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The Standard Model Higgs boson, which has previously been shown to develop an effective vac-
uum expectation value during inflation, can give rise to large particle masses during inflation and
reheating, leading to temporary blocking of the reheating process and a lower reheat temperature
after inflation. We study the effects on the multiple stages of reheating: resonant particle pro-
duction (preheating) as well as perturbative decays from coherent oscillations of the inflaton field.
Specifically, we study both the cases of the inflaton coupling to Standard Model fermions through
Yukawa interactions as well as to Abelian gauge fields through a Chern-Simons term. We find that,
in the case of perturbative inflaton decay to SM fermions, reheating can be delayed due to Higgs
blocking and the reheat temperature can decrease by up to an order of magnitude. In the case
of gauge-reheating, Higgs-generated masses of the gauge fields can suppress preheating even for
large inflaton-gauge couplings. In extreme cases, preheating can be shut down completely and must
be substituted by perturbative decay as the dominant reheating channel. Finally, we discuss the
distribution of reheat temperatures in different Hubble patches, arising from the stochastic nature
of the Higgs VEV during inflation and its implications for the generation of both adiabatic and
isocurvature fluctuations.

I. INTRODUCTION

Inflation was first proposed by Guth in Ref. [1] to solve
several cosmological puzzles that plagued the old Big
Bang Theory: an early period of accelerated expansion
explains the homogeneity, isotropy, and flatness of the
Universe, as well as the lack of relic monopoles. Subse-
quently, Linde [2], as well as Albrecht and Steinhardt [3]
suggested rolling scalar fields as a mechanism to drive
the dynamics of inflation. In these models, quantum
fluctuations of the inflaton field generate density fluctua-
tions that leave imprints on the cosmic microwave back-
ground (CMB) and lead to the formation of the large
scale structure in the Universe, i.e. the galaxies and clus-
ters we observe today. After driving the exponential ex-
pansion of the Universe, inflation must also successfully
reheat the Universe to ensure the transition to a radi-
ation dominated state before Big Bang Nucleosynthesis
(BBN). In models with rolling scalar fields, the transfer
of energy from the inflaton to relativistic particles can
be facilitated by couplings of the inflaton to Standard
Model (SM) fields1. While the details of such couplings
are highly model dependent, in general, the associated
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to one or more intermediary fields, which then couple to SM
particles. We will not delve into such models here, due to their

reheating can occur through the perturbative decay of
the inflaton or through resonant particle production (pre-
heating). Although the decay products of the inflaton are
usually considered to be massless, recent work suggests
that SM fields can acquire large masses due to the Higgs
boson condensate which develops during inflation [4]. In
this work we examine the delay of the reheating process
due to large SM masses during and after inflation and
the possible implications of inhomogeneities arising from
the stochastic motion of the Higgs field during inflation.

Enqvist et al. [4] showed that during inflation, the SM
Higgs boson can develop a mass and electroweak (EW)
symmetry can be treated as effectively broken [5]. The
effective Higgs mass arises due to quantum fluctuations
of the Higgs field — similar to the quantum fluctuations
of the inflaton field that generate the density fluctua-
tions responsible for large scale structure [6]. The ex-
pectation value of the Higgs amplitude over the entire
inflating patch is vanishing 〈hI〉 = 0 due to the symmet-
ric potential (where subscript I indicates initial value at
the onset of inflaton oscillations). However, the variance
is non-zero and the typical Higgs amplitude (the effec-
tive Vacuum Expectation Value or VEV for short) in a
random Hubble patch at the end of inflation is given by
a root mean square value hI =

√
〈h2〉 ∝ HI where HI

is the Hubble scale at the end of inflation. The effective
nonzero Higgs VEV during inflation then gives mass to
all SM particles that couple to the Higgs. For reheating

inherent ambiguity.

ar
X

iv
:1

71
2.

03
79

1v
1 

 [
he

p-
ph

] 
 1

1 
D

ec
 2

01
7

mailto:ktfreese@umich.edu
mailto:e.sfakianakis@nikhef.nl
mailto:patrick.stengel@fysik.su.se
mailto:luca.visinelli@fysik.su.se


2

to occur, the inflaton must decay to other particles; yet
this decay may be blocked if the inflaton mass is lower
than the mass of decay products induced by the effective
nonzero Higgs VEV hI . In short, in any model where
the inflaton decays to SM particles which are coupled to
the Higgs, reheating can be delayed until the Hubble-
valued Higgs condensate dissolves. The same analysis as
the one presented here holds in principle if the inflaton
is coupled to a similarly Higgsed Dark sector, although
the quantitative details can differ.

The lower reheating temperature that results due to
the nonzero Higgs mass during inflation has various con-
sequences. In the approximation that the Higgs con-
densate acquires a space-independent VEV, a constant
suppression of the reheat temperature occurs across the
observable Universe (however, see below for discussion
of inhomogeneties). A global suppression of the reheat
temperature may affect constraints on inflation models
arising from the CMB which are often portrayed in the
“ns−r” plane. Here, ns refers to the spectral index of the
density perturbations produced by the model and r is the
tensor-to-scalar ratio, i.e. the ratio of the amplitude of
gravitational waves to density perturbations. Predictions
of specific inflation models may be visually compared to
data from CMB experiments by plotting both the theo-
retical predictions and the data in the ns−r plane. How-
ever, the location of the predictions in the plane depends
on the reheat temperature [7–16]. The delayed reheating
we find in this paper generally shifts predictions towards
lower values of ns and larger values of r. Since current
constraints on inflationary models consider scenarios in
which reheating occurs at an unspecified point between
the end of inflation and BBN, our work does not aim to
extend these bounds, but rather to shrink them by pro-
viding a more accurate description of (p)reheating, given
a specific model.

Another consequence of the lower reheat temperature
is the possible effect on baryogenesis. Several mod-
els have been proposed that tie the origin of the mat-
ter/antimatter asymmetry of the Universe to inflation.
In these models a lepton (helicity) asymmetry is pro-
duced at the end of inflation and is later converted to
a baryon asymmetry through the electroweak sphaleron
process [5, 17–22]. In these models, if the reheat temper-
ature is too high, the lepton asymmetry generated during
reheating could be suppressed by rapid lepton number vi-
olating interactions [20, 23]. A lower reheat temperature
could avoid such processes.

However, the stochastic evolution of the Higgs field
during inflation will inevitably lead to an inhomogeneous
delay of the reheating process, hence the Universe will be
comprised at the end of inflation by a collection of Hub-
ble patches with different reheat temperatures. This can
lead to both adiabatic and (in some leptogenesis models)
baryon isocurvature perturbations. The study of fluctu-
ations arising due to the stochasticity of the Higgs VEV
opens up a new avenue for analyzing and constraining
inflationary models or mapping the Higgs potential at

high energies. We will refrain from a detailed discussion
of these aspects until section V.

Reheating can occur in multiple stages, including pre-
heating (resonant particle production), followed by per-
turbative decays (from coherent oscillations of the infla-
ton field)2. In this paper, we assume that the inflaton
couples primarily to SM particles that develop masses
when the Higgs field acquires a mass. Instead, if the in-
flaton were to decay to a massless gauge mode in the
broken phase (the analog of the photon at lower tem-
peratures) or to neutrinos, then the effective Higgs mass
during inflation would not in any way affect reheating,
since the Higgs does not provide a mass to these parti-
cles3. We note that the direction of the Higgs VEV may
or may not coincide with the current direction of Sponta-
neous Symmetry Breaking, hence the massless direction
during inflation is not in general today’s photon. We will
examine in detail the various types of reheating of the
inflaton, given the nonzero Higgs VEV and resultant SM
particle masses during inflation.

Perturbative Decay: After inflation the inflaton field
can decay perturbatively into light particles forming a
thermal bath, assuming the requisite coupling of the in-
flaton to SM fields. While often not as efficient at drain-
ing power from the inflaton condensate as resonant parti-
cle production, a strong enough interaction between the
inflaton and the SM particles can ensure that the Uni-
verse be radiation dominated before BBN. We specifically
calculate the inflaton decay to fermions, which develop
a mass due to the effective nonzero Higgs VEV during
inflation. For simplicity, we only consider the case of a
Yukawa interaction of the inflaton with an arbitrary SM
fermion of undetermined mass today (after the usual EW
phase transition), such that we can calculate the pertur-
bative decay width of the inflaton. We are thus able to
determine, in general, the range of SM Yukawa couplings,
for a given inflationary energy scale, for which the effects
of the Higgs condensate on perturbative reheating are sig-
nificant. Compared to the masses SM fields receive from
the effective Higgs VEV which develops during inflation
(with the VEV set by the inflation scale), the masses from
the usual EW symmetry breaking are negligible, provided
that the inflation scale is not too low. Thus the results of
our calculations of the perturbative width should remain
essentially the same for any SM final state particles (as
long as the final state particles become massive due to
the Higgs mechanism); the details of the phase space of
the decay products would vary for different inflaton-SM
interaction terms and particular final states but would
not substantially change our final results.

2 Depending on the specific model, each of these two stages can be
subdominant or even absent.

3 Majorana neutrinos that acquire their mass due to the see-saw
mechanism are also Higgsed [18]. However, since the nature of
neutrinos is uncertain at present, we do not try to provide any
detailed treatment here.
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Non-perturbative Resonant Particle Production: The
first type of reheating to typically take place, and
frequently the most effective one, is non-perturbative
preheating, which leads to the resonant production of
bosons. There are two possible contributions to pre-
heating: tachyonic resonance (where the effective infla-
ton oscillation frequency-squared first crosses zero with
ω2 < 0), followed by parametric resonance. To reduce
complications, we will only consider a massive U(1) field
during inflation, as a proxy for the massive electroweak
gauge bosons during (and immediately after) inflation.
To be more concrete, we study the case of natural infla-
tion [24] for our investigation of non-perturbative decay.
Here, the inflaton is an axion, designed to avoid the fine-
tuning that plagues most other models of inflation. A
shift symmetry provides the flat potential required for a
successful inflation model [25].

