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What is Dark Matter made of?

radiation:

matter:

curvature:
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curvature growing 
but < 1% today!

How does cosmological inflation work?

Why is today’s CC so small?
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The Anthropic Principle

• also known as “observation selection effect”  
 
The range of possible observations in our 
universe is constrained by observers necessarily 
existing in a universe suitable for the formation 
of observers. 
 
- first called “Anthropic Principle” by Brandon 
Carter in 1973

[Carter ’73]
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Weak vs Strong

• cosmological formulation by Barrow & Tipler … 
since then up to 30 variants — mainly cluster 
into two forms  
 
- Weak Anthropic Principle: 
 

"The observed values of all physical and cosmological quantities are not 
equally probable but they take on values restricted by the requirement that 
there exist sites where carbon-based life can evolve and by the 
requirements that the universe be old enough for it to have already done 
so.” 
 
- Strong Anthropic Principle: 
 

"The Universe must have those properties which allow life to develop 
within it at some stage in its history.”

[Barrow & Tipler ’86]

can be quickly abused to “argue” for creation/intelligent design 
and/or simulation hypothesis 
 
… don’t go down that road  — only weak form useful for science
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Example 1 - Earth’s Orbit

• Before 1992  
 
- in solar system,  Earth has right orbit (distance from the 
sun) to support liquid surface water (precondition for 
carbon life) 
 
- early attempts (e.g. Kepler) to explain why Earth has to 
have this orbit failed: 
          Newtonian mechanics & gravity  
          laws explain dynamics, but allow for  
          continuum of possible orbits 
 
- but  —  selection effect (anthropic statement) : 
as water-based carbon life we necessarily find ourselves 
on (an) Earth
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• Since 1992/1995  (first exoplanet discoveries): 
 
- there are > 1011      x     1011      = 1022 stars in the visible 
universe, most of them with planets 
 

Note the difference:  
 
- Before 1992  —  anthropic statement was a tautology 

- After   1992 —  it becomes half science, as now there is a mechanism 
to realize many different orbits, with some in the right range 

[Queloz & Mayor ’95]
[Wolszczan & Frail ’92]

Example 1 - Earth’s Orbit

# galaxies# stars/galaxy

 
 
- physical mechanism to realize a very large set of possible 
orbits 
 
- now by necessity we find ourselves in an Earth-like orbit, 
because some of the realized orbits will be Earth-like !
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Example 2 - Stellar Nucleosynthesis & Hoyle State

• for stars to fuse enough carbon from 
hydrogen via helium  
 
- need 
 
- need

[Hoyle ’54]

[Hollowell, Weiss & Truran ’89]
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• the upshot: 
 
2 conditions for anthropic reasoning in science  
 
(i) a physical parameter with a narrow range of values 
required by life-compatible universe 
 
(ii) a physical mechanism realizing a very large set of values 
of this parameter on a wide value range in separated regions:

How to (not) use Anthropic Reasoning

• without (ii) anthropics is mere tautology !
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• implications of (ii)  
 
what are the separated regions:

varying planetary orbits: 

separated regions = different stellar systems

How to (not) use Anthropic Reasoning

A Multiverse !

varying coupling constants:  

separated regions = different universes ! 
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• outcomes:  
 
- anthropics in cosmology often requires a multiverse 
 
- anthropics usually explains = postdicts an existing 
observation / parameter value

How to (not) use Anthropic Reasoning

Do we have a mechanism for a multiverse ?

Can we get a falsifiable prediction from anthropics ?

• leaves us with 2 questions:



slow-roll inflation ...

Figure 1: Motion of the scalar field in the theory with V (φ) = m2

2 φ2. Several different regimes
are possible, depending on the value of the field φ. If the potential energy density of the field is
greater than the Planck density M4

p = 1, φ ! m−1, quantum fluctuations of space-time are so
strong that one cannot describe it in usual terms. Such a state is called space-time foam. At a
somewhat smaller energy density (for m " V (φ) " 1, m−1/2 " φ " m−1) quantum fluctuations
of space-time are small, but quantum fluctuations of the scalar field φ may be large. Jumps
of the scalar field due to quantum fluctuations lead to a process of eternal self-reproduction of
inflationary universe which we are going to discuss later. At even smaller values of V (φ) (for
m2 " V (φ) " m, 1 " φ " m−1/2) fluctuations of the field φ are small; it slowly moves down
as a ball in a viscous liquid. Inflation occurs for 1 " φ " m−1. Finally, near the minimum of
V (φ) (for φ " 1) the scalar field rapidly oscillates, creates pairs of elementary particles, and
the universe becomes hot.

6

[Guth, Linde, Albrecht, Steinhardt ‘80s]

[picture from lecture notes: Linde ’07]
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Inflation is an extremely rapid acceleration in the universe soon after its creation.
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Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter�CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ⇤ = 50, and linear beyond. The vertical scale is ⇤(⇤+ 1)Cl/2�. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-⇤ region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ⇤ = 50,
and linear beyond. The vertical scale is ⇤(⇤ + 1)Cl/2�. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di⇥ers from the ERCSC in its extraction philosophy: more e⇥ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di⇥erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di⇥erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27
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strong that one cannot describe it in usual terms. Such a state is called space-time foam. At a
somewhat smaller energy density (for m " V (φ) " 1, m−1/2 " φ " m−1) quantum fluctuations
of space-time are small, but quantum fluctuations of the scalar field φ may be large. Jumps
of the scalar field due to quantum fluctuations lead to a process of eternal self-reproduction of
inflationary universe which we are going to discuss later. At even smaller values of V (φ) (for
m2 " V (φ) " m, 1 " φ " m−1/2) fluctuations of the field φ are small; it slowly moves down
as a ball in a viscous liquid. Inflation occurs for 1 " φ " m−1. Finally, near the minimum of
V (φ) (for φ " 1) the scalar field rapidly oscillates, creates pairs of elementary particles, and
the universe becomes hot.
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V (�)

x

y



Cosmological Constant Problem

NO!

