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Axions in the Universe

Axions are a common product of string theory 

Their presence could affect the cosmological history

We want to draw statistical features by studying the largest known ensemble of EFTs
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Axions in the Universe

Axions are a common product of string theory 

Their presence could affect the cosmological history

The string axiverse can be realised in our universe and detected, 
but at a price
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We want to draw statistical features by studying the largest known ensemble of EFTs



The Search for Axions.

[O’Hare Website AxionLimits] 
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1)  Great experimental effort    great opportunity ⇒
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10d superstring theory

4d EFT

The Search for Axions

2)  Axions arise naturally in string theory
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10d superstring theory

4d EFT

∫Σp

Cp ≡ θ(x)

SEFT ⊃ − ∫ℳ3,1

d4x
f 2

2 (∂θ(x))2

Cp → Cp + 2π∑
i

ni ωi
p

θ(x) → θ(x) + 2πn

Σp

The Search for Axions

2)  Axions arise naturally in string theory

  string axions are pre-inflationary⇒

∫Σi
p

ω j
p = 2πδi

j

S10D ⊃ ∫ℳ9,1

dCp ∧ ⋆dCp
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The Search for Axions,

3)  Axion physics is sensible to UV input
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3)  Axion physics is sensible to UV input

Kij = metric on moduli space  ⇒ eigi(K ) ∼ f 2
i

The Search for Axions,
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3)  Axion physics is sensible to UV input

Kij

Qi
α

= metric on moduli space  ⇒ eigi(K ) ∼ f 2
i

= instanton charges

The Search for Axions,
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3)  Axion physics is sensible to UV input

Kij

Qi
α

Λ4
α ∼ e−vol(Σα

4)

= metric on moduli space  ⇒ eigi(K ) ∼ f 2
i

= instanton charges

= instanton scales  

geometric quantities

can be computed in 
(a subset of) the landscape

The Search for Axions,
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The String Axion Landscape

[Kreuzer, Skarke ’00] [Demirtas, Rios-Tascon, McAllister ’22]

The subset we focus on:

which means: work with a stringy axion from  potentials
 scan over  Calabi-Yau manifolds
work with concrete geometric data
use optimization methods

C4

≲ 10428

We leave behind: axions from other 10D elements, full SM implementation, positive , etc…Λ
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String Axions as Dark Matter.

Let us test the string axiverse:
Can we accomodate Fuzzy Dark Matter in string theory?
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String Axions as Dark Matter

Generate EFTs such that

ffuzzy ≳ 1016 GeV
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String Axions as Dark Matter

Generate EFTs such that

    focus on ffuzzy ≳ 1016 GeV ⇒ 2 ≤ axions ≤ 7

mean   decreases with the number of axionsf

= n. of axions
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String Axions as Dark Matter

Generate EFTs such that
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t 2

DQCD = D6

Fuzzy Axion

QCD Gauge Coupling

Birefringent Axion

Perturbative Control

PQ Quality

Example Model

Tip of the stretched
Kähler cone ray

ΩQCD

ΩDM
∼ 0.5

one QCD axion

all volumes > ℓs

at least one axion with  eVmfuzzy ∼ 10−19

mQCD ∼ 10−9 eV

mfuzzy ∼ 10−20 eV

fQCD ∼ 1015 GeV

ffuzzy ∼ 1016 GeV

    focus on ffuzzy ≳ 1016 GeV ⇒ 2 ≤ axions ≤ 7

Ωfuzzy

ΩDM
∼ 0.5

7/17



String Axions as Dark Matter

Generate EFTs such that

one QCD axion

all volumes > ℓs
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t1

2
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t 2

DQCD = D6

Fuzzy Axion

QCD Gauge Coupling

Birefringent Axion

Perturbative Control

PQ Quality

Example Model

Tip of the stretched
Kähler cone ray

at least one axion with  eVmfuzzy ∼ 10−19

Ωfuzzy

ΩDM
∼ 0.5

ΩQCD

ΩDM
∼ 0.5

in general, things are not that clean!

    focus on ffuzzy ≳ 1016 GeV ⇒ 2 ≤ axions ≤ 7

mQCD ∼ 10−9 eV

mfuzzy ∼ 10−20 eV

fQCD ∼ 1015 GeV

ffuzzy ∼ 1016 GeV
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String Axions and Relics

