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Figure 2.1: This picture represents a naive picture of inßation. The slow-roll inßation is
induced by the scalar-Þeld which has very ßat potential. After inßation, the reheating era
is needed for the successful inßationary scenario.

constant. Then, the universe expands as if dominated by the cosmological constant, that is,
the universe behaves as Óde Sitter universeÓ, expanding exponentially.

! can be also rewritten as

! !
V!!

H 2
. (2.12)

Since V!! represents the e! ective mass squared of scalar Þeld,m2
ef f , ! " 1 means that

m2
ef f " H 2, that is, the mass of scalar Þeld is much smaller than the Hubble parameter

during slow-roll inßation.
In addition, let us deÞne a parameter important for later discussion,N , which represents

the amount of inßation, as

N # ln
a(tend)

a(t)
=

! tend

t
H (t!)dt! , (2.13)

where tend represents a time when inßation ends. This parameter,N , is commonly called
the Óe-folding numberÓ. To solve the initial condition problems of big bang universe, the
e-folding number need to be typically more than about sixty (Fig. 2.2).

To realize the standard big bang universe after the inßation, some process is needed.
Generally, this process is called ÓreheatingÓ, in which the inßaton decays into some particles
and the thermalization of the decay products occurs (Fig. 2.1). Thus, modern standard
cosmology consist of Óhot big bangÓ and ÓinßationÓ.
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limits obtained from a! CDM-plus-tensor Þt. We refer the inter-
ested reader toPCI15for a concise description of the inßationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

Ð The inßationary predictions (Mukhanov & Chibisov1981;
Starobinsky1983) originally computed for theR2 model
(Starobinsky1980) to lowest order,

ns ! 1 " !
2
N

, r "
12
N2

, (48)

are in good agreement withPlanck 2018 data, conÞrm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49< N# < 58 is compatible with theR2 ba-
sic predictionsN# = 54, corresponding toTreh $ 109 GeV
(Bezrukov & Gorbunov2012). A higher reheating temper-
ature Treh $ 1013 GeV, as predicted in Higgs inßation
(Bezrukov & Shaposhnikov2008), is also compatible with
thePlanckdata.

Ð Monomial potentials (Linde 1983) V(! ) = " M4
Pl (! / MPl)p

with p % 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/ 3
(Silverstein & Westphal2008; McAllister et al.2010, 2014)
are more compatible with the data.

Ð There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(! ) in single-Þeld inßationary models. Important exam-
ples are a subluminal inßaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov1999), a non-
minimal coupling to gravity (Spokoiny1984; Lucchin et al.

1986; Salopek et al.1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inßaton due to dissipation in
other degrees of freedom, as in warm inßation (Berera1995;
Bastero-Gil et al.2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(! )Rwith F(! ) = M2

Pl + #! 2. To be more speciÞc, a quartic
potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inßaton as seen from
Table5, can be reconciled withPlanckand BK14 data for
# > 0: we obtain a 95 % CL lower limit log10 # > ! 1.6 with
ln B = ! 1.6.

Ð Natural inßation (Freese et al.1990; Adams et al.1993) is
disfavoured by thePlanck2018 plus BK14 data with a Bayes
factor lnB = ! 4.2.

Ð Within the class of hilltop inßationary models
(Boubekeur & Lyth 2005) we Þnd that a quartic poten-
tial provides a better Þt than a quadratic one. In the quartic
case we Þnd the 95 % CL lower limit log10(µ2/ MPl) > 1.1.

Ð D-brane inßationary models (Kachru et al.2003; Dvali et al.
2001; Garc«õa-Bellido et al.2002) provide a good Þt to
Planckand BK14 data for a large portion of their parame-
ter space.

Ð For the simple one parameter class of inßationary potentials
with exponential tails (Goncharov & Linde1984; Stewart
1995; Dvali & Tye 1999; Burgess et al.2002; Cicoli et al.
2009) we Þnd lnB = ! 1.0.

