View metadata, citation and similar papers at core.ac.uk brought to you by .{ CORE

provided by IBS Publications Repository

Physics Letters B 791 (2019) 36-42

Contents lists available at ScienceDirect
PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

On the violent preheating in the mixed Higgs-R? inflationary model )

Minxi He *-"*, Ryusuke Jinno ¢, Kohei Kamada "¢, Seong Chan Park{,

Alexei A. Starobinsky "¢, Jun’ichi Yokoyama ®>-f

Check for
updates

4 Department of Physics, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan
b Research Center for the Early Universe (RESCEU), Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan
¢ Center for Theoretical Physics of the Universe, Institute for Basic Science (IBS), Daejeon 34126, Republic of Korea

d Department of Physics and IPAP, Yonsei University, Seoul 120-749, Republic of Korea
€ L. D. Landau Institute for Theoretical Physics, Moscow 119334, Russia

f Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU), WPI, UTIAS, The University of Tokyo, Kashiwa, Chiba 277-8568, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 29 December 2018
Accepted 9 February 2019
Available online 12 February 2019
Editor: M. Trodden

Keywords:
Preheating
Higgs inflation
R? inflation

It has been argued that the mixed Higgs-R? model acts as the UV extension of the Higgs inflation,
pushing up its cut-off scale in the vacuum close up to the Planck scale. In this letter, we study the
inflaton oscillation stage after inflation, focusing on the effective mass of the phase direction of the Higgs
field, which can cause a violent preheating process. We find that the “spikes” in the effective mass of
the phase direction observed in the Higgs inflation still appear in the mixed Higgs-R?> model. While
the spikes appear above the cut-off scale in the Higgs-only case, they appear below the cut-off scale
when the model is extended with R? term though reheating cannot be completed in the violent particle
production regime since the spikes get milder.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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1. Introduction

Among many possible candidates of the scalar field that drove
inflation in the early Universe (see e.g. [1] for review), the Higgs
field in the Standard Model (SM) ‘H occupies a unique position as
it is the sole (possibly) fundamental scalar field that has actually
been detected by experiments [2,3]. Among many possibilities of
Higgs inflation as summarized in [4], the original Higgs inflation
model with a nonminimal coupling to gravity, £||*R with & =
O(10%) [5-7], is an intriguing model because it is embedded in a
simple scale invariant extension of the SM under general relativity
and consistent with the cosmological observations [8].

However, the quantum mechanical validity of the model had
been questioned since the Hubble scale during inflation, H ~
A1/4Mp,/€1/2, where A ~0.01 and My, are the Higgs quartic cou-
pling at the inflationary scale and the reduced Planck scale, is
much higher than the tree-level cut-off scale of the theory in the
vacuum, A ~ Mp/& [9-12]. This issue was resolved as it was dis-
covered that the perturbative cut-off scale of interactions of fluc-
tuations around the inflationary background is larger than the one

* Corresponding author.
E-mail address: hemxzero@resceu.s.u-tokyo.ac.jp (M. He).
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in the vacuum [13,14]. As a result, the background evolution as
well as cosmological perturbations generated during inflation is
well under control in a quantum mechanical sense.! Nevertheless,
due to the nonrenormalizable nature of the gravitational coupling
in General Relativity (GR), the potential of the Higgs field at the
inflationary scale cannot be determined by low-energy observables
without ambiguity? [18,19], which requires some UV extension for
the complete understanding of the model.

In fact, a sensible UV extension is called for even more seriously
to describe the reheating process for the following reason. Previ-
ously, they had been studied in e.g. Refs. [20-22] following the
traditional procedure for inflationary models in GR [23-26], and
it had been recognized that the depletion of the inflaton quanta
is dominated by the nonperturbative production of the transverse
mode of weak gauge bosons. However, it has been recently shown
that the effective mass, mg, of the phase direction of the infla-
ton or the Nambu-Goldstone (NG) mode, which would constitute
the longitudinal mode of gauge bosons, exhibits a peculiar be-
havior [27-29]. It has been shown that violent particle produc-

! Quantum stability during inflation have been shown in [15] for Higgs G-inflation
[16] and in [17] for generalized Higgs inflation.

2 Even if the electroweak vacuum is metastable, it turns out that inflation can
take place with the help of these ambiguities [18].
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tion [29,30] takes place due to the spiky feature of the effective
mass with a large amplitude m;f ~ «/XMPI in a short time scale

At >~ (ﬁMpl)‘1. This is caused by the nonminimal coupling of
the Higgs field to gravity in the Jordan frame or by the nontriv-
ial structure of the kinetic term in the Einstein frame, but thanks
to the conformal duality between inflationary models in the two
frames, the physics is identical in either frame. It has been argued
that the mass spikes can cause violent preheating in which the NG
modes or the longitudinal modes with the momentum k ~ \/XMPI
are excited, so that most of the energy density of the inflaton can
be transferred to the NG modes just in one oscillation of the in-
flaton, which can be the main channel for the depletion of the
inflaton quanta [29]. However, the energy scale of these excita-
tions is far beyond the cutoff scale of the theory during reheating,
which is much smaller than the one during inflation and already
comparable to that in the vacuum, A ~ Mp,/£, for the non-critical
Higgs inflation with & ~ 10* and A ~ 0.01. Therefore, such exci-
tations are not quantum mechanically under control and it is not
quite clear if the production of the longitudinal modes really hap-
pens. In order to understand the issue more clearly, we need to
investigate the behavior of the NG mode at the reheating epoch
with an appropriate UV extension of the model.

