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Upshot
We find explicit string theory models for dark matter (DM) 

with multiple fuzzy axions and the QCD axion.  

For these models, we … 

• … compute the DM abundance of axions from vacuum realignment, 

• … investigate the required  and SUSY breaking scale to avoid DM overabundance, and  

• … find extra dark vector fields (=dark radiation?).
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Introduction and Motivation
The String Theory Landscape

5

String theory predicts extra dimensions which need to be compactified to 

describe a four-dimensional universe at low energies. 

Generic features: 

• Different compact manifolds lead to varying physics at low energies (spectra, 

scales, cosmological evolutions, …). 

• Additional light scalar fields associated with compact geometry (=moduli). 

• Plethora of axion-like particles (ALPs) from higher-dimensional gauge fields. 

The string landscape is the space of all such 4D EFTs from string theory. 

Question:  
What can we say about models of axion dark matter in these theories?
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The String Axiverse

6

Typical string compactifications contain  axion-like particles  

with a rich phenomenology [Arvanitaki et al. 0905.4720]  String Axiverse 

The general Lagrangian in string compactifications 

 

naturally contains axionic couplings to 

• moduli parametrising the compact geometry,  

• SM degrees of freedom like photons or gluons, and 

• other hidden sectors.

𝒪(100) ϕa

→

ℒ = −
1
2

Kab(∂μϕa)(∂μϕb) − V(ϕ) − ga γγ ϕa α
4

Fμν F̃μν + …

Introduction and Motivation
See also talk by J. Leedom, A. Westphal

https://arxiv.org/abs/0905.4720
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Setup and Geometries
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We will focus on the Kreuzer-Skarke (KS) Axiverse [Demirtas et al. 1808.01282] 

for -axions as a corner of the Type IIB Axiverse [Cicoli et al. 1206.0819]. 

That is, we will work with CY3 hypersurfaces  in toric varieties  obtained 

from triangulations of 4D polytopes . 

 

In this KS axiverse, previous works studied e.g. 

• BH superradiance [Mehta et al. 2011.08693, 2103.06812] 

• PQ quality problem [Demirtas et al. 2112.04503] 

• Axion-photon couplings [Gendler et al. 2309.13145]

C4

X V

Δ

Demirtas, Rios-Tascon, 
McAllister 2211.03823

473,800,776 reflexive polytopes in 4D 
Kreuzer, Skarke (KS) [hep-th/0002240]

Axion EFTs from Type IIB String Theory
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The Type IIB Axiverse
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In the 4D EFT, the (F-term) scalar potential for the Kähler moduli , , is of the form 

 

The masses  and decay constants  for axions depend on values of moduli  

 

Exponential suppression of  naturally leads to ultra-light ALP in the regime . 

The SM sector can e.g. be realised on wrapped branes with  where 

•   is the QCD axion, and 

•  sets the QCD gauge coupling in the UV (see talk by J. Leedom) 

Ta = τa + i ϕa a = 1,…, h1,1

V(τa, ϕa) = V(τa) + ∑
I

Λ4
I (τa) cos(−2π𝒬I

b ϕb + δI) + … , Λ4
I ∼ m3/2 𝒬I

b τb exp(−2π𝒬I
b τb) , m3/2 ∼

|W0 |
𝒱2

.

ma fa τa

fa ∼
1
τa

, m2
a ∼ m3/2 τa e−2πτa

f 2
a

.

m2
a τa ≫ 1

TQCD = τQCD + i ϕQCD

ϕQCD

τQCD

g2
QCD ∼

1
τQCD

⇒ τQCD ≈ 40  s.t.  αs(M2
Z) ≈ 0.118 .

Axion EFTs from Type IIB String Theory

X

D3

D7

generates 
axion potential

QCD

See also talk by J. Leedom, A. Westphal
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From Polytopes to Axions — Summary
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A 4d reflexive
polytope from the
Kreuzer-Skarke