The coupling of an axion-like inflaton to a U(1) gauge
boson has been shown to allow for complete preheating,
in which the entirety of the inflaton’s energy density is
transferred to the gauge fields within a single inflaton os-
cillation [26]. In the particular case where the U(1) gauge
field is identified as the hypercharge sector of the SM,
this very efficient energy transfer can lead to the gen-
eration of large-scale magnetic fields with possible cos-
mological relevance for the explanation of the observed
Blazar spectra [27–35]. Although our calculations specifi-
cally assume a derivative coupling of the inflaton to gauge
bosons which arises in models of natural inflation [36–
43], the results of this work can be easily generalized to
any model in which preheating occurs through resonant
massive boson production. We also discuss perturbative
decays of the inflaton field in this case of axion-like cou-
plings when resonant particle production is completely
blocked by the induced mass of the final state bosons.

The outline of this work is as follows. In section II, we
review the dynamics of the Higgs condensate during and
after inflation. In section III, we investigate the effects
of SM particle masses on the perturbative decay of the
inflaton. In section IV, we consider resonant production
of massive gauge bosons during preheating. We summa-
rize our conclusions and consider further applications of
this work in section V.

II. HIGGS CONDENSATE

We consider the Higgs doublet and its potential in the
form

Φ =
1√
2

(
0

h

)
, (1)

VH(h) =
λ

4

(
Φ†Φ− ν2

2

)2

≈ λ

4
h4, (2)

where ν = 246 GeV and λ is the quartic self-coupling,
which is taken to be positive during inflation. During
inflation, the SM Higgs boson with minimal coupling to

gravity is a light spectator field. Though initially rolling
classically, the Higgs field soon reaches a regime domi-
nated by quantum fluctuations. To set the initial condi-
tions for the Higgs field at the end of inflation (and the
start of the inflaton oscillations leading to the reheating
or preheating stages) we use the fact that the superhori-
zon modes of the Higgs field follow a random walk during
the final stages of inflation, with the probability distri-
bution function (PDF) given by [6]

feq(h) =

(
32π2λI

3

)1/4
1

Γ
(

1
4

)
HI

exp

(
−2π2λIh

4

3H4
I

)
,

(3)
where HI and λI are the Hubble rate and the Higgs quar-
tic self-coupling evaluated at the end of inflation, Γ(x) is
the Gamma function and Γ(1/4) ' 3.625. Throughout
the paper, the subscript I refers to the initial time of on-
set of inflaton oscillations (referred to as the end of infla-
tion). It is straightforward to check that the above PDF
is properly normalized as

∫∞
−∞ feq(h)dh = 1. The Higgs

field is thus distributed in different Hubble patches ac-
cording to the above PDF, so that we can take the Higgs
VEV in each Hubble patch to be constant and have a
magnitude h with a probability given by Eq. (3). The
dispersion of the PDF is

〈h2〉 =

∫
dhfeq(h)h2, (4)

yielding an effective VEV√
〈h2〉 = 0.36λ

−1/4
I HI , (5)

which gives masses to the Higgs and other SM particles.
We take

√
〈h2〉 to be the initial value of the Higgs field

at the end of inflation, hI . We note that hI � ν [44].
Once the inflaton begins to oscillate, the Universe is

matter dominated and the Hubble constant drops as H ∼
a−3/2. The dynamical evolution of the Higgs field may
be described by the equation of motion for a scalar field
in a quartic potential,

ḧ+ 3Hḣ+ λh3 = 0, (6)

and we define the effective Higgs mass squared as

m2
h ≡ 3λh2 . (7)

Eq. (6) neglects interactions with other fields; the role
of coupling to gauge fields will be discussed shortly in
Eq. (11) and the subsequent discussion.

Since the self-interaction term in Eq. (6) is negligible
immediately after the the end of inflation, the amplitude
of the Higgs field remains “frozen” at the value it had at
the end of inflation hI , until it starts oscillating. Using
Eq. (5), we obtain the effective Higgs mass squared from
the end of inflation until the onset of Higgs oscillations,

m2
hI ∼ 0.4λ

1/2
I H2

I . (8)
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Oscillations of the Higgs field begin once the Hubble con-
stant has dropped to the value Hosc ≈ mh, that is when
the mass term overcomes the friction term in Eq. (6), at
which point the value of the Higgs field is

hosc ∼ hI , (9)

where the subscript “osc” indicates the time when the
Higgs oscillations begin and we have assumed there is
very little running of λ between the end of inflation and
the onset of Higgs oscillations. The ratio between the
Hubble constants at these two times is 4

Hosc

HI
∼ 0.6λ

1/4
I . (10)

For λI ∼ 10−3, the Higgs field begins to oscillate about
five Hubble times after the end of inflation [4] (as we show
in Fig. 1 below, this corresponds to a few e-folds). As we
will see below, the time tosc approximately coincides with
the time at which the transition between the two contri-
butions to inflaton reheating occurs. Preheating (both
tachyonic and parametric resonance) takes place before
tosc while perturbative decay begins after tosc. As a con-
sequence, the Higgs field varies slowly during preheating
and can be taken to be constant, while a detailed treat-
ment of its evolution is relevant for perturbative inflaton
decays due to the oscillatory behavior of the Higgs field
after tosc.

As discussed in Ref. [4], the energy density in the Higgs
field is eventually dissipated through resonant production
of W bosons via the dominant decay mode h → WW .
The dynamics of the Higgs field doublet coupled to the
gauge field W a

µ is described by the Lagrangian term

LΦ+W = (DµΦ)†DµΦ− VH(Φ) +
1

4
Gµνa Gaµν , (11)

where the covariant derivative of the Higgs to the gauge
field is DµΦ =

(
∂µ − igτaW a

µ

)
Φ, g is a coupling con-

stant, τa is a set of generators for the gauge group,
and Gµνa is the field strength, defined through Gaµν =

∂µW
a
ν − ∂νW a

µ + gεabcAbµA
c
ν . Eq. (6) for the dynamical

evolution of the Higgs field can be obtained from this La-
grangian by neglecting the gauge couplings of the Higgs,
a reasonable approximation throughout most of the re-
heating process prior to the final dissipation of the Higgs
into gauge bosons. As we will show in the case of per-
turbative inflaton decay, for t & tosc, the Higgs field red-
shifts significantly as h ∼ a−1 before backreaction effects
become important. The decay time of the Higgs conden-
sate can then be reasonably approximated by the time at
which the backreaction term in the equation of motion
becomes comparable to the co-moving amplitude of the

4 This equation differs from Eq. (2.6) in Ref. [4], which was de-
rived using the assumption that h ∝ a−1 even for t < tosc, an
assumption that does not apply during this time period.

Higgs field. With this approximation in mind, we write
the equation of motion [4] for the gauge field 5,

Ẅk + ω2
kWk = 0, (12)

where Wk is the Fourier transform of the transverse com-
ponent of the gauge field in Eq. (11) and Wk = a3/2Wk,
while the time-dependent frequency of the mode with
wavenumber k is

ω2
k =

k2

a2
+
g2h2

4
− 3

2

ä

a
− 3

4
H2. (13)

Note that the sum of the last two terms in the expression
for ω2

k vanishes in a matter-dominated background. The
corresponding occupation number is given by [45]

nk =
1

2ωk

(
|Ẇk|2 + ω2

k|Wk|2
)
− 1

2
, (14)

from which we calculate the effective Higgs mass term
induced by W-bosons using an approximate expression
for the expectation value 〈W 2〉,

m2
h(W ) '

g2

4

∫
d3k

(2πa)3

nk
ωk
. (15)

Assuming that the dominant decay mode of the Higgs
condensate is non-perturbative W-boson production, the
condensate decays approximately when m2

h(W ) has grown

to reach the value

m2
h(W ) ' m

2
h (condition for Higgs decay). (16)

This condition is an approximation for the conservation
of energy density stored in the Higgs condensate. Since
the dominant decay channel for the Higgs condensate is
resonant W-boson production, then, if the condition in
Eq. (16) is met, the energy density implied by the effec-
tive mass of the Higgs field, m2

h, will have been depleted.
As we show in the next section, the details of the con-
densate decay are only relevant in very specific cases of
perturbative reheating.

The value of the quartic Higgs coupling λI at the
initial time tI when the inflaton first starts oscillating
is unknown. However, in the case where there is no
new physics between the EW scale and tI , we may es-
timate the value λI in the following way. In the ab-
sence of new physics, the stability of the Higgs vacuum
all the way up to the Hubble scale at the end of infla-
tion, HI , requires values of the top mass, Higgs mass
and strong coupling constant to vary up to 2σ from
the central measured values [46]. Here, we assume that
the value of the Hubble scale during inflation ranges

5 We ignore the non-Abelian self-interactions of the gauge fields,
which may change the Higgs condensate decay time somewhat,
but should not drastically affect our overall results.
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within 1011 GeV . HI . 1014 GeV. With these assump-
tions, the running of the Higgs quartic self-coupling yields
λI ∼ 10−3 at the inflationary scale [47]. We will use this
value of λ as our canonical value when estimating num-
bers throughout the text, but stress that this value is
uncertain and heavily depends on the value of the SM
parameters as well as inputs from additional new physics
beyond the SM.

We note that, for much smaller values of the Hubble
scale during inflation, the delayed reheating effects con-
sidered in this paper become unimportant. The effective
Higgs VEV in Eq. (5) becomes smaller both because of
the smaller value ofHI and also because λI runs to higher
values. The resulting fermion masses due to the Higgs
VEV are then also smaller and no longer important.

