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We present the first quantum field theory model of inflation that is renormalizable in the matter
sector, with a super-Hubble inflaton mass and sub-Planckian field excursions, which is thus technically
natural and consistent with a high-energy completion within a theory of quantum gravity. This is done
in the framework of warm inflation, where we show, for the first time, that strong dissipation can
fully sustain a slow-roll trajectory with slow-roll parameters larger than unity in a way that is both
theoretically and observationally consistent. The inflaton field corresponds to the relative phase between
two complex scalar fields that collectively break a U(1) gauge symmetry, and dissipates its energy into
scalar degrees of freedom in the warm cosmic heat bath. A discrete interchange symmetry protects the
inflaton mass from large thermal corrections. We further show that the dissipation coefficient decreases
with temperature in certain parametric regimes, which prevents a large growth of thermal inflaton
fluctuations. We find, in particular, a very good agreement with the Planck legacy data for a simple
quadratic inflaton potential, predicting a low tensor-to-scalar ratio r < 107>,
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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Building a consistent quantum field theory (QFT) model for in-
flation [1] remains one of the great challenges of modern cosmol-

One of the main problems in developing an inflation model
is incorporating the light scalar inflaton field. Light scalars are

ogy. On the one hand, the lack of empirical evidence for beyond
the Standard Model particle physics motivates using a “bottom-
up” approach, with as few novel ingredients as possible. On the
other hand, the slow-roll inflationary dynamics is extremely sen-
sitive to unknown physics at or even below the Planck scale, at
least within the more conventional cold inflation paradigm. Given
also that in cold inflation the simplest renormalizable scalar po-
tentials ¢ and ¢* have been ruled out by observation [2], in the
last few years inflation model building has become almost entirely
“top-down”, based on some putative high-energy theory such as
string theory. But this means that most models involve at least one
and usually more major new features that have not been empiri-
cally confirmed, like supersymmetry/supergravity, special geome-
tries, modified gravitational couplings, non-renormalizable opera-
tors, etc. We argue that this need not be the case, and that a
reliable inflationary model may remain close to what has been em-
pirically confirmed, while making predictions that are insensitive
to the high-energy completion of the model.
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rudnei@uerj.br (R.0. Ramos), jgrosa@uc.pt (J.G. Rosa).
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extremely unnatural in any effective quantum field theory, since
quantum corrections to their mass are quadratically divergent — a
symptom of their sensitivity to new physics above the cut-off en-
ergy scale below which the theory can describe physical phenom-
ena. The Higgs boson is the paramount example of this technical
naturalness problem, better known as electroweak hierarchy prob-
lem, as its mass should naturally lie close to the Planck scale if
no new particle states exist below the latter (see, e.g., Refs. [3,4]).
According to 't Hooft [5], this is related to no new symmetries
emerging for vanishing scalar masses, as opposed to, e.g., fermions,
for which a chiral symmetry is gained in this limit.

An effective field theory of inflation based on general relativ-
ity or any classical gravity theory necessarily fails above the Planck
scale, making the scalar potential sensitive to Planck-suppressed
non-renormalizable operators that generically drive the inflaton
mass towards values above the Hubble scale H. This is the well-
known “eta-problem” in e.g. F-term supergravity and string theory
(see, e.g., Ref. [6]), which are but examples of a more general infla-
tionary naturalness problem, given that the cut-off scale for the
effective field theory of inflation must necessarily lie above the
Hubble scale, thus driving the inflaton mass to super-Hubble val-
ues, in tension with the slow-roll conditions.
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Many have tried to overcome this issue by employing symme-
tries that could enforce cancellations between different quantum
corrections to the inflaton’s mass. The best-known example is su-
persymmetry, where bosonic and fermionic quantum corrections
cancel out, but supersymmetry is broken by the finite energy den-
sity during inflation, leaving O(H) corrections to the inflaton mass
except, e.g., for some fine-tuned Kahler potentials. Global symme-
tries should be broken in quantum gravity, such that shift sym-
metries also cannot guarantee the flatness of the potential. This is
inherently assumed in models with axion-like fields [7], as well
as models with plateaux in the scalar potential, like Higgs infla-
tion [8] and attractor models [9,10], hence necessarily involving
some degree of fine-tuning. Fine-tuning is, of course, undesirable
in a theory that is supposed to dynamically generate the otherwise
extremely fine-tuned initial conditions of standard cosmology.

