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Abstract The gravitational production of superheavy dark
matter, in the Peebles- Vilenkin quintessential inflation model,
is studied in two different scenarios: When the particles,
whose decay products reheat the universe after the end of
the inflationary period, are created gravitationally, and when
are produced via instant preheating. We show that the viabil-
ity of both scenarios requires that the mass of the superheavy
dark matter to be approximately between 10'¢ and 10'7 GeV.

1 Introduction

Quintessential inflation, which was addressed for the first
time by Peebles and Vilenkin (PV) in [1], is an attempt
to unify inflation and quintessence via a single scalar field
whose potential allows inflation while at late time provides
quintessence (see for instance [2]). A remarkable property
of the PV model is that it contains an abrupt phase transition
from inflation to kination (a regime where all the energy den-
sity of the inflation turns into kinetic), where the adiabatic
regime is broken and, thus, particles could be gravitationally
created [3,4]. This leads to the possibility to explain the abun-
dance of dark matter through the gravitational production of
superheavy particles [5,6], although gravitational production
of dark matter could also occur in standard inflation during
the oscillations of the inflaton field [7-9] (see also the early
papers [10-12]).

Considering the gravitational production of two kinds
of superheavy particles: X-particles, conformally coupled
with gravity, whose energy density after their decay and
later thermalization of decay products will dominate the
energy density of the scalar field in order to match with
the Hot Big Bang (HBB), and dark Y-particles which are
only gravitationally interacting massive particles (GIMP),
we will show that the PV model preserves the Big Bang
Nucleosynthesis (BBN) success. More precisely, the over-
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production of Gravitational Waves (GWs) does not disturb
the BBN for X-particles and Y -particles with masses in the
range of 1019-10'° GeV and 10'-10'7 GeV respectively,
leading to a maximum reheating temperature in the GeV
regime.

On the contrary, for massless conformally coupled X-
particles produced via instant preheating (see [13] for a
detailed discussion of this mechanism of particle creation),
assuming that Y-GIMP, which are gravitationally produced,
are the constituent of the dark matter, the viability of the
model requires that the mass of the superheavy Y -particles is
approximately of the order of 10'® GeV, yielding a reheating
temperature around 10% GeV.

The work is structured as follows: In Sect. 2 and improved
version of the well-known Peebles-Vilenkin model for
quintessential inflation is presented. Section 3 is devoted
to the study of gravitational production of superheavy X-
particles whose decaying products reheat the universe and
superheavy Y-particles which are the responsible for the
abundance of dark matter. In addition, we show how to over-
pass the constrains coming from the overproduction of grav-
itational waves. In Sect. 4 we consider the case in which the
X -particles are produced via instant preheating. The dynam-
ics of the scalar field, for the improved model proposed in
Sect. 2, is studied in detail in Sect. 5, and finally, we present
the conclusions of our study in Sect. 6.

2 The Peebles—Vilenkin model

Itis well-known that in quintessential inflation the number of
e-folds from the pivot scale exiting the Hubble radius to the
end of inflation is greater than 60. For this reason, in order
that the theoretical values of the spectral index and the ratio
of tensor to scalar perturbations enters in their marginalized
joint confidence contour in the plane (ny, ) at 20 C.L., we
have changed the quartic inflationary potential of the origi-
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Fig. 1 Marginalized joint confidence contours for (ng,r) at lo and
20 confidence level (CL). Considering the inflationary piece of the
potential as V = A¢”, in quintessential inflation, for the values of
B =4,2,3/4,1,2/3, we have drawn the curves from 65 to 75 e-folds
(see the green, which correspond to the original P-V model, and black
curves). And when one considers the standard inflation, for 8 = 2, 1, the
curves have been drawn in red from 50 to 60 e-folds. As one can see, the
quadratic potential (V o ¢2), which is disregarded in standard inflation
at greater than 2o CL from a combination of Planck and BICEP2 limits
on the tensor-to-scalar ratio [15], is favored for some likelihoods in
quintessential inflation. In the lower part of the image there is the curve
for the potential (2). The value of r is nearly O and, if considering all
Planck likelihoods, it stands within the 20 CL for 65 < N < 75

nal PV quintessential inflation model with a quadratic one,
obtaining:

sm* (> + M?) for ¢ <0

Vip) = 6 )]
%mzah for ¢ >0,

where m is the mass of the scalar field and M ~ 10 GeV, is
an small mass that has to be calculated numerically [14].

