Reheating after Gauss-Bonnet inflation
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The physics of reheating after cosmic inflation is highly uncertain and unconstrained hence it is
strongly model dependent. However, the duration of reheating and thermalization temperature at
the end of reheating can be determined in terms of the equation-of-state parameter. By considering
the chaotic inflation with the monomial coupling, we attempt to determine the equation-of-state
parameter during reheating. Our result shows that wyn > 1/3 is preferred in order for successful in-
flation to occur. Moreover, reheating lasts longer in our model and predicted reheating temperature
at the end of reheating is lower than the standard scenario.
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I. INTRODUCTION

Inflationary scenario, in which the universe is as-
sumed to be expanded quasi-exponentially, plays an
important role in explaining the cosmological prob-
lems, including the flatness and the horizon problem,
and providing a theory of the primordial spectrum of
cosmological perturbation [1-4]. After inflation came
to the end, the inflaton field is considered to be oscil-
lating around the minimum of its potential hence it
transfers its energy to the plasma of standard model
particles. This period is known as the reheating.

The reheating phase can be characterized by three
key parameters including the number Ny, of e-folds,
temperature Ty, of reheating, and the equation-of-
state wg, parameters [5]. These parameters can be
linked to observable quantities of inflation such as
the scalar and tensor spectral index, ng and n;, their
running, o and o, tensor-to-scalar ration r, and the
number of e-folds N, during inflation [6-8].

Following the approach proposed in Refs. [6-8], in
this paper we study several models of inflation with a
Gauss-Bonnet term using Ny, —ngs and Ty, —ns plane.
Inflationary models with a Gauss-Bonnet term is not
uncommon and has been well studied in inflation [11-
14] as well as the physics of reheating [15, 16]. The
inflation models with a Gauss-Bonnet term we have
additional model parameters. Thus, we provide the
constraints on model parameter in light of current
and the accuracy of the future observation [2-4, 9,
10].

II. SETUP FOR GAUSS-BONNET
INFLATION

The action we consider involves the Einstein-
Hilbert term and the Gauss-Bonnet term that cou-
pled with a canonical scalar field through coupling
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where R4p = Ryupe RMP7 — AR, R + R? is the
Gauss-Bonnet term and x? = 87G = Mp_12 is the re-
duced Planck mass. The Gauss-Bonnet coupling &(¢)
is required to be a function of a scalar field in order
to give nontrivial effects on the background dynam-
ics. In a Friedmann-Robertson-Walker(FRW) uni-
verse with a scale factor a and a constant curvature
K,

ds* = —dt* + a® ( + r2dQ2> , (2
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the background dynamics of this system yields the
Einstein and the field equations
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where a dot represents a derivative with respect to
the cosmic time t, H = a/a denotes the Hubble pa-
rameter, Vg = 0V/d¢, & = 0£/d¢, and ¢ implies
f = 5@5. Throughout this paper we consider the flat
FRW universe with K = 0 for simplicity.

Although, similar works have been done in previ-
ous studies [15, 16], the aim of this work is to con-
sider models which have not been previously studied
and to provide the tight constraints on the range of
model parameter. The model of interest in this work
was, however, considered in Ref. [13] in a context of
inflation.
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III. REHEATING PARAMETERS IN
GAUSS-BONNET INFLATION.

Reheating is a transition era between the end of in-
flation and the beginning of the radiation-dominated
era during which the energy stored in the scalar-
flied is converted to a plasma of relativistic particles.
There is no direct cosmological observation are trace-
able this period of reheating hence the physics of re-
heating is highly uncertain and unconstrained. Thus
the reheating is very model dependent. In this sec-
tion, following the method proposed in Refs. [6-8], we
derive analytic expressions for the reheating param-
eters for the Gauss-Bonnet inflation [13, 14] whereas
next section is devoted to the numerical analysis of
the current section.