Relic 1: AXIONS Ωah2 ∼ f 2
a θ2

0 ma
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String Axions and Relics

warning  
overclosure

typical distributions:
- masses log flat
- decay constants clustered

Ωah2 ∼ f 2
a θ2

0 maRelic 1: AXIONS

Ωa,totalh2 = ΩQCDh2 + ∑ Ωih2

m
+ ∑ Ωjh2

r
+ ∑ Ωkh2

wR

≤ ΩDMh2 ≈ 0.12

[Mehta, Demirtas, Long, Marsh, McAllister, Stott ’21]
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String Axions and Relics;
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<latexit sha1_base64="PJUxuPqv/BBtZ925xkJGVnHl8t0=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInmqiUr0IRS8eK9gPaEPYbDft0t0k7G6UGvpLvHhQxKs/xZv/xm2bg1YfDDzem2FmXpBwprTjfFmFpeWV1bXiemljc2u7bO/stlScSkKbJOax7ARYUc4i2tRMc9pJJMUi4LQdjK6nfvueSsXi6E6PE+oJPIhYyAjWRvLt8oOf9aRAcoIukXt86tsVp+rMgP4SNycVyNHw7c9ePyapoJEmHCvVdZ1EexmWmhFOJ6VeqmiCyQgPaNfQCAuqvGx2+AQdGqWPwliaijSaqT8nMiyUGovAdAqsh2rRm4r/ed1UhxdexqIk1TQi80VhypGO0TQF1GeSEs3HhmAimbkVkSGWmGiTVcmE4C6+/Je0TqpurVq7PavUr/I4irAPB3AELpxDHW6gAU0gkMITvMCr9Wg9W2/W+7y1YOUze/AL1sc362iR9w==</latexit>

w r
=
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="evptNldR8444XY006R4kQG3AAoY="></latexit>

⇠ m0
a

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

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

⇠ m�2/✏
a

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

0<latexit sha1_base64="4qCzvcoYVsPF7lkq9TFYntv+KWA=">AAAB+3icdVDLSsNAFJ34rPUV69LNYBFchaQttQUXRTddVrAPaEOYTCft0JkkzkzEEvIrblwo4tYfceffOH2Bih64cDjnXu69x48Zlcq2P4219Y3Nre3cTn53b//g0DwqdGSUCEzaOGKR6PlIEkZD0lZUMdKLBUHcZ6TrT65nfveeCEmj8FZNY+JyNAppQDFSWvLMAvcQvIRl2PTSgeCQ3GWeWbQtu16zy3W4IJXSitjQsew5imCJlmd+DIYRTjgJFWZIyr5jx8pNkVAUM5LlB4kkMcITNCJ9TUPEiXTT+e0ZPNPKEAaR0BUqOFe/T6SISznlvu7kSI3lb28m/uX1ExXU3JSGcaJIiBeLgoRBFcFZEHBIBcGKTTVBWFB9K8RjJBBWOq68DmH1KfyfdEqWU7WqN5Vi42oZRw6cgFNwDhxwARqgCVqgDTB4AI/gGbwYmfFkvBpvi9Y1YzlzDH7AeP8CgTOTfw==</latexit>ma < 3Heq

<latexit sha1_base64="fbAUEJ8tTv9e3mBFmB001KV/yxg=">AAACEXicbVDLSgMxFM3UV62vUZdugkWoiGVGpApFKLpxWcE+oDOUTJppQ5PMkGSUMvQX3Pgrblwo4tadO//GdNqFVg8EDuecy809Qcyo0o7zZeUWFpeWV/KrhbX1jc0te3unqaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvJr4rTsiFY3ErR7FxOeoL2hIMdJG6tqle3gBj114BD0SK8oiAb2qV4Wl1JMcUhGyLDg+7NpFp+xkgH+JOyNFMEO9a396vQgnnAiNGVKq4zqx9lMkNcWMjAteokiM8BD1ScdQgThRfppdNIYHRunBMJLmCQ0z9edEirhSIx6YJEd6oOa9ifif10l0eO6nVMSJJgJPF4UJgzqCk3pgj0qCNRsZgrCk5q8QD5BEWJsSC6YEd/7kv6R5UnYr5crNabF2OasjD/bAPigBF5yBGrgGddAAGDyAJ/ACXq1H69l6s96n0Zw1m9kFv2B9fAPKIZsv</latexit>

w = �1 + ✏ (inflation)