As we can see in the Fig. 1, the spectral index and the
tensor/scalar ratio enter perfectly in the two dimensional
marginalized joint confidence contour at 20 Confidence
Level (CL) for the Planck TT, TE, EE + low E and for the
Planck TT, TE, EE + low E + lensing likelihood [15]. In
addition, if one wants that the model enters, at 20 CL, in
the contour for the Planck TT, TE, EE + low E + lensing
+BK14+BAO likelihood, i.e., taking into account gravita-
tional waves, one has to replace the inflationary piece of the
potential by a plateau-like potential [16] or «-attractors [17—
19] such as an Starobinsky-type potential [20]

2
\/EL -
)LM21<1—6 3Mnl> +AM* for ¢ <0
Vip) = (2)
M

prryT for ¢ >0,

where A is a dimensionless parameter of the order 10719, and
now M ~ 10° GeV (see [1]). Effectively, for the potential
(2) one has (see for instance [19])
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nszl—ﬁ, and r:m, (3)
where N is the number of e-folds. Thus, as we have already
explained, since in quintessential inflation the number of e-
folds is greater than 60 one gets that » < 0.0034, and clearly,
the spectral index and the tensor/scalar ratio enters at 2o CL,
in the contour for the Planck TT, TE, EE + low E + lensing
+BK14+BAO likelihood (see Fig. 1).

Remark 2.1 The first piece of the potential (2) is obtained
when one deals with R? gravity in the Einstein Frame [20],
and the tail, which is the same used in [1], comes from SUSY
QED [21].

Remark 2.2 The second derivative of the potentials (1) and
(2) has a jump discontinuity at the beginning of kination,
but its physical origin is not discussed in the present work.
However, one may argue, as was shown in [22] where the
discontinuity of the second derivative of the potential appears
during inflation, that its origin could be due to a second-order
phase transition of another scalar field coupled with the field
@. This is a point that deserves future investigation.

To calculate Hy;,, the value of the Hubble parameter
at the beginning of kination for the model (2), first of all
we calculate the slow roll parameters: Denoting by €, =

M2 2
sz (‘(}”éf:;) and n, = MIZ,I V‘%SS) the values of the slow

roll parameters and by ¢, the value of the scalar field when
the pivot scale exits the Hubble radius, since the mass M sat-

~ 4 2./2 ¥ 4 2 o«
isfies M < My, onehas e, = 3¢ V3 Mol gy, = —5eV 3 M0t

and thus, the spectral index is given by [23]

2 _ex

1—ns%6e*—2n*§§e Ml “)

meaning that

3 3
0 = \/;Mp, In <§(1 - n5)> ) 5

On the other hand, the observational estimation of the
power spectrum of the scalar perturbations when the pivot

wsis Py = T2 5109
scale leaves the Hubble radius is Py = ¢— Mo, 2x10
[23]. Since during the slow roll regime the kinetic energy
density is negligible compared with the potential one, we will
have Hf = %M}%l, and using the relation €, = 13—6(1 — ng)?
one gets

A ~972(1 —ng)? x 1077, (6)

Taking into account that the observational value of the
spectral index is ny = 0.968 £ 0.006 [24], if one chooses its
central value one gets

A=9x 107" and ¢, = -5.42M,. (7
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Fig. 2 Evolution of the velocity of the scalar field obtained integrating
the Eq. (8) with initial conditions when the pivot scale leaves the Hubble
horizon, i.e., for ¢, = —5.42M; and ¢, =0

Now, taking into account that inflation ends when € = 1,

2

that is, when e\/;MLPl = «/5(2 — \/§). This means that the
value of the potential energy at the end of inflation is approx-
imately %A(4 —2J3)2M ;‘; ; which is many orders greater than
V() = AM*, because M < M ;. Thus, we can safely con-
clude that the kination phase, i.e. when practically all energy
density is kinetic, has already started when the field ¢ crosses
the origin (see also the Fig. 2, where one can see that the max-
imum of the velocity of the scalar field is obtained very close
to ¢ = 0.). Then, to simplify, we can consider that kination
starts at @i, = 0, and to obtain the value of the Hubble rate
at the beginning of kination, namely Hy;,, we have to solve
numerically the conservation equation

¢2
5+ Vip)
. ) . N
p.
with initial conditions ¢, = —5.42M; and ¢, = 0 (obvi-

ously, one can choose other similar initial conditions and the
result has to be practically the same, because the inflationary
dynamics is an attractor).