Ð Planck2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = ! 5.0.
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Living beyond the edge: Higgs inßation and vacuum metastability
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The measurements of the Higgs mass and top Yukawa coupling indicate that we live in a very
special Universe, at the edge of the absolute stability of the electroweak vacuum. If fully stable, the
Standard Model (SM) can be extended all the way up to the inßationary scale and the Higgs Þeld,
non-minimally coupled to gravity with strength ⇠, can be responsible for inßation. We show that
the successful Higgs inßation scenario can also take place if the SM vacuum is not absolutely stable.
This conclusion is based on two e! ects that were overlooked previously. The Þrst one is associated
with the e ! ective renormalization of the SM couplings at the energy scale M P / ⇠, where M P is the
Planck scale. The second one is a symmetry restoration after inßation due to high temperature
e! ects that leads to the (temporary) disappearance of the vacuum at Planck values of the Higgs
Þeld.

I. INTRODUCTION

One of the most interesting questions in particle
physics and cosmology is the relation between the prop-
erties of elementary particles and the structure of the
Universe. Some links are provided by Dark Matter and
the Baryon Asymmetry of the Universe. A number of
constraints on hypothetical new particles can be also de-
rived from Big Bang Nucleosynthesis.

The properties of the recently discovered Higgs boson
[1, 2] suggest an additional and intriguing connection.
Among the many di! erent values that the Higgs mass
could have taken, Nature has chosen one that allows to
extend the Standard Model (SM) all the way up till the
Planck scale while staying in the perturbative regime.
The behavior of the Higgs self-coupling! is quite pe-
culiar: it decreases with energy to eventually arrive to
a minimum at Planck scale values and start increasing
thereafter, cf. Fig. 1. Within the experimental and the-
oretical uncertainties1 the Higgs coupling may stay posi-
tive all way up till the Planck scale, but it may also cross
zero at some scaleµ0, which can be as low as 108 GeV,
cf. Figs. 2 and 3. If that happens, our Universe becomes
unstable2.

! fedor.bezrukov@uconn.edu
  javier.rubio@epß.ch
à mikhail.shaposhnikov@epß.ch
1 The largest uncertainty comes from the determination of the top

Yukawa coupling. Smaller uncertainties are associated to the
determination of Higgs boson mass and the QCD gauge coupling
! s . See Refs. [3Ð5] for the most reÞned treatments and Ref. [6]
for a review.

2 The determination of the lifetime of the Universe is a rather
subtle issue that strongly depends on the high energy comple-
tion of the SM. As shown in Ref. [7Ð9], if the gravitational
corrections are such that the resulting e ! ective potential lies
above/below the SM one, the lifetime of our vacuum will be
notably larger/smaller than the age of the Universe.
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FIG. 1. Renormalization group running of the Higgs self-
coupling for several values of the top quark Yukawa coupling
(top pole mass) and Þxed to 125.5 GeV Higgs boson mass.

The 0 ! 3" compatibility of the data with vacuum in-
stability is one of the recurrent arguments for invoking
new physics beyond the Standard Model. In particular,
it is usually stated that the minimalistic Higgs inßation
scenario [10], in which the Higgs Þeld is non-minimally
coupled to gravity with strength #, cannot take place if
the Higgs self-coupling becomes negative at an energy
scale below the inßationary scale.

We will show in this paper that Higgs inßation is
possible even if the SM vacuum is not absolutely sta-
ble. SpeciÞcally, we will demonstrate that the renormal-
ization e! ects at the scaleM P / # can bring the Higgs
self-coupling ! to positive values in the inßationary do-
main. If that happens, inßation will take place with the
usual chaotic initial conditions and the fate of the Uni-
verse will be inevitably determined by the subsequent
evolution. At the end of the exponential expansion, the
Higgs Þeld will start to oscillate around the bottom of
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The measurements of the Higgs mass and top Yukawa coupling indicate that we live in a very
special Universe, at the edge of the absolute stability of the electroweak vacuum. If fully stable, the
Standard Model (SM) can be extended all the way up to the inßationary scale and the Higgs Þeld,
non-minimally coupled to gravity with strength ⇠, can be responsible for inßation. We show that
the successful Higgs inßation scenario can also take place if the SM vacuum is not absolutely stable.
This conclusion is based on two e! ects that were overlooked previously. The Þrst one is associated
with the e ! ective renormalization of the SM couplings at the energy scale M P / ⇠, where M P is the
Planck scale. The second one is a symmetry restoration after inßation due to high temperature
e! ects that leads to the (temporary) disappearance of the vacuum at Planck values of the Higgs
Þeld.

I. INTRODUCTION

One of the most interesting questions in particle
physics and cosmology is the relation between the prop-
erties of elementary particles and the structure of the
Universe. Some links are provided by Dark Matter and
the Baryon Asymmetry of the Universe. A number of
constraints on hypothetical new particles can be also de-
rived from Big Bang Nucleosynthesis.

The properties of the recently discovered Higgs boson
[1, 2] suggest an additional and intriguing connection.
Among the many di! erent values that the Higgs mass
could have taken, Nature has chosen one that allows to
extend the Standard Model (SM) all the way up till the
Planck scale while staying in the perturbative regime.
The behavior of the Higgs self-coupling! is quite pe-
culiar: it decreases with energy to eventually arrive to
a minimum at Planck scale values and start increasing
thereafter, cf. Fig. 1. Within the experimental and the-
oretical uncertainties1 the Higgs coupling may stay posi-
tive all way up till the Planck scale, but it may also cross
zero at some scaleµ0, which can be as low as 108 GeV,
cf. Figs. 2 and 3. If that happens, our Universe becomes
unstable2.

! fedor.bezrukov@uconn.edu
  javier.rubio@epß.ch
à mikhail.shaposhnikov@epß.ch
1 The largest uncertainty comes from the determination of the top

Yukawa coupling. Smaller uncertainties are associated to the
determination of Higgs boson mass and the QCD gauge coupling
! s . See Refs. [3Ð5] for the most reÞned treatments and Ref. [6]
for a review.

2 The determination of the lifetime of the Universe is a rather
subtle issue that strongly depends on the high energy comple-
tion of the SM. As shown in Ref. [7Ð9], if the gravitational
corrections are such that the resulting e ! ective potential lies
above/below the SM one, the lifetime of our vacuum will be
notably larger/smaller than the age of the Universe.

!"#"$

!"#"%

&"

&"#"%

&"#"$

&"#"'

&"#"(

&"#)

&"#)%

&"#)$

&)""""" &)*+)" &)*+), &)*+%"

��

-.&/*0

1 23)%,#,&/*0

453"#6)7'.&1 53)7"#"
453"#6%8,.&153)7)#"
453"#6%6$.&153)7%#"
453"#68,6.&153)78#)
453"#6$)8.&153)7$#"
453"#6$7%.&153)7,#"

FIG. 1. Renormalization group running of the Higgs self-
coupling for several values of the top quark Yukawa coupling
(top pole mass) and Þxed to 125.5 GeV Higgs boson mass.

The 0 ! 3" compatibility of the data with vacuum in-
stability is one of the recurrent arguments for invoking
new physics beyond the Standard Model. In particular,
it is usually stated that the minimalistic Higgs inßation
scenario [10], in which the Higgs Þeld is non-minimally
coupled to gravity with strength #, cannot take place if
the Higgs self-coupling becomes negative at an energy
scale below the inßationary scale.

We will show in this paper that Higgs inßation is
possible even if the SM vacuum is not absolutely sta-
ble. SpeciÞcally, we will demonstrate that the renormal-
ization e! ects at the scaleM P / # can bring the Higgs
self-coupling ! to positive values in the inßationary do-
main. If that happens, inßation will take place with the
usual chaotic initial conditions and the fate of the Uni-
verse will be inevitably determined by the subsequent
evolution. At the end of the exponential expansion, the
Higgs Þeld will start to oscillate around the bottom of
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inßationary phenomenology using the e! ective Þeld theory parametrization of the e! ects
which might come from the high energy theory.

One can distinguish several cuto! scales corresponding to violation of perturbative
unitarity in the di ! erent sectors of the model. In the gravity-scalar sector the cuto! is4
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(1.3)

The cuto! for purely gravitational interactions (graviton scattering o ! graviton) is just the
e! ective Planck scale (see eq. (1.1))

" 2
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The cuto! associated with SM gauge interactions ath > M P
! is
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! at smaller Þeldsh.
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Figure 1: Schematic depiction of the cut-o! s (1.3), (1.4), and (1.5) in the Jordan (left) and Einstein
(right) frames.

One of the reasons the inßation takes place while the theory remains in weakly coupling
regime is because it does not involve large momentum transfers. The validity of the theory
above momenta" (h) is unclear. Thus, the question arises what happens when momentum
transfers E are between" gauge (h) and " Planck . Remaining within the minimal setup,5 we
can imagine two scenarios:

4We present all cuto! s in the Jordan frame, corresponding to eq. (1.1) and use the unitary gauge,
H T =

!
0 , h/

!
2
"
.

