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Metastability v.s. Inflation
Metastable Electroweak Vacuum v.s. Chaotic Inflation

3

• SM valid up to high energy scales
- Our vacuum: likely to be metastable? 
- λ<0 for μ>1010 GeV @ best-fit of top Yukawa.

• Chaotic Inflation
- Solve the initial condition problem.
- Large tensor-to-scalar ratio: r.
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4t /8⇡

2 (right). The grey shadings cover values of the RG scale above the
Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/

p
8⇡.
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Fig. 54. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 from Planck alone and in combination with its cross-
correlation with BICEP2/Keck Array and/or BAO data compared with the theoretical predictions of selected inflationary models.

further improving on the upper limits obtained from the different
data combinations presented in Sect. 5.

By directly constraining the tensor mode, the BKP likeli-
hood removes degeneracies between the tensor-to-scalar ratio
and other parameters. Adding tensors and running, we obtain

r0.002 < 0.10 (95 % CL, Planck TT+lowP+BKP) , (168)

which constitutes almost a 50 % improvement over the Planck
TT+lowP constraint quoted in Eq. (28). These limits on tensor
modes are more robust than the limits using the shape of the
CTT
` spectrum alone owing to the fact that scalar perturbations

cannot generate B modes irrespective of the shape of the scalar
spectrum.

13.1. Implications of BKP on selected inflationary models

Using the BKP likelihood further strengthens the constraints
on the inflationary parameters and models discussed in Sect. 6,
as seen in Fig. 54. If we set ✏3 = 0, the first slow-roll pa-
rameter is constrained to ✏1 < 0.0055 at 95 % CL by Planck
TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with log B = 3.8,
which improves on log B = 2 obtained from the Planck data
alone.

Combining with the BKP likelihood strengthens the con-
straints on the selected inflationary models studied in Sect. 6.
Using the same methodology as in Sect. 6 and adding the BKP
likelihood gives a Bayes factor preferring R2 over chaotic in-
flation with monomial quadratic potential and natural inflation
by odds of 403:1 and 270:1, respectively, under the assumption
of a dust equation of state during the entropy generation stage.
The combination with the BKP likelihood further penalizes the
double-well model compared to R2 inflation. However, adding

Table 17. Results of inflationary model comparison using the
cross-correlation between BICEP2/Keck Array and Planck. This
table is the analogue to Table 6, which did not use the BKP like-
lihood.

Inflationary Model ln B0X

wint = 0 wint , 0

R + R2/6M2 . . . +0.3
n = 2 �6.0 �5.6
Natural �5.6 �5.0
Hilltop (p = 2) �0.7 �0.4
Hilltop (p = 4) �0.6 �0.9
Double well �4.3 �4.2
Brane inflation (p = 2) +0.2 0.0
Brane inflation (p = 4) +0.1 �0.1
Exponential inflation �0.1 0.0
SB SUSY �1.8 �1.5
Supersymmetric ↵-model �1.1 +0.1
Superconformal (m = 1) �1.9 �1.4

BKP reduces the Bayes factor of the hilltop models compared
to R2, because these models can predict a value of the tensor-to-
scalar ratio that better fits the statistically insignificant peak at
r ⇡ 0.05. See Table 17 for the Bayes factors of other inflationary
models with the same two cases of post-inflationary evolution
studied in Sect. 6.

13.2. Implications of BKP on scalar power spectrum

The presence of tensors would, at least to some degree, require
an enhanced suppression of the scalar power spectrum on large
scales to account for the low-` deficit in the CTT

` spectrum. We
therefore repeat the analysis of an exponential cut-off studied
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Curvature coupling of Higgs:

4

• Stabilize the EW vacuum during inflation @ ξ > O(0.1)

Metastability v.s. Inflation
⇠R h 2
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Is there any interesting scenario that is consistent with the 
metastable electroweak vacuum and chaotic inflation?

5

Motivation

• EW vacuum should be stabilized during the course of cosmological evolution.
• A candidate of DM is provided.
• BAU can be explained.