There has been several proposals to push the cutoff scale of the
Higgs inflation model up to the Planck scale [31-33]. We focus on
the mixed Higgs-R? model [34-37], where the inflation is driven
by the Higgs field and the scalaron from the R? term [38], which
can be also considered as a UV-extension of the Higgs inflation [35,
39]. Indeed, the mixed Higgs-R*> model is remarkable, since the
new scalar degree of freedom, the scalaron, naturally arises in it
as a result of the minimal purely geometric extension of GR with-
out ghosts which makes gravity classically scale invariant for large
values of the Ricci scalar R.

In this letter, we investigate the behavior of the imaginary part
of the Higgs field at the reheating epoch in the mixed Higgs-R? in-
flation model. We show numerically and analytically that the spike
gets weakened when the R? term is included, and that the corre-
sponding energy scale becomes lower than the cut-off scale. As a
result, the framework is now under quantum mechanical control as
it is desired. We also find that the violent preheating is not suffi-
cient to complete the reheating in this case. However, this does not
present any problem for the viability of Higgs-R? model since the
complete decay of the scalaron and subsequent thermalization can
be well achieved in the slow perturbative (weak narrow paramet-
ric resonance) regime, as it occurs in the pure R + R? model [38,
40-43] due to the effect of gravitational particle creation by fast
and large oscillations of R in the dust-like post-inflationary epoch.’
Although we take a global U(1) for the Higgs field in order to
clarify the role of the NG modes at reheating, we expect that the
conclusion remains unchanged for the fully gauged SU(2); x U(1)y
case. Finally, throughout this letter, we assume that the Higgs po-
tential is completely stable and A >~ 0.01 at the inflationary scales.
For other realizations of Higgs inflation, the preheating dynamics
can be completely different. In the critical Higgs inflation, since
2«1 and &€ ~10°/A ~ 0(1), we expect that violent spikes do
not appear and there exists only a single cut-off scale at the Planck
scale [44-46]. Smaller values of & (< 10%) are also possible in the
hilltop case [47]. In the hillclimbing Higgs inflation [48,49], strong
spikes can emerge, though no preheating analysis has been per-
formed yet.

3 Note that the quantitative analysis of creation of matter after inflation and the

resulting transition of the Universe to the radiation dominated stage in the R + R?
model was performed even earlier than that for inflationary models based on GR.

2. Mixed Higgs-R? model
2.1. Action

Let us briefly review the structure and inflationary dynamics of
the mixed Higgs-R?> model [34-37]. We start from the action in
the Jordan frame with a complex scalar A nonminimally coupled
to the Ricci scalar and the R? term

M2
SJZ/d4x\/jg]£]:/d4x\/_gj|:(7m+é|H|2>RJ
MZ
+ oz R 8 Ha A —MHF‘} 1)

where M is a parameter with a mass dimension one, which will
be identified as the scalaron mass for low R (in particular, in flat
space-time). The subscript ] represents that the variables are the
ones in the Jordan frame, and we will use the subscript E for the
Einstein frame. We would like to regard H as the SM Higgs, but in
order to make the argument simple and explicit, we first take a toy
model with a global U(1) symmetric scalar, without introducing a
gauge field. Still, we expect that the results remain unchanged for
the SM Higgs field charged under gauged SU(2); x U(1)y. Here we
take the sign convention where the metric is taken to be g, =
(—,+, +, +) at the flat limit and the nonminimal coupling is & =
—1/6 in the case of the conformally coupled scalar. In order for
inflation driven by the # field to occur, we consider the case & > 0.
Defining the scalaron field ¢ as [50,51]

2 2 (L
().
pl Mp] ]
and performing a conformal transformation
Vit o
g (X) =e pl gjw(x) =e gjlw(x), (2.3)

we can transform the original action (2.1) into the one in the Ein-
stein frame with two scalar fields, ¢ and H and express the new
action in terms of the new scalar fields as

M2 1
I
Sg= /d4X«/ _gE[TpRE - ig,’.;“awavfp

—e gl Mo H — U(p, H)], (2.4)

2
U(p, H) = re 229 |13|* + %M§1M2[1 - (1 + ;—ilHF)e“’“/’] )
1
’ (2.5)
Hereafter we study the system in the Einstein frame, but the
physical results are the same when we study it in the Jordan
frame (though actual values of space-time curvature and particle
energies are different). The potential terms contain higher dimen-
sional operators as well as induced quartic couplings which pre-
vents us from performing quantum analysis up to arbitrary high
energy scales. The perturbativity of the system around the origin
@ ~H ~ 0 with respect to the Higgs field is determined by the
effective coupling for |#|%, which yields an upper bound for the
scalaron mass as [35,39]

M < AT My
~V 3
Once this condition is satisfied, the perturbative cut-off scales of
other higher order interactions becomes larger than the reduced

(2.6)
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Planck mass, so that the cut-off scale of the system is identified as
A >~ Mp,. Note that the condition (2.6) produces no significant new
bound in the small coupling case £ <1 including & =0.

2.2. Inflationary dynamics

The classical dynamics of the system is determined by the
scalaron ¢ and the radial direction of the ‘Higgs’ field, h, defined
by H = hei? /+/2 where 6 represents the Nambu-Goldstone mode
which constitutes a longitudinal mode of the gauge fields in a
more realistic theory. For each value of ¢ > 0, the potential along
h direction is minimized at [35]

ap _q

[ P (2.7)
S
Mf,l 3£ M2

that corresponds to h? = &Rj/A in the Jordan frame. Because of the
non-flat metric in the field space as observed in the kinetic terms
in (2.4), the location of the valley of the potential is slightly shifted
from those given by (2.7) [34]. Furthermore, the actual dynamics
does not trace either the local minimum of the potential along
h direction nor the valley as shown in the most comprehensive
analysis presented in [36].