database

FROM POLYTOPES TO AXIONS

Choose a
polytope

Triangulate the
polytope

Construct a
Calabi-Yau
threefold

Choose an
orientifold projection

Choose a QCD
divisor

Choose a Fine, Regular, and Star
triangulation of the polytope

Take the anti-canonical
hypersurface in the toric variety

defined by the triangulation

Pick a four-cycle to host a toy version
of QCD via a stack of D7-branes

Fix the Calabi-Yau
moduli

Set superpotential

Break the supersymmetry to N=1
by involuting the Calabi-Yau

manifold and the string spectrum 

Choose a point in the Kähler
moduli space at which the

Standard Model gauge couplings
match IR expectations

Fix the scale of supersymmetry
breaking

Assume Euclidean D3-branes on
every holomorphic divisor contribute

Compute axion
Lagrangian

Use the now fully-specified data
of the Kähler potential and

superpotential to compute axion
masses and decay constants

Figure credit: N. Gendler

Axion EFTs from Type IIB String Theory
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Stringy assumptions
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We construct all CY orientifolds in KS with  using [Moritz 2305.06363] 

with  (i.e., only -axions). 

Our ensemble is then generated as follows: 

A. sample  for computational control, 

B. assume moduli can be stabilised by perturbative effects, 

C. need a divisor with volume close to 40 hosting QCD, 

D. require  for at least one axion for large DM abundance, 

E. heaviest axion has mass below KK-scale. 

Throughout this talk, we refer to axions with  as fuzzy axions.

2 ≤ h1,1 ≤ 7

h1,1
− = 0 C4

τa ≥ 1

ma ∼ 10−19 eV

ma ≲ 10−18 eV

A Fuzzy Axiverse in String Theory

Fuzzy Axiverse from ChatGPT

See also talk by A. Westphal

Related work: Fuzzy DM + moduli stabilisation [Cicoli et al. 2110.02964]

https://arxiv.org/abs/2305.06363
https://arxiv.org/abs/2110.02964
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Cosmology assumptions
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We compute the abundance assuming  

• standard phases of radiation, matter, and c.c. domination, 

• a possibly unknown pre-heating phase after inflation, and  

• that moduli are much heavier than the axions.  

E.g. the relic density for axions with  is 

 

To solve overabundance problem, we can 1) tune , 2) couple axions to e.g. photons, 3) lower  or modify cosmology.

10−28 eV ≲ ma ≲ 10−15 eV

Ωah2 ≈ 0.12 θ2
a ( ma

4.8 ⋅ 10−17 eV )
1/2

( fa
1015.5 GeV )

2

θa HI

A Fuzzy Axiverse in String Theory

Figure credit: O’Hare 2403.17697

Vacuum realignment mechanism for DM production:                  
see e.g. [Marsh 1510.07633, O’Hare 2403.17697]. 

We assume inflation is described by 4D EFT with axions  in the 

pre-inflation regime with initial misalignment angle .

ϕa

θa

https://arxiv.org/abs/2403.17697
https://arxiv.org/abs/1510.07633
https://arxiv.org/abs/2403.17697
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Simple example — h1,1 = 2
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Results

Moduli values are given by  for some 

topological numbers .

2τa = κajk tj tk
κajk ∈ ℤ

τ 1 = 40

τ2 = 40

τ 3 = 40

Kähler cone 𝒦(X) = {(t1, t2) ∈ ℝ2 : t1 ≥ 0 , t2 ≥ 0}

fuzzy axion

fuzzy axion 

Our model contains two axions for which we compute  at 

 

We find that at this point in  

 

 

The misalignment abundance for the fuzzy axion is 

 

For the QCD axion to account for remaining DM, we need 

ma , fa

(t1, t2) ≈ (16.96 , 2.74) ∈ 𝒦(X) .

𝒦(X)

log10(mQCD/eV) = − 8.74 , log10( fQCD/GeV) = 15.49 ,

log10(mfuzzy/eV) = − 19.23 , log10( ffuzzy/GeV) = 16.07 .

Ωfuzzy

ΩDM
≈ 0.458 .

θQCD ≈ 0.0079 .
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Best abundance model — h1,1 = 7
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This model contains  axions which at one point in  have 

 

 

plus five heavier axions with 

 

 

To dilute these axions through entropy production, we need to have 

. 

The misalignment abundance for  for the fuzzy axion is 

h1,1 = 7 𝒦(X)

log10(mQCD/eV) = − 8.91 , log10( fQCD/GeV) = 15.67 ,

log10(mfuzzy/eV) = − 19.43 , log10( ffuzzy/GeV) = 16.29 ,

log10(ma/eV) = (22.21, 8.50, 7.42, 1.13, − 3.43) ,

log10( f/GeV) = (15.69, 15.64, 15.52, 15.51, 15.45) .

