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@ Introduction

© F(R) gravity

@ A viable exponential F(R) model

@ Ghost-free Generalized Lagrange Multiplier F(R) gravity
@ Reconstruction of slow-roll F(R) from inflationary indices.
@ Autonomous Dynamical System Approach for F(R) Gravity

@ The inflation unified with dark energy for R?-corrected Logarithmic and Exponential F(R) Grav-
ity

© Unimodular F(R)-gravity

© Alternatives: bounces in F(R) gravity.

@ Unifying trace-anomaly driven inflation with cosmic acceleration in modified gravity
@ Stable neutron stars from f(R) gravity

@ () gravity

@ String-inspired model and scalar-Einstein-Gauss-Bonnet gravity

@ F(R) bigravity

@ What's the next?
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Introduction

© Quantum field theory calculations lead to higher-derivative corrections.

@ QFT in curved spacetime changes gravity at the early-epoch.
© Then, why GR not any other theory?
@ Solar system tests maybe passed by number of modified gravity.

Fundamental approach
The choice of variables

o Fundamental approach: the choice of variables.

o Metric description.

o Palatini description.

@ Pure connections choice as fundamental variables.

o Or some variables/structures of theory are hidden?

@ Say, non-metricity. Or torsion should be added. (Gauge approach to gravity, recent F(T)

gravity).

@ Or still we are missing the most convenient choice of variables?

The choice of theory

o Eventually, non-linear and higher-derivative one.

@ Local or non-local?
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Introduction

The universe evolution

@ Early-time inflation. R? (Starobinsky) inflation.

@ Dark energy from modified gravity.Dark energy from power-law F(R) gravity:S. Capozziello,
Curvature quintessence, Int. J. Mod. Phys. D 11 (2002) 483.

© Unification of inflation with late-time acceleration. First example:S. Nojiri and S. D.
Odintsov, Modied gravity with negative and positive powers of the curvature: Unication of
the inflation and of the cosmic acceleration, Phys. Rev. D 68 (2003)

123512, [hep-th/0307288]. No extra scalars, fluids, etc.

@ The better unification: inflation, radiation/matter dominance and dark energy. Example: S.
Nojiri and S. D. Odintsov, Modied f(R) gravity consistent with realistic cosmology: From
matter dominated epoch to dark energy universe, Phys. Rev. D 74 (2006)

086005, [hep-th/0608008]. One can include QG effects!

@ The possibility to include DM. Example: S. Capozziello, V. F. Cardone and A. -Troisi, Low
surface brightness galaxies rotation curves in the low energy limit of r**n gravity: no need
for dark matter?, Mon. Not. Roy. Astron. Soc. 375, 1423 (2007); S. Nojiri and S. D.
Odintsov, Dark energy, in ation and dark matter from modied F(R) gravity, TSPU Bulletin N
8(110) (2011) 7 [arXiv:0807.0685 [hep-th]].
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Introduction

Proposals for modified gravity

@ Modified F(G) gravity:S. Nojiri and S. D. Odintsov, Modied Gauss-Bonnet theory as
gravitational alternative for dark energy, Phys. Lett. B 631 (2005) 1; [hep-th/0508049].

@ string-inspired Gauss-Bonnet gravity with possibility to unify inflation with DE: S. Nojiri, S.
D. Odintsov and M. Sasaki, Gauss-Bonnet dark energy, Phys. Rev. D 71 (2005)
123509, [hep-th/0504052].

© Realistic non-local gravity:S. Deser and R. P. Woodard, Nonlocal Cosmology, Phys. Rev.
Lett. 99 (2007) 111301
@ Born-Infeld gravity as Bl electrodynamics.

© non-minimal gravity:non-minimal scalar-curvature coupling which is predicted by
renormalizability or F(R,T):T. Harko, F. S. N. Lobo, S. Nojiri and S. D. Odintsov, f (R;T)
gravity, Phys. Rev. D 84 (2011) 024020 or coupling of matter lagrangian with gravity: S.
Nojiri and S. D. Odintsov, Gravity assisted dark energy dominance and cosmic acceleration,
Phys. Lett. B 599 (2004) 137,astro-ph/0403622.

O Gravity with torsion, massive gravity, HL gravity
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Introduction

Possible unification with GUTs (example of HD gravity)

o Consistent gravitational physics in Solar System.

o Applications: relativistic stars at strong gravitational regime,wormholes without phantoms,
new black holes thermodynamics (negative entropy due to HD terms?).

o Fresh review: Nojiri, S. D. Odintsov and V. K. Oikonomou, Modied Gravity Theories on a
Nutshell: Inflation, Bounce and Late-time Evolution, arXiv:1705.11098 [gr-qc],
Phys.Repts.2018.
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Overview of modified gravity and FRW cosmology.

The action: F(R
s /d4x\/jg[ 2( 2) +L(matter]i| ’ o
K
where g is the determinant of the metric tensor g, £(matter) i the matter Lagrangian and F(R) a generic
function of the Ricci scalar, R.
We shall write
F(R) =R+ f(R). 2)
Field eqs:
1 F(matter
Ruv = 5 Rew = n* (TR0 + Tt ®)

Here, R, is the Ricci tensor and the part of modified gravity is formally included into the ‘modified gravity’

stress-energy tensor T%G, given by
e _ L[l R = RE'(R) + (V¥ O)F'(R 4
= R 125 PR — FF R (V¥ — g D)F (R} @
F(matter) 5o given by the non-minimal coupling of the ordinary matter stress-energy tensor T(matter) \ivh
b g y g y gy b
geometry, namely,
- 1
(matter) _ (matter)
T = gy T ®)
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Overview of modified gravity and FRW cosmology.

The trace of Eq. (3) reads

30F'(R) + RF'(R) — 2F(R) = > Ttmatter) | (6)

with T(™2%%°0) the trace of the matter stress-energy tensor. We can rewrite this equation as

O Viose
OF'(R) = —~ 7
(R) = rcmy @)
where av. 1
eff / 2 ~(matter)

= - |2F(R) — RF'(R T 8
SFR) = 3 2FR) = RF(R)+ 5 ] (&)

F’(R) being the so-called ‘scalaron’ or the effective scalar degree of freedom. On the critical points of the theory,
the effective potential Vg has a maximum (or minimum), so that

OF'(Rcp) =0, (9)

and
2F(Rep) — RopF/(Rop) = — k2 T(matter) (10)

For example, in absence of matter, i.e. T(matter) — g one has the de Sitter critical point associated with a
constant scalar curvature Rys, such that

2F(Ras) — RasF’(Ras) = 0. (11)
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Overview of modified gravity and FRW cosmology.

Performing the variation of Eq. (6) with respect to R, by evaluating JF'(R) as

OF'(R) = F"(R)OR+ F""V"RV,R, (12)
we find, to first order in OR,
F"'(R) 1 / 2 matter
OR + FiR) € vuRvuR—m[zF(R)—RF (R) + <2T ]
I_—///(R) I_—///(R) 2 R I_—/(R)
OsR - YL RV,R+ = —
e { [ i~ (P ) | THRVR S - S
F/// R 2 dTmattcr
R [2F(R) - RF’(R)+;¥T”’““”] -t 2 Usr
3(F"(R))? 3F"(R) dR
F/II R
+2 F”((R)) g"'V,.RV,6R+ O(R*) ~ 0. (13)

This equation can be used to study perturbations around critical points. By assuming R = Ry ~ const (local
approximation), and §R/Ry < 1, we get

O86R ~ m*6R + O(6R?), (14)
where
1 I_—/ R 2 dTmatter
m= L ER) g : (15)
3 | F'"(Ry) F'"(Ry) dR IRy
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Overview of modified gravity and FRW cosmology.

Note that »
m? — O Vst |
AF'(R)2 IRy
The second derivative of the effective potential represents the effective mass of the scalaron. Thus, if m?> > 0
one gets a stable solution. For the case of the de Sitter solution, m? is positive provided

(16)

F'(R,
(Ros) )
RasF""(Ras)
Modified FRW dynamics.
ds® = —di? + a*(t)dx?, (18)

where a(t) is the scale factor of the universe. In the FRW background, from (i, v) = (0, 0) and the trace part
of the (u,v) = (i,j) (i,j =1, ...,3) components in Eq. (3), we obtain the equations of motion:

3
pett = §H27 (19)
1 .
poit = —— (2A +3H7) | (20)
K
where pegr and pesr are the total effective energy density and pressure of matter and geometry, respectively,
1 1 / =/
= — |(F(R)R — F(R)) — 6HF'(R)| ¢ , 21
bt = Fri {2+ 37 [(F(RIR— F(R) — 6HE ()] | (1)
1 1 , ., .
off = — 5y — |—(F'(R)R — F(R 4HF' (R 2F'(R . 22
pust = iy 1P 30z [~(F(RIR = F(R) + 4HE'(R) + 27 (R)] | 22)
The standard matter conservation law is
p+3H(p+p)=0. (23)
For a perfect fluid,
p=wp, (24)

beino the thermadypamica oS_naram of matte
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Overview of modified gravity and FRW cosmology.

The standard matter conservation law is
p+3H(p+p) = 0. (25)
For a perfect fluid,
p=wp, (26)
w being the thermodynamical EoS-parameter of matter. We also introduce the effective EoS by using the
corresponding parameter wefs

(27
and get
weff = —1 — —— . (28)

If the strong energy condition (SEC) is satisfied (wefr > —1/3), the universe expands in a decelerated way, and
vice-versa. Viability: Minkowski solution, observable cosmology, positive grav. constant. Local tests:spherical
body solution,correct newtonian limit.
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F(R) gravity: Scalar-tensor description

One can rewrite F(R) gravity as the scalar-tensor theory. By introducing the auxiliary field A, the action (??) of
the F(R) gravity is rewritten in the following form:

1

S=55 d*x/—g {F'(A) (R — A) + F(A)} . (29)
By the variation of A, one obtains A = R. Substituting A = R into the action (29), one can reproduce the
action in (??). Furthermore, by rescaling the metric as g,,, — €7 gu. (a = —1In F'(A)), we obtain the Einstein

frame action:
1 3 s
Se =7 /d4x\/—g <R — Egp 8,00,0 — V(a)) ,

Vo) =76 (+77) -1 (£ (+77)) = oy ~ P )

Here g (e~ 7) is given by solving the equation o = —In (14 f'(A)) = —InF’(A) as A= g (e~ 7). Due to
the conformal transformation, a coupling of the scalar field o with usual matter arises. Since the mass of o is
given by
3d°V(e) 3 A 4F(A 1
m: =z (2):7{ - ()2+ } (31)
2 do 2 | F'(A) (F'(A)) F'"(A)

unless m, is very large, the large correction to the Newton law appears.
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Exponential gravity.Unification of inflation with DE

A natural possibility is

F(R)=R—2A <1—e’f%>—/\,v (1—e7('%)n>+vf?”~ (32)

fi=—N (1_67(%)’1) , (33)

where R; and A; assume the typical values of the curvature and expected cosmological constant during inflation,
namely R;, Aj ~ 102°=38¢V2 while n is a natural number larger than one. The presence of this additional
parameter is motivated by the necessity to avoid the effects of inflation during the matter era, when R < R;, so
that, for n > 1, one gets

For simplicity, we call

R"
R> |fi(R)] ~ ——= .
R
The last term in Eq. (32), namely YR®, where v is a positive dimensional constant and « a real number, is
necessary to obtain the exit from inflation. If v ~ 1/R(.°‘_1 and o > 1, the effects of this term vanish in the

small curvature regime.

(34)
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Exponential gravity.Unification of inflation with DE

By taking into account the viability conditions the simplest choice of parameters to introduce in the function of
Eq. (32) is:

n=4, a == (35)

while the curvature R; is set as

Ri = 2A;. (36)
In this way, n > « and we avoid undesirable instability effects in the small-curvature regime. ..also no anti-gravity
effects. From Eq. (??) one recovers the unstable de Sitter solution describing inflation as

Ras = 4A; . (37)

We note that, due to the large value of n, Rqgs is sufficiently large with respect to R;, and fi(Ras) >~ —A;. One
can also expect that, on top of this graceful exit from inflation, the effective scalar degree of freedom may also
give rise to reheating.

Efective energy density ppr = perr — p/F’(R) in the case of the of Eq. (32), near the late-time acceleration
era describing current universe.

The variable

2
PDE H _ _
yHE—(O):—ﬁTZ—aS—Xa . (38)
pm

Here, pgp is the energy density of matter at present time, M is the mass scale

2 ,(0)
= % ~15x 10 eV, (39)
and x is defined as
P(O) —4
X=—=~31x10"", (40)
(0)
Pm

where pﬁo) is the energy density of radiation at present (the contribution from radiation is also taken into
consideration).
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Exponential gravity.Unification of inflation with DE

The EoS-parameter wpy for dark energy is

11 dyH
=-1--= . 41
“pE 3 yn d(Ina) (41)
By combining Eq. (19) with Eq. (??) and using Eq. (195), one gets
d’yu dyn
—_— —— + J. 5 =0, 42
d(In a)? ! d(In a) thynt b (42)
where 'R
1 1-F(R
Jh=4 , 43
' * yu + a3+ xa=* 6/m2F""(R) (43)
1 2—F'(R
b= = (R) s (44)
yu + a3+ xa"*3m2F"(R)
3 (A=F(R)(a>3+2xa )+ (R—F(R)/(37*) 1
J=—-3a " — = s (45)
yy+a 3+ xa* 6M2F''(R)
and thus, we have
d,
R:3ﬁ12( YH +4yH+a_3> . (46)
dlna
The parameters of Eq. (32) are chosen as follows:
A= (7.93)/°,
A = 101N,
R,‘ = 2/\,‘ N n=4 N
5 _ 1
T T @hya-1e
Ry =0.6A, 0.8A, A. (47)
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Exponential gravity.Unification of inflation with DE

Eq. (198) can be solved in a numerical way, in the range of Ry < R < R; (matter era/current acceleration).
yH is then found as a function of the red shift z,

1
z=-—1. (48)
a
In solving Eq. (198) numerically, we have taken the following initial conditions at z = z;
dyn 7
d(z) 5 ’
A
= —, 49
M, ™ 3me (49)

which correspond to the ones of the ACDM model. This choice obeys to the fact that in the high red shift
regime the exponential model is very close to the ACDM Model. The values of z; have been chosen so that
RF"(z = z) ~ 107°, assuming R = 3m%*(z 4+ 1)>. We have z = 1.5, 2.2, 2.5 for Ry = 0.6A, 0.8A, A,
respectively. In setting the parameters, we have used the last results of the WMAP, BAO and SN surveys.
Using Eq. (41), one derives wpg from yu. In the present universe (z = 0), one has wpg = —0.994, —0.975,
—0.950 for Ry = 0.6A\, 0.8A, A. The smaller Ry is, our model becomes more indistinguishable from the ACDM
model, where wpg = —1.
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A viable exponential F(R) model

S. D. Odintsov, D. Sdez-Gémez and G. S. Sharov, Eur. Phys. J. C. 77 (2017) 862, arXiv:1709.06800
with the action

S= i/d“x\/?g F(R)+S™,
2k2

where

F(R) = R — 2A {1 —exp (- 5%)} A {1 —exp (— (%)")} AR, (50)

reproduces early time inflation and late-time acceleration in concordance with observational con-
straints.
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A viable exponential F(R) model: Inflation

The (last) inflationary terms support the slow-roll inflation scenario at early times:
R >R, Ri/A = 10% — 1004, (51)
Under the conditions

2<a<3, n>a, Ri = 2A;, v~ AL (52)

i

at early times (51) an unstable (inflationary) de Sitter point R = Rys arises under the
equality G(Rgs) =0 (here G = 2F(R) — RFg) or

Rgs — (@ —2)yR3s — 2A; = 0;

@ a successful exit from inflation appears;

@ we avoid the effects of inflation during the matter era when R < R; (the inflationary terms
become negligible);

@ we avoid anti-gravity effects and instabilities during the matter era.
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A viable exponential F(R) model: Inflation

We express the action via an additional scalar mode ¢

s= 1 / dx/"g [6R — V(#)] + S™, where é=Fg, V(¢)=RFg—F,

T 22

conformally transform it into the Einstein frame g, = ¢ - gu and redefine
2. 7 ~
(b:e\/;w, V =2k2¢2. V.

The calculated slow-roll parameters ¢, 7, the spectral index of the perturbations ns and the tensor-
to-scalar ratio r,

_ 1 (\7’(<Z>)>2 1))

T \ V(9 ® V(@)

ns — 1= —6e+2n, r = 16¢

under the conditions (52) obey the Planck and Bicep2 constraints
ng = 0.968 £ 0.006 , r <0.07.

The corresponding number of e-folds N ~ 58 lies in the range 55 < N < 65.
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A viable exponential F(R) model: Late-time acceleration and observations

At the late-time epoch (R < R; and z < 10%) the inflationary terms are negligible and the
Lagrangian (50) becomes

F(R):R—2/\{1—exp<—ﬂg)]4 (53)

The dynamical equations

F
FRRuv — —&uv + (8uvg*PVaVs — V. V) Fr = k2T

2

in the flat FLRW space-time with the metric ds? = —dt? + a?(t) dx?> are reduced to the system
for the Ricci scalar R and the Hubble parameter H = a/a:

dH R

— = — —2H N=I 54

= oL -2H, (N = log) (54)

dR 1 (K2 RFr — F

—_— = — 7@ — Fr + R72 , (55)

dN Frr \ 3H 6H

p = pmatplat=ph (a7 + X aTY).

During the early universe (for z > 10* in practice) when curvature R is large, the model (53)
transforms into the ACDM model with F(R) = R — 2A and its viable solutions tend asymptotically
to ACDM solutions with parameters

Hy = HyPM, qn =ap®PY Qp = PV (56)

Starting from the ACDM asymptotical behaviour at a < 10~* we integrate the system (54), (55)
and compare its solutions at the matter-dominated epoch z < 103 (for 4 free parameters of the

model B, Q% , Q% HX) with the available observational constraints.
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A viable exponential F(R) model: Late-time acceleration and observations

@ The Union 2.1 Supernovae la data with Ngy = 580 data points (the observed SNe la
distance moduli 1:9%% for redshifts z; at 0 < z; < 1.41). We compare p2% with u''(z) and

calculate the x? functlon
D
uh(z) =5logy K, Di(2) = (1+2)Du(z),  Dum(z) = <[5 45

* * . Ns,
xiN(B,QWQA):r};Lﬂ S A (Con) jBmjs  Dpj = p™(z) — pet=.
0

e Baryon acoustic oscillations (BAO) data include 17 data points for d;(z) = rs(z4)/Dv(2)

and 7 data points for A(z) = Hy\/99,D\/(2)/(cz), where ry(z4) is the sound horizon scale
at the end of the baryon drag epoch,

Dy(2) = [e2D}y(2)/H(2)]

o We use Ny = 30 values H(z;) estimated from differential ages of galaxies and

Ny T pyobs th 2
. H(z;)—H"(z;,p;)
2 __ i i»Pj
Xpy = min ), | T
Hy =1 N

rs(zs)

with the estimations from Ref. Q.-G. Huang, K. Wang, S. Wang, JCAP, 1512 (2015) 022:

o The CMB parameters x = (R,ZA,wb) = (\/Q%%(Z*), "D"”(Z*), QghQ) are compared

RP' =1.7448 £ 0.0054, ¢§' =301.46 +0.094, w}' = 0.0224 + 0.00017.
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A viable exponential F(R) model: Late-time acceleration and observations

For the F(R) model (53) we calculated the optimal values, 1o errors for the model parameters and
min x2, which are compared in Table 1 with the predictions of the ACDM model.

Model data Qr Qx ] minx2/d.o.f
F(R) SNe+BAO-+H(z) 0.28274%0 | 0.69679%2> | 3.3675%, | 572.07 / 631
F(R) | SNe+BAO+H(z)+CMB | 0.28070% | 0.63779%] | 2.3875%, | 575.51 / 634
ACDM SNe+BAO+H(z) 0.28214%9 | 0.718749% 0o 572.93 / 633
ACDM | SNe+BAO+H(z)+CMB | 0.2772799%%3 | 0.720819 %00 00 583.24 / 636

Table: Predictions of the exponential F(R) model (53) and the ACDM for different data sets.

One may conclude that the considered exponential F(R) model with the full Lagrangian (50) is
capable to provides the right predictions for the inflationary epoch and for late-time acceleration
in such a way that no other fields are required. The model satisfies the observational constraints,
demonstrates better results in min X2 than the ACDM model, but it has the extra parameter
B. Thus, the statistical difference between the F(R) model (53) and the ACDM model is not

significant.
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

The action

Sei = 55 | 4*xVE (F(R)+ A (0,606 + G(R)) | (57)

where G(R) is an differentiable function of the scalar curvature R. We rewrite the action (57) as
follows,

S= % d*x/=g {(F'(A) + AG'(A)) (R — A) + F(A) + X (8.90"¢ + G(A))} . (58)

By using the following conformal transformation,
guw —€7gu, o=—In(F'(A)+AG'(A)), (59)

we obtain the following Einstein frame action,

Se :ﬁ / d*xv/—g {R — ggﬂuapaago — V(o) + X (700" + €27 G(A))} ,

__A A
CF(A) PR

V(o) (60)
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

By using the second equation in (59), we may eliminate the function A as long as the condition
G'(A) # 0 holds true, and we obtain,

Se = (€78, 98" ¢ + €7 G(A))

22 G'(A)
V(A,0) =Ae® — F(A)e? . (61)

—c _
! /d4x\/ {R—%gpaapaaga— (A,cr)—i—e F(4)

We should note that the model (??) corresponds to G(A) = 1 and therefore G’(A) = 0. By using
the equation obtained when the action is varied with respect to A,

02( F'(A) _ (e77 — F'(4)) 6"(A)

79, O™ 27 G(A)) 62
G/(A) G'(A)2 ) (€70,.90" ¢ + €°7 G(A)) (62)
we can find the function A as a function of o and 8,¢0%¢ as A = A (o, 0.0 ¢). In effect,
Eq. (61) can be written as follows,

1

Sg = oyl

dxv/ & [R ~ 26770,0050 ~ V (A(9,0,00"6) ,0)

e~ 7 — F' (A(0,0,¢0"4)) > }
70 pOH 7G (A(o, 0upo* . 63
G e gy (€000 + 627G (A0, 50 9)) (63)
Although it is difficult to find the explicit form of A (o, 8,,$0" ¢), the action (63) does not include
any higher derivative terms. Therefore the model of Eq. (57) is ghost free.
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

I A (T =F(A)6"(A)

—TA A2 # 0, Eq. (62) gives,

0 = 9, 40"p + 2 G(A), (64)

which is nothing but the constraint equation in the Einstein frame given by the variation of A in
the Jordan frame action (58). The variations of the action (61) with respect to o, ¢, and gy, give

3 - —o _F(A
0=V, V¥o — A’ + 2F(A)e? — % (e70,,00" ¢ + €2 G(A)) + eGli(A)() (700" +
(65)
- _ F'(A
0=V (66,7(14»()90 u¢) ) (66)

o

1 1( 3 e~ — F/(A)
0=—Ru + guwR+ > {_Egpvapaaao — V(A o)+ @ (e70,00" ¢ + > G(A)) } g

(e“’ — F'(A)) e’

3
-0 8’/ _
+ ot G'(A)

0udpOu, (67)
(68)
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

We now consider the condition that the flat Minkowski space-time becomes a solution. Because A
is nothing but the scalar curvature in the Jordan frame, we require A = 0 and we also assume that
o is a constant and ¢ only depends on time t,

A=0, o=o00, ¢=a¢(t).

(69)

Then Eq. (66) is trivially satisfied and Egs. (64), (65), and (67) reduce to the following forms,

0=—e"¢% 4 299G(0),

oo
0 =2F(0)e270 + &

1
ozfiﬂméwfe

~ F'(0)
O)
~o0 — F(0)

&0

(—e"” $% 4 2¢290 G(O)) ,

90 (;'52

1
O:Eme%m

Then by using (70), we find

Eq. (70) can be solved to give

0= F(0) = (e~ = F'(0)) G(0),

b=doxte?/Go.

(70)
(71)
(72)

(73)

(74)

(75)

Here ¢ is a constant. In order to investigate if there is a ghost or not, we consider the perturbation
from the flat Minkowski space-time.
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

By using (74), we consider the case that F(0) = G(0) = 0 and the perturbation from the solution
given by (69) and (75),

A=0A, oc=o09+0d00, ¢=c¢g+dp. (76)

Then the scalar part in the action (61) has the following form,

1
Se =5 / d*xv/—g {R - gaﬂaaauaa — €705 Ab0 + 26270 F'(0)5Adcr

L (T - F0)) e («%wauw 270G (0)5A2 + 2e2aoG’(°)‘5"5A)
G'(0) 2
+ <_eoo($a — F"(0)6A — S _C'::_’/(((?))) GH(O)éA) 92005’4} ' o

The equation given by the variation with respect to dA gives dA in terms of o. Then by substituting
the expression §A = Cdo with a constant C, we obtain the mass term for do. The action (77)
tells that as long as the following relation holds true,

e~ 9 — F/(0)

o < 0, (78)

the ghost does not appear.
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By varying the action (57) with respect to the function A and with respect to the scalar field ¢,
we obtain the following equations,

0 =8,60"¢ + G(R), (79)
0 =V*(A0uo) , (80)
On the other hand, upon variation of the action with respect to the metric gy., we obtain,
F(R
0= 7(2 L — (F/(R) + AG'(R)) Ruw — N0,u60,6 + (V¥ — £ 2) (F/(R) + AG'(R)) -
(81)

We assume that the geometric background is flat FRW metric with line element of the form of
Eq. (??), and also that the function A\ and also the scalar field ¢ depend only on the cosmic time
t. In effect, the Egs. (79) and (80), take the following form,

. d
_ g2 _ 3
0=—-9¢-+G(R), 0= p ( Aqb) (82)
which can be rewritten as follows,
é=+G(R), a\p=C, (83)

where C is an integration constant. Also, the (t,t) and (i, ) components of Eq. (81) yield the
following equations,

_ F(R) : , CG'(R) \ L CVGR) 4, d )
0= +3(f+r) (F(R)iaa c;(fe))¥ 2 a <F(R) G(R))
(84)
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

. ! 2
o= (s (e ST )+ (G w2 g) (oo 5080 )

(85)
If we define a new quantity J(R, a) as follows,
2C+/G(R
J(R,a) = F(R) £ % , (86)
a
Eq. (84) can be rewritten in the following form,
J(R, A) . 5 ) 9J(R,a)

0=———"—+3(H+H —3H— . 87
2 + ( + dt OR (&7)

We should note that when C = 0, Egs. (84) and (85) become identical to the equations of the
standard F(R) gravity, which indicates that any solution of the standard F(R) gravity is also a
solution of the model (57).

An analytic form for the F(R) and G(R) gravity, can be given if the de Sitter spacetime is consid-
ered, in which case H = Hy and a = e"0f. Then Eqs. (84) and (85) can be cast in the following
form,

F(Ro)

0= 2G'(Ro) — G(Ro)) , (88)

C
em

—3HZF'(Ry), (89)

+3HZF' (Ro) + — ———

O:F(Ro)
2
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

where Ry = 12H§. Then in order for the solution describing the de Sitter space-time to exist, the
functions F(R) and G(R) must simultaneously satisfy the following differential equations,

0=2F(Ry) — RoF'(Ro), 0= RoG'(Ro) — G(Ro). (90)
A special solution to the differential equations (90) is the following,
F(R)=aR?, G(R)=fR, (o1)

and both the differential equations(90) are satisfied. Note that other examples of such theory
leading to de Sitter space maybe found.

Another ghost-free model of generalized F(R) gravity, can be obtained in the Einstein frame, if the
scalar fields X and ¢ are introduced in the Lagrangian as follows 71,

Sg = i/d“x\/i—g {R - §gp‘78p0'800 — V(o) + A (800" ¢ + 1)} . (92)
2K2 2
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By applying the inverse of the transformation (??), we obtain,

S= 212 d*xv/=g {F'(A) (R — A) + F(A) + X (0u00" ¢ + F'(A)) } , (%3)

where A = F/(A)A. Upon varying the action with respect to A, we obtain the following equation,
A=R+\. (94)
Then by substituting Eq. (94) in the action (93), we obtain the following action,

Sy = — [ d*x/=g [F(R+A) + A0,60"} , (95)

which is the action of the mimetic F(R) gravity without ghost. If we further redefine A as follows
A — X — R, we obtain the following action,

St = 5z [ 4XVELFO) + (= R) 9,606} (96)
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Ghost-free Generalized Lagrange Multiplier F(R) gravity

If we assume that the leading order of F(\) is linear,
FQ)=x+0(2?), (97)

or equivalently,
F(R+X)=R+X+0(R+X?), (98)

the leading order in the action (95) is effectively the standard Einstein action with the mimetic
constraint,

S= 50 [ AR+ A (0,000 + 1)+ O (R+ )} (99)

Hence, the proposed models may serve for unification of inflation, dark energy and dark matter.
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Reconstruction of slow-roll F(R) from inflationary indices.

Reconstruction of slow-roll F(R) from inflationary indices. S. Odintsov and V.Oikonomou, Annals
Phys. 388 (2018) 267-275

By using a bottom-up approach, we shall investigate how a viable set of the observational indices
ns and r can be realized by an F(R) gravity in the context of the slow-roll approximation, where ns
is the power spectrum of the primordial curvature perturbations and r is the scalar-to-tensor ratio.
It is important to note that the slow-roll approximation shall be considered to hold true during our
calculations. In this case, the dynamics of inflation is quantified perfectly by the generalized slow-
roll indices €1 ,€, €3, €4. The first slow-roll parameter €; controls the duration of the inflationary
era and more importantly if it occurs in the first place, and it is equal to ¢; = f%. In the case of
vacuum F(R) gravity in the context of the slow-roll approximation, the slow-roll parameters can
be approximated as follows,

F, . _H :
=0, € ~—e3, E4NI€RR<24H+6H>3€1+I—Z’ (100)
R 1
where Fr = g—,’;, and Frrr = %. In addition, the spectral index of the primordial curvature

perturbations of the vacuum F(R) gravity, and the corresponding scalar-to-tensor ratio, are equal

to,
ns ~1—6ey —2eq, r=48€2. (101)
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At this point, let us exemplify our bottom-up reconstruction method by using a characteristic
example, and to this end, let us assume that the scalar-to-tensor ratio r is equal to,

2

;= , 102

CEE (102
where N is the e-foldings number and ¢, g are arbitrary parameters for the moment. As we now
demonstrate, the choice (102) can lead to a viable inflationary cosmology. By using the expression
in Eq. (101) for the scalar-to-tensor ratio r, we obtain that,

48H(t)?
= —" 103
H(t)* (103)
and by expressing the above expression in terms of the e-foldings number N, by using the following,
d d
— =H—, (104)
dt dN
the scalar-to-tensor ratio in terms of H(N) is,
48H'(N)?
— # , (105)
H(N)?

where the prime now indicates differentiation with respect to N. By combing Egs. (102) and (105),
we obtain the differential equation,

VA8H'(N) ¢
URCERR (106)
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which can be solved and the solution is,
H(N) = (N + q)*V3 . (107)

The spectral index ns can be calculated in terms of N, however it is worth providing the expression
in terms of the cosmic time, which is,

ns ~1+

+

4H(t)  2H(t) FrrR
H(t)2  H(t)H(t) Fr

24/—'/+6Z> , (108)

so by using (107) and also the following expression,

2 2
d = H? d Hﬁi ,
dt? dn? dN dN

(109)
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the spectral index in terms of the e-foldings number is equal to,

4H(N) 2 (HINH'(N) + HNR) , S
H(N) H(N)H'(N) + ,":ER (24H(N)H (N)+6H(N)H" (N)+6H (I\(Iij?))’

where the prime indicates differentiation with respect to the e-foldings number. Finally, by substi-
tuting Eq. (107), the spectral index becomes equal to,

" c _ cN B cq " 2N " 2q n
V3(N+4q) V3(N+q)? f(N+q)2 (N+4q)?  (N+aq)?

22 Frrr(N + q)f\/i_2 5\[C72FRRR(N + CI)2 -
8Fgr 2Fr
We need first to investigate which F(R) gravity can produce the inflationary era quantified by Egs.
(107) and (111), in order to find the analytic form of the last two terms in Eq. (111). As we shall
see, if the parameter c is appropriately chosen, an analytic expression for F(R) can be obtained.
In order to find the F(R) gravity which realizes the observational indices (107) and (111), so the
cosmological equation appearing in Eq. (136), can be rewritten in the form,

ns >~ 1+

(111)

ns =

. . . F(R
—18 <4H(t)2H(t) + H(t)H(t)) Fre(R) +3 (H2(t) + H(t)) Fr(R) — % =0, (112)
where F/(R) = R) . The e-folding number N, which in terms of the scale factor a is,
e N =2 (113)
a
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Reconstruction of slow-roll F(R) from inflationary indices.

and in the following we set ag = 1. By writing the FRW equation of Eq. (302) in terms of the
e-foldings number N, we obtain,

— 18 (4H3(N)H'(N) + HA(N)(H")? + H3(N)H" (N)) Frr(R) (114)
£3 () + HMH () Fr(R) - T —o,

where the primes stand for H' = dH/dN and H” = d?H/dN?. By using the function G(N) =
H?(N), the differential equation (114) can be cast as follows,

=0,
(115)

where G’(N) = dG(N)/dN and G”'(N) = d?G(N)/dN?. Also the Ricci scalar can be expressed in
terms of the function G(N) as follows,

R =3G'(N)+ 12G(N). (116)
Thus, by solving the differential equation (115), we can find the F(R) gravity which may realize a
cosmological evolution. Now we shall make use of the reconstruction technique we just presented

in order to find the F(R) gravity which realizes the observational indices (107) and (111). In our
case, the function G(N) is,

~ 9G(N(R) (46 (N(R)) + 6" (N(R)) Fra(R) + (36(W) + 3 6'(M(R)) ) Fa(R) - *

G(N) = (N + q)2v3 , (117)

and consequently, the algebraic equation (116) takes the following form,

- 1 _c_
129°(N + )25 + Zv3c7? (N + q)23 ‘=R (118)
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In general it is quite difficult to obtain a general solution to this equation, however is c is chosen
appropriately, it is possible to obtain even full analytic results. For example if ¢ = /12, the results
have a fully analytic form. In the following we shall investigate only the case with ¢ = /12, in
which case the algebraic equation (118) becomes,

392 +1292N 4+ 12929 = R, (119)
so the function N(R) is equal to,
—372 — 12429+ R

N(R) = 120
(R) — (120)
By combining Eqs. (117) and (120) the differential equation (115) in this case becomes,
—372 —1292g+ R 1 F(R)
-367" | —————— F"(R)+ > (3v*+R) F/(R)— ——= =0 121
(R ) PR R R PR - S 0, 2
which can be solved analytically, and the solution is,
3 /1 R
F(R \f35+——3\/§ SR+ u(R—32)¥?12 (7(7_3))7 122
(R) = W YR + 1 (R —37%) il (5 (122)

where the function L$(x) is the generalized Laguerre Polynomial and also § and p are arbitrary
integration constants. The existence of the Laguerre polynomial term, imposes the constraint
R < 372, however in this case the term containing the root becomes complex. Hence in order to
avoid inconsistencies, we set p1 = 0, and hence the resulting F(R) gravity is,

3 6R2
F(R) = 5\6735 + N 3V3v6R, (123)
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which is a variant form of the Starobinsky model. By requiring the coefficient of R to be equal to
one, & must be equal to § = ——L—, hence the resulting F(R) gravity during the slow-roll era is,

3v3y'
2 R2
F(R)=R- L — _ (124)
2 1842
We can find the Hubble rate as a function of the cosmic time, by solving the differential equation,
N = H(N(t)), (125)
where H(N) is given in Eq. (107), and the resulting evolution is,
1
N = (A2 — 4qg + 7212 — 29At) (126)

where A > 0 is an integration constant. Then we easily find by combining Eqs. (126) and (107)
that the Hubble rate as a function of the cosmic time is (recall that ¢ = \/ﬁ)
N A2t

H(t) = > > (127)
Hence, the resulting evolution is a quasi-de Sitter evolution, if A is chosen to be quite large so that
it dominates the evolution at the early-time era, in which case H(t) ~ "’7/\ Also it is trivial to see
that & > 0, so the solution (127) describes an inflationary era. Finally, let us now demonstrate if
the resulting cosmology is compatible with the Planck data. Firstly, let us see how the spectral
index becomes in view of Eq. (124) and due to the fact that Frgr = 0, the spectral index becomes,

—14 c _ cN _ cq n 2N " 2q
V3(N+q) V3(N+4q)? V3(N+q)? (N+g?2 (N+g)?'

ns

(128)
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By using the value of ¢, namely ¢ = /12, and also for N = 60 and g = —118, the observational
indices become,
ns ~ 0.9658, r ~ 0.00346842. (129)

Recall that the 2015 Planck data constrain the observational indices as follows,
ns = 0.9644 £0.0049, r <0.10, (130)
and also, the latest BICEP2/Keck-Array data constrain the scalar-to-tensor ratio as follows,
r <0.07, (131)

at 95% confidence level. Hence, the observational indices (129) are compatible to both the Planck
and the BICEP2/Keck-Array data.

Hence, by using a bottom-up approach, we found in an analytic way the F(R) gravity which may
realize a viable set of observational indices (ns, r). In principle, more choices for the observational
indices are possible, although in most of the cases, semi-analytic results will be obtained, due to
the complexity of the differential equation (115).
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ous Dynamical System Approach for F(R) Gravity

Based on S.D. Odintsov and V.K. Oikonomou, arXiv:1711.03389, Phys. Rev. D accepted

Motivation

Why to look for an autonomous dynamical system approach for F(R) gravity?

Non-linear dynamical systems, even the autonomous ones, can be studied by using the Hartman-Grobman theo-
rem, only in the case that the fixed points are hyperbolic, and only in this case serious information regarding the
stability of the fixed points can be obtained.

A convincing non-autonomous example is the following:

Consider the one dimensional dynamical system x = —x + t. The solution can be easily found to be x(t) =
t — 1+ e ‘(xo + 1), from which it is obvious that all the solutions asymptotically approach t — 1 for t — oo.
Also it is easy to see that the only fixed point is the time-dependent solution x = t, which however is not a
solution to the dynamical system.

In addition, a standard analysis by using the fixed point theorems, shows that the vector field actually move away
from the attractor x(t) = t — 1, which is simply wrong.

Therefore, for F(R) gravity, a way to obtain an autonomous dynamical system is needed. With regards to the
inflationary era, this study will reveal:

@ The existence of de Sitter fixed points.
@ Their stability, either studied numerically, or analytically.

The stability of a fixed point can reveal important properties of the phase space, for example one could argue
that the graceful exit from the inflationary era is a feature related to the existence of unstable de Sitter attractors
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The vacuum F(R) gravity autonomous dynamical system

The vacuum f(R) gravity action is,
/d xv/—gf(R), (132)
T 22
1

where x? = 876G = +z and also M, is the Planck mass scale.

The equations of motion are:

1
F(R)Ruv(g) = 5F(R)guy — V,uVuf(R) + g UF(R) =0, (133)
which can be written as follows,
1 K2 1 /f(R) — RF(R)
Ruv = 5Reur = g (Tur + 5 (555 g + VaVoF(R) = g DFR)) ) . (139)

with the prime indicating differentiation with respect to the Ricci scalar.

For the FRW metric,
N 2
ds* = —d® + a(t)* > (dx’) ; (135)
i=1,2,3

where a(t) is the scale factor, the cosmological equations of motion become,

0= @ +3 (H2 + H) F(R) — 18 (4H2H + HFI) F'(R), (136)

— (F+3H) FR) + 6 (8H2Fl +4F2 + 6HA + ) F'(R) +36 (a0 + A)' F/(R),  (137)

where F(R) = 8%, F/(R) = 8%, and F"(R) =
What is now needed is to find suitable variables i m order to construct the autonomous dynamical system.
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Choice of the dynamical variables
we shall introduce the following variables,
F(R) f(R) R

X =——r, Xpg=————, X3= ——.
1 2 3= 52

F(R)H’ T 6F(R)H?’ (138)

In the following we shall use the e-foldings number N, instead of the cosmic time, so the derivative with respect
to the e-foldings number can be expressed as follows,

d 1d
S22, (139)
dN H dt
which shall be useful. Hence, by using the variables (138) we obtain the following dynamical system,
d
TE = —4 — 3x; + 2x3 — x1x3 + X12 s (140)
b2 o a 2x0xs + 4
— = m — 4x XoX] — 2XpX: X2,
an 3 X1 2X3 2
e P P
— =-8-m X3 — 2X3 ,
dn 3T
where the parameter m is equal to, B
H
m=—15- (141)
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By looking the dynamical system (140), it is obvious that the only N-dependence (or time dependence) is
contained in the parameter m. Also we did not expressed m as a function of N, since we shall assume that this
parameter will take constant values.

The effective equation of state (EoS) for a general f(R) gravity theory is,

B 2H
Weff = —1 — W s (142)
and it can be written in terms of the variable x3 as follows,
1
Wefr = 75(2X3 —1). (143)

By using the dynamical system (140) and the EoS (143), given the value of the parameter m, we shall investigate
the structure of the phase space corresponding to the vacuum f(R) gravity, and we shall discuss in detail the
physical significance and implications of the results.
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The parameter m appearing in the non-linear dynamical system (140) plays an important role, since it is the only
source of time-dependence in the dynamical system. Let us note that for certain cosmological evolutions this
parameter is constant. For example, a quasi de Sitter evolution, in which case the scale factor is,

2
a(t) = efot=Hit™ (144)

the parameter m is equal to zero, and the same applies for a de Sitter evolution.
However, in this section we shall not assume that the scale factor has a specific form, but we shall study in
general the cases m ~ 0.
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With regard to the m ~ 0 case, this is easy to check, since if we solve the differential equation H% = 0, this
yields the solution,

H(t) = Hy — H;t, (145)
This means that we focus on cosmologies for which the approximate solution for the evolution is a quasi de Sitter
evolution. This does not mean that the exact Hubble rate is a quasi-de Sitter evolution, but the approximate
f(R) gravity which drives the evolution, leads to an approximate quasi-de Sitter evolution. Interestingly enough,
for the quasi-de Sitter evolution (145), the following conditions hold true,

HH > H, H< H?, (146)

which are the slow-roll conditions. Hence the m ~ 0 case is related to the slow-roll condition on the inflationary
era.
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de Sitter Inflationary Attractors and their Stability

We study the case m ~ 0, which may possibly describe a quasi de Sitter evolution, however we shall analyze the
dynamics of the system (140), for m =~ 0 without specifying the Hubble rate.

In the case m ~ 0, the fixed points are,

¢t =(=1,0,2), ¢> =(0,—1,2). (147)

The eigenvalues for the fixed point ¢l are (=1, —1,0), while for the fixed point ¢> these are (1,0, 0). Hence
both equilibria are non-hyperbolic, but as we show the fixed point ¢>}K is stable and ¢i is unstable.

Before we proceed let us discuss the physical significance of the two fixed points, and this can easily be revealed
by observing that in both the equilibria (147), we have x3 = 2. By substituting x3 = 2 in Eq. (143), we get
wer = —1, so effectively we have two de Sitter equilibria.
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Also it is worth to have a concrete idea on how the dynamical system behaves analytically. Actually, the third
equation of the dynamical system (140) is decoupled, and the solution of it reads,

4N — 2w +1

x3(N) = N —o

5 (148)

where w is an integration constant which can be fixed by the initial conditions. The asymptotic behavior of the
solution (148), that is for large N, is x3 — 2, which is exactly the behavior we indicated earlier.
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Now let us analyze the dynamics of the cosmological system, and for starters we numerically solve the dynamical
system (140) for various initial conditions and with the e-foldings number belonging to the interval N = (0, 60). In
Fig. (1) we present the numerical solutions for the dynamical system (140), for the initial conditions x;(0) = —8,

x2(0) = 5 and x3(0) = 2.6.

3 T T T T T
1 —_—————————— >
. ]
2
5
TR —— >
IR ELES T PRy >
.
;
;
i L L L L I
0 10 20 30 40 50 60
N

Figure: Numerical solutions x1(N), x2(N) and x3(N) for the dynamical system (140), for the initial conditions
x1(0) = —8, x2(0) = 5 and x3(0) = 2.6, and for m ~ 0.
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Approximate Form of the f(R) Gravities Near the de Sitter Attractors

Effectively what we seek for is the behavior of the f(R) gravities near the fixed points and with the slow-roll
approximation holding true. Let us start with the first fixed point, namely ¢>i = (—1,0,2), so the following
differential equations must hold true simultaneously at the fixed point,

d?f R f

—— e~ 1, —— 0, 149
dR? H4E H24dt6 (149)

3

which stem from the conditions x; ~ —1 and x >~ 0. Since m ~ 0 (or equivalently since the slow-roll
approximation holds true), the left differential equation can be written as follows,

d*f  df
—24Hj— — — =0, (150)
dR?2 dR
which can easily be solved and it yields,
__R_
f(R) ~ A1 — 24M\ze 24H; (151)

The f(R) gravity solution (151) is nothing but the approximate form of the f(R) gravity in the large curvature
era, which generates the quasi-de Sitter evolution of Eq. (145) or equivalently, that yields m ~ 0.
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Now let us consider the case of the second de Sitter fixed point, namely d)i = (0, —1,2), and in this case the
conditions x; >~ 0 and x; >~ —1 become,

d’f R o f
T qmpar =Y Tpare &
dR? HdL H24f6

(152)

By using the fact that R ~ 12H?, when the quasi-de Sitter evolution is taken into account, the second differential
equation can be written,

df R
fo~ —— (153)
dR 2
which can be solved to yield,
f(R) ~ aR?. (154)

The solution (154) is not the exact form of the f(R) gravity which leads the cosmological system to the fixed
point, but it is the approximate form of the f(R) gravity near the fixed point (bi which corresponds to the case
m =~ 0. The approximate f(R) gravity of Eq. (154) is very similar to the R? model.

This result is interesting, since it is well known (K.Bamba, R.Myrzakulov, S.D.Odintsov and L.Sebastiani, Phys.
Rev. D 90 (2014) 043505) that R? corrections to viable f(R) gravities, like the exponential, always trigger
graceful exit from inflation, see the well-known viable Starobinsky inflation model.
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R?-corrected Logarithmic F(R) gravity

The first model

R
| = / d*\/—g [? + Y(R)R? + foe(R) + Lm} , (155)
M
The first Friedmann equation
6H2 ¥ o ’ s 2 2 g " 2 1
0 = R [6RH — 12HR] +~/(R) [24HRR — 6R” (H + H) |+ (R) [6HR*R] +
foe — (6H> 4+ 6H)f5e(R) + 6HS(R) — pm (156)

In order to reproduce the early-time acceleration

R
7(R) =7 <1 + 71 log [FD , 0<v,m, (157)
0

where Ry is the curvature of the Universe at the end of inflation and ~g , 1 are positive dimensional constants.
Since we would like to avoid the effects of R?-gravity in the limit of small curvature

Nn<L —Fp75 K 1, (158)
g [ 5]
where R = 4A is the curvature of the Universe when the dark energy is dominant, and A is the Cosmological

constant. In the following, we will assume that fpe(R) and L, in (326) are negligible in the limit of high
curvatures. The de Sitter solution with constant curvature Rys = 12Hys follows from (156) and it reads,

1 1

H:k? = ——— | Rysk® = . (159)
dS

12971 Yov1
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R?-corrected Logarithmic F(R) gravity

If we perturb the de Sitter solution as follows,
H = Hgs + 6H(t), |6H(t)/Has| < 1,
by keeping first order terms with respect to §H(t),
12Hys
2

K

In the limit Ry < Rys the solution of this equation reads,

" \/Iog [%} (16+9log [R;%’*S])

R, . .
[(1 - 24H§S'yo’nn2) SH(t) + 3y0k° (2 + 391 + 271 log [%D (3HasOH(t) + 5H(t))] ~
0

(160)

0.

(161)

(162)

where hi are constants depending on the sign of A1. When the plus sign, the de Sitter expansion is unstable.

We obtain,
Hys(t—tg)
H:Hds (17’106 N ) 5
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R?-corrected Logarithmic F(R) gravity

where tj is the time at the end of inflation when R ~ Ry and also hg, Ry and N stand for,

(Has — Ho) 3 [Rds

ho = . N =g
Has Ro

] , Ry =12H]. (164)

In order to study the behavior of the solution during the exit from inflation, we introduce the e-foldings number,

N=Iog[ ((t:))] _/ H(t (165)

By using Eq. (163) we have,
N ~ HdS(tO — l’), (166)

where we have assumed that N' < Hys(t — to), or equivalently ' < N. Thus, the Hubble parameter may be
expressed as follows,

N
H ~ Hys (1 - hoe*N> ) (167)

At the beginning of inflation we have N < N and H ~ Hys, while at the end of the early-time acceleration,
when N = 0, one recovers H = Hp.
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R?-corrected Logarithmic F(R) gravity

During the quasi de Sitter expansion of inflation the Hubble parameter slowly decreases. The slow-roll parameters
are defined as follows, .
H 1 dH
e=——=——, —n=f=—,
H H dN 2HH
where we assumed that the constant-roll condition holds true. At the beginning of the early-time acceleration the
first slow-roll parameter € is small, in which case the slow-roll approximation regime is realized. For the solution
(167) in the limit N' < N, we get,

(168)

Hgs (t—19) _N
hoe N hoe™ N
€~ = . (169)
N N
On the other hand, for the 8 parameter we obtain a constant value, namely,
p= (170)
e
This means that the model at hand satisfies the condition for constant-roll inflation.
In the case of F(R)-gravity, the inflationary indices have the following form,
2¢é 2 de 5
lon)~— =—22" r~48e. 171
A-m)= g =—Can ¢ (1r1)
By calculating these, we obtain,
N
2 hge72N
(17n5)24[372ezﬁ, r:’487‘ (172)
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R?-corrected Logarithmic F(R) gravity

We can see that in the computation of the spectral index ns we can omit the contribution of ¢ which tends to
vanish for ' < N. Since the constant-roll inflationary condition is assumed, it turns out that this index is in
fact independent on the total e-foldings number. The latest Planck data constrain the spectral index and the
scalar-to-tensor ratio as follows,

ns = 0.9644 4+ 0.0049, r < 0.10. (173)

As a consequence, we must require N' ~ 60 in order to obtain a viable inflationary scenario. This means that
at the beginning of inflation we have 60 < N, a condition which solves the problem of initial conditions of the
Friedmann Universe model we study.

By imposing N ~ 60 in Eq. (164) we obtain,

RdS ~ Rgeso, (174)

The characteristic curvature at the time of inflation is Rys ~ 10'°A, in which case one has Ry ~ 1.8 x 10%°A
and from Eq. (158) we must require 41 < 0.005. Finally, the relation between ~o and 1 is fixed by Eq. (159)

and we obtain,
—80
e
0 SR (179)
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Constant-roll Evolution in F(R) Gravity

The most natural generalization of the constant-roll condition in the Jordan frame is the following,

H B (176)
2HH —
where 3 is some real parameter. The condition (176) is the most natural generalization of the constant-roll
condition used in scalar-tensor approaches, which is,

2 _5. (177)
Ho
since the condition (177) is nothing else but the second slow-roll index 7, which in the most general case is equal
ton ~ —#. Equations of motion,
FRR — F .
3FrH? :% — 3HFR, (178)
— 2FgH =F — HF , (179)

where Fg stands for Fgr = % and also the “dot” denotes differentiation with respect to t. The dynamics of
inflation in the context of F(R) gravity are governed by four inflationary indices, €, i = 1, ...4, which are defined
as follows

H Fr E
el=—m, e =0, €3=2HFR7 64=ﬁ, (180)
with the function E being equal to,
= ﬂ . (181)
2K2
Also for the calculation of the scalar-to-tensor ratio r, the quantity Qs is needed, which is defined as follows,
Qs E (182)

T FRHA (Lt es)?
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Constant-roll Evolution in F(R) Gravity

The spectral index of primordial curvature perturbations ns, in the case that é; ~ 0, is equal to [?, ?, 7],
ns =4 — 2us, (183)

with vs being equal to,

1 1 — 2 —
Vs:\/7+( + e —e3+ ea)( 63+64). (184)

4 (1761)2

The above relation is quite general and holds true not only in the case that ¢; < 1, but also when ¢; ~ O(1).
With regard to the scalar-to-tensor ratio, in the context of vacuum F(R) gravity theories, it is defined as follows,

8’1205
r—=
Fr

, (185)

where the quantity Qs is given in Eq. (182) above, and for the specific case of a vacuum F(R) gravity, the
scalar-to-tensor ratio is equal to,
486%
r=———.
(14 €3)?
The constant-roll condition (176), affects the inflationary indices of inflation €;, i = 1,...,4 appearing in Eq.
(180), which can be written as follows,

(186)

R FRRR - R
28HH + H) , e = R4+ —, 187
( ) T HFg HR (187)

H FRR
€ = 0, €3 =
2HFR
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Constant-roll Evolution in F(R) Gravity

Action,

3m?

where A = 7.93m? , 5 = 1/1000, m = 1.57 X 10~%eV, b is an arbitrary parameter and n is a positive real
parameter.
Spectral index

F(R) =R —2A (17eﬁ>7&/\ <i>n, (188)

4 \/(6"(n —1)(=38+ (8 +2)n — 1) +36n(~334 + 35(8 + 2)n — 71))° (189)

(36n(—123 + 12(B + 2)n — 25) + 67(n — 1))?
scalar-to-tensor ratio
_48(6" — (6" —36) n)®
"7 (6" — (67 + 828) n)?
It is noteworthy that both the spectral index and the scalar-to-tensor ratio depend only on 8 or n. A detailed
analysis reveals that there is a large range of parameter values that may render the model compatible with the
observations. For example by choosing (n, 8) = (2.1, —8.7), the spectral index becomes ny; = 0.966239 and
the corresponding scalar-to-tensor ratio becomes r = 0.0119893. Also for (n, 3) = (0.9, —1.08), the spectral
index becomes n; = 0.96742 and the corresponding scalar-to-tensor ratio becomes r = 0.0936944. Finally for
(n, B) = (1.5, —0.4), the spectral index becomes ns = 0.960444 and the corresponding scalar-to-tensor ratio
becomes r = 0.0669277.

(190)
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Late-time Acceleration Era

The model | appearing in Eq. (326) during the late-time era. A modified version of exponential gravity,

20g(R)(1 — e~ /™)
T

foe(R) = 0< b, (191)

K

where b is a positive parameter and A is the cosmological constant. The function of the Ricci scalar g(R) is
necessary to stabilize the theory at large redshifts

=1 e () we[£]] . o<c. oo

where ¢ is a real and positive parameter. As a general feature of the model, we immediately see that, at
R = 0, one has fpg(R) = 0 and we recover the Minkowski spacetime solution of Special Relativity. When
4\ < R, foe(R) ~ —2A/k? we obtain the standard evolution of the ACDM model. Moreover, since |foe(R)| ~
10712°M,‘,},,, we have that the modification of gravity for the dark energy sector is completely negligible in the
high curvature limit of the inflationary era, where R/f»c2 ~ Mg,.

When g(R) =~ 1, it is easy to see that the following conditions hold true,

|[FR(R) — 1| <1, 0< Fgr(R), when 4A<R. (193)
The first condition is necessary in order to obtain the correct value of the Newton constant and avoid anti-

gravitational effects, while the second condition guarantees the stability of the model with respect to the matter
perturbations.
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Late-time Acceleration Era

During the matter and radiation domination eras, the model we used mimics an effective cosmological constant,
if the function g(R) in Eq. (192) is close to unity, namely

< R | R IN<RKLR (194)
c — ) log | — s < s
an) % [an °

where recall that Ry is the curvature of the Universe at the end of the inflationary era. For example, if c = 1075,
we obtain fpg >~ 2/\/1{2 up to the value R ~ 4A x 10*. For larger values of the curvature, matter and radiation
dominate strongly the evolution.

In order to investigate the behavior of our model during radiation and matter domination eras, but also during
the transition to the late-time era, we need to introduce the following variable,

2
V4
== — (241 = x(z+ 1), (195)

which is known as the “scaled dark energy”. This variable encompasses the ratio between the effective dark
energy and the standard matter density, evaluated at the present time, with the matter density defined as follows,
6m?

— (196)

Pm(0) =

)

where m is the mass scale associated with the Planck mass. In the expression (195), the variable z = [1/a(t) — 1]

denotes the redshift as usual, and also x stands for x = pr(0)/Pm(0)-
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Late-time Acceleration Era

If one extends the expression as follows,
2[R 2
F(R) = kg =2 +v(R)R* + foe(R)| , (197)

it is possible to derive FRW eq.,

2
d z:z(z) + Jldyg—z(z) + hyn(z)+ 5 =0, (198)
where the functions J;, i = 1,2, 3 stand for,

h o= [_3_ 1 1—FR(R)},

(z+1) yu + (z+1)3 + x(z + 1)* 6m2Frr(R)
b 1 1 2 — Fr(R)

27 (zr1p [yH +(z+1)2 +x(z+ 1) 3m2FRR(R)} ’

ks = —3(z+1)

(1= FRRN((2+ 1)* + 2x(z + 1)*) + (R = F(R))/(3m*) 1 (199)

(z+12(yn + (z+1)3 + x(z+ 1)%) 6m2Frr(R)
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Late-time Acceleration Era

At the late time regime, where z < 1, we can avoid the contribution of the matter and radiation fluids, in which
case, the solution of Eq. (198) reads,

A 1 25
~ o yoExp |Eiy———— — 22 1!, 200
YH =35 + yoExp { i NFee(ah) 4 og[z + ]] (200)

with yo being an integration constant. Since for the exponential gravity AFgr(4A) < 1, the argument of the
square root is positive, in effect, dark energy oscillates around the phantom divide line w = —1. The frequency
of the oscillation with respect to log[z + 1] is given by,

1 1 25
v=—

_2 201
2 /\FRR(4/\) 4 ( )

Generally speaking, since AFgg(4M\) ~ 2b% exp[—4b], the oscillation frequency at past times may diverge. How-
ever in our model, due to the presence of the function g(R) chosen as in Eq. (192), one has,

2/c
v V2 (202)
2n(z + 1)
This means that, back into the past, during the radiation and matter domination eras, the frequency of the
effective dark energy oscillations, tend to decrease and the theory is protected against singularities.
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Dark Energy Oscillations for the Model |

Now let us investigate the dark energy oscillations issue for the model | appearing in Egs. (326) and (157). We
assume the parameters,

16 —80 _
W= DT o= —— ;i =107%, Ry =18x 10%A, (203)
Mg, Y1Rok?
where,
M2 = 1.2 x 10%eV?, A =1.1895 x 10~ eV, (204)

The second condition in Eq. (203) leads to a realistic de Sitter curvature for the early-time acceleration, which
is Rys ~ 101207, Moreover, the third condition in Eq. (203) ensures that the high curvature corrections of the
model | disappear after the inflation, when R < Ry.

The constant parameters of the function fpe(R) in Eqs. (191)-(192) are chosen as follows,

b=>, c=10"°. (205)

In this way, we obtain an optimal reproduction of the ACDM model, and the effects of dark energy remain
negligible during the early and mid stages of the matter and radiation eras.
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Dark Energy Oscillations for the Model |

Now we need to fix the boundary conditions of our cosmological dynamical system at large redshift z = zyax.
They can be inferred from the form of ppg for the case of F(R)-modified gravity, namely,

poE = m [(RFa(R) = F(R)) — 6HF&(R)] . (206)

When A < R < Ry we obtain,
A >
(@) = (5 ) (8(R) = 6H gra(R)(z + R] , (207)
3m

where R = R(z) and H = H(z) are functions of the redshift. At large redshift, during the matter era, we have
to take R = 3m?(z + 1)% and H = m(z + 1)*/? and the boundary conditions of the system are given by,

A
ulm) = (o ) [£(Rm) = 54 e + 1 iR
3m
dyn _ 2 2
“zm) = Nz + 1) [gr(Run) — 6Rpvrr(Rmse) — 12Rmsegir (Run) ] (208)
where,
Rinax = 3m” (zmax +1)° . (209)

S. D. Odintsov (ICE-IEEC/CSIC) The universe evolution and modified gravity



Dark Energy Oscillations for the Model |

For zmax = 10, in which case X (zmax+ 1) ~ 0.00341 < 1, and we effectively are in a matter dominated Universe,

we obtain,

dyn
z

These values can be compared with the corresponding ones for the ACDM model, where yp is a constant, namely

YH = /\/(3m2) = 2.17857. We argue that our model is extremely close to the ACDM model at very high redshift.

Here we recall that the first observed galaxies correspond to a redshift z ~ 6.

Finally, the contributions of matter and radiation are determined by the values of m? and x in (195). The

cosmological data indicate that,

Vi (Zmax) = 2.1818, (Zmax) = —2.6 X 107°,  zpa = 10. (210)

m? ~1.82x 10" %eV?, x ~3.1x10"*. (211)

Numerical solution.
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Dark Energy Oscillations for the Model |

Despite of the fact that at high redshifts, the amplitude of the oscillations of the effective EoS parameter around
the phantom divide line gradually grows, we see that their frequency decreases and thus, singularities are avoided.
In order to measure the matter energy density pm(z) at a given redshift, we introduce the parameter y,,(z) as
z
ym(z) = P23 = (ay (212)
Pm(0)
For —1 < z < 1 we see that yy(z) is nearly constant and it is dominant over y,,(z), for z < 0.4, a feature that
is in full agreement with the ACDM description.
The Qpg(z) parameter,
PDE yH(2)
Qoe(z) = 22 = : (213)
pefi  yu(2) + (2 + 1)+ x(z + 1)*
is frequently used to express the ratio between the dark energy density ppe and the effective energy density pes
of our FRW Universe. Thus, by extrapolating yy(z) at the current redshift z = 0, from Egs. (213), we obtain,

Qpe(z = 0) = 0.685683, wpe(z = 0) = —0.998561 . (214)

The latest cosmological data indicate that, Qpg(z = 0) = 0.685 + 0.013 and wpg(z = 0) = —1.006 + 0.045.
Thus, our model fits the observational data at present time.
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Mimetic F(R) gravity

This theory makes natural unification of inflation, late-time acceleration and dark matter via unique gravitational
theory. Proposal of mimetic theory:Mukhanov-Chamseddine. In the mimetic model, we parametrize the metric
in the following form.

Buv = —é’pgapgﬁa(,(ﬁé';“, . (215)
Instead of considering the variation of the action with respect to g,,.,, we consider the variation with respect
to g, and ¢. Because the parametrization is invariant under the Weyl transformation g,, — e”(x)g‘w,
the variation over g,, gives the traceless part of the equation. Proposal of mimetic F(R) gravity: Nojiri-
Odintsov,arXiv:1408.3561. In case of F(R) gravity, by using the parametrization of the metric as above,

S= /d X guu7 d’)( ( (g,uln d’)) + Lmatter) . (216)
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Mimetic F(R) gravity

Field equations have the following form:
0 =38 F (R @ 6)) = R (G 9),0, ' (R (8 9)
+V (8@ 9),,) |V (8@ 9),)  F (R (8w, 6))
— & (8uvs 8),, O (8uvs &) F' (R (8w, 9)) + 5 TW
+ 0,600 (2F (R (& 6)) — R (& ) F' (R
=30 (8 @ 9),.,) F (R @ )+ 57) (17)
and
0= (g @ur:®),)" (94 2F (R (& #)) = R (& 6) F' (R (8w @)
~30 (& (8w #) ) F' (R (@uw @) + %T)) : (218)

We should note that any solution of the standard F(R) gravity is also a solution of the mimetic F(R) gravity. This
is because in the standard F(R) gravity, Egs. (217)—(218) are always satisfied since we find 2F(R) — RF’(R) —
30F’(R) 4+ 3T = 0. The mimetic F(R) gravity is ghost-free and conformally invariant theory.
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Mimetic F(R) gravity

FRW metric: Y
ds® = —dt® +a(t)’ > dx'", (219)
i=1,2,3
with R = 6H + 12H? and ¢ is equal to t (due to mimetic form of metric).
Field equations: Eq. (218) gives
C 1
=2 =2F(R) — RF'(R) — 30F'(R) + 5T
a
d*F'(R dF'(R
(R) , 4y @F'(R)
dt? dt
Here Cy is a constant. Then in the second line of Eq. (217), only (¢, t) component does not vanish and behaves
as a~> and therefore the solution of Eq. (220) with C4 # O plays a role of the mimetic dark matter. On the
other hand the (t, t) and (i, j)-components in (217) give the identical equation:

_LPR) | 9P (R) _ (H+3H) F'(R)+%F(R)+%P~ (221)

=2F(R) — 6 (H+2H2> F'(R)+3 +%(7p+3p) . (220)

!
dt? dt
By combining (220) and (221), we obtain
d*F'(R) dF'(R)
=22 _pf
dt? dt

. 1 4C,
+2HF (R)+ 5 (p+ o) + 57 (222)
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Mimetic F(R) gravity

When C4 = 0, the above equations reduce to those in the standard F(R) gravity, or in other words, when
Cy # 0, the equation and therefore the solutions are different from those in the standard F(R) gravity. Lagrange

multiplier constraint presentation: Extended model. We may consider the following action of mimetic F(R)
gravity with scalar potential:

s= / d*x/E (F (R (gw)) — V() + A (£"7 0,606+ 1) + Lanatrer) - (223)

This action is of the sort of modified gravity with Lagrange multiplier constraint. Working with viable modified
gravity one can reproduce the arbitrary evolution by changing scalar potential. This gives natural unification of
inflation, dark matter and dark energy.
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Singular evolution

The finite-time future singularities are classified as follows: Nojiri-Odintsov-Tsujikawa, PRD71,2005,063004.

@ Type | (“Big Rip") : When t — ts, the scale factor diverges a, the effective energy density pess, the
effective pressure perr diverge, a — 00, perr — 00, and |perr| — oo. This type of singularity was
presented in Caldwell-Kamionkowski-Weinberg,PRL91, 2003 where it was indicated that Rip occurs before
entering singularity itself.

@ Type Il (“sudden”) : When t — t;, the scale factor and the effective energy density is finite, a — as,
petf — ps but the effective pressure diverges |pess| — co.

@ Type lll : When t — tg, the scale factor is finite, a — as but the effective energy density and the effective
pressure diverge, peff — 00, |Pett| — 0.

@ Type IV : For t — t, the scale factor, the effective energy density, and the effective pressure are finite,
that is, @ — as, pett — Ps, |Pett| — Ps, but the higher derivatives of the Hubble rate H = a/a diverge.
There is also possibility of change to decceleration in future, or approaching dS or infinite singularity (like Little
Rip). It is interesting that future singularities may occur not only dark energy epoch but also at inflationary
epoch: Barrow-Graham, PRD2015;Nojiri-Odintsov-Oikonomou,PRD91 (2015)084059.
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Singular evolution

We consider the following action:
1 1
S= /dAX\/ —-g {@R - 5‘“(@5)3“@9“4) - V(¢) + Lmatter} . (224)

Choice of Hubble rate.In the case of the Type Il and IV singularities, the Hubble rate H(t) may be chosen in the
following form:

H(t) = fi(t) + f(t) (& — £)° . (225)
Here fi(t) and f(t) are smooth (differentiable) functions of t and « is a constant. If 0 < a < 1, there appears
Type Il singularity and if « is larger than 1 and not integer, there appears Type IV singularity. We first consider
the simple case that fi(t) = 0 and f(t) = fy with a positive constant f. In the neighborhood of t = t;, we find
that,

2afy a— afy a—
W)= (=), V@)~ - (=), (226)
and we find
2/ 2afy a+l
= Y7 " (t. — 2 227
® k(at 1) (ts — @) b ( )
Consequently, the scalar potential reads,
p (o4 1) 2(a—1)
afy K (o atl
Vv ~—— - . 228
(o)~ -2 {550} (229)
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Singular evolution

Therefore, when the following condition holds true,

2(a—1
EPPRICLEIYY (229)
a+1
there occurs the Type Il singularity. Accordingly, the Type IV singularity occurs when the following holds true,
2(a—1
o< 2ozl (230)

a+1
More examples maybe presented. Qualitatively: There could be three cases,
@ The Type IV singularity occurs during the inflationary era.
@ The inflationary era ends with the Type IV singularity.
© The Type IV singularity occurs after the inflationary era.

Most realistically, we have second and third case, when we may get realistic inflation while universe survive
transition over Type |V singularity. This scenario is also extended to F(R) gravity.Furthermore, one can get
unification of singular inflation with dark energy via the same modified gravity. Singular inflation with exit thanks
to singularity.
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F(R) Gravity Description Near the Type IV Singularity: A Singular Toy

Model

SDO and V.Oikonomou, Singular Inflationary Universe from F(R)F(R) Gravity,Phys.Rev. D92 (2015) no.12,
124024 DOI: 10.1103/PhysRevD.92.124024

The main feature of the toy inflationary solution is that it produces an inflationary era, so for a long time, the
toy inflationary solution should be a de Sitter solution. Also, we choose the Type IV singularity to occur at the
end of the inflationary era. To state this more correctly, the Type IV singularity indicates when the inflationary
era ends.

The toy inflationary solution which we shall describe, is described by the following Hubble rate,

H(t) = co + fo (t — ts)* (231)

with the assumption that ¢y > f; and also for the cosmic times near the inflationary era, it holds true that
co > fo (t — ts)®, for @ > 0. So in effect, near the time instance t >~ t,, the cosmological evolution is a nearly
de Sitter. Also, the Type IV singularity occurs at t = ts, as it can be seen from Eq. (231). Particularly, the
singularity structure of the cosmological evolution (231), is determined from the values of the parameter «, and
for various values of « it is determined as follows,

@ o < —1 corresponds to the Type | singularity.
@ —1 < a < 0 corresponds to Type Ill singularity.
@ 0 < a < 1 corresponds to Type Il singularity.

@ « > 1 corresponds to Type IV singularity.
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F(R) Gravity Description Near the Type IV Singularity: A Singular Toy

Model

So in order to have a Type IV singularity we must assume that @ > 1, and we adopt this constraint for the
parameter « in the rest of this paper. For a > 1, the cosmological evolution near the Type IV singularity is
a nearly de Sitter evolution. Indeed, since ¢y > fo, the term ~ f (t — t;) is negligible at early times, but it
can easily be seen that it dominates the evolution at late times. The evolution is governed by ¢y at early times
and for a sufficient period of time after t = t;, and the evolution is governed by the term ~ fo (t — t5)® only
at late times ~ t,. Also it is important to note that the singularity essentially plays no particular role when one
considers the Hubble rate and other observable quantities at early times. It plays a crucial role in the dynamical
evolution. In the FRW background of Eq. (??), the Ricci scalar reads,

R =6(2H* + H), (232)
so for the Hubble rate of Eq. (231), the Ricci scalar reads,
R =122 + 24cofo(t — t,)® + 12F2(t — &)°* + 6/(t — &) ", (233)

and consequently near the Type IV singularity, the Ricci scalar is R ~ 12c§.
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F(R) Gravity Description

We now investigate which vacuum F(R) gravity can generate the cosmological evolution described by the Hubble

rate (231).
The action of a vacuum F(R) gravity is equal to,
S = 2—,1{2 d*x/—gF(R), (234)
FRW eq.
—18 [4H(t)zH(t) + H(t)l:l(t)] F"(R)+3 [Hz(t) + H(t)] F'(R) — @ =0. (235)

The reconstruction method we shall adopt, makes use of an auxiliary scalar field ¢, so the F(R) gravity of Eq.
(301) can be written in the following equivalent form,

s= [ a'xV/ElP@R+ Q)] (236)

Note that the auxiliary field has no kinetic form so it is a non-dynamical degree of freedom. The reconstruction
method we employ is based on finding the analytic dependence of the functions P(¢) and Q(¢) on the Ricci
scalar R, which can be done if we find the function ¢(R). In order to find the latter, we vary the action of Eq.
(303) with respect to ¢, so we end up to the following equation,

P'(#)R+ Q'(¢) =0, (237)

where the prime in this case indicates the derivative of the corresponding function with respect to the auxiliary
scalar field ¢.
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F(R) Gravity Description

Then by solving the algebraic equation (304) as a function of ¢, we easily obtain the function ¢(R). Correspond-
ingly, by substituting this to Eq. (303) we can obtain the F(R) gravity, which is of the following form,

F(8(R)) = P(6(R)R + Q(4(R)) - (238)

Essentially, finding the analytic form of the functions P(¢) and Q(¢), is the aim of the reconstruction method.
These can be found by varying the action of Eq. (303) with respect to the metric tensor g;,,,, and the resulting
expression is,

~ 6HP(5(1)) ~ Q(a(e)) ~ o1 D g,
2
(a#1 + 6H2) P(6(8) + QUo() + 2T )y AP _ o (239)
By eliminating the function Q(¢(t)) from Eq. (306), we obtain,
2M - 2H(t)W +4HP(4(t)) = 0. (240)

dit? dt
Hence, for a given cosmological evolution with Hubble rate H(t), by solving the differential equation (307), we
can have the analytic form of the function P(¢) at hand, and from this we can easily find Q(t), by using the
first relation of Eq. (306). Note that, since the action of the F(R) gravity (301) with the action (303) are
mathematically equivalent, the auxiliary scalar field can be identified with the cosmic time t, that is ¢ = t.
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F(R) Gravity Description

Let us now apply it for the cosmology described by the Hubble law of Eq. (231), emphasizing to the behavior

near the singularity, that is, for cosmic times t =~ t,. By substituting the Hubble rate of Eq. (231) in Eq. (307),

results to the following linear second order differential equation,

d?P(t) dP(t)
dt? dt

The final form of the F(R) gravity near the Type IV singularity t = t;, which is,

2 —2(co + ot — t)*) —4fp(t — t;) " *aP(t) = 0. (241)

F(R) ~ R+ &R’ + a0, (242)
Note additionally that we have set ¢; = 14260, so that the coefficient of R in Eq. (315) becomes equal to one,

and therefore we can have Einstein gravity plus higher curvature terms.
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Singular Inflation Analysis and Instabilities for the Inflation Toy Model

The inflationary evolution described by the Hubble rate of Eq. (231) provides the same physical picture that
standard inflation gives. Specifically, during the inflationary era, the cosmological evolution is a nearly de Sitter
evolution, so an exponential expansion occurs, and the scale factor is of the form a(t) ~ e®'. More importantly,
the comoving Hubble radius Ry = m shrinks during inflation, and expands after inflation. Moreover, the
Type IV singularity has no particular effect on the comoving quantities, like the comoving Hubble radius. This
remark is very important and this is due to the presence of the parameter cy. If this was not present, then
the standard inflationary picture would not hold true anymore, since a singularity would appear in the comoving
Hubble radius.

Coming back to the inflationary evolution (231), the dynamics of the F(R) gravity cosmological evolution is
determined by the Hubble flow parameters (also known as slow-roll parameters) given below,

H 'R B " (R? + 'R

L ] i 243
R © 7 ohe & Ho'R (243)

€1 =

where o = % and the prime in the above equation denotes differentiation with respect to the Ricci scalar R.
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Non-Singular HD Inflation

It is of great importance to investigate what new qualitative features does the singularity during inflation brings
along. In order to do so, we shall study the R? inflation model, with a singularity being included and compare our
results with the ordinary R? inflation model. This is necessary in order to understand the new qualitative features
of the singular inflation. To start with, let us present the ordinary R? inflation model, which we modify later
on in order to include a Type IV singularity. In the following, when we mention “ordinary R? inflation model”,
we mean the non-singular version of the Starobinsky R? inflation model. For the R? inflation model, the F(R)
gravity is,

1
F(R)Y=R+ —R", 244
(R)=R+ (204)
with M > 1. The FRW equation corresponding to the F(R) gravity (244) is given below,
. H? M? .
- + 2 H=—-3HH, 245
2H + 2 (245)

and since during inflation, the terms H and H can be neglected, the resulting Hubble rate that describes the R?

inflation model of Eq. (244) is,
2

M
H(t) = Hy — == (t = t) . (246)
with t; the time instance that inflation starts and also H; the value of the Hubble rate at t;. Let us calculate
the Hubble flow parameters for the ordinary R? inflation model of Eq. (244), which we will need later in order
to compare with the singular version. By substituting Eqs. (246) and (244) in Eq. (243), the Hubble flow
parameters for the R? inflation model of Eq. (244) model become,

e = m? (247)
6 (Hi — tM2(t — 1))’
_ 2
T 2(—MT2+2(H,-+%M2(—t+t,-))2)

311+

M2
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Non-Singular HD Inflation

The Hubble slow-roll indices (??) for the ordinary R? inflation model, and also express these in term of the
e—folds number N, which is defined as follows,

N = /t H(t)dt. (248)

The spectral index of primordial curvature perturbations ns and the scalar-to-tensor ratio in terms of the Hubble
slow-roll parameters 1y and ey are equal to,

ns ~1—dey+2ny, r= 485?_, N (249)

which holds true only in the case the slow-roll expansion is valid. This is a very important observation, since
if one of the Hubble slow-roll parameters is large enough so that the slow-roll expansion breaks down, then the
observational indices are not given by Eq. (249).

Assuming that the Hubble slow-roll parameters are such, so that the slow-roll approximation holds true, let us
calculate the Hubble slow-roll parameters and inflationary indices for the Hubble rate (246). The Hubble slow-roll
indices read,

M2

6 (Hi — 1m2(t — 1))*’
We can express the Hubble slow-parameter €4 in term of N, and by combining Egs. (248) and (246), we obtain,

nNH = 0. (250)

€EH =

~2(3H+ V3,312 — W)

t—t B , (251)
so upon substitution in Eq. (250) we get,
M2
eH = m . (252)
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n-Singular HD Inflation

Consequently, the spectral index ns and the scalar-to-tensor ratio r, read,

am? M2 :
S, (LT . — 253
s 6H2 —2M2N” (6H,.2 - 2I\/I2N> (253)

The recent observations of the Planck collaboration have verified that the R? inflation model is in concordance
with observations, so if we suitably choose M and H;, concordance may be achieved. Of course our approach
is based on a Jordan frame calculation, but the resulting picture with regards to the observational indices is the
same in both Jordan and Einstein frame. To be more concrete, let us see for which values of H;, M and N we
can achieve concordance with observations. Assume for example that the number of e-folds is N = 60, so for
M ~ 10%sec™!, and H; ~ 6.29348 x 10'%sec™!, we obtain that the spectral index of primordial perturbations
ns and the scalar-to-tensor ratio r become approximately,

ns ~ 0.966, r ~ 0.003468 . (254)
The latest Planck data (2015) indicate that ns and r are approximately equal to,

ns = 0.9655 + 0.0062, r < 0.11, (255)

so the values given in Eq. (254) are in concordance with the current observational data.
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Singular Inflation

The ordinary R? inflation can also contain a Type IV singularity that we assume to occur at t = t;. The Hubble
rate that will describe the singular inflation evolution is the following,

M2
H(t) o Hy — = (t = 1) + fo (¢ — ), (256)
and we shall assume that a > 1, so that a Type IV singularity occurs. In addition, we assume that H; > f;,
M > fy and also that fy < 1, and consequently the singularity term is significantly smaller in comparison to the
first two terms in Eq. (256). Hence, at the Hubble rate level, the singularity term remains small during inflation
and therefore it can be unnoticed. Therefore, near t ~ t;, the F(R) gravity that can generate the evolution
(256) is the one appearing in Eq. (244). As we demonstrated previously, the effects of the singularity will not
appear at the level of observable quantities, but the singularity will strongly affect the dynamics of the system.
Now we investigate in detail if this holds true in this case too. The Hubble flow indices are:
M2
€1 — 3 (257)
6 ( i — %Mz(t — t,'))2

Bt — )72 (=1 + a)a + 4 (H; — LM2(t — 1)) (J”TZ)

€3 =
2( = M2 (i Lm2(—eir))?
M2 (14 (e 7 Y) (Hi = §m2(t — 1))
MT4 +afy (H — 1M?(t — 1) (t — t) 2T (=1 + a)a + fo(t — t;) T (=2 + a)(~1 + a)a
€ = .

(Hi — tM2(t — 7)) (—2M2 (H; — M2(t — &) + fo(t — ts) =2t (=1 + a)a)
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Scenario |

If t; < tr, and 2 < a < 3, the parameter €, becomes singular at t = t;, and the rest Hubble flow parameters
are not singular. Particularly, in this case, €; remains the same as in Eq. (247), while €3 becomes simplified and
behaves as,

2
MT2+2(Hi+%M2(—t+t,-))2)

M2

: (258)
3(14 (-

which is identical to the one appearing in Eq. (247) which corresponds to the ordinary R? inflation model.
Therefore, only the parameter €4 remains singular at t = t5, and takes the following form,

3 (MT“ Tt — )" (—2 4+ a)(—1+ a)a)

2M?2 ( i — %Mz(t — f,'))2 (259)

€4 ~

The Hubble flow parameters control the slow-roll expansion, so a singularity at a higher order slow-roll parameter
indicates a dynamical instability of the system. Actually, it indicates that at higher orders, the slow-roll pertur-
bative expansion breaks down, and therefore this indicates that the solution describing the dynamical evolution
of the cosmological system up to that point, ceases to be an attractor of the system. This clearly may be viewed
as a mechanism for graceful exit from inflation, at least at a higher order.
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Scenario |

It is worth calculating the spectral index of primordial curvature perturbations ns and the scalar-to-tensor ratio
r in this case,

-1 4’ — 48 m? ’ (260)
T T e —aven T o2 —oven )

Obviously, concordance with the observations can be achieved, like in the ordinary R? inflation model. For
example, if we assume that the total number of e-folds is N = 55, and also by choosing M ~ 10'3sec™! and
H; ~ 6.15964 x 10*3sec™!, the spectral index of primordial curvature perturbations ns and the scalar-to-tensor
ratio become,

ns >~ 0.966, r ~ 0.003468, (261)

as in the ordinary R? inflation model, so comparing with the observational data (255), it can be seen than
concordance can be achieved. Note that we chose N = 55, since in the case at hand, inflation ends earlier than
in the ordinary R? inflation model.
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Scenario |

The differences of the singular inflation compared to the R? inflation model is that inflation ends earlier than the
R? inflation model, and also, inflation ends abruptly, since the Hubble flow parameter €4 severely diverges. A
last comment is in order: Note that, since this result we obtained for this scenario, holds for cosmic times in the
vicinity of the singularity, so near t ~ ts, hence it is valid only near the singularity. In principle, the singularity
can be chosen arbitrarily, but then the e-folding number should be appropriately changed. In order to obtain
N =~ 50 — 60, we assume that ts is near the cosmic time tr. The most important feature of this cosmological
scenario is that inflation ends abruptly, compared to the ordinary R? inflation model, and in fact it ends before
the first Hubble slow-roll parameter becomes of order ~ 1. Recall that the first Hubble slow-roll parameter
corresponds to first order in the slow-roll approximation, so in the present scenario, inflation ends at a higher
order in the slow-roll expansion. We need to note that in this case, the singularity will not have any observational
implications, since the indices are the same as in the R? inflation case, with different N, H; and M of course.
The only new feature that this scenario brings along is that inflation seems to end earlier and more abruptly.
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A Preliminary toy-model: Cosmology Unifying Early and Late-time

Acceleration with Matter Domination Eras

SDO and V.K. Oikonomou,Class.Quant.Grav. 33 (2016) no.12, 125029

DOI: 10.1088/0264-9381/33/12/125029.

In this section we present in some detail a preliminary cosmological model which describes in a unified way
early-time acceleration compatible with observations, late-time acceleration and the matter domination era. In a
later section we shall present a variant of this model which describes all the evolution eras of the Universe, but
still the qualitative features of both the models are the same. However, we first study the preliminary simplified
model, because it is more easy to see the qualitative behavior of the various physical quantities.

The preliminary model has two Type IV singularities as we now demonstrate, with the first occurring at the
end of the inflationary era, while the second is assumed to occur at the end of the matter domination era. The
chronology of the Universe will assumed to be as follows: The inflationary era is assumed to start at t ~ 10~ **sec
and is assumed to end at t ~ 10~ ®sec. After that, the matter domination era occurs, and it is assumed to end
at t ~ 10'7sec, and after that, the late-time acceleration era occurs. Note that the absence of the radiation era
renders the cosmological model just a toy model, but as we mentioned earlier, later on we shall present a variant
form of this model which also consistently describes the radiation domination era, in addition to all the other
three eras. But the qualitative features of the two models are the same, so we first study this preliminary model
for simplicity. So the transition from a decelerated expansion, to an accelerated expansion is assumed to occur
nearly at t ~ 10'7sec. The Hubble rate of the model is equal to,

2
3(ﬁ+t)’

and the values of the freely chosen parameters ts, Ho, to, 7, 9, Hi, fo and t;, will be determined shortly.

H
H(t) = e (%) (70 — Hi(t - r,-)> +holt—tof |t — o] + (262)

For convenience, we shall refer to the cosmological model described by the Hubble rate of Eq. (262), as
the “unification model”. Before specifying the values of the parameters, it is worth discussing the finite-time
singularity structure of the unification model (262), which will determine the values of the parameters v and 4.
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A Preliminary toy-model: Cosmology Unifying Early and Late-time

Acceleration with Matter Domination Eras

Particularly, the singularity structure is the following,
@ When v, < —1, then two Type | singularities occurs.
@ When —1 < 7,8 < 0, then two Type Ill singularities occurs.
@ When 0 < v,9 < 1, then two Type Il singularities occurs.
@ When 7,6 > 1, then two Type IV singularities occurs.

Obviously, there are also more combinations that can be chosen, but we omit these for simplicity. For the purposes
of this article, we assume that v, d > 1, so two Type IV singularities occur. Also, if 1 < v, < 2, it is possible
for the slow-roll indices corresponding to the inflationary era, to develop dynamical instabilities at the singularity
points. Also, the gravitational baryogenesis constraints the parameter v to be v > 2. For these reasons, we
assume that 7, § > 2. Also, for consistency reasons, we assume that the parameter § is of the following form,

2n+1
2m

6= s (263)
with n, and m, being positive integers. A convenient choice we shall make for the rest of the paper is that
v = 2.1, § = 2.5. Lets investigate the allowed values of the rest of the parameters, and specifically that of ¢, at
which the first Type IV singularity occurs. The Type IV singularity at t = t;, will be assumed to occur at the end
of the inflationary era, so ts is chosen to be t; ~ 10~ ®sec. Furthermore the second Type IV singularity occurs
at t = to, so at ty is chosen to be to ~ 10'sec. Finally, for reasons to become clear later on, the parameters fy,
Ho and H; are chosen as follows, Hy ~ 6.293 x 10%3sec ™!, H; ~ 0.16 x 10%®sec™! and f5 = 10~ ®sec™ 7%~ 1,
In conclusion, the free parameters in the theory are chosen as follows,

vy =21, § =25, ty~10"sec, t; ~ 10 ®sec, Hp ~ 6.293x10sec™?, H; ~ 6x10%sec™?, fo = 10~ s
(264)
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A Preliminary toy-model: Cosmology Unifying Early and Late-time

Acceleration with Matter Domination Eras

With choice of the parameters as in Eq. (264), the model has interesting phenomenology. Firstly let us investigate
what happens with the first term of the Hubble rate (262). Particularly, this term describes the cosmological
evolution from t ~ 10~ *sec up to t ~ 10~ ®sec, and it is obvious that the exponential e~ (=17 for so small
values of the cosmic time, can be approximated as e (t=t)T ~ 1 I addition, the second term is particularly
small during early time, since it contains positive powers of a very small cosmic time and also f is chosen to
be fy = 10~ %sec Y771, so the second term can be neglected at early times. Finally, owing to the fact that
t K ﬁ, for 107%° < t < 10 Psec, the third term at early times can be approximated as follows,

2 2 H
=2, (265)

4 = 4 2
3(d 1) 3(s%)
By combining the above facts, it can be easily seen that the Hubble rate at early times is approximately equal
to,

H(t) ~ Hy — H; (t — t,‘) s (266)

which is identical to the nearly R? quasi-de Sitter inflationary evolution. This approximate behavior for the
Hubble rate at early times holds true for quite a long time after t ~ 10~ Psec, and particularly it holds true until
the exponential e~ (=) starts to take values smaller than one, which occurs approximately for t ~ 10 3sec.
So for t > 10 3sec, or more accurately, after t > 1sec, the exponential term takes very small values, so the first
term of the Hubble rate (262) can be neglected. Then, for a large period of time, the cosmological evolution is
dominated by the last term solely, which is,

2

e

(267)
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A Preliminary toy-model: Cosmology Unifying Early and Late-time

Acceleration with Matter Domination Eras

And since t > 1, and t > ﬁ, for Hy chosen as in Eq. (264), the Hubble rate is approximately equal to,

2

H) = -,

which exactly describes a matter dominated era, since the corresponding scale factor can be easily shown that it

behaves as a(t) ~ t2/3. As we demonstrate shortly, by studying the behavior of the effective equation of state

(EoS), we will arrive to the same conclusion. So after the early-time acceleration era, the unification model of

Eq. (262) describes a matter dominated era. This era persists until the present time, with the second term of

the Hubble rate (262) dominating over the last term, only at very late times. So at late-time, the unification
model Hubble rate behaves as follows,

(268)

H(t) = folt — to|°|t — £]7 . (269)
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A Preliminary toy-model: Cosmology Unifying Early and Late-time

Acceleration with Matter Domination Eras

The same picture we just described can be verified by studying the EoS of the cosmological model of Eq. (262).
Since this model will be described by F(R) gravity models, the EoS reads,

2 (e“‘s)” H - T b e T (R Hi(e ) (e - &)””v)
2

2
1
7+t>

2
3 <2( 1 ) + e~ (t—1s)7 (? + Hi(t — t,-)) + fo(t — t0)°(t — u)ﬁ)

1
oyt

(270)

Wettf = —1 —

2 (h(t = 0)°(t = £) 7y + fo(t — 1) (£ 1)75)

S .
3 (2(11) + e~ (t=ts)Y <? + Hi(t — t,-)) + fo(t — to)o(t — t;)”*)
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A Preliminary toy-model: Cosmology Unifying Early and Late-time

Acceleration with Matter Domination Eras

Therefore, it can be easily shown that at early times, the EoS is approximately equal to,

228 )
" 3(Ho + Hi(t — £))2

so effectively the EoS of this form describes a nearly de Sitter acceleration, since the EoS is very close to —1,
because the parameters Hy and H; satisfy Hyp, H; > 1. After the early times, the EoS can be approximated as

follows,
2
Wepr =~ —1 2(73?> =0 (272)
off ¥ =1l — ———=— =0,
3(%)
which describes a matter dominated era, since werr ~ 0. Note that this behavior is more pronounced as the
second Type IV singularity at t = ty is approached. Finally, at late times, the EoS is approximately equal to,

Wees >~ —1 (271)

20717778y 2Ty
Wesr >~ —1 — - s (273)
3f 3f

which again describes a nearly de Sitter acceleration era, since fy satisfies fy < 1. Note that the EoS (273)
describes a nearly de Sitter but slightly turned to phantom late-time Universe, a feature which is anticipated and
partially predicted for the late-time Universe. But we need to stress that the second and third terms of the EoS
in Eq. (273), are extremely small, so the difference from the exact de Sitter case can be hardly detected, as time
grows.
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Unimodular F(R) Gravity. Formalism

The unimodular F(R) gravity formalism was developed in S. Nojiri, S.D. Odintsov, V.K. Oikonomou,
arXiv:1512.07223, arXiv:1601.04112.
The unimodular F(R) gravity approach is based on the assumption that the metric satisfies the

unimodular constraint,
vV-g=1, (274)

In addition, we assume that the metric expressed in terms of the cosmological time t is a flat
Friedman-Robertson-Walker (FRW) of the form,

3
ds? = —dt? + a(t)2 > (dx’)2 . (275)
i=1

The metric (275) does not satisfy the unimodular constraint (275), and in order to tackle with this
problem, we redefine the cosmological time t, to a new variable 7, as follows,

dr = a(t)3dt, (276)
in which case, the metric of Eq. (275), becomes the “unimodular metric”,
3 N 2
ds? = —a(t(r) 0 dr’ +a(t(r)*S (dx') , (277)
i=1

and hence the unimodular constraint is satisfied.
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Assuming the unimodular metric of Eq. (277), by making use of the Lagrange multiplier method,
the vacuum Jordan frame unimodular F(R) gravity action is,

S= /d4x{¢Tg(F(R)—A)+A} , (278)

with F(R) being a suitably differentiable function of the Ricci scalar R, and X stands for the
Lagrange multiplier function. Note that we assumed that no matter fluids are present and also
if we vary the action (278) with respect to the function X, we obtain the unimodular constraint
(274). In the metric formalism, the action is varied with respect to the metric, so by doing the
variation, we obtain the following equations of motion,

0= 28 (F(R) = X) — RusF'(R) + V¥ F'(R) — g, VF'(R). (279)

By using the metric of Eq. (277), the non-vanishing components of the Levi-Civita connection in

terms of the scale factor a(7) and of the generalized Hubble rate K(7) = %j—j, are given below,

M7, =-3K, [j=2aKs;, T=T,=Kg'. (280)
The non-zero components of the Ricci tensor are,
Rer = —3K —12K2, Rj = a® (K +6K?) 5. (281)

while the Ricci scalar R is the following,

R=a° (6K + 30K2) . (282)
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The corresponding equations of motion become,

0=— 37_6(’:("?)_’\” (3K +12K2) F’(R)—3K@7 (283)
oz‘%ﬁ(F(R) —A) — (K+6K2) F/(R)+5KdF(;(R) %, (284)

with the “prime” and “dot” denoting as usual differentiation with respect to the Ricci scalar and 7
respectively. Equations (283) and (284) can be further combined to yield the following equation,

dF'(R) | d*F'(R)

0= (2K +6K?) F/(R) + 2K ——~ =
< * ) (R)+ dr dr? 2

(285)
Basically, the reconstruction method for the vacuum unimodular F(R) gravity is based on Eq. (285),
which when it is solved it yields the function F’ = F’(7). Correspondingly, by using Eq. (282), we
can obtain the function R = R(7), when this is possible so by substituting back to F/ = F/(1) we
obtain the function F’(R) = F’ (7 (R)). Finally, the function A(7) can be found by using Eq. (283),
and substituting the solution of the differential equation (285). Based on the reconstruction method
we just presented, we demonstrate how some important bouncing cosmologies can be realized.
Note that the bouncing cosmologies shall be assumed to be functions of the cosmological time t,
so effectively this means that the bounce occurs in the t-dependent FRW metric of Eq. (275).
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Inflation from Unimodular F(R)-gravity

A quite convenient way of studying general F(R) theories of gravity, which enables us to reveal
the slow-roll inflation evolution of a specific cosmological evolution, is by treating the F(R) gravity
cosmological system as a perfect fluid. This approach was developed in K. Bamba, S. Nojiri,
S. D. Odintsov and D. Saez-Gomez, Phys. Rev. D 90 (2014) 124061, and as was evinced, the
slow-roll indices and the corresponding observational indices receive quite convenient form, and the
study of the inflationary evolution is simplified to a great extent.

The slow-roll indices and the corresponding inflationary indices can be expressed in terms of the
Hubble rate H(N) as follows (N is the e-folding number, a/ag = eV),

gHN) | H'(N) | (H(N))?
__ _HW) 6%y + oy + (i)
N b
aH(N) 3+ 200
H’(N) H”(N) I(N) 27 1 H/I(N) 2 H”(N) H”'(N)
1 (9 it + 3y + 3 (i) — 3 (Cetat) 3% + H'(N))
n=-—z )
? (s+ %)
H (N H'(N H(N 2
6 Hfm)) + >’ +( ) (3H(N)H'"(N) GH(N)  HIMH (N (N) | H'(V)
H/(N)2 H(N) H(N)3 H(N)

H(N)f‘/”(N)3 H™(N) _ ,H(NH"(N)? (H”(N)>2 15 H W) H(N)H””(N)>
H'(N)* H'(N) H'(N)? H'(N) H'(N) H'(N)? '

(286)
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Consider the case in which, f; = z, which corresponds to the de Sitter spacetime, because we are
now interested in the slow-roll inflatlon regime. Then, we find,

1 1
_1lda dr da 2E:H0+3H0 (b(T)+T

dr

= = =a db(T)) , (287)
adt a dt dr dr

= = K, we find,

where the parameter Hy satisfies Hy = 3 . Consequently, owing to the fact that

db(7) d?b(7) ) ( db(7) d2b(‘r) d3b(r)
H'(N) =9H, | 2r—~2 + 2 . H'(N)=27H, (2 472 73
() O(Tdr+ dr2 (N) o\ TV e T e
db(7) d2b(T) d3b(r) d*b(7)
H"'(N) =81Hy ( 2 1072 73 4 ,
(N) O(TdT * dr?2 a3 T Tdrt
db(T) d?b(r) d3b(r) d*b(r) d°b(r)
H""(N) =243Hq ( 2 2272 3173 1174 5
(V) 0( T dr + dr2 + dr3 + dr4 T dr5 ’
(288)

and therefore, the corresponding slow-roll indices read,

2

17 (4%0) 4 4r L8 4 2900 )

€ =
db(T d2b(r ’
4<2 d(T)+T d‘r(2))

3 2db(7’)+4 db(r)+ zddb() 2 3( ()+14 ()+8 zdb( COg 3ddl:_(4)>

T ) T e |
(289)
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In the perfect fluid approach the spectral index of primordial curvature perturbations ns and the
scalar-to-tensor ratio r can be expressed in terms of the slow-roll parameters as follows,

ns~1—6e+2n, r=16¢. (290)

We need to stress that the approximations for the observational indices ns and r, remain valid if
for a wide range of values of the e-foldings number N, the slow-roll indices satisfy ¢, < 1.
Recall that the recent Planck data indicate that the spectral index ns and the scalar-to-tensor ratio,
are constrained as follows,

ns = 0.9644 +0.0049, r < 0.10, (291)

while the most recent BICEP2/Keck-Array data further constrain r to be r < 0.07.
Consider the cosmological evolution with the following Hubble rate as a function of the e-folding
number,

HN) = (=™ + c)b . (292)

Substituting the Hubble rate (292) in the slow-roll parameters (286), these become,

SN _ 90N 2
e be®Nys (¢(6 + ) — 2e9V~(3 + b6)) (293)
4G(N)
5 (8b2e29N425 + ¢ (2e°Ny(=3 + 8) + ¢(6 + 8)) + 2be?Ny (12N~ — ((12 + 56)))
4 (e5Ny — ¢) (=3¢ + e?Nvy(3 + b6)) ’
(294)

n=-
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where we introduced the function G(N), which is equal to,

G(N) = (e‘w'y - g) (—34 +eSNA(3 + b6))2 ‘ (295)

Having at hand Egs. (293) and (294), the calculation of the observational indices can easily be
done, and the spectral index ns reads,

2 (eM)* 13(3 + b3)2(1 + 2b5) + 3¢3 (6 + 65 + 62) N €Ny (2 (54 + 12(—3 + 4b)6 + 352 + 2b53)

2G(N) 2G(N)
2e20N~2¢ (27 + (—9 + 48b)S + (3 + 13b2) 62 + b(1 + b)5%) (26)
2G(N) ’
while the scalar-to-tensor ratio r has the following form,
4beSNys (C(6 + 8) — 2e3N(3 + bs))?
L abedMy6 (G(6+6) — 2Ny (34 b8))° (297)

G(N)

Concordance with observations can be achieved if we appropriately choose the parameters ~, ¢, 9,
and b, so by making the following choice,

y=05, ¢=10, §=—, b=1, (298)

the observational indices ns and r, take the following values,
ns ~ 0.965735, r = 0.0554765, (299)

which are compatible with both the latest Planck data and the latest BICEP2/Keck-Array-data.
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The unimodular F(R) gravity which generates the cosmological evolution (292) is found to be,
(CQ cos (ﬁ\/45887 In (m)) + ¢ sin (%\/45887 In (ﬁ)))
1 1

95/764
R
(A?)

« (2475/764395/38223995/764) ) (300)

F'(R)

Note that in such models of unimodular F(R) gravity, graceful exit from inflation may be achieved
either via the contribution of R? correction terms, or via a Type IV singularity, in which case singular
inflation might occur.
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Alternatives: bounces in F(R) gravity. The F(R) Gravity Reconstruction

Method

We now investigate which vacuum F(R) gravity can generate an arbitrary cosmological evolution
described by a given Hubble rate.
The action of a vacuum Jordan frame F(R) gravity is equal to,
1
S= >3 /d4x\/ng(R), (301)
K
and by adopting the metric formalism, we vary the action of Eq. (301) with respect to the metric
guv, so we obtain the following Friedmann equation,
F(R) _
=
The reconstruction method we shall adopt, makes use of an auxiliary scalar field ¢, so the F(R)
gravity of Eq. (301) can be written in the following equivalent form,

5= / dxv/ =g [P(6)R + Q(&)] - (303)

Note that the auxiliary field has no kinetic form so it is a non-dynamical degree of freedom. The
reconstruction method we employ is based on finding the analytic dependence of the functions
P(¢) and Q(¢) on the Ricci scalar R, which can be done if we find the function ¢(R). In order to
find the latter, we vary the action of Eq. (303) with respect to ¢, so we end up to the following
equation,

— 18 [4H(e)2H(2) + H(0)F(8)] F"(R) + 3 [H(2) + FI()] F'(R) - 0.  (302)

P'($)R+ Q'(¢) =0, (304)
where the prime in this case indicates the derivative of the corresponding function with respect to
the auxiliary scalar field ¢.
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Then by solving the algebraic equation (304) as a function of ¢, we easily obtain the function ¢(R).
Correspondingly, by substituting this to Eq. (303) we can obtain the F(R) gravity, which is of the
following form,

F(¢(R)) = P(¢(R))R + Q(4(R)) - (305)

Essentially, finding the analytic form of the functions P(¢) and Q(¢), is the aim of the reconstruc-
tion method. These can be found by varying the action of Eq. (303) with respect to the metric
tensor gy, and the resulting expression is,

~ OHP(5(1)) ~ Qo) — oH A g,
2
(4/—'/ + 6H2) P(6(1)) + Q(o(t)) + 2 Pd(i(t)) dP(d‘z)t(t)) =0. (306)
By eliminating the function Q(¢(t)) from Eq. (306), we obtain,
d>P(¢(t)) dP(é(t)) : _
2 12 —2H(t) It + 4HP(¢(t))=0. (307)

Hence, for a given cosmological evolution with Hubble rate H(t), by solving the differential equation
(307), we can have the analytic form of the function P(¢) at hand, and from this we can easily find
Q(t), by using the first relation of Eq. (306). Note that, since the action of the F(R) gravity (301)
with the action (303) are mathematically equivalent, the auxiliary scalar field can be identified with
the cosmic time t, that is ¢ = t.
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Essentials of Bouncing Cosmologies

A bounce cosmology is described by two eras of evolution, the contraction and expansion eras,
and in between is the bouncing point, at which the Universe bounces off. During the contraction
era, the scale factor of the Universe decreases, so the scale factor satisfies 4 < 0. The Universe
continues to contract until it reaches a minimal radius, at a time instance t = ts, where it bounces
off and the scale factor satisfies 8 = 0. This minimal radius point is the bouncing point, and
it is exactly due to this minimal size that the Universe avoids the initial singularity. After the
bouncing point, the Universe starts to expand, and hence the scale factor satisfies 4 > 0. During
the contraction era, that is, when t < ts, the Hubble rate satisfies H(t) < 0, until the bouncing
point, at which H(ts) = 0, and after the bouncing point and during the expansion era, the Hubble
rate satisfies, H(t) > 0. Hence the bounce cosmology conditions are the following,

Before the bouncing point t < ts :  4(t) <0, H(t) <0,
At the bouncing point t=ts: 4a(t)=0, H(t)=0,
After the bouncing point t > ts: a(t) >0, H(t) >0, (308)

where we assumed that the bouncing point is at t = ts.
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Examples of Bounces and F(R) Reconstruction

Consider the following bounce cosmology, studied in Odintsov and Oikonomou, Phys.Rev. D91

(2015) 6, 064036, Oikonomou Astrophys.Space Sci. 359 (2015) 1, 30.

The scale factor and the Hubble rate for the superbounce are given below,

a(t) = (~t+ 1),

2
2

H(t) =

2

S (—t+ts)]

(309)

with ¢ being an arbitrary parameter of the theory while the bounce in this case occurs at t = ts.
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Figure: The scale factor a(t) (left plot) and the Hubble rate (right plot) as a function of the cosmological time

2
t, for the superbounce scenario a(t) = (—t + t5) <2 .

In the figure, we have plotted the time dependence of the scale factor and of the Hubble rate for
the superbounce case.
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It can be seen that in this case too, the bounce cosmology conditions (308) are satisfied, and in
addition, the scale factor decreases for t < 0 and increases for t > 0, as in every bounce cosmology,
so contraction and expansion occurs. In addition, the physics of the cosmological perturbations are
the same to the matter bounce case, since the Hubble radius decreases for t < 0 and increases for
t > 0, so the correct description for the superbounce is the following: Initially, the Universe starts
with an infinite Hubble radius, at t — —o0, so the primordial modes are at subhorizon scales at
that time. Gradually, the Hubble horizon decreases and consequently the modes exit the horizon
and possibly freeze. Eventually, after the bouncing point, the Hubble horizon increases again, so
it is possible for the primordial modes to reenter the horizon. Hence this model can harbor a
conceptually complete phenomenology. The behavior of the Hubble horizon as a function of the
cosmological time can be found in Fig. 3

10F T T =

Ru(t)

t (sec)

Figure: The Hubble radius Ry(t) as a function of the cosmological time t, for the superbounce scenario
2
a(t) = (—t+ts5)2.
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The F(R) Gravity that generates this cosmology is found to be Odintsov and Oikonomou, Phys.Rev.
D91 (2015) 6, 064036, Oikonomou Astrophys.Space Sci. 359 (2015) 1, 30,

F(R) = aR* + 2R, (310)

where c1, ¢y are arbitrary parameters, and p; and p> are equal to,

(o2 — )+ o =) 2

231

—(a2 —a1) — /(a2 —a1)? + 231.

p1L =

p2 =

(311)
and also
a =

et (312)
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In the Singular Bounce (Odintsov and Oikonomou Phys.Rev. D92 (2015) 2, 024016 and arXiv:1512.04
Oikonomou Phys.Rev. D92 (2015) 12, 124027),

f o4
a(t) = et T () = (¢ — 1) (313)

with fo an arbitrary positive real number, and ts is the time instance at which the bounce occurs

and also coincides with the time that the singularity occurs. In order for a Type IV singularity to

occur, the parameter o has to satisfy a > 1. In addition, in order for the singular bounce to obey

the bounce cosmology conditions, the parameter a has to be chosen in the following way,
2n+1

T 314
T omr1 (314)

with n and m integers chosen so that o > 1. For example, for o = % the time dependence of the
scale factor and of the Hubble rate are given in Fig. 4, and as it can be seen, the bounce conditions
are satisfied, and in this case, contraction and expansion occurs.
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Figure: The scale factor a(t) (left plot) and the Hubble rate (right plot) as a function of the cosmological time
. . 0 (t—t5)x L
t, for the singular bounce scenario a(t) = e @+1 .
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The F(R) gravity that generates the bounce, near the Type IV singularity is Odintsov and Oikonomou
Phys.Rev. D92 (2015) 2, 024016, Oikonomou Phys.Rev. D92 (2015) 12, 124027, Odintsov and
Oikonomou, arXiv:1512.04787,

A? BA B?
F(Ry~ —Z-R?—2—R—-—+C. 315
(R) = -2 CR-Z 4 (315)
and the parameters A, B and C depend on the free parameters of the theory, see Odintsov and
Oikonomou Phys.Rev. D92 (2015) 2, 024016, Oikonomou Phys.Rev. D92 (2015) 12, 124027,
Odintsov and Oikonomou, arXiv:1512.04787.
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Unifying trace-anomaly driven inflation with cosmic acceleration in modified

gravity. Bamba, Myrzakulov, Odintsov, Sebastiani, arXiv:1403.6649.

Trace anomaly reads (Duff 1994,Buchbinder-Odintsov-Shapiro 1992))
2
(Tﬁ):a<W+§DR>fﬁg+§DR, (316)

where W = CSC"“’C&G‘W is the "square” of the Weyl tensor C¢, 0 and G the Gauss-Bonnet topological
invariant, given by

1
W = RS " Re i — 2RM Ry + ng, G =R" Reppw — 4R" R, + R, (317)

The dimensionfull coefficients «, 3, and & of the above expression are related to the number of conformal fields
present in the theory. We introduce real scalar fields Ng, the Dirac (fermion) fields N, vector fields Ny, gravitons
Np(= 0, 1), and higher-derivative conformal scalars Nyp. Then

Ns + 6Ng + 12Ny + 611N, — 8Nyp Ns + 11Ng + 62Ny, + 1411N, — 28Nyp
a= —

120(47)2 P 360(47)2 ’ (318)
If we exclude the contribution of gravitons and higher-derivative conformal scalars, we get
a= #(Ns + 6Ng + 12Ny), B = #(Nerlle + 62Ny) , 5:7L, (319)
120(47)? 360(4m)2 6(4m)2

For Nuper = 4 SU(N) super Yang-Mills (SYM) theory, we have Ng = 6N?, N = 2N?, and Ny = N?, where
N is a very large number. Therefore, we obtain a relation among the numbers of scalars, spinors and vector
fields.

(320)
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Unifying trace-anomaly driven inflation with cosmic acceleration in modified

gravity

Note that
2
ga +£=0, (321)

and in principle the contribution of the [JR term to the conformal anomaly vanishes, but it could be reintroduced
via a higher curvature term in the action (see below). Owing to the conformal anomaly, the classical Einstein

equation is corrected as
1
Ruv = >8uw R = R (Tuw) - (322)

By taking the trace of the last equation (322), we derive
2 _ 2 2
R=—r(Tk)=—r [a <W+§DR) 7BQ+§E|R} . (323)

Despite the fact that in Eq. (321), the coefficient of the CJR term is equal to zero, we can set it to any desired
value by adding the finite R? counter term in the action. In the classical Einstein gravity, this additional term is
necessary to exit from inflation (Starobinsky 1980). Concretely, by adding the following action

YN

| = /d4x\/7gR2, ¥ >0, (324)
M

T 19272
Eq. (322) becomes (Dowker-Critchley 1976,Fishetti-Hartle-Hu 1979,Mamaev-Mostepanenko 1980, Starobinsky
1980)
N2 2 N2 K2

VuVuR— “aanz B

e OR® + k*(T,.) - (325)
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Account of F(R) gravity

The action is given by

_ 1
T 2g2

YN?
19272’

1

(326)

/ d*x/~g [R+2n27yR2+ f(R)+2n2£Qc] , A=
M

where we have considered the R? term in the action with 5 as in (324) and we have added a correction given by
a function f(R) of the Ricci scalar. The field equations are

1
Guv = Ruw — 5gWR = kK (Tuw) — 45K°RRw + FR°K’ g0 + 459KV VL R — 45K°g,, OR®

(R (Ruv = 3R ) + 380 [F(R) — RR(RN + (V¥ — g DV(R) . (327)

The trace is described as
R = —r*(aW — BG + 60R) — 2f(R) + Rfz(R) + 307&(R), (328)
where we have imposed the condition in Eq. (321) and introduced ¢ defined as
2
. N
d=-12y=———, 6<0. 329
2 T6n2 < (329)
Here, v(> 0) is a free parameter. The flat FLRW space-time
ds® = —dt® + 2°(t) (dx2 +dy + dzz) , (330)

The energy density p and pressure p of quantum corrections are represented as

(Too) =p, (Ty) =pa(t)’s;, (i,j=1,23). (331)
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Account of F(R) gravity

In the FLRW background, it follows from (u,v) = (0,0) component and the trace part of (u,v) = (i,j) of
Eq. (327), we obtain the equations of motion
3 2

ZH = pt o [R(R) — F(R) — 6Hia(R) — 6HIa(R)] = pur, (332)

7% (2H + 3/—/2) b+ ﬁ [7RfR(R) T F(R) + (4H + 6H?)fr(R) + 4Hfr(R) + 2{‘;;(R)]
= Peff - (333)

In these equations, pef and pesr are the effective energy density and pressure of the universe. The effective
conservation law
Peff + 3H (peft + pesr) = 0. (334)

The effective energy density is
Pett = % 1 68H + 5 (18H2Fl T 6HH — 3H2) + ﬁ (RfR(R) — F(R) — 6H*fa(R) — 6HfR(R)> . (335)
where py is the constant of integration. The effective pressure is
petr = 3% -8 (6H“ + 8H2FI) -6 (9H2 + 12HH + 2 + 18H2H) 4
55 [7RfR(R) + F(R) + (4H + 6H*)fx(R) + 4Hfr(R) + 2[‘}?(R)} . (336)

In the expressions of pes in Eq. (335) and pesr in Eq. (336), we can recognize the contributions from not only
modified gravity but also quantum corrections.
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Trace-anomaly driven inflation in exponential gravity

Exponential f(R) (Cognola-Elizalde-Nojiri-Odintsov-Zerbini 2007)

f(R) = —2Aex [1 — exp (7R5)} . (337)

0
Indistinguishable from LCDM.

de Sitter solutions:
1 27 M3
o, =2 (1x i) M (o8
9SE T 48k2 N2 3

3
¢ |swmMp 3
Aeff—?—{ e , 0<C<§. (338)
There are two special solutions
1 4 M3
His = —— = P A =0 339
dS 2ﬁf€2 N2 B eff ) ( )
1 2 M} 3 3 (8nM3
HZ = — = Pl A= — = 2 PLY 340
ds 48r2 [TV PR W Y2 (340)
Stability of the de Sitter solutions We define the perturbations AH(t) as
H = Hgs+ + AH(t), |AH(t)| < 1. (341)

The solution is given by

—3Hyss + \/9Hjsi +4 (& —aH.8)

AH(t) = Age™2t A2 = 5

(342)

where Ag is a constant.
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Trace-anomaly driven inflation in exponential gravity

The de Sitter solutions of the model (337) are unstable (and adopted to describe the inflation) only if A\; (the
eigenvalue with the positive sign in front of the square root) is real and positive, i.e.,
1

22
w*Hys

2 471 2
48 — >0, 9Hdsi+g <§ _4HdSiB> >0. (343)
Here, we have taken into account the fact that 8 > 0 and § < 0.
Dynamics of inflation
Given the unstable de Sitter solution Hgs;t in , to analyze inflation occurring in the model in Eq. (337), we have
to calculate the amplitude of the perturbations in Eq. (342).
At the time t = 0 when inflation starts, we have to set AH(t = 0) = 0. The complete solution of this equation
is given by the homogeneous part in Eq. (342) plus the contribute of modified gravity as follows

—Rys /R —1
€ dS /O A ff RdS 1 2
AH(t) = Age™t2t — = < (— 2) (—74H . 344
() = Aoe e (r 72) (5 —riss (344)
Thus, at t = 0, by putting AH(t = 0) = 0, we can estimate the amplitude Ag as
—Rys /R —1/2
e~ dS OC RdS ) ( 8 )
Ad=——7—— (| — +2 1—-- <0. 345
T T 12Hgs(8R2) (Rg 3¢ (345)

Here, we have considered only the unstable solution Hys = Hgsy in Eq. (338).
The time at the end of inflation

R,
tp o~ (346)
Rg Al
The number of e-folds A is
N=In (3) , (347)
aj

and inflation is viable if ' > 76.
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Trace-anomaly driven inflation in exponential gravity

For the model (337), by taking account of the fact that we have chosen t; = 0 and using Eq. (346), we acquire

—1
1— 8
2Rys 168 V1-3¢ ‘ (348)

NEHdStfzi -1+ 1-— —

3R0 99 1+ /1_24-

By combining this relation, the expressions for 3 in Eq. (320) and 6 in Eq. (329), and Eq. (348), we have

8
2b 4 1-3¢
N=" o1t |y — [ Y . (349)

3 M \1+,/1- 8
Spectral index
The second time derivative of a(t) is
WA= (1-¢, (350)
a

with the parameter e. When the approximate de Sitter solution is realized, it has to be very small as
H
€ = —m < 1. (351)

Moreover, € has to change very slowly. There is another parameter 1, which has to also be very small as

< 1. (352)

—é

€—
’ 2eH

These two parameters are the so-called slow-roll parameters.
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Trace-anomaly driven inflation in exponential gravity

The amplitude of scalar-mode power spectrum of the primordial curvature perturbations at k = 0.002 Mpc™ " is
described as

K2H?
8m2e
and the last cosmological data constrain the spectral index ng and the tensor-to-scalar ratio r are given by
(Mukhanov:1981),

Az = (353)

ns=1—6e+2n, r=16€. (354)
In the model (337), we find

2 _ 1 _8) -2 -8
AR7327r2ﬁ6 <1+ ! 3C>7N26 (1+ ! 3<>’ (355)

The parameters € and 7 read

AH(t) bz( 5>e()‘1"b)§(b+2)<b ) b e<*1f*b><(b+2)<b >
e ~ - = - =+1 —_— == +1),

= + -2
HZ, N2\ 48 (1-%¢) 3NV N2 (1-5¢) 3NV
é A1 b
= — =€— —e— — . 356
K 7 2eMes O 2Hs 2N (356)
During inflation, when t < t¢, since N > 1, we have
b e P¢(b+2) b
~ K1, ~ | l-—— | K 1. 357
e = |- 5] (357)

Thus, the spectral index and the tensor-to-scalar ratio in Eq. (354) for the model (337) are derived as

b 6b*e P (b+2) 1662 e~ P¢ (b +2)
;=

TN TN -0 T -1

NN (1-50 (356)
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Trace-anomaly driven inflation in exponential gravity

We mention the recent observations of the spectral index ng as well as the tensor-to-scalar ratio r. The results
observed by the Planck satellite are ng = 0.9603 + 0.0073 (68% CL) and r < 0.11 (95% CL). Since b/N < 1
and 1 < b, the constraints from the Planck satellite described above can be satisfied. For instance, for b = 3,
¢ =1/8, and N = 76, we have ns ~ 0.9601 and r = 1.20 X 1073,

On the other hand, the BICEP2 experiment has detected the B-mode polarization of the cosmic microwave
background (CMB) radiation with the tensor to scalar ratio r = 0.207%% (68% CL), and also the case that r
vanishes has been rejected at 7.00 level.

For our model, even if the dependence of the tensor-to-scalar ratio on N? makes it very small, we can play with
a value of ¢ close to 3/8 in order to increase its value. For instance, with the choice ¢ = 0.37125, we can still
describe the unstable de Sitter solution for b > 1, since Rys >> Ry and f(R4s) =~ —2Ae. Thus, the number of
e-folds N\ depends on v only as in Eq. (349). Indeed, when we take the combination of the values of b and =,
eg., (b=2,v>1.14), (b=3,v > 0.76), and (b = 4,~v > 0.57), and so on, we obtain A" > 76.

For example, if N = 76, for b = 2, 3 and 4, we acquire r = 0.22, 0.23, and 0.18, respectively.

Thus, unification of realistic inflation with viable dark energy era occurs in exponential F(R) gravity with account
of quantum effects (trace anomaly). This is in full accord with first discovery of such unification proposed in
Nojiri-Odintsov2003.
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Anti-evaporation of SdS BHs in F(R) theory

L.Sebastiani, D. Momeni, R.Myrzakulov, S.D.Odintsov, arXiv:1305.4231

Nariai metric in the cosmological patch with Ry = 4A and cosmological time t given by 7 =

arccos [cosh t] 7! reads

1
ds® = —d7? 4 dx?) + deQ ,

" Acos2t (

(359)

—7/2 < 1 < w/2. F(R)-gravity admits such a metric as the limiting case of the Schwarzshild-de

Sitter solution under the condition
2F(Ro) = RoFr(Ro) -

Perturbations around the Nariai space-time are described by

(360)

ds? = ?r(67) (—dT2 + dx2) +e720067) 402, p=—1n [ﬁcos T] +6p, @=InVA+dp.

From the field equations of F(R)-gravity one finds

. 2AFrr(Ro)
2(20c — 1)5¢] — 36 360" =0 =
OzCOSZT[ ( o ) 50] QO+ v ’ “ FI(RO) '
and
Fr(R
SR =4N(=8p + ) + Acos® 7 (26p — 25p" — 463 + 45" = 2M5¢
Frr(Ro)

(361)

(362)

(363)

Equation (362) can be used to study the evolution of ¢(7,x). In principle, one may insert the
result in (363) in order to obtain p(7, x). However, the radius of the Nariai black hole depends on

(7, x) only, so that we will limit our analysis to Eq. (362).

S. D. Odintsov (ICE-IEEC/CSIC) The universe evolution and modified gravity

119 / 144



Anti-evaporation of SdS BHs in F(R) theory

Horizon perturbations.
The position of the horizon moves on the one-sphere S; and it is located in the correspondence of
Vép - Vép = 0. For a black hole located at x = xp, the horizon is defined as

1+ 590()(07 7_)
n .

Therefore, evaporation/anti-evaporation correspond to increasing/decreasing values of do(7) on

the horizon.

Following [J. C. Niemeyer and R. Bousso, Phys. Rev. D 62 (2000) 023503 [gr-qc/0004004]] we can

decompose the two-sphere radius of Nariai solution into Fourier modes on the S; sphere, namely

ro(r) 72 = e2#(m0) = (364)

+00
dp(x, t) = EZ (An(1)cos[nx] + Bn(7)sin[nx]) , 1>e>0. (365)

Here, € is assumed to be positive and small. From Eq. (362) we get

Sp(x, t) = ez PE (&) [an cos(nx) + bp sin(nx)] , &=sinT, (366)

n=1

22— 1) _ 2\Frr(Ro)
=Y S ey - Ry (367)

Above, PL (&) are the Legendre polynomials regular on the boundary & =0 (i.e. t=0) and the
unknown coefficients {an, by} can in principle be obtained by using the initial boundary conditions
at £ =0.

with
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Anti-evaporation of SdS BHs in F(R) theory

By using this formalism, we can study the stability/unstability of Nariai solutions in F(R)-gravity
for different modes of dp(x,t). For n =1 one has near to £ =1 (i.e. t — +00):

@ When p is real

an/2 22— p? 4+ 20(1 +v))
(1—p) 4r(2—p)

PEEO=1-0)% {r (1-8+00- 5)2] - (368)

This is the case of a real and 1/2 < a or a < 0, for example models like F(R) = R +yR™.
The Legendre polynomial and therefore the Nariai horizon diverge. We have anti-evaporation
(or evaporation if € < 0 from the beginning).

o When p is complex number

il

iy
il ey o (1 — ey— il 272 _27(175)
PO =007\ F i~ are - )

(Il + [pl) + 2v(v + 1)) + O(1 = €)?)

(369)
This is the case of 0 < o < 1/2, for example models like F(R) = R — 2A(1 — eR/R™). The
Legendre polynomial and therefore the Nariai horizon do not diverge. Solution is stable, we
can have only transient evaporation/antievaporation.
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Stable neutron stars from f(R) gravity

A.Astashenok,S. Capozziello and S.D. Odintsov,arXiv:1309.1978

It is convenient to write function f(R) as
f(R) = R+ ah(R), (370)

The field equations are

1
(1 + ahg)Gpuw — Sa(h = heR)guy — (VYo = guB)hr = —=Touw - (371)
Spherically symmetric metric with two independent functions of radial coordinate:
ds®> = —e*?2dt? + X dr® + r*(d6? + sin® 0d¢?). (372)

The energy—-momentum tensor T, = diag(eMpCZ7 eD‘P7 2P, r?sin® 0P), where p is the matter density and P
is the pressure. The components of the field equations are

—8nG

P = —r e A =2 ) 2t abp(—r i+ e (1 —2rA)r 7 ?)
c
1
—5alh— heR) + e P alhpr (2 — ) + hyl, (373)
8 G -2 —2x n,—2 -2 —2X N, —2
n P = —r “+4e (1+2rp")r “+ahg(—r—"+e (1+2rp")r %)
c

1
—5olh = haR) + e Pahr 2+ re'), (374)

where prime denotes derivative with respect to radial distance, r.
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Stable neutron stars from f(R) gravity

For the exterior solution, we assume a Schwarzschild solution. For this reason, it is convenient to define the

change of variable
2GM
—2x _
e =1- e (375)
The value of parameter M on the surface of a neutron star can be considered as a gravitational star mass. Useful
relation

GdM 1 N ,
=5 [1 —e (1 —2rA ]) : (376)

The hydrostatic condition of equilibrium can be obtained from the Bianchi identities

dP d

- :—(p+P/c2)—¢,- (377)
dr dr

The second TOV equation can be obtained by substitution of the derivative d¢/dr from (377) in Eq.(374). The
dimensionless variables

M = mMg, r— rgr, p%pM@/rg, P%pMQCZ/rs, R~>R/r;

Here Mg, is the Sun mass and r, = GMg /c® = 1.47473 km. Egs. (373), (374) can be rewritten as

1 d 1 2 2h;
(1 +ar’hg + Eargzh;?r> di: —dmpr® = Jar's? (h — hgR —2 (1 - T’") (TR + hj{)) . (3718)

m 2m dp

2 -
8rp = —2 (1 + argth) 5= (1 — T) (7(1 +ar’hg) + aréh}) (p+p) 1;— (379)

Lo (h hrR 4<1 2m) hf?)
——ar - - -— =),
2 & R r r

where ' = d/dr.
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Stable neutron stars from f(R) gravity

For a = 0, Egs. (378), (379) reduce to

d
L~ anpr? (380)
dr
dp 4mpr® + m
a _ M (5+p), 381
=S ) (381)

i.e. to ordinary dimensionless TOV equations. These equations can be solved numerically for a given EoS
p = f(p) and initial conditions m(0) = 0 and p(0) = p..

For non-zero «, one needs the third equation for the Ricci curvature scalar. The trace of field Eqgs. (371) gives
the relation

87 G
3alhg + ahgR — 2ah — R = ——2 (=3P 4 pc?). (382)
C

In dimensionless variables, we have

2 2 3m dm 2m dp d 2m\ d?
3ar, - |l-— ) — ) =+ (1= — ) — | hr
& r r2 rdr r ) (p+p)dr/ dr r ) dr?

+ar’hgR — 2ar’h — R = —8x(p — 3p) . (383)

We need to add the EoS for matter inside star to the Eqgs. (378), (379), (383). Standard polytropic EoS p ~ p”
works, although a more realistic EoS has to take into account different physical states for different regions of the
star and it is more complicated.

Perturbative solution. For a perturbative solution the density, pressure, mass and curvature can be expanded as

p=p"+ap®+.., p=p0tap® 1t .., (384)
m:m(0)+am(1)+‘.., R:R<0)+aR(1)+...,
where functions p(o), p(o), m©® and R© satisfy to standard TOV equations assumed at zeroth order. Terms

containing hg are assumed to be of first order in the small parameter «, so all such terms should be evaluated
at O(«) order.
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Stable neutron stars from f(R) gravity

For m = m©® 4+ am®, the following equation

d 1 1 d d
(TT = dnp? —ar? <47\'p(0)hR + 2 (h— hRR)> +5a ((21’ _3m® _ 47rp(0),«3) - +r(r— 2m(0))ﬁ> hr
(385)
for pressure p = p(o) + ocp(l)
r—2mdp __ , m 2 © 1 © ©,3) dhr
p+pg_47rrp+7—o¢r 47p hR+Z(h—hRR) —a(r—3m + 2mp r)w (386)
The Ricci curvature scalar, in terms containing hg and h, has to be evaluated at O(1) order, i.e.
R~ R® =8x(p® —3p®). (387)

We can consider various EoS for the description of the behavior of nuclear matter at high densities. For example
the SLy and FPS equation have the same analytical representation:

3
¢ = 2EPEEDE f(o(c — 20)) + (a1 + a6)(as(a10 — )+ (389)
+ as§

+(ai + ané)f(az(as — £)) + (a1s + aw6é)f(a17(as — €)),

where
1

¢ =log(P/dynem™?), & =log(p/gem ™),  f(x) = P +1

The coefficients a; for SLy and FPS EoS are different.
Neutron star with a quark core. The quark matter can be described by the very simple EoS:

pq = a(p — 4B), (389)

where a is a constant and the parameter B can vary from ~ 60 to 90 Mev/fm®.
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Stable neutron stars from f(R) gravity

For quark matter with massless strange quark, it is a = 1/3. We consider a = 0.28 corresponding to ms = 250
Mev. For numerical calculations, Eq. (389) is used for p > pqr, where py, is the transition density for which the
pressure of quark matter coincides with the pressure of ordinary dense matter. For example for FPS equation,
the transition density is p, = 1.069 x 10'® g/cm® (B = 80 Mev/fm?), for SLy equation p, = 1.029 x 10°
g/cm? (B = 60 Mev/fm?).

Model 1.
f(R) = R+ BR(exp(—R/Ro) — 1), (390)

We can assume, for example, R = 0.5r;2

gravity.

For neutron stars models with quark core, there is no significant differences with respect to General Relativity. For
a given central density, the star mass grows with «. The dependence is close to linear for p ~ 1015g/cm3. For the
piecewise equation of state ( FPS case for p < p;) the maximal mass grows with increasing «. For 3 = —0.25,
the maximal mass is 1.53Mg, for 8 = 0.25, Mpm.c = 1.59M (in General Relativity, it is Mmax = 1.55Mg).
With an increasing /3, the maximal mass is reached at lower central densities. Furthermore, for dM/dp. < 0,
there are no stable star configurations. A similar situation is observed in the SLy case but mass grows with 3
more slowly.

For the simplified EoS (388), other interesting effects can occur. For 3 ~ —0.15 at high central densities
(pe ~ 3.0 — 3.5 x 10'°g/cm?), we have the dependence of the neutron star mass from radius and from central
density. For 3 < 0 for high central densities we have the stable star configurations (dM/dp. > 0).

. For R << Ry this model coincides with quadratic model of f(R)
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f(R) gravity

For example the measurement of mass of the neutron star PSR J1614-2230 with 1.97 & 0.04 M, provides a
stringent constraint on any M — R relation. The model with SLy equation is more interesting: in the context
of model (390), the upper limit of neutron star mass is around 2M, and there is second branch of stability star
configurations at high central densities. This branch describes observational data better than the model with
SLy EoS in GR.

Possibility of a stabilization mechanism in f(R) gravity which leads to the existence of stable neutron stars which
are more compact objects than in General Relativity. Cubic model.

f(R) = R+ aR*(1+~R). (391)

Let |[yR| ~ O(1) for large R and aR?(1 + yR) << R. For small masses, the results coincide with R? model.
For v = —10 (in units rg2) the maximal mass of neutron star at high densities p > 3.7 X 10%° g/cm3 is nearly
1.88M(, and radius is about ~ 9 km (SLy equation). For v = —20 the maximal mass is 1.94Mg, and radius is
about ~ 9.2 km . In the GR, for SLy equation, the minimal radius of neutron stars is nearly 10 km. Therefore
such a model of f(R) gravity can give rise to neutron stars with smaller radii than in GR. Therefore such theory
can describe (assuming only the SLy equation), the existence of peculiar neutron stars with mass ~ 2Mg, (the
measured mass of PSR J1614-2230) and compact stars (R ~ 9 km) with masses M ~ 1.6 — 1.7Mg,.

For smaller values of v the minimal neutron star mass (and minimal central density at which stable stars exist)
on second branch of stability decreases.

It is interesting to note that for negative and sufficiently large values of €, the maximal limit of neutron star
mass can exceed the limit in General Relativity for given EoS (the stable stars exist for higher central densities).
Therefore some EoS which ruled out by observational constraints in GR can describe real star configurations in
frames of such model of gravity. One has to note that the upper limit in this model of gravity is achieved for
smaller radii than in GR for acceptable EoS.
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f(G) gravity: General properties

Topological Gauss-Bonnet invariant:
G = R> — 4R, R™ + Ruues RS, (392)

is added to the action of the Einstein gravity. One starts with the following action:

1
S= /d“x\/—g (§R+f(9)+£mamr) . (393)

Here, Liatter is the Lagrangian density of matter. The variation of the metric g,,:

1 1 1
_ % % g 5% / %
= 57 (R + 387 R) & Tl + 367 1(0) — 26 ()RR
+4f'(G)RY RY? — 2f (G)R"PTTRY, . — 4f (G)R"P7VR,o +2 (V' V" F(G)) R

— 2g"¥ (sz’(g)) R —4(V,V*f'(9)) R"" — 4 (V,V"f (G)) R**

+4(VF(9)) R +4g"" (V,Vof (G) R = 4(V,V,F(G)) R (394)
The first FRW equation:
3 .
0= == H* — £(G) + Gf'(G) — 246" (G)H’ + pmareer (395)
Here G has the following form:
G =24 (HZFI + H“) . (396)
the FRW-like equations (fluid description):
3 1 .
g _ 2 g _ 2
Pegt = EH  Pett = T3 (3H + 2H) . (397)
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f(G) gravity: General properties

Here,
g _ ’ S o1 3
Peff = — f(g) +gf (g) — 24Gf (g)H + Pmatter »
269
3H
When prmatter = 0, Eq. (395) has a de Sitter universe solution where H, and therefore G, are constant. For
H = Hy, with a constant Hy, Eq. (395) turns into

poy =F(G) — GF'(G) + =2 F"(G) + BH*GF"(G) + 8H*G*F""(G) + Pmatter - (398)

_ 3. 4t 4 4
0= — = Hj + 24H; f (2aH3) — £ (24K . (399)
As an example, we consider the model
F(9)=6161" (400)
with constants fy and 8. Then, the solution of Eq. (399) is given by
1
Hy = . (401)

248 (n — 1) k26 F-T
No matter and GR. Eq. (395) reduces to
0=Gf'(9) — (g) — 246" (G)H’ . (402)
If £(G) behaves as (400), assuming

h .
apt"0 when hg > 0 (quintessence)
= 403
a { a0 (ts — t)™  when hy < 0 (phantom) ’ (403)
one obtains
0=(8—-1)h (ho — 1) (ho — 1L +48) . (404)
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f(G) gravity: General properties

As hy = 1 implies G = 0, one may choose
ho=1-—4p3, (405)

and Eq. (?7) gives

Weer = —1 + (406)

2
3(1—48)°
Therefore, if 8 > 0, the universe is accelerating (wess < —1/3), and if 3 > 1/4, the universe is in a phantom
phase (wegr < —1). Thus, we are led to consider the following model:

Q) =197 +£19|” (407)

where it is assumed that 1 L 1
> 2, - =, 408
B>, S>B>7 (408)

Then, when the curvature is large, as in the primordial universe, the first term dominates, compared with the
second term and the Einstein term, and it gives
2 5

1> Wepr = —1+ 75 > — 2.
off 3(1— 48) 3

(409)

On the other hand, when the curvature is small, as is the case in the present universe, the second term in (407)
dominates compared with the first term and the Einstein term and yields

2 5
Weg = =14 ——— < -2, 410
et 3(1-46) 3 (410)
Therefore, theory (407) can produce a model that is able to describe inflation and the late-time acceleration of
the universe in a unified manner.

S. D. Odintsov (ICE-IEEC/CSIC) The universe evolution and modified gravity



f(G) gravity: General properties

The action (393) can be rewritten by introducing the auxiliary scalar field ¢ as,

R
5= [ a'xv/"E [ 5 ~ V() - €0)9)] - (a11)
By variation over ¢, one obtains
0=V'(¢) +£'(#)9, (412)
which could be solved with respect to ¢ as
¢ =¢(9). (413)
By substituting the expression (413) into the action (411), we obtain the action of f(G) gravity, with
f(G) = —V(8(9)) +£(8(9) G . (414)
Assuming a spatially-flat FRW universe and the scalar field ¢ to depend only on t, we obtain the field equations:
0=— %H2 + V() + 2412 000 , (415)
K dt
1 : 2 2 d?E(o(1))
0= (20 +3H) = V(9) — 8H —a
e D) s dE() (416)
dt dt
Combining the above equations, we obtain
2
02 e D) () | de(6()
K2 dt? dt dt
2
:%H,gai (’lM) 7 (417)
K dt a dt

S. D. Odintsov (ICE-IEEC/CSIC) The universe evolution and modified gravity



f(G) gravity: General properties

which can be solved with respect to £(¢(t)) as

5 [, wo= 5 [F 2w (419)

Combining (415) and (418), the expression for V(¢7(t)) follows:

V(6(0) = 3 H(E)? — 3a(OHOW() . (419)

As there is a freedom of redefinition of the scalar field ¢, we may identify t with ¢. Hence, we consider the
model where V/(¢) and £(¢) can be expressed in terms of a single function g as

V(6) =58 (6 ~ 36 (6) 5D U(9),

1 ¢ eg(¢1)
== dpr———= U
&) =5 [ don S Ve
¢
U@) = [ dne g (61). (420)
K
By choosing V/(¢) and £(¢) as (420), one can easily find the following solution for Egs.(415) and (416):
a=aef) (H=g'(v)) . (421)

Therefore one can reconstruct F(G) gravity to generate arbitrary expansion history of the universe.
Thus, we reviewed the modified Gauss-Bonnet gravity and demonstrated that it may naturally lead to the unified
cosmic history, including the inflation and dark energy era.

S. D. Odintsov (ICE-IEEC/CSIC) The universe evolution and modified gravity



String-inspired model and scalar-Einstein-Gauss-Bonnet gravity

Stringy gravity:
R
S:/d4x\/—g [5+L¢+LC+...} , (422)
where ¢ is the dilaton, L is the Lagrangian of ¢, and L. expresses the string curvature correction terms,
& KN &
Lo =—0,00"¢p — V(¢), Lc=ca'e %L+ g %0L? + gale’ %0 (423)

where 1/a’ is the string tension, Lgl), [,(Cz), and ,C?) express the leading-order (Gauss-Bonnet term G in (392)),
the second-order, and the third-order curvature corrections, respectively:

v par d
0=, L8 =205 + RUGRYRL . L) = Loy —duls — = L3 (424)
Here, 55 and 4 take the value of 0 or 1 and
=g,
Q3 o €"WPUT1]6“/V/9/G/T/"/ RH;'LIV/ RP:IO/ RTJ’”’ 5

v § s
Lz = CB)Ruvps R” o’ (RugﬂRa'Yo - 2RugaRﬁwo) !

1 2 1 5 o 1 B po s s -
L= 2 (Ruuas R ) 4 LR, 2R 1R, 20, 1 LR SR 7R (R R, OR R, OR, 7

L33 = (l'?“ww/?"’”“f’)2 — 10Ruvas R RonsyR7%” — Ry RMZRPTIOR, . (425)
The correction terms are different depending on the type of string theory; the dependence is encoded in the
curvature invariants and in the coefficients (ci1, ¢z, ¢3) and 84, g, as follows,
@ For the Type Il superstring theory: (c1, ¢, c3) = (0,0,1/8) and 6y = dg = 0.
@ For the heterotic superstring theory: (c1, ¢, c3) = (1/8,0,1/8) and 6y = 1,55 = 0.
@ For the bosonic superstring theory: (c1, ¢z, c3) = (1/4,1/48,1/8) and 6y = 0,5 = 1.
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String-inspired model and scalar-Einstein-Gauss-Bonnet gravity

The starting action is:

s= [daxv=g [% — 20,00"9 — V(6) ~ &(8)9] - (426)

Field equations:

1 1 1
0=—= (—R"" + Zg""R Z9M oY ¢ —
~2< +2g >+2 90" ¢

1 1
28770,00"¢ + 58" (=V(9) +£(9)9)
— 2%(D)RR" — AE(S)R,R" — 2($)RMTTRY, .+ 4E(9)R" Ry

poT

+2(V"V7E(9) R — 28" (V7€(9)) R — 4 (V,V"€(9)) R — 4 (V,V"€(6)) R

+4(T€(0)) R™ + 4" (V, Vo 8(6) R* +4(V,Va8(6)) R (427)
FRW eq.:
3 .2 15 3 d€(9(t))
0_—?H +§¢ +V(¢)+24HT, (428)
_1 : 2 1., RIC0))
0=— (2H+3H ) + 567 = V(@) —8H =2
_1enpndEe®) o sdE@(t) (420)
dt dt
Scalar equation . .
0=9¢+3H+ V'(¢) +£'(¢)G . (430)
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String-inspired model and scalar-Einstein-Gauss-Bonnet gravity

In particular when we consider the following string-inspired model,

_2¢ 26
V=Ve %, &¢)=~&e®o, (431)
the de Sitter space solution follows:
_ %ﬁvq
e 0
HP=H=-——, = 0. 432
0 85()&2 ¢ $o ( )

Here, ¢ is an arbitrary constant. If ¢q is chosen to be larger, the Hubble rate H = Hy becomes smaller. Then, if
&o ~ O(1), by choosing ¢o/¢o ~ 140, the value of the Hubble rate H = Hy is consistent with the observations.
The model (431) also has another solution:

H=" ¢ =goln & when hy > 0,
H=-2%, ¢=g¢ohn =t when ho < 0. (433)
Here, hg is obtained by solving the following algebraic equations:
3n: P2 »  48&h » ,  48&hd
0:_720+7°+v0r1_ t%o7 0= (1—3hy) pg +2Vot; + tfo(h"_l)' (434)

Egs. (434) can be rewritten as

1 #2K2 (1 — 5ho)
Vot?l=— ——— 3R2(1—h Lo - =0 435
ohy 52(1+h0){ o ( 0) + > ’ (435)
48¢oh2 6 22
Coho _ _ hy — 205 ) (436)
2 w2 (1 + ho) 2

The arbitrary value of hy can be realized by properly choosing V4 and &y. With the appropriate choice of V, and
&o, we can obtain a negative hg and, therefore, the effective EoS parameter (??) is less than —1, wegr < —1,

which corresponds to the effective phantom.
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F(R) bigravity

Non-linear massive gravity (with non-dynamical background metric) was extended to the ghost-free construction
with the dynamical metric (Hassan et al).

The convenient description of the theory gives bigravity or bimetric gravity which contains two metrics (symmetric
tensor fields). One of two metrics is called physical metric while second metric is called reference metric.

Next is F(R) bigravity which is also ghost-free theory. We introduce four kinds of metrics, g, giu, fuv, and
fi,/. The physical observable metric giy is the metric in the Jordan frame. The metric g,,,, corresponds to the
metric in the Einstein frame in the standard F(R) gravity and therefore the metric g, is not physical metric.
In the bigravity theories, we have to introduce another reference metrics or symmetric tensor f,,, and f‘]u. The
metric f,,, is the metric corresponding to the Einstein frame with respect to the curvature given by the metric
fur. On the other hand, the metric f:V is the metric corresponding to the Jordan frame.

The starting action is given by

Sus :Mé/d4X\/Tei:gR(g) +M§/d4xx/7 det f R
4
+2m2M§“/d4x\/—dethBn en (x/gflf) . (438)
n=0

Here R'®) is the scalar curvature for g and R") is the scalar curvature for fuv. Megr is defined by

R . (439)
Mo Mg M

v

Furthermore, tensor \/g~1f is defined by the square root of g"”f,,, that is, ( g*lf)u ( g*1f>p =
P

&'l f.
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F(R) bigravity

For general tensor X*,, e,(X)'s are defined by
aX)=1, a(X)=[X], e(X)=31(X*-X),
es(X) = E(IXP® — 3[X][X%] + 2[X°))
ea(X) = £ (IX]* — 6[XI*[X*] + 3[X°)* + 8[X][X°] — 6[X*]),
e(X) =0 for k > 4. (440)

Here [X] expresses the trace of arbitrary tensor X*,: [X] = X/,. In order to construct the consistent F(R)
bigravity, we add the following terms to the action (438):

3
S, = 7M§/d4xx/f detg {Eg‘waugp&,go+ V(w)} +/d4x£matter (e®guv, @) , (441)
3
Se = 7M?/d"xx/fdetf{af‘wauﬁ&,ﬁ+ U(g)} . (442)

By the conformal transformations g, — eﬂpgliu and f,, — efgf;ju, the total action Sf = Sp; + S, + S¢ is
transformed as

Sk :M?/d“xv —det fJ {engJ(f) - eszU(E)}
4
+2m* M2 / d*x\/— detg? Z ﬁne(f_z)“’_fgen (\/g‘]’lf‘]>
n—=0
+ Mg/d“xx/fdeth {e**@RJ@ —e% V(¢)}

+/d4><£mattcr <gi,/7¢i) . (443)
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F(R) bigravity

The kinetic terms for ¢ and £ vanish. By the variations with respect to ¢ and £ as in the case of convenient
F(R) gravity, we obtain

0=2m M2“ZB,, <— - 2) (7 2) gsen <\/g']_1f‘]> + Mg {—ef‘pR‘]("’)

+2e72V(p) + eV ()}

(444)
4
0=—2m*M2% > ?e(%z)“’*%%n (MgJ’lfJ) + M {7e75RJ(f) +2e72U(g) 4% U'(£)} .
n=0
(445)
The Egs. (444) and (445) can be solved algebraically with respect to ¢ and ¢ as
o= (RJ@, RI) o, ( /gJ—lfJ)>
and
e=¢ <RJ(E), R'](f),e,, ( /gJ—lfJ)>
Substituting above ¢ and £ into (443), one gets F(R) bigravity:
SF = Mf/d x/— det FIF") (RJ &) RN ¢, <\/g-]_1f-]>>
RI®) en (/g 17T
+2m* M ff/d x\/— detg Z@ne ( ( € ))e (W)
+ M /d xy/— detgd F(8) ( ) RI) ¢ (x/nglfJ>) +/d4x£matter (gju,cb,-) . (446)
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F(R) bigravity

=0 <RJ(g)’ RO ¢ (\/ﬁ)
()

(AT

)

( (RJ (W)D} -
£ (R.](g)’ RI) o, <\/ﬁ)> _ { R 8) RI(F) e,,( nglfJ))RJ(f)
_e‘zé(RJ(g)’RJ(f)’e”(‘/ﬁ)) U (5 (R”g’, R e, (W))) } . (448)

Note that it is difficult to solve Eqs. (444) and (445) with respect to ¢ and & explicitly. Therefore, it might be
easier to define the model in terms of the auxiliary scalars ¢ and £ as in (443).

Vie
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F(R) bigravity: Cosmological Reconstruction and Cosmic Acceleration

Let us consider the cosmological reconstruction program. For simplicity, we start from the minimal case
Spi =M / d*x/—detg R® + M? [ d*x/—detf R
+ 2m2M§ff / d*x\/—detg (3 —trv/ g 1f + det \/gflf) . (449)

In order to evaluate 61/g—1f, two matrices M and N, which satisfy the relation M? = N are taken. Since
SMM + MSM = 5N, one finds
1
oM = Str (M’lﬁN) . (450)
For a while, we consider the Einstein frame action (449) with (441) and (442) but matter contribution is neglected.
Then by the variation over g,,,, we obtain

1
0 :M; (Egm,R(g) - Rfﬁz) + szgff {gm, (3 — tr \/g*1f>

g () g () )

1/3 ,, 3
+ M [5 <§g'° dppdop + V(sﬂ)) Buv — Ea,mauw} : (451)

On the other hand, by the variation over f,,,,, we get

1 1 P
0 =M? <5wa<“ - Rf[?,) + m* M2\ /det (F1g) {—Efw, (V) i}

1 o L1 /3 3
N —1 —1 - Z fPO - —
Shoo ( ~ f) | det ( z f) fw} + M [ (2f 8pE0,€ + u(g)) fuv = 50uE0LE| -

2
(452)
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F(R) bigravity: Cosmological Reconstruction and Cosmic Acceleration

We should note that det /g det \/g—1f # V/detf in general. The variations of the scalar fields ¢ and £ are
given by

0= =300+ V'(¢), 0=-30,£+U'(¢). (453)
Here Ug (OJf) is the d'Alembertian with respect to the metric g (f). By multiplying the covariant derivative V'
with respect to the metric g with Eq. (451) and using the Bianchi identity 0 = V% (%g“VR(g) — Rffu) and
Eq. (453), we obtain

0=— gV} (Ve If) + %vg {fw (Veir) " +he (VeTT) o #} . (458)

Similarly by using the covariant derivative fo with respect to the metric f, from (452), we obtain

0=vy [ det (f~1g) {f% ( g*lf)fwog”“ - % ( g*lf)fli &Y + det (\/g,lf) f’“’H
(455)

In case of the Einstein gravity, the conservation law of the energy-momentum tensor depends from the Einstein
equation. It can be derived from the Bianchi identity. In case of bigravity, however, the conservation laws of the
energy-momentum tensor of the scalar fields are derived from the scalar field equations. These conservation laws
are independent of the Einstein equation. The Bianchi identities give equations (454) and (455) independent of
the Einstein equation.

We now assume the FRW universes for the metrics g,,,, and f,,, and use the conformal time t for the universe
with metric g, :

3 3
42 = S gudide = a(t)? <7dt2 +3° (dxi>2) ,
i=1

Hoo=0
3 3
-\ 2
ds? = S fuddx” = —c(t)de® + b(t)* S (dx’) . (456)
,v=0 i=1
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F(R) bigravity: Cosmological Reconstruction and Cosmic Acceleration

Then (t, t) component of (451) gives
0= —3M>H? — 3m*M>; (a* — ab 3524 1V( Ya(t)? ) M2 (457)
== g —am etf (@ — @ + ZLP 5 wp)a re
and (i, ) components give

0=M? (2H + H2) + M2 (332 —2ab— ac)

3 1
+ (7 5 — —V(Lp)a(t)Z) M2 (458)
4 2
Here H = 4/a. On the other hand, (t, t) component of (452) gives
2,2 2002 2 a’ 3o 1 2 2
0= -3M;K"+m"MZc" | 1— = + ZE — EU(S)C(t) Mg, (459)

and (i,j) components give

3
0 =M? (2K +3K* — 2LK) + m* M2y <ach - c2>

3. 1
+ (G - Ju©cr) M. (460)
Here K = b/b and L = &/c. Both of Eq. (454) and Eq. (455) give the identical equation:
cH = bK orE =b. (461)
a

If 4 # 0, we obtain ¢ = ab/a. On the other hand, if 4 = 0, we find b = 0, that is, a and b are constant and ¢
can be arbitrary.
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F(R) bigravity: Cosmological Reconstruction and Cosmic Acceleration

We now redefine scalars as ¢ = ¢(n) and £ = £(¢) and identify 1 and ¢ with the conformal time t, n = ( = t.
Hence, one gets

w(t)M? = — 4M? (/—'/ - H2> — 2m*M%(ab — ac) (462)
V(0)a(e)’ M; =M (20 + 4H) + m* Ml (63" — 5ab — ac), (463)

3
o()MF = — aM} (K — LK) — 2m* M2 (—% + 1) % , (464)

3 3 2

O()c(e)’ MF =M; (2K +6K> — 2LK ) + m* Ml (% —2¢% + %) . (465)

Here . .
wm) =3¢'m?, V) =V(em), o) =3¢1C)7* U =UEQ)- (466)

Therefore for arbitrary a(t), b(t), and c(t) if we choose w(t), V(t), o(t), and U(t) to satisfy Eqs. (462-465), the
cosmological model with given a(t), b(t) and c(t) evolution can be reconstructed. Following this technique we
presented number of inflationary and/or dark energy models as well as unified inflation-dark energy cosmologies.
The method is general and maybe applied to more exotic and more complicated cosmological solutions.
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What is the next?

What is the next? So far F(R) gravity which also admits extensions as HL or massive gravity is
considered to be the best: simplest formulation, ghost-free, easy emergence of unified description
for the universe evolution, friendly passing of cosmological bounds and local tests, absence of sin-
gularities in some versions(Bamba-Nojiri-Odintsov 2007), possibility of easy further modifications.
More deep cosmological tests are necessary to understand if this is final phenomenological theory
of universe and how it is related with yet to be constructed QG!
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