Fortunately, however, as far as observable quantities such as the
amplitude and the spectral index of the curvature perturbation are
concerned, we may use the approximate relation (2.7) to study the
dynamics during inflation in terms of ¢ [36] as long as A is not
too small [34,37]. Inserting (2.7) in (2.4) we find that both the
kinetic term and the potential take an equivalent form as the pure
Higgs inflation model in the Einstein frame with modified effective
coupling constants

- AM2 . AM2
pea(1h ). Em(1 ). 29

with the potential energy density in the plateau region given by

AMA AM4
1 I
Upnf = — = P - (2.9)
482 201 M2
£2(1+ 3%21\/12)

On the other hand, we can also obtain an effective R? theory
starting from the action in the Jordan frame (2.1) by neglecting the
Higgs kinetic term which is a good approximation when & is much
larger than unity [36]. In this case the field equation of the Higgs
yields a constraint h? = &Ry/A so that the action reduces to

M? M2 2
4 pl p & 2
SJ:/dX —gj|:—2 RJ+<12M2+H)RJ]

M2 M2
=/d4x —gj[TleJJr ! RZ],

i R (2.10)
where
2
e M (2.11)
N 362 M2 '
1+ >
M2

is the effective mass squared of the scalaron. If we transform the
effective action (2.10) to the Einstein frame we obtain the well-
known form of the scalaron potential with the potential height
Uins = 3M§11\~/12/4 in the plateau region, which is to be identified
with (2.9).

The quantities %, £, and M are determined by the amplitude of
the curvature perturbation Pr ~2.1 x 10~2 [8] at the pivot scale
which left the Hubble horizon N e-folds before the end of inflation.
We find [52,53]

2oMy g2 My N (2.12)
A 3M2 A 3MZ2 2m?pR’ '
Defining & and M. as
N2 o A 12/

= /—— ~44x10}( — =, 213

5=\ 72m2py = 44X (0.01> (54> 213)
2472 Pg _s5( N -

Me=\| =7 Mp=13x107( =2 ) My, (214)

we see that M is constrained to be M = M. In the following we
fix N >~ 54 for definiteness. We also see that observationally viable
mixed Higgs-R? inflation satisfies

g M
L (2.15)

From this parametrization, we see the following two limits:

e Pure-R? inflation limit: & < & and M — M.,
e Pure-Higgs inflation limit: £ — & and M — oo.

Note that the pure-Higgs inflation limit does not respect the per-
turbativity condition (2.6). Also, in the whole parameter region, we
define the Higgs-like and R?-like regimes as follows:

e RZ-like regime:

2
g2 Mg
o< 3# (2.16)
o Higgs-like regime:
2
g My
7 > 3#. (2.17)

Fig. 1 shows the parameter space in the £-1/M plane with A =
0.01 for the R2-like regime, Higgs-like regime, and strongly cou-
pled regime (2.6), which covers only part of the Higgs-like regime
for A < 1. Indeed, with the condition (2.15), the Higgs-like region
without the strong coupling issue is given by 3.1 x 103/2/0.01 <
£ <44 x 103/%/0.0T (or 2 x 103/2/0.01 < Mp/M < 5.4 x 10%).
Therefore, there exists a parameter space within the Higgs-like re-
gion where the system is quantum mechanically under control up
to the Planck scale [35,39].%

3. Inflaton dynamics and preheating after inflation

Let us now analyze the inflaton dynamics and its effect on the
light direction (i.e. the phase direction) after inflation.

4 Note for comparison that in the minimally coupled case & = 0, the double in-
flationary h*-R? model was first considered in [54] without identifying h with the
Higgs field, and its scalar perturbation spectrum was derived in [55]. To obtain the
correct value for the slope of the scalar power spectrum ns — 1 and to satisfy the
upper limit on the tensor-to-scalar ratio r, viability of such a model requires its last
~ 60 e-folds to be in the R?-like regime that occurs for M < +/AMy, or if h? is al-
ways less than Mgl (and then the field h does not contribute to inflation at all). The

same conclusion remains valid for 0 < £ < 1, shz/Mgl <« 1, too.
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Fig. 1. Parameter space for different regimes in the mixed Higgs-R? model with
2 =0.01. The red region is the strongly-coupled regime where perturbative analy-
sis is questionable (2.6). The blue and green regions are the Higgs-like and R?-like
regimes, respectively. The blue line satisfies the condition for the observed curva-
ture power spectrum (2.15). The parameter points A, B, and C along the blue line
represent our benchmark points: see Sec. 3.1. The black and gray points are the
benchmark points for Figs. 2-3.

3.1. Background evolution

After inflation, both h and ¢ roll down rapidly to the origin and
start to oscillate around it with the equations of motion

o . U
5+3Hp + —e “Ph® + — =0, 3.1
¢+3Hp+ e + o0 (3.1)
. . . wo0U
h+3Hh —agh+e ‘/’E=0, (3.2)
1 1 .
with  3M2H? = §¢2 + 5e*Wh2 +U(gp, h). (3.3)

When the scalaron mass satisfies M < v/AMy, the effective single-
field description does not apply in the field oscillation regime, and
the trajectory of the scalar fields as given by (3.1) and (3.2) be-
comes highly complicated. Figs. 2 show typical evolution of h (top
panels) and ¢ (bottom panels) for three benchmark points chosen
as follows:

(A) £/& ~0.9996, M./M ~0.0282 <« & =~ 4439, Mp/M =~

2.17 x 103,

(B) £/& ~0.9975, Mc/M ~0.0709 < & = 4430, My/M ~
5.45 x 103,

(C) £/& ~ 0.9208, M./M =~ 0.39 < & 4089, Mpy/M =
3 x 104,

which satisfy the observational constraint (2.15). Note that param-
eter point A lies on the boundary to the strongly-coupled regime.
Here we take the initial condition just before the end of inflation
as ¢ = 1.2Mp, ¢ =0, while h satisfies 0U/dh =0 and h =0 at
t =0, but we have confirmed that our results remain unchanged if
we take larger number of e-folds before the end of inflation. We
see that the scalar fields are once trapped in the narrow valley
for ¢ < 0 with the time scale At ~M~! and the h field oscillates
rapidly with the effective mass squared ~ £M? (for |¢| ~ My)
around the stream line at the bottom of the valley.