<latexit sha1_base64="07iT0po92+bKanhNo3gbFs8wzq0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFZIY2roQCm5ciFSwD0hDmUwm7dBJJsxMhBL6GW5cKOLWr3Hn3zhpK6jogYHDOecy954gZVQqy/owSiura+sb5c3K1vbO7l51/6AreSYw6WDOuOgHSBJGE9JRVDHSTwVBccBIL5hcFn7vnghJeXKnpinxYzRKaEQxUlryBtc6GiJ4Aa1htWaZ582649ahZVpWw3bsgjgN98yFtlYK1MAS7WH1fRBynMUkUZghKT3bSpWfI6EoZmRWGWSSpAhP0Ih4miYoJtLP5yvP4IlWQhhxoV+i4Fz9PpGjWMppHOhkjNRY/vYK8S/Py1TU9HOapJkiCV58FGUMKg6L+2FIBcGKTTVBWFC9K8RjJBBWuqWKLuHrUvg/6TqmXTfdW7fWulnWUQZH4BicAhs0QAtcgTboAAw4eABP4NlQxqPxYrwuoiVjOXMIfsB4+wQXypCJ</latexit>

⇤ = 0

<latexit sha1_base64="kqg9rB7yqRq7R3b++otQtavOmA4=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyWRoi4LblyIVLAPaEKYTCbt0MkkzNwIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOedy554gFVyDbX9bpZXVtfWN8mZla3tnd6+6f9DRSaYoa9NEJKoXEM0El6wNHATrpYqROBCsG4yup373kSnNE/kA45R5MRlIHnFKwEh+9ci9NeGQ+LkLgLnkwImY+NWaXbdnwMvEKUgNFWj51S83TGgWMwlUEK37jp2ClxMFnAo2qbiZZimhIzJgfUMliZn28tn3J/jUKCGOEmWeBDxTf0/kJNZ6HAcmGRMY6kVvKv7n9TOIrrycyzQDJul8UZQJDAmedoFDrhgFMTaEUGVOp5gOiSIUTGMVU4KzePIy6ZzXnYt6475Ra94VdZTRMTpBZ8hBl6iJblALtRFFOXpGr+jNerJerHfrYx4tWcXMIfoD6/MHZ6OV1A==</latexit>

⇤initial

Smooth 
adjustment?

[Weinberg ’89]

those same vacuum fluctuations 
give huge CC = create ultra-rapid inflation!



Cosmological Constant Problem

NO!

Symmetry constraint?
… e.g. Supersymmetry

<latexit sha1_base64="kqg9rB7yqRq7R3b++otQtavOmA4=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyWRoi4LblyIVLAPaEKYTCbt0MkkzNwIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOedy554gFVyDbX9bpZXVtfWN8mZla3tnd6+6f9DRSaYoa9NEJKoXEM0El6wNHATrpYqROBCsG4yup373kSnNE/kA45R5MRlIHnFKwEh+9ci9NeGQ+LkLgLnkwImY+NWaXbdnwMvEKUgNFWj51S83TGgWMwlUEK37jp2ClxMFnAo2qbiZZimhIzJgfUMliZn28tn3J/jUKCGOEmWeBDxTf0/kJNZ6HAcmGRMY6kVvKv7n9TOIrrycyzQDJul8UZQJDAmedoFDrhgFMTaEUGVOp5gOiSIUTGMVU4KzePIy6ZzXnYt6475Ra94VdZTRMTpBZ8hBl6iJblALtRFFOXpGr+jNerJerHfrYx4tWcXMIfoD6/MHZ6OV1A==</latexit>

⇤initial

[Weinberg ’89]

those same vacuum fluctuations 
give huge CC = create ultra-rapid inflation!



Cosmological Constant Problem

NO!

Symmetry constraint?
… e.g. Supersymmetry

<latexit sha1_base64="kqg9rB7yqRq7R3b++otQtavOmA4=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyWRoi4LblyIVLAPaEKYTCbt0MkkzNwIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOedy554gFVyDbX9bpZXVtfWN8mZla3tnd6+6f9DRSaYoa9NEJKoXEM0El6wNHATrpYqROBCsG4yup373kSnNE/kA45R5MRlIHnFKwEh+9ci9NeGQ+LkLgLnkwImY+NWaXbdnwMvEKUgNFWj51S83TGgWMwlUEK37jp2ClxMFnAo2qbiZZimhIzJgfUMliZn28tn3J/jUKCGOEmWeBDxTf0/kJNZ6HAcmGRMY6kVvKv7n9TOIrrycyzQDJul8UZQJDAmedoFDrhgFMTaEUGVOp5gOiSIUTGMVU4KzePIy6ZzXnYt6475Ra94VdZTRMTpBZ8hBl6iJblALtRFFOXpGr+jNerJerHfrYx4tWcXMIfoD6/MHZ6OV1A==</latexit>

⇤initial

[Weinberg ’89]

those same vacuum fluctuations 
give huge CC = create ultra-rapid inflation!

[Weinberg ’89] no cosmic structure if:

<latexit sha1_base64="hPKC5tJTY3MAqgxY3DdbmyXTVr8="></latexit>

⇢CC & 10�121M4
P = 10⇢CC,0

anthropic explanation of small CC

IF

… there is huge landscape of CCs !



Cosmological Constant Problem

NO!

Symmetry constraint?
… e.g. Supersymmetry

<latexit sha1_base64="kqg9rB7yqRq7R3b++otQtavOmA4=">AAAB/nicbVDLSsNAFJ3UV62vqrhyM1gEVyWRoi4LblyIVLAPaEKYTCbt0MkkzNwIJRT8FTcuFHHrd7jzb5y2WWjrgYHDOedy554gFVyDbX9bpZXVtfWN8mZla3tnd6+6f9DRSaYoa9NEJKoXEM0El6wNHATrpYqROBCsG4yup373kSnNE/kA45R5MRlIHnFKwEh+9ci9NeGQ+LkLgLnkwImY+NWaXbdnwMvEKUgNFWj51S83TGgWMwlUEK37jp2ClxMFnAo2qbiZZimhIzJgfUMliZn28tn3J/jUKCGOEmWeBDxTf0/kJNZ6HAcmGRMY6kVvKv7n9TOIrrycyzQDJul8UZQJDAmedoFDrhgFMTaEUGVOp5gOiSIUTGMVU4KzePIy6ZzXnYt6475Ra94VdZTRMTpBZ8hBl6iJblALtRFFOXpGr+jNerJerHfrYx4tWcXMIfoD6/MHZ6OV1A==</latexit>

⇤initial

[Weinberg ’89]

those same vacuum fluctuations 
give huge CC = create ultra-rapid inflation!

[Weinberg ’89] no cosmic structure if:

<latexit sha1_base64="hPKC5tJTY3MAqgxY3DdbmyXTVr8="></latexit>

⇢CC & 10�121M4
P = 10⇢CC,0

anthropic explanation of small CC

IF

… there is huge landscape of CCs !