Using event-driven integration with an ode RK78 integra-
tor, when ¢ vanishes one gets ¢, = 3.54 x 10_6M1231, and
thus

¢kin

Hiin = ———— = 1.44 x 107°M ;, ©
"t eMy, i

and

Pykin = 6.26 x 10712M3,. (10)

Coming back to the PV model (1), one has €, = n, =
2

2M . ..
7"1, and thus, the spectral index is given by

*

8sM?

1 —ng = 66, — 27, = —
i

(p* - l—}’ls pl’

and using the formula of the power spectrum of scalar per-
turbations one gets

[3
m~ 1—071(1 —ng) x 107°M, (12)

which for ny = 0.968, leads to
m=5x10"M, and @, = —1581M,. (13)

Once again, using event-driven integration with an ode
RK78 integrator one gets ¢y, = 2.34 X IO’GMil, and thus

Okin

Hyin = =95x%x 107'M,,, (14)
a \/BMpl !

and

Py.kin =273 x 1072 M7, (15)

To end this Section, note that, for the model (2), at the
beginning of kination the energy density of the inflation is
Py kin = 6.26 % lO’lef)l, which shows that the energy den-
sity drops an order of magnitude between the end of inflation
and the beginning of kination, because at the end of inflation
the effective Equation of State (EoS) parameter wesr = % is

equal to —1/3, meaning that, at that moment, (;'32 =V(p),ie.
p = %V, and thus, at the end of inflation, as we have already

2 9
seen, when e = 1 — e\/;MP’ = V32 — V/3) the energy
density is given by 314 — 2v/3)?M}; = 3.8 x 1071 M.
Finally, note that the same happens for the model (1).

3 Reheating via gravitational particle production

Since the second derivative of the potential (2) is discon-
tinuous at ¢ = 0, from the conservation equation one can
see that the third temporal derivative of the inflation field
is discontinuous at the beginning of kination, and using the
Raychaudhuri equation H = —#22] one can deduce that at
the beginning of kination the third iierivative of the Hubble
parameter is discontinuous, enhancing the particle produc-
tion as discussed in [25].

Then, in order that vacuum polarization effects do not
disturb the dynamics of the ¢-field, the mass of super-
heavy A-particles, produced gravitationally, has to satisfy
ma > Hp > m, where we have assumed that the beginning
of inflation occurs at GUT scales, that is, when the Hubble
parameter is of the order Hp ~ 10'* GeV (see for instance
[26]). For this reason, the mass of superheavy particles must
satisfy m4 > 10'5 GeV.

In fact, in the conformally coupled case, the k-mode sat-

isfy the equation

X+ @R (D =0, (16)
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where the derivative is with respect the conformal time and

wi (1) = /K2 + a®(r)m? is the time dependent frequency.

Note that the jump discontinuity of the third derivative
of the Hubble rate is equivalent to a jump discontinuity
of the fourth derivative of the frequency wi(t), and thus
its fifth temporal derivative is like a Dirac’s delta, so for a
smoother version of the potential (2) the discontinuity of the
second derivative of the potential could be replaced by the
1 & dw(r)
6( ) dt 75
of time centered at the beglnnlng of kination. However, a
smoother potential hinders the possibility to obtain analytic
expressions of the energy density of the produced particles,
and for this reason we will continue with the potential (2).

Then, using the WKB approximation up to order two

1 . T
WKB _ —i f Wy i (s)ds
X (D= |50——¢ ; , (17)
2.k 2Ws 4 (T)

where W5 ; has the following complicated form [27]

no-adiabatic condition —— > 1 during a short period

2,4 . L, sm?a®
3 (H+3H") + —5H
w;, 8wy

Worx = o —

2.6
@ (i +15HH + 100 + 86H H? + 60H")

5
6k
4,8

a7 —(28HH + 19H* + 394H H? + 507H*)
w
k
221m6a10(H F3HY)H? - 1105ma'?
32w} 1280}!

