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We compute axion-photon couplings in string theory 
and compare to observational bounds.
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Why do string theorists care about axions?
1. Active ongoing experiments searching for them. 

2. Axion potentials are sensitive to UV physics, but are computable in 
string theory. 

3. Can make fairly model-independent statements about axions in 
string theory.

Axion experiments can teach us about  
where we live in the string theory landscape.
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Axiverse expectations

<latexit sha1_base64="9qK6RvY1TAtlKU9y7b62SJw0GNI="></latexit>

L = �1

2
Kab@µ�a@

µ�b +
Qa

EM�a

32⇡2
F ^ F +

X

I

⇤4
I [1� cos (2⇡Qa

I�a)]

By axiverse we mean:

Axiverse data:
<latexit sha1_base64="zY+2Myp/in5c20lOL7CJ902Zkz8=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBEvBVZkRUTdC0Y3gpoJ9SDuWTJppQ5PMkGSEMvQr3LhQxK2f486/MdPOQqsHAodzcrnnniDmTBvX/XIKS8srq2vF9dLG5tb2Tnl3r6WjRBHaJBGPVCfAmnImadMww2knVhSLgNN2ML7K/PYjVZpF8s5MYuoLPJQsZAQbK93fPKQ4mKKLUr9ccWvuDOgv8XJSgRyNfvmzN4hIIqg0hGOtu54bGz/FyjDC6bTUSzSNMRnjIe1aKrGg2k9ngaeoapUBCiNlnzRopv6cSLHQeiJssqrAZqQXvUz8z+smJjz3UybjxFBJ5ovChCMToex6NGCKEsMnlmCimM2KyAgrTIztKCvBWzz5L2kd17zTmnd7Uqlf5nUU4QAO4Qg8OIM6XEMDmkBAwBO8wKujnGfnzXmffy04+cw+/ILz8Q2izY+l</latexit>

Kab =
<latexit sha1_base64="8DlvR0Pte32yzQCBN4cDN6+KT50=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9kVUS9C0YveWrAf0K4lm2bb0GyyJFmhLP0RXjwo4tXf481/Y7bdg7Y+GHi8N8PMvCDmTBvX/XYKK6tr6xvFzdLW9s7uXnn/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG8zv/1ElWZSPJhJTP0IDwULGcHGSu3GI+7fX5f65YpbdWdAy8TLSQVy1Pvlr95AkiSiwhCOte56bmz8FCvDCKfTUi/RNMZkjIe0a6nAEdV+Ojt3ik6sMkChVLaEQTP190SKI60nUWA7I2xGetHLxP+8bmLCKz9lIk4MFWS+KEw4MhJlv6MBU5QYPrEEE8XsrYiMsMLE2ISyELzFl5dJ66zqXVS9xnmldpPHUYQjOIZT8OASanAHdWgCgTE8wyu8ObHz4rw7H/PWgpPPHMIfOJ8/HauOxQ==</latexit>

Qa
I =

<latexit sha1_base64="GNGDZSRmrauGwoakGqFE0T7B6JE=">AAAB9HicbVDLSsNAFL2pr1pfVZduBovgqiQi6kYoulFwUcE+oI1lMpm0QyeTODMplNDvcONCEbd+jDv/xkmbhbYeGDiccy73zvFizpS27W+rsLS8srpWXC9tbG5t75R395oqSiShDRLxSLY9rChngjY005y2Y0lx6HHa8obXmd8aUalYJB70OKZuiPuCBYxgbSS3e2eiPu7dPp5elnrlil21p0CLxMlJBXLUe+Wvrh+RJKRCE46V6jh2rN0US80Ip5NSN1E0xmSI+7RjqMAhVW46PXqCjozioyCS5gmNpurviRSHSo1DzyRDrAdq3svE/7xOooMLN2UiTjQVZLYoSDjSEcoaQD6TlGg+NgQTycytiAywxESbnrISnPkvL5LmSdU5qzr3p5XaVV5HEQ7gEI7BgXOowQ3UoQEEnuAZXuHNGlkv1rv1MYsWrHxmH/7A+vwBR3iRIA==</latexit>

