

From equation (77) and (78) one can conclude that only admissible

critical points are the saddle type if » V

9?V(a)
832 ‘a ao>0

\a 2 < 0 or centres type if
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

Let V = —"’72 (QW(Qm + QA)2% +(Qm + Q) + Qk>. We can
rewrite dynamical system (71)-(72) as

a = x, (79)
aV(a)
/
X = — 5 80
P (80)
where'zi—b+giisanew ization of ti
=05 = b dr parametrization of time.

We can treated the dynamical system (79)-(80) as a sewn dynamical
system. In this case, we divide the phase portrait into two parts: the first
part is for a < asing and the second part is for a > asing. Both parts are
glued along the singularity.
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

For a < asing, dynamical system (79)-(80) can be rewritten to the
corresponding form

a = x, (81)
r_ avl(a)
X === (82)

where V4 = V(—n(a — as) + 1) and 7(a) notes the Heaviside function.
For a > aging, in the analogous way, we get the following equations

a = x, (83)
/ aVQ(a)
© 9a (84)

X

where Vo = Vn(a — as).
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Starobinsky model in Palatini formalism in Jordan frame —

dynamical analysis

Figure: The Figure represents the phase portrait of the system (79-80) for positive
2. The scale factor a is in the logarithmic scale. The red trajectories represent
the spatially flat universe. The dashed line 2b + d = 0 corresponds to the freeze
singularity. The critical points (1) and (2) present two static Einstein universes.
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Starobinsky model in Palatini formalism in Jordan frame —
dynamical analysis

Figure: The phase portrait of the system (79-80) for negative Q.. The scale
factor a is in logarithmic scale. The red trajectories represent a spatially flat
universe. The dashed line b = 0 corresponds to the sudden singularity. The
shaded region represents trajectories with b < 0.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

If we consider dynamics in the Jordan frame then one can used a formula
for H? for reducing dynamics to the dynamical system of the Newtonian

type which possesses the first integral 3 1 (‘j‘:) + V(a) = 0, where

V(a) = —1H?222. In this representation of dynamics, singularities for the
finite value of the scale factor a = a5 are poles of V/(a) potential or their
derivatives. The generic feature of the formulation of dynamics is the
appearance of the freeze or typical sudden type of singularity in the past.
At the freeze singularity point while the scale fac:c;;r is finite, its second

a

derivative with respect to the time blows up, i.e -3 = £00. In general, all

singularities can be detected from the diagram of the potential function.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

If we consider dynamics in the Einstein frame there are no such
singularities. The big bang singularity present in the ACDM model is
replaced by the generalized sudden singularity of the finite scale factor.
Beyond this singularity, the phase portrait is equivalent to the ACDM
model.

Two dynamical systems in the phase space are equivalent if there is a
homeomorphism transforming all trajectories with the preserving of the
direction of time measured along the trajectories. The comparison of
dynamics in both the Jordan and Einstein frame explicitly shows that
corresponding dynamical systems are not topologically equivalent. In
consequence, the physics in both frames is different.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

The cosmological equation for the Starobinsky—Palatini model in the
Einstein frame can be rewritten to the form of the dynamical system with
the Hubble parameter H(t) and the Ricci scalar R(t) as variables

H(E) = L
6 (14 2vR(1))?
(67 — 6H(T)2(1 + 2yR(0)? + RE)(—1 + 249A + 7(1 + 247N R(D)) ),

(85)

A 3 i A
R(t) = —m H(t)(1 +2vR(t))

(47 + R(D) (~1 + 1694 + 164*AR(®)) ), (86)

where a dot denotes the differentiation with respect to the time t.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

For the equations (85)—(86) and (90)—(91), we can find the first integrals.
In the case of equations (85)—(86), the first integral has the following form

+ - =0. (87)
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

In this case the scale factor 3 is given in the following form

Co(1 +2vR(7))

a= _ ’
arctan [ ZLH167A+3272AR(E)
_ ( Vet ) - i
2e 3/ Li329A \/4/\ + R(t) (—1 + 169A + 1672/\R(f))
(88)
- /13290
32 34/=1+329A Y RYE YV-YE

where Gy = 2° ’ VAMR(B) (“1H16 16 AR®)) |

_ (1+2vR(%))
3g as the present value of the scale factor.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

We get the first integral in the following form

_ R(H2+7R(D)
6(1 4 2vR(7))?

arctan<w>
B V/—1H329A N e
T W Jan R (<14 169+ 1672AR(D)

Co(1+ 2vR(2))

H®)? 4+ A

=0.