III. PERTURBATIVE INFLATON DECAY

A. Neglecting backreaction

If we assume the inflaton has begun to oscillate as a
massive scalar field by the end of inflation, under the
influence of a quadratic potential Vφ = m2

φφ
2/2, the set

of equations which describes the perturbative reheating
is

ρ̇φ + 3Hρφ = −Γφρφ, (17)

ρ̇R + 4HρR = Γφρφ, (18)

H2 =

(
ȧ

a

)2

=
8π

3
(ρφ + ρR) , (19)

where ρφ is the energy density of the inflaton and ρR is
the energy density of radiation resulting from the decay
of the inflaton with a decay rate Γφ. For simplicity, we as-
sume the inflaton has a Yukawa coupling to SM fermions,
yielding

Γφ = Γ0

(
1−

4m2
f

m2
φ

)3/2

Θ
(
m2
φ − 4m2

f

)
, (20)

where Γ0 is the decay width in the massless fermion limit
and

m2
f =

1

2
y2h2, (21)

is the effective fermion mass induced by the Higgs con-
densate with Yukawa coupling y. In Eq. (20), we
have included the Θ-function (step-function) to model
the phase-space blocking due to large effective fermion
masses. As mentioned in section I, the results of our
calculations of the perturbative width should remain es-
sentially the same for any SM final particles (as long as
they become massive due to the Higgs); the details of the
phase space of the decay products would vary for differ-
ent inflaton-SM interactions or choice of final states but
would not substantially change our basic results.

The decay of the inflaton field is controlled by the de-
cay rate in Eq. (20) and it is thus negligible (blocked)
when 4m2

f > m2
φ, i.e. when

h2

m2
φ

>
1

2y2
. (22)

Fig. 1 shows the value of the Higgs field squared ampli-
tude in units of m2

φ (black solid line), as a function of the
number of e-folds after the inflaton starts oscillating, for
the choice HI = mφ/2 and λI = 10−3. We also plot the
quantity 1/2y2 for y = 1 (green dotted line), y = 10 (red
dot-dashed line), and y = 100 (blue dashed line). For a
given value of y, whenever h falls below the value given by
the blocking condition in Eq. (22), the inflaton field de-
cays in a series of burst events. This picture is valid when-
ever the period of the oscillations in the Higgs field τHiggs

is much smaller than the characteristic Hubble timescale
τHubble = 1/H. In the opposite limit τHiggs � τHubble,
the blocking in Eq. (22) still applies provided that the
Higgs field is replaced with its root-mean-squared value
hrms(t), shown with the black dashed line in Fig. 16. In
this second scenario, the decay does not occur in bursts
since the oscillations in hrms(t) are suppressed. Unfortu-
nately the true oscillations of the Higgs field are likely to
be in an intermediate regime where the period is compa-
rable to the Hubble rate, τHiggs ' τHubble, in which case
the usual calculation of a perturbative decay width is not
appropriate since the mass of the final states is varying
too slowly to yield a root-mean-squared value and too
quickly to resolve the times when Eq. (22) is satisfied.
Thus, we present our results assuming the two limiting
cases in which we are confident of the perturbative width
calculation, and we leave a more realistic calculation to
future work. The two cases split when the Higgs starts
oscillating7 (i.e. at tosc).

If the Higgs condensate decays too soon after it starts
oscillating, then inflaton decay is never blocked, and the
effects of this work are not present. Thus we are in-
terested in the case in which the timescale for Higgs
decay is longer than the timescale for reheating, i.e.,
Γ0 & Hdec, where Hdec is the Hubble scale when the
approximate condition for the decay of the Higgs con-
densate, m2

h ' m2
h(W ) is satisfied. In the other limit,

with Γ0 < Hdec, we expect the Higgs condensate to de-
cay away before most of the energy is transferred from
the inflaton to the thermal bath, and the blocking effects
described here do not significantly alter the reheating
process. Note that, while Hdec depends on the precise

6 We wish to distinguish the initial condition average hI (that
was defined in terms of the stochastic superhorizon probability
distribution) from the root-mean-square which is obtained by

hrms ∼ ρ1/4h where ρh = ḣ2/2 + V (h).
7 Before tosc, non-perturbative particle production described in

the next section can be much more efficient in reheating than
any perturbative particle production described in this section.
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FIG. 1: The Higgs field h2 (black solid line) and its root-
mean-squared value hrms(t) (black dashed line) in units of m2

φ,
as a function of the number of e-folds Nφ after the inflaton
starts oscillating, obtained as a solution to Eq. (6). Here, we
have taken HI = mφ/2 and λI = 10−3. We also show the
value of 1/2y2 for y = 1 (green dotted line), y = 10 (red dot-
dashed line), and y = 100 (blue dashed line). Inflaton decay

is blocked as long as 4m2
f > m2

φ, i.e. when h2

m2
φ
> 1

2y2
.

values of λI and g at the inflationary scale and on the
arbitrary direction of the EW symmetry breaking arising
from the effective VEV, the decay of the Higgs conden-
sate is largely independent of the perturbative reheating
process for Γ0 & Hdec. Furthermore, the particular de-
tails which determine the exact value of Hdec are only
relevant when Γ0 ' Hdec. In this subsection we consider
only cases in which the inflaton decays completely be-
fore the Higgs experiences backreaction from the gauge
bosons, i.e. Γ0 � Hdec. Then Eq. (6) suffices to study
the effects of effective fermion masses on perturbative re-
heating.

Initial conditions for the inflaton are set by the Hub-
ble scale HI as ρφ,I = 3m2

PlH
2
I /8π, where we use the

Planck mass mPl = 1.221× 1019 GeV. For radiation, ini-
tial conditions follow from Eq. (18) as ρR,I = 0, where
Γφ = 0 when the inflaton decay is blocked by particle
masses, while Γφ = Γ0 when the blocking does not occur.
Eq. (6) determines the dynamics of the time-dependent
mass, defined by Eq. (21), for the fermion byproducts of
perturbative inflaton decay.

In Fig. 2, we show the evolution of ρφ and ρR deter-
mined by simultaneously solving Eqs. (17)-(19), where
we have taken HI = mφ/2, λI = 10−3, Γ0 = 0.1mφ, and
y = 5. The top panel corresponds to a constant value
of Γφ = Γ0, while the other two panels correspond to
the Γφ given in Eq. (20) for the two limiting cases of
τHiggs � τHubble (middle panel) and τHiggs � τHubble

(bottom panel). In all panels, the blue (solid) curve
shows ρφ, and the red (dashed) curve shows ρR. In the
middle panel, the radiation energy density has a step-
function behavior, corresponding to the periods when
h2 < m2

φ/2y
2 and Γφ 6= 0, allowing the inflaton field

to decay into bursts of SM particles. For the choice of
y = 5 in Fig. 2 there is only one burst; for higher val-
ues of y there would be many such bursts. Such behav-
ior is not present in the bottom panel, since the decay
occurs as the condition in Eq. (22) is violated and the
monotonic h2

rms(t) falls below the value 1/2y2. Defin-
ing the reheat time treh through ρφ(treh) = ρR(treh), we

find treh ≈ 10m−1
φ for a constant decay rate Γ0 (top

panel), treh ≈ 70m−1
φ for the decay rate in Eq. (20) and

τHiggs � τHubble (middle panel), and treh ≈ 450m−1
φ for

the decay rate in Eq. (20) and τHiggs � τHubble (bottom
panel). Inclusion of phase space blocking in Eq. (20)
delays reheating.

In Fig. 3, we show the increase in the number of e-
folds (relative to the case of no Higgs blocking) ∆Nφ
by which reheating after inflation is delayed as a func-
tion of the parameters Γ0 and y. The left column shows
results obtained by solving the set of Eqs. (17)-(19) (rele-
vant when we do not take backreaction into account); the
right column includes the effects of backreaction onto the
Higgs condensate and will be discussed in the next sub-
section. Here we have fixed HI = mφ/2 and λI = 10−3.
Specifically, we show the difference in the number of e-
folds for the field-dependent Γφ in Eq. (20) with respect
to the results for a constant Γφ. The top panel is for
the case of τHiggs � τHubble and the bottom panel for
τHiggs � τHubble. Relative to a fixed Hdec, an earlier
inflaton decay leads to a more significant delay in the
reheating time. Furthermore, for fixed mφ/HI and λI ,
the delay in the reheating time is more significant for a
larger y because the time intervals at which the phase
space for perturbative decay is open, h2 < m2

φ/2y
2, be-

come shorter. The delay in reheating, ∆Nφ, obtained
in the two scenarios typically differ by a factor of order
two. For either of the two scenarios, the largest delay in
reheating is expected to be ∆Nφ ≈ 4.5 for y = 10 and
Γ0 = 0.1mφ, which are the largest values of y and Γ0 we
considered.

B. Including backreaction

So far, we have neglected the backreaction of the pro-
duction of the gauge bosons on the Higgs field dynamics.
This approximation is expressed in Eq. (6), where the ex-
citation of the gauge bosons does not affect the evolution
of the Higgs field. Depending on the couplings g and λI ,
the inclusion of backreaction could change the conclu-
sions drawn so far. In this section we will choose value of
g high enough to demonstrate the effect of backreaction,
but note that for a SM value evaluated at inflationary
scales backreaction effects may be insignificant.
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FIG. 2: The value of ρφ (blue solid curve) and ρR (red dashed
curve), in units of ρφ,I , as a function of the number of e-folds
Nφ after the end of inflation, obtained as a solution to the set
of Eqs. (17)-(19) for constant Γφ = Γ0 (top panel) and for Γφ
given in Eq. (20) in the case τHiggs � τHubble (middle panel)
or τHiggs � τHubble (bottom panel). We set HI = mφ/2,
λI = 10−3, and we take Γ0 = 0.1mφ and y = 5.

We sketch the effect due to the inclusion of gauge boson
production by introducing the effective mass of the gauge
boson m2

h(W ), as defined in Eq. (15). When m2
h(W ) equals

the effective mass of the Higgs field, m2
h = 3λIh

2, we as-
sume that the Higgs field decays and the decay rate of the
inflaton is no longer blocked, reaching the value Γ0. For
this, we consider a set of Boltzmann equation analogous
to what we have previously discussed in Eqs. (17)-(18),

ρ̇φ + 3Hρφ = −ΓBRρφ, (23)

ρ̇R + 4HρR = ΓBRρφ, , (24)

where the decay rate ΓBR is expressed in terms of Γφ, see

Eq. (20), and Γ0 as

ΓBR =ΓφΘ
(

3λIh
2−m2

h(W )

)
+ Γ0Θ

(
m2
h(W )−3λIh

2
)
.