(18)

one can find the Bogoliubov coefficients of the k-mode,
namely o and S, matching the mode (17) with the com-
bination o x,'} WEKB (1) + ﬁk(XZWkKB)*(r) at i = 0, ie.,
when the third derivative of the Hubble rate is discon-
tinuous. Denoting by Tiin this time, we will have By =
zW[X (rkm) X2 KB (rkm)], where }V is the Wronskian,
and we have used the notation f (rkﬂfn) = limréfﬁn f(o),

ie., f (tkjl?n) denotes the limit on the right and on the left of
the point ty;y,.
Then, the leading term of the 8 -Bogoliubov coefficient is

1 [ War(tg) = Wak ()
W2k ) Wk,

, and thus, form the expression (18),

one can see that the discontinuous term is % 6o 5 H meaning
that
4 12 (¥ 2
myag, (H(vg,) — H(g; ))
|,8k |2 E A%kin kin kin (19)

1024012 (thin)

Therefore, deriving the Raychaudury equation twice, one
has H = ——(go + @), obtaining

@ Springer

H(zy;,) — H(tg,) =

1 . e
— o Puin (9 (5,) = (Ti))- (20)
I}
In addition, from the temporal derivative of the conserva-
tion equation, ¢ +3H¢+3H@+¢ Vye = 0, and taking into

account that Vi, (0%) = 0, one deduces that for the model

2)

() — P(15) = —@rin Ve (07)
4 )
=~ Muin My, 1)
thus, using (20) and (21), one gets
.. 4
H(rkin) H(tkm) - )”(pkm (22)

and the expression of the square of the Sr-Bogoliubov coef-
ficient becomes

4492 12
m a
|,3 |2 ~ A klnwkln (23)

576w lz(fktn)

On the other hand, the energy density of the produced
particles pa(t) = 57— 4 fo wr(T)K?|Be|2dk  (see for
instance [28]), before the decay of the X-particles, evolves
as

~ ma X a0
= k dk
pa(0) = 4 fo 1Bl

~ 3.7 % 10-532 ( Pin WETAY (24)
. ma a(ty) ’

where A = X, Y.

Remark 3.1 Note that creation of superheavy particles in this

model is power law small. Effectively, p4 (tkin) ~ (‘fr’l": )4
and this is due to the discontinuity of the second derivative
of the potential at ¢ = 0. On the contrary, when the potential
is very smooth the energy density of the created superheavy
particles is exponentially suppressed by a factor e ~¢A™ A/ Hkin
[9], where c 4 is amodel-dependent dimensionless parameter,
meaning that for such a class of potentials the gravitational

particle production mechanism is not efficient.

Thus, before the decay of the X-particles, one will have

4
py (1) = (’"—X) px (1), (25)
my

which means that, for the PV model, one has to assume m y <
my in order to have a radiation era.

At this point, it is important to take into account that when
reheating is due to the gravitational production of superheavy
particles, in order that the overproduction of GWs does not
alter the BBN success, the decay of these particles has to
take place after the end of kination [26]. Then, assuming as
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usual instantaneous thermalization, the reheating is produced
immediately after the decay of the X-particles, obtaining

4
mxy

PY,rh = <_> PX,rh» (26)
my

where, the subindex “rh” means that the quantities are eval-

uated at the reheating time. After reheating, the evolution of
the corresponding energy densities will be

4 3
_ arp
px(T)= /Oth( ()) s Py (T)=py,rh <—a(f)) , @7

meaning that at the matter-radiation equality:

4
a m
arh _ PY,rh _ (_X) 7 (28)
Aeq PX,rh my
and consequently
12 2 16
mx TT"8x 4 (MX

= e = _T - 9 29

PY,eq PY,rh <my> 30 rh (my) (29)

where T is the reheating temperature and g, = 106.75 are
the degrees of freedom for the Standard Model.

On the other hand, considering the central values obtained
n [30] of the red shift at the matter-radiation equality
Zeq = 3365, the present value of the ratio of the mat-
ter energy density to the critical one €2,,0 = 0.308, and
Hp = 67.81 Km/sec/Mpc, one can deduce that the present
value of the matter energy density is p,;.0 = 3H§M}2ﬂ§2m‘o =
3.26 x 107121 M;‘,l, and at matter-radiation equality one will
have py.eq = pm,0(1 —i—zeq)3 =4.4%x10"'eV*. Since practi-
cally all the matter has anot baryonic origin, one can conclude
that py e = pm,eq, meaning that the reheating temperature
is given by a function of my /my as follows:

4
Top 3.3 x 10710 (Z-i) GeV. (30)

3.1 Decay after the end of the kination regime

As we have already explained in the previous Section, in
order that the overproduction of GWs does not alter the BBN
success, the decay of the X-particles has to be produced after
the end of kination, which occurs when the energy density of
the inflaton field is equal to the one of the X-particles, i.e.,
when px (Tena) = Py (Tena), where we have denoted by .pq
the time at which kination ends. Then, the decaying rate,

namely I', has to satisfy I' < H(T.nq) = Hena, and one has

2pg.end
2 @,en
end = 2 (31
3Mpl
and
6 6
Aki Ak
Py.end = Py, kin <J> = 3Hk2inM1271 <i> . (32)
Aend Adend