(89)
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Starobinsky model in Palatini formalism in Einstein frame
— dynamical analysis

Figure: The phase portrait of system (85)-(86). There are four critical points:

point 1 represents the Einstein universe, point 2 represents the stable de Sitter

universe, point 3 represents the unstable de Sitter universe and point 4 represents
M

2
the Einstein universe. The value of the parameter y is chosen as IO_GT"ZC.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

For comparison of the dynamical system in the both frames, we obtain

dynamical system for the SAtarobinsky—PaIatini model in the Jordan frame
in the variables H(t) and R(t)

R 2 1 prpy . 18+ 8IA) (A= H(1)?)
A(t) = —3 [6 (27 + H(2)?) + R(e) + R T T
~18(1 + 8yA)H(t)?
1+ 2yR(t) ’

R(t) = —3H(t)(R(t) — 4A), (91)
where a dot means the differentiation with respect to time t. This phase
portrait represents all evolutionary paths of the system in the Jordan frame
without adopting the time reparameterization. Along the trajectories is

measured original cosmological time t. The system (90)-(91) constitutes a
two-dimensional autonomous dynamical system.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

For a deeper analysis of the behavior of the trajectories of system
(90)—(91) in the infinity, we introduce variables R and W = m and
rewrite equations (90)—(91) in these variables. Then we get the following
dynamical system

vy H@E 1 W(t)?
W(t) = 1 H(eR)P? =5 [6 <2A+ T W(t)2> + R(t)+
(t)?

2
18(1 + 8A) (A — L2 ) ~18(1+87A) ey
)

—1—129A + yR(t 1+ 2vR(t)
Rty = -3— 2B (ki) —an). (93)
1— W(t)?
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Starobinsky model in Palatini formalism in Einstein frame
— dynamical analysis

Figure: The left panel is the phase portrait of system (90)-(91) and the right one
is the phase portrait of system (92)-(93). There are four critical points in the
both systems: point 1 and 2 represent the Einstein universe, point 3 represents
the unstable de Sitter universe, point 4 represents the stable de Sitter universe.

2 2
For illustration the value of the parameter ~y is chosen as 10_65:(\/'%.
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Starobinsky model in Palatini formalism in Einstein frame

— dynamical analysis

Equations (90)—(91) have the following the first integral given by

(1+2vR(1))? (—3/\ + R(r) - MEAMROPEE ”(12"‘3’%“”’%“)>

H(t)z— 2(1+2vR(t))
(1 + 2vR(t) — 3y(—4A + R(t)))?

=0, (94)

where Co = a3(—4A + R(t9))?/3. Here, ap is the present value of the scale
factor.
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

In statistical analysis, in the case of the Starobinsky model in the Palatini
formalism in Jordan frame, we used the following astronomical
observations: observations of 580 supernovae of type la, BAO,
measurements of H(z) for galaxies, Alcock-Paczynski test, measurements
of CMB and lensing by Planck and low £ by WMAP.
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

The likelihood function for observations of supernovae of type la is given
by the following expression

In Lonia = —2[A — B2/C +In(C/(2n)], (95)

where A = (Mobs _ /Lth)(c_l(/LObS _ Mth), B = C_l(MObS _ Nth)' C=TrC?
and C is a covariance matrix for observations of supernovae of type la.
The distance modulus is defined by the formula 1°** = m — M (where m is
the apparent magnitude and M is the absolute magnitude of observations

of supernovae of type Ia) and p™" = 5logyy Dy + 25 (where the luminosity

distance is Dy = c(1+ z) [y ,_‘,I(zz
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