(25)
The expression for ΓBR above states that the Higgs block-
ing only affects the dynamics during the time period
when backreaction can be neglected, m2

h(W ) . 3λIh
2.

We solve Eq. (12) in the illustrative case g ' 2.06, i.e.,
qW ≡ g2/4λI ' 1060, where qW is the resonance param-
eter which arises from writing the equation of motion
of the W-boson as a Mathieu equation, see for example
Ref. [45]. Although the value of the gauge coupling g is
somewhat higher than what one would expect in the SM
by a factor 4-5, we choose such a high value in order to il-
lustrate the effects of backreaction on the Higgs blocking,
in the case of the perturbative inflaton decay to fermions.
However, even for a smaller value of g ' 0.5, the effects of
backreaction could still be present for values of y which
are outside of the perturbative regime8. In principle, the
effective gauge boson mass is obtained by computing the
expression in Eq. (15), which involves an integration over
the gauge boson momenta k. Here, we simplify such com-
putation by considering that, for qW � 1, all modes k
are excited up to the cutoff scale [45]

k∗ ≡
√
λIhosc aosc

( qW
2π2

)1/4

. (26)

This approximation is valid when the solutions to
Eq. (12) lie in a resonant band, as it is for our choice
of g, and allows us to write the occupation number as

nk = n0 Θ (k − k∗) , (27)

where n0 is the occupation number when assuming k = 0.
Using this expression for nk to evaluate the integral in
Eq. (15) , we obtain the induced mass of the W boson as

m2
h(W ) ≈

4πk3
∗

3

λIqWn0

(2πa)3
√
qWλIh

=

√
2λ2

In0

6π

( qW
2π2

)5/4

h2,

(28)
where in the last expression we have used Eq. (26) and
the relation h ∝ a−1, which is valid after the Higgs has
started oscillating. We have checked that the result in
Eq. (28), obtained in the k = 0 approximation, is consis-
tent with the numerical integration in Eq. (15). Backre-
action becomes important once m2

h(W ) ' 3λIh
2, or when

8 As shown in the lower panels of Fig. 3, backreaction only becomes
important for y & 1. This is because, as shown in Fig. 1, larger
induced fermion masses will lead to more efficient phase space
blocking and larger ∆Nφ. Thus, only for sufficiently large y
is the blocking in effect long enough for the decay time of the
inflaton to become similar the decay time of the Higgs. If we had
calculated the decay of the Higgs with g ' 0.5, then the Higgs
would have decayed later, requiring an inflaton Yukawa coupling
larger than allowed by perturbative unitarity, y & 4π, in order
for the effects of backreaction to be important.
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FIG. 3: Delay of perturbative reheating due to Higgs blocking, specifically the increase in the number of e-folds between the
end of inflation and the onset of radiation domination relative to the case without Higgs blocking, as a function of Γ0 and y.
The two figures in the left column neglect backreaction of the produced gauge bosons on the Higgs field dynamics, while the
two plots in the right column include backreaction effects. In the cases with backreaction, the effects of Higgs blocking are
less important. The top two figures are for τHiggs � τHubble while the bottom two figures are for τHiggs � τHubble. Cases with
τHiggs � τHubble generically have longer delays of reheating due to the effects of Higgs blocking. We see that the strongest
effects arise in the case of τHiggs � τHubble and are further enhanced for low Γ0 if one neglects backreaction (lower left panel).
For y = 10 and Γ0 = 0.1mφ the delay peaks at ∆Nφ ≈ 4.5.
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the occupation number is9

n0 =
9π
√

2

λI

(
2π2

qW

)5/4

. (29)

We use Eq. (14) to obtain an additional expression for n0.
For this, we use the W field obtained by solving Eq. (12)
with k = 0. We find that n0(t) can be approximated
by [4]

n0(t) = exp

(
µ0

√
mφ(t− tosc)

)
, (30)

where µ0 = 0.185. We match the expressions in Eqs. (29)
and (30) to obtain the time at which backreaction be-
comes important, or

tdec = tosc +
1

mφ

(
lnn0

µ0

)2

≈ tosc + 270/mφ, (31)

corresponding to Nφ ≈ 5 e-folds after the inflaton field
has started to oscillate. Including backreaction in the
Higgs dynamics modifies the results obtained in the pre-
vious section, which can be seen when comparing the left
panels of Fig. 3 to the right panels in Fig. 3, where there
is a cutoff introduced in the delay of reheating, ∆Nφ.
Backreaction affects the region y & 1, where the delay of
reheating becomes less pronounced.

C. Effects on the reheat temperature

In previous subsections, we have calculated the delay in
reheating in terms of ∆Nφ independently of the precise
value of mφ. However, in a realistic model of inflation
we want to achieve the correct density perturbations and
translate delays in reheating into predictions for the re-
heat temperature. To be illustrative, we will consider
a quadratic shape for the form of the inflaton potential
near its minimum and an inflaton mass mφ ∼ 1013 GeV.
A quadratic potential with this mass throughout infla-
tion for all values of φ would produce the correct den-
sity perturbations; yet it is ruled out since it yields a
value of r ∼ 0.2, placing it outside the current experimen-
tal bounds. However, it is possible to construct models
where the inflaton potential is non-quadratic during the
period when density fluctuations and tensor modes are
produced (60-50 e-folds before the end of inflation), and
yet is quadratic near the bottom (e.g. some variants of
axion monodromy [48]). Henceforth to be concrete we
will assume a quadratic potential near the minimum and
mass mφ ∼ 1013 GeV.

9 This result differs from Eq. (4.10) in Ref. [4], where the authors
obtain a time-dependent occupation number. This difference is
related to the inconsistency pointed out in Footnote 4.

When the inflaton field decays, the Universe transi-
tions to a radiation dominated state with the Hubble
rate

H(T ) =

√
8π ρR
3m2

Pl

=

√
4π3

45
g∗(T )

T 2

mPl
, (32)

where g∗(T ) is the number of the relativistic degrees
of freedom at temperature T . We compute the re-
heating temperature Treh by first evaluating the Hubble
rate H(Treh) when ρφ = ρR and then using Eq. (32).
Clearly, a prolonged inflaton oscillation (matter domi-
nation) stage affects the reheating temperature Treh. In
general, we expect that Treh lowers when the Higgs block-
ing effect is present, because the coherent inflaton oscil-
lation period lasts longer for the same value of HI .

So far, we have obtained the results by considering the
initial value of the Higgs field hI to be the “central value”
in Eq. (5). However, for a given value of HI , the initial
value of the Higgs field is distributed according to the
PDF in Eq. (3), so in some Hubble patches the value of
hI can differ greatly from what is expected by its central
value. For each value of hI , we obtain a different reheat
temperature Treh, hence the reheat temperature of each
Hubble patch of our observable Universe will depend on
the PDF feq(h). In particular, the probability of finding
the reheat temperature in a Hubble patch between T1

and T2 is

P (T1 < Treh < T2) =

∫ T2

T1

f̃(Treh)dTreh, (33)

where the PDF for the reheat temperature is given by

f̃(Treh) ≡ feq(hI(Treh))

∣∣∣∣ dhIdTreh

∣∣∣∣ . (34)

We solve the set of the Boltzmann Eqs. (17)-(19) for
given HI = mφ/2 and Γ0, obtaining the one-to-one rela-
tion hI ≡ hI(Treh) without the effects of backreaction
included. We also solve Eqs. (23)-(24) and Eq. (19)
when backreaction is included. Since we also consider
the evolution of the Higgs with either τHiggs � τHubble or
τHiggs � τHubble, we obtain a PDF of the reheat tem-
perature for each of the four cases considered before.
Since, for cases with τHiggs � τHubble, the numerical
function hI(Treh) has oscillatory features, we have fit to
a polynomial in order to obtain a smooth derivative for
the calculation of f̃(Treh) in Eq. (34). Although we ex-
pect the oscillations of hI(Treh) to manifest as features in

f̃(Treh), we note that these features would be less appar-
ent in a more realistic treatment of the Higgs field, with
τHiggs ' τHubble, and leave a calculation of the associated

effects on f̃(Treh) for future work.
We plot results in Fig. 4, where we show the PDF

f̃(Treh) defined in Eq. (34) for τHiggs � τHubble (top row
panels) and τHiggs � τHubble (bottom row panels), as well
as when backreaction is neglected (left column panels)
and when its effect is included (right column panels). For
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each panel, the different lines represent different values
of Γ0 = 10−3mφ (red solid line), Γ0 = 10−2mφ (blue dot-
ted line), and Γ0 = 10−1mφ (green dot-dashed line). For
comparison, the reheat temperature without any block-
ing effects T 0

reh is obtained from the Hubble equation,
given by Eq. (32) as 3H(T 0

reh) = Γ0, or

T 0
reh =

(
5

4π3g∗

)1/4√
Γ0mPl ≈ 0.14

(
100

g∗

)1/4√
Γ0mPl.

(35)

Setting g∗ = 106.75 and mφ = 1013 GeV, we find T 0
reh =

4.9×1013 GeV when Γ0 = 10−3mφ, T 0
reh = 15×1013 GeV

for Γ0 = 10−2mφ, and T 0
reh = 49 × 1013 GeV for Γ0 =

10−1mφ.
As stated previously, to be concrete, we have taken a

quadratic potential near the minimum and mass mφ ∼
1013 GeV. We note that, for values of the inflaton mass
within several orders of magnitude of this number and a
fixed ratio of mφ/HI , our results for the relative delay in
reheating remain roughly the same: the ratio of Treh/T

0
reh

changes by factors up to ∼ 2 (compared to the results in
Fig. 4).

The results in Fig. 4 are consistent with the features
of Fig. 3. Naively, for a fixed delay in the reheating,
an increase in the value of Γ0 leads to higher Treh. In
contrast, as seen in Fig. 3, ∆Nφ increases with higher
Γ0 for a fixed value of y. Both these effects are present
when considering the respective PDFs for different Γ0 in
the top-left panel of Fig. 4, when τHiggs � τHubble and
without considering the effects of backreaction. When
increasing Γ0, the most likely values of Treh are higher.
At the same time, the overall delay in reheating from
T 0

reh (as shown in the legend of Fig. 4) to the most likely
values of Treh also increases.

