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Abstract: The evolution of the universe started from a hot and dense Big Bang point.

Temperature fluctuation map of cosmic microwave background (CMB) radiation and initial

seeds of large scale structures (LSS) are explained by an inflationary period in a very early

time. Inflaton as quanta of the inflation field is responsible for the accelerated expansion

of the universe. Potentials of the self-interacting single field models are constrained by

observational data as well as quantum gravity. Some forms of the potential are rolled out

by data of Planck satellite and some of them by quantum gravity constraints. In the stan-

dard model of inflation or cold inflation firstly universe expands where the inflaton rolls

the nearly flat part of the potential and in the second part, the universe reheats where

the inflaton oscillates around the minimum of the potential which leads to thermalized

radiation dominated universe. String theory as the best model of quantum gravity forbids

the oscillation around the minimum of the potential during the thermalized epoch of the

reheating. But in the warm model of inflation thermalization happens during the accel-

erated expansion of the universe where the inflaton rolls nearly steep potential and the

universe will be radiation dominated without any separated reheating epoch.
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1 Motivation

Big Bang (BB) model is originally introduced based on the expansion of the

galaxies(clusters). This model has a famous contradiction with the background tempera-

ture of the CMB observational data which is known as horizon problem. This problem can

be resolved by an inflation scenario which introduces an accelerated expansion period of

the universe evolution in early time. The idea of inflation was proposed in the context of

quantum field theory (QFT) [1–3]. Other more interesting features of the inflation are the

explanation of the initial seed of LSS formation and CMB temperature anisotropy which

are studied in the context of cosmological perturbation theory [4]. The standard cold

model of inflation [2], in term of second-order phase transition, is described by two main

parts, first part is the accelerated expansion of the universe which is presented by inflaton

field, rolling slowly, and the second part is the reheating epoch as a connection between

inflaton dominated era and radiation dominated era which is explained by oscillation of

the inflaton around the minimum of the potential transferring its energy to mainly light

standard particles [5, 6].

It was conjectured that the scalar field theory of inflation model should not obey the

slow-roll conditions, this is swampland conjecture [7–10]. Some efforts have been done to

resolve this contradiction [11–39]. The conjecture of swampland motivates us to study

the reheating epoch as a more problematic part of the early time cosmology. The main

contradiction between the conjecture and effective field theory of early time cosmology is

not slow-roll part of inflation but is reheating part which can be resolved in the context of

the warm inflation model [40–44]. The warm scenario of inflation is an alternative model of

accelerated expansion of the universe where the thermalization happens during the slow-

roll epoch and inflation era connects to radiation dominated era smoothly without any

separated reheating epoch. This model with the suppressed tensor-to-scalar ratio is more

compatible with observation data [45] and solves the contradiction between swampland

conjecture and the standard model of inflation both slow-roll and reheating parts.
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2 The swampland conjecture

The theory of string suggests a vast of the landscape of vacua which are surrounded by

maybe bigger swampland low-energy-looking-consistent semi-classical effective field the-

ories (EFT) coupled to gravity. The EFTs are physically consistent with the quantum

theory of gravity if:
4φ
Mp

< c1 (2.1)

where 4φ is excursion of the scalar fields in the field space, and:

|∇V (φ)|
V

>
c2
Mp

(2.2)

or

min(∇i∇jV (φ))

V
≤ − c3

M2
p

,

where V (φ) is the potential of low-energy EFT, ci ∼ O(1) are universal constants and

min(∇i∇jV (φ) is defined in an orthonormal frame as Hessian eigenvalue minimum [7, 9].

The second case in eq. (2.2) is refined de Sitter swampland conjecture [8, 10]. In this letter,

we will examine EFT of reheating epoch, after the slow-roll expansion of the universe, in

the context of the string swampland conjecture.

3 Thermal field theory and phase transitions

Known or hypothetical early universe models of cosmology have been discussed by quantum

field theories which are coupled to gravity. These theories are the low-energy limit of string

theory models. In cosmological thermal systems with temperature T , which is comparable

with the energy scales of the cosmological system or Hubble parameter (T ∼ H), the

thermodynamic potential instead of scalar field potential V (φ) is important:

V (ϕ, T ) = V (ϕ) +
1

24
m2(ϕ)T 2 − π2

90
T 4 +Q.C, (3.1)

where T > m, m2(ϕ) = d2V
dϕ2 , Q.C is quantum corrections and ϕ = 〈φ〉 is the expectation

value of the scalar field in a thermal equilibrium as thermodynamic variable.