Treh ≤ 2.99 ⋅ 1011 eV

θa = 1
Ωfuzzy

ΩDM
≈ 1 .

Results

3Hmre

θa = 1

𝒱 ∼ 𝒪(300 − 400)

[Cicoli et al. 2110.02964] 

Tuning of  and anthropics [Kaloper, Westphal: 2404.02993]θa

DM abundance from varying the misalignment angle and the 

point in Kähler cone  along a given ray.𝒦(X)

https://arxiv.org/abs/2110.02964
https://arxiv.org/abs/2110.02964
https://arxiv.org/abs/2110.02964
https://arxiv.org/abs/2110.02964
https://arxiv.org/abs/2110.02964
https://arxiv.org/abs/2404.02993
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We were able to perform optimisation across different 
compact geometries. 

Can GAs be used to explore the axiverse globally?

Genetic Algorithms (GAs) for polytope triangulations

Samples

[MacFadden, AS, Sheridan: 2405.08871]

We used optimisation methods from scipy.optimize, jax, 
optax to obtain models with e.g. large DM abundance.  

In the future, develop pipeline to sample models more efficiently.

Pipeline for sampling stringy axion models 

Future explorations of the Axiverse

start
end

gradient descent

https://arxiv.org/abs/2405.08871


Main takeaway:  
We uncovered regimes for fuzzy DM from -axions in explicit Type IIB compactifications. 

Summary: 

• Systematic scan over Calabi-Yau orientifolds with . 

• Resulting DM is a mix of (multiple) fuzzy axions, the QCD axion, and potentially heavier axions. 

• Fine tuning of initial displacements is necessary to avoid DM overproduction. 

Open issues and future directions: 

1. Combine with moduli stabilisation in explicit setups (see [Cicoli et al. 2110.02964] for initial attempts) 

2. Make construction of SM sector more explicit (F-theory, Branes at singularities [Cicoli, AS et al. 2106.11964], … ) 

3. Study different axionic sectors ( -axions [Cicoli, Shukla, AS: 2109.14624], open-string axions, … )

C4

2 ≤ h1,1 ≤ 7

C2/B2

Conclusions

25

https://arxiv.org/abs/2110.02964
https://arxiv.org/abs/2106.11964
https://arxiv.org/abs/2109.14624


Thank you!
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Dark vector fields

28

Around 98% of our orientifolds contain extra vector multiplets counted by  

 

These dark vector fields might contribute to dark radiation.

h1,2
+ ≠ 0

∫X
F5 ∧ ⋆10 F5 ⊃ dϕa ∧ ⋆4dϕa + dAI ∧ ⋆4dAI

Statistics of the fuzzy axiverse



Fuzzy abundance for different h1,1
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Statistics of the fuzzy axiverse



Fuzzy abundance for different h1,1
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Statistics of the fuzzy axiverse



PQ quality problem solutions
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Statistics of the fuzzy axiverse
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Cosmological Scenarios 
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<latexit sha1_base64="yyTSle3LHwIQVP8PYYhi5SuQFsA=">AAACInicbVDLSgMxFM34rPVVdekmWARdWGZEquKm6MZlBatCW0omc6cN5jEkGaEM/RY3/oobF4q6EvwYM9MufF0InHvOudzcEyacGev7H97U9Mzs3Hxpoby4tLyyWllbvzIq1RRaVHGlb0JigDMJLcssh5tEAxEhh+vw9izXr+9AG6bkpR0m0BWkL1nMKLGO6lWOs44WOFHG7mkYgGNlH3dO8I4mESs8eRcpwWTR7bouGbiFo16l6tf8ovBfEExAFU2q2au8dSJFUwHSUk6MaQd+YrsZ0ZZRDqNyJzWQEHpL+tB2UBIBppsVJ47wtmMiHCvtnrS4YL9PZEQYMxShcwpiB+a3lpP/ae3UxkfdjMkktSDpeFGccmwVzvPCEdNALR86QKhm7q+YDogm1LpUyy6E4PfJf8HVfi2o1+oXB9XG6SSOEtpEW2gHBegQNdA5aqIWougePaJn9OI9eE/eq/c+tk55k5kN9KO8zy90LKOh</latexit>

post� reheating (radiation domination) phase

<latexit sha1_base64="LxEQTaRvfdLEhjwTUBlIx0DFig0="></latexit>

⇠
p
ma

<latexit sha1_base64="evptNldR8444XY006R4kQG3AAoY="></latexit>

⇠ m0
a

<latexit sha1_base64="EG9CNYuI4uc2AV139uK7JNrQSis="></latexit>

ma < 3Hmre
<latexit sha1_base64="nDsf0ER+9rtpDKKZiFT3CsanRHc="></latexit>

3Hmre < ma < 3Hreh
<latexit sha1_base64="W/LzSRe7krt96/XsBereC9F54zU="></latexit>

