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Gravitational waves constrain Axion-like in�ation

L ⊃ 1

2
∂µφ∂

µφ− V0(φ)− GµνG
µν − φ

fa
χ χ =

αs

16π
G̃µνG

µν

E�cient reheating while shift symmetry protects �at potential

⇒ Natural model for in�ation

Abelian case: Preheating can overproduce gravitational waves (GW)

⇒ ∆Ne� too large (cf. arXiv:1909.12842)
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E�cient reheating while shift symmetry protects �at potential

⇒ Natural model for in�ation

Abelian case: Preheating can overproduce gravitational waves (GW)

⇒ ∆Ne� too large (cf. arXiv:1909.12842)

What about non-Abelian case?
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Non-Abelian gauge bosons can thermalize

In�aton ϕ → gg decays can sustain non-diluting gauge sector

If gauge sector thermalizes, universe heats during in�ation

⇒ Warm in�ation:

ϕ̈+ 3Hϕ̇+ Vϕ = −Γϕ̇

ė + 3H(e + p) = +Γϕ̇2︸ ︷︷ ︸
ϕ→gg friction

+T (∂t + 3H)VT︸ ︷︷ ︸
thermal potential

Γ = in�aton friction / H = Hubble rate / VT = ∂TV / Vϕ = ∂ϕV
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ϕ→gg friction

+T (∂t + 3H)VT︸ ︷︷ ︸
thermal potential

Γ = in�aton friction / H = Hubble rate / VT = ∂TV / Vϕ = ∂ϕV

⇒ Qualitatively di�erent GW production
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Warm in�ation GW background

Master formula primordial tensor power spectrum:

PT (k) = 32G
H2
⋆

2π︸ ︷︷ ︸
vacuum �uctuations

+ (32G )2k3
te∫

−∞

dt ′∆2
k(te, t

′)Πk(T (t ′))

︸ ︷︷ ︸
thermal �uctuations

Πk = thermal production rate / H⋆(k) = Hubble rate at Horizon exit /

te = in�ation end time / G = Newton const.

Our work:

We combined vacuum and thermal �uctuations

We extended propagator ∆k from DeSitter to

general background solution
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Phenomenlogy for LISA frequencies (f < 10−1
Hz)

LISA Modes exit Horizon during in�ation! (k/ȧ(te) ≪ 1)

⇒ Two key consequences:

1 Momentum independent propagator limk→0∆k(te, t
′)

(and transfer from PT to present day spectrum)

2 k ≪ α2T ⇒ Hydrodynamics governs thermal �uctuations

⇒ Rate limk→0 Πk = ηT measures shear viscosity η ∝ T 3
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Phenomenlogy for LISA frequencies (f < 10−1
Hz)

LISA Modes exit Horizon during in�ation! (k/ȧ(te) ≪ 1)

⇒ Two key consequences:

1 Momentum independent propagator limk→0∆k(te, t
′)

(and transfer from PT to present day spectrum)

2 k ≪ α2T ⇒ Hydrodynamics governs thermal �uctuations

⇒ Rate limk→0 Πk = ηT measures shear viscosity η ∝ T 3

⇒ Universal frequency shape ∝ f 3 + strong Tmax dependence

But what is Tmax?
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CMB constrains model parameters

We �x Tmax for minimal scenario:

QCD-like gauge �elds

Thermal cosine potential V = (m2
0 +m2

T )f
2
b (1− cos ϕ/fb)

⇒ Fit mass m0 and decay constant fb to CMB power spectra

(scalar amplitude As , spectral tilt ns , tensor-to-scalar ratio r)

CMB reference frequency f ≪ 10−15
Hz

(Horizon exit 60 e-folds before end of in�ation)

⇒ thermal e�ects only impact background solution:

AS =
H4
⋆

4π2ϕ̇2⋆
, nS = 1+

4Ḣ⋆

H2
⋆

, r =
AT

AS
= 64πG

ϕ̇2⋆
H2
⋆

H⋆, ϕ̇⋆ = Horizon exit Hubble rate, �eld velocity in full background solution
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Minimal model predicts Tmax ≈ 5 · 10−9mpl
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CMB constraints �x f ≈ 1.25mpl and m = 1.09 · 10−6mpl

g⋆=17⇒ Background solution predicts Tmax
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No overproduction of gravitational waves
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Tmax too small to produce observable signal

T ≪ mALP ⇒ Gauge bosons dominate shear viscosity η ∝ T 3
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Summary and Outlook

GWs exhibit universal ∝ f 3 frequency shape

+ strong Tmax dependence

We identi�ed benchmark point for minimal axion-like warm in�ation:

fb = 1.25mpl m = 1.09 · 10−6mpl

⇒ Realistic estimate Tmax

g⋆=17
≈ 4 · 10−9mpl

No overproduction of gravitational waves

(reheating contribution checked in arXiv:2201.02317)

Further prospects: Out-of-equilibrium corrections,

Higher Tmax (cf. arXiv:2303.17973)
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Thank you for your attention!
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