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ABSTRACT

In this article, we determine the reheating temperature in cosmological sce-
narios where heavy scalar particles are generated gravitationally through a con-
formally coupled interaction between a massive scalar field and the Ricci scalar.
We derive formulas to calculate reheating temperatures based on the mass and
decay rate of the produced particles, setting limits on their viable values. Lastly,
we examine the gravitational production of dark matter within this framework.

1. Introduction

According to cosmological inflation theory, the Universe underwent a brief
period of rapid expansion driven by a scalar field named inflaton [1]. As this
inflationary phase concludes, the Universe must transition from accelerated
expansion to a hot, radiation-dominated phase, aligning with Big Bang
Nucleosynthesis (BBN) and leading to the observable Universe. This vital
transition happens through a process called reheating [2].

In this framework, gravitational reheating [3, 4] offers a unique ap-
proach where a quantum field coupled to gravity generates massive parti-
cles. These particles decay into Standard Model (SM) particles and other
forms of matter and radiation, heating the Universe. Unlike conventional
reheating, which involves specific couplings between the inflaton and other
fields, gravitational reheating operates through the spacetime dynamics it-
self, making it independent of particular particle interactions.

The effectiveness of gravitational reheating heavily depends on the be-
havior of the inflaton field and its potential. A crucial factor is how quickly
the inflaton’s energy density decreases; if it declines slower than radiation,
it could re-dominate the Universe’s energy budget, creating conflicts with
the concordance cosmological model. To avoid this, it’s often required
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that the inflaton’s energy density decreases faster than radiation’s, impos-
ing conditions on the effective equation of state (EoS) parameter, weg, of
the inflaton field. Specifically, successful gravitational reheating requires
weg > 1/3, which implies certain conditions on the inflaton potential, such
as n > 2 for a potential of the form (",

In this work, our main objective is to derive analytic expressions for the
reheating temperature within the framework of gravitational particle pro-
duction, utilizing the so-called Bogoliubov approach [5]. A key element
in determining these expressions is the energy density of the produced
particles at the end of inflation, calculated analytically using the Stokes
phenomenon [6]. With this energy density, we derive a formula for the re-
heating temperature as a function of the decay rate and the mass m,, of the
produced particles, identifying values of m, and the corresponding range
of possible reheating temperatures.

Additionally, in scenarios without strong couplings between the inflaton
and standard particles, gravitational reheating can generate a non-thermal
particle spectrum, including potential dark matter candidates. This mecha-
nism is particularly compelling in models where dark matter interacts min-
imally with ordinary matter. During gravitational reheating, dark mat-
ter production occurs efficiently through gravitational interactions alone,
providing a universal production mechanism that does not require direct
couplings to the inflaton. With this in mind, we examine the gravitational
production of dark matter within the gravitational reheating framework.
We specifically consider two different scalar fields conformally coupled to
gravity, producing two types of particles with distinct masses. One particle
type decays into lighter particles to reheat the Universe, while the other
remains stable, serving as a dark matter candidate. In this work, we deter-
mine the particle masses that provide both a viable reheating temperature
and a present-day cold dark matter density, contributing to a more com-
plete understanding of the Universe’s dark matter and energy composition.

Throughout the manuscript we use natural units, i.e., h = ¢ = kg = 1,

and the reduced Planck’s mass is denoted by My = \/817TG >~ 244 x 108
GeV.

2. Gravitational Particle Production

In the context of a flat Friedman-Lemaitre-Robertson-Walker (FLRW) spa-
cetime, with a(t) as the Universe’s scale factor, we define pp(t) as the back-
ground energy density and (p(t)) as the energy density of the gravitationally
produced, heavy scalar particles that are conformally coupled. Assuming
that near the potential minimum (taken as @, = 0 for simplicity), the
potential follows a 2" form, as in models such as the one studied in [8]