3Hreh < ma

<latexit sha1_base64="ijAmgB0YLKHQDFx97+QKfJ03rts="></latexit>

radiation phase
<latexit sha1_base64="NXzQoLRnd2QbJWzzd0JdU8O8jKc="></latexit>

matter phase

<latexit sha1_base64="h+U8x7cUbn5v1u0OFTFbvgWd+2U=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0Wom5KIVJdFN+6sYB/QxDKZTtKh8wgzE6WE/ocbF4q49V/c+TdO2yy09cCFwzn3cu89YcKoNq777RRWVtfWN4qbpa3tnd298v5BW8tUYdLCkknVDZEmjArSMtQw0k0UQTxkpBOOrqd+55EoTaW4N+OEBBzFgkYUI2OlB5/JuOrfchKjPjrtlytuzZ0BLhMvJxWQo9kvf/kDiVNOhMEMad3z3MQEGVKGYkYmJT/VJEF4hGLSs1QgTnSQza6ewBOrDGAklS1h4Ez9PZEhrvWYh7aTIzPUi95U/M/rpSa6DDIqktQQgeeLopRBI+E0AjigimDDxpYgrKi9FeIhUggbG1TJhuAtvrxM2mc1r16r351XGld5HEVwBI5BFXjgAjTADWiCFsBAgWfwCt6cJ+fFeXc+5q0FJ585BH/gfP4At8+SBQ==</latexit>

log(⌦a)

<latexit sha1_base64="XG/cfewmEzbHU6VvythyElRFgjI=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR6qYmKtVl0U2XFewDmhAm00k7dGYSZiZCiV34K25cKOLW33Dn3zhts9DqgQuHc+7l3nvChFGlHefLKiwtr6yuFddLG5tb2zv27l5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0M/U790QqGos7PU6Iz9FA0IhipI0U2AceiwcVHqDT80aQeZJDSYaTk8AuO1VnBviXuDkpgxzNwP70+jFOOREaM6RUz3US7WdIaooZmZS8VJEE4REakJ6hAnGi/Gx2/wQeG6UPo1iaEhrO1J8TGeJKjXloOjnSQ7XoTcX/vF6qoys/oyJJNRF4vihKGdQxnIYB+1QSrNnYEIQlNbdCPEQSYW0iK5kQ3MWX/5L2WdWtVWu3F+X6dR5HERyCI1ABLrgEddAATdACGDyAJ/ACXq1H69l6s97nrQUrn9kHv2B9fAO4NJVJ</latexit>

log(ma/3Hreh)

<latexit sha1_base64="PJUxuPqv/BBtZ925xkJGVnHl8t0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmqiUr0IRS8eK9gPaEPYbDft0t0k7G6UGvpLvHhQxKs/xZv/xm2bg1YfDDzem2FmXpBwprTjfFmFpeWV1bXiemljc2u7bO/stlScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjK6nfvueSsXi6E6PE+oJPIhYyAjWRvLt8oOf9aRAcoIukXt86tsVp+rMgP4SNycVyNHw7c9ePyapoJEmHCvVdZ1EexmWmhFOJ6VeqmiCyQgPaNfQCAuqvGx2+AQdGqWPwliaijSaqT8nMiyUGovAdAqsh2rRm4r/ed1UhxdexqIk1TQi80VhypGO0TQF1GeSEs3HhmAimbkVkSGWmGiTVcmE4C6+/Je0TqpurVq7PavUr/I4irAPB3AELpxDHW6gAU0gkMITvMCr9Wg9W2/W+7y1YOUze/AL1sc362iR9w==</latexit>

wr = 1/3

<latexit sha1_base64="B5e7/Xjp6MJu/7C2QaIvGvVUGps=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqV6EohePFewHtEvJptk2NMluk2ylLP0dXjwo4tUf481/Y9ruQVsfDDzem2FmXhBzpo3rfju5tfWNza38dmFnd2//oHh41NBRogitk4hHqhVgTTmTtG6Y4bQVK4pFwGkzGN7N/OaYKs0i+WgmMfUF7ksWMoKNlfynbtpRAokpukFut1hyy+4caJV4GSlBhlq3+NXpRSQRVBrCsdZtz42Nn2JlGOF0WugkmsaYDHGfti2VWFDtp/Ojp+jMKj0URsqWNGiu/p5IsdB6IgLbKbAZ6GVvJv7ntRMTXvspk3FiqCSLRWHCkYnQLAHUY4oSwyeWYKKYvRWRAVaYGJtTwYbgLb+8ShoXZa9Srjxclqq3WRx5OIFTOAcPrqAK91CDOhAYwTO8wpszdl6cd+dj0Zpzsplj+APn8weDMJFK</latexit>

wm = 0

<latexit sha1_base64="xWrq2/HdGl/LbW3NNgw9hiv52OM=">AAACAnicbVDLSgMxFM34rPU16krcBItQN2VGpAoiFN24rGAf0BlKJs20oUlmSDJKGYobf8WNC0Xc+hXu/Bsz7Sy09cCFwzn3JveeIGZUacf5thYWl5ZXVgtrxfWNza1te2e3qaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvM781j2RikbiTo9i4nPUFzSkGGkjde39B3gJXehdwHLqSQ6H5p3MGR937ZJTcSaA88TNSQnkqHftL68X4YQToTFDSnVcJ9Z+iqSmmJFx0UsUiREeoj7pGCoQJ8pPJyeM4ZFRejCMpCmh4UT9PZEirtSIB6aTIz1Qs14m/ud1Eh2e+ykVcaKJwNOPwoRBHcEsD9ijkmDNRoYgLKnZFeIBkghrk1rRhODOnjxPmicVt1qp3p6Wald5HAVwAA5BGbjgDNTADaiDBsDgETyDV/BmPVkv1rv1MW1dsPKZPfAH1ucPm02VsQ==</latexit>

w = 1 (kinetion)

<latexit sha1_base64="J1ZVQBIvDxBgvXTVJdjT7JlcziU=">AAACDnicbVDLSgMxFM34rPU16tJNsBTqpsyIVEGEohuXFewDOqVk0kwbmmSGJKOUoV/gxl9x40IRt67d+TdmprPQ1gOBk3Pu5d57/IhRpR3n21paXlldWy9sFDe3tnd27b39lgpjiUkThyyUHR8pwqggTU01I51IEsR9Rtr++Dr12/dEKhqKOz2JSI+joaABxUgbqW+XH+AldKB3ASuJJznkSGsi0/8g5FRkVdPjvl1yqk4GuEjcnJRAjkbf/vIGIY45ERozpFTXdSLdS5DUFDMyLXqxIhHCYzQkXUMF4kT1kuycKSwbZQCDUJonNMzU3x0J4kpNuG8qzbojNe+l4n9eN9bBeS+hIoo1EXg2KIgZ1CFMs4EDKgnWbGIIwpKaXSEeIYmwiUQVTQju/MmLpHVSdWvV2u1pqX6Vx1EAh+AIVIALzkAd3IAGaAIMHsEzeAVv1pP1Yr1bH7PSJSvvOQB/YH3+ACxFml0=</latexit>

w = 0 (matter domination)

<latexit sha1_base64="KHPzgamQdZ8pArt+SEzwwZ7nsM4=">AAACBnicbVDLSgMxFM3UV62vUZciBItQN3VGpQqCFN24rGAf0BlKJs20oUlmSDJKGbpy46+4caGIW7/BnX9j2s5CqwcuHM65l3vvCWJGlXacLys3N7+wuJRfLqysrq1v2JtbDRUlEpM6jlgkWwFShFFB6ppqRlqxJIgHjDSDwdXYb94RqWgkbvUwJj5HPUFDipE2UsfedQ+P4QW8N+VA7xyWUk9yqDRSVI0OOnbRKTsTwL/EzUgRZKh17E+vG+GEE6ExQ0q1XSfWfoqkppiRUcFLFIkRHqAeaRsqECfKTydvjOC+UbowjKQpoeFE/TmRIq7UkAemkyPdV7PeWPzPayc6PPNTKuJEE4Gni8KEQR3BcSawSyXBmg0NQVhScyvEfSQR1ia5ggnBnX35L2kcld1KuXJzUqxeZnHkwQ7YAyXgglNQBdegBuoAgwfwBF7Aq/VoPVtv1vu0NWdlM9vgF6yPb6hgliA=</latexit>