<latexit sha1_base64="ZKrkz2H6Q9cvJwvgMZa6Vr03kpo="></latexit>

Reheating phase

<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="IYAISnIaNHAiT8nraA/tMkkRG+U="></latexit>

⇠ a�3

<latexit sha1_base64="EUdFZBZN9Xd58IxfdemZn2OtnKA="></latexit>⇠
a �

4

<latexit sha1_base64="IYAISnIaNHAiT8nraA/tMkkRG+U="></latexit>

⇠ a �3

<latexit sha1_base64="3oyodt1Rgy/CWAl7xBSe4c0ESkM=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWz3bRLN5uwO1FK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777aysrq1vbBa2its7u3v7pYPDpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDv1W49cGxGrBxwn3I/oQIlQMIpWaj31PHJN3F6p7FbcGcgy8XJShhz1Xumr249ZGnGFTFJjOp6boJ9RjYJJPil2U8MTykZ0wDuWKhpx42ezcyfk1Cp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2d9IXmDOXYEsq0sLcSNqSaMrQJFW0I3uLLy6R5XvGqler9Rbl2k8dRgGM4gTPw4BJqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8ArMGOfw==</latexit>

w1 = 0

<latexit sha1_base64="XNhuGEVggDEAadwTAKFxTFsekOQ=">AAACH3icbVDLSgMxFM34rONr1KWbYCnUTZ1RqUIRqm5cVrEP6Awlk2ba0MyDJKOWYf7Ejb/ixoUi4q5/YzrtQlsPBE7Oufcm97gRo0Ka5khbWFxaXlnNrenrG5tb28bObkOEMcekjkMW8paLBGE0IHVJJSOtiBPku4w03cH12G8+EC5oGNzLYUQcH/UC6lGMpJI6RrmQ2NyHd6hLM8WuRH01LrUrxcdOZvEUXkDr6ORQz66XT6oq7Rh5s2RmgPPEmpI8mKLWMb7tbohjnwQSMyRE2zIj6SSIS4oZSXU7FiRCeIB6pK1ogHwinCTbL4UFpXShF3J1Agkz9XdHgnwhhr6rKn0k+2LWG4v/ee1YeudOQoMoliTAk4e8mEEZwnFYsEs5wZINFUGYU/VXiPuIIyxVpLoKwZpdeZ40jktWuVS+Pc1Xr6Zx5MA+OABFYIEzUAU3oAbqAINn8ArewYf2or1pn9rXpHRBm/bsgT/QRj+lDqF8</latexit>

Axion

<latexit sha1_base64="Z3gcHrsxGr4+iZn+W4J185WlxkM=">AAACGXicbZBNS8MwGMfT+TbrW9Wjl+AYzMtsVaYgwtSLxynuBbZR0jTbwtK0JKk6Sr+GF7+KFw+KeNST38a220E3Hwj88/s/D8nzdwJGpTLNby03N7+wuJRf1ldW19Y3jM2thvRDgUkd+8wXLQdJwigndUUVI61AEOQ5jDSd4WXqN++IkNTnt2oUkK6H+pz2KEYqQbZhRh3hwRvk0gzEndPSvZ0xEcMzaO0f7unF7H7+kPq6bRTMspkVnBXWRBTApGq28dlxfRx6hCvMkJRtywxUN0JCUcxIrHdCSQKEh6hP2onkyCOyG2WbxbCYEBf2fJEcrmBGf09EyJNy5DlJp4fUQE57KfzPa4eqd9KNKA9CRTgeP9QLGVQ+TGOCLhUEKzZKBMKCJn+FeIAEwioJMw3Bml55VjQOylalXLk+KlQvJnHkwQ7YBSVggWNQBVegBuoAg0fwDF7Bm/akvWjv2se4NadNZrbBn9K+fgBfz56i</latexit>

Radiation (wr = 1/3)