Depending upon a model, reheating phase can
be characterized by the effective equation-of-state
parameter wy,, which is defined by the effective
pressure-to-energy-density ratio, the number of e-
folds Niy, which is considered as duration of reheat-
ing starting from the end of inflation until the begin-
ning of radiation dominance, and the thermalization
temperature Ty, at the end of reheating phase. The
value of wyy, should be larger than —1/3 because in-
flation comes to an end when wy, = —1/3 and is
assumed to be smaller than 1 in order not to violate
causality [? |. It is possible to achieve wy, ~ 1 when
potential energy dominates. For this reason, we will
consider a broader range of wy, € [-1/3,1] in our
numerical analysis.

Let us consider a mode with comoving wavenumber
k. which crosses the horizon during inflation when
the scale factor is a.. The comoving Hubble scale
a.H. = k., at the horizon crossing time can be related
to that of the present time as

k* Ay Qend Ath H*

_ : 6
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where ag, a4, Gend, and ag, denote the scale factor
at present, the horizon crossing, the end of inflation,
and the end of reheating, respectively. By taking
logarithm from both sides, we rewrite Eq. (6) as

k.
agHy
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where N, = In(aend/ax) is the number of e-foldings
between the time of mode exits the horizon and the
end of inflation, and Ny = In(ah/dend) is the num-
ber of e-foldings between the end of inflation and the
end of reheating.

Following the standard assumption that entropy
is preserved [6-8], no immense entropy production
takes place after the end of reheating, we obtain the
argument of the third term on rhs in Eq. (7) as,
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where gq¢n is the effective number of light species
for entropy at the end of reheating. The reheating

temperature T}, determines the energy density pyy, at
the end of reheating,

72

30
where g1, is the number of relativistic degrees of free-
dom in the end of reheating. On the other hand, the
energy density pend at the end of inflation is related
to the energy density py, at the end of reheating by

wyn the equation-of-state parameter during reheat-
ing [6-8],

Pth = gthTt4h s (9)

Pth = pelld€_3(1+wtll)Ntll 7 (10)

where it is worth to note that the energy density at
the end of inflation is a model dependent parameter.
Thus, for the Gauss-Bonnet inflation, we find the en-
ergy density at the end of inflation from Eq. (3) as

Pend = /\end‘/:end ) (11)
where Aenq is obtained! as

6
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The slow-roll parameters €, 41, and o are defined in

terms of the inflaton potential and the GB coupling
function as [13, 14]
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After substituting Eqgs. (9)-(11) into Eq. (8), then
into Eq. (7) we obtain
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where we used following numerical values ag = 1,
My = k=1 =2.435%x10%GeV, Ty = 2.725K, 1Mpc =
3.0857x10%*cm, 1K = (0.23cm) ™1, gon = gs on ~ 10,
and k = 0.05 Mpc™! [3, 4]. Here, in above equation,
the last three terms depend on inflationary models.
Therefore, we will consider specific configuration of
inflaton potential and coupling functions in next sec-
tion. From Egs. (9)-(10), it is straightforward to
obtain the reheating temperature,

1
Tin = <—7T2;th d) e 2 (1+wen) Nen . (18)

L Eq. (11) is the model independent result while Eq. (12) is
obtained only for our model in Eq. (1).
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For the inflationary models with a Gauss-Bonnet
term [13, 14], the number of e-folds from the mo-
ment the mode k. crosses the horizon until the end
of inflation is given by

tend bx 2
N, = Hdt ~ —do, (19)
t. Pend Q
where @ is given in Eq. (16). Using slow-roll approxi-
mation during inflation, we compute H, from Eq. (3)
as,

2 K
Hy o= = V(gy). (20)

The next section is devoted to compute as well as
to provide analysis on Egs. (17)—(18) for the specific
configurations of the potential and the Gauss-Bonnet
coupling function.

IV. CHAOTIC INFLATION WITH THE
MONOMIAL COUPLING

We will consider chaotic inflation with the mono-
mial coupling given by

V(o) = o), E6)=Eolo) . (1)

In order to compute Eqs. (17)-(18) for Eq. (21), we
need to know the scalar-field value at the end of in-
flation, ¢end, because that determines Vipng and Aepg
at the end of inflation. It is assumed that the effect
of Gauss-Bonnet term is negligible in the vicinity of
the end of inflation because this term is considered as
a small correction to the Ricci scalar and this is jus-
tified in FIG 1 [12]. In the vicinity of end of inflation,
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Figure 1: The evolution of Eq. (16) for the model Eq. (21)
with n = 2. The potential parameter is set to Vp =
0.5 x 1072 while coupling parameter takes values includ-
ing & = O(black) and € = 3 x 10”(blue). The labelling
V,/V corresponds to the blue dashed line while 4x*¢,V/3
labelling corresponds to the blue dotted line. The black
and the blue solid lines correspond to labelling Q.

as the potential slope gets steeper, the first term in
Eq. (16) grows while the second term decays, as seen

in FIG. 1. Thus, one can approximate Eq. (16) at
the end of inflation as
Ve
~ 22
Q= (22
By using Eq. (22), we rewrite Egs. (13)-(15) at the
end of inflation as
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and these equations applicable only in the vicinity of
the end of inflation. Thus these approximated equa-
tions are enough for our purpose. For the configu-
rations given in Eq. (21), from Egs. (23)-(25), we
find

2
€= 2:27 51 = —an®(kg)*" "2, 82 = % , (26)
where o = 4Vp€o/3. Inflation is assumed to come to
the end when the first slow-roll parameter becomes
order of unity, ¢ = 1. The field value at end of infla-
tion can be obtained from first equation in Eq. (26)
as ¢2 4 = n?/(2k?). The potential at the end of in-

flation, therefore, is

n/2
Vo [ n?
end — ~4 | &5 . 2
Vend K4(2> (27)

Eq. (26) also helps us to find Aena value at the end
of inflation as

Aend = g [1 - 27& (%2>"] ; (28)

which is consistent with Ref. [6-8] in o« — 0 limit.
After substituting Eq. (21) into Eq. (19), we find

K292
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where oF) is the hypergeometric function and the
large-field inflation, ¢ > @eng, is assumed. When
n =2, Eq. (29) becomes

1
N, = m arctan (\/a/@-%i) , (30)
where and hereafter in this section we set n = 2 for
simplicity. Hubble parameter at the time of horizon
crossing, therefore, is obtained from Eq. (20) as,

1
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We obtain the observable quantities such as the scalar
spectral index ng and tensor-to-scalar ration r in
terms of N, in our previous work [13],

H, =

2
+32aN. (32)
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From Eq. (32), we find

(ns — 1)+ /(ns — 1)% + 256
N, = , 4
64c (34)

and then Eq. (31) becomes
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(35)

After substituting Eq. (27), Eq. (28), Eq. (34), and
Eq. (35) into Egs. (17)—(18), we obtain the number
of e-folding Ny, as well as the temperature of reheat-
ing Tty In FIG. 2, we plot Eqgs. (17)—(18) for wy, =
—1/3,0,1/6,2/3; solid, dashed, dot-dashed, and dot-
ted respectively. If the reheating instantaneously
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Figure 2: (Color online) Plots of the duration Ny, and
the temperature Tty of the reheating for Eq. (21). For
the black curves, the GB term is absent (o = 0), and it
is present with o = 6.032 x 10~7 for red ones. The bot-
tom panel shows the curve of the instantaneous reheating
where Ny = 0. The green shaded region shows the cur-
rent 1o bounds on ng from Planck data while the yellow
one indicates the 1o bounds of future CMB experiments
with sensitivity £107° [9, 10], using the same central n,
value as Planck. The blue horizontal line at 100GeV cor-
responds to the electro-weak energy scale. The arrows
indicate that N, increases along the curve, same behav-
ior applies for the black curves as well.

occured right after the end of inflation, in which
Nin = 0, the energy density stored in the inflaton
field must have converted into the radiation energy
density instantaneously. Thus, the instantaneous re-
heating temperature peaks at Ty, = 6.3274 x 10
GeV, regardless of the value of the model param-
eter a. However, the spectral index value is fixed
at ng = 0.9644 for the standard slow-roll inflation
case (the black point in the middle panel). For the
positive values of « are allowed, in which the ng
value shifts to the left (to the smaller ng value).
In plotting red curves in FIG. 2, for example, we
set @ = 6.032 x 1077, and all curves intersect at
ns = 0.963 (the red points) indicating the instan-
taneous reheating. The positive values of & between
2.1283 x 107% < a < 1.019 x 107 stay inside the
1o contour of the current observation and the corre-
sponding range of ng is between 0.962 < ny < 0.9644.

In case the reheating epoch lasted for certain num-
ber Ny, # 0 of e-folds, one can see from FIG. 2
that the duration of reheating is shorter in our model
with the GB term (the red curves) than the standard
scenario (the black curves), but this is true only for
win < 1/3. Contrary, the reheating is longer in the
red curves than the black ones if wy, > 1/3. If the
duration of reheating is shorter for the models with
the GB term, then the temperature at the end of
reheating is higher than the standard case, and vise
versa.

Furthermore, for the model, which is given in
Eq. (21), the theoretical predictions tend to stay
outside the 20 contour of the Planck 2015 data
when N, < 60 values because of their prediction
of the large tensor-to-scalar ration. Since N, > 60
is favored by the data, the preferred value of the
equation-of-state parameter must be wy, > 1/3 for
our model in Eq. (21). Moreover, due to the pres-
ence of the GB term, the duration of reheating is
longer in the model than the standard scenario, and
the predicted reheating temperature is lower than the
standard case.

V. CONCLUSION

We considered Gauss-Bonnet inflation to obtain
the key parameters during reheating. Our analytic
results are obtained in Sec. III where we computed
the duration and the temperature at the end of re-
heating in terms of the effective equation-of-state
parameter. Since the physics of reheating epoch is
highly model dependent, we specified our model to
be the chaotic inflation with the monomial coupling
to Gauss-Bonnet term, as given in Eq. (21). After
deriving the necessary quantities for our model, we
investigated numerical analysis in Sec.IV.

As a result we showed that wy, > 1/3 is favored
by the observational Planck data. Moreover, reheat-
ing lasts longer in our model and predicted reheating
temperature at the end of reheating is lower than the
standard scenario.

In this work, for simplicity, we adopted two as-
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sumptions. First, we assumed the equation-of-state
parameter to be constant throughout the reheating

era.

Second assumption that we accepted is that the

entropy is preserved after the completion of reheat-

ing.

Although these assumptions are acceptable, one

can consider further extensions of these assumptions.
For instance, one can do the same analysis by consid-
ering both the varying equation-of-state parameter
and the other processes such as another scalar-field
dominated era after the reheating. We leave them as
our future work and the further continuation of the
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Peculiarities of matrix-element calculations with few Coulomb functions for
particles' scattering processes
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We present ultra high resolution data on single ionization of helium under impact of 1-MeV
protons in comparison with theoretical calculations. Good agreement between theory and
experiment [1] is obtained. Three initial trial helium wave functions are employed: a weakly
correlated Roothaan-Hartree-Fock function, a simple Silverman-Platas-Matsen function of
the configuration interaction family, and a strongly correlated function [2,3].
Multidimensional singular integrals which defining differential cross sections are calculated
using special transform for each above trial function. Results of some calculations are
presented in Figure 1.
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Fig.1. Triple Differential Cross Section in coplanar geometry versus the angle of escaped
electron: Plane Wave First Born Approximation (black dashed line) and 3C final correlated
wave function + highly correlated helium ground state [2] (red solid line). Experimental
values [1] are represented by green points.
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