We have proposed a simple scenario in which

Requirements:

• Initial condition problem is solved.
• EW vacuum is always stabilized during inflation, preheating, and afterwards.
• Our solution naturally yields PBHs that can be a dominant component of DM.
• Leptogenesis can be accommodated (BAU).
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Our Scenario



Kyohei Mukaida - Kavli IPMU

Our Scenario

7

Ingredients:
• Chaotic inflation

• Curvature coupling
- Stabilize the EW vacuum during inflation(s).

• New inflation
- (i) Avoid the resonance after inflation + (ii) produce PBHs as a candidate of DM!

'

- (0) Solve the initial condition problem + (ii) provide primordial density perturbations.

Chaotic New Reheating RD
Time



Kyohei Mukaida - Kavli IPMU 8

• Chaotic inflation

• Curvature coupling
- Stabilize the EW vacuum during inflation(s).

• New inflation
- (i) Avoid the resonance after inflation + (ii) produce PBHs as a candidate of DM!

๏ (0) Solve the initial condition problem

'

- Drawback of new inflation: Universe has to start with a large region in which new inflaton is 
homogeneous and close to the local minimum of its potential…extreme fine tuning is required.

?

- (0) Solve the initial condition problem + (ii) provide primordial density perturbations.

Ingredients:

Our Scenario
Chaotic New Reheating RD

Time
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• Chaotic inflation

• Curvature coupling
- Stabilize the EW vacuum during inflation(s).

• New inflation
- (i) Avoid the resonance after inflation + (ii) produce PBHs as a candidate of DM!

๏ (0) Solve the initial condition problem

'

- Drawback of new inflation: Universe has to start with a large region in which new inflaton is 
homogeneous and close to the local minimum of its potential…extreme fine tuning is required.

➡Chaotic inflaton can provide a dynamical reason why new inflaton had such a specific value initially.

�Lint = c 2�2'2e.g. m 2
' ⇠ c 2�2

New inflation starts @ m' ⇠Hnew

(c.f.) another solution: tunneling via CDL instanton → open Universe

- (0) Solve the initial condition problem + (ii) provide primordial density perturbations.

[Izawa, Kawasaki, Yanagida]

Ingredients:

Our Scenario
Chaotic New Reheating RD

Time
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• Chaotic inflation

• Curvature coupling
- Stabilize the EW vacuum during inflation(s).

• New inflation
- (i) Avoid the resonance after inflation + (ii) produce PBHs as a candidate of DM!

Chaotic New Reheating RD
Time

๏ (i) Free from the resonance

'
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No Resonance!
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M 2
pl

Ó 1

Hnew ⇠HchOne requirement:

- (0) Solve the initial condition problem + (ii) provide primordial density perturbations.

- Flat potential → small amplitude

➡ High TR (good for leptogenesis)

Ingredients:

Our Scenario
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• Chaotic inflation

• Curvature coupling
- Stabilize the EW vacuum during inflation(s).

• New inflation
- (i) Avoid the resonance after inflation + (ii) produce PBHs as a candidate of DM!

๏ (ii) Formation of PBHs by large scalar perturbations ζ of new inflation

P⇣
10�2

10�9

k
1Mpc�1

CMB Formation of PBH
�⇢

⇢
Horizon

⇠ 1

Collapse!

Horizon

- Flat potential → large ζ

'

P⇣ ⇠ h⇣⇣i ; ⇣⇠ �⇢
⇢

- (0) Solve the initial condition problem + (ii) provide primordial density perturbations.