From the the bottom-left panel of Fig. 4 (no back-
reaction but τHiggs � τHubble), we again see the sce-
nario where τHiggs � τHubble generically leads to an
even more delayed reheating, as the most likely values
of Treh decrease for all Γ0 relative to the previous case
with τHiggs � τHubble. Also, the largest decreases in
the most likely values of Treh, relative to the case with
τHiggs � τHubble, occur for larger values of Γ0.

As shown in the right panels of Fig. 4, backreaction
inhibits the blocking effect and restores the standard
unblocked reheating picture, thus it generally predicts
higher reheat temperatures. However, since backreaction
only acts when Γ0 . 0.01mφ with our choice of param-
eters, the PDF for the red solid curve (corresponding to
Γ0 = 10−3mφ) in the top-right panel predicts that higher
reheat temperatures are more likely than in the top-left
panel. The blue and green lines remain identical because
backreaction does not effect reheating with these choices
of Γ0.

The main result of this section is the following: In the
case of perturbative inflaton decay, the Higgs blocking
considered in this paper can lead to a reheat temperature
that is suppressed by roughly an order of magnitude com-
pared to the standard case without blocking (the curves

in Fig. 4 can peak at a lower values than the unblocked
numbers in the legend).

IV. GAUGE PREHEATING

A. Resonant gauge boson production

If, instead of perturbative reheating through a Yukawa
coupling of the inflaton to SM fermions, we consider
Chern-Simons couplings of the inflaton to SM gauge
bosons, resonant gauge boson production can reheat the
Universe almost instantaneously after the end of infla-
tion for sufficiently large values of the inflaton-gauge cou-
plings [26, 27]. Although previous analyses of gauge
preheating have considered effectively massless gauge
bosons, we analyze the effects of a large gauge boson
mass on the structure of the resonance. We assume
an axion-like derivative coupling of the inflaton to an
Abelian gauge boson with an effective mass given by the
coupling of the gauge boson to the SM Higgs10. Chern-
Simons couplings to gauge fields are generic for example
in models of a pseudo scalar inflaton as in Natural In-
flation [24, 36], since they respect the underlying shift
symmetry. The relevant terms in the potential of the
corresponding effective Lagrangian are given by

VA =
α

4f
φFµν F̃µν +

M2

2
AµAµ, (36)

where Fµν = ∂µAν − ∂νAµ and F̃µν = εµνβγF
βγ . Note

that the electroweak symmetry breaking due to the large
Higgs condensate, which develops when the Higgs is a
spectator field during inflation, yields the mass term for
the gauge boson M2 ∼ g′2h2, where g′ is the Abelian
gauge coupling11. While the dynamics of the Higgs field
are still technically determined by Eq. (6), the Higgs field
does not begin oscillating until well after gauge preheat-
ing, which only lasts for a few e-folds after the end of
inflation. We thus take the gauge boson mass to be con-
stant during the last few e-folds of inflation and immedi-
ately thereafter and depend only on the Hubble scale at
the end of inflation.

10 Breaking of the Electroweak symmetry during inflation would
leave one of the resulting gauge bosons massless. In a general
effective field theory setting, the inflaton would couple to both
the massive and the massless gauge bosons alike. If one considers
a definite UV completion of the SM, the couplings of the infla-
ton to the separate gauge bosons would depend on the charges
of the fermions under the SM and the Peccei-Quinn-like symme-
try which provides for the shift symmetry of the axion [24, 25].
Such an analysis is beyond the scope of the current paper. We
instead consider only an effectively massive U(1) gauge field, as
an indicative case of a more complicated and model-dependent
process.

11 A detailed derivation of the equations of motion is given in Ap-
pendix A.
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FIG. 4: Lowered reheat temperature due to Higgs blocking for the case of perturbative inflaton decay, assuming mφ = 1013 GeV.

The PDF f̃(Treh) defined in Eq. (34) is shown as a function of the reheating temperature Treh for either τHiggs � τHubble (top
row) or τHiggs � τHubble (bottom row) and when backreaction is either neglected (left column) or considered (right column).
The values of T 0

reh in the legend are computed in the case when the blocking effect is absent. We consider different values for
Γ0 = 10−3mφ (red solid line), Γ0 = 10−2mφ (blue dotted line), and Γ0 = 10−1mφ (green dot-dashed line). One can see that the
Higgs blocking considered in this paper can lead to a reheat temperature that is suppressed by roughly an order of magnitude
compared to the standard case without blocking (the curves in the figures can peak at a lower values than the unblocked
numbers in the legend). We note that, for values of the inflaton mass within several orders of magnitude of mφ = 1013 GeV and
a fixed ratio of mφ/HI , our results for the relative delay in reheating remain roughly the same: the ratio of Treh/T

0
reh changes

by factors up to ∼ 2 (compared to the results in this figure.)
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In general, a Chern-Simons coupling to gauge bosons
can induce a coupling of the inflaton to the axial vector
current,

Lφψ̄ψ ∼ i
1

f
∂µφψ̄γ5γ

µψ . (37)

Even though such couplings can source interesting phe-
nomenology [18, 49], Pauli’s exclusion principle does not
allow for sufficient transfer of energy from the inflaton to
fermions during preheating. We will thus neglect these
processes here.

The equation of motion for the gauge boson products
of the inflaton decay is similar to that of the gauge boson
products of the Higgs condensate decay in Eq. (12) and
is given by [26]

χ̈±k + ω2χ±k = 0, ω2 =
k2

a2
∓ α

f

k

a
φ̇+M2+

ȧ2

4a2
− ä

2a
,(38)

where Ak is the Fourier transform of the transverse com-
ponent of the gauge field and χk = a1/2Ak. Note that,
since the last two terms in the definition of ω2 are sub-
dominant after inflation, we will neglect them in all an-
alytic estimates although we still include them in the
numerical calculations. The mass term M2 ∼ g′2h2

is equivalent to the second term g2h2/4 on the right
hand side of Eq. (13). Using Eq. (5), we may write

M/HI ∼ g′λ−1/4
I so that we may use the quantity M/HI

as an effective coupling constant. We can use the WKB
approximation to solve Eq. (38) in regions where the ef-
fective frequency is slowly varying, ω̇/ω2 � 1.

Preheating begins with a period of tachyonic instabil-
ity, with ω2(t) < 0. At the end of this period, the coef-
ficient of the solution which describes the amplitude of
modes is given by [26]

χk =
1√
2k
eXk , Xk =

∫ t2

t1

Ωk(t′)dt′ , Ω2
k = −ω2, (39)

where the time period during which ω2(t) < 0 is taken to
be t1 < t < t2

12. Subsequent to the first tachyonic burst,
the effective frequency acquires an oscillatory component,
due to the fact that the inflaton condensate is oscillat-
ing around the minimum of its potential. This can lead
to a period of parametric resonance and further particle
production for later times t > t2. For the massless gauge
boson case, the parametric resonance was discussed for
example in Ref. [26].

In Ref. [27] it was shown that gauge preheating dy-
namics can be divided into three cases, depending on the

12 If one roughly thinks of Eq. (38) as a harmonic oscillator equa-
tion, one can think of ω2 < 0 as the regime of exponential growth
rather than oscillation. Since it is not exactly an harmonic os-
cillator, we use the terminology “effective frequency.”

size of the axion-gauge coupling α/f and the resulting
effects:13

1. Small coupling
(
α/f . 9m−1

Pl

)
: The analysis can

be done entirely using linear equations of mo-
tion, neglecting backreaction effects and mode-
mode coupling. The resulting fraction of the en-
ergy density that is transferred non-perturbatively
into the gauge fields is a few percent or less.

2. Intermediate coupling
(
9m−1

Pl . α/f . 10m−1
Pl

)
:

The linear equations of motion can be used and
provide very accurate results, until the time when
the energy density of the gauge fields becomes com-
parable to the energy density of the background in-
flaton field. In this case preheating can be complete
and lasts typically a few inflaton oscillations and a
few e-folds.

3. Large coupling
(
α/f & 10m−1

Pl

)
: In this case the

entirety of the energy density of the inflaton is
transferred onto the gauge fields within one axion
oscillation, driven by an initial period of tachyonic
amplification, henceforth denoted as the first tachy-
onic burst. Proper study of this case requires the
use of lattice simulations, which is beyond the scope
of the present work.

We begin by closely examining the case of α/f =
9m−1

Pl , which was considered as the typical example of
the “intermediate coupling case” in Ref. [27]. We use
a linear no-backreaction analysis, an approach that has
previously been shown to agree very well with the full
lattice results during the initial stages of preheating. In-
deed, we show that this analysis also works equally well
for the subsequent evolution when we introduce a non-
zero mass due to the Higgs mechanism.

Fig. 5 shows the square of the effective frequency ω2

as a function of the number of e-folds relative to the end
of inflation (the end of inflation is here taken to be at
Nφ = 0), for α/f = 9m−1

Pl . We show results for different
values of the ratio M/HI ranging from zero to one: as de-
scribed before, this ratio may be thought of as an effective
coupling constant. The upper panel shows the first tachy-
onic burst, which takes place during the last few e-folds
of inflation; the lower panel shows the parametric reso-
nance right after inflation ends (right after ω2 = 0 for the
first time). In the upper panel, the behavior of ω2 dur-
ing the first tachyonic burst is qualitatively independent
of the value of M/HI : the negative effective frequency-
squared differs by only about 10% for typical values of

13 The values of the couplings mentioned in this section refer to a
model with a quadratic inflaton potential. For shallower poten-
tials, like axion monodromy, the values of the couplings in each
regime are increased, but the characteristics of these regions per-
sist. A numerical comparison between the cases of quadratic and
axion monodromy potential was performed in Ref. [26].
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the gauge boson mass. However, ω2 behaves differently
for different values of the ratio M/HI during the para-
metric resonance after the first inflaton zero-crossing, as
shown in the lower panel of Fig. 5. In fact, for larger
values of this ratio, the oscillation of the effective mass-
squared acquires a constant positive offset, leading to a
severe suppression of the parametric resonance.