5Alternatively, it is possible to attempt perturbative UV completion by introducing new states at the
cut-o! scale [14].
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Figure 2: Time evolution of ! and m2
J e! around the Þrst few zero-crossings. The parameter values

are " = 0 .01 and # = 104, while the initial conditions are ! ini = M P and ú! ini = 0. We can clearly
see that m2

J e! blows up around the zero-crossings, thus representing a spike-like feature. We take
M P = 1 in this plot.

However, the second derivative shows a clear di! erence:
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The order of magnitude of¬" is di! erent by a large factorO(! # /M P) for |" | # MP/ ! and
|" | $ MP/ ! . We numerically follow the time evolution of" , ú" and ¬" in Figs. 3Ð5. The blue
line corresponds to the exact solution, whilethe red linedoes to the approximated one using
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in the whole region, as often used in the literature. For" and ú" we plot only exact solu-
tions because the approximated ones show no visible di! erence. However, ¬" shows a clear
di! erence when the inßaton crosses the origin. In fact,¬" shows a spike at around the
zero-crossings in the exact case, while such a feature is not captured by the approximated
one! 8.

Next we consider the dynamics of" . In this case, the spike scale appears as a sudden
change in the shape of the potential. For# $ MP/ ! , the equation of motion reads

¬" !

!
""#

""$

%#" 3 for |" | #
MP

!
,

%m2
osc" for |" | $

MP

!
.

(2.34)

! 8 The value of ¬! jumps when the inßaton crosses the origin as long as one uses the approximation ( 2.33).
This is because we have to take the absolute value to keep theZ2 symmetry in Eq. (2.33).
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Figure 2: Time evolution of ! and m2
J e! around the Þrst few zero-crossings. The parameter values

are " = 0 .01 and # = 104, while the initial conditions are ! ini = M P and ú! ini = 0. We can clearly
see that m2

J e! blows up around the zero-crossings, thus representing a spike-like feature. We take
M P = 1 in this plot.

However, the second derivative shows a clear di! erence:
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The order of magnitude of¬" is di! erent by a large factorO(! # /M P) for |" | # MP/ ! and
|" | $ MP/ ! . We numerically follow the time evolution of" , ú" and ¬" in Figs. 3Ð5. The blue
line corresponds to the exact solution, whilethe red linedoes to the approximated one using
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in the whole region, as often used in the literature. For" and ú" we plot only exact solu-
tions because the approximated ones show no visible di! erence. However, ¬" shows a clear
di! erence when the inßaton crosses the origin. In fact,¬" shows a spike at around the
zero-crossings in the exact case, while such a feature is not captured by the approximated
one! 8.

Next we consider the dynamics of" . In this case, the spike scale appears as a sudden
change in the shape of the potential. For# $ MP/ ! , the equation of motion reads

¬" !

!
""#
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%#" 3 for |" | #
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!
,

%m2
osc" for |" | $

MP

!
.

(2.34)

! 8 The value of ¬! jumps when the inßaton crosses the origin as long as one uses the approximation ( 2.33).
This is because we have to take the absolute value to keep theZ2 symmetry in Eq. (2.33).
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Figure 2: Time evolution of ! and m2
J e! around the Þrst few zero-crossings. The parameter values

are " = 0 .01 and # = 104, while the initial conditions are ! ini = M P and ú! ini = 0. We can clearly
see that m2

J e! blows up around the zero-crossings, thus representing a spike-like feature. We take
M P = 1 in this plot.

However, the second derivative shows a clear di! erence:
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The order of magnitude of¬" is di! erent by a large factorO(! # /M P) for |" | # MP/ ! and
|" | $ MP/ ! . We numerically follow the time evolution of" , ú" and ¬" in Figs. 3Ð5. The blue
line corresponds to the exact solution, whilethe red linedoes to the approximated one using
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in the whole region, as often used in the literature. For" and ú" we plot only exact solu-
tions because the approximated ones show no visible di! erence. However, ¬" shows a clear
di! erence when the inßaton crosses the origin. In fact,¬" shows a spike at around the
zero-crossings in the exact case, while such a feature is not captured by the approximated
one! 8.