2n
_./2_9
Vo(p) = AMY <1 —e \/;Mpl> , (1)
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where the value of the dimensionless constant A ~ 372(1 — ny)21079 —
ng ~ 0.96 is the spectral index of scalar perturbations— is obtained form
the power spectrum of scalar perturbations. Using the virial theorem, one
can conclude that, when the inflaton oscillates, the effective EoS parameter
is given by weg = (n — 1)/(n + 1) [9]. Since after inflation, the energy
density of the produced particles (or that of their decay products, e.g.
light relativistic particles) eventually has to dominate that of the inflaton
for the Universe to become reheated, we must demand that the energy
density of the inflaton decreases faster than that of radiation. This requires
Weg > 1/3 = n > 2. Otherwise, if the energy density of the inflaton
decreases more slowly than that of radiation, it could dominate again during
this period, which is incompatible with the concordance model. Therefore,
potentials appearing in Starobinsky (n = 1) or Higgs inflation [10], cannot
contain gravitational reheating as a mechanism to reheat the universe.

Remark 2.1: It is crucial to understand that when the potential behaves
as a quartic one, specifically ©*, i.e., n = 2, the model remains viable only
if the decay of the massive particles occurs well after the inflaton’s energy
density has dominated. In this scenario, both energy densities decrease at
the same rate, proportional to a~*(t), but the inflaton’s energy density will
not dominate in the future.

Remark 2.2: [t is also possible to realize the cases n =1 and n = 2
by assuming that the inflaton decays into relativistic particles of the Stan-
dard Model (SM) [11, 12]. However, this implies that the quantum field is
coupled with the inflaton field, which does not precisely align with the con-
cept of "gravitational particle production” [4, 13, 3, 14], where the quantum
field interacts with the Ricci scalar. Alternatively, one might consider that
reheating effectively occurs due to the coupling between the inflaton field
and a quantum field responsible for producing SM particles, while also ac-
counting for another massive spectator quantum field coupled to gravity,
which could serve as a candidate for gravitationally producing dark matter
[15, 7, 16, 17].

During the inflaton’s oscillations, which occur shortly after inflation
ends and before the produced particles decay, the evolution of its energy
density, averaged over time, can be described as follows (with ”END” mark-
ing the end of inflation):

AQEND

3(1+weg)
pB(t) = pB.END (a(t))

6n
CLEND) ntl

= PB,END <a(t) (2)

In addressing the gravitational production of particles, we consider the
Lagrangian density for a real massive scalar field that interacts with the
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Ricci scalar [18]:

L= 2\ lol(g" 0,006 — m2? — €R?) Q

where m, is the mass of the field, R is the Ricci scalar and £ is the di-
mensionless coupling constant. The Euler-Lagrange equation leads to the
following dynamical equation

(VAV, +mi + ER)p = 0. (4)
To facilitate the procedure, we consider the conformally coupled case
& =1/6, and thus, the Lagrangian becomes
2

L= % {(W —(V¢)? —d? [mi + g] ¢2} : (5)

where the prime denotes the derivative with respect to the conformal time
7 and V is the gradient operator. To simplify this expression we perform
the change of variable ¢ = x/a, obtaining

I A B ) ©)
2 X 2 dn a)’
and because the Lagrangian (6) includes a total derivative, it is dynamically
equivalent to
1

L= {00 = (V7 - ami2. @

thus, applying the Euler-Lagrange equations, we obtain its equation of
motion

X" = Ax +a’*mix =0, (8)
where in Fourier space takes the form
Xk +wi(m)xe =0, 9)

being wy(n) = \/k* + m2a?(n) the frequency of the k-mode. Next, we will
expand the modes in the following way,

xk(n) = () k., + (1) + Br(n)dk,—(0), (10)

where ay(n) and Si(n) are the time-dependent Bogoliubov coefficients and
we have introduced the positive (+) and negative (—) frequency adiabatic
modes

- (M
€3Fz fni wg (T)dT

¢k,i(77) = T(U) (11)
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Imposing that the modes satisfy the condition
Xi(n) = —iwg(n) (ar(n)dr+(n) — Be(n) bk, (), (12)

one can show that the Bogoliubov coefficients are subjected to the differ-
ential equation [19]