The behavior just described can be explained in the
language of the Mathieu equation χ̈±k +ω2χ±k = 0, where
we consider the effective frequency given by Eq. (38) and
neglecting the last two terms arising from the expansion,

ω2

H2
=

(
k

aH

)2

∓ α

f

k

aH

φ̇

H
+

(
M

H

)2

. (40)

The expression for the effective frequency in Eq. (40)
allows for a very simple estimation of the effect of the
Higgs mass during the initial tachyonic amplification
phase. Considering the mode that exits the horizon at
the end of inflation k = aH, and using a quadratic in-
flaton potential for the illustrative purpose, we obtain
φ̇ = mφφ/

√
2 ' mφmPl/

√
2 and HI ' mφ/2 at the end

of inflation. Inserting these expressions into Eq. (40) and
using the condition α/f = 9m−1

Pl , which is in the inter-
mediate coupling regime, we get the simple estimate

ω2

H2
I

' −5.4 +

(
M

HI

)2

, (41)

where generically M/HI = O(1). This is a useful esti-
mate of the effect of the gauge field mass on the tachyonic
amplification. However, we must also consider the point
where the effective frequency-squared acquires its largest
(negative) value. By using the slow-roll expression for φ̇,
it is easy to compute

ω2
min

H2
I

' −4

(
α

f

mPl√
6

)
+

(
M

HI

)2

(42)

Setting α/f = 9m−1
Pl , we see that the effect of the gauge

field mass at this point is less than 10% for M . HI

and rises to over 25% for M = 2HI . Hence it is reason-
able to expect that massive gauge fields exhibit similar
early tachyonic behavior to their massless counterparts,
especially for masses that do not significantly exceed the
Hubble scale. The estimations given in Eq. (41) and (42)
agree with the plot shown in Fig. 5.

Fig. 6 shows the time evolution of the gauge field en-
ergy density ρA relative to the inflaton energy density
ρφ for several values of the coupling α/f and the gauge
field mass. We see that the behavior expected from the
evolution of the effective mass squared is verified by the
numerical calculation: the initial tachyonic burst shows
little deviation for massive and massless gauge bosons,
while the subsequent parametric resonance is severely
suppressed or completely shut off for sufficiently large
mass values.

As a way to gauge the efficiency of the tachyonic and
parametric resonance, we calculate the number of e-folds
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FIG. 5: In the case of gauge preheating, we plot the square
of the effective frequency (in units of H2

I ) of the dominant
gauge field mode as a function of the number of e-folds Nφ
before and after the end of inflation (the end of inflation is
here taken to be at Nφ = 0). Tachyonic particle produc-
tion takes place when ω2 < 0. We fix α/f = 9m−1

Pl and we
set the effective coupling M/HI = 0, 0.25, 0.5, 0.75, 1 (blue,
red-dotted, black, green-dashed and brown lines respectively;
increasing values of M/HI correspond to curves higher up in
the plot). The regions before and after inflation are plotted
separately for reasons of visual clarity. Upper panel: first
tachyonic burst. Lower panel: parametric resonance after the
first zero-crossing of ω2.

after inflation Nreh for which the energy density of the
gauge fields is equal to the energy density of the back-
ground inflaton, ρA = ρφ. The calculation is performed
neglecting backreaction, hence in our approximation ρφ
denotes the total energy density of the Universe. While
this is not a proof of complete preheating, it is a very
strong indication of it. We stop the calculation at three
e-folds after the end of inflation, since all interesting dy-
namics for the vast majority of cases is contained within
that period.

Fig. 7 shows the number of e-folds after the end of
inflation at which the energy density of the gauge fields
first equals the inflaton energy density as a function of
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FIG. 6: The ratio of the energy-density in the gauge field
to the energy density in the background inflaton field as
a function of the number of e-folds after the end of infla-
tion Nφ, for αmPl/f = 9, 10 (red and blue respectively) and
M/HI = 0, 1, 2 (solid, dashed and dotted lines respectively).
The background equations are solved numerically and the
gauge field excitations are computed using Eq. (38), thus ne-
glecting backreaction effects. The transition from preheating
to parametric resonance takes place at the location of the first
bump. We define (p)reheating to end once ρφ = ρA. The hori-
zontal black lines correspond to ρA/ρφ = 1, 0.3, 0.1, 0.03, 0.01.

the inflaton-gauge coupling α/f and the mass of the
gauge field normalized by the Hubble scale at the end
of inflation. We can again distinguish the intermediate
and large coupling regimes. For intermediate couplings
α/f . 9.8m−1

Pl , when the first tachyonic burst is not
strong enough and parametric resonance is needed to pre-
heat the Universe, increasing the gauge field mass makes
the parametric resonance less effective and smoothly
shuts off preheating, before the inflaton can transfer all
its energy into the gauge fields.

In the large coupling regime (for massless gauge
bosons) the first tachyonic burst is efficient enough to
allow for the majority or all the inflaton energy to be
transferred into gauge fields. In this case, introducing a
small gauge field mass M < HI does not significantly af-
fect the early tachyonic burst. It would however suppress
any subsequent parametric resonance. Once the gauge
field mass is increased beyond the point when it does af-
fect the early tachyonic burst, the subsequent parametric
resonance is so far suppressed, that it is completely inef-
fective.

Hence, the contour plot of Fig. 7 clearly sep-
arates between the intermediate coupling regime(
9m−1

Pl . α/f . 10m−1
Pl

)
, where an increase in the gauge

field mass smoothly leads to a prolonged preheating stage
until it is completely shut off, and the large coupling
regime

(
α/f & 10m−1

Pl

)
, where the gauge field mass ei-

ther does not appreciably affect the preheating process,
or it completely shuts it off.

It is instructive to take a few vertical cuts through the

contour plot of Fig. 7 and closely look at how the du-
ration of preheating Nreh changes as a function of the
gauge field mass M . We plot Nreh as a function of the
gauge mass M in the upper panel of Fig. 8 for four dif-
ferent values αmPl/f = 9, 9.5, 10, 10.5. The plot shows a
clear difference in the behavior of the Nreh(M) function
between the intermediate and the large coupling regimes.

For intermediate couplings αmPl/f = 9, 9.5, red and
blue lines in the upper panel of Fig. 8, an adequate fit to
the results is a function of the form Nreh = a+b/(c−M).
Nevertheless, the fit does not capture the steps featured
in the functions, which are a consequence of our prescrip-
tion for defining the end of preheating as the time when
ρA = ρφ. The lower panel of Fig. 8 shows the behavior of
the energy density in the gauge bosons ρA as a function
of Nφ for the same value of the parameter αmPl/f as in
the upper panel, while the black line shows the evolution
of the inflaton energy density ρφ. Since ρφ and ρA are
both oscillating functions, the time when the preheating
condition is satisfied jumps as a function of M/HI . This
behavior is analogous to what we discussed in the middle
panel of Fig. 2.

For larger couplings, the function Nreh(M) has more
pronounced features. For αmPl/f = 10, green line in
the upper panel of Fig. 8, the duration of preheating
is almost constant for M . 1.4HI , at which point suc-
cessful preheating abruptly ceases. To explain this be-
havior, we refer to Fig. 5 and to the lower panel of
Fig. 8. By increasing the gauge field mass enough to
suppress the initial tachyonic burst, we have made the
parametric resonance completely absent, hence there is
no gradual increase of Nreh, but rather an abrupt tran-
sition from complete to unsuccessful preheating. The
case αmPl/f = 10.5 (brown line) shows even more fea-
tures. For M . 0.7HI the Universe preheats completely
at Nreh ≈ 0. At M ∼ 0.7HI there is a discontinuity of
∆Nreh ≈ 0.3. The reason is clearly shown by the brown
curve of the lower panel of Fig. 8. The initial tachy-
onic burst becomes marginally inadequate to preheat the
Universe at M ∼ 0.7HI , but the subsequent parametric
resonance is still effective. The second feature arises at
M ∼ 2.8HI , where we see from the orange curve of the
lower panel of Fig. 8 that ρA(Nφ) evolves almost parallel
to ρφ(Nφ) for N & 1.5. The marginal cases would require
a full lattice simulation, in order to determine whether
the Universe completely preheats. While the boundaries
of Fig. 7 will in general shift, the qualitative features are
expected to survive, even if the system is properly simu-
lated.

Before concluding this section, we want to examine the
approximation M ∝ HI . While this is a very good ap-
proximation after inflation, due to the delayed decay of
the Higgs condensate, the exact dynamics of the Higgs
VEV during inflation is dependent on its exact poten-
tial and must take into account the running of the Higgs
self-coupling and any new physics that contributes to
this running between the TeV and the inflationary en-
ergy scale. We performed a sample of our calculations
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FIG. 7: For the case of gauge preheating: the number of e-
folds after inflation Nreh for which preheating is complete as
a function of the gauge field mass squared (in units of H2

I )
and the axion-gauge coupling αmPl/f . Complete preheating
is defined as the time at which ρA = ρφ, where the gauge field
excitations are computed neglecting backreaction. In the grey
region, the system does not complete preheating.

by allowing the gauge field mass to vary during infla-
tion and the results showed no significant change. On
the qualitative level, the distinction between gradual and
sharp shut-off of preheating remains and the quantitative
changes on the exact preheating time were smaller than
the inherent uncertainties of using a linearized analysis
to probe non-linear physics.

B. Effects on the reheat temperature

For models of inflation with coupling through higher
dimensional operators as in Eq. (36), in many cases (e.g.
cosine natural inflation) the requirement for sufficient in-
flation requires f ∼ mPl. In that regime, the potential
during reheating can roughly be approximated as a sim-
ple quadratic Vφ ∼ m2

φφ
2/2 with mφ ∼ 1013 GeV in

order to achieve the correct density perturbations. As
discussed in section III C, more realistic models of infla-
tion which are allowed by Planck data, such as axion
monodromy, reduce to a quadratic potential close to to
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FIG. 8: Upper panel: The time (in e-folds) of complete pre-
heating (defined as ρA = ρφ) for αmPl/f = 9, 9.5, 10, 10.5
(blue, red, green and brown lines respectively). The thin ver-
tical lines are introduced for visual clarity to show the values
of M/HI above which preheating fails. Lower panel: The
evolution of the energy density in gauge fields for parameters
denoted by the dots in the upper panel, following the same
color-coding. The black curve shows the energy density of
the background inflaton field ρφ. The dots in the lower panel
denote the time of complete preheating in our approximation
(ρA = ρφ).

their minimum. As has been shown in [26], the preheat-
ing behavior of quadratic and axion monodromy models
are equally efficient, for properly chosen values of param-
eters.

Then, for a number of e-folds Nφ after the end of in-
flation,

ρφ ≈ 0.73 ρφ,I e
−3Nφ , (43)

where ρφ,I = 3m2
PlH

2
I /8π. A simple analytical calcula-

tion of the energy density at the end of inflation would
give ρφ(Nφ = 0) = ρφ,I , hence Eq. (43) is off by 35%
at Nφ = 0, while being very accurate for Nφ & 1. The
resulting reheat temperature is then

Treh =

(
ρφ
σSB

)1/4

≈ e−3Nreh/41016 GeV (44)



16

where σSB is the Stefan-Boltzmann constant. Reading
off the value Nreh for which we obtain a successful re-
heating from Fig. 7, we can compute the resulting reheat
temperature.

To illustrate our results, we present numbers for the
case α/f = 9.5m−1

Pl . Without Higgs blocking the number
of reheating e-folds is Nreh = 1.4 and, using Eq. (44), the
reheat temperature is Treh = 3.5×1015 GeV. With Higgs
blocking with M/HI = 1 (the maximum value that still
allows preheating to complete), we find Nreh = 2.6 and
Treh = 1.4×1015 GeV. In short, if preheating is successful
but delayed, the shift in reheat temperature is less than
an order of magnitude, comparable to the changes we
previously found for perturbative reheating with Yukawa
couplings in section III. Furthermore, assuming a fixed
mφ/HI , the change in Nreh and relative change in Treh

are insensitive to the exact value of mφ.
Far more interesting is the case where preheating is

shut down completely due to Higgs blocking. For the
case just discussed with α/f = 9.5m−1

Pl , the complete
blocking of preheating happens for M/HI & 1. When
preheating is completely shut down, then there can be
huge differences in the reheat temperature compared to
the case of no blocking. The effect of the Higgs blocking
during reheating is largest for these cases.

1. Perturbative reheating in the case of derivatively coupled
inflaton field:

As we showed in Fig. 7, for sufficiently large gauge bo-
son masses the inflaton is unable to transfer all of its
energy to the gauge fields and resonant preheating is not
sufficient to end inflation. Instead, in those cases, models
with a Chern-Simons coupling may still reheat via pertur-
bative decay into gauge fields (see for example Ref. [50]).
Specifically we will consider the decay of a massive infla-
ton φ into massless gauge bosons A with a decay rate

Γφ→AA =
α2m3

φ

64πf2
. (45)

Previously, in section III, we did careful numerical calcu-
lations of perturbative reheating. Here, we may do simple
analytic estimates instead (and have checked our results
are consistent with our numerical calculations assuming
a constant decay width, Γ0).

In inflation models for which f ∼ mPl, the perturbative
decay rate in Eq. (45) is so slow (because of the larger
factor of f in the denominator) that the decay of the
inflaton occurs much later than the decay of the Higgs,
and therefore Higgs blocking does not further change the
reheat temperature in cases where preheating fails to suc-
cessfully complete. Thus, one may use standard results in
obtaining the reheat temperature (for example, see [51]).

For the simple massive inflaton case that we consid-
ered, the reheat temperature for perturbative reheating
to gauge fields is given from Eq. (35) with the decay rate

in Eq. (45),

Treh ≈ 9× 108

(
100

g∗

)1/4(
αmPl

10 f

)
GeV . (46)

The above results for the reheat temperature can be
easily translated into a computation for the time of re-
heating in e-folds after the end of inflation. It is known
that assuming a matter-dominated equation of state for
the Universe between the end of inflation and the onset
of radiation domination, the scale-factor evolves as (see
for example Refs. [52, 53]

areh

aI
=

(
HI

Hreh

)2/3

. (47)

Using the approximate equalities HI ∼ mφ/2 and Hreh ∼
Γφ→AA/3, the above relation becomes (areh/aI) ∼
(96π)2/3(f/αmφ)4/3, leading to Nreh ∼ 19 e-folds af-
ter the end of inflation. Comparing that to Nreh . 3
for tachyonic preheating, we see that the difference can
indeed be dramatic. Finally, note that Treh scales dif-
ferently with mφ for perturbative and non-perturbative

decays, specifically Treh ∼ mφ
1/2 for preheating and

Treh ∼ mφ
3/2 for perturbative decays, making the ra-

tio Treh/T
0
reh ∼ mφ in the case where M = 0 leads to

complete preheating (with T 0
reh) and a large-enough M

requires perturbative decays to reheat (with Treh).

2. Distribution of reheat temperatures:

We have seen how introducing a Higgs-induced mass
for the gauge fields can increase the e-folds of reheating
and correspondingly reduce the reheat temperature, even
by several orders of magnitude in the case when preheat-
ing becomes inefficient. In reality however, the effective
VEV of the Higgs field will have different values in dif-
ferent patches of the Universe at the end of inflation, re-
sulting in correspondingly different gauge field masses in
different patches. We can study the resulting distribution
of Hubble patches with different values of the reheat tem-
perature through the PDF f̃(Treh) as defined in Eqs. (33)
and (34). The measure of Eq. (34) can be expressed as

∣∣∣∣ dhdT
∣∣∣∣ =

 3h

2HI

√(
45

4π3g∗

)1/2
mPl

HI
e−3Nreh/4

dNreh

d (h2/H2
I )

−1

(48)

where the derivative dNreh/d(h2/H2
I ) can be computed

from the data shown in the upper panel of Fig. 8 and
we have chosen the value of the gauge coupling g′ = 1
for concreteness. Fig. 9 shows the reheat temperature
as a function of the gauge boson mass, as well as the
PDF of the reheat temperature f̃ (Treh). We see from
Eq. (48) that the measure dh/dT diverges at h → 0,
hence each PDF in the lower panel of Fig. 9 peaks at
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the maximum possible reheat temperature for that par-
ticular choice of the axion-gauge coupling. We must note
that, as shown in Fig. 9, the PDF’s are not normalized
to unity. The probability that is not enclosed in each
PDF of Fig. 9 is concentrated in a delta function con-
tribution at the reheat temperature given by Eq. (46).
This can be also understood from the upper panel of
Fig. 9: for values of the gauge field mass higher than
the ones plotted here for each of the couplings, reheat-
ing proceeds perturbatively and the temperature is lower
by several orders of magnitude Treh ∼ 109 GeV. Finally,
the exact shape of the PDF’s is sensitive to the measure
given in Eq. 48. Due to the discrete set of values used for
M/HI , the function Nreh(h/HI) exhibits discontinuities,
as shown in Fig. 8. In order to compute the derivative
dNreh/d(h2/H2

I ), we (piece-wisely) fitted the curves in
the upper panel of Fig. 8 by polynomials, which we then
differentiated. The choice of the polynomial form used
affects the local features of the PDF’s shown in Fig. 9,
but not their range and general form.

Summing up, we have seen that the introduction
of Higgs-induced gauge field masses can change the
(p)reheating behavior of models with Chern-Simons in-
teractions in ways that range from mild to dramatic. For
intermediate values of axion-gauge couplings, as one in-
creases the gauge masses, preheating is prolonged until
it smoothly shuts off. However, for large values of axion-
gauge couplings, gauge field masses either leave the re-
heating behavior almost unaffected or completely sup-
press it. The resulting distribution of reheat tempera-
tures in different Hubble patches is split into two pieces:
an extended one, arising from non-perturbative preheat-
ing, and a delta-function-shaped one, due to perturbative
inflaton decays.

V. DISCUSSION AND CONCLUSIONS

In this work we examined the effects of a non-zero
Higgs VEV during inflation on the reheating history of
the Universe. We studied the effects on the multiple
stages of reheating: perturbative decays from coherent
oscillations of the inflaton field as well as resonant parti-
cle production (preheating). We studied the quite general
case of the inflaton decays to Standard Model fermions
with coupling through Yukawa interactions. Further-
more, we studied Higgs effects in the case of Abelian
Gauge fields coupled to the inflaton through a Chern-
Simons coupling term. The latter arises generically in
models of natural inflation, where the inflaton respects
a (softly broken) shift symmetry, which severely restricts
its possible couplings to ones containing derivative inter-
actions. We used this as a toy model for the electroweak
sector of the SM and studied preheating in this case. The
perturbative decays can be thought of as a more generic
case, while in the case of resonant particle production due
to the Chern-Simons couplings, Higgs effects can have a
more dramatic effect.
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FIG. 9: Upper panel: Reheat temperature as a function of the
gauge field mass for αmPl/f = 9, 9.5, 10, 10.5 (blue, red, green
and orange respectively) considering a quadratic inflaton po-
tential. Lower panel: The Probability Density Function as
a function of reheat temperature for the same color-coding
as the above panel. Each PDF also includes a delta-function
component at Treh ∼ 109 GeV arising from the perturbative
decays. If one removes the Higgs-induced gauge boson mass
terms, the PDF collapses to a Dirac function centered at the
right extremal value of each of the colored curves. Note that,
assuming a fixed mφ/HI , the relative change in Treh due to
the effects of Higgs blocking are insensitive to the exact value
of mφ.

