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Motivation (I)

We consider the corrections introduced by the vacuum polarization
effect during the heating epoch to the scalaron decay width.

Why should we consider quantum effects?

@ We believe that in the future, the deep conceptual contradictions
between quantum field theory and General Relativity will be
overcome. That is, a unified theoretical construct will be created.

e In the absence of full quantum gravity, it is natural to study
quantum corrections introduced by matter fields (not gravitational
fields) on the background space-time and backreaction in
dynamical systems.

e High-precision astrophysical observations provide sensitivity to
such effects.

o We are looking for perturbations of classical solutions.
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Motivation (II)

We work within the framework of the Starobinsky model

M2
SStarobinsky = — / d*x VvV (R 6 MZ ) + Smatter-

This is due to the fact that:

e The Starobinsky model is simple but also yields reach effects.
e It is also one of the most successful ones.

e It is motivated (induced) by quantum effects.

[A.A. Starobinsky, Phys. Lett. B 71980
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The action (I)

QFT in curved spacetime = GR action with counter terms [Birrell, N. D. and
Davies, P. C. W. 1982]

S=—1er / d*x\/—g [R —2A + aR* + BR,, R"] .

Terms proportional to Ragfy(gRo‘ﬁ”Y‘S and OR also appear but in 4D they can be
transformed into surface terms and omitted.

Variation of the counter terms yields new tensors in the Einstein eqgs.

s [v=gr?] 1
™ - ! [ - Ry — P_R) — Lo, R2
Hy = = =290 Vu(=R) = 28w Vo V7 (=R) = “guu R + 2RRyuy
@y = L% T R R 2 —RY) — P(—R
N [ 8Rap ] VaVy(=R}) = Vo VP (=Ruw),

1 1
7Eg,vav"(71<) - Eg,“,RagR“ﬁ +2RE Ry -
Constants a and 3 are divergent and should be renormalized = «g, Sy
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The action (II) Cosmology in the Starobinsky model
In general, tensors (1)H;w and (2)HW are not proportional to each other.
But in a cosmological conformally flat metric

ds* = di* — uz(t)5ijdxidxj ,

we have
0

o 1
e fonoan ]

and can absorb the term with (Z)HW into redefinition of a. So, the
Starobinsky model emerges naturally.

@ Scalaron = inflaton, there is a duality between f(R) and scalar-tensor
gravity models

@ The value of the scalaron mass Mg ~ 1/,/ag is not predicted
and can be taken from observations (CMB) = Mg ~ 3 - 1013 GeV

@ Epoch of cosmological exponential inflation (enough many e-folds)

@ Scalaron dominance epoch: it is produced by curvature oscillations and
decays into dark matter and/or SM particles = (hot) Big Bang
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Einstein equations
Einstein equations in the Starobinsky model read

R 1 8T T
RV+_gV__(1)HV:_TV+<TV>7
[ 2 H 6M2 H M%Jl |: H H ]

where "_ID“W is the stress-energy tensor of particles produced from the scalaron

decay and provide backreaction.

So-called vacuum polarization stress-energy tensor
(Tw) =kWYH,, +k¥H,,,

ki and k3 are constants. Constant k3 depends on the number of scalar Ng,
fermionic Nr, and gauge N fields

1

kg = ——
37 288072

11
(Ns + 7Np + 62NG) .

[Starobinsky 1980, Grib 1980, Vilenkin '1985]
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®)H tensor

Our goal is to study the effect of the (3)H;w tensor

2 1

1
®H,, = RIR,o — SRRy = S8R Ror + ZgWRZ.

It arises in the regularization and renormalization procedure, but does not
correspond to any counterterm, since it cannot be obtained by varying a

polynomial metric action.

In general, the tensor is not divergence-free: Vl,(e’)HM” # 0. The identity
VV(S)HH" = 0 holds only for the conformally flat metric considered here.