Now, taking into account that during kination the energy
density of the inflaton field decays as a~°, and the one of the
produced particles as a3, at the end ok kination (PX.end =
Pg,end)> we will have

3 6
agi aki
OX kin ( m) = Pgp.kin < m) , (33)
Aend Adend

3
that is, (Z"”’ ) £Xkin
1 Py, kin
ing efficiency defined in [31] as

, and introducing the so-called heat-

. M.\4
@ = PXkn ~ g5 10738 <—P’> , (34)
Py kin mx

We can write Py, end = 3szmM2 ®2.

Consequently, (31) leads to Hepg = ﬁHkm@, and from
the constraint I' < H,,; one obtains the bound

4
r <15x1078 <@> . (35)
M pl mx

On the other hand, assuming once again instantaneous
thermalization, the energy density of the X-particles at the
reheating time will be px 5 = 3F2M,2;1’ and thus, the reheat-
ing temperature will be given by:

1
90 \?* [T
Top=(——) JTM,;=13x10"® | — GeV. (36
rh (ﬂzg*> pl X Mpl (5 (36)

As a consequence, from the two expressions of the reheat-
ing temperature (30) and (36) one can write the mass of the
dark matter as a function of I and m x as follows:

r\1/8
my =7.9 x 10° (—> my. (37)
My,

Remark 3.2 In our work we have not considered the pro-
duction of light particles nearly conformally coupled with
gravity [3] because its energy never dominates and do not
have any influence in the evolution of the Universe. Effec-
tively, the energy density of these light particles, namely p,,
evolves as [1,3] (see also [32] for a detailed discussion)

4
~ 10-2 2474 [ Gkin

pr(1) = 1072(1 — 68)* Hy, (a (T)) , (38)

where £ is the coupling constant and for the sake of simplicity

we will take |1 — 6&| ~ 1072, although it could be smaller

than 1072,

Then, when the energy density of the X-particles i
of the same order than of the field ¢, one has p, .4
10_6H4 ©*3 which has to be compared with py ¢ng =
3H1<21 nM 3 @2. A simple calculation leads to

wn

12

4\ 2/3

m
Prend =13 %1073 (102X ) (39)
p(p,end pl
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and for masses satisfying my < 3 x 10_3Mp1 = 73 x
10> GeV, which as we will see enter in our range, we have
Pr,end
Py,end

< 0.53, (40)

concluding that the energy density of the light particles cre-
ated during the phase transition from the end of inflation to
the beginning of kination never dominates because its energy
density decreases as a—* while the one of X-particles as a~>.

3.2 Overproduction of GWs

The success of the BBN demands that the ratio of the energy

density of GWs to the one of the produced particles at the

reheating time satisfies [33]

PGW,rh
PX,rh

<1072, (41)

where the energy density of the GWs is given by pgw (t) =
lO’zH,fm (akl-n/a(r))4 (see for instance [3]).
Therefore, taking into account that

4
<a"—’”> — 03, 42)

Aend

and

<aend>4 B < PX,rh )4/3 B < r )8/3 )
Arh PX,end ﬁHk,'n(a '

T Akin _ [ Gkin dend :
writing Mt = (aend) (arh ) we will have

8/3
pGw.rn = 1072 H}, (L) (44)
Jrn — [ ’
o\ V26 Hi,
and thus,
16/3 / 1 \2/3

PGW.rh ~ 5 o 1038 (m—X> <—> , (45)

PX.rh Mp My
meaning that the bound (41) leads to the constraint

r M8
— <51 %1079 <—"l) . (46)

pl mx

Here, it is important to realize that for my > 2.4 x
1075M pl the constraint (46) automatically implies (35), and
thus, taking into account that 7,., > 1 MeV because the BBN
occurs at the MeV regime [34], one gets that I" must satisfy

M 8
<5.1 x 102 (m—’:) (47)

50x 1078 < —
pl

which always holds when
5.8 x 10" GeV < my < 10'° GeV. (48)

Taking into account that my > 1015 Gev, (recall that,
as we have explained in Sect. 2, my > Hp ~ 1014 GeV)
the mass of X-particles is constrained to 1013 GeV < myx <