3.2. Effective mass for the phase direction

In order to study quantum creation of the NG mode due to the
spiky behavior of its mass term, it is convenient to define a canon-
ically normalized scalar field 6, from the phase of the # field,
H(x) = h(t)el?™ //2. Since the potential U is independent of 6,
the relevant part of the Lagrangian reads

1
V=8ELED — —gre *’h’ gk 9,,09,6

1. 1 1F
=02 — — (VO +==60>+---, 34
2 C 2(12( C) + 2 F C + ( )
where 6.(x) and F(t) are defined as
0-(x) = a>2 (e~ *?O2h ()0 (x) = F(t)0 (%), (3.5)
in the Friedmann background, ds? = —dt? + a®(t)dx?, and a dot

denotes differentiation with respect to t. Then we read off the ef-
fective mass of the NG mode as

2 _ FO _ «du e¥ou 3 U
%~ F(t)y 2d¢ h oh 4M2
5 1 2 -2
S h 3.6
+24M§1(¢ +e ) (3.6)

where we have used the background equations (3.1), (3.2), and
(3.3). While the last two terms are always of the order of the Hub-
ble parameter, the first two terms can be much larger when the
scalar field trajectory deviates from the valley (2.7). Figs. 3 show
the time evolution of mgc for our benchmark parameters (A), (B),
and (C). The effective mass gets larger when ¢ gets negative and
more or less the spikes still appear even in the case where the R2
term is present. We can also see that the height of the spikes gets
lower and their width gets wider for smaller M, when the system
is more R2-inflation like. In Figs. 4, we show the heights and the
widths of the spikes as a function of M under the observational
constraint (2.15). Here we define the width of the spikes as the
full width at half maximum.

The behavior of the spikes can be understood analytically as
follows. Just before the end of inflation, the energy density of the
Universe is dominated by the potential term (2.9). Since the po-
tential energy would also dominate the kinetic energy when the
@ field climbs up the alley ¢ < 0, the potential energy at h =0 at
the first oscillation can be written as

U(@.h=0) = C2 Uiy (3.7)
which yields with Eq. (2.9)

M

e’“‘p:1+CmM

=1+Cnp at h=0. (3.8)

22 2
3&M= + M ol
Here Cp < 1 represents the dissipation of the potential energy
from the plateau region during inflation to ¢ reaching the largest
negative value after a half oscillation. Then the effective mass of
the phase of H field at h =0, which corresponds to the height of
the spike, can be estimated as
) = [ S 4 M G (1 (39)

) = 2 M 16\M) | ’
For larger M(> «/XMPI/S), we have (mgf)z 2 Cm~/3AMMp,. Note
that in this expression for sufficiently large M ~ ﬁMpl and & >
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Fig. 2. Time evolution of the Higgs field h (top) and scalaron ¢ (bottom) for the parameter points (A) (left), (B) (middle), and (C) (right). We fixed 2 =0.01. See Fig. 1 for the

three parameter points.
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Fig. 3. Time evolution of the effective mass squared for the phase direction mﬁ[

for the parameter points (A) (left), (B) (middle), and (C) (right). We fixed A =0.01. The top

panels show the evolution over the full time range shown in Fig. 2, while the bottom panels are magnifications of the top panels around the first peak.

1° for which the single-field approximation gets better, we recover
the formula in the pure-Higgs inflation (mj)? ~ ﬁCmAMIZJI [29].
Taking the observational constraint (2.15) into account, we obtain

(M) ~ Cmy/30(M2 — M2) My, (3.10)

for £ > 1. As discussed above, the duration of the first spike is
determined by the period when the scalaron stays in the ¢ <0
region, which is determined by the scalaron mass M. Therefore,

the width of the spikes can also be estimated as
Aty =CeM™1. (311)

Again, the formula for the pure-Higgs inflation Atgp ~ (\/XMPI)*1
is recovered at M ~ «/XMPI when the single field description gets

5 These parameters do not respect the perturbativity condition Eq. (2.6).

better. Note that we cannot use Egs. (3.9) and (3.11) any more
when M significantly exceeds the spike timescale inverse in the
pure-Higgs case M > \/XMPI. Fig. 4 shows the measured peak
amplitude and timescale of the spikes, as well as our analytic es-
timates (3.10) and (3.11) with C, >~ 0.25 and C; ~0.2.5 The green
triangles and the red disks are the values of the amplitude and
the timescale estimated from the numerical time evolution, respec-
tively, while the brown dashed line and the blue solid line are the
predictions of our analytic estimates (3.10) and (3.11), respectively.
We see that the numerical results coincide with the analytic esti-
mates well.

6 A rough estimate of Cp,, goes as follows. For the pure Higgs or R? inflation, the
potential shape becomes o (1 —e~®?)2. The slow roll condition max(je|, |n]) < 1
breaks down at e~®? = 24/3 — 3, when the inflaton potential energy is ~ 0.287
times its value at the plateau.
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0.0 0.1 0.2 0.3 0.4 0.5
103 M/ My

Fig. 4. Peak amplitude and timescale of the spike in the effective mass squared
of the imaginary field. The green triangles and the red disks are the numerically
obtained peak amplitude and timescale of the mass spike, respectively, while the
brown dashed line and the blue solid line are our analytic estimates (3.10) and
(3.11) with Cpy ~0.25 and Cy ~0.2.

3.3. Estimate on particle production

Let us roughly estimate the energy density of the particles pro-
duced in the first spike. We neglect particle production from the
other oscillations because we are mainly interested in the effect
of the strongest spike which appears in the pure-Higgs inflation.
A more detailed analysis, including the consequences of other os-
cillations, will be presented elsewhere [56].

For the estimate of particle production from strong spikes, we
can for example refer to the Appendix C of Ref. [57]. If we describe
the strong spike with the following cosh-type spike function

m 1
2At cosh?(t/At)’

and the produced field is in the vacuum for t — —oo0, its number
density after the spike is given by

3
N (;nl;z foer fec:COSZ<%m)/Smh2(nkm)’
(3.13)

with k being the wavenumber. Since we have used the full width
at half maximum to estimate Ats,, we may identify it as Atsp, =
At x 2In(+/2 + 1). With (me)2 ~m/2At, we can estimate the en-
ergy density of the produced phase direction as

mgc(t) = (3.12)

Ny,

—4
M4
(3.14)
Here we estimated the cosine-squared in the numerator of
Eq. (3.13) to be 0.5.7 The estimate (3.14) is in agreement with the
general result for particle creation in cosmology obtained in [58]
and with more detailed expression for the rate of particle creation

in [59]. In particula{, at the boundary to the strongly-coupled con-
dition M ~ /4w /LM, we have

-2 —4
A C _
o, ~4.5 x 10%( —— L)
0.01 0.2

-2 -4
A C .
~76x1074( 2 L) mPmZ,
0.01 0.2 pl

which is much smaller than the energy density carried by the in-
flaton just after the end of inflation is pint =~ Ujnr ~ MZMEI. For

Ce

d3k
~ | —— kfy ~45x103At;4~2.8
pec / 3 e x sp <0.2

(3.15)

7 In fact, for M > M, the parameter dependence mAt ~ (mfgcp)z(AtSp)2 o My /M
makes the argument of the cosine much larger than unity.

smaller M, the energy density of the phase direction becomes even
smaller. Note that this discussion does not rely on the observa-
tional condition (2.12). Therefore we conclude that, even when we
add R? term so that the cut-off scale of the theory becomes the
Planck scale, the spike still appears and is a real physical phe-
nomenon, but the reheating of the Universe does not complete
with the violent production of the NG bosons from a single spike.

4. Discussion and conclusions

We have studied the effective mass of the NG mode for mixed
Higgs-R%> model [34-37] and found that the effective mass has
spikes over the preheating process as in the pure-Higgs infla-
tion [29]. The set-up is more reliable as the cut-off scale of the
model is extended up to My thanks to the scalaron originated
from the R? term. We found that the properties of the spikes are
well described by the analytic formula Eqgs. (3.10) and (3.11). The
amplitude of the spikes becomes smaller when the model is more
R2%-inflation like. Remarkably, the energy scale of the spike is well
below the cut-off scale of the model, contrary to the case of the
pure Higgs inflation, so we conclude that the spiky behavior of the
NG mode is a real physical phenomenon.

According to the estimation in Eq. (3.13), even in the extreme
case with the parameters being on the boundary to the strongly-
coupled regime, the produced energy density of NG boson is much
smaller than the total energy density of the Universe. Thus, the re-
heating cannot be completed within only one spike (see Eq. (3.15)).
This conclusion is sharply distinctive from the one in the pure-
Higgs inflation. Although we have worked with the global U(1)
scalar H, we expect that our conclusion remains unchanged for
the realistic SU(2);x U(1)y case. Therefore, the parametric res-
onance of the transverse mode of the gauge bosons [20-22] or
the perturbative decay of the scalaron would be the main chan-
nel of the depletion of the inflaton quanta. Similar analysis can
be done in other UV-extension models of the Higgs inflation. The
detailed study on the (p)reheating process will be presented else-
where [56].

Acknowledgements

We thank Y.-F. Cai, S. Pi, Y. Watanabe, and Y.-P. Wu for use-
ful discussion. MH was supported by the Global Science Grad-
uate Course (GSGC) program in the Graduate School of Science,
the University of Tokyo. R] and KK were supported by IBS un-
der the project code, IBS-R0O18-D1. KK thanks IBS-CTPU for kind
hospitality during the completion of this work. The work of
SCP was supported in part by the National Research Foundation
of Korea (NRF) grant funded by the Korean government (MSIP)
(No. 2016R1A2B2016112) and (NRF-2018R1A4A1025334). AS ac-
knowledges RESCEU hospitality as a visiting professor. He was
also partially supported by the RFBR grant 17-02-01008. The work
of JY was supported by JSPS KAKENHI, Grant-in-Aid for Scientific
Research 15H02082 and Grant-in-Aid for Scientific Research on In-
novative Areas 15H05888.

References

[1] K. Sato, J. Yokoyama, Inflationary cosmology: first 30+ years, Int. J. Mod. Phys.
D 24 (11) (2015) 1530025.

[2] ATLAS Collaboration, G. Aad, et al., Observation of a new particle in the search
for the Standard Model Higgs boson with the ATLAS detector at the LHC, Phys.
Lett. B 716 (2012) 1-29, arXiv:1207.7214 [hep-ex].

[3] CMS Collaboration, S. Chatrchyan, et al., Observation of a new boson at a mass
of 125 GeV with the CMS experiment at the LHC, Phys. Lett. B 716 (2012)
30-61, arXiv:1207.7235 [hep-ex].

[4] K. Kamada, T. Kobayashi, T. Takahashi, M. Yamaguchi, J. Yokoyama, Generalized
Higgs inflation, Phys. Rev. D 86 (2012) 023504, arXiv:1203.4059 [hep-ph].


http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5361746F3A32303135646761s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5361746F3A32303135646761s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4161643A32303132746661s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4368617472636879616E3A3230313278646As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B616D6164613A323031327365s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B616D6164613A323031327365s1

42 M. He et al. / Physics Letters B 791 (2019) 36-42

[5] J.L. Cervantes-Cota, H. Dehnen, Induced gravity inflation in the standard model
of particle physics, Nucl. Phys. B 442 (1995) 391-412, arXiv:astro-ph/9505069
[astro-ph].

[6] EL. Bezrukov, M. Shaposhnikov, The Standard Model Higgs boson as the infla-
ton, Phys. Lett. B 659 (2008) 703-706, arXiv:0710.3755 [hep-th].

[7] A.O. Barvinsky, A.Yu. Kamenshchik, A.A. Starobinsky, Inflation scenario via the
Standard Model Higgs boson and LHC, ]. Cosmol. Astropart. Phys. 0811 (2008)
021, arXiv:0809.2104 [hep-ph].

[8] Planck Collaboration, Y. Akrami, et al., Planck 2018 results. X. Constraints on
inflation, arXiv:1807.06211 [astro-ph.CO].

[9] C.P. Burgess, H.M. Lee, M. Trott, Power-counting and the validity of the classical
approximation during inflation, J. High Energy Phys. 09 (2009) 103, arXiv:0902.
4465 [hep-ph].

[10] J.L.E. Barbon, J.R. Espinosa, On the naturalness of Higgs inflation, Phys. Rev. D
79 (2009) 081302, arXiv:0903.0355 [hep-ph].

[11] C.P. Burgess, H.M. Lee, M. Trott, Comment on Higgs inflation and naturalness, J.
High Energy Phys. 07 (2010) 007, arXiv:1002.2730 [hep-ph].

[12] M.P. Hertzberg, On inflation with non-minimal coupling, J. High Energy Phys.
11 (2010) 023, arXiv:1002.2995 [hep-ph].

[13] A.O. Barvinsky, A.Yu. Kamenshchik, C. Kiefer, A.A. Starobinsky, C.F. Steinwachs,
Higgs boson, renormalization group, and naturalness in cosmology, Eur. Phys.
J. € 72 (2012) 2219, arXiv:0910.1041 [hep-ph].

[14] F. Bezrukov, A. Magnin, M. Shaposhnikov, S. Sibiryakov, Higgs inflation: consis-
tency and generalisations, J. High Energy Phys. 01 (2011) 016, arXiv:1008.5157
[hep-ph].

[15] K. Kamada, On the strong coupling scale in Higgs G-inflation, Phys. Lett. B 744
(2015) 347-351, arXiv:1501.02816 [hep-ph].

[16] K. Kamada, T. Kobayashi, M. Yamaguchi, ]J. Yokoyama, Higgs G-inflation, Phys.
Rev. D 83 (2011) 083515, arXiv:1012.4238 [astro-ph.CO].

[17] T. Kunimitsu, T. Suyama, Y. Watanabe, ]. Yokoyama, Large tensor mode, field
range bound and consistency in generalized G-inflation, ]. Cosmol. Astropart.
Phys. 1508 (08) (2015) 044, arXiv:1504.06946 [astro-ph.CO].

[18] E. Bezrukov, J. Rubio, M. Shaposhnikov, Living beyond the edge: Higgs inflation
and vacuum metastability, Phys. Rev. D 92 (8) (2015) 083512, arXiv:1412.3811
[hep-ph].

[19] F. Bezrukov, M. Shaposhnikov, Standard Model Higgs boson mass from infla-
tion: two loop analysis, J. High Energy Phys. 07 (2009) 089, arXiv:0904.1537
[hep-ph].

[20] E. Bezrukov, D. Gorbunov, M. Shaposhnikov, On initial conditions for the Hot
Big Bang, ]. Cosmol. Astropart. Phys. 0906 (2009) 029, arXiv:0812.3622 [hep-
phl.

[21] J. Garcia-Bellido, D.G. Figueroa, ]. Rubio, Preheating in the Standard Model with
the Higgs-inflaton coupled to gravity, Phys. Rev. D 79 (2009) 063531, arXiv:
0812.4624 [hep-ph].

[22] J. Repond, ]. Rubio, Combined preheating on the lattice with applications to
Higgs inflation, J. Cosmol. Astropart. Phys. 1607 (07) (2016) 043, arXiv:1604.
08238 [astro-ph.CO].

[23] A.D. Dolgov, A.D. Linde, Baryon asymmetry in inflationary universe, Phys. Lett.
B 116 (1982) 329.

[24] LE. Abbott, E. Farhi, M.B. Wise, Particle production in the new inflationary cos-
mology, Phys. Lett. B 117 (1982) 29.

[25] L. Kofman, A.D. Linde, A.A. Starobinsky, Reheating after inflation, Phys. Rev. Lett.
73 (1994) 3195-3198, arXiv:hep-th/9405187 [hep-th].

[26] Y. Shtanov, J.H. Traschen, R.H. Brandenberger, Universe reheating after inflation,
Phys. Rev. D 51 (1995) 5438-5455, arXiv:hep-ph/9407247 [hep-ph].

[27] M.P. DeCross, D.I. Kaiser, A. Prabhu, C. Prescod-Weinstein, E.I. Sfakianakis, Pre-
heating after multifield inflation with nonminimal couplings, I: covariant for-
malism and attractor behavior, Phys. Rev. D 97 (2) (2018) 023526, arXiv:
1510.08553 [astro-ph.CO].

[28] R. Jinno, Gravitational Effects on Inflaton Decay at the Onset of Reheating, Ph.
D. Thesis, The University of Tokyo, 2016.

[29] Y. Ema, R. Jinno, K. Mukaida, K. Nakayama, Violent preheating in inflation with
nonminimal coupling, J. Cosmol. Astropart. Phys. 1702 (02) (2017) 045, arXiv:
1609.05209 [hep-ph].

[30] E.I Sfakianakis, J. van de Vis, Preheating after Higgs inflation: self-resonance
and Gauge boson production, arXiv:1810.01304 [hep-ph].

[31] G.E. Giudice, H.M. Lee, Unitarizing Higgs inflation, Phys. Lett. B 694 (2011)
294-300, arXiv:1010.1417 [hep-ph].

[32] J.LE. Barbon, J.A. Casas, ]. Elias-Miro, J.R. Espinosa, Higgs inflation as a mirage,
J. High Energy Phys. 09 (2015) 027, arXiv:1501.02231 [hep-ph].

[33] H.M. Lee, Light inflaton completing Higgs inflation, Phys. Rev. D 98 (1) (2018)
015020, arXiv:1802.06174 [hep-ph].

[34] Y.-C. Wang, T. Wang, Primordial perturbations generated by Higgs field and R?
operator, Phys. Rev. D 96 (12) (2017) 123506, arXiv:1701.06636 [gr-qc].

[35] Y. Ema, Higgs scalaron mixed inflation, Phys. Lett. B 770 (2017) 403-411, arXiv:
1701.07665 [hep-ph].

[36] M. He, A.A. Starobinsky, ]. Yokoyama, Inflation in the mixed Higgs-R? model, ].
Cosmol. Astropart. Phys. 1805 (05) (2018) 064, arXiv:1804.00409 [astro-ph.CO].

[37] A. Gundhi, C.F. Steinwachs, Scalaron-Higgs inflation, arXiv:1810.10546 [hep-th].

[38] A.A. Starobinsky, A new type of isotropic cosmological models without singu-
larity, Phys. Lett. B 91 (1980) 99-102.

[39] D. Gorbunov, A. Tokareva, Scalaron the healer: removing the strong-coupling in
the Higgs- and Higgs-dilaton inflations, Phys. Lett. B 788 (2019) 37-41, arXiv:
1807.02392 [hep-ph].

[40] A.A. Starobinsky, Nonsingular model of the universe with the quantum-
gravitational de sitter stage and its observational consequences, in: Second
Seminar “Quantum Theory of Gravity”, INR Press, Moscow, 13-15 Oct. 1981,
pp. 58-72, reprinted in: M.A. Markov, P.C. West (Eds.), Quantum Gravity,
Plenum Publ. Co., New York, 1984, pp. 103-128.

[41] A. Vilenkin, Classical and quantum cosmology of the starobinsky inflationary
model, Phys. Rev. D 32 (1985) 2511.

[42] A. De Felice, S. Tsujikawa, f(R) theories, Living Rev. Relativ. 13 (2010) 3, arXiv:
1002.4928 [gr-qc].

[43] EL. Bezrukov, D.S. Gorbunov, Distinguishing between R?-inflation and Higgs-
inflation, Phys. Lett. B 713 (2012) 365-368, arXiv:1111.4397 [hep-ph].

[44] Y. Hamada, H. Kawai, K.-y. Oda, S.C. Park, Higgs inflation is still alive after the
results from BICEP2, Phys. Rev. Lett. 112 (24) (2014) 241301, arXiv:1403.5043
[hep-ph].

[45] F. Bezrukov, M. Shaposhnikov, Higgs inflation at the critical point, Phys. Lett. B
734 (2014) 249-254, arXiv:1403.6078 [hep-ph].

[46] Y. Hamada, H. Kawai, K.-y. Oda, S.C. Park, Higgs inflation from Standard Model
criticality, Phys. Rev. D 91 (2015) 053008, arXiv:1408.4864 [hep-ph].

[47] V.-M. Enckell, K. Enqvist, S. Rasanen, E. Tomberg, Higgs inflation at the hilltop,
J. Cosmol. Astropart. Phys. 1806 (06) (2018) 005, arXiv:1802.09299 [astro-ph.
coJ.

[48] R. Jinno, K. Kaneta, Hill-climbing inflation, Phys. Rev. D 96 (4) (2017) 043518,
arXiv:1703.09020 [hep-ph].

[49] R. Jinno, K. Kaneta, K.-y. Oda, Hill-climbing Higgs inflation, Phys. Rev. D 97 (2)
(2018) 023523, arXiv:1705.03696 [hep-ph].

[50] K.-i. Maeda, Towards the Einstein-Hilbert action via conformal transformation,
Phys. Rev. D 39 (1989) 3159.

[51] K--i. Maeda, Inflation as a transient attractor in R? cosmology, Phys. Rev. D 37
(1988) 858.

[52] A.A. Starobinsky, The perturbation spectrum evolving from a nonsingular ini-
tially De-Sitter cosmology and the microwave background anisotropy, Sov. As-
tron. Lett. 9 (1983) 302.

[53] T. Faulkner, M. Tegmark, E.F. Bunn, Y. Mao, Constraining f(R) gravity as a scalar
tensor theory, Phys. Rev. D 76 (2007) 063505, arXiv:astro-ph/0612569 [astro-
ph].

[54] L.A. Kofman, A.D. Linde, A.A. Starobinsky, Inflationary universe generated by
the combined action of a scalar field and gravitational vacuum polarization,
Phys. Lett. B 157 (1985) 361-367.

[55] A.A. Starobinsky, Multicomponent de Sitter (inflationary) stages and the gener-
ation of perturbations, JETP Lett. 42 (1985) 152-155, Pis’ma Zh. Eksp. Teor. Fiz.
42 (1985) 124.

[56] M. He, R. Jinno, K. Kamada, S.C. Park, A.A. Starobinsky, ]. Yokoyama, in prepa-
ration.

[57] M.A. Amin, D. Baumann, From wires to cosmology, ]. Cosmol. Astropart. Phys.
1602 (02) (2016) 045, arXiv:1512.02637 [astro-ph.CO].