. w, —o; [P eE®) g

ault) = g™ g ) "
: _ t) 2 [ ok

Be(t) = gy o Tay(t),

where an overdot denotes the derivative with respect to the cosmic time,
and the following relation |az(t)|> — |Bx(t)|*> = 1, holds. It is crucial to
recognize that the S-Bogoliubov coefficients encapsulate both vacuum po-
larization effects and particle production. Shortly after the initiation of the
oscillations, the polarization effects become negligible. This implies that
when they stabilize at a value denoted by S, the coefficients only reflect
the contribution of the produced particles [20], and its energy density, after
the stabilization of the -Bogoliubov coeflicients, is given by [18]:

P0) = sy ) KerlBar = st [Tk (1

27 a4

Once we comprehend the evolution of these energy densities prior to the
decay of the heavy particles into lighter ones, two distinct scenarios emerge:
nearly instantaneous decay and non-instantaneous decay. As a result, we
will examine both situations with careful attention to detail.

2.1. Instantaneous decay

Let T" be the decay rate of the heavy massive particles, and it is worth noting
that the decay process ends when I' is of the same order as the Hubble
rate. Denoting pg dqec and (pdec) @s the energy density of the background
and that of the produced particles at the end of the decay, respectively,
after the decay, which we will assume nearly instantaneous and without a
substantial drop of energy, the corresponding energy densities evolve as:

) = pmae (295) ™ s (o) = ) (2)°, 9)
= — an = =

PB PB,dec a(t) P Pdec a(t)

because, after the decay, the particles are currently relativistic.

Hence, given the virtually instantaneous nature of the thermalization
process, the universe undergoes reheating at the conclusion of the inflaton’s
domination, denoted by the sub-index “end”, that is, when both energy
densities are of the same order. This leads to the relation:

2(n—2) 2(n+1)

Qg n+1 d 3n n
(ﬁ) _ (pdec) (Pend) = (Pace) "2 P i - (16)
Gend PB,dec
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Therefore, from the Stefan-Boltzmann law, the reheating temperature has

the following expression:
30\ (e |
~ (=) (pacdd 7)

Tt = (2" ()
n)=
reh 7ngreh Pend 7T2.glreh PB,dec

=

where gron = 106.75, is the effective number of degrees of freedom for the
Standard Model. At this point, we can refine this formula by taking into
account the evolution of the associated energy densities prior to decay.
They can be represented by the following expressions:

_bn_
aEND) nt1

0 (18)

pB(t) = 3H]%NDM§1 (

a 3
(p()) = (prND) ( END) . (19)

a(t)
Note that, one can calculate analytically pg gxD, because since the end
M? 2
of inflation occurs when the slow roll parameter e = —* (% / V) is equal

to 1, one can calculate analytically ppEND = %V(QOEND) = %VEND- Then,

when the heavy particles have completely decayed, which occurs when H ~

I, the semi-classical Friedmann equation H? = 5 1\1421 (pB + (p)), becomes,
p

2n

30°MJ = pBENDT™ + (pEND)T, (20)

where we have introduced the notation z = (agnp/adec)’. The solution
has the form = = F,(0,0), where F,, is a function which depends on n
and the parameters, © = (pgpnp)/pBEND, named heating efficiency, and

O = 3F2M§1/PB,END- For example, when n = oo, i.e. when weg = 1, ones
has

Fru(6,0) = % (Ver 16 - o), (21)

and for n = 3 we obtain z3/24 Oz —© = 0, which is a cubic equation when
one introduces the variable 2 = z2. This equation can be solved using the
Cardano’s formulas, obtaining;:

_ J1 [~ 203 _ [ 403
F3(0,0) = 32<@—27+,/®<@—27))+
2

N[ =
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provided that, © — % > 0, which always happens. Effectively, from the

equation z%/2 + Oz — © = 0 we have the bound ® > ©z. On the other
hand, since the decay occurs during the domination of the inflaton’s energy
density, one has (pdgec) < pB,dec Which is equivalent to ©? < z, then we
have:

_ 40° 4
- 1—— . 2
C) o7 >@;1:< 27>>0 (23)

Coming back to the reheating formula, we can find the final expression
of the reheating temperature as a function of the parameters © and ©:

L e N\
Treh(n) =5 x10 1 (F‘n(@@)> HENDMPI

L e T
~ 5 X 10 m Mp17 (24)

where we have taken, as usual for many inflationary models, Hgnp ~
IO*GMpl. On the other hand, given that the decay occurs during the dom-
ination of the inflaton’s energy density, we have the constraints I' < Hgnp

n+1
and (pdec) < PB.dec; Which after some algebra, is equivalent to Qnt <
F,(0,0). What leads to the following constraint on the parameters © and
O:

n+1

On-1 < F,(0,0) and ©<1. (25)

Finally, we calculate the maximum reheating temperature, which is
obtained when the decay occurs at the end of inflaton’s domination, that
is, when (pdec) = pB,dec, Which after some algebra, is equivalent to:

F,(0,0) =T, (26)

and thus, the maximum reheating temperature has the following expression
as a function of the parameter O:

max () & 5 x 1071021/ Hgnp My ~ 5 x 104020 M. (27)

Note that the maximum reheating temperature increases as n increases
because, with higher n, the energy density of the produced particles over-
takes that of the inflaton more quickly. Therefore, the maximum value is
obtained for potentials that, when the inflaton oscillates, the universe en-
ters in a stiff matter era, i.e., weg = 1. In this situation, the maximum
reheating temperature is given by,

m(00) 22 5 % 1071 /O Hanp Myt ~ 5 x 10~ VO My, (28)

where, once again, we have taken Hgnp ~ 10_6Mp1.
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2.2. Non-instantaneous decay

To better understand the gravitational reheating mechanism, we study in
detail the decay process, using the dynamics described by the Boltzmann
equations:

WD | 3H(p(1)) = ~T(p(t)) ana

d{py(t))

o+ 4H (pr(t)) = T(p(t)),(29)

where (p(t)) continues denoting the energy density of the produced par-
ticles, (pr(t)) the energy density of the decay products, i.e., the energy
density of radiation and, the constant decay rate I' represents the decay
of heavy particles into light fermions. Specifically, I ~ hZ’:X, where h is a
dimensionless constant [21].

We choose the following as the solution for the energy density of the
massive particles:

3
(p(t)) = (pEND) (C;Eg;j> e T(t—tenn), t > tEND, (30)

Inserting this solution into the second equation of (29) and imposing
that the decay begins at the end of inflation, we obtain:

a 4ot (s
() = (o) (32 ) [ A petemongs )

We define the time at which decay ends, denoted as tqec, as the time
when T'(tgec — tenDp) ~ 1, which gives tgec ~ tgnD + %, and we want to

examine the evolution of the decay products when ¢t > tqe.. Assuming
n+1

that the background dominates, we will have a(s) = agNDp ( 5 )W, and

tEND
taking into account that

0o . .
/ (S/tEND) 3;1 e F(s—tEND) gg o @_GL"IFE <

tEND

4n+l) N 7_%7 (32)

where we have used the previous definition of © and have denoted by I'g
the Euler’s Gamma function, we conclude that after the decay, i.e., for
t > tgec, we can safely make the approximation:

4
~ ~_n+1 (AEND
(1) = (o) ~50 (2222 (33)
On the other hand, recalling that the background evolves as

6n
AGEND ) n+1
)

a(t)

pB(t) = 3H]%NDM§I <
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and the universe becomes reheated when pg ~ (p;), we get:

2(n—2)

0=0% (“END> e (35)

Gyreh

and thus, the energy density of the decay products at the reheating time
is:

—__ntl n
<pr,reh> = BH]%NDMSIQ 2(n—2) @% (36)

Therefore, from the Stefan-Boltzmann law

30 \4 14
Tien(n) = (ﬂ_zgreh) {Pr,ren) ",

we obtain the following reheating temperature:

3n

1
B (_) 4(n—2)
Tren(n) =5 x 1071 (é"“) Hgnp M- (37)
2

We also need to determine the range of values for the decay rate I'. Since
the decay occurs well after the end of inflation, we have I' < Hgxp. On
the other hand, we have assumed that by the end of the decay, the energy
density of the background dominates, i.e., {pydec) < PB dec = 3M§1I‘2. To

get the bound, we use that the relation pp gec = 3M§1F2, leads to:

() s g o5

Gdec

and thus, inserting it into the relation (py qec) < 3Mp21F2, we conclude that:

0T <« VO < 1. (39)

In addition, the combination of (39) with the bound of the reheating
temperature 5 x 10722Mp1 < Tren(n) <5 x 10710Mp1 —what means that it
remains within a range consistent with Big Bang Nucleosynthesis, which
occurs around the scale of 1 MeV, and with an upper bound around 10°
GeV in order to avoid issues related to the gravitino problem [22]-leads to
four different cases. However, we have checked that the only viable one is
when

2(n—2)

_n_ — 84(n—2) H, ntl 3n
01 <« VO <10 ni1 < AIZNID> Onit, (40)
p
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provided that:

n—1 2(n—2)

42(n—1) M. n 28(n—2) M. 3n
107 " (—pl ) <0107 " (—pl ) , (41)
Hgnp Hgnp

which for Hgnp = 10_6Mp1 becomes:

_36(n—1) 24(n—2)

10 o KO 10”

(42)

A final remark is in order: When the decay occurs well before to the

onset of reheating one has F},(©,0) =2 ©"n . Therefore, in this situation,
both reheating formulas (24) and (37) coincide.

3. Stokes phenomenon

As we have already explained, the key quantity to calculate is the energy
density of the particles produced at the end of inflation [18, 19].

My [ 9,4 2
(PEND) = 277T2/o k*|Bk|*dk, (43)

where 3}, is the 8-Bogoliubov coefficient and, m,, is the mass of the produced
particles, which we will assume is small compared with the Hubble rate at
the end of inflation Hgnp.

We focus on the class of potentials (1). Taking into account that when
m, < Hgnp the main contribution of particle production comes from the
pure Hubble expansion [23], we disregard the oscillating effect, and we
approximate the scale factor, in the complex plane, by:

1

when  Re(n) < 1gND

" Henp7
a= n+1 (44)
2n—1
@END ["37‘:‘11 (1 N 7IE717\ID) + HE?VD} when  Re(n) > nenp,
with agnp = —m, being nenp < 0. This model depicts a purely

de Sitter phase during inflation with a sudden transition to a phase with
a constant EoS parameter weg(n) = 177. We have to recall that, for an

smooth potential as (1), this phase transition is not so abrupt.

On the other hand, the complex WKB approximation tells us that the
main contribution of the particle production comes from the turning points
(Stokes phenomenon) —in our case points where w?(n) = k? + a?(n)m2 =

X
0— and at the end of inflation [6].
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3.1. Turning points

The turning points corresponding to the de Sitter phase are 1, = ii%,
and since its real part is 0 they do not belong in the inflationary domain,
and thus, they do not contribute to the particle production. The other
turning points, corresponding to the other phase, are:

2n—1

3n 2n—1 n+1 k nt
1)2(n+D) - . 45
Ne om—1 TTEND ( ) m—1 TTEND <GENDmX > ( )

Here we can see that for n = 2 the real part of the turning points is
2neNnD, which belongs in the inflationary domain, and thus, there is no
contribution to the particle production. For the other values of n, when
k > agpnpmy, we can see that there are turning points whose real part
does not belong in the inflationary domain, and thus, they contribute to
the particle production.

Next, we consider only the turning points with positive imaginary part
and we take the straight line:

2n—1

3n 2m-1 41 k et
= — (—1)2(n+1) -
n om—1 nenp — (—1) B 177END ( ) 7,

n — AEND Ty
with 0<7<1. (46)

. . P A 9 9 2(n+1)
Over this line a(r) = iT21, and thus, wi(r) = k*(1 — 772n-T)

Therefore, based on the approach described in [24], we have:

MNec

|Bk]? = exp <—4Im wk(z)dz> ) (47)

3n
5n—1 TEND

where I'm denotes the imaginary part and the integral is performed along
the line (46). Then, we have:

3n
2n—1 o

k Hgnp | "
2~ E
3 . , 48
1P R HgnpagpN ( My > (48)

where the value of the dimensionless constant is:

1 1 2(n+1)
cn:4sin< T >n+ / V1—72n=T dr =
0

2(n+1)/ 2n—1

T 1 3
2 si _— t 2241 — tdt =
sm<2(n+1)>/ =N

0

. ™ 2n—1 3
2bln<2(n+1)>B<2n+2’2>’ (49)
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being B denotes the Euler’s beta function, and from all the turning points
with positive imaginary part we have chosen the one which the minimum
value of the imaginary part (see for details the Section 52 of the Chapter
VII in [24])).

Finally, its contribution to the energy density is:

(2n—1)/n 3
3 My GEND
Cni Hixn <HEND> < a(t) > ’ (50)

where

~ 1 o 2 Sn_

s n+1 — +1

Ch 92 (Hm" ) Ly exp( Cpx™ )dw
END
1 3n

= ﬁ/ z?exp (—cnx"+1) dzx. (51)
™ Jo

3.1.1. Casen=1

As an example, we calculate:

1 = 4\/5/01 V1—r4dr = 2B (i, g) = \/§FE (%) s (%)7 (52)

()

and since I'g (%) = \QF, and using the duplication formula [25]

I'e(2)TE <z + 1) = 21722 /1T p(22), (53)

2

we find I'g (%) = ;\’}F ( ) and thus, we obtain the same result numer-

ically obtained in [23] and analytically in the formula (B.4) of [15]:

1
—F2 &~ 4.9442 4
o =57 (7) a0 oY

where we have used that I'g (%) = 3.6256.
Once we have calculated c¢q, one has:

1 X g3/2 1 g 2 1
01:277@/0 e M dr = 2/0 yeydy:ﬂ_22

2




GRAVITATIONAL REHEATING AND BOUNDS IN OSCILLATING BACKGROUNDS 45

3.2. End of inflation

Concerning to the end of inflation, ngnp, close to this point we make the
quadratic approximation:

1
a(n) = agnp + ayypHeND(N — NEND) + §G%NDH%JND(77 —nenD)?, (56)

and up to degree two, we have
a®(n) = (57)
apnp + 205npHenp (0 — nenD) + 205N pHiNnp(n — 1END)?,

and the frequency can be approximated by

2 2, MEND 4 2 2 3 2
wi(n) = k° + — T 2apnpHEnpmy (77 - §?7END) ; (58)
and defining
3
T= \/\@a}zaNDHENDmx (77 - 577END) ) (59)
the dynamical equation of the k-mode is
4’ X 2 2
dr2 + (H +7 )Xk = 07 (60)
2 2 2
where we have introduced the notation x? = \;JQFQEN—Dmx/Q. Note that for
2agnp HEND My

this quadratic frequency the 8-Bogoliubov coefficient is obtained using the
well-known formula

(61)

k2 + a?n\pym2 /2

V2a2\p HEND My

which can be derived as follows. First, recall that the positive frequency
modes in the WKB approximation are

1 —i [ VRT¥r2dr
¢k,+(7') = me J ) (62)

and for large values of |7| (|7| > k) one can make the approximations
(2 + 7)Y =2 |7|Y/2 and VK2 + 72 2 |7] (1 + %), obtaining

¢k7+(7- < —I'i) =~ |T|71/2+iﬂ2/26i72/27

Bt (T > k) 22 |r| 71270326 =iT0 /2, (63)
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while for the negative frequency modes

bk, —(T> k) = (k2 +1 2)1/4€if RERTT o | T2 22 (G
K T

On the other hand, the positive frequency modes evolve as

Dbt (T K =K) — p, 4 (T > K) + Pdr, (T > k). (65)
So, to calculate the Bogoliubov coefficients one can also use the WKB
method in the complex plane integrating the frequency along the path

v = {z = |7|e*, =1 < a < 0}, obtaining that for 7 > & the early time
positive frequency modes evolve at late time as

e—§7r|7‘—1/2+m2/2eir2/2’ (66)
and comparing with (65) one gets

B2 =e™™™  and  |aplP=1+4 82 =1+ " (67)

Note that we can obtain the same result considering the turning point

3 k2 + agnpm?2 /2
e = 5MEND + @ ;
c2 V2aEp HEND

(68)

Vk2+agpm3 /2
\ﬁal%:NDHENDmx T
with 0 < 7 < 1, one gets mx2. Then, the complex WKB method also leads
to the same result.

From this result, and considering the case m, < Hgnp, we obtain that
the contribution to the energy density of the produced particles, is:

1 5oy my <aEND > ’
2 HZn. . 69
47'('3 mX END \/EHEND a(t) ( )

3.3. Enmnergy density of the produced particles at the end of in-
flation

and calculating 4Im | é’;END wk(2)dz over the line 3npNp +1

Taking into account the contribution of the turning points and the end of
inflation, we can conclude that, for m, < Hgnp, the energy density of the
scalar produced particles at the end of inflation is:

%I’;f (%) miH]%ND for n=1
(PEND) = (70)

12772 T
4W3mXHEND'/\/§HEND for n#1,
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where, we have used that, for n # 1, the main contribution to the particle
production is at the end of inflation, because, since we are dealing with
particles with mass lower than the Hubble rate at the end of inflation, the
m (2n—=1)/n
X

Hgnp )
dominant term is for n = 2 which is of the same order as the contribution
produced close to nEND.

contribution Cp,m, Hixp ( decreases as n increases, so the

3.3.1. Non-instantaneous decay
Considering the potential (1), and taking into account that inflation ends
when the main slow roll parameter is 1, a simple calculation leads to

Hgnp &5 (1 — QM‘/‘S’Z"_E‘Q’)TLlO_GMpl, which for all value of n is close to

2 X 10_6Mpl7 and from the formula of the energy density of the produced

particles at the end of inflation, i.e, (pExp) = zrzm? Hinp /\/ﬁ%’ for
END
my < Hgnp, we have:

1 m 2 m m 5/2
O=— -2 X >ex107H | X ) 71
1273 <Mp1) V2HgNp My )

Therefore, the reheating temperature, as a function of the mass of the
produced particles and the decay rate, becomes:

n _15n
~ -1 Hgnp thg) My 8(n—2)
Tren(n) =5 x 10 " o My, )
1%

with the constraints:

14(n—1) 10(n—1)
3x107 € X 2% 107w (73)
My

and the one given by (40)

5n 15n
2(n—1) I“ 2 72(n—2) 2(n+1)
LbN < < Zx10 e [ M . (74)
M, Henp 5) M,

On the contrary, assuming that the decay is nearly instantaneous and
close to the radition epoch, we find the following expression of the maximum
reheating temperature as a function of the mass m,:

max ~ — m 4<221)
e (n) 21077 <M;> My, (75)
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with
5(n—1)
2x 10"t < ™ « 9% 1079, (76)
M,

coming to the imposition that the reheating temperature is in the range of
1 MeV to 107 GeV.

4. Gravitational dark matter production

In this section, we study the gravitational production of dark matter within
the context of gravitational reheating. Specifically, we consider two quan-
tum scalar fields, X and Y. The X-field is responsible for the gravitational
production of X-particles with mass mx, which will decay into Standard
Model particles to reheat the universe. The Y-field, on the other hand,
is responsible for the production of Y-particles with mass my, which will
account for present-day dark matter.

Assuming that the decay of the X-particles occurs during the inflaton
domination. At the onset of radiation the energy density of the X-particles
is (36):

__—_ntl_ 3n_
(px,ren) = 3HaNp M5O """ 0% 7, (77)
where ©x and ©x are the parameters corresponding to the X-particles.

At the matter-radiation equality, which we will denote by "eq”, we will
have:

Areh <pYreh> <PYreh>4
= e () = X 78
Qeq <pX,reh> <p ,eq> <pX,reh>3 ( )

Next, we have to take into account that

(n+1)2  3(n+1)

3

a ND A 4dn(n— n—

(pY,ren) = (PY,END) < aE - ) =3HpnpMHO """ PO P 0y, (79)
Tre

where we have used the relation (35):

2(n—2)

_ ntl AEND n+1
— 6n
Oy =0y (
Gyeh

Therefore:

_nt1
(pYeq) = 3Hanp M50 2 0’0y (81)
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On the other hand, considering the central values of the red shift at
the matter-radiation equality z.q = 3365, the present value of the ratio
of the matter energy density to the critical one Q2,9 = 0.308, and Hy =
67.81 Km/sec/Mpc, one can deduce that the present value of the matter
energy density is pmo = 3H§M§19m,0 = 3 x 10_121MI§17 and at matter
radiation equality one will have pmeq = pm,o(1 + zeq)® = 107110M,. Since
practically all the matter has a not baryonic origin, one can conclude that
(PY,eq) = Pm,eq, and thus, we have the relation between the decay rate of
the X-particles and the heating efficiencies.

Then,

120%

3\ wit .
\/5%( Ox ) 10741, (82)

~

where we have used that Hgnp = 2 X 10_6Mp17 and from the constraint
(74), we get:

5(n+ 15

1)
2(n—1) @3 2(85n-72) [ Mmx 2
100 [ Mx X <5x100 w0 |-~ 83

(Mpl < @41/ =0 Mpl ( )

5/2
Next, from (71), we have © 4 = 6 x 107! (1\7%1) / , with A = X, Y, what
leads to the following relation between the masses:

n—2

2(n—1)
10717 x 105 < 7Y o qp-10 (X . 84
S, S My, (84)

4.1. Dark matter production when the reheating temperature
is maximum

As we have already shown, the reheating temperature attains its maximum

value when the decay is nearly instantaneous and it occurs close to the end

of the inflaton’s domination. In this situation, the energy density of the
2n

X-field at the onset of radiation epoch is (px reh) = SH%NDM&@F and

ntl
the one o the Y-field is (pyren) = 3H%NDM31®}}_1 Oy, what leads to

—2(n—2)
(py.eq) = 3BHExp MO "' O3 (85)
And thus,
H2 —2(n—2) —2(n—2)
38R0 6y 21071 = 120, Oy =107 (86)

2
M,
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What leads to the following link between both masses

n—2
my N _10 mx 2(n—1)
— =10 — . 87
M, (Mpl) (87)

5. Conclusions

In this study, we investigated the reheating temperature for inflationary po-
tentials where gravitational reheating—enabled by the production of mas-
sive particles conformally coupled to gravity—can take place effectively.
We found that for gravitational reheating to work during inflaton oscilla-
tions, the Universe must have an effective equation of state (EoS) parameter
greater than 1/3. This condition ensures the inflaton’s energy density de-
creases fast enough to avoid re-domination after the initial reheating phase,
a crucial requirement for post-inflationary evolution to match the standard
ACDM model.

We derived formulas for the reheating temperature in two cases: when
the decay of heavy particles is nearly instantaneous and when it is slower.
We also found an expression for the maximum reheating temperature, which
occurs when decay starts as soon as the produced particles begin to domi-
nate the energy density. Using the Stokes phenomenon, we calculated the
energy density of produced particles at the end of inflation as a function of
their mass, allowing us to set limits on particle masses that yield a viable
reheating temperature.

Additionally, we examined the gravitational production of dark matter,
deriving relationships between the mass of particles responsible for reheat-
ing and the mass of dark matter particles. These findings naturally link
the reheating process to the origin of dark matter, providing constraints
that enhance our understanding of both early-universe dynamics and the
genesis of dark matter within a gravitational reheating framework.
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