Next we consider the dynamics of" . In this case, the spike scale appears as a sudden
change in the shape of the potential. For# $ MP/ ! , the equation of motion reads

¬" !

!
""#

""$

%#" 3 for |" | #
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!
,

%m2
osc" for |" | $

MP

!
.

(2.34)

! 8 The value of ¬! jumps when the inßaton crosses the origin as long as one uses the approximation ( 2.33).
This is because we have to take the absolute value to keep theZ2 symmetry in Eq. (2.33).
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�G�P�S

inßationary phenomenology using the e! ective Þeld theory parametrization of the e! ects
which might come from the high energy theory.

One can distinguish several cuto! scales corresponding to violation of perturbative
unitarity in the di ! erent sectors of the model. In the gravity-scalar sector the cuto! is4

" g! s (h) !

!
"#

"$

M P
! , for h ! M P

! ,
! h2

M P
, for M P

! ! h ! M P"
!

,
"

! h , for h " M P"
!

.

(1.3)

The cuto! for purely gravitational interactions (graviton scattering o ! graviton) is just the
e! ective Planck scale (see eq. (1.1))

" 2
Planck ! M 2

P + ! h2 . (1.4)

The cuto! associated with SM gauge interactions ath > M P
! is

" gauge ! h . (1.5)

and coincides with M P
! at smaller Þeldsh.
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E
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# g-s

# gauge
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# Planck

Figure 1: Schematic depiction of the cut-o! s (1.3), (1.4), and (1.5) in the Jordan (left) and Einstein
(right) frames.

One of the reasons the inßation takes place while the theory remains in weakly coupling
regime is because it does not involve large momentum transfers. The validity of the theory
above momenta" (h) is unclear. Thus, the question arises what happens when momentum
transfers E are between" gauge (h) and " Planck . Remaining within the minimal setup,5 we
can imagine two scenarios:

4We present all cuto! s in the Jordan frame, corresponding to eq. (1.1) and use the unitary gauge,
H T =

!
0 , h/

!
2
"
.

5Alternatively, it is possible to attempt perturbative UV completion by introducing new states at the
cut-o! scale [14].
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2
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ing derivatives of the potential. The dominant contribution in small" regime comes from a term
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always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.
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3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term
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. For positive! , Higgs Þeld obtains a negativem2
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around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp
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#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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h Þeld oscillates rapidly with the e! ective mass squared
! ! M 2 (for |" | " M pl ) around the stream line at the
bottom of the valley.

B. E ! ective 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 con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /

#
2.

Since the potential U is independent of #, the relevant
part of the Lagrangian reads

#
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(4)
where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)

in the Friedmann background, ds2 = $ dt2 + a2(t)dx 2,
and a dot denotes di! erentiation with respect to t. Then
we read o! the e! ective mass of the NG mode as
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(6)
where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)

e! "# = 1 + Cm M
= 1 + Cm

#
&M 2

pl

3! 2M 2 + &M 2
pl

at h = 0 .
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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due to the spiky behavior of its mass term , it is con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /
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where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /
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where #c(x) and F (t) are deÞned as
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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h Þeld oscillates rapidly with the e! ective mass squared
! ! M 2 (for |" | " M pl ) around the stream line at the
bottom of the valley.

B. E ! ective 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 con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /
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Since the potential U is independent of #, the relevant
part of the Lagrangian reads
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where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)

in the Friedmann background, ds2 = $ dt2 + a2(t)dx 2,
and a dot denotes di! erentiation with respect to t. Then
we read o! the e! ective mass of the NG mode as

m2
! c

= $
¬F (t)
F (t)

= $
%
2

$U
$"

+
e"#

h
$U
$h

$
3
4

U
M 2

pl
+

5
24

1
M 2

pl

!
ú" 2 + e! "# úh2

"
,

(6)
where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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In order to study quantum creation of the NG mode
due to the spiky behavior of its mass term , it is con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /
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where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2
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for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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h Þeld oscillates rapidly with the e! ective mass squared
! ! M 2 (for |" | " M pl ) around the stream line at the
bottom of the valley.

B. E ! ective 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 con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /

#
2.

Since the potential U is independent of #, the relevant
part of the Lagrangian reads
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where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)

in the Friedmann background, ds2 = $ dt2 + a2(t)dx 2,
and a dot denotes di! erentiation with respect to t. Then
we read o! the e! ective mass of the NG mode as
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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B. E ! ective 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 con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /
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Since the potential U is independent of #, the relevant
part of the Lagrangian reads
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where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)

in the Friedmann background, ds2 = $ dt2 + a2(t)dx 2,
and a dot denotes di! erentiation with respect to t. Then
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2
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for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as
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m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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h Þeld oscillates rapidly with the e! ective mass squared
! ! M 2 (for |" | " M pl ) around the stream line at the
bottom of the valley.

B. E ! ective 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 con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /

#
2.

Since the potential U is independent of #, the relevant
part of the Lagrangian reads

#
$ gE L E % $

1
2

#
$ gE e! "# h2gµ$

E $µ #$$# =
1
2

ú#2
c $

1
2a2 (& #c)2+

1
2

¬F
F

#2
c + á á á,

(4)
where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)

in the Friedmann background, ds2 = $ dt2 + a2(t)dx 2,
and a dot denotes di! erentiation with respect to t. Then
we read o! the e! ective mass of the NG mode as
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2
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for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.
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ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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In order to study quantum creation of the NG mode
due to the spiky behavior of its mass term , it is con-
venient to deÞne a canonically normalized scalar Þeld#c
from the phase of the H Þeld, H(x) = h(t)ei ! (x ) /
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Since the potential U is independent of #, the relevant
part of the Lagrangian reads
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where #c(x) and F (t) are deÞned as

#c(x) ' a3/ 2(t)e! "# ( t ) / 2h(t)#(x) ' F (t)#(x), (5)

in the Friedmann background, ds2 = $ dt2 + a2(t)dx 2,
and a dot denotes di! erentiation with respect to t. Then
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2

! c

for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as

U(" , h = 0) = C2
m Uinf , (7)

which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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where we have used the background equations (1), (2),
and (3). While the last two terms are always of the order
of the Hubble parameter, the Þrst two terms can be much
larger when the scalar Þeld trajectory deviates from the
valley (7). Figures 3 show the time evolution of m2
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for our benchmark parameters (A), (B), and (C). The
e! ective 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 moreR2-inßation like. In Figs. 4,
we show the heights and the widths of the spikes as a
function of M under the observational constraint (15).
Here we deÞne the width of the spikes as the full width
at half maximum.

The behavior of the spikes can be understood analyt-
ically as follows. Just before the end of inßation, the
energy density of the Universe is dominated by the po-
tential term (9). Since the potential energy would also
dominate the kinetic energy when the" Þeld climbs up
the alley " < 0, the potential energy at h = 0 at the Þrst
oscillation can be written as
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which yields with Eq. (9)
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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 � = 0.01. See Fig. 1 for the three
parameter points.

FIG. 3: Time evolution of the e↵ective mass squared for the
phase direction m2

✓c for the parameter points (A) (left), (B)
(middle), and (C) (right). We fixed � = 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.
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Figure 2: Time evolution of the Higgs Þeldh (top) and scalaron ! (bottom) for the
parameter points (A) (left), (B) (middle), and (C) (right). We Þxed " = 0.01. See Fig.1 for
the three parameter points.
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Figure 3: Time evolution of the e↵ective mass squared for the phase directionm2
✓c for the

parameter points (A) (left), (B) (middle), and (C) (right). We Þxed " = 0.01. The top
panels show the evolution over the full time range shown in Fig.2, while the bottom panels
are magniÞcations of the top panels around the Þrst peak.
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
!

"
"

2/ 3# /M p

#
. For positive! , Higgs Þeld obtains a negativem2

!

around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2

"
2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
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. For positive! , Higgs Þeld obtains a negativem2
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around the origin where its amplitude will grow exponentially. In large" regime,m2
! is dominated

by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp

!
" 2
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2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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3.1 Features of the Potential

Here we give two examples for different combinations of! andM in Figure1. The potential (2.7)
is invariant under" ! " " . One can calculate the effective mass of the Higgs Þeld,m2

! , by tak-
ing derivatives of the potential. The dominant contribution in small" regime comes from a term

proportional to! , " 3! M 2 exp
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"
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. For positive! , Higgs Þeld obtains a negativem2
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around the origin where its amplitude will grow exponentially. In large" regime,m2
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by a term proportional to" 2, 3$(1 + 3 ! 2M 2/ $M 2
p ) exp
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" 2
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2/ 3# /M p