There has also been an increased interest in the “swampland
conjectures”, which pose stringent conditions on effective QFTs ad-
mitting a consistent quantum gravity completion, motivated by
explicit string theory constructions [11-13]. In particular, these re-
quire that A¢ < Mp, |V'|/V = O(1), and more recently the trans-
planckian censorship conjecture (TCC) on the lifetime of the de Sit-
ter state t < 1/Hjyr In(Mp/Hiyf) [14-16]. While some inflationary
scenarios can satisfy the first criteria, the last two are in tension
with inflation slow-roll and expansion conditions.

In addition, inflationary predictions for CMB observables rely on
the consistency of QFT in curved space-time, which is also not free
from ambiguities, and for which we have no empirical guidance
(see, e.g., Ref. [17-22]). In particular, the form of the primordial
spectrum of density perturbations on super-horizon scales depends
on the particular choice of the Bunch-Davies vacuum, which is not
unique and is, moreover, sensitive to transplanckian physics.

It had been understood early on in the development of warm
inflation that, in the strong dissipative regime, all these crucial is-
sues can be overcome [23,24] (see also [16,25-29]), but realizing
this in a QFT model has proven very challenging. This letter de-
velops the first such model, which within the matter sector, thus
apart from the coupling to gravity, has only renormalizable matter
field interactions and it is both theoretically and observationally
consistent.

Dissipation is an inherent process to any system interacting
with its environment. This has long been embodied in the warm
inflation paradigm [30-32], where it is shown that interactions be-
tween the inflaton and particles in the cosmic bath necessarily lead
to dissipative effects and associated particle production. Part of the
inflaton’s energy is thus continuously transferred to the radiation
bath, acting as a heat source that keeps it warm despite the super-
cooling effect of accelerated expansion.

Dissipative effects are encoded in the effective equation for the
inflaton field,

b+ GBH+T)d+V'(p)=0, (1)

alongside the sourced equation for the radiation energy density,
PR

fr +4Hpg = T¢*, )

which can be derived from energy-momentum conservation or
from an explicit computation of particle production rates. The dis-
sipation coefficient Y = Y(¢, T) can be computed from first prin-
ciples using standard thermal field theory techniques, at least close
to thermal equilibrium and in the regime T 2> H where space-time
curvature effects can be neglected (see Ref. [33] for a review).

In the slow-roll regime we then have ¢ ~ V'/3H(1+ Q), where
Q = Y/3H is the dissipative ratio, and pr/V ~€4Q/[2(1+ Q)?],
provided that the slow-roll conditions, €4, [7s] <14 Q are sat-

isfied, where €5 = M2 (V//V)? /2 and |14 = M3|V"|/V are the
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standard slow-roll parameters. Hence, if strong dissipation can be
achieved throughout inflation, Q > 1, the eta-problem is avoided
and inflation can occur for inflaton masses above the Hubble
scale [23,24,34]. It is also manifest that radiation is a sub-dominant
component in the slow-roll regime, while it may come to dominate
if Q becomes large at the end of inflation. In warm inflation there
can thus be a smooth transition between inflation and the radia-
tion era with no need for a separate reheating period [32] where
the inflaton decays away, allowing e.g. for cosmic magnetic field
generation [35], baryogenesis [36,37] and inflaton dark matter [38]
or dark energy [39-41].