Using a toy but important symmetry breaking scalar field model with potential:

V (ϕ) = V0 −
1

2
µ2ϕ2 +

1

4
λϕ4, (3.2)

we can study the phase transition scenario which has a crucial role at early time cosmol-

ogy. This potential without thermal corrections has two minima at ϕmin = ± µ√
λ

, where

the thermodynamic system settles into one of them as broken phase, and a maximum at

ϕmax = 0.

When the thermal corrections become important the shape of the potential as a func-

tion of ϕ is modified. At temperature Tup which is higher than critical temperature Tc the
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Figure 1. The phase transition happens between symmetric case (red graph) and symmetry broken

case (blue graph) during early time evolution of the universe.

thermodynamic system settles into a new symmetric phase with the new minimum φ = 0

(figure 1). This procedure is a phase transition between broken and symmetric phases

which can be first or second order. Tc is the critical temperature of the thermal system

at the phase transition point. In the first-order phase transition when the temperature

changes between Tlow and Tup (where Tlow < Tc < Tup) there are two local minima, with

a barrier between them, in the shape of modified potential(see figure 2). If our system

is firstly in temperature Tup and the temperature falls below critical temperature Tc, the

system has to return some time in metastable state ϕ = 0 because of the potential barrier

which separates false vacuum ϕ = 0 and true vacuum ϕ = µ√
λ

. At critical temperature

T = Tc the values of potential are similar for two local minima figure 2. The phase transi-

tion between Tup and Tlow cases can be done by quantum tunneling of the potential barrier

which leads to bubble nucleation in the broken phase. In second-order phase transition

case when the system has temperature Tup the shape of modified potential has just a min-

imum and after phase transition to broken phase with temperature, Tlow the shape of the

potential has a local minimum and a local maximum figure 3. Therefore there is no barrier

and also no metastable state. The idea of old inflation [1, 46] was introduced in term of the

scalar field theory which obeys the first-order phase transition. This idea has a “graceful

exit” problem. Transition to the thermal universe is the main problem of this model. In

term of old inflation concepts during the first-order phase transition, the produced bub-

bles expand and cross each other. The gradient of the scalar field at the boundary of the

crossed bubbles leads to a kind of kinetic energy density which could produce the amount

of energy which is needed for the universe reheating. But the problem of this idea is that

the bubbles could not cross each other because of the expansion of the universe. The idea

of old inflation in term of first-order phase transition could not explain the thermal epoch

after inflation and the temperature of nucleosynthesis epoch. Therefore the old model of

inflation was not expected as a workable model in cosmology. The idea of new inflation

was introduced soon after the old one in term of second-order phase transition [2, 3].

In this scenario the universe expands during short time slow-roll epoch when the kinetic

energy density is smaller than potential energy density V (φ), and perturbation modes of
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Figure 2. Old inflation as a first order phase transition is in term of tunneling between false

vacuum (local minimum at φ = 0) and true vacuum (global minimum at φ > 0). In this figure we

can compare the symmetric phase with T > Tc and broken phase with T < Tc.

the scalar field cross the horizon and freeze out. These perturbations lead to curvature

perturbations in the context of general relativity. The early perturbations are initial seeds

of the LSS and temperature fluctuations of CMB. The results of the observational data

analysis for the fluctuations of CMB temperature can be used to constrain the models

of inflation [45]. After accelerated expansion or slow-roll epoch of the universe evolution

where the inflaton field, rolls slowly the nearly flat part of potential it goes to the minimum

of the potential figure 3. Oscillation of inflaton around the minimum of the potential with

the energy exchange to other mainly light fields, during nearly matter-like era ρ ∝ a−3,

leads to the reheated universe.

4 Reheating

In reheating epoch the accelerated expansion of the universe terminates and the kinetic part

of the energy density is comparable with the potential energy density. Reheating has three

steps [5, 47–50], most of the inflaton energy density transfer to bosonic particles during

non-perturbative broad parametric resonance or preheating epoch at first step. The decay

of bosonic particles to standard particles is the second step and finally, thermalization is

the third step. The particle creations during the reheating epoch are usually studied by

interacting two fields potential, for example:

V (φ, χ) =
1

2
m2
φφ

2 +
1

2
m2
χχ

2 + σφχ2 + h2φ2χ2 + kχ4 (4.1)

where the inflaton field interacts with other fields in the model which is generally pre-

sented by χ. Non-thermal phase transitions idea before standard particle creation with the

symmetry breaking potentials

V (φ, χ) =
λ

4
(φ2 − φ20)2 +

1

2
g2φ2χ2, (4.2)

V (φ, χ) =
λ

4
φ4 +

α

4

(
χ2 − M2

α

)2

+
1

2
g2φ2χ2,
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Figure 3. New inflation model is presented by the second-order phase transition between two cases:

T = Tup and T = 0. Inflation is mainly explained by T = 0 curve where at the first step inflaton

rolls slowly down the nearly flat part of the potential and in the second step near the minimum of

the potential oscillates heating the universe. At the reheating epoch, thermal correction modified

the potential as long-dashed blue curve Tdown which is in contrast with swampland conjecture.

can be used to explain topological defects and cosmic strings problem before thermalized

era [51]. Potentials (4.1) and (4.2) are explicitly in contrast with the second part of second

swampland conjecture (de Sitter conjecture) which is about the condition of the potential

form of the EFT.

5 Discussion and conclusions

The contradiction between potentials (4.1), (4.2) and the second part of de Sitter conjecture

may not be the case if the potential provides the first condition of de Sitter conjecture.

The main problem between reheating and de Sitter conjecture is thermalization part. At

the thermalization step, for all models of inflation, the form of potential near the minimum

is approximately quadratic, on the other hand, there is a thermal bath with a temperature

T . Considering thermal part of reheating we need a thermal effective field theory with the

potential (see the blue long-dashed curve in figure 3):

V (ϕ, T ) ' 1

2
m2
ϕϕ

2 +
1

24
m2(ϕ)T 2 − π2

90
T 4 +QC. (5.1)

There is another alternative for the thermal modification of the potential if we consider

the fermionic contributions to the effective potential [43, 52]

VT ' −
7π2

180
+
m2T 2

12
+

m4

16π2

[
ln

(
µ2

T 2

)
− cf

]
(5.2)

where m is the mass of the fermion, µ is the renormalization scale and cf = 2.635. All this

modifications can generally alleviate the de Sitter constriant as we can see in figure 3. The

main point is that the modified potential is obviously in contrast with the first part of de

Sitter conjecture at the minimum of the potential (see long-dashed blue curve in figure 3).

The potential also could not obey the second part of the de Sitter conjecture which is
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Figure 4. During slow-roll warm inflation the radiation energy density is comparable with the

scalar field energy density but smaller than it. At the end of the slow-roll part the radiation energy

density smoothly dominates on the inflaton energy density.

originally considered near the maximum of the potential. These mean that the thermal

EFT of reheating is suffered from swampland string theory conjecture. The solution of this

concern is warm inflation model [40, 42–44]. In the context of warm inflation, inflaton field

interacts with the light fields during the slow-roll epoch and the inflation era connects to

radiation dominated era smoothly (see figure 4). The universe heats up during the slow-roll

epoch of warm inflation and there is no need to the separated reheating epoch. On the other

hand, there were some discussions about slow-roll part of warm inflation which cover the

swampland conjecture [32, 53–55]. In warm inflation model the background evolution of the

inflaton is modified by the interaction of inflaton with light fields during the sow-roll part:

ϕ̈+ 3H(1 +Q)ϕ̇+
dV

dϕ
= 0 (5.3)

This new dissipation parameter Q has an important effect on the swampland discussion

where the Hubble slow-roll parameter is modified as:

εH = − Ḣ

H2
=

1

1 +Q

1

2
Mpl

(
V ′

V

)2

< 1. (5.4)

This slow-roll condition can be achieved by a steep potential, this is the de Sitter swamp-

land condition. On the other hand having a steep potential leads to a small excursion of

the scalar field which is the distance swampland conjecture [32, 54, 55]. All solutions of the

contradictions between string theory and (cold)inflation theory that have been proposed

in the literature [11–38] may helpful for the slow-roll part but are not able to explain the

contradiction between reheating epoch and string swampland conjecture, as we have dis-

cussed in this letter. The main conclusion of our work is introducing warm inflation as a

solution to swampland conjecture, slow-roll and reheating problems. We emphasize that

the cold model of inflation is rolled out by quantum gravity constraints on reheating epoch

but warm inflation without any reheating epoch is acceptable.
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