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Cosmic Inflation
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Theory  
flat potential + large friction = slow-roll inflaton


    Accelerated expansion⇒
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Interesting theory. But… 

• What exactly is the inflaton?

• How to understand the nature of a flat potential?

• Can Standard Model particles help us answer these questions?

Cosmic Inflation
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Picture by Steve Nease Picture by Pablo Stanley

3
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Higgs Inflation
A naïve attempt to take the Higgs boson as an inflaton 

would generally fail

• Higgs potential (tree level): 

• Cosmology:  

•  Standard Model:

V0(h) =
λ

4
(h2

− v
2)2

λ = m2

h/2v
2
≃ 10

−1

(

δT

T

)

CMB

∼

√

λ ⇒ λ ∼ 10
−13

big mismatch
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Higgs Inflation

! 

"#(!) 

& 

gµν → g̃µν = f(h) gµν

Conformal Transformation Einstein frame
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The potential is 
flatten in large-
field regime

Bezrukov & Shaposhnikov,  
Phys. Lett. B 659 (2008) 
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V0(h) =
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Potential

Jordan frame

quadratic non-minimal coupling
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(The frame with non-minimal coupling) (The frame without non-minimal coupling)
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Higgs Inflation
Einstein frame
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Bezrukov, Class. Quant. Grav. 30 (2013) 214001

• Higgs boson = inflaton 

• Flat potential: a consequence of the  
                            conformal transformation

Class. Quantum Grav. 30 (2013) 214001 F Bezrukov

Figure 2. Predictions (at a tree level, which coincides with the radiatively corrected results in the
scale-invariant quantization, choice I of section 6) from the inflationary models [23– 25] and the
Planck satellite [3] observed bounds.

the recent experiments. The analysis for this case can be performed by approximating (10) as
(which by coincidence works quite well for all values of ξ )

(1 + 6ξ )
h2

N

M2
P

≃ 8(N + 1). (21)

Plugging this into (8), (9) and (12), the CMB predictions are obtained, see [25] for details.
The result smoothly interpolates with the growing ξ between the minimally coupled (now
strongly disfavored by Planck) and HI points. For ξ ! 0.003, the predictions enter into the 2σ

experimentally allowed region, without introducing any new scales of the type discussed in
sections 4 and 5. The required quartic coupling, however, is still very small, nearly unchanged
from the pure quartic value λ ≃ 1.5 × 10−13, so a dedicated inflaton field is required.

3.1.3. Induced gravity. Another interesting case emerges when the Planck mass is generated
by the vacuum expectation value of the scalar field via the non-minimal coupling term,
M2

P = ξv2. This corresponds to the very early works about the non-minimal coupling
[22, 26– 32]. With the non-minimal coupling given by (19), the value for v = MP/

√
ξ is

relatively close to the GUT scale for λ ∼ 1. This suggests that the identification of the inflaton
field may be made with the GUT scale Higgs boson. The conformal factor is in this case

$2 = ξh2

M2
P

≡ h2

v2
. (22)

The relation between the Jordan and Einstein frame fields is obtained in an exact form from
(5) and (22) as

h = v exp
(

χ√
6 + 1/ξMP

)
, (23)

The Einstein frame potential is now equal to (17) for all values of the field. However, the field
χ becomes exactly decoupled from all the gauge (and fermion) fields it was giving mass to. As
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Starobinsky Higgs
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Can Higgs inflation and SM naturally predict 
other observable features in CMB?

?

Finite-temperature field theory: 

The Higgs field would acquire thermal corrections to its free energy density 
due to the loop interaction with SM particles in a heat bath, leading to a 
temperature-dependent effective potential.

Classic example: 

Electroweak phase transition 

(EWPT) at T ∼ 100 GeV

Veff (h, T )

h
Po-Wen Chang (OSU) 6



Do we need to bother non-zero temperature 
during inflation?

?

Common folklore:  No, because…


• The embedding physics of inflation is unknown.


• Any non-zero temperature   prior to inflation drops exponentially once 
inflation begins.

T

However, we find that…  

• The thermal loop correction to the Higgs 
inflation can leave significant imprint on CMB!