CC

order 
parameter 1

order 
parameter 2

origin ?

string theory 
solutions: 

<latexit sha1_base64="u5N50RevoFNpKBADM95hBvHTaoo=">AAAB/3icdVC7TgJBFJ3FF+ILtbSZSEwsDJldYMHGEG0sMZFHAiuZHQaYMPtwZpZINhR+ha1WdsbWT7HwX5wFTNToSW5ycs69ufceN+RMKoTejdTS8srqWno9s7G5tb2T3d1ryCAShNZJwAPRcrGknPm0rpjitBUKij2X06Y7ukj85pgKyQL/Wk1C6nh44LM+I1hpyenk4Bk00U1cQmjazeZQ/rRiWyULojxCZatgJ8QqF60CNLWSIAcWqHWzH51eQCKP+opwLGXbRKFyYiwUI5xOM51I0hCTER7QtqY+9qg86Y1ZKGfUie9mD0zhkXZ7sB8IXb6CM/X7dIw9KSeeqzs9rIbyt5eIf3ntSPUrTsz8MFLUJ/NF/YhDFcAkDdhjghLFJ5pgIpi+G5IhFpgonZnO4+tp+D9pWHnTzttXxVz1fJFMGhyAQ3AMTFAGVXAJaqAOCLgFD+ARPBn3xrPxYrzOW1PGYmYf/IDx9gmUG5Wq</latexit>

# > 10500

  order parameters? 
 
scalar fields (moduli)



strings ... 

• string theory:  
- gravity + extra dimensions 
- higher-dimensional gauge fields 
- branes (SM fields)

19

<latexit sha1_base64="iHy0NYn/miGEwypVyJo0VnRjt4Q=">AAACAHicdVDLSsNAFJ34rPVVdelmsAguJCS1jyyL3bisYB/QxDKZTNuhk0mYmRRL6MavcKsrd+LWP3HhvzhNK6jogQuHc+7l3nv8mFGpLOvdWFldW9/YzG3lt3d29/YLB4dtGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fjjxtzvTIiQNOI3ahoTL0RDTgcUI6Wl20Y/dcPE5YkrRtGsXyhaplVxao4DLbN8YVt2VRPbdsqVErRNK0MRLNHsFz7cIMJJSLjCDEnZs61YeSkSimJGZnk3kSRGeIyGpKcpRyGR58GExjKjXnqXfTCDp9oN4CASuriCmfp9OkWhlNPQ150hUiP525uLf3m9RA0cL6U8ThTheLFokDCoIjiPAwZUEKzYVBOEBdV3QzxCAmGlQ9N5fD0N/yftkmlXzep1uVi/XCaTA8fgBJwBG9RAHVyBJmgBDAR4AI/gybg3no0X43XRumIsZ47ADxhvn6JxmCs=</latexit>

Cµ⌫⇢

deformations: 
moduli - scalar fields
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<latexit sha1_base64="UCaPjJKaAqPhyvV71rf3GmucByo="></latexit>

S = M
8
S

Z
d10x

p
�g

⇥
e
�2�

�
R+ (@M�)2 + |H3|2

�
+ |Fp|2

⇤

<latexit sha1_base64="MwKP2j9rFQDFbx0CvHlWL90azGQ=">AAACEXicbZDLSsNAFIYnXmu9VV2KMFgEF1ISkeqy2I0bpQV7gSSEyWTSDp1cmJkUS8jKR/Ap3OrKnbj1CVz4Lk7TLLT1h4GP85/DmfO7MaNC6vqXtrS8srq2Xtoob25t7+xW9va7Iko4Jh0csYj3XSQIoyHpSCoZ6cecoMBlpOeOmlO/NyZc0Ci8l5OY2AEahNSnGElVcipHVoy4pIg5qXmbwaaT3rUs5kVSwLadOZWqXtNzwUUwCqiCQi2n8m15EU4CEkrMkBCmocfSTqcrMCNZ2UoEiREeoQExFYYoIOLMG9NY5GinD/lJGTxRrgf9iKsXSphXf0+nKBBiEriqM0ByKOa9afE/z0ykf2WnNIwTSUI8W+QnDMoITvOBHuUESzZRgDCn6t8QDxFHWKoUVR7G/PWL0D2vGfVavX1RbVwXyZTAITgGp8AAl6ABbkALdAAGj+AZvIBX7Ul70961j1nrklbMHIA/0j5/AHMend4=</latexit>

@[MCNP...Q]

<latexit sha1_base64="8IVmoN512wfPR51nXpgZfSUgSIs=">AAACCXicbZDLSsNAFIYnXmu9RcWVm8EiuJCSiFSXpW7cKBXsBdIQJpNJO3RyYWZSLCFP4FO41ZU7cetTuPBdnKRZaOuBgY//P2dmzu/GjAppGF/a0vLK6tp6ZaO6ubW9s6vv7XdFlHBMOjhiEe+7SBBGQ9KRVDLSjzlBgctIzx1f535vQrigUfggpzGxAzQMqU8xkkpy9MNBjLikiDmpdZvBlpPete3M0WtG3SgKLoJZQg2U1Xb074EX4SQgocQMCWGZRiztNL8aM5JVB4kgMcJjNCSWwhAFRJx5ExqLAu30sVglgyfK9aAfcXVCCQv193SKAiGmgas6AyRHYt7Lxf88K5H+lZ3SME4kCfHsIT9hUEYwzwV6lBMs2VQBwpyqf0M8QhxhqdJTeZjz2y9C97xuNuqN+4tas1UmUwFH4BicAhNcgia4AW3QARik4Bm8gFftSXvT3rWPWeuSVs4cgD+lff4AZG6amg==</latexit>

@[MBNP ]

strings ... 

<latexit sha1_base64="BxCwZmBkTkSMLlYQooEbZqJTDsc=">AAACJHicbVDLSsNAFJ34rO+qSzeDRRAsJRGpYjeiG5cKthaaUiaTm3boZBJmJsUS8ht+gl/hVlfuxIUL/RanaRfaemDg3HPuZe49XsyZ0rb9ac3NLywuLRdWVtfWNza3its7DRUlkkKdRjySTY8o4ExAXTPNoRlLIKHH4d7rX438+wFIxSJxp4cxtEPSFSxglGgjdYr2kVtLXRliTxIBKjvPi5BoDTIr50WXJF1wawED7qusUyzZFTsHniXOhJTQBDed4pfrRzQJQWjKiVItx451OyVSM8ohW3UTBTGhfdKFlqGChKDK/oDFKqft9CG/MsMHxvVxEEnzhMa5+ns6JaFSw9AznWb/npr2RuJ/XivRwVk7ZSJONAg6/ihIONYRHkWGfSaBaj40hFDJzN6Y9ogk1GSkTB7O9PWzpHFccaqV6u1J6eJykkwB7aF9dIgcdIou0DW6QXVE0SN6Ri/o1Xqy3qx362PcOmdNZnbRH1jfP6WFpew=</latexit>

+ branes : matter, gauge fields

like Maxwell, but more indices

         moduli stabilization: 
field strengths (fluxes) produce 
masses for moduli scalars

[Giddings, Kachru & Polchinski ’01]

[Dasgupta, Rajesh & Sethi ’99]

CC landscape of CCs

[Susskind ’03]

[Kachru, Kallosh, Linde & Trivedi ’03]

… many more since then …
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string landscape … borders the swamp

• # of discrete solutions (`vacua’) very large:  
 
- 
 
- many different matter & gauge field spectra

<latexit sha1_base64="gPTj7+IH72iLN8fjQCwcofDSPQY="></latexit>

⇠ #(fluxes)#(cycles) � 10100 the landscape

[Kachru, Kallosh, Linde & Trivedi ’03]

[Susskind ’03]



21

string landscape … borders the swamp

• # of discrete solutions (`vacua’) very large:  
 
- 
 
- many different matter & gauge field spectra

<latexit sha1_base64="gPTj7+IH72iLN8fjQCwcofDSPQY="></latexit>

⇠ #(fluxes)#(cycles) � 10100

• anything goes? — No! 
 