In the case of perturbative decay into fermions, the
Hubble-sized Higgs VEV induces large SM fermion
masses. This can delay reheating for up to four e-folds
in some cases, compared to the results one derives when
neglecting the large fermion masses. This can reduce
the reheat temperature by an order of magnitude. It is
important to note, that these mass-blocking effects are
only relevant for inflation that occurs at a sufficiently
high scale. At low enough energy scale, the Higgs VEV
could be low enough (since it is determined by the Hub-
ble scale at the end of inflation) that all the particles
that acquire a mass through the Higgs mechanism have
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masses substantially below the inflaton mass mφ. Hence
for HI . 0.01mφ, which can be the case for a poten-
tial that is quadratic near the bottom but becomes con-
cave away from it, the blocking effects described here are
largely absent and the standard reheating estimates hold.

In the case of a Chern-Simons coupling to gauge fields,
the gauge-field equations of motion exhibit a tachyonic
instability, which allows for a very efficient transfer of en-
ergy from the inflaton to the radiation modes. This can
allow for an almost instantaneous preheating, leading to
reheat temperatures as high as 1016 GeV for high-scale
inflation. If the gauge fields acquire large masses due
to the Higgs mechanism, the tachyonic and parametric
resonances can be suppressed. This can even make pre-
heating inefficient, leading to a prolonged reheat stage
through perturbative decays resulting in a reheat tem-
perature of 109 GeV.

The Higgs blocking effects can have a number of ob-
servational consequences. First, any connection of in-
flationary models to CMB measurements must take into
account the duration of the (p)reheating stage, since it af-
fects the expansion history of the Universe, which in turn
determines at which point during inflation the CMB-
relevant modes exited the horizon. Simply put, Higgs
blocking effects can shift the predictions of (especially
high-scale) models on the ns − r plane. The decrease in
the number of e-folds for which observable modes of in-
flaton fluctuations can exit the horizon during inflation
due to the Higgs blocking effect is given by [8]

∆Nhor ≈ −
1

4
∆Nφ, (49)

where ∆Nφ is the number of extra e-folds of matter dom-
ination due to delayed reheating. Specifically, for the
perturbative inflaton decay via Yukawa couplings that
we considered in section III, ∆Nhor . 1. For the case of
natural inflation with Chern-Simons coupling of the in-
flaton to gauge fields discussed in section IV, the change
can be larger. Higgs blocking can cause preheating to
fail, in which case, instead of instantaneous preheating,
the resulting change can be as large as ∆Nhor ' 5. Thus,
as the energy density of the inflaton condensate at the
time of reheating decreases due to the effects of Higgs
blocking, the shift in the ns−r plane is towards lower ns
and higher r with a magnitude ∆Nhor.

More interesting than the change in the number of ob-
servable e-folds is the lowered reheat temperature, which
can change by many orders of magnitude due to Higgs
blocking for some models. One consequence of the lower
reheat temperature is the possible effect on baryogenesis
models. Some inflation models have been proposed as ori-
gins of the matter/antimatter asymmetry of the Universe
via leptogenesis in the inflaton decay that later converts
to nonzero baryon number [5, 17–22]. In these models,
if the reheat temperature is too high, the lepton asym-
metry generated during reheating could be wiped out by
rapid lepton number violating interactions [20, 23]. A
lower reheat temperature would avoid such processes.

Furthermore, the stochastic nature of the Higgs VEV
during inflation leads to different Hubble patches at the
end of inflation acquiring different reheat temperatures.
In the case of perturbative decays into fermions, they
can vary by an order of magnitude, whereas in the case
of the axion-gauge coupling, the temperatures can be as
disparate as 1016 GeV and 109 GeV. Depending on the
physical processes taking place after inflation, this can
lead to both adiabatic and baryon isocurvature fluctua-
tions.

Adiabatic fluctuations arise because the Universe ex-
hibits a space-dependent reheat temperature, due to the
correspondingly space-dependent Higgs-induced particle
masses. Ref. [54] proposed that observable primordial
adiabatic fluctuations can be generated during reheating
if one postulates a space-dependent decay rate of the in-
flaton to radiation. Ref. [54] used a specific construction
within the context of the Minimal Supersymmetric Stan-
dard Model (MSSM) to generate such space-dependent
inflaton decays, in which the inflaton decay rate Γφ in-
herited the fluctuations of a light scalar field during infla-
tion. However, Higgs-induced SM masses can have a sim-
ilar impact on inflaton decays without requiring special
assumptions regarding the inflaton couplings to SM par-
ticles. A computation of the spectral index and higher-
point correlators of the produced adiabatic modes due to
Higgs-modulated reheating is an interesting problem in
itself, one which we leave for future work. In any case,
if one simply wishes to isolate the CMB from such con-
tributions during reheating, the Higgs motion must be
restricted during the time, at which the CMB-relevant
modes exit the horizon, or the reheating process must
proceed in ways that circumvent the Higgs-induced de-
lay. Adiabatic fluctuations at smaller scales are some-
what less constrained and they can be masked by other
effects. For example, massive neutrinos are known to
suppress power at small scales [55–59], hence disentan-
gling the extra contributions from Higgs-delayed reheat-
ing from possible suppression factors can be challenging.

Furthermore, if the above mentioned inhomogeneity
of the reheat temperature is applied to the case of in-
flationary leptogenesis, it can lead to a space-dependent
baryon number. Simply put, different Hubble patches
will acquire different reheat temperatures and lepton-
violating processes will occur at different rates, leading to
space-dependent lepton-number washout, even if lepton-
number was produced homogeneously across the observ-
able Universe at or near the end of inflation. Sphaleron
processes will in turn convert part of the space-dependent
lepton number into a space-dependent baryon number.
This can severely alter predictions of models, in which
the baryon asymmetry of the Universe can be traced back
to a lepton asymmetry generated during inflation. A spa-
tially varying baryon number can lead to baryon isocur-
vature fluctuations through similar processes, as the ones
considered in Ref. [60]. There it was argued that small-
scale fluctuations in the baryon abundance can lead to
differences in the star formation rates, which can in turn
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source fluctuations in the Cosmic Infrared Background
(CIB). These baryon isocurvature fluctuations will be
highly correlated with the above mentioned adiabatic
ones, however they will depend heavily on the details of
the various inflationary leptogenesis models. While we
do not attempt to provide any concrete computation of
such effects here, we point out that Higgs-delayed reheat-
ing may provide a new way of constraining inflationary
leptogenesis models, or equivalently baryon isocurvature
may provide novel ways of observing the dynamics of the
Higgs field during inflation.

Overall, the fluctuations generated by Higgs-delayed
reheating, or the lack thereof, may be used to place con-
straints on the behavior of the Higgs field during and
immediately after inflation. This is a novel probe of elec-
troweak physics, which –even taking into account its in-
herent complexity– can be a useful tool in the modern
era of precision cosmology.
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Appendix A: Abelian Higgsed Model

For completeness we include here the derivation of the
equations of motion for the gauge fields after the Sponta-
neous Symmetry Breaking has occurred during inflation.
As a toy-model, we only consider a U(1) field coupled to
both the inflaton φ and the complex scalar Higgs field h.
The full Lagrangian is

S =

∫ √
−gd4x

{
m2

Pl

2
R+

1

2
∂µφ∂

µφ− V (φ) (A1)

−1

4
FµνF

µν − α

4f
φFµν F̃

µν +Dµh
∗Dµh− V

(
|h|2
)}

,

where Dµh = ∂µh + iqAµh and V
(
|h|2
)

is the Higgs
potential during inflation. The higgs field can be written
as

h =
v + σ(x)√

2
eiθ(x) (A2)

where v is the Higgs VEV during inflation and σ, θ are
real functions. The Higgs kinetic term becomes

|Dµh|2 =
1

2
(∂µσ)2 +

(v + σ)2

2
(∂µθ + qAµ)

2
(A3)

We now re-define the field strength as Aµ → Aµ−∂µθ/q,
so that the above term becomes

|Dµh|2 =
1

2
(∂µσ)2 +

v2

2
AµA

µ +
σ2

2
AµA

µ + vσAµA
µ

(A4)

where we see the effective mass term v2

2 AµA
µ for the

gauge field. The inflaton field is not directly coupled
to the Higgs field, hence the equation of motion is un-
changed compared to the results in Refs. [26, 27]. The
equation of motion of the massive part of the Higgs field
σ(x) is

(∂2
τ + 2H∂τ − ∂i∂i)σ+ a2 ∂V (σ)

∂σ
= −(v+σ)AµA

µ (A5)

We will not further consider the motion of the σ field
here. The equation of motion for the gauge field strength
Aµ is

∂α
(√
−gFαβ

)
+
α

f
∂α

(√
−gφF̃αβ

)
= −v

2

2
Aβ ≡ −m2Aβ

(A6)
The temporal (β = 0) equation is a generalized version
of the Gauss’ law constraint

∂j∂jA0 − ∂τ∂iAi +
α

f
εijk(∂kφ)(∂iAj)−m2A0 = 0 (A7)

and the spatial (β = i) equations are the actual dynami-
cal equations of motion for the spatial components of the
gauge field Ai

−∂τ (∂τAi − ∂iA0) + ∂m(∂mAi − ∂iAm)

+
α

f
εimk(∂τφ)(∂mAk)− α

f
εimk(∂mφ)(∂τAk − ∂kA0)

−m2Ai = 0 (A8)

Since we want to study the generation of gauge fields from
the background inflaton, we set φ(~x, t) ≡ φ(t), leading to
∂mφ = 0 in Eq.(A8). Decomposing the vector field in one
longitudinal mode AL and two transverse mores of left-
and right-handed helicity A± the equations of motion
become (

∂2
τ + k2 ∓ α

f
k(∂τφ) +m2

)
A±k = 0 (A9)(

∂2
τ + k2 +m2

)
ALk = 0 (A10)

We see that the Chern-Simons coupling does not appear
in the longitudinal mode. It thus remains conformally
coupled and its classical modes are not excited, hence we
only consider the transverse modes. This derivation for
the transverse gauge field modes thus leads to an effective
Lagrangian with the potential given in Eq. (36).
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