<latexit sha1_base64="bcmPL4A8joHMCFawa05Mtc+D/dQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi2W3SPUiFL14rGA/pF1KNk3b0CS7JFmlLP0VXjwo4tWf481/Y7bdg7Y+GHi8N8PMvCDiTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKnDWBHaICEPVTvAmnImacMww2k7UhSLgNNWML5J/dYjVZqF8t5MIuoLPJRswAg2Vnp46lXQFTrzCr1iyS27M6Bl4mWkBBnqveJXtx+SWFBpCMdadzw3Mn6ClWGE02mhG2saYTLGQ9qxVGJBtZ/MDp6iE6v00SBUtqRBM/X3RIKF1hMR2E6BzUgveqn4n9eJzeDST5iMYkMlmS8axByZEKXfoz5TlBg+sQQTxeytiIywwsTYjNIQvMWXl0mzUvaq5erdeal2ncWRhyM4hlPw4AJqcAt1aAABAc/wCm+Ocl6cd+dj3ppzsplD+APn8wdQr47M</latexit>

w2 = �1

<latexit sha1_base64="0j2rl+0xV53OmyWiFOyQbEU6OWs=">AAACAXicbVC7TsMwFHV4lvIKsCCxWFRITFUCqDAwVLB0LIg+pDaKHPemtWonwXaQqqgs/AoLAwix8hds/A3uY4CWI92ro3PulX1PkHCmtON8WwuLS8srq7m1/PrG5ta2vbNbV3EqKdRozGPZDIgCziKoaaY5NBMJRAQcGkH/euQ3HkAqFkd3epCAJ0g3YiGjRBvJt/dPK37WlgLD/RBfYuET041269sFp+iMgeeJOyUFNEXVt7/anZimAiJNOVGq5TqJ9jIiNaMchvl2qiAhtE+60DI0IgKUl40vGOIjo3RwGEtTkcZj9fdGRoRSAxGYSUF0T816I/E/r5Xq8MLLWJSkGiI6eShMOdYxHsWBO0wC1XxgCKGSmb9i2iOSUG1Cy5sQ3NmT50n9pOiWiqWbs0L5ahpHDh2gQ3SMXHSOyqiCqqiGKHpEz+gVvVlP1ov1bn1MRhes6c4e+gPr8wd0zZT6</latexit>

3Heq < ma < 3HR

<latexit sha1_base64="tGvAT/i9uONC8Trga34nyXlWjpc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqRA8egl5yjGIemCzL7GQ2GTIzu8zMCmHJX3jxoIhX/8abf+PkcdDEgoaiqpvurjDhTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKnjVBHaIDGPVTvEmnImacMww2k7URSLkNNWOLyd+K0nqjSL5YMZJdQXuC9ZxAg2Vno8rwX36BqJAAfFklt2p0DLxJuTEsxRD4pf3V5MUkGlIRxr3fHcxPgZVoYRTseFbqppgskQ92nHUokF1X42vXiMTqzSQ1GsbEmDpurviQwLrUcitJ0Cm4Fe9Cbif14nNdGVnzGZpIZKMlsUpRyZGE3eRz2mKDF8ZAkmitlbERlghYmxIRVsCN7iy8ukeVb2KuXK3UWpejOPIw9HcAyn4MElVKEGdWgAAQnP8ApvjnZenHfnY9aac+Yzh/AHzucP1w+Pvg==</latexit>

3HR < ma

<latexit sha1_base64="mpdJGXe8SA6019s31X6j6F2q32M=">AAACCnicbVC7TsNAEDzzDOFloKQxREihiWxAgTKCJmVA5CHFlnW+nJ1Tzg/drZEiyzUNv0JDAUK0fAEdf8MlcQEJI600mtnV7o6XcCbBNL+1peWV1bX10kZ5c2t7Z1ff2+/IOBWEtknMY9HzsKScRbQNDDjtJYLi0OO0641uJn73gQrJ4ugexgl1QhxEzGcEg5Jc/cjmcWBz6kPV9gUmWejiPDtvune5LVgwhFNXr5g1cwpjkVgFqaACLVf/sgcxSUMaAeFYyr5lJuBkWAAjnOZlO5U0wWSEA9pXNMIhlU42fSU3TpQyMPxYqIrAmKq/JzIcSjkOPdUZYhjKeW8i/uf1U/CvnIxFSQo0IrNFfsoNiI1JLsaACUqAjxXBRDB1q0GGWCUCKr2yCsGaf3mRdM5qVr1Wv72oNK6LOEroEB2jKrLQJWqgJmqhNiLoET2jV/SmPWkv2rv2MWtd0oqZA/QH2ucPWW6asQ==</latexit>

log

✓
ma

3HR

◆

<latexit sha1_base64="mNs9Mvi3eyLYDE2W7zO44Ukwgxc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgQcKuSPQY9OIxinlAEsLspDcZMju7zMwqYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8xGV5pF8MOMYuyEdSB5wRo2Vmk+99P7Mm/SKJbfszkCWiZeREmSo9YpfnX7EkhClYYJq3fbc2HRTqgxnAieFTqIxpmxEB9i2VNIQdTednTshJ1bpkyBStqQhM/X3REpDrcehbztDaoZ60ZuK/3ntxARX3ZTLODEo2XxRkAhiIjL9nfS5QmbE2BLKFLe3EjakijJjEyrYELzFl5dJ47zsVcqVu4tS9TqLIw9HcAyn4MElVOEWalAHBiN4hld4c2LnxXl3PuatOSebOYQ/cD5/AN8hj0g=</latexit>wR,1
<latexit sha1_base64="tJ3OpTnFE96dmtdrSHIM5p5YK8k=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8SNgNEj0GvXiMYh6QhDA7mU2GzM4uM71KWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dfiyFQdf9dlZW19Y3NnNb+e2d3b39wsFhw0SJZrzOIhnplk8Nl0LxOgqUvBVrTkNf8qY/upn6zUeujYjUA45j3g3pQIlAMIpWaj710vvz8qRXKLoldwayTLyMFCFDrVf46vQjloRcIZPUmLbnxthNqUbBJJ/kO4nhMWUjOuBtSxUNuemms3Mn5NQqfRJE2pZCMlN/T6Q0NGYc+rYzpDg0i95U/M9rJxhcdVOh4gS5YvNFQSIJRmT6O+kLzRnKsSWUaWFvJWxINWVoE8rbELzFl5dJo1zyKqXK3UWxep3FkYNjOIEz8OASqnALNagDgxE8wyu8ObHz4rw7H/PWFSebOYI/cD5/AOCmj0k=</latexit>wR,2

<latexit sha1_base64="4KLtfKIsoVwjmWhkDWU9+2BBG14=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4kJKIVI9FLx6r2A9oQ5lsN+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epoqxBYxGrdoCaCS5Zw3AjWDtRDKNAsFYwup36rSemNI/loxknzI9wIHnIKRortbCXPZx7k16p7FbcGcgy8XJShhz1Xumr249pGjFpqECtO56bGD9DZTgVbFLsppolSEc4YB1LJUZM+9ns3Ak5tUqfhLGyJQ2Zqb8nMoy0HkeB7YzQDPWiNxX/8zqpCa/9jMskNUzS+aIwFcTEZPo76XPFqBFjS5Aqbm8ldIgKqbEJFW0I3uLLy6R5UfGqler9Zbl2k8dRgGM4gTPw4ApqcAd1aACFETzDK7w5ifPivDsf89YVJ585gj9wPn8AvUWPMg==</latexit>aR,1

<latexit sha1_base64="zDWR6ob7vkzrBqi0vQrv+2/ZY2U=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GITbgTiYIIQRvLKOYDknDsbfaSJXt7x+6cGo40Nv4VGwtFbP0Pdv4bN8kVmvhg4PHeDDPzvEhwDbb9bc3NLywuLWdWsqtr6xubua3tmg5jRVmVhiJUDY9oJrhkVeAgWCNSjASeYHWvfzny63dMaR7KWxhErB2QruQ+pwSM5Ob27t0bfI6d1lmhBewBVJD0uRybw0M3l7eL9hh4ljgpyaMUFTf31eqENA6YBCqI1k3HjqCdEAWcCjbMtmLNIkL7pMuahkoSMN1Oxl8M8YFROtgPlSkJeKz+nkhIoPUg8ExnQKCnp72R+J/XjME/bSdcRjEwSSeL/FhgCPEoEtzhilEQA0MIVdzcimmPKELBBJc1ITjTL8+S2lHRKRVL18f58kUaRwbton1UQA46QWV0hSqoiih6RM/oFb1ZT9aL9W59TFrnrHRmB/2B9fkDVzyX4Q==</latexit>

wR = 1 (kination)

<latexit sha1_base64="/rT2DB+R3Fa7WiDEzmX1hsHD6nM=">AAAB9HicbVBNTwIxEJ3FL8Qv1KOXRmLiCXfVoCdD9OIRjQsksCHd0oWGbndtuxiy4Xd48aAxXv0x3vw3FtiDgi+Zyct7M+n0+TFnStv2t5VbWl5ZXcuvFzY2t7Z3irt7dRUlklCXRDySTR8rypmgrmaa02YsKQ59Thv+4GbiN4ZUKhaJBz2KqRfinmABI1gbyXNOztAVeurcm253iiW7bE+BFomTkRJkqHWKX+1uRJKQCk04Vqrl2LH2Uiw1I5yOC+1E0RiTAe7RlqECh1R56fToMToyShcFkTQlNJqqvzdSHCo1Cn0zGWLdV/PeRPzPayU6uPRSJuJEU0FmDwUJRzpCkwRQl0lKNB8Zgolk5lZE+lhiok1OBROCM//lRVI/LTuVcuXuvFS9zuLIwwEcwjE4cAFVuIUauEDgEZ7hFd6sofVivVsfs9Gcle3swx9Ynz9mvY/u</latexit>

1/3 > wR > 0

<latexit sha1_base64="SjmYKdrI2r3pLbGhMzxkaTn0NhI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHKOYByRJmJ5NkyOzsMtOrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNON1FslItwJquBSK11Gg5K1YcxoGkjeD0c3Ubz5ybUSkHnAccz+kAyX6glG0UvOpe0+uiNstltyyOwNZJl5GSpCh1i1+dXoRS0KukElqTNtzY/RTqlEwySeFTmJ4TNmIDnjbUkVDbvx0du6EnFilR/qRtqWQzNTfEykNjRmHge0MKQ7NojcV//PaCfYv/VSoOEGu2HxRP5EEIzL9nfSE5gzl2BLKtLC3EjakmjK0CRVsCN7iy8ukcVb2KuXK3Xmpep3FkYcjOIZT8OACqnALNagDgxE8wyu8ObHz4rw7H/PWnJPNHMIfOJ8/30mOoA==</latexit>

wR = 0

<latexit sha1_base64="RiPndRV7EGM7/61xREc5DihtVr4=">AAACAHicbVDLSgMxFM34rPU16sKFm2ARKkKdKVJdFt24rGIf0I5DJk3b0CQzJBmlDLPxV9y4UMStn+HOvzFtZ6GtBy73cM69JPcEEaNKO863tbC4tLyymlvLr29sbm3bO7sNFcYSkzoOWShbAVKEUUHqmmpGWpEkiAeMNIPh1dhvPhCpaCju9CgiHkd9QXsUI20k397vKMoh99F9Un70b0+L7olpx6lvF5ySMwGcJ25GCiBDzbe/Ot0Qx5wIjRlSqu06kfYSJDXFjKT5TqxIhPAQ9UnbUIE4UV4yOSCFR0bpwl4oTQkNJ+rvjQRxpUY8MJMc6YGa9cbif1471r0LL6EiijURePpQL2ZQh3CcBuxSSbBmI0MQltT8FeIBkghrk1nehODOnjxPGuWSWylVbs4K1cssjhw4AIegCFxwDqrgGtRAHWCQgmfwCt6sJ+vFerc+pqMLVrazB/7A+vwByviVQg==</latexit>

⇠ m
2wR/(1+

wR)

a

<latexit sha1_base64="vxFXO4t6WlUHB/Xzgk7PzrhZZUQ=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgQcJukOgx6MVjFPOAZAmzk04yZHZ2mZkVwpKP8OJBEa9+jzf/xkmyB00saCiquunuCmLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpKFMMGi0Sk2gHVKLjEhuFGYDtWSMNAYCsY38781hMqzSP5aCYx+iEdSj7gjBortWgvfbioTHvFklt25yCrxMtICTLUe8Wvbj9iSYjSMEG17nhubPyUKsOZwGmhm2iMKRvTIXYslTRE7afzc6fkzCp9MoiULWnIXP09kdJQ60kY2M6QmpFe9mbif14nMYNrP+UyTgxKtlg0SAQxEZn9TvpcITNiYgllittbCRtRRZmxCRVsCN7yy6ukWSl71XL1/rJUu8niyMMJnMI5eHAFNbiDOjSAwRie4RXenNh5cd6dj0VrzslmjuEPnM8fvsqPMw==</latexit>aR,2

<latexit sha1_base64="lLVYCtNM49DA/A0njke9n/nu7CA=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSyCIJZEpHoRil48VrEf0Iay2U7apZtN2N0oJdS/4sWDIl79Id78N27aHLT1wcDjvRlm5nkRZ0rb9reVW1peWV3Lrxc2Nre2d4q7e00VxpJCg4Y8lG2PKOBMQEMzzaEdSSCBx6Hlja5Tv/UAUrFQ3OtxBG5ABoL5jBJtpF6x9Ni7w5f4xMHHuAuRYjxVy3bFngIvEicjZZSh3it+dfshjQMQmnKiVMexI+0mRGpGOUwK3VhBROiIDKBjqCABKDeZHj/Bh0bpYz+UpoTGU/X3REICpcaBZzoDoodq3kvF/7xOrP0LN2EiijUIOlvkxxzrEKdJ4D6TQDUfG0KoZOZWTIdEEqpNXgUTgjP/8iJpnlacaqV6e1auXWVx5NE+OkBHyEHnqIZuUB01EEVj9Ixe0Zv1ZL1Y79bHrDVnZTMl9AfW5w8xF5M4</latexit>

wR = �1 + ✏

- Dilution

the relics are diluted away 
for appropriate (low) TR

Relic 1: AXIONS

Ωa,totalh2 = ΩQCDh2 + ∑ Ωih2

m
+ ∑ Ωjh2

r
+ ∑ Ωkh2

wR

≤ ΩDMh2 ≈ 0.12

Ωah2 ∼ f 2
a θ2

0 ma
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String Axions and Relics`

Ωa,totalh2 = ΩQCD(θ0)h2 + ∑
i

Ωi(θ0)h2

m
+ ∑

j

Ωj(θ0)h2

r
+ ∑

k

Ωk(θ0)h2

wR

≤ ΩDMh2 ≈ 0.12

⇒

- Initial misalignment
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Prompt Reheating (wR = °1)
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+ ∑ Ωkh2
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≤ ΩDMh2 ≈ 0.12

Ωah2 ∼ f 2
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0 ma
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String Axions and Relics\

- Small decay constants:  ffuzzy ≫ fothers

Relic 1: AXIONS
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+ ∑ Ωkh2

wR

≤ ΩDMh2 ≈ 0.12

Ωah2 ∼ f 2
a θ2

0 ma
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String Axions and Relics\

- Small decay constants:  ffuzzy ≫ fothers

Relic 1: AXIONS

Ω
a i

/Ω
fu

zz
y

Ωfuzzy /ΩDM

ffuzzy ≫ fa
not generic!

det(K )
fuzzy

∼ 10−14 det(K )
QCD

ffuzzy ∼ 107 fQCD

⇒

Ωa,totalh2 = ΩQCDh2 + ∑ Ωih2

m
+ ∑ Ωjh2

r
+ ∑ Ωkh2

wR

≤ ΩDMh2 ≈ 0.12

Ωah2 ∼ f 2
a θ2

0 ma
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 metric on moduli spaceK



String Axions and Relics.

Relic 2: Moduli

12/17

Ti = vol(Σi
4) + iθi4D  chiral multiplet:𝒩 = 1   at least as many moduli as axions!⇒

must be stabilised at the right scale



1) Implement moduli stabilisation properly

C4

Ωfuzzy = ΩDM

[Cicoli, Guidetti, NR, Westphal ’21]

Ti = vol(Σi
4) + iθi4D  chiral multiplet:𝒩 = 1   at least as many moduli as axions!⇒

must be stabilised at the right scale

String Axions and Relics.

Relic 2: Moduli

ensure , then compute axions EFT⟨moduli⟩
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2) Assume moduli are stabilised properly

α−1
s

cutoff
= vol (ΣQCD

4 )

[Sheridan, Carta, Gendler, Jain, Marsh, McAllister, NR, Rogers, Schachner ’24]

4D  chiral multiplet:𝒩 = 1

String Axions and Relics.