⇤4
I =

<latexit sha1_base64="R84jYY5pZPDdpL5+ribfQ5pakwE=">AAAB7HicbVBNS8NAEJ2tX7V+VT16WSyCIIRERD0WvXisYGyhDWWz3bRLN5uwuxFK6G/w4kERr/4gb/4bN20O2vpg4PHeDDPzwlRwbVz3G1VWVtfWN6qbta3tnd29+v7Bo04yRZlPE5GoTkg0E1wy33AjWCdVjMShYO1wfFv47SemNE/kg5mkLIjJUPKIU2Ks5J85jlPr1xuu486Al4lXkgaUaPXrX71BQrOYSUMF0brruakJcqIMp4JNa71Ms5TQMRmyrqWSxEwH+ezYKT6xygBHibIlDZ6pvydyEms9iUPbGRMz0oteIf7ndTMTXQc5l2lmmKTzRVEmsElw8TkecMWoERNLCFXc3orpiChCjc2nCMFbfHmZPJ473qXj3V80mjdlHFU4gmM4BQ+uoAl30AIfKHB4hld4QxK9oHf0MW+toHLmEP4Aff4A6TiNcQ==</latexit>

+...

metric on field space

instanton charges

instanton actions

axion decay constants ∼ 1016 GeV

calculate explicitly in string theory

masses homogeneous on log scale

(historical) string theory expectations:

[Arvanitaki, Dimopoulos, Dubovski, Kaloper, March-Russell ’09] 
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Now we compactify this theory on a circle of radius R:
z

= ∫ d4x ( 1
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Lesson: extra-dimensional gauge fields integrated over loops are axions.
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Axions from string theory

Gauge fields in 10 dimensions give rise to 4D axions:

 some loopℓi

These manifolds can have hundreds of “loops”  hundreds of axions! →
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decay constant of axion :      i fi ∼ 1
vol(ℓi)
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Gauge theories in type IIB string theory
Eventual goal: build the standard model in type IIB string theory.

How? Stacks of D7-branes on 4-cycles give rise to gauge theories.

So we would have:

For now:

• QCD lives on some 4-cycle  with DQCD g2 = 1
vol(DQCD)

• QED lives on an intersecting 4-cycle  DQED

• Choose  and  DQCD DQED
• Dilate the overall voume of the Calabi-Yau until  gives right  

gauge coupling of QCD in the IR.
vol(DQCD)
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Setup: we compactify type IIB string theory on a Calabi-Yau threefold.



The effective theory contains  axions:N

Axions in type IIB string theory
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The QCD axion, , is the one associated to  integrated over , the  
four-cycle that hosts QCD.
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Axions in type IIB string theory

The QCD axion, , is the one associated to  integrated over , the  
four-cycle that hosts QCD.

θQCD C4 DQCD
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DA = a four-cycle

Likewise, the QED axion, , is the one associated to  integrated over , the  
four-cycle that hosts QED.

θQED C4 DQED

We have: , , ,… θQCD θQED θ3 θN

Setup: we compactify type IIB string theory on a Calabi-Yau threefold.

N is usually  
 — are such theories ruled out?
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Axion potentials in string theory

• D-branes stacked on cycles  gauge theories →

• Gauge fields integrated over cycles  axions→

• Space-like D-branes wrapped on cycles  instantons  →

• These generate potentials for the axions
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Axion potentials in type IIB string theory
Instantons generate a potential of the following form:

: instanton energy scales
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Axion potentials in type IIB string theory
Instantons generate a potential of the following form:
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: instanton energy scales

: phases set by UV physics (generally assumed O(1))
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A database of string theory axion EFTs
What geometries do we compactify string theory on?

The largest known class comes from a database called the “Kreuzer-Skarke database.”

Up to  geometries can be constructed from this database.10428

We use a publicly available package called CYTools to 
efficiently generate the data needed for axion effective theories.

CYTools can compute volumes of loops in Calabi-Yau geometries, so we can easily 
use it to calculate axion masses and decay constants.
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Type IIB explicit axiverse

masses span 

many decades

decay constants
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Cosmological and astrophysical bounds

• Now have the capability to construct a semi-realistic axiverse from 
compactifications on Calabi-Yau threefolds.  

• Are these models ruled out by observations?  

• A first study: QCD -angles in the string axiverse θ

• I will now present some results on studying axion-photon couplings in this 
axiverse.

[Demirtas, NG, Long,McAllister, Moritz ’21]



II. Axion-photon couplings 
in string theory



Axion detection
• We will focus on constraints coming from the axion coupling to photons:
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Axion-photon couplings in IIB string theory
Start with axion Lagrangian in terms of Calabi-Yau data:
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Axion-photon couplings in IIB string theory
Start with axion Lagrangian in terms of Calabi-Yau data:

Goal/question: in a basis where all axions are mass and kinetic eigenstates, what are 
the couplings of those axions to ?F ∧ F
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Axion-photon couplings in IIB string theory
Start with axion Lagrangian in terms of Calabi-Yau data:

Goal/question: in a basis where all axions are mass and kinetic eigenstates, what are 
the couplings of those axions to ?F ∧ F

Two key facts in type IIB:

1. In the geometric regime, the  are exponentially hierarchical.

2. There is an E&M instanton.

Λ4
I
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Axion-photon couplings in IIB string theory
Start with axion Lagrangian in terms of Calabi-Yau data:

Goal/question: in a basis where all axions are mass and kinetic eigenstates, what are 
the couplings of those axions to ?F ∧ F

Two key facts in type IIB:

1. In the geometric regime, the  are exponentially hierarchical.

2. There is an E&M instanton.
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General lesson: only axions heavier than the QED axion couple to photons.
[NG, Marsh, McAllister, Moritz ’23]
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• 3 axions have non-trivial coupling 
to photons


• The other 197 are “invisible”
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Lesson: in this landscape, even if we detect an axion, we won’t detect the whole axiverse.

“the invisible Axiverse”
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What do we see?
By scanning over tens of thousands of Calabi-Yau compactifications, we find that 
as  increases:N

• Axion-photon couplings increase
• Dark matter relic densities decrease
• The number of axion minima stays %(1)
• Axion decay constants decrease
• Stringy contributions to the QCD -angle decreaseθ

All of these behaviors are a consequence of one underlying fact:

As  increases, hierarchies in instanton scales increase.N
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Stringy axions vs. field theory expectations
Instanton scale hierarchies increase as a function of N.

This leads to correlations between axion physics and the number of axions in  
a given theory. 

This is something you would have no reason to suspect in a generic axion theory!

String theory can teach us lessons about axions that we wouldn’t see  
from a model-building perspective.
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What drives this behavior?
Key fact: in all explicit studies of the string axiverse, we demand control 
of the  expansion.α′ 

 all divisor volumes must be bigger than 1 in string units.→

As  increases:N
• Ratios between volumes are constrained, but number of divisors grows

• Ensuring that the smallest divisors have volumes >1 entails that the 
largest divisors are huge

Question: is this behavior unique to Calabi-Yau toric hypersurfaces?

Or is it a more universal feature, possibly driven by principles of quantum gravity?

[Cheng, NG WIP]
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Conclusions

• We constructed an ensemble of axiverses in type IIB string theory

• Hierarchies in Calabi-Yau geometries led to new expectations for the scales of 
the problem: as the number of axions increases, the decay constants 
decrease.

• In the models we studied, we calculated the effective axion-photon couplings.

• We found a mechanism that generically suppresses axion-photon couplings.

• Even string theory models with hundreds of axions are not ruled out by axion-
photon coupling experiments.



Thank you!