BAO observations such as Sloan Digital Sky Survey Release 7 (SDSS
DR7) dataset at z = 0.275, 6dF Galaxy Redshift Survey measurements at
redshift z = 0.1, and WiggleZ measurements at redshift

z = 0.44,0.60,0.73 have the following likelihood function

In Lgao = —% <d°b5 - ;‘(/Z(‘;D c? (d°bs - l')‘(/z(dz))) . (96)

where rs(zy) is the sound horizon at the drag epoch.
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

For the Alcock-Paczynski test we used the following expression for the
likelihood function

1

In LAP = —EZ

i

(APth(z;) - APObs(Z,')>2

5 (97)

g

where AP(z)th = H(Z) I Hd% and AP(z;)°" are observational data.
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

The likelihood function for measurements of the Hubble parameter H(z)
of galaxies from is given by the expression

1 L ((H(z)oP —
In Ly = =52 (
i=1

aj

h 2
H(Zi)h> ‘ (98)
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

We use the likelihood function for observations of CMB and lensing by

Planck, and low-£¢ polarization from the WMAP (WP) in the following
form

1 _
In LCMBJrIensing = —E(Xth - XObS)C 1(Xth — XObs), (99)

where C is the covariance matrix with the errors, x is a vector of the
acoustic scale /4, the shift parameter R and Qh? where

I = T z d7
AT @) S H(EZ)

Z dZ
-/ 2
R = Qm,oHo/0 HZ) (101)

where z* is the redshift of the epoch of the recombination.

(100)
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

The total likelihood function is expressed in the following form
Ltot = LSNIaLBAOLAPLH(Z)LCMB—Hensing- (102)

In estimation of model parameters, we use our own code CosmoDarkBox.
The Metropolis-Hastings algorithm is used in this code.
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame

Table: The best fit and errors for the estimated model for the positive {2, with
Qm o from the interval (0.27,0.33), Q. from the interval (0.0,2.6 x 10~°) and Hp
from the interval (66.0 (km/(s Mpc)), 70.0 (km/(s Mpc))). Qb0 is assumed as
0.048468. The redshift of matter-radiation equality is assumed as 3395. Hy, in
the table, is expressed in km/(s Mpc). The value of reduced x? of the best fit of
our model is equal 0.187066 (for the ACDM model 0.186814).

parameter best fit 68% CL 95% CL
oo e T e
o 02 T iy
. omwn pwn ameim
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Statistical analysis of Starobinsky model in

formalism in Jordan frame
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Figure: The intersection of the likelihood functions of two model parameters (€2,
Qo) with the marked 68% and 95% confidence levels.
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Statistical analysis of Starobinsky model in Palatini

formalism in Jordan frame
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Figure: The intersection of the likelihood functions of two model parameters (€2,
Ho) with the marked 68% and 95% confidence levels.
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Detailed conclusions coming from our analysis are the following:

@ We show that the interaction between the sectors of matter and the
decaying vacuum appears naturally if we consider model formulation
in the Einstein frame. For model formulated in the Jordan frame this
interaction is absent.

@ The inflation appears in our model formulated in the Einstein frame,
when the parameter + is close to zero and the density of matter is
negligible in comparison to pe.

@ While the freeze double singularities appear in our model in the
Jordan frame there is no such singularities in the dynamics of the
model in the Einstein frame.
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@ In the context of the Starobinsky model in the Palatini formalism in
the Jordan frame we found a new type of double singularity beyond
the well-known classification of isolated singularities.

@ The phase portrait for the Starobinsky model in the Palatini formalism
in the Jordan frame with a positive value of =y is equivalent to the
phase portrait of the ACDM model. There is only a quantitative
difference related to the presence of the non-isolated freeze singularity.

@ For the Starobinsky—Palatini model in the Einstein frame for the
positive parameter -y, a sewn freeze singularity is replaced by a
generalized sudden singularity. In consequence, this model is not
equivalent to the phase portrait of the ACDM model.
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@ For the Starobinsky model in the Palatini formalism in the Einstein
frame, we get the inflation for the early Universe.

@ Given two representations of our model in the Einstein and Jordan
frames, we found that its dynamics is simpler in the Einstein frame as
being free from some obstacles related to an appearance of bad
singularities. It is an argument for the choice of the Einstein frame as
physical.

@ We estimated the model parameters of the Starobinsky model in the
Palatini formalism in the Jordan frame using astronomical data.
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