Ingredients:

Our Scenario
Chaotic New Reheating RD

Time
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Primordial Black Holes as whole DM
• New inflation potential:

• Abundance of PBHs for one particular parameter of the new inflation potential

4

inflation dynamically solves the initial condition problem of
the new inflation, and thus it is interesting to assume that
the pre-inflation is governed by the chaotic one [28]. We do
not specify the potential of the chaotic inflation because its
precise form is irrelevant in the following discussion. We
consider the following potential for the new inflation:

V (') =
 

v 2� g
'4

M 2
pl

!2

�v 4 '
2

2M 2
pl

� "v 4 '

M pl
, (9)

where M pl denotes the reduced Planck scale, v determines
the scale of the new inflation and g , and " are dimen-
sionless couplings whose typical sizes are specified later.
The first two terms respect a Z2-symmetry, ' ! �', while
the third term can be regarded as an order parameter of
Z2-breaking, which solves the initial condition and domain
wall problems of the new inflation as we see below. We
implicitly assume that the second term is somehow sup-
pressed since otherwise the new inflation does not take
place. In the following discussion, we take two bench marks
for :  ⇠ "2 and  ⇠ O (0.1).8 The predicted PBH spectra
significantly differ each other as we will see.

To stabilize the new inflation potential during the chaotic
one, a positive Hubble induced mass term is required. For
instance, the following interaction, Lint = �c 2�2'2/2, suf-
fices with c being a small coupling, c ⇠ O (10�5), and � be-
ing a real scalar field responsible for the chaotic inflation.
The initial condition of the new inflation is dynamically de-
termined [28] by the balance between this term and the Z2-
breaking term

'ini '
 

"v 4

c 2�2M pl

!

ini

⇠ v
✓
"M pl

v

◆
, (10)

where quantities with an over-line are averaged over oscil-
lation period of �. We have assumed that the coupling  is
smaller than unity, ⌧ 1. One can see that the Z2-breaking
term should be suppressed because of 'ini < v [See also ex-
planation below Eq. (14)].

Now we are in a position to discuss the inflationary dy-
namics of our model. After the chaotic inflation, the infla-
ton, �, oscillates around its potential minimum. The new
inflation scale must be close to the chaotic one, since oth-
erwise the Higgs would roll down to its true vacuum as dis-
cussed in the previous section. There is a lower bound on
the new inflation scale depending on the size of the non-
minimal coupling ⇠:

v ' 2⇥1015 GeV
Å m�

1013 GeV

ã 1
2

Ç
10

m�tosc

å 1
2

, (11)

8 The value,  ⇠ "2, means that the coupling  is sufficiently small not to
affect the dynamics of the new inflation. Also, one might expect ⇠ "2 at
least because the third term completely breaks Z2, even if  is somehow
suppressed at the beginning.

with m� being the mass of the chaotic inflation. Here tosc

is a period from the end of the chaotic inflation to the be-
ginning of the new inflation, which has an upper bound,
tosc < tdec [See discussion around Eqs. (7) and (8)], so that
the new inflation starts before the effective mass, m 2

eff = ⇠R ,
becomes too small. If this bound is satisfied, the new in-
flation starts before the vacuum decay is triggered. In the
following discussion, we take m�tosc ⇠ 10 as a reference.
This value allows the non-minimal coupling as large as ⇠ ⇠
O (10). Soon after the new inflation sets in, the Higgs field
immediately moves back to its origin because the sizable
Hubble induced mass term is generated by the potential en-
ergy of the new inflation, v 4.

The new inflation lasts till its slow roll conditions are vio-
lated. The potential slow roll parameters are given by

✏V ⌘ M 2
pl

2

✓V 0
V
◆2

' 1
2

Ç
�"� '

M pl
�8g

'2

v 2

'

M pl
+ · · ·

å2

,

(12)

⌘V ⌘M 2
pl

V 00
V '��24g

'2

v 2 + · · · . (13)

Hence, the slow roll regime ends at

'end '
✓

1
24g

◆ 1
2

v. (14)

Recalling Eq. (10), one can see that the Z2-breaking param-
eter should be so small, "g 1/2M pl/v ⌧ 1, that the slow roll
inflation takes place. The spectral index reads

n s �1' 2⌘V �6✏V ⇠�2�3"2�48g
'2

v 2 . (15)

The power spectrum is almost flat for  ⇠ "2Ó 1, while it
is strongly red-tilted for  ⇠ O (0.1). As we see in the next
section, the PBH spectrum crucially depends on n s .

While the inflaton slowly rolls down from'ini to 'end, the
scale factor grows exponentially. The e-folding number of
the new inflation is

Nnew(')'
Z '

'end

d'

M 2
pl

V
V 0 (16)

⇠
8
<
:

'⇤
"M pl

h
C � '
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i
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1
2 ln
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v 2

24g'2

⌘
+8g'2/v 2

+1/3

i
for ⇠O (0.1)

,

(17)

where '⇤ ⌘ (✏v 2M pl/8g )1/3 is a typical field value above
which the g'4 term dominates over the linear term "' for
 ⇠ "2, and we have introduced an order one constant C Æ
2⇡/3
p

3. We assume that the chaotic inflation is responsible
for the large scale perturbations (k Æ 1-10 Mpc�1) observed
by Planck. Hence, an upper bound on the e-foldings num-
ber of the new inflation is imposed:

Nnew Æ 50+ ln
v

1015 GeV
� 1

6
ln

Hnew

HR
, (18)
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✴ Constraints from Neutron Star capture are evaded for a conservative value 
of DM inside the globular clusters. [See e.g. Kusenko+, 1310.8642; Carr+,1607.06077]

Our Scenario
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Primordial Black Holes as whole DM
• New inflation potential:

4

inflation dynamically solves the initial condition problem of
the new inflation, and thus it is interesting to assume that
the pre-inflation is governed by the chaotic one [28]. We do
not specify the potential of the chaotic inflation because its
precise form is irrelevant in the following discussion. We
consider the following potential for the new inflation:

V (') =
 

v 2� g
'4

M 2
pl

!2

�v 4 '
2

2M 2
pl

� "v 4 '

M pl
, (9)

where M pl denotes the reduced Planck scale, v determines
the scale of the new inflation and g , and " are dimen-
sionless couplings whose typical sizes are specified later.
The first two terms respect a Z2-symmetry, ' ! �', while
the third term can be regarded as an order parameter of
Z2-breaking, which solves the initial condition and domain
wall problems of the new inflation as we see below. We
implicitly assume that the second term is somehow sup-
pressed since otherwise the new inflation does not take
place. In the following discussion, we take two bench marks
for :  ⇠ "2 and  ⇠ O (0.1).8 The predicted PBH spectra
significantly differ each other as we will see.

To stabilize the new inflation potential during the chaotic
one, a positive Hubble induced mass term is required. For
instance, the following interaction, Lint = �c 2�2'2/2, suf-
fices with c being a small coupling, c ⇠ O (10�5), and � be-
ing a real scalar field responsible for the chaotic inflation.
The initial condition of the new inflation is dynamically de-
termined [28] by the balance between this term and the Z2-
breaking term

'ini '
 

"v 4

c 2�2M pl

!

ini

⇠ v
✓
"M pl

v

◆
, (10)

where quantities with an over-line are averaged over oscil-
lation period of �. We have assumed that the coupling  is
smaller than unity, ⌧ 1. One can see that the Z2-breaking
term should be suppressed because of 'ini < v [See also ex-
planation below Eq. (14)].

Now we are in a position to discuss the inflationary dy-
namics of our model. After the chaotic inflation, the infla-
ton, �, oscillates around its potential minimum. The new
inflation scale must be close to the chaotic one, since oth-
erwise the Higgs would roll down to its true vacuum as dis-
cussed in the previous section. There is a lower bound on
the new inflation scale depending on the size of the non-
minimal coupling ⇠:

v ' 2⇥1015 GeV
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Ç
10
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, (11)

8 The value,  ⇠ "2, means that the coupling  is sufficiently small not to
affect the dynamics of the new inflation. Also, one might expect ⇠ "2 at
least because the third term completely breaks Z2, even if  is somehow
suppressed at the beginning.

with m� being the mass of the chaotic inflation. Here tosc

is a period from the end of the chaotic inflation to the be-
ginning of the new inflation, which has an upper bound,
tosc < tdec [See discussion around Eqs. (7) and (8)], so that
the new inflation starts before the effective mass, m 2

eff = ⇠R ,
becomes too small. If this bound is satisfied, the new in-
flation starts before the vacuum decay is triggered. In the
following discussion, we take m�tosc ⇠ 10 as a reference.
This value allows the non-minimal coupling as large as ⇠ ⇠
O (10). Soon after the new inflation sets in, the Higgs field
immediately moves back to its origin because the sizable
Hubble induced mass term is generated by the potential en-
ergy of the new inflation, v 4.

