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identifies Standard Model “Higgs” field as the inflaton field .ϕ
Higgs Inflation



Higgs Inflation
with non-minimal coupling
The action in the “Jordan” Frame: 





where the Higgs field is “non-minimally” coupled to gravity via
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Inflationary prediction is easier to work with in the Einstein frame, where the 
Higgs field is minimally coupled to gravity!
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• Since inflationary predictions are easier to work within the “Einstein” frame, 
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* Einstein frame: the  is “minimally” coupled to gravity .ϕ R

One can move from the Jordan frame to the Einstein frame                                
by using the conformal transformation (CT).



in the Einstein frame

Under the conformal transformation, 


,     where     , 


the “Einstein” frame action reads,


, 


where  is the canonically normalized scalar field.  
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To be consistent with the CMB observation: 


Note! Higgs inflation is not free from theoretical issues, e.g.,  unless  tiny. 

λ/σ2 ≃ 5 × 10−10

σ ≫ 1 λ

Higgs Inflation
in the Einstein frame

Single-field inflation in models with an R2 term Alexandros Karam
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Figure 1: Marginalized joint 68% and 95% CL regions for nS and r at k = 0.002Mpc�1 from Planck
2018 [71] compared to the theoretical predictions of selected inflationary models.

The simplest models like f 4, f 3 and f 2 have already been ruled out by the Planck 2015
data [72], while a little more convoluted models, such as the a-attractors [73], the Starobinsky [7]
and some non-minimally coupled models such as Higgs inflation [74,75] yield predictions that still
comply with the observations.

2. Non-minimal Coleman-Weinberg inflation with an R2
term

In [76], we considered the non-minimal Coleman-Weinberg model where the Planck mass is
dynamically generated through the vacuum expectation value (VEV) of a real scalar field f , plus
an R2 term2. The action in the Jordan frame has the form
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We can eliminate the R2 term by introducing an auxiliary real scalar field c
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Then, by performing a Weyl rescaling of the metric (where we introduced a new field z

gµn = W2ḡµn , W2 =
�
ac2 +x f 2�/M2

Pl ⌘ z 2

6M2
Pl

, (2.3)

2See also [37, 38, 42, 77–113] for other models based on scale invariance.
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• indicating  (unless the  is tiny)  causes a strong coupling problem, where the 
model loses perturbative unitarity at a scale , well below the Planck scale.

σ ≫ 1 λ ⟹
Mp/σ



While it is the most minimalistic and experimentally compatible,   
it is feasible to expect additional interactions to be present.
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Let us see how this action can be expressed in the Einstein frame!
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* Arpan’s talk discussed the  case.σ = 0
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To allow much of this analysis to be confidently performed in the Jordan frame, as the conformal transformation of the Gauss-Bonnet term is 
rather complicated, we first rediscovered the known analytical predictions for standard Higgs inflation to leading order in slow-roll without 
appealing to a conformal transformation to the Einstein frame as is usually done.
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“We are interested in to see how this action change under the CT and what consequent dynamics 
would be apparent in the Einstein frame that otherwise does not come into sight in the Jordan frame”
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What happens if =const.? 


Do we expect to see any nontrivial effects of the Gauss-Bonnet combination in the Einstein frame?
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8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











 = 

S = ω∫ d4x −g [R2
GB−8Ω−1Gab ∇a ∇bΩ−4RΩ−2 ∇aΩ∇aΩ+8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)−24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =
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What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











 = 

S = ω∫ d4x −g [R2
GB−8Ω−1Gab ∇a ∇bΩ−4RΩ−2 ∇aΩ∇aΩ+8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)−24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

∇a[Ω−2 (∇b ∇bΩ∇aΩ −
1
2

∇a(∇Ω)2)] = Ω−2 [(∇a ∇aΩ)2 − (∇a ∇bΩ)2]−RabΩ−2 ∇aΩ∇bΩ − 2Ω−3 ∇aΩ (∇b ∇bΩ∇aΩ −
1
2

∇a(∇Ω)2)
[∇a, ∇b]Vc = − VdRc

dba

To obtain this, we used



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB−8Ω−1Gab ∇a ∇bΩ−4RΩ−2 ∇aΩ∇aΩ+8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)−24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =
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What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB−8Ω−1Gab ∇a ∇bΩ−4RΩ−2 ∇aΩ∇aΩ+8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)−24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB−8Ω−1Gab ∇a ∇bΩ−4RΩ−2 ∇aΩ∇aΩ+8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)−24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB−8Ω−1Gab ∇a ∇bΩ−4RΩ−2 ∇aΩ∇aΩ+8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)−24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

−8ω∫ d4x −gΩ−3 ∇aΩ∇aΩ∇b ∇bΩ



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB − 8Ω−1Gab ∇a ∇bΩ − 4RΩ−2 ∇aΩ∇aΩ + 8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ) − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

S = ω∫ d4x −g [R2
GB − 16Ω−3 ∇aΩ∇bΩ∇a ∇bΩ − 8Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB − 8Ω−1Gab ∇a ∇bΩ − 4RΩ−2 ∇aΩ∇aΩ + 8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ) − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

S = ω∫ d4x −g [R2
GB − 16Ω−3 ∇aΩ∇bΩ∇a ∇bΩ − 8Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω (Ω−1 ∇a ∇bΩ) − 8∇aln Ω∇aln Ω (Ω−1 ∇b ∇bΩ) + 24 (∇aln Ω∇aln Ω)2] ,



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB − 8Ω−1Gab ∇a ∇bΩ − 4RΩ−2 ∇aΩ∇aΩ + 8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ) − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω
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8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
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with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

S = ω∫ d4x −g [R2
GB − 16Ω−3 ∇aΩ∇bΩ∇a ∇bΩ − 8Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω (Ω−1 ∇a ∇bΩ) − 8∇aln Ω∇aln Ω (Ω−1 ∇b ∇bΩ) + 24 (∇aln Ω∇aln Ω)2] ,



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB − 8Ω−1Gab ∇a ∇bΩ − 4RΩ−2 ∇aΩ∇aΩ + 8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ) − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

S = ω∫ d4x −g [R2
GB − 16Ω−3 ∇aΩ∇bΩ∇a ∇bΩ − 8Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω (Ω−1 ∇a ∇bΩ) − 8∇aln Ω∇aln Ω (Ω−1 ∇b ∇bΩ) + 24 (∇aln Ω∇aln Ω)2] ,

Using Ω−1 ∇a ∇bΩ = ∇a ∇bln Ω + ∇aln Ω∇bln Ω

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω∇a ∇bln Ω − 8∇aln Ω∇aln Ω∇b ∇bln Ω] = ω∫ d4x −g R2

GB



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB − 8Ω−1Gab ∇a ∇bΩ − 4RΩ−2 ∇aΩ∇aΩ + 8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ) − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

S = ω∫ d4x −g [R2
GB − 16Ω−3 ∇aΩ∇bΩ∇a ∇bΩ − 8Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω (Ω−1 ∇a ∇bΩ) − 8∇aln Ω∇aln Ω (Ω−1 ∇b ∇bΩ) + 24 (∇aln Ω∇aln Ω)2] ,

Using Ω−1 ∇a ∇bΩ = ∇a ∇bln Ω + ∇aln Ω∇bln Ω

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω∇a ∇bln Ω − 8∇aln Ω∇aln Ω∇b ∇bln Ω] = ω∫ d4x −g R2

GB



Higgs Inflation



What happens if =const.? 


Do we expect to see any nontrivial effects of the “Gauss-Bonnet contributions” in the Einstein frame?


i. When =const., we obtain 











  = 

S = ω∫ d4x −g [R2
GB − 8Ω−1Gab ∇a ∇bΩ − 4RΩ−2 ∇aΩ∇aΩ + 8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ) − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

ω

ω

−8ω∫ d4x −gΩ−1Gab ∇a ∇bΩ = − 8ω∫ d4x −gΩ−2Gab ∇aΩ∇bΩ

8ω∫ d4x −g Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8ω∫ d4x −g (Ω−2Rab ∇aΩ∇bΩ + 2Ω−3 ∇aΩ∇aΩ∇b ∇bΩ − 2Ω−3 ∇aΩ∇bΩ∇a ∇bΩ)

8ω∫ d4x −g Ω−2 (Rab −
1
2

gabR)∇aΩ∇bΩ 8ω∫ d4x −g Ω−2Gab ∇aΩ∇bΩ

with non-minimal coupling + Gauss-Bonnet term in the Einstein frame when const.ω =

S = ω∫ d4x −g [R2
GB − 16Ω−3 ∇aΩ∇bΩ∇a ∇bΩ − 8Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω (Ω−1 ∇a ∇bΩ) − 8∇aln Ω∇aln Ω (Ω−1 ∇b ∇bΩ) + 24 (∇aln Ω∇aln Ω)2] ,

Using Ω−1 ∇a ∇bΩ = ∇a ∇bln Ω + ∇aln Ω∇bln Ω

S = ω∫ d4x −g [R2
GB − 16∇aln Ω∇bln Ω∇a ∇bln Ω − 8∇aln Ω∇aln Ω∇b ∇bln Ω] = ω∫ d4x −g R2

GB

No dynamical contributions!



The Gauss-Bonnet coupling must be a function of a scalar field, i.e., !ω(ϕ)









 








If , .     where 


S = ∫ d4x −g ω(ϕ)[R2
GB − 8Ω−1Gab ∇a ∇bΩ − 4RΩ−2 ∇aΩ∇aΩ + 8Ω−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ) − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2] .

−8∫ d4x −g ω [Ω−1Gab ∇a ∇bΩ +
1
2

gabRΩ−2 ∇aΩ∇bΩ] = − 8∫ d4x −g [ωΩ−2Rab ∇aΩ∇bΩ − Ω−1Gab ∇aω∇bΩ]

8∫ d4x −gωΩ−2 (∇a ∇aΩ∇b ∇bΩ − ∇b ∇aΩ∇b ∇aΩ)

= 8∫ d4x −g [ωΩ−2Rab ∇aΩ∇bΩ − ωΩ−2 (ω−1 ∇aω − 2Ω−1 ∇aΩ) (∇aΩ∇b ∇bΩ − ∇bΩ∇a ∇bΩ)]
S = ∫ d4x −g [ωR2

GB + 8Ω−1Gab ∇aω∇bΩ − 8ωΩ−2 (ω−1 ∇aω − 2Ω−1 ∇aΩ) (∇aΩ∇b ∇bΩ − ∇bΩ∇a ∇bΩ) − 24ωΩ−3 ∇aΩ∇aΩ∇b ∇bΩ + 24ωΩ−4 (∇aΩ∇aΩ)2]

ω = αΩ2 (ω−1 ∇aω − 2Ω−1 ∇aΩ) = 0 Ω2(ϕ) = 1 +
σ

M2
p

ϕ2

S = ∫ d4x −gαΩ2 [R2
GB + 16Ω−2Gab ∇aΩ∇bΩ − 24Ω−3 ∇aΩ∇aΩ∇b ∇bΩ + 24Ω−4 (∇aΩ∇aΩ)2]

Higgs Inflation
with non-minimal coupling + Gauss-Bonnet term in the Einstein frame
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The first five terms in the first line in the right-hand side of Eq. (93) vanish because we have $
R !!!!!!!&gp
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GBd

4x $ 0.
Equations (12)–(20) remain valid with the same effective fluid quantities in Eqs. (49) and (50) and the following

correction terms. To the background order, we have
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To the perturbed order, assuming K $ 0, we have2

1Another form can be found in Eqs. (5–7) of Ref. [21] with a couple of minor typos in Eq. (5): these are the fourth term in the fourth
line ("&' ! ";&') and the sixth term in the fifth line (#$!( ! $!( ).

2Although Eqs. (97) and (98) were not presented in Ref. [21], these were derived together with Cyril Cartier while preparing
Ref. [21].
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Here, the squared propagation speeds of the scalar and tensor perturbation modes are given [62, 69] by
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In the GR limit, where ↵ ! 0, the Qa,b,c,d,e,f quantities become zero, while Qt becomes unity. Consequently,
{cA, cT } ! 1 and the canonical case is restored. When ↵ 6= 0, on the other hand, the propagation speeds
deviate from the unity. However, if the cA is either a negative (cA < 0) or superluminal (cA > 1), one must
worry about the ghost instability [62, 69]. We perform full numerical analyses for the values of the cA and cT

of our model later in this section. Now that we have the key observable quantities, we will conduct numerical
analyses in the following using Eqs. (40) and (41) and put constraints on the model parameters. In general,
we have three free parameters, including ↵, �, and �. However, if we adopt the Planck normalization [70] for
�/�

2
⇠ O(10�9) in our numerical study, our model becomes a one-parameter model effectively. This adaptation,

in the Gauss-Bonnet contributions, i.e., ↵ = 0, allows us to recover well-known results of Higgs inflation in the
Einstein frame.
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Figure 1. Numerical plot of nS vs. r (top) and their number of e–fold dependence (bottom) from Eqs. (40)–(41). The
two ends of each solid line denote N⇤ = 50(squares) and N⇤ = 60 (disks). The model parameter ↵ varies along the
black-dotted lines between �1.4 ⇥ 104(red)  ↵  8 ⇥ 103(blue). In the top panel, the solid black line with ↵ = 0
indicates the absence of the Gauss-Bonnet contributions. The inset shows the

Fig. 1 presents the theoretical predictions of our model in the nS vs. r plane along with the observational
data. The background dark- and light-blue contours represent the 1� and 2� confidence level (C.L.) of the
Planck TT, TE, EE+lowE+lensing+BK15+BAO data, respectively. At the same time, the blue, black, and
red lines show theoretical predictions of our model for ↵ = 8⇥103, ↵ = 0, and ↵ = �1.4⇥104, respectively. The
orange squares and disks denote the N⇤ = 50 and N⇤ = 60 e-folds, respectively. 2 The solid black line in the

2
To plot Fig. 1, we first solve the background equations of motion for {s, ṡ, H}, with the initial conditions {s0, ṡ0, H0} =

{5.6Mp, 0,
q

V (s0)/(3M2
p )}, and use the result in Eqs. (40) and (41). We use the number of e-folds, which is related to time t

via dN = Hdt, as a time parameter, and the duration of inflation is counted from the end of inflation.
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Here, the squared propagation speeds of the scalar and tensor perturbation modes are given [62, 69] by
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⇠ṡ
2
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In the GR limit, where ↵ ! 0, the Qa,b,c,d,e,f quantities become zero, while Qt becomes unity. Consequently,
{cA, cT } ! 1 and the canonical case is restored. When ↵ 6= 0, on the other hand, the propagation speeds
deviate from the unity. However, if the cA is either a negative (cA < 0) or superluminal (cA > 1), one must
worry about the ghost instability [62, 69]. We perform full numerical analyses for the values of the cA and cT

of our model later in this section. Now that we have the key observable quantities, we will conduct numerical
analyses in the following using Eqs. (40) and (41) and put constraints on the model parameters. In general,
we have three free parameters, including ↵, �, and �. However, if we adopt the Planck normalization [70] for
�/�

2
⇠ O(10�9) in our numerical study, our model becomes a one-parameter model effectively. This adaptation,

in the Gauss-Bonnet contributions, i.e., ↵ = 0, allows us to recover well-known results of Higgs inflation in the
Einstein frame.
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Figure 1. Numerical plot of nS vs. r (top) and their number of e–fold dependence (bottom) from Eqs. (40)–(41). The
two ends of each solid line denote N⇤ = 50(squares) and N⇤ = 60 (disks). The model parameter ↵ varies along the
black-dotted lines between �1.4 ⇥ 104(red)  ↵  8 ⇥ 103(blue). In the top panel, the solid black line with ↵ = 0
indicates the absence of the Gauss-Bonnet contributions. The inset shows the

Fig. 1 presents the theoretical predictions of our model in the nS vs. r plane along with the observational
data. The background dark- and light-blue contours represent the 1� and 2� confidence level (C.L.) of the
Planck TT, TE, EE+lowE+lensing+BK15+BAO data, respectively. At the same time, the blue, black, and
red lines show theoretical predictions of our model for ↵ = 8⇥103, ↵ = 0, and ↵ = �1.4⇥104, respectively. The
orange squares and disks denote the N⇤ = 50 and N⇤ = 60 e-folds, respectively. 2 The solid black line in the

2
To plot Fig. 1, we first solve the background equations of motion for {s, ṡ, H}, with the initial conditions {s0, ṡ0, H0} =

{5.6Mp, 0,
q

V (s0)/(3M2
p )}, and use the result in Eqs. (40) and (41). We use the number of e-folds, which is related to time t

via dN = Hdt, as a time parameter, and the duration of inflation is counted from the end of inflation.
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Summary
• We studied Higgs inflation with a Gauss-Bonnet combination in the Einstein 

frame. 


• The Gauss-Bonnet coupling must be a function of a scalar field  to give rise 
to non-trivial effect(s). 


• Considering the relation , we put a constraint on the parameter  
using the CMB data.


• The model is consistent with the CMB data for both positive and negative .


• The propagation speed of GWs puts further constraints on the . 


• As a result, the positive values of the  is favored, i.e., .
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ω(ϕ) = αΩ2(ϕ) α
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