• Temperature effect could be particularly 
important to the Higgs inflation.

Po-Wen Chang (OSU) 7



• It is unclear whether perturbative calculations of Standard Model are valid 
up to the inflationary region of the Higgs inflation.


• (Barbón & Espinosa 2009; Burgess, Lee & Trott 2010) point out that the 
theory of inflation with non-minimal coupling suffers from the problem 
that a UV cutoff exists at  .


• (Bezrukov, Magnin, Shaposhnikov & Sibiryakov 2010) shows that the UV 
cutoff could be background-dependent, making the EFT valid up to  
during inflation.


• Radiative correction of Higgs inflation to 1-loop has been studied by 
(Geroge, Mooij & Postma 2014; Hamada, Kawai, Nakanishi & Oda 2017), 
and (Bezrukov & Shaposhnikov 2009; Allison 2014) has extended the 
analysis to the 2-loop level. 

Λ ∼ Mp/ξ ∼ Λinf

MP

Quantum Loop Corrections

Po-Wen Chang (OSU) 8



Thermal effective potential at 1-loop: 

Quantum Loop Corrections

s = −

∂

∂T
∆VT (h, T )

ρT = A+ Ts = ∆VT (h, T ) + Ts

Dolan & Jackiw, PRD 9 (1974) 3320; 
Carrington, PRD 45 (1992) 2933; 
Kolb & Turner, Front. Phys. 69 (1990) 1 
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s = −

∂

∂T
∆VT (h, T )

ρT = A+ Ts = ∆VT (h, T ) + Ts

s = −

∂

∂T
∆VT (h, T )

ρT = A+ Ts = ∆VT (h, T ) + Ts

∆VT, i(h, T ) = gi
T 4

2π2
· Fi(mi, T )

Fb/f (m, T ) = ±

∫

∞

0

dq q2 ln

[

1∓ exp

(

−

√

q2 +
m2

T 2

)]

boson/fermion loop contribution

• Describes the Helmholtz free energy of the system


• Can be used to derive other thermodynamical variables


PT = −∆VT (h, T )

Entropy Internal energy

Pressure

9



Quantum Loop Corrections

U

(
χ, T̃

)
= U0(χ) +∆UCW (χ) +∆UT

(
χ, T̃

)
= U0(χ) +∆Ueff

(
χ, T̃

)

∆UT

(
χ, T̃

)
=

T̃ 4

2π2

∑

i

giFi

(
m̃i, T̃

)

1-loop correction

Assumption:                         
The Higgs field was immersed in a heat 
bath with all SM DOFs before inflation

U0(χ) ≈
λM 4

P

4 ξ2

[

1− exp

(

−2χ
√
6MP

)]2

∆UCW ∼
1

16π2
m̃4

∼
1

16π2

y4M4
P

ξ2
! O

(
10−2

)
·
λM4

P

4 ξ2
∼ O

(
10−2

)
· U0(χ)

∆UCW ∼
1

16π2
m̃4

∼
1

16π2

y4M4
P

ξ2
! O

(
10−2

)
·
λM4

P

4 ξ2
∼ O

(
10−2

)
· U0(χ)

(during inflation: not important compared to the tree-level potential)

(The “tilde” denotes the quantities defined in Einstein frame)

• Zero-temperature (1-loop): Coleman-Weinberg effective potential

Computation of the 1-loop effective potential  in Einstein frame

• Tree-level inflationary potential:   (the flat inflationary potential)

• Finite-temperature (1-loop): thermal effective potential

Po-Wen Chang (OSU) 10
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• The entropy of the heat bath will significantly modify the primordial power 
spectrum of curvature perturbation!

As long as the slow-roll condition of Higgs holds:                                             


 

we can find the primordial power spectrum by the conventional approach:

• In high-temperature limit:

Curvature Perturbation

PR ≈

5

4π4M4
P

[
U0 − T̃ 2

∂

∂T̃

(
∆UT

T̃

)]2(

2
∑

b

gb +
7

4

∑

f

gf

)−1

T̃−4
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The EOS of the Higgs is modified by an 
additional  term, which does not exist 
in the conventional model.

Ts



horizontal dashed lines:
scales of perturbations 
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inflation provide better fits to the current CMB angular power spectrum. This is due to
the fact that the central values of many measurements DTT

`, data
at ` < 30 are smaller than

the best-fit base-⇤CDM model. Among the multipoles in the angular power spectrum, the
low amplitude of the quadrupole moment (` = 2) is particularly significant. As shown in
figure 3, the Higgs inflation with thermal effects can be served as a possible solution to
explain the anomaly with a single parameter, the initial eTi at the CMB horizon scale.

Model Temperature at kCMB (MP ) �
2

theory
(` = 2 ⇠ 29)

Base-⇤CDM best fit – 1.013

HI 0 0.971

HI + T best fit ( eTi . 10
�3

MP ) 5.15⇥ 10
�4

0.765

HI + T best fit ( eTi > 10
�3

MP ) 3.62⇥ 10
�3

0.762

HI + T 1.25⇥ 10
�4

0.918

HI + T 2.50⇥ 10
�4

0.829

HI + T 5.00⇥ 10
�4

0.766

HI + T 1.00⇥ 10
�3

0.871

Table 2. �
2 values for different models using the Planck 2018 data [45]. The HI and HI +

T denote the standard Higgs inflation and the Higgs inflation starting with a finite temperature,
respectively.

In our model, we can attribute the suppression of DTT

`
and PR(k) at large scales to

the entropy density term in the denominator of eq. (4.15). As the temperature increases,
the entropy density associated with the Helmholtz free energy will increase as well and
significantly change the equation of state of �. In addition to the temperature effect,
eq. (4.21) shows that PR is suppressed more when adding up more degrees of freedom in
the SM. In practice, we can imagine the whole scenario as follows: if the Universe undergoes
the inflation starting with an ultra-high temperature eTi as the horizon crosses the CMB scale
k
�1

CMB
, the primordial curvature power spectrum is approximately suppressed by eT�4 at the

largest scale. Soon after the onset of the inflation, any temperature field eT is immediately
redshifted to zero and part of the SM degrees of freedom decouple from the heat bath.
The decrease in temperature and the reduction of the active degrees of freedom together
diminish the thermal effects and the suppression in the amplitude of power spectrum. At
certain point the temperature is so low (i.e., eT < em) that the approximation in eq. (4.21)
becomes invalid. Accordingly, we expect that PR should gradually approach the standard
power-law spectrum PR(k) / k

ns�1 at small scales.

5 Summary and conclusions

The Higgs inflation is by far one of the most successful and theoretically-appealing models
of inflation. It is thought that the free energy density of the Higgs field can be non-trivially
modified by the finite-temperature effect beyond tree level within the framework of the
thermal field theory. Therefore, it is intuitive to think about whether non-zero temperature
of the Higgs field, if existing before the inflation, can leave any significant imprint on the

– 16 –
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Can thermal equilibrium be established?
?

Γint > H̃

Interaction rate of the Higgs and other particles:

Cosmic expansion rate:

Γint = n ⟨σv⟩ ≈
ζ(3)
π2

g*T̃3 ⋅
α2

T̃2
∼ 0.1g*α2T̃ g* ∼ 20

≈
1

3MP (U0 +
π2

30
𝒢*T̃4)

1/2

Γint > H̃ 𝒢* ∼ 100

Thermalization:

⇒ 2 × 10−4 MP < T̃ < 7 × 10−3 MP

The two best-fit temperatures we have found favor the condition

Po-Wen Chang (OSU) 13



Summary
• We present the calculation of the finite-temperature effective potential of 

Higgs inflation.


• If the Higgs field is immersed in a heat bath at the outset of inflation, the 
power of the curvature perturbation will be suppressed by the large entropy 
originating from thermal corrections.


• The precipitous drop of the temperature throughout inflation naturally 
explains the scale-dependent angular power spectrum at large scales


• Planck 2018 data: the best-fit temperatures at the CMB horizon exit are


• The Higgs inflation and the Standard Model physics can naturally predict 
observable features in the current CMB data.

T̃i (kCMB) = 5.15 × 10−4 MP , 3.62 × 10−3 MP .