• Swampland observation: 
 
some consistent QFT’s don’t mesh well with 
string theory or semi-classical gravity … 
… on-going research program

the landscape

the swamp

[Ooguri & Vafa ’06]

[Kachru, Kallosh, Linde & Trivedi ’03]

[Susskind ’03]

[Vafa ’05]
[Arkani-Hamed, Motl, Nicolis & Vafa '06]

[many works since ’15 including from IFT ]
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image credit: AW & OpenArt - Stable Diffusion 1.5

too hard - don’t know how to climb: 
full quantum gravity

avoid obvious 
swamp!

walkable 
landscape
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<latexit sha1_base64="9ZTzJ54mkxelj8Cl+wXsAtF1vz0=">AAAB83icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgriNFSwMDK1EL1IbVY7jtFYdJ7KdiirqE7DCxIZYeSAG3gU3zQAtR7L06f/P0Tn+vZgzpW37yyqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90d3Mb4+pVCwSj3oSUzfEA8ECRrA2UuOhX67YVTsrtAxODhXIq94vf/f8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXYMCh1Sd+WMWqwzd9Ck7eopOjOujIJLmCY0y9fd0ikOlJqFnOkOsh2rRm4n/ed1EBzduykScaCrIfFGQcKQjNEsA+UxSovnEACaSmbsRGWKJiTY5mTycxd8vQ+u86lxVLxsXldptnkwRjuAYTsGBa6jBPdShCQQoPMMLvFqJ9Wa9Wx/z1oKVzxzCn7I+fwC32ZHw</latexit>

L

<latexit sha1_base64="dV0RjUTuIcgof+wKahCD1sYrrVE=">AAAB9nicbZDLSsNAFIYnXmu9VV26GSyCCymJeFsW3bisYC/QhjKZnLRDJ5MwMyktoa/gVlfuxK2v48J3cZJmoa0HBj7+/xzOmd+LOVPatr+sldW19Y3N0lZ5e2d3b79ycNhSUSIpNGnEI9nxiALOBDQ10xw6sQQSehza3ug+89tjkIpF4klPY3BDMhAsYJToTOoB5/1K1a7ZeeFlcAqooqIa/cp3z49oEoLQlBOluo4dazclUjPKYVbuJQpiQkdkAF2DgoSgzv0xi1WObjrJ757hU+P6OIikeULjXP09nZJQqWnomc6Q6KFa9DLxP6+b6ODWTZmIEw2CzhcFCcc6wlkI2GcSqOZTA4RKZu7GdEgkodpEZfJwFn+/DK2LmnNdu3q8rNbvimRK6BidoDPkoBtURw+ogZqIoiF6Ri/o1ZpYb9a79TFvXbGKmSP0p6zPHzAmk1s=</latexit>

`

cycles carrying 
string axions

[Berg, Marsh, McAllister & Pajer ’10]
[Gendler, Marsh, McAllister & Moritz ’23]

[Hebecker, Jaeckel & Kuespert ’23]

<latexit sha1_base64="IENHtjxTUQY30P0abnshSBuxhXc=">AAACDHicbZDLSsNAFIYn9VbrLepGcDNYhApakiLVZdGNywr2Am0Mk8mkHTrJhJlJsZT6CD6FW125E7e+gwvfxWmahbb+MPBx/nM4c34vZlQqy/oyckvLK6tr+fXCxubW9o65u9eUPBGYNDBnXLQ9JAmjEWkoqhhpx4Kg0GOk5Q2up35rSISkPLpTo5g4IepFNKAYKV1yzYOz0EX3FdjFPlcwSInLEjpxzaJVtlLBRbAzKIJMddf87vocJyGJFGZIyo5txcoZI6EoZmRS6CaSxAgPUI90NEYoJPLUH9JYpuiMH9JrJvBYuz4MuNAvUjCt/p4eo1DKUejpzhCpvpz3psX/vE6igktnTKM4USTCs0VBwqDicBoN9KkgWLGRBoQF1f+GuI8EwkoHqPOw569fhGalbFfL1dvzYu0qSyYPDsERKAEbXIAauAF10AAYPIJn8AJejSfjzXg3PmatOSOb2Qd/ZHz+AEAnmlU=</latexit>

�m2
a · f2 cos(a)

<latexit sha1_base64="MOrIXAMdP9tatGCwSkg+1ijQKHM=">AAACFHicbZC7SgNBFIZn4y3GW9TSZjAIESTsBok2QtDGwiKCuUB2DWcns8mQ2Qszs8GwpPURfApbrezE1t7Cd3E2SaGJBwY+/v+cmTm/G3EmlWl+GZml5ZXVtex6bmNza3snv7vXkGEsCK2TkIei5YKknAW0rpjitBUJCr7LadMdXKV+c0iFZGFwp0YRdXzoBcxjBJSWOnmc2AQ4vhlfePdlXLQjEIoB79h+jOFYS518wSyZk8KLYM2ggGZV6+S/7W5IYp8GinCQsm2ZkXKS9F7C6Thnx5JGQAbQo22NAfhUnnSHLJITdJKHyVZjfKTdLvZCoU+g8ET9PZ2AL+XId3WnD6ov571U/M9rx8o7dxIWRLGiAZk+5MUcqxCnEeEuE5QoPtIARDD9b0z6IIAoHaTOw5rffhEa5ZJVKVVuTwvVy1kyWXSADlERWegMVdE1qqE6IugRPaMX9Go8GW/Gu/Exbc0Ys5l99KeMzx+HPp23</latexit>

