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Inflation & dark matter

▶ Observations
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▷ Inflation

▶ What is microscopic nature?

▶ Too many proposed models

We need more constraints.
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Review & Previous Argument Fundamental Derivation Outlook

The axion
▶ θ̄-term

L ⊃ θ̄ Tr GµνG̃µν

▶ Non-perturbative CP-violation

▶ Experiment: θ̄ ≲ 10−9

▶ Axion solution: θ̄ → θ ≡ a/fa:2

L ⊃ −1
2∂µa∂µa +

(
θ̄ + a

fa
cG

)
Tr GµνG̃µν

▶ Non-perturbative potential: CP violation vanishes dynamically

▶ Axion: solution to strong CP problem and dark matter3

2 R. Peccei, H. Quinn, CP conservation in the presence of pseudoparticles, Phys. Rev.
Lett. 38 (1977).

3 Review: L. Di Luzio, M. Giannotti, E. Nardi, L. Visinelli, The landscape of QCD axion
models, arXiv:2003.01100.
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Review & Previous Argument Fundamental Derivation Outlook

Isocurvature bounds on axions

▶ Axion during inflation: isocurvature perturbations

∆a ∼ Fa
DMσθ/θ

∼ Fa
DM

Hinf
faθ

▶ CMB observations
∆a ≲ 10−5

▶ Upper bound on inflationary Hubble scale

Hinf ≲ 10−5fa
θ

Fa
DM

∼ 10−6fa
1

Fa 1/2
DM

(
1014GeV

fa

)7/12

▶ Tension with many inflationary models

5



Review & Previous Argument Fundamental Derivation Outlook

Isocurvature bounds on axions

▶ Axion during inflation: isocurvature perturbations

∆a ∼ Fa
DMσθ/θ ∼ Fa

DM
Hinf
faθ

▶ CMB observations
∆a ≲ 10−5

▶ Upper bound on inflationary Hubble scale

Hinf ≲ 10−5fa
θ

Fa
DM

∼ 10−6fa
1

Fa 1/2
DM

(
1014GeV

fa

)7/12

▶ Tension with many inflationary models

5



Review & Previous Argument Fundamental Derivation Outlook

Isocurvature bounds on axions

▶ Axion during inflation: isocurvature perturbations

∆a ∼ Fa
DMσθ/θ ∼ Fa

DM
Hinf
faθ

▶ CMB observations
∆a ≲ 10−5

▶ Upper bound on inflationary Hubble scale

Hinf ≲ 10−5fa
θ

Fa
DM

∼ 10−6fa
1

Fa 1/2
DM

(
1014GeV

fa

)7/12

▶ Tension with many inflationary models

5



Review & Previous Argument Fundamental Derivation Outlook

Isocurvature bounds on axions

▶ Axion during inflation: isocurvature perturbations

∆a ∼ Fa
DMσθ/θ ∼ Fa

DM
Hinf
faθ

▶ CMB observations
∆a ≲ 10−5

▶ Upper bound on inflationary Hubble scale

Hinf ≲ 10−5fa
θ

Fa
DM

∼ 10−6fa
1

Fa 1/2
DM

(
1014GeV

fa

)7/12

▶ Tension with many inflationary models

5



Review & Previous Argument Fundamental Derivation Outlook

Isocurvature bounds on axions

▶ Axion during inflation: isocurvature perturbations

∆a ∼ Fa
DMσθ/θ ∼ Fa

DM
Hinf
faθ

▶ CMB observations
∆a ≲ 10−5

▶ Upper bound on inflationary Hubble scale

Hinf ≲ 10−5fa
θ

Fa
DM

∼ 10−6fa
1

Fa 1/2
DM

(
1014GeV

fa

)7/12

▶ Tension with many inflationary models

5



Review & Previous Argument Fundamental Derivation Outlook

Isocurvature bounds on axions

▶ Axion during inflation: isocurvature perturbations

∆a ∼ Fa
DMσθ/θ ∼ Fa

DM
Hinf
faθ

▶ CMB observations
∆a ≲ 10−5

▶ Upper bound on inflationary Hubble scale

Hinf ≲ 10−5fa
θ

Fa
DM

∼ 10−6fa
1

Fa 1/2
DM

(
1014GeV

fa

)7/12

▶ Tension with many inflationary models
5



Review & Previous Argument Fundamental Derivation Outlook

Higgs inflation3

▶ Standard Model coupled to gravity

L = M2
P

2 R − 1
2∂αh∂αh − λ

4 h4

︸︷︷︸
Ω2

Is the connection Γµ
αν dynamical?

No: metric GR Yes: Palatini GR

▶ Higgs inflation sensitive to formulation of GR4

▶ Match CMB amplitude
metric: ξ ∼ 104 Palatini: ξ ∼ 108

3 F. Bezrukov and M. Shaposhnikov, The Standard Model Higgs boson as the inflaton,
arXiv:0710.3755. F. Bauer and D. Demir, Inflation with Non-Minimal Coupling:
Metric versus Palatini Formulations, arXiv:0803.2664.

4 Review: C. Rigouzzo, S. Z., Coupling metric-affine gravity to the standard model and
dark matter fermions, arXiv:2306.13134.
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Review & Previous Argument Fundamental Derivation Outlook

Dark matter axions during Palatini Higgs inflation

▶ Low Hubble scale
Hinf ∼

√
λ

MP
ξ

▶ Palatini Higgs inflation obeys isocurvature constraint5

Hinf ∼ 108GeV

≲ 10−6fa for fa ≳ 1014GeV ???

5 T. Tenkanen, L. Visinelli, Axion dark matter from Higgs inflation with an intermediate
H⋆, arXiv:1906.11837.
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Review & Previous Argument Fundamental Derivation Outlook

Axion coupled to Palatini Higgs inflation

▶ Fundamental theory

L = M2
P

2 Ω2R − 1
2∂αh∂αh − λ

4 h4

− 1
2∂αa∂αa − 1

2TrGµνGµν + a
fa

cGTrGµνG̃µν

▶ Conformal transformation gµν → Ω−2gµν

L = M2
P

2 R̊ − 1
2Ω2 ∂αh∂αh − λ

4Ω4 h4

− 1
2Ω2 ∂αa∂αa − 1

2TrGµνGµν + a
fa

cGTrGµνG̃µν

▶ Canonical inflaton χ

h = MP√
ξ

sinh
(√

ξχ

MP

)

⇒ U = λ

Ω4 h4 = λM4
P

ξ2 tanh4
(√

ξχ

MP

)
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Review & Previous Argument Fundamental Derivation Outlook

Field-dependent decay constant
▶ Approximately canonical axion

A = a
Ω

▶ Final theory

L ⊃ −1
2∂αA∂αA − 1

2TrGµνGµν + ΩA
fa

cGTrGµνG̃µν

▶ Field-dependent decay constant

fa,inf = fa
Ω

∼ 10−5fa

▶ Isocurvature perturbations σθ ∼ Hinf/fa,inf enhanced6

6 Opposite case: M. Fairbairn, R. Hogan, D. Marsh, Unifying inflation and dark
matter with the Peccei-Quinn field: observable axions and observable tensors,
arXiv:1410.1752.
G. Ballesteros, J. Redondo, A. Ringwald, C. Tamarit, Standard Model-axion-seesaw-
Higgs portal inflation. Five problems of particle physics and cosmology solved in one
stroke, arXiv:1610.01639.
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Way out from non-minimal coupling to torsion

▶ Include:

L ⊃ −ζfa∂αaT α ( T α = gµνT µαν , 2T µ
αν ≡ Γµ

αν−Γµ
να )

▶ Integrate out torsion6

L ⊃ − 1
2Ω2

(
1 − 3ζ2f 2

a
2M2

PΩ2

)
∂αa∂αa

▶ Low-energy modification of decay constant

fa → fa,IR(fa) =
√

1 − 3ζ2f 2
a

2M2
P

fa

▶ Isocurvature bound lifted if fa,IR ≲ fa,inf

: strong finetuning

6 C. Rigouzzo, S. Z., Coupling metric-affine gravity to the standard model and dark mat-
ter fermions, arXiv:2306.13134. C. Rigouzzo, S. Z., Coupling metric-affine gravity
to a Higgs-like scalar field, arXiv:2204.03003.
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Conclusion

▶ More constraints on inflation and dark matter needed

▶ No dark matter axion during minimal Higgs inflation

▶ Way out from non-minimal coupling to torsion, . . .

Constraint for all inflationary models with non-minimal coupling
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