1/3 > w > 0 (stasis)

<latexit sha1_base64="fqLGO2FHTtEO1lnHxSG5XePK/30="></latexit>

w = �1 + ✏

(prompt reheating)

<latexit sha1_base64="evptNldR8444XY006R4kQG3AAoY="></latexit>

⇠ m0
a

<latexit sha1_base64="PdQCKh1isgGZwmLF/n6PQLELQX8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZD5rHOzAphyU948aCIV3/Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWyd1eoYJJPq4X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzeKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrNnkcDpimxfOIIJpq5WxEZYY2JdRGVXAjB8surpHVRDWrV2v1lpX6Tx1GEEziFcwjgCupwBw1oAgEOz/AKb96j9+K9ex+L1oKXzxzDH3ifP7f0j8c=</latexit>⇠ ma

<latexit sha1_base64="4PKqrSlgvKuw8LbXClN6O/AlQrk=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3FiTItVl0Y3LCvYBTQyT6aQdOjMJMxOhxC78FTcuFHHrb7jzb5y2WWjrgQuHc+7l3nvChFGlHefbKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4PfHbD0QqGos7PUqIz1Ff0IhipI0U2AeeohzyAN1np9UzjySKsliMA7vsVJwp4CJxc1IGORqB/eX1YpxyIjRmSKmu6yTaz5DUFDMyLnmpIgnCQ9QnXUMF4kT52fT+MTw2Sg9GsTQlNJyqvycyxJUa8dB0cqQHat6biP953VRHl35GRZJqIvBsUZQyqGM4CQP2qCRYs5EhCEtqboV4gCTC2kRWMiG48y8vkla14tYqtdvzcv0qj6MIDsEROAEuuAB1cAMaoAkweATP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AWsHlb4=</latexit>

⇠ m�2/✏
a

<latexit sha1_base64="BUeC74/nsqDmB44EhNsLt7IID5s=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQEepMkeqy6MZlBfuAdhwyaaYNTTJDkrEMQ/0VNy4UceuHuPNvTB8LrR64cDjnXu69J4gZVdpxvqzcyura+kZ+s7C1vbO7Z+8ftFSUSEyaOGKR7ARIEUYFaWqqGenEkiAeMNIORtdTv/1ApKKRuNNpTDyOBoKGFCNtJN8u9hTlkPvoPquOz8ru6fhk4tslp+LMAP8Sd0FKYIGGb3/2+hFOOBEaM6RU13Vi7WVIaooZmRR6iSIxwiM0IF1DBeJEedns+Ak8NkofhpE0JTScqT8nMsSVSnlgOjnSQ7XsTcX/vG6iw0svoyJONBF4vihMGNQRnCYB+1QSrFlqCMKSmlshHiKJsDZ5FUwI7vLLf0mrWnFrldrteal+tYgjDw7BESgDF1yAOrgBDdAEGKTgCbyAV+vRerberPd5a85azBTBL1gf3wEtk7g=</latexit>

⇠ m2w/(1+w)
a

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0
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The abundance of an axion that starts rolling in any pre-heating  phase is 

 

Without tuning of the initial misalignment angles , a necessary requirement to keep heavier axions from overclosing the 

universe is that . We consider two scenarios: 

Scenario 1: Prompt reheating: push reheating temperature as high as possible without tuning of  for the axions 

heavier than the QCD axion, by having the inflationary Hubble scale  just below the mass of the lightest axion above 

the QCD axion. These heavy axions are in a  pre-heating phase, thereby inflating them away. 

Scenario 2: Modulus (matter) domination: This is the borderline  pre-heating phase. Imposing a prior constraint 

on how much tuning one tolerates, dictates the reheating temperature. We use as tuning measure an upper bound on 

the product . This will pull Hubble at reheating closer to the QCD axion mass.

w

Ωa
w

∼ ( θa

2.4 × 10−2 )
2

( 3Hreh

4.45 × 10−10 eV )
1/2

( fa
1015.5 GeV )

2

( ma

3Hreh )
2w

1 + w

θa

w ≤ 0

θa

HI

w ≈ − 1

w = 0

∏
a

θa
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