Relic 2: Moduli

Mmoduli > ΛEFT

Ti = vol(Σi
4) + iθi   at least as many moduli as axions!⇒

must be stabilised at the right scale
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2) Assume moduli are stabilised properly

10°30 10°28 10°26 10°24 10°22 10°20 10°18

ma (eV)

10°8

10°6

10°4

10°2

100

≠
a
/≠

D
M

Constraint

Forecast

Max Abundance (µa = 1)

Best 1000 models

Representative sample

[Sheridan, Carta, Gendler, Jain, Marsh, McAllister, NR, Rogers, Schachner ’24]

4D  chiral multiplet:𝒩 = 1

String Axions and Relics.

Relic 2: Moduli

Ti = vol(Σi
4) + iθi   at least as many moduli as axions!⇒

must be stabilised at the right scale
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String Axions and Relics,

Relic 3: Dark U(1) gauge fields

0 20 40 60 80 100 120 140

h2,1
+

h1,1

2

3

4

5

6

7

using [Moritz ’23]

C4 = θi ωi
4 + Va ∧ αa

 in of orientifoldsh2,1
+ ≠ 0 ∼ 95 %
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Heavy String Axions form Inflation

String axions are naturally light:  m2
a ∼ e−vol(Σ4)
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Heavy String Axions form Inflation

String axions are naturally light:  m2
a ∼ e−vol(Σ4)

PARAM. RESONANCE

ϕ ≃ ⟨ϕ⟩ + Δϕ t−1 cos(mϕt)

θ(t, ⃗x) ≃ ⟨θ⟩ + θk(t, ⃗x)

inflaton:

axion:

··θk + (3H −
∂KTT̄

KTT̄ ) ·θk + ( k2

a2
+

∂2V
∂θ2

k ) θk = 0

A dynamical process can change this: parametric resonance
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String axions are naturally light:  m2
a ∼ e−vol(Σ4)

PARAM. RESONANCE

ϕ ≃ ⟨ϕ⟩ + Δϕ t−1 cos(mϕt)

θ(t, ⃗x) ≃ ⟨θ⟩ + θk(t, ⃗x)

inflaton:

axion:

··θk + (3H −
∂KTT̄

KTT̄ ) ·θk + ( k2

a2
+

∂2V
∂θ2

k ) θk = 0

··θk + (3H −
∂KTT̄

KTT̄ ) ·θk + ( k2

a2
+ m2

θ,0e
− Δϕ

mϕt cos(mϕt)) θk = 0

[Leedom, Putti, NR, Westphal ’24]

A dynamical process can change this: parametric resonance
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Relics from Heavy Axions

··θk + (3H −
∂KTT̄

KTT̄ ) ·θk + ( k2

a2
+ m2

θ,0e
− Δϕ

mϕt cos(mϕt)) θk = 0

 production of axions,       contribution to   ℒkin > V ⇒ mθ,eff ≲ 10−28 eV ⇒ ΔNeff ≲ 10−6

 production of axions,      ℒkin < V ⇒ mθ,eff ∼ mϕ ⇒ During radiation domination 
redshift slower than radiation, 
might lead to overclosure

⇒

must decay efficiently 

m2
θ,eff

[Leedom, Putti, NR, Westphal ’24]
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Relics from Heavy Axions?

 If axion is heavy ( ), it can decay into  
1. Massless gauge bosons 
2. Gravitons 
3. SM — MSSM Higgs doublet 
4. Lighter axions 
5. Condensing gauge group

mθ ∼ HI

16/17



Conclusions

The string axiverse can be realised in our universe and detected, but at a price:

Introduction of non-standard cosmology: low TR

Presence of a number of relics: moduli, dark photons, decay products…

String theory p.o.v. is different form pure EFT, e.g. high quality and couplings

Axion detection could inform us about our place in the landscape.

Tuning of the geometry

17/17
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The string axiverse can be realised in our universe and detected, but at a price:
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Backup: How to Approach the Landscape

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

[Kreuzer, Skarke ’00] [Demirtas, Rios-Tascon, McAllister ’22]