@ Springer

10'° GeV, and consequently, from (36) and (47), for our
model the reheating temperature is bounded by

1 MeV < T, <9.7GeV, (49)
and from (37) and (47) the mass of the Y -particles by
4.1 x 10" GeV < my < 4.1 x 10" GeV. (50)

We finish this Section with the following remark: As
we can see, the choice of masses of the X-field greater
than 10" GeV produce a very low reheating temperature.
However, as has been discussed in the introduction of [18]
(see also the end of the Section 4.2 in [17] and the bound
obtained in [31]), when reheating is via gravitational pro-
duction of light particles, for very low temperatures less
than 10* GeV, a spike in the Gravitational Wave spectrum,
which is large enough to challenge the BBN process, is gen-
erated during kination. To overpass this situation we have
to consider masses of the X-field satisfying the condition
5.8 x 1013 < myx < 1044 GeV, because in this situation,

8
taking MLpl =5.1x 10792 (Z—;l) in (47), one gets

-13 < Mp )4

T =293 x 10 —— ] GeV, (51)
mxy

which formy < 10 GeV, leads to the lower bound Tn >

10* GeV.

Another way to alleviate this situation is to assume that the
X-field is not conformally coupled with gravity. In this situ-
ation, the X-field could have masses of the order 10!° GeV
or greater, obtaining a maximum reheating temperature of 66
TeV (see [37] for a detailed discussion).

Finally, as we will see in next Section, when the particles
responsible for the reheating are created via instant preheat-
ing this problem disappear, because the reheating tempera-
ture is around 108 GeV.

4 Instant preheating

In this Section we consider an interaction between the
scalar field and a massless X-field conformally coupled with
gravity, whose interacting Lagrangian is given by L;,; =
- % g2¢?X?, where g is a coupling constant and the enhanced
symmetry point has been chosen ¢ = 0, because, as we have
already seen, at this point the velocity of the scalar field is
nearly maximum (see Fig. 2), what, as one can see from for-
mula (57), maximizes the particle production. In this situation
X-particles, having an effective mass m,rr = go(t), are cre-
ated via a mechanism named instant preheating, which was
introduced in [13] in the framework of standard inflation, and
was applied, for the first time, to quintessential inflation in
[35].
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Remark 4.1 Note that here the X-field is completely differ-
ent to the one considered in the previous Sections, however
the superheavy dark matter Y-field is the same, i.e., it con-
tinues only interacting gravitationally.

As was discussed in [35], in order to avoid a second infla-
tionary period, it is mandatory that, unlike the superheavy
particles created gravitationally studied in the previous sec-
tion, these X -particles decay well before the end of kination.
Then, at the matter-radiation equality we will have

4
Adec Addec 3
PX,eq = PX,dec P s PY,eq = PY.dec a_ , (52)

eq eq

and since px,.q = Py,eq One will have

3

PyY.,d

PY,eq = PY,dec < €C> . (53)
PX,dec

Now, using that the decay of the X-particles is finished

3
when ' = Hy,e = Hiin (a"’g’z ) , and that the energy

3

density of the Y-particles decreases as a™~, i.e., Py dec =

3
PY kin ( Zkl'é) , we obtain

d
3
r :
(M) ] (54)
Hiin \ pX dec
In addition, taking into account that at the decay time the

scalar field is near M, (see for details [35]), and thus, the
effective mass of the X-particles is g M/, one gets

PY,eq = PY,kin

Akin 3
PX.,dec = gMplnX,dec = gMplnX,kin ( ) s (55)
Adec
where ny denotes the number density of produced X-
particles.
Therefore, one will have
PY,dec _ PY, kin ' (56)
PX,dec gMplnX,kin

On the other hand, at the beginning of kination the number
density of X-particles is [35]

3/2,:3/2
8 / Prin

83
and the energy density of the Y-particles is given by the
formula (24), meaning that, at the matter-radiation equality
one has

nX kin = : (57)

3 3
877 py kin
PY,eq = PY kin

r
Hiin gs/szl(ﬁ]j/z

m
My \'® T
=96 x 10753g15/2 <—”’> —

ev?, (58)
my My,

which compared with the observational value of the matter
density at the matter-radiation equality 4.4 x 10~ 'eV*, leads
to

r o\ /16
my =59 x 1074g=13/32 (M_1> M. (59)
14

Dealing with the reheating temperature, if one assumes
once again instantaneous thermalization, it is given by (see
[36] for details)

Th_< 30 )1/4/)1/4 [ PX. dec
r g*nz X,dec Po.dec

M 1/4
= 10l4g15/8 (%’) GeV, (60)

because at the end of the decay of the X-particles
Py,dec = 3F2Mil and

Hiip T e

~ 10=2.5/2
PX.dec =1077g . (61)
ec Mpl Mpl pl
When X-particles decay into fermions via a Yukawa type
interaction 2y X with a decaying rate I' = gM”I where

h is a coupling constant [35], the mass of the Y -particles and
the reheating temperature become

my = 1.1 x 10°g71332p1/8 Gev  and
T =22 x 10M4g13/837172 Gev. (62)

However, as has been showed in [36] there is a narrow
range of values of the parameters g and % for which instant
preheating is viable. For example, choosing (h = 107!, g =
107*) or (h = 1072, g = 5 x 107>) one gets:

y ~ 10 GeV and T, ~2.2 x 10® GeV. (63)

Finally, we want to stress that when the particle production
of X-particles is via instant preheating the overproduction of
GWs does not alter the success of the BBN, because

PGW,rh < PGW kin

< = 1.6x1071975/2 <1075, (64)
PX,rh gMplnX,kin

5 Evolution of the universe in quintessential inflation

This section is a review of [14] and the Section 4 of [37].
We start with the initial conditions, at the beginning of
kination for the model (2), obtained in Sect. 2:

Ghin =0, Grin =3.54 x 107°M,. (65)

During kination, the scale factor and the Hubble rate
evolves as a o t1/3 = H = % and from the Friedmann
equation, the evolution in this phase will be

(,0 Hiip
5 3t2 — (t)—[Mplln<H(t)) (66)

@ Springer



257 Page 8 of 10

Eur. Phys. J. C (2020) 80:257

Then, at the end of kination, one has

/2 .
Pend = — gMpl In (ﬁ®) s Pend = zﬁMlekin@)»
(67)

where, once again, we have used the relation H,,qy =
V2 Hyin®

During the period between f,,,4 and ¢,j, in the case that the
X particles are created gravitationally, the universe is matter
dominated and, thus, the Hubble parameter becomes H = 32
During this epoch, the gradient of the potential could also be
disregarded, hence, the equation of the scalar field becomes
¢+ %gb = 0, and thus, after few calculations, at the reheating
time one has

2
Orh = Qend + \/;Mpl (68)
and
\/_ Mpl
Dri = 69
$rh = 4 sznO ( )

During the radiation period one can continue disregarding
the potential, obtaining

t

8x T;
6 30 Hiin
wrongly the authors take ¢.pt;r = \/; M) at the matter-
radiation equality one has

. trp
(p(t) = @rh + 2§0rhttr (1 - _> s (70)

and thus, since @qpt; = (1n [14] and [37]

T2 4H,
Gog = prn+ =[S Tr ([T
3V 30 Hy, © 3H,)
S S o l_ﬁ g\ Ty
"3V 30 Hyin© 3\ g Trn
2 2
g* Trh ~ 2Trh
x~ , 71
‘p”“Ls 30 Hin® " Hn 7D

where g., = 3.36 are the degrees of freedom at the matter-
radiation equality and T, is the temperature of the radiation
at the matter-radiation equilibrium, which is related with the
energy dens1ty via the relation p.; = Tz geq T4 = 8.8 x

10~ , and thus, given by T,; = 7.9 x 10_10 GeV.
In the same way,

(P (/7 Irh trh 16geq 3/4 ﬁ 3¢
“ " teq teg \ leq 9g>k Ty o

T3 Ton T.,m*
=177 =58 10740 X (72)
My Hyin ® Mpl

@ Springer

After the matter-radiation equality the dynamical equa-
tions can not be solved analytically and, thus, one needs
to use numerics to compute them. In order to do that, we
need to use a “time” variable that we choose to be minus
the number of e-folds up to the present epoch, namely,
N=-In(l1+2z) =
one can recast the energy density of radiation (the energy
density of the decay products of the X-field which we con-
tinue denoting by px) and dark matter respectively as

4 ). Now, using the variable N,
ao

px(N) =

PehNe=) - py (N) =

%63(Ne¢,—1v>, (73)

where Nog = —In(1 + z,4) = —8.121 is the value of N at
the matter-radiation equality.