(ℓ = 2 ∼ 29) .

Po-Wen Chang (OSU) 14



Thermal effective potential at 1-loop: 

Backup Slides
Dolan & Jackiw, PRD 9 (1974) 3320; 
Carrington, PRD 45 (1992) 2933; 
Kolb & Turner, Front. Phys. 69 (1990) 1 

Po-Wen Chang (OSU)

∆VT, i(h, T ) = gi
T 4

2π2
· Fi(mi, T )

Fb/f (m, T ) = ±

∫

∞

0

dq q2 ln

[

1∓ exp

(

−

√

q2 +
m2

T 2

)]

boson/fermion loop contribution

• Describes the Helmholtz free energy of the system
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mH(h)
2 =

d2V0(h)

dh2

The Higgs mass-squared is 

defined by the tree-level potential
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Backup Slides

Prescription II

JF
+ Correction to JF  

mH(h)
2 =

d2V0(h)

dh2

EF
+ Correction to EF  

mG(h)
2 = λh

2

JF 

V0(h) =
λ

4
(h2

− v
2)2

mi → m̃i = f(h)−1/2miT ∝ a(t)−1

CT 

∆UT (h(χ), T ) = f−2∆VT (h, T )∆VT (h, T ) =
T 4

2π2

∑

i

giFi (mi, T )

mi → m̃i = f(h)−1/2miT ∝ a(t)−1

?

Prescription I

,

,,

JF EF EF
+ Correction to EF  

CT 

T̃ ∝ ã(τ)−1
∝ f−

1

2 a(t)−1

m̃H(χ)
2 =

d2U0(χ)

dχ2
≈

d2

dχ2

{
λM 4

P

4 ξ2

[
1− exp

(
−2χ
√
6MP

)]2}

m̃G(χ)
2 =

λh(χ)2

f 2 [1 + 6 ξ2h(χ)2/M 2

P
]
≈

λM 2

P

6 ξ2
exp

(
−

4χ
√
6MP

)

∆UT

(
χ, T̃

)
=

T̃ 4

2π2

∑

i

giFi

(
m̃i, T̃

)V0(h) =
λ

4
(h2

− v
2)2

U0 (h(χ)) = f−2V0(h) =
λ

4
·

[

h(χ)2 − v2

1 + ξh(χ)2/M 2
P

]2

mi → m̃i = f(h)−1/2mi

mi → m̃i = f(h)−1/2miT ∝ a(t)−1

,

,

,

(The “tilde” denotes the quantities defined in Einstein frame)
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Backup Slides

• The results of the two prescriptions for the radiative corrections at zero temperature up to two-
loop level have been discussed by (Bezrukov & Shaposhnikov 2009; Allison 2014; Geroge, Mooij & 
Postma 2014).


•Given the fact that relatively little is known about quantum gravity, there is no obvious preference 
for the prescription that one should take (Bezrukov, Magnin & Shaposhnikov 2009; Allison 2014).


• Here we adopt the prescription I for our computation, since  

  (a) it can remove the uncertainty from graviton loop in JF.

  (b) the inflaton field  and its vacuum state, the Bunch-Davies vacuum, are all defined in the EF.χ

JF EF EF
+ Correction to EF  

CT 

T̃ ∝ ã(τ)−1
∝ f−

1

2 a(t)−1

m̃H(χ)
2 =

d2U0(χ)

dχ2
≈

d2

dχ2

{
λM 4

P

4 ξ2

[
1− exp

(
−2χ
√
6MP

)]2}

m̃G(χ)
2 =

λh(χ)2

f 2 [1 + 6 ξ2h(χ)2/M 2

P
]
≈

λM 2

P

6 ξ2
exp

(
−

4χ
√
6MP

)

∆UT

(
χ, T̃

)
=

T̃ 4

2π2

∑

i

giFi

(
m̃i, T̃

)V0(h) =
λ

4
(h2

− v
2)2

U0 (h(χ)) = f−2V0(h) =
λ

4
·

[

h(χ)2 − v2

1 + ξh(χ)2/M 2
P

]2

mi → m̃i = f(h)−1/2mi

mi → m̃i = f(h)−1/2miT ∝ a(t)−1

,

,

,

(The “tilde” denotes the quantities defined in Einstein frame)
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Backup Slides
Renormalization group running of the SM coupling constants

Rubio, Front. Astron. Space Sci 5 (2019) 50; 
Bezrukov, Rubio & Shaposhnikov, PRD 92 (2015) 

• Running of the Higgs quartic coupling

• Running of the gauge and Yukawa coupling

• Higgs criticality

Not sensitive. Most of the SM particles are relativistic in the range of the 
temperature we are interested in.

The tree-level potential and 1-loop effective potential all depend on 

which is fixed by the CMB normalization (recall                             ).

λ/ξ2

ξ = 4.7 × 104 λ

Additional renormalization effect may

happen at  .χ ∼ MP /ξ
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Figure 6: (Left) Illustrative values of the 1-loop threshold corrections needed to restore the asymp-
totic behavior of the universal Higgs inflation potential at large field values for electroweak SM
pole masses leading to SM vacuum instability at µ0 ⇠ 109, 1010 and 1012 GeV. (Right) Comparison
between the potential following from the set of parameters leading to the red line in the previ-
ous plot and the thermally-corrected effective potential accounting for the backreaction effects of
the decay products created during the heating stage. The normalization factor U0 = (10�3

MP )4

account for the typical energy density at the end of inflation.

proximity of the inflection point (3.17) to the upper boundary of the transition region, � 'p
3/2MP .

iii) Hilltop regime: If � . b/(16) the potential develops a new minimum at large field values
[62, 68]. This minimum is separated from the electroweak minimum by a local maximum
where hilltop inflation can take place [166, 167]. This scenario is highly sensitive to the
initial conditions since the inflaton field must start on the electroweak vacuum side and close
enough to the local maximum in order to support an extended inflationary epoch. On top of
that, the fitting formulas in (3.15) may not be accurate enough for this case, since they are
based on an optimization procedure around the �(�) minimum. The tensor-to-scalar ratio in
this scenario differs also from the universal/non-critical Higgs inflation regime, but contrary
to the critical case, it is decreased to 2⇥ 10�5

< r < 1⇥ 10�3, rather than increased [61,68].

3.4 Vacuum metastability and high-temperature effects

The qualitative classification of scenarios and predictions presented in the previous section de-
pends on the inflationary values of the Higgs and top quark masses and holds independently of
the value of their electroweak counterparts. In particular, any pair of couplings following from
the SM renormalization group equations can be connected to a well-behaved pair of couplings
in the chiral phase by a proper choice of the unknown threshold corrections. This applies also if
the SM vacuum is not completely stable. Some examples of the 1-loop threshold correction ��a

needed to restore the universal/non-critical Higgs inflation scenario beyond µ0 ⇠ 109, 1010 and
1012 GeV are shown in Fig. 6. For a detailed scan of the parameter space see Refs. [61,63].

The non-trivial interplay between vacuum stability and threshold corrections generates an ad-
ditional minimum at large field values. Provided the usual chaotic initial conditions, the Higgs
field will evolve in the trans-Planckian field regime, inflating the Universe while moving towards

21
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• Decay rate of the unstable particle state

• Negative Higgs mass-squared

Backup Slides

Γinf ∼ Im (∆UCW) · H̃−3

inf
< Im (∆UCW) · H̃−3

end

Γinf ≪ H̃end < H̃inf⟹

m̃H(χ)
2 =

d2U0(χ)

dχ2
≈

d2

dχ2

{
λM 4

P

4 ξ2

[
1− exp

(
−2χ
√
6MP

)]2}

< 0

Quantum instability

Weinberg & Wu, PRD 36 (1987) 2474

Γinf ∼ Im (∆UCW) · H̃−3

inf
< Im (∆UCW) · H̃−3

end

Γinf ≪ H̃end < H̃inf⟹ ∼ Im (∆UCW) ·

{

MP

√

λ

2
√

3 ξ

[

1− exp

(

−2χend
√

6MP

)]

}

−3

Not important

Complex loop effective potential
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