Dissipative effects also lead to thermal inflaton fluctuations,
according to the fluctuation-dissipation theorem [23,42], which
are sourced by a thermal noise term with variance (&ké) =
2(Y + H)T/a® x 2m)383(k+K), for T >> H. Thus, thermal fluctu-
ations are generically larger than their quantum counterparts, such
that primordial density fluctuations are generated by classical field
perturbations. Moreover, in the strong dissipation regime, when
Q > 1, their amplitude freezes out before they become superhori-
zon [23], nevertheless producing a nearly scale-invariant spectrum
of classical curvature perturbations [43-45]. Finally, such an en-
hancement of the primordial scalar perturbations typically leads
to a lower inflationary energy scale and, therefore, to a lower
tensor-to-scalar ratio, since gravitational wave production is un-
affected by thermal effects below the Planck scale, as observed
e.g. in [34,46,47].

Despite all these appealing features, consistently realizing warm
inflation in QFT models has proved to be an enormous chal-
lenge [48,49]. The inflaton typically gives a large mass to the par-
ticles it interacts with, similarly to the Higgs mechanism, and it
is extremely hard to sustain sufficiently strong dissipative effects
due to Boltzmann suppression. Even if this can be avoided, ther-
mal backreaction generically reintroduces the eta-problem through
thermal inflaton mass corrections Amg ~ T 2 H up to dimension-
less couplings.'

These problems were recently overcome by employing sym-
metry arguments, in a model akin to “Little Higgs” models for
electroweak symmetry breaking and dubbed the “Warm Little In-
flaton” (WLI) model [56]. In this model, the inflaton corresponds to
the relative phase between two complex scalar fields, ¢1 and ¢,
equally charged under a U(1) gauge symmetry, and which sponta-
neously break the latter. In the unitary gauge, the resulting vacuum
manifold can be parametrized as

_ M iom _ M ism

(1) = ﬂe s {p2) = ﬁe , (3)
where M is the symmetry breaking scale and ¢ is the gauge-
invariant inflaton field.? In the original model, these complex
scalar fields were coupled to fermion fields v > through Yukawa
interactions satisfying a discrete interchange symmetry ¢1 <> i¢y,
Y1 <> Y¥,. This symmetry then ensures that if e.g. the ¢ fermion
couples to the linear combination ¢; + ¢, then i, couples to
¢1 — ¢2. As a result, the fermions acquire masses which are
trigonometric functions of the inflaton field,

! Dissipative effects mediated by heavy virtual particles may be sufficient to sus-
tain a thermal bath during inflation, but only at the expense of very large field
multiplicities in supersymmetric models [50-53], which may only be found in
specific constructions in string theory [54] or possibly other scenarios with extra-
dimensions [55].

2 We emphasize that the relative phase between two equally charged complex
scalars does not change under gauge transformations, making our inflaton field
distinct from other (pseudo-)Goldstone bosons such as axions used in natural in-
flaton [7] and string monodromy scenarios [57]. Note, in particular, that the U(1)
symmetry does not, therefore, constrain the inflaton potential.
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= gMcos(¢/M), my=gMsin(¢/M), (4)

where g denotes the Yukawa coupling. These masses are thus
bounded even if ¢ > M, and can be below the temperature dur-
ing inflation. Moreover, the leading terms in the finite-temperature
effective potential for m;  <T,

T2
AVp=——_T*

180
are independent of the inflaton field, thus eliminating the trouble-
some thermal corrections to the inflaton’s mass.

This model thus yields a consistent realization of warm infla-
tion, and we have moreover shown that its observational predic-
tions are in agreement with the Planck data for a quartic inflaton
potential, V(¢) = A¢* [56,58-60]. However, this agreement re-
quires weak dissipation, Q. < 1, at the time the relevant CMB scales
become super-horizon, about 60 e-folds before the end of inflation.
Even though Q becomes large towards the end of the slow-roll
regime, the eta-problem remains in this case.

This is an inherent consequence of the form of the dissipa-
tion coefficient in this scenario, Y o T. As originally shown in [44]
and further analyzed numerically in [61], the temperature depen-
dence of the dissipation coefficient necessarily leads to a coupling
between inflaton fluctuations and perturbations in the radiation
fluid that modifies the evolution of the former. In particular, for
dY/dT > 0, this results in a substantial enhancement of inflaton
fluctuations if Q, = 1. Physically, this is a consequence of dissipa-
tion increasing the temperature more in regions where it is already
higher than average. If Q grows during inflation, as for the quar-
tic potential, the primordial perturbation spectrum then becomes
blue-tilted, which is ruled out by Planck [2].

If, however, dY/dT < O, inflaton perturbations are damped.
More concretely, the dimensionless curvature power spectrum in
the strong dissipation regime, Q. > 1, is generically well approxi-
mated by:

«/ﬁ _1V(9) 5.2  Qx e
AR 2an2 0 i (H*> ' (E) ’ ©

where the last factor results from the interplay between the infla-
ton and radiation fluctuations, with 1 < Q. <10 and S, depending
on c=dlogY/dlogT at horizon-crossing. For instance, numerically
solving the coupled system of perturbations as detailed in e.g. [61],
we find By ~ 2.5 for Y o T, while for Y o« T~ yields _1 ~ —1.6.
Thus, it is tantamount to find a model with a dissipation coefficient
decreasing with temperature, such as to allow for strong dissipa-
tion in an observationally consistent way.

Here, the complex scalar fields ¢; and ¢, are coupled to two
other complex scalars x1 and x» in the thermal bath. The inter-
actions have a renormalizable bi-quadratic form and, as in the
original WLI model, satisfy the discrete interchange symmetry
@1 < i, X1 < x2. Without loss of generality, we may write the
relevant interaction Lagrangian density in the form?:

1
ﬁ(m%+m§)T2+..., (5)

— ¢ 1x2l?, (7)

which is a straightforward generalization of the fermionic WLI
model. With the vacuum parametrization in Eq. (3), the zero-
temperature masses of the x; and x, fields are also given by
Eq. (4), being bounded functions of the inflaton field ¢. Most im-
portantly, their leading contributions to the inflaton thermal mass
also cancel out as in the fermionic case.

1 1
Loy = —5g2|¢1 + o lx1l? - 5g2|¢1

3 Note that other possible interaction terms involving the gauge-invariant inflaton
field may be neglected in a technically natural way.
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The main difference between coupling fermions or scalars to
the inflaton field lies in the form of the dissipation coefficient,
due to their different statistics at non-zero temperature, which
will be fundamental to set the present model apart from previous
model building realizations of warm inflation. For on-shell parti-
cle production, which is the dominant process for T > mj 3, the
dissipation coefficient is given by

20/M a3 1
Y ngm(qﬁ/ )/( p ngp( +nB)’ (8)

3 2
i=1,2 27) Fiwy
where nB(wp i) is the Bose-Einstein distribution, a) =p? —|—m
m? =m? + «®T? is the thermally corrected mass of the X1.2 fields

and T; their thermal decay width. These depend on interactions
within the thermal bath, which we model as Yukawa interactions
with light fermions i g (with appropriate charges) and scalar
self-interactions,

Lyy= Y. (hx,-wm +he — %mr‘ — A’|xl~|2|x]~|2). 9)
i#£j=1,2

Scalar self-interactions contribute only at two-loop order to the
thermal decay width, and we focus on parametric regimes where
the decay into light fermions is dominant. Both types of inter-
actions contribute nevertheless to the thermal mass at the same
order, yielding o® >~ [h? + 2+ /] /12. The resulting dissipation
coefficient is then given by:

4 ng2T2 3/2

T:%%[HL(T”—X) ! ]e‘mx/T, (10)
m3 2 N T

where we have taken the average of the oscillatory terms for field

excursions A¢ > M, yielding an average mass m3 ~ gM?/2 +

«?T? for both ¥x; scalar fields.

Although the dissipation coefficient has, in general, a non-trivial
temperature dependence, when m, is dominated by thermal ef-
fects we have my ~aT and Y o T~!. This will then yield the
required damping of inflaton fluctuations as discussed above.

Furthermore, the generalization of the result for the finite tem-
perature effective potential (5), when now accounting for the in-
teractions (7) and (9) and that can be easily obtained through the
standard means [62,63], gives

72T4 2 2
AV >~ — T Z{m(d’ﬂ

4 2
[m o]0 () -]} o

67r2 T2 3272 T2
where p is a renormalization scale, ¢, >~ 3.9076 and g, accounts
for the degrees of freedom of the thermal radiation bath, which,
when considering the x;, and v fields, gives g, =4+7/8 x4 =
5 (for a non-thermalized inflaton), which is the value we have
used in our numerical examples below. Adding the contribution
of both scalars y;, from the form for their masses m 2(¢), which
are still given by Eq. (4), we immediately see that the terms that
would otherwise contribute as a quadratic thermal mass correction
to the inflaton, m?(¢)T?/12 + m3(¢)T?/12 = g?M?T?/12, become
actually independent of the inflaton field, as we have already an-
ticipated above, and it is just a constant term contributing to the
radiation energy density. Note also that this cancellation holds be-
yond the one-loop approximation for the effective potential, e.g.,
when resumming self-energy corrections, as the so-called ring di-
agrams [63], which corresponds to including the leading thermal
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corrections to the xj, masses from the Yukawa and x; inter- and
self-interactions given in Eq. (9), which gives the additional contri-
bution to the effective potential,

T4 m @ [m2m ]
AVT,ring: E Z T2 - T2 s (12)

i=1,2

where m(T) = m?(¢) + &?T? is the finite temperature corrected
mass for the xp fields. Putting together the results from Eqgs. (11)
and (12), we are then left with only sub-leading Coleman-
Weinberg and radiation terms, with an overall contribution to the
inflaton potential given by

2n 2 T?

ALy
90 8V 1

~ (gM)* [cos4 (%) + sin® (%)] [ln <l£> ) cb]

AVy >~ —g,

3272

T 22 @ 272 32
- M*cos” | — T
67 [g (M)*“

Tl 2229 22’
- M*si — T . 13
= |:g sin (M)—i-a :| (13)

We also note that the renormalization scale dependence of the ef-
fective potential is, of course, an artifact of working at finite order
in perturbation theory and, as standard in the literature, we can
choose = T, (besides of also absorbing the constant ¢, into the
definition of w inside the log term) in order to minimize this de-
pendence at horizon-crossing when the relevant observables are
measured. Since AVt ~ pr < py and with an explicit potential V
for the inflaton, one always has |[AVr|/V « 1 during inflation as
long as the slow-roll conditions are satisfied. The ¢ dependence on
Eq. (13) are only through highly oscillatory (and bounded terms),
since ¢ > M, for the relevant parameters of the model (see below).
We have nevertheless explicitly checked and confirmed numeri-
cally that these oscillatory terms do not significantly affect the
dynamics of inflation. This result is also very much analogous to
the one found in the earlier model introduced in Ref. [56].

Let us consider the simplest scenario with a quadratic infla-
ton potential,* V (¢) = miqﬁz /2, since as we discussed above there
are no symmetries protecting the inflaton from acquiring at least
a Hubble-scale mass. The slow-roll equations can be integrated
analytically for this potential when Y o« T~!, and from the form
of the primordial perturbation spectrum at strong dissipation in
Eq. (6) we obtain for the scalar spectral index ng — 1>~ 28_1/Ne.
While this actually gives a too red-tilted spectrum ns >~ 0.95 for
N, = 60 e-folds of inflation, the zero-temperature mass of the yx;
fields generically leads to non-negligible deviations from Y o T~!
that make the spectrum more blue-tilted.