#
" 2, whose coefÞcient is

always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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always positive. These properties imply the existence of a local minimum on the potential for a given
# which corresponds to the valleys in Figure1. Thus, independent of the initial position of" , with a
large! , the Higgs Þeld will quickly fall into one of the valleys and evolve around the local minimum.
If ! takes a small value, i.e.m2

! is small," direction will become ßatter. In this case, if the initial
conditions start from a large" value, it is possible for Higgs Þeld to slowly roll down the potential
wall which is similar to the situation discussed in [23]. As for # direction, it is always ßat in large#
regime so that it has similar behavior to the scalaron in theR2 inßation. As we shall see later, there
is a turning in the trajectory which can affect the sound speed of the curvature perturbations during
inßationary phase. The angular velocity at this turning is not large in the parameter regime we con-
sider here, though. After the end of inßation, the Þelds will oscillate around the global minimum of
the potential at(" , # ) = (0 , 0) where reheating is expected to happen. According to the recent work
[15], the particle production during preheating will be violent due to the appearance of non-minimal
coupling between Higgs and gravity.

Figure 1. Left: ! = 1000, M/M p = 1 .4 # 10! 5. Right: ! = 3000, M/M p = 1 .9 # 10! 5. The Þeld values
have been normalized byM p. The value of! mainly controls the position of the valleys whileM determines
the height of the plateau in the middle part and the depth of the valley.

3.2 Slow-Roll Inßation

As mentioned in previous sections, the evolution trajectory of two scalar Þelds are affected by the
curved nature of the Þeld space, the potential shape and the expansion of the universe. Thus, it would
be more convenient to discuss the features of this trajectory by deÞning unit vectorsTa andN a [24]
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Figure 2: Time evolution of the Higgs Þeldh (top) and scalaron ! (bottom) for the
parameter points (A) (left), (B) (middle), and (C) (right). We Þxed " = 0.01. See Fig.1 for
the three parameter points.
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Figure 3: Time evolution of the e↵ective mass squared for the phase directionm2
✓c for the

parameter points (A) (left), (B) (middle), and (C) (right). We Þxed " = 0.01. The top
panels show the evolution over the full time range shown in Fig.2, while the bottom panels
are magniÞcations of the top panels around the Þrst peak.
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Figure 4: Peak amplitude and timescale of the spike in the e↵ective mass squared of the
imaginary Þeld. 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 Cm ! 0.25 andCt ! 0.2.

(3.11) any more whenM signiÞcantly exceeds the spike timescale inverse in the pure-Higgs
caseM "

#
�Mpl. Figure 4 shows the measured peak amplitude and timescale of the spikes,

as well as our analytic estimates (3.10) and (3.11) with Cm ! 0.25 andCt ! 0.2.! 6 The
green triangles and the red disks are the values of the amplitude and the timescale estimated
from the numerical time evolution, respectively, 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 estimates well.

3.3 Estimate on particle production

Let us roughly estimate the energy density of the particles produced in the Þrst spike. We
neglect particle production from the other oscillations because we are mainly interested in
the e↵ect of the strongest spike which appears in the pure-Higgs inßation. A more detailed
analysis, including the consequences of other oscillations, 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

m2
! c

(t) =
m

2�t

1
cosh2(t/�t)

. (3.12)

and the produced Þeld is in the vacuum fort $ %& , its number density after the spike is

! 6 A rough estimate of Cm goes as follows. For the pure Higgs orR2 inßation, the potential shape becomes
' (1 %e" !" )2. The slow roll condition max(|! |, |" |) < 1 breaks down ate" !" = 2

#
3 %3, when the inßaton

potential energy is ! 0.287 times its value at the plateau.
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Figure 4: Peak amplitude and timescale of the spike in the e↵ective mass squared of the
imaginary Þeld. 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 Cm ! 0.25 andCt ! 0.2.
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green triangles and the red disks are the values of the amplitude and the timescale estimated
from the numerical time evolution, respectively, 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 estimates well.

3.3 Estimate on particle production

Let us roughly estimate the energy density of the particles produced in the Þrst spike. We
neglect particle production from the other oscillations because we are mainly interested in
the e↵ect of the strongest spike which appears in the pure-Higgs inßation. A more detailed
analysis, including the consequences of other oscillations, 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
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