The new inflation lasts till its slow roll conditions are vio-
lated. The potential slow roll parameters are given by
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Hence, the slow roll regime ends at
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Recalling Eq. (10), one can see that the Z2-breaking param-
eter should be so small, "g 1/2M pl/v ⌧ 1, that the slow roll
inflation takes place. The spectral index reads

n s �1' 2⌘V �6✏V ⇠�2�3"2�48g
'2

v 2 . (15)

The power spectrum is almost flat for  ⇠ "2Ó 1, while it
is strongly red-tilted for  ⇠ O (0.1). As we see in the next
section, the PBH spectrum crucially depends on n s .

While the inflaton slowly rolls down from'ini to 'end, the
scale factor grows exponentially. The e-folding number of
the new inflation is
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where '⇤ ⌘ (✏v 2M pl/8g )1/3 is a typical field value above
which the g'4 term dominates over the linear term "' for
 ⇠ "2, and we have introduced an order one constant C Æ
2⇡/3
p

3. We assume that the chaotic inflation is responsible
for the large scale perturbations (k Æ 1-10 Mpc�1) observed
by Planck. Hence, an upper bound on the e-foldings num-
ber of the new inflation is imposed:

Nnew Æ 50+ ln
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✴ Constraints from Neutron Star capture are evaded for a conservative value 
of DM inside the globular clusters.
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WD
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WMAP3
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[See e.g. Kusenko+, 1310.8642; Carr, +1607.06077]

Our Scenario

• Abundance of PBHs for one particular parameter of the new inflation potential
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Conclusions 
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Conclusions
Chaotic inflation poses a threat to the stability of EW vacuum 
because it easily generates large fluctuations of Higgs during 
inflation or preheating. 

We have proposed a simple scenario (curvature coupling + 
chaotic inflation + new inflation) in which 

Gravitational waves via second order effects of large scalar 
perturbations can be an interesting probe.

15

• Initial condition problem is solved.
• EW vacuum is always stabilized during inflation, preheating, and afterwards.
• Our solution naturally yields PBHs that can be a dominant component of DM.
• Leptogenesis can be accommodated (BAU).

[Saito, Yokoyama; Bugaev, Klimai]

[M.Kawasaki. KM, T.T,Yanagida,1605.04974, PhysRevD.94.063509]
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Back up
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- Stable: ξ = 10 - Unstable: ξ = 20

Resonance is over: 
p* < mΦ

Resonance is over: 
p* < mΦ

• To check                                      , we performed a classical lattice simulation.

Vacuum decay via Tachyonic Resonance: �Lint(�, h) =
1
2
⇠Rh2

Numerical Simulation
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[Ema, KM, Nakayama, 1602.00483]
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Gravitational Wave
GWs are produced via second order effects

18

• Large scalar perturbations act as a source term in equation of motion for GWs.

h 00i j +2H h 0i j �r2hi j =�4T̂i j ;k l Sk l

projection to transverse-traceless part

Si j ⌘ 4 @i @ j +2@i @ j � 4
3(1+w )

@i

Å
 0
H + 
ã
@ j

Å
 0
H + 
ã

Source term:

• Abundance of GWs is roughly given by…

[Saito, Yokoyama; Bugaev, Klimai]

• Perturbed metric:

ds

2 =�a

2(⌘)
ï
e

2�d⌘2� e

�2 
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i j

+
1
2

h

i j

ã
dx

i dx

j

ò

Scalar perturbs: Tensor perturb =� (neglect anisotropic stress)

⌦GW(k )⇠ 3⇥10�8

✓P⇣(k )
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