We have then solved numerically the background and pertur-
bation equations for both the inflaton field and radiation fluid
with the full form of the dissipation coefficient in Eq. (10), fol-
lowing the procedure described in detail in e.g. [61]. In Fig. 1, we
show the observational predictions in the interesting parametric
regime where the mass of the yx; fields is dominated by thermal
effects. To obtain the results shown in Fig. 1, the product gM ap-
pearing in the dissipation coefficient (10) was kept fixed in the
value gM = 2.6 x 107>Mp and we also considered o? = 1/8 for
definiteness. Variations in these parameters tend only to shift the
values of Q, with respect to the ones seen in Fig. 1. We have

4 Strictly speaking the interchange symmetry implies V (¢) o (¢/M — 1 /4)2, but
for ¢ > M we may take V (¢) o ¢ for simplicity.
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Fig. 1. Observational predictions with a quadratic inflaton potential, varying the
dissipative ratio Q. at horizon-crossing 60 e-folds before the end of inflation,
as indicated by the black circles. The model parameters used are explained in
the text. The cold inflation (CI) prediction is also indicated. The shaded re-
gions are for the 68% and 95% C.L. results from the Planck 2018 legacy data
(TT+TE+4EE+lowE+lensing+BK15+BAO) [2].

controlled the magnitude of the dissipation ratio Q, through the
ratio of the coupling constants g2/h? in the prefactor of (10). We
have also fixed the amplitude of the curvature power spectrum as
Ar =2.2 x 10710, consistent with the Planck legacy data [2]. This
allows one to obtain the mass parameter mg of the inflaton poten-
tial in a consistent way for each value of Q,, using, e.g., Eq. (6).

As one can see in Fig. 1, for dissipation ratio values at horizon-
crossing Q. < 4.6, the spectral tilt is too large, exceeding the cor-
responding cold inflation prediction. This is due to the thermal
nature of inflaton fluctuations and the increase of the dissipative
ratio Q during inflation. As we increase Q ., however, the spectrum
becomes more red-tilted as a consequence of the damping induced
by the stronger coupling with radiation fluctuations near horizon-
crossing. For Q, ~ 10 — 180, we in fact find a spectral tilt ns in
very good agreement with the Planck 68% C.L. results and a low
tensor-to-scalar ratio r < 107>, as typical of warm inflation mod-
els. In particular, for the case of Q, =100 and parameters shown
in Fig. 1, we have that ng ~0.965 and r ~ 6.4 x 1075,

In this strong dissipative regime, primordial non-Gaussianity
should generically be at the level | f{i*™| < 10 [64], and the ded-
icated searches by the Planck collaboration for the warm shape
of the bispectrum [65,66] allow for Q. < (3.2 — 4) x 10° (95%
C.L.). Our scenario thus lies comfortably within these limits. We
have, moreover, made a preliminary analysis of non-Gaussianity
for the particular form of the dissipation coefficient in the present
scenario, using the numerical codes developed in [67], obtaining
FRE™ ~ 3 for Q. =100.

Scenarios with Q. > 100 within this model typically require
larger values of the coupling g and hence larger zero-temperature
xi masses. This results in larger deviations from Y oc T~! and thus
to a less efficient damping of inflaton fluctuations and a more blue-
tilted spectrum.

The agreement with observational data for Q, ~ 100 is, how-
ever, our most significant result, since in this regime the slow-roll
parameters €4 =1y 2 1 throughout inflation. The slow-roll tra-
jectory is thus fully sustained by the dissipative friction, yield-
ing a consistent effective field theory for inflation with my 2 H,
A¢ < Mp® and MpV’/V > 1. We illustrate the dynamical evo-
lution of the inflaton-radiation system in a representative case

5 The swampland distance conjecture states that a tower of massive states be-
come exponentially light as e=®¢/Mpwhere o ~ O(1), for ¢ > (1 —2)Mp (see
e.g. [68]). In our model, we obtain ¢, < Mp at horizon-crossing for Q. ~ 100 — 200
in the observationally viable window, which does not constitute a significant mass
suppression, such that these states may consistently be integrated out in the effec-
tive field theory.
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Fig. 2. Dynamical evolution of different quantities and for the particular case of
Q. = 100. The full set of model parameters is given in the text.