In order to obtain the dynamical system for the (2) model,
we introduce the following dimensionless variables

@
HoMp’

¥
xX=—, y= (74)
My,
where Hy = 1.42 x 10733 eV denotes the current value of the
Hubble parameter. Now, using the variable N = —In(1 + z)
defined above and also using the conservation equation ¢ +
3H¢+V, = 0, we will have the following non-autonomous

dynamical system:

5 (75)
= _3y— Y%
y_ 3y I_‘Iv

where the prime represents the derivative with respect to N,
H = Hﬂo andV = W.Moreover the Friedmann equation
now looks as

- 1 2 _
H(N) = ﬁ/%+V(X)+ﬁx(N)+ﬁy(N), (76)

where we have introduced the following dimensionless

energy densities py = — Op i and py = Hop T

Then, we have to integrate the dynamical system, starting
at Ney = —8.121, with initial condition x4 and y.; which are
obtained analytically in formulas (71) and (72). The value of
the parameter M is obtained equaling at N = 0 the equation
(76) to 1, i.e., imposing H(0) = 1.

On the other hand, note that

— mX 4
Yeg =41 X 107 2 , )

and thus, for viable reheating temperatures 7, < 9.7 GeV
one has y.; < 1. And for x,, after a simple calculation, one
gets (Fig. 4)
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Fig. 3 Evolution of the different dimensionless energy densities for
myx ~ 10'* GeV and T,;, ~ 10* GeV

Q
1.0}
0.8}

— Qx (N)
0.6/F

I Qy (N)

0.4\ Q, (N)
0.2

L L sl i L N
-8 -6 -4 -2 2 4

Fig. 4 Evolution of the different Q for my ~ 10" GeV and T, ~
10* GeV. At late times Q, = 1, meaning that all the energy density of
the universe is the one of the scalar field

2 My,
Xeg = 3 86.17 —4In | ——
mx

T2 m 4

a1 Lrh X

+1.9 x 10 42 — . (78)
Mpz Mp

Summing up, what we have obtained numerically for the
viable values of the reheating temperature and the masses of
the X-filed is that the value of the mass M ranges between
2.5x10° and 8.6 x 10° GeV, what completely agrees with the
value obtained by Peebles and Vilenkin in his seminal paper
[1]. In addition, as one can see in Fig. 3 that the scalar field
slow-rolls the inverse power law potential after the matter-
radiation equality, leading to an eternal acceleration because
the effective Equation of State parameter goes towards — 1
(see Fig. 5).

Finally note that the for the potential (2) the energy scale of
inflation is [38] V/*4(p <« —Mp;) ~ A1/ M ~ 10" GeV,
which is very close to the GUT scales, while the energy scale
for Dark Energy V/4(¢ = 0) ~ A1/4*M ~ 10? GeV is near
the electroweak scale. Therefore, our model provides natural
scales for inflation and Dark Energy.

Fig. 5 Evolution of the effective Equation of State parameter formyx ~
10 GeV and T, ~ 10* GeV. Al late times werf — —1, what means
that the universe accelerates forever entering in a de Sitter phase

6 Conclusions

In this paper we have presented the idea of creating dark mat-
ter in a quintessential inflation model whose potential, which
is an improvement of the well-known Peebles-Vilenkin one,
is composed by a Starobinsky Inflationary type-potential
matched with an inverse power law potential, which is
responsible for quintessence. Since the phase transition from
the end of inflation to the beginning of kination is very abrupt,
the adiabatic regime is broken and superheavy particles could
be gravitationally produced. We have assumed two different
reheating mechanisms:

1. Inthe first one, two kind of superheavy particles are grav-
itationally produced. X-particles, whose decay products
form the baryonic matter, and GIMP Y -particles, which
are responsible for the dark matter abundance. For this
model we have shown that, for reasonable masses of the
X -particles between 104 and 10!° GeV, a viable model
with a reheating temperature from the MeV to the TeV
regime is obtained when the mass of the dark matter par-
ticles is of the order 106 — 10!7 GeV.

2. The second mechanism is the well known instant pre-
heating, where now the X-field is massless and coupled
with the scalar field, and the superheavy Y -field depicting
dark matter continues only interacting gravitationally. In
this situation, a viable model requires a reheating tem-
perature around 108 GeV and dark matter particles with
masses around 10'® GeV.

Finally, in the case that both kind of particles are produced
gravitationally, we have shown numerically that the model
leads, at late times, to an eternal inflation with and Equation
of State parameter equal to —1.
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