[58] Ya.B. Zeldovich, A.A. Starobinsky, Particle production and vacuum polarization
in an anisotropic gravitational field, Sov. Phys. JETP 34 (1972) 1159-1166, Zh.
Eksp. Teor. Fiz. 61 (1971) 2161.

[59] Y.B. Zel'dovich, A.A. Starobinsky, Rate of particle production in gravitational
fields, JETP Lett. 26 (5) (1977) 252, Pis’'ma Zh. Eksp. Teor. Fiz. 26 (5) (1977)
373.


http://refhub.elsevier.com/S0370-2693(19)30099-1/bib43657276616E746573436F74613A31393935747As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib43657276616E746573436F74613A31393935747As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib43657276616E746573436F74613A31393935747As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030376570s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030376570s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42617276696E736B793A323030386961s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42617276696E736B793A323030386961s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42617276696E736B793A323030386961s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib416B72616D693A323031386F6462s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib416B72616D693A323031386F6462s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib427572676573733A323030396561s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib427572676573733A323030396561s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib427572676573733A323030396561s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib426172626F6E3A323030397961s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib426172626F6E3A323030397961s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib427572676573733A323031307A71s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib427572676573733A323031307A71s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib486572747A626572673A323031306463s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib486572747A626572673A323031306463s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42617276696E736B793A323030396969s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42617276696E736B793A323030396969s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42617276696E736B793A323030396969s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323031306A7As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323031306A7As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323031306A7As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B616D6164613A32303135736361s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B616D6164613A32303135736361s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B616D6164613A323031307165s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B616D6164613A323031307165s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B756E696D697473753A32303135666161s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B756E696D697473753A32303135666161s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B756E696D697473753A32303135666161s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A32303134697061s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A32303134697061s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A32303134697061s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030396462s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030396462s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030396462s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030387574s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030387574s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323030387574s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib47617263696142656C6C69646F3A323030386162s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib47617263696142656C6C69646F3A323030386162s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib47617263696142656C6C69646F3A323030386162s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5265706F6E643A32303136736F6Cs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5265706F6E643A32303136736F6Cs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5265706F6E643A32303136736F6Cs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446F6C676F763A313938327468s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446F6C676F763A313938327468s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4162626F74743A31393832686Es1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4162626F74743A31393832686Es1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B6F666D616E3A31393934726Bs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B6F666D616E3A31393934726Bs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib536874616E6F763A313939346365s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib536874616E6F763A313939346365s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446543726F73733A32303135757A61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446543726F73733A32303135757A61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446543726F73733A32303135757A61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446543726F73733A32303135757A61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4A696E6E6F546865736973s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4A696E6E6F546865736973s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456D613A32303136646E79s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456D613A32303136646E79s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456D613A32303136646E79s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5366616B69616E616B69733A323031386C7A66s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5366616B69616E616B69733A323031386C7A66s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib476975646963653A323031306B61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib476975646963653A323031306B61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib426172626F6E3A32303135666C61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib426172626F6E3A32303135666C61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4C65653A3230313865736Bs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4C65653A3230313865736Bs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib57616E673A32303137667579s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib57616E673A32303137667579s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456D613A3230313772716Es1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456D613A3230313772716Es1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib48653A32303138677966s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib48653A32303138677966s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib47756E6468693A3230313877797As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A313938307465s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A313938307465s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib476F7262756E6F763A323031386C6C66s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib476F7262756E6F763A323031386C6C66s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib476F7262756E6F763A323031386C6C66s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393831767As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393831767As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393831767As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393831767As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393831767As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib56696C656E6B696E3A313938356D64s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib56696C656E6B696E3A313938356D64s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446546656C6963653A32303130616As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib446546656C6963653A32303130616As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323031316770s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A323031316770s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib48616D6164613A32303134696761s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib48616D6164613A32303134696761s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib48616D6164613A32303134696761s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A32303134627261s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib42657A72756B6F763A32303134627261s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib48616D6164613A32303134776E61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib48616D6164613A32303134776E61s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456E636B656C6C3A323031386B6B63s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456E636B656C6C3A323031386B6B63s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib456E636B656C6C3A323031386B6B63s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4A696E6E6F3A323031376A7863s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4A696E6E6F3A323031376A7863s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4A696E6E6F3A323031376C756Es1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4A696E6E6F3A323031376C756Es1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4D616564613A313938386162s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4D616564613A313938386162s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4D616564613A313938377866s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4D616564613A313938377866s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A313938337A7As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A313938337A7As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A313938337A7As1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4661756C6B6E65723A323030367562s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4661756C6B6E65723A323030367562s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4661756C6B6E65723A323030367562s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B6F666D616E3A313938356177s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B6F666D616E3A313938356177s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib4B6F666D616E3A313938356177s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393836667861s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393836667861s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib537461726F62696E736B793A31393836667861s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib416D696E3A32303135667463s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib416D696E3A32303135667463s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5A656C646F766963683A313937316D77s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5A656C646F766963683A313937316D77s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5A656C646F766963683A313937316D77s1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5A656C646F766963683A3139373776676Fs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5A656C646F766963683A3139373776676Fs1
http://refhub.elsevier.com/S0370-2693(19)30099-1/bib5A656C646F766963683A3139373776676Fs1

	On the violent preheating in the mixed Higgs-R2 inﬂationary model
	1 Introduction
	2 Mixed Higgs-R2  model
	2.1 Action
	2.2 Inﬂationary dynamics

	3 Inﬂaton dynamics and preheating after inﬂation
	3.1 Background evolution
	3.2 Effective mass for the phase direction
	3.3 Estimate on particle production

	4 Discussion and conclusions
	Acknowledgements
	References