with Q, = 100 in Fig. 2, where it is manifest that inflation can
consistently occur with a super-Hubble inflaton mass and a sub-
Planckian field excursion. As explained above, for the choice of
parameters for Fig. 1, given the value of Q, = 100, we have the full
set of explicit model parameters that reproduces Fig. 2 as given by
g£~0.47, M ~5.6 x 107°Mp, a? = 1/8, my ~ 6.4 x 107" Mp and
the couplings in (9) given by h ~0.82, A >~ 0.28 and we have also
chosen ' = A.

In the example shown in Fig. 2, it is also manifest that strong
dissipation can be sustained for a whole of 60 e-folds of inflation,
maintaining a slowly decreasing temperature® T > H. The tem-
perature always satisfies T > gM, ensuring that the y; fields are
relativistic, yet keeping the U (1) gauge symmetry broken through-
out inflation.” The radiation abundance is pg/V ~ 0.5€4/Q in the
slow-roll regime for Q > 1, leading to a smooth transition to the
radiation-dominated era. We note that this model also allows for
a much shorter inflation period, successfully setting all the large-
scale observables, along the lines of the recently proposed multi-
stage warm inflation solution to the TCC [16,28].

Hence, this letter shows, for the first time, that slow-roll in-
flation does not require an unnaturally light inflaton scalar field,
within a simple renormalizable QFT with a quadratic scalar poten-
tial, that is robust against corrections from unknown new physics,
particularly Planck-suppressed non-renormalizable operators. Be-
cause this model is renormalizable in the conventional sense, it is
fully decoupled from the unknown high energy physics. Moreover,
the spectrum of primordial density fluctuations is fully described
by classical thermal fluctuations of the inflaton field that freeze
out before becoming super-horizon, being free of ambiguities in
the choice of the quantum vacuum state, which could moreover
be sensitive to unknown transplanckian effects.

This model is very simple, involving only a few scalar and
fermion fields, interacting via renormalizable couplings in the per-
turbative regime. Moreover, the fundamental scale M <« Mp, in
line with the weak gravity conjecture and with minimal reliance
on unknown gravitational physics at the Planck scale. The model
involves only a U(1) symmetry alongside a discrete symmetry,
which are ubiquitous in Nature. Like the Standard Model, this is

6 Although not explicitly shown, we have checked that the average thermal de-
cay width of the yx; fields exceeds the Hubble rate, keeping the x; fields and their
decay products close to equilibrium, and that sub-leading corrections to the finite-
temperature effective potential, which give oscillatory contributions to the slow-roll
parameters, have no significant effect at both the background and perturbation lev-
els.

7 The exact critical temperature of the phase transition depends on the self-
couplings of the ¢; and ¢, scalar fields which we have not specified, but we can
assume T, ~ M within order unity factors.
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truly a low energy model that can make reliable predictions with-
out any knowledge of the high-energy completion. In particular,
this model does not need supersymmetry to control quantum cor-
rections, although a supersymmetric extension could easily be im-
plemented should this be a feature of quantum gravity.

It had been pointed out early in the development of warm
inflation [23,24] that in the strong dissipation regime it is possi-
ble for my > H to solve the eta-problem, with sub-Planckian field
excursions, thus solving the swampland criteria well before they
were stated. It had also been understood that increasing dissipa-
tion lowers the energy scale of inflation and hence the tensor-
to-scalar ratio [23,34] in line with subsequent CMB observations.
However, the challenge has been to find a theoretically and obser-
vationally consistent model displaying all these appealing features.
This work has achieved this by obtaining a QFT model of inflation
that is reliable in this respect, involving only a few fields, being
free of the fine-tuning and ambiguities that generically plague the
more conventional cold scenario.
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