Therefore, the presence of (3)HW in the equations cannot be reduced to any
scalar-tensor modified gravity theory.
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Without @H i

The scalaron dominance epoch without taking into account contributions due
to vacuum polarization was considered earlier in [E.Arbuzova, A.Dolgov,
L.Reverberi 2012; E.Arbuzova, A.Dolgov, R.Singh ’2021; E.Arbuzova,
A.Dolgov, A.Rudenko '2023| and other papers. In particular, it is shown that
heavy DM particles can be produced by scalaron decays

For cosmological application we can consider the trace of the equation

R 1 87 -
R+ 28w — =5 YH, = —Tp,.
2 6M?2 M2,

Let’s consider scalaron decay into a massless scalar field minimally coupled to

gravity
1 v
Sy = E/d“x\/—gg" 0,90, ¢.
For the FLRW metric
1
a>(t)
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Equations

So, we get integro-differential equation

t .
. : M3 R(t1)
R+ 3HR + M4R = ——R /dtl—.
127M2, / t—t

In dimensionless variables 7 = tMg, r = R/M%, h = H/Mg, y = p/My
we get the system of equations

7' 30 +r = —8mu®(1 — 3w)y
¥ = —r/6 — 21*
¥V +314+why=0

for the matter equation of state P = wp
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Numerical solutions (I)

T ~ ~———— ]
30 DN s 50
*

Evolution of the dimensionless scalar curvature r(7) as a function of
dimensionless time 7 for initial values r(0) = —300 and h(0) = 5. The plot
shows the range 7 = 25..30, r = —8..., where the damped oscillations of the
scalar curvature around zero are seen
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Numerical solutions (II)

T T T T J
0 10 20 30 40 50
l

Evolution of the Hubble parameter h(7) as a function of dimensionless time 7
for initial values (0) = —300 and h(0) = 5. The plot shows oscillations of h(7)
near zero for 7 > 30
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Damping of oscillations

In the equation . .
R+ (3H + )R + MAR =0,

term (3H(t) + T')R describes the damping of oscillations. T here is the scalaron
decay width. Earlier the contribution of 3HR was omitted in calculations of T’
without sufficient justification. We have shown that indeed that can be done,
since for the first approximation the two damping effects are factorised in

R(t) ~ cos(Mgt 4 )¢~ TotDt/2

where T'g ~ 2Mg /7 ~ 10'> GeV for the characteristic values 7 ~ 40, provides
damping not related to scalaron decays.
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Approximate solution

At sufficiently large t one can see the following asymptotical solutions
2
H(t) = 3 [1 4 sin(Mgt + 0)], R(t) = Ramp cos(wt + 0) exp(—TI't/2),

where Ry is a slowly varying amplitude of oscillations, approximated by a
constant. Substituting these asymptotic solutions into the integro-differential
equation for I' < My we get

[(w? — M}) cos(wt + 0) + Twsin(wt + 6)] e~/

t—ty
WMz /df

_ —Tt/2 - :

= e — [cos(wt + 0) cos w + sin(wt + ) sinw] ,
7 S LA (wt +0) sin o]

Looking at particular oscillation modes we get renormalization of Mg and the
value of the scalaron width [E.Arbuzova, A.Dolgov et al.]

3
— MR
= 5
247 M3,
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Taking into account the vacuum polarization effect

R 1 81 [
R 1wy _ M ®
R+ 38m = gz Huw VE [T,W + ki WH,, + ks HW} ,

For the trace we get

t .
1 87 . 8w 87 - M3 R(tH)
R+ —WH! = ——TH — —|®OH", — Th=_R /dt ;

* 6MZ M UME M MR R MR R 12aME ) Ttk

to

1 1 . ,
- Mygw . _—_ (©F 7. 2 4
R M= 5p (R+3HR) +R, @H: =12 (H +H*),
R+ L o _8_7T]°"Z _ 8—7Tk3(3)Hfj.

G AV
What is the @ H impact?

2
MPI
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Correction to the scalaron decay width

By using the same approximate solution (ansatz) we get

oo My 256mM}
24M2, T 27M2 7

kse ~ 7.56 + 0.01 GeV,

for

1

ks = 580m2

11
(Ns + ?Np + 62NG) ~ 0.036 and T ~ 40.
The correction is small but not extremely.

More accurate numerical solution of the equations is possible, but after
adopting renormalization of divergent contributions.

Approximate analytic procedure allows to understand the nature of the
explored effects.
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Conclusions

o We confirmed earlier results on scalaron decays.

Additional contribution to the scalaron decay width due to vacuum
polarization is computed.

It is suppressed not by Mp; but by a characteristic dimensionless
time.

e It is not the full story, quantization of gravity is required.

e But the considered effects will (might?) be still around.
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