L = f2(@µa)
2

[Peccei & Quinn ’77]
[Weinberg ’78]
[Wilczek ’78]

axions from string theory



23

<latexit sha1_base64="9ZTzJ54mkxelj8Cl+wXsAtF1vz0=">AAAB83icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgriNFSwMDK1EL1IbVY7jtFYdJ7KdiirqE7DCxIZYeSAG3gU3zQAtR7L06f/P0Tn+vZgzpW37yyqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90d3Mb4+pVCwSj3oSUzfEA8ECRrA2UuOhX67YVTsrtAxODhXIq94vf/f8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXYMCh1Sd+WMWqwzd9Ck7eopOjOujIJLmCY0y9fd0ikOlJqFnOkOsh2rRm4n/ed1EBzduykScaCrIfFGQcKQjNEsA+UxSovnEACaSmbsRGWKJiTY5mTycxd8vQ+u86lxVLxsXldptnkwRjuAYTsGBa6jBPdShCQQoPMMLvFqJ9Wa9Wx/z1oKVzxzCn7I+fwC32ZHw</latexit>

L

<latexit sha1_base64="dV0RjUTuIcgof+wKahCD1sYrrVE=">AAAB9nicbZDLSsNAFIYnXmu9VV26GSyCCymJeFsW3bisYC/QhjKZnLRDJ5MwMyktoa/gVlfuxK2v48J3cZJmoa0HBj7+/xzOmd+LOVPatr+sldW19Y3N0lZ5e2d3b79ycNhSUSIpNGnEI9nxiALOBDQ10xw6sQQSehza3ug+89tjkIpF4klPY3BDMhAsYJToTOoB5/1K1a7ZeeFlcAqooqIa/cp3z49oEoLQlBOluo4dazclUjPKYVbuJQpiQkdkAF2DgoSgzv0xi1WObjrJ757hU+P6OIikeULjXP09nZJQqWnomc6Q6KFa9DLxP6+b6ODWTZmIEw2CzhcFCcc6wlkI2GcSqOZTA4RKZu7GdEgkodpEZfJwFn+/DK2LmnNdu3q8rNbvimRK6BidoDPkoBtURw+ogZqIoiF6Ri/o1ZpYb9a79TFvXbGKmSP0p6zPHzAmk1s=</latexit>

`

cycle carrying  
branes with SM

cycles carrying 
string axions

[Berg, Marsh, McAllister & Pajer ’10]
[Gendler, Marsh, McAllister & Moritz ’23]

[Hebecker, Jaeckel & Kuespert ’23]

<latexit sha1_base64="IENHtjxTUQY30P0abnshSBuxhXc=">AAACDHicbZDLSsNAFIYn9VbrLepGcDNYhApakiLVZdGNywr2Am0Mk8mkHTrJhJlJsZT6CD6FW125E7e+gwvfxWmahbb+MPBx/nM4c34vZlQqy/oyckvLK6tr+fXCxubW9o65u9eUPBGYNDBnXLQ9JAmjEWkoqhhpx4Kg0GOk5Q2up35rSISkPLpTo5g4IepFNKAYKV1yzYOz0EX3FdjFPlcwSInLEjpxzaJVtlLBRbAzKIJMddf87vocJyGJFGZIyo5txcoZI6EoZmRS6CaSxAgPUI90NEYoJPLUH9JYpuiMH9JrJvBYuz4MuNAvUjCt/p4eo1DKUejpzhCpvpz3psX/vE6igktnTKM4USTCs0VBwqDicBoN9KkgWLGRBoQF1f+GuI8EwkoHqPOw569fhGalbFfL1dvzYu0qSyYPDsERKAEbXIAauAF10AAYPIJn8AJejSfjzXg3PmatOSOb2Qd/ZHz+AEAnmlU=</latexit>

�m2
a · f2 cos(a)

<latexit sha1_base64="MOrIXAMdP9tatGCwSkg+1ijQKHM=">AAACFHicbZC7SgNBFIZn4y3GW9TSZjAIESTsBok2QtDGwiKCuUB2DWcns8mQ2Qszs8GwpPURfApbrezE1t7Cd3E2SaGJBwY+/v+cmTm/G3EmlWl+GZml5ZXVtex6bmNza3snv7vXkGEsCK2TkIei5YKknAW0rpjitBUJCr7LadMdXKV+c0iFZGFwp0YRdXzoBcxjBJSWOnmc2AQ4vhlfePdlXLQjEIoB79h+jOFYS518wSyZk8KLYM2ggGZV6+S/7W5IYp8GinCQsm2ZkXKS9F7C6Thnx5JGQAbQo22NAfhUnnSHLJITdJKHyVZjfKTdLvZCoU+g8ET9PZ2AL+XId3WnD6ov571U/M9rx8o7dxIWRLGiAZk+5MUcqxCnEeEuE5QoPtIARDD9b0z6IIAoHaTOw5rffhEa5ZJVKVVuTwvVy1kyWXSADlERWegMVdE1qqE6IugRPaMX9Go8GW/Gu/Exbc0Ys5l99KeMzx+HPp23</latexit>

L = f2(@µa)
2

fixes strong CP
<latexit sha1_base64="wi4baLtbxA8za/PKkAsMm3Kre+A="></latexit>

�a✏µ⌫⇢�Gµ⌫G⇢�

[Peccei & Quinn ’77]
[Weinberg ’78]
[Wilczek ’78]

axions from string theory

<latexit sha1_base64="KXlL78J60H+VtJwlKGm4HZgbzdw="></latexit> Z

p� dim.
cycle

Cp = a
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<latexit sha1_base64="9ZTzJ54mkxelj8Cl+wXsAtF1vz0=">AAAB83icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgriNFSwMDK1EL1IbVY7jtFYdJ7KdiirqE7DCxIZYeSAG3gU3zQAtR7L06f/P0Tn+vZgzpW37yyqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90d3Mb4+pVCwSj3oSUzfEA8ECRrA2UuOhX67YVTsrtAxODhXIq94vf/f8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXYMCh1Sd+WMWqwzd9Ck7eopOjOujIJLmCY0y9fd0ikOlJqFnOkOsh2rRm4n/ed1EBzduykScaCrIfFGQcKQjNEsA+UxSovnEACaSmbsRGWKJiTY5mTycxd8vQ+u86lxVLxsXldptnkwRjuAYTsGBa6jBPdShCQQoPMMLvFqJ9Wa9Wx/z1oKVzxzCn7I+fwC32ZHw</latexit>

L

<latexit sha1_base64="dV0RjUTuIcgof+wKahCD1sYrrVE=">AAAB9nicbZDLSsNAFIYnXmu9VV26GSyCCymJeFsW3bisYC/QhjKZnLRDJ5MwMyktoa/gVlfuxK2v48J3cZJmoa0HBj7+/xzOmd+LOVPatr+sldW19Y3N0lZ5e2d3b79ycNhSUSIpNGnEI9nxiALOBDQ10xw6sQQSehza3ug+89tjkIpF4klPY3BDMhAsYJToTOoB5/1K1a7ZeeFlcAqooqIa/cp3z49oEoLQlBOluo4dazclUjPKYVbuJQpiQkdkAF2DgoSgzv0xi1WObjrJ757hU+P6OIikeULjXP09nZJQqWnomc6Q6KFa9DLxP6+b6ODWTZmIEw2CzhcFCcc6wlkI2GcSqOZTA4RKZu7GdEgkodpEZfJwFn+/DK2LmnNdu3q8rNbvimRK6BidoDPkoBtURw+ogZqIoiF6Ri/o1ZpYb9a79TFvXbGKmSP0p6zPHzAmk1s=</latexit>

`

cycle carrying  
branes with SM

cycles carrying 
string axions

[Berg, Marsh, McAllister & Pajer ’10]
[Gendler, Marsh, McAllister & Moritz ’23]

[Hebecker, Jaeckel & Kuespert ’23]

… most axions are dark!

<latexit sha1_base64="IENHtjxTUQY30P0abnshSBuxhXc=">AAACDHicbZDLSsNAFIYn9VbrLepGcDNYhApakiLVZdGNywr2Am0Mk8mkHTrJhJlJsZT6CD6FW125E7e+gwvfxWmahbb+MPBx/nM4c34vZlQqy/oyckvLK6tr+fXCxubW9o65u9eUPBGYNDBnXLQ9JAmjEWkoqhhpx4Kg0GOk5Q2up35rSISkPLpTo5g4IepFNKAYKV1yzYOz0EX3FdjFPlcwSInLEjpxzaJVtlLBRbAzKIJMddf87vocJyGJFGZIyo5txcoZI6EoZmRS6CaSxAgPUI90NEYoJPLUH9JYpuiMH9JrJvBYuz4MuNAvUjCt/p4eo1DKUejpzhCpvpz3psX/vE6igktnTKM4USTCs0VBwqDicBoN9KkgWLGRBoQF1f+GuI8EwkoHqPOw569fhGalbFfL1dvzYu0qSyYPDsERKAEbXIAauAF10AAYPIJn8AJejSfjzXg3PmatOSOb2Qd/ZHz+AEAnmlU=</latexit>

�m2
a · f2 cos(a)

<latexit sha1_base64="MOrIXAMdP9tatGCwSkg+1ijQKHM=">AAACFHicbZC7SgNBFIZn4y3GW9TSZjAIESTsBok2QtDGwiKCuUB2DWcns8mQ2Qszs8GwpPURfApbrezE1t7Cd3E2SaGJBwY+/v+cmTm/G3EmlWl+GZml5ZXVtex6bmNza3snv7vXkGEsCK2TkIei5YKknAW0rpjitBUJCr7LadMdXKV+c0iFZGFwp0YRdXzoBcxjBJSWOnmc2AQ4vhlfePdlXLQjEIoB79h+jOFYS518wSyZk8KLYM2ggGZV6+S/7W5IYp8GinCQsm2ZkXKS9F7C6Thnx5JGQAbQo22NAfhUnnSHLJITdJKHyVZjfKTdLvZCoU+g8ET9PZ2AL+XId3WnD6ov571U/M9rx8o7dxIWRLGiAZk+5MUcqxCnEeEuE5QoPtIARDD9b0z6IIAoHaTOw5rffhEa5ZJVKVVuTwvVy1kyWXSADlERWegMVdE1qqE6IugRPaMX9Go8GW/Gu/Exbc0Ys5l99KeMzx+HPp23</latexit>

L = f2(@µa)
2

<latexit sha1_base64="inFNgR1HPpi6Ehq1Q3Hn11xHb3o="></latexit>

m2
a ⇠ M2

P e�`d
<latexit sha1_base64="o9d3FSgpmJVvS/1hqzaoqfn7IWU="></latexit>

f ⇠ MP

`d

[Peccei & Quinn ’77]
[Weinberg ’78]
[Wilczek ’78]

axions from string theory

<latexit sha1_base64="KXlL78J60H+VtJwlKGm4HZgbzdw="></latexit> Z

p� dim.
cycle

Cp = a

… instanton effects
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• consequence of string extra dimensions:  
a p-form & many (p or p-1-dim) cycles  
— O(100) axions and “photons”  !!

★ string theory generically contains many axions

★ decay constants are high 
… power-law in extra-dim. size

★ masses distribute exponentially wide 
… exponential in extra-dim. size

★ couplings to SM: mostly no … 
… exceptions highly model-dependent (e.g. kinetic mixing)

string theory axiverse  &  photoverse !

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper & March-Russell ’09] 
[Cicoli, Goodsell & Ringwald ’12] , many many more …

=> universal !!

=> for type IIB strings yes  
… but for heterotic 

strings ?

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper & March-Russell ’09] [Coudarchet, Hebecker, Jaeckel & Steiner ’25]
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string axions …

gauge coupling unification & perturbativity:  

In the following we analyze the di↵erent possibilities of how the di↵erent axions

can become massive based on the three potentials we just outlines. In order to do so,

we specify some general ideas that will be useful.

1. The QCD potential will always be there and give mass only to the combination

of axions that is coupled to FF̃1.

2. Gaugino condensation will in general be there and give mass to the combination

coupling to FF̃2 when we have non-Abelian subgroups of E8 in our 4d theory.

The only exception is if we break the second E8 to U(1)s.

3. In perturbative heterotic string compactifications on CYs, the internal volume

V controls both ↵0-corrections and the strength of gauge and gravitational inter-

action. The ten-dimensional gauge coupling relates to the four-dimensional one

via g�2
YM ⇠ V/g2s . Reproducing realistic values for the unified gauge coupling at

the compactification scale requires keeping V moderately large, but not para-

metrically so. In the following we will consider values of V ⇠ O(10 � 20), as is

commonly done to ensuring perturbative control while maintaining compatibil-

ity with phenomenological constraints. As a result, heterotic compactifications

do not naturally allow for the parametrically large decay constants or ultra-light

axions.

2.1 Case I: hidden and visible sector

We want to understand how much the visible and the hidden sector are decoupled and

how much they are mixed. Let us first go to the base:

'1

f'1

=
#a

fa
+
X

i

ni

fi
#i ,

'2

f'2

=
#a

fa
�

X

i

ni

fi
#i . (2.4)

In this rotated basis, the Chern–Simons Lagrangian becomes diagonal:

LCS =
1

16⇡2

✓
'1

f'1

tr1F ^ F +
'2

f'2

tr2F ^ F

◆
. (2.5)

This is the situation analogous to Mario Reig’s paper MP: actuallly cite it: we have the

'1 combination that is the QCD axion, the '2 is the hidden axion, and the remaining

h11 � 1 axions will get masses from worldsheet instantons Eq. (2.3).

This is the case if, for example, h1,1 = 1, such that we only get the '1, 2 combina-

tions, and no contribution from the worldsheet instantons.

– 6 –

<latexit sha1_base64="mVWCv0wz60ZqTeO0Z0iM6kxSNd4=">AAACE3icbZC7TsMwFIadcivlFmBkwKJCYkBVUqHCWMHCWBC9SE1UOY7TWnXiyHYKVdSRR+ApWGFiQ6w8AAPvgptmgJZfsvTp/Ofo+PxezKhUlvVlFJaWV1bXiuuljc2t7R1zd68leSIwaWLOuOh4SBJGI9JUVDHSiQVBocdI2xteTf32iAhJeXSnxjFxQ9SPaEAxUrrUMw+dW9ofKCQEv4epgxGDrYnDiJSShrBq9cyyVbEywUWwcyiDXI2e+e34HCchiRRmSMqubcXKTZFQFDMyKTmJJDHCQ9QnXY0RCok89Uc0lhm66UN21AQea9eHARf6RQpm1d/TKQqlHIee7gyRGsh5b1r8z+smKrhwUxrFiSIRni0KEgYVh9OEoE8FwYqNNSAsqP43xAMkEFY6R52HPX/9IrSqFbtWqd2cleuXeTJFcACOwAmwwTmog2vQAE2AwSN4Bi/g1Xgy3ox342PWWjDymX3wR8bnD7EMnn8=</latexit>

) V . 20

   isotropic      -   extra-dimensions   -  fibration (anisotropic)  
<latexit sha1_base64="WBPpSsWCaAflFfYWvkvZre6NGtU="></latexit>

V =
bff

2
vb(vf )2

<latexit sha1_base64="r+Q9tNzuUbyOjEaPsHEwBZ/a7rA="></latexit>

h1,1 = 2

) vb ' 30 , vf = O(1)

<latexit sha1_base64="apFr/iguJ4WcRP2JH/5Tlqp8HLw=">AAACIHicbVDLSgMxFM34rPVVdekmWAQXUmZEqhuh6MZlBfuATi130oxNJzMTkkyxDPMTfoJf4VZX7sSlgv9i+lho64EDh3PuJbnHE5wpbduf1sLi0vLKam4tv76xubVd2NmtqziRhNZIzGPZ9EBRziJa00xz2hSSQuhx2vCCq1HeGFCpWBzd6qGg7RDuI+YzAtpYncJx6hLguJ7hC9eXQFI3ACGgk7J+kGVpOcODO2bYNww6haJdssfA88KZiiKaotopfLvdmCQhjTThoFTLsYVupyA1I5xmeTdRVAAJ4J62jIwgpOq4O2BCjWU7fRhfmOFDk3axH0vDSOOx+3s7hVCpYeiZyRB0T81mI/O/rJVo/7ydskgkmkZk8pCfcKxjPKoLd5mkRPOhEUAkM//GpAemKG1KNX04s9fPi/pJySmXyjenxcrltJkc2kcH6Ag56AxV0DWqohoi6BE9oxf0aj1Zb9a79TEZXbCmO3voD6yvHyqmpBE=</latexit>

V =
ijk

6
vivjvk

<latexit sha1_base64="m8CWg4Me9+0Ph3j+d6+WDANXr9o=">AAACDHicbZDLTgIxFIY7eEO8oW5M3DQSExeGzKhBl0Q3LjGRS8IA6XTOQKVzse1MJAQfwadwqyt3xq3v4MJ3sQwsFDxJk6//f07a8zsRZ1KZ5peRWVhcWl7JrubW1jc2t/LbOzUZxoJClYY8FA2HSOAsgKpiikMjEkB8h0Pd6V+N/XoCQrIwuFWDCFo+6QbMY5QoLXXye0mb2ZL5cI+T9h22OUipr/i0ky+YRTMtPA/WFApoWpVO/tt2Qxr7ECjKiZRNy4xUa0iEYpTDKGfHEiJC+6QLTY0B8UEeuwmLZIqt4UO6zQgfatfFXij0CRRO1d/TQ+JLOfAd3ekT1ZOz3lj8z2vGyrtoDVkQxQoCOnnIizlWIR5Hg10mgCo+0ECoYPrfmPaIIFTpAHUe1uz281A7KVqlYunmrFC+nCaTRfvoAB0hC52jMrpGFVRFFD2iZ/SCXo0n4814Nz4mrRljOrOL/pTx+QNYG5uh</latexit>

vi ' vj . 3

[Hebecker & Trapletti ’04]

[Cicoli, de Alwis & AW ’13]

• heterotic string …

• type IIB string …
<latexit sha1_base64="h9gl0tSI9B9uempqCX3oINa+sn0=">AAACDXicbZDLSsNAFIYnXmu9RV2Jm8EiuJCSaKmupOjGZQV7gSaWyWTaDp1MwsykWELxEXwKt7pyJ259Bhe+i5M0C239YeDj/Odw5vxexKhUlvVlLCwuLa+sFtaK6xubW9vmzm5ThrHApIFDFoq2hyRhlJOGooqRdiQICjxGWt7wOvVbIyIkDfmdGkfEDVCf0x7FSOlS19xPHIwYbE4uoW3dnznMD5VMsdI1S1bZygTnwc6hBHLVu+a344c4DghXmCEpO7YVKTdBQlHMyKToxJJECA9Rn3Q0chQQeeKPaCQzdJOH7JwJPNKuD3uh0I8rmFV/TycokHIceLozQGogZ720+J/XiVXvwk0oj2JFOJ4u6sUMqhCm2UCfCoIVG2tAWFD9b4gHSCCsdII6D3v2+nlonpbtarl6WynVrvJkCuAAHIJjYINzUAM3oA4aAINH8AxewKvxZLwZ78bHtHXByGf2wB8Znz/dQJql</latexit>

V > 103 . . . 104
<latexit sha1_base64="haCdyfNQkOqtlDD3o1yfzfKmNJ4=">AAACE3icbVDLSsNAFJ3UV62vqEsXDhbBhZREpArdFN24rGAf0MQymUzaoTNJmJkUS+jST/Ar3OrKnbj1A1z4L07TLLT1wMDhnHO5c48XMyqVZX0ZhaXlldW14nppY3Nre8fc3WvJKBGYNHHEItHxkCSMhqSpqGKkEwuCuMdI2xteT/32iAhJo/BOjWPictQPaUAxUlrqmYepIziURGcQmzg1pwZH99TpKz3CoW31zLJVsTLARWLnpAxyNHrmt+NHOOEkVJghKbu2FSs3RUJRzMik5CSSxAgPUZ90NQ0RJ/LUH9FYZtRNH7KjJvBYuz4MIqFfqGCm/p5OEZdyzD2d5EgN5Lw3Ff/zuokKLt2UhnGiSIhni4KEQRXBaUPQp4JgxcaaICyo/jfEAyQQVrpH3Yc9f/0iaZ1V7Gqlenterl/lzRTBATgCJ8AGF6AObkADNAEGj+AZvIBX48l4M96Nj1m0YOQz++APjM8fVECeRQ==</latexit>

several vi & 10

[KKLT , LVS , …]
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axions in the heterotic string
2 classes of axion spectra: 

[Leedom, Putti & AW ’25]

<latexit sha1_base64="Mz+L2zPurkhq+0516T3LW1n6eI0="></latexit>

⇤4
QCD ⌧ ⇤4

WS,i ⇠ e�2⇡vi

<latexit sha1_base64="VEie1yG3kQFJaBUUWfsd4dYDvu8="></latexit>

⇤4
WS,b ⇠ e�2⇡vb

⌧ ⇤4
QCD

<latexit sha1_base64="Mz+L2zPurkhq+0516T3LW1n6eI0="></latexit>

⇤4
QCD ⌧ ⇤4

WS,i ⇠ e�2⇡vi

QCD axion

string 
axions

1 fuzzy DM
string axion

string 
axions

QCD axion

mass (log-scale)
1 large 
cycle !

10-20 eV

eV

GUT 
scale
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axions in type IIB
type IIB axion spectra: 

[Vander Ploeg Fallon, Halverson, McAllister & Zhu ’25]

QCD axion

string 
axions

mass (log-scale)

10-20 eV

eV

GUT 
scale

[Cicoli, Guidetti, Righi & AW ’21]

[Carta, Gendler, Jain, Marsh, McAllister, Righi, Rogers & Schachner ’25]

[Demirtas, Gendler, Long, McAllister & Moritz ’21]
[Gendler, Marsh, McAllister & Moritz ’23]
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• during inflation, all light stuff — including light axions 
drifts & decays …

<latexit sha1_base64="XgFx4UclVEvQAdZFOXuB1zaJ0ac=">AAACAHicdZDLSgMxFIYzXmu9VV26CRahgpSZImO7K7pxWcFeoB1LJpO2oZkLyZliGbrxKdzqyp249U1c+C5mphVU9EDg4//PSXJ+NxJcgWm+G0vLK6tr67mN/ObW9s5uYW+/pcJYUtakoQhlxyWKCR6wJnAQrBNJRnxXsLY7vkz99oRJxcPgBqYRc3wyDPiAUwJauu1NiIQRA1KCvnXSLxTNsqnLtnEKVtW0NNRq1Uqlhq3MMs0iWlSjX/joeSGNfRYAFUSprmVG4CT6Tk4Fm+V7sWIRoWMyZF2NAfGZOvUmPFIZOsldtsEMH2vXw4NQ6hMAztTv0wnxlZr6ru70CYzUby8V//K6MQyqTsKDKAYW0PlDg1hgCHEaB/a4ZBTEVAOhkut/YzoiklDQoek8vpbG/0OrUrbssn19VqxfLJLJoUN0hErIQueojq5QAzURRRI9oEf0ZNwbz8aL8TpvXTIWMwfoRxlvn4VSl3Q=</latexit>

#(t1)

<latexit sha1_base64="s3R3Vx4rIF4Ew98TxsD+gqav8ZU=">AAACAHicdVDLTgIxFO34RHyhLt00EhNMzGQGEJwd0Y1LTOSRwEg6pUBD55H2DpEQNn6FW125M279Exf+i2XARI2e5CYn59zb3nu8SHAFlvVuLC2vrK6tpzbSm1vbO7uZvf26CmNJWY2GIpRNjygmeMBqwEGwZiQZ8T3BGt7wcuY3RkwqHgY3MI6Y65N+wHucEtDSbXtEJAwYkBx08iedTNYy7YJdsPLYMh3HKTllTax84cwpYtu0EmTRAtVO5qPdDWnsswCoIEq1bCsCd6Lf5FSwabodKxYROiR91tI0ID5Tp90Rj1RC3cldcsEUH2u3i3uh1BUATtTv0xPiKzX2Pd3pExio395M/MtrxdA7dyc8iGJgAZ1/1IsFhhDP4sBdLhkFMdaEUMn13pgOiCQUdGg6j6+j8f+knjftklm6LmYrF4tkUugQHaEcslEZVdAVqqIaokiiB/SInox749l4MV7nrUvGYuYA/YDx9gmmrpeK</latexit>

#(t2)

<latexit sha1_base64="F2qNQwOwN4e1Y2uCigKmoYfpLU4=">AAACAHicdVDLTgIxFO34RHyhLt00EhNMDBkGHHBHdOMSE3kkMJJOKdDQeaS9QyQTNn6FW125M279Exf+ix3ARI2e5CYn59zb3nvcUHAFpvluLC2vrK6tpzbSm1vbO7uZvf2GCiJJWZ0GIpAtlygmuM/qwEGwVigZ8VzBmu7oMvGbYyYVD/wbmITM8cjA531OCWjptjMmEoYMSA66xZNuJmvmzyu2dWZhM2+aZatoJ8Qql6wiLmglQRYtUOtmPjq9gEYe84EKolS7YIbgxPpNTgWbpjuRYiGhIzJgbU194jF12hvzUM2oE9/NLpjiY+32cD+QunzAM/X7dEw8pSaeqzs9AkP120vEv7x2BP2KE3M/jID5dP5RPxIYApzEgXtcMgpiogmhkuu9MR0SSSjo0HQeX0fj/0nDyhfsvH1dylYvFsmk0CE6QjlUQGVURVeohuqIIoke0CN6Mu6NZ+PFeJ23LhmLmQP0A8bbJ5Rjl30=</latexit>

#(t3)
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<latexit sha1_base64="/yZJLy8jOUPHyn6B3a6gmKCnaQ4="></latexit>

m# < H , V periodic ) h#i ⇠ f#

The Spectator Mechanism
[Peloso+]

[Dimastrogiovani+]

LEFT Å ´1
2

pB'q2 ´ Vinfp'q
looooooooooomooooooooooon

Inflaton Sector

` ´1
4
Faµ⌫F

µ⌫
a ´ 1

2
pB�q2 ´ Vspecp�q ´ �

4f�
�Faµ⌫ rFµ⌫

a
loooooooooooooooooooooooooooooooomoooooooooooooooooooooooooooooooon

Spectator Sector

Vinfp'q

'

Vspecp�q » ⇤4 cosp�{f�q

�

As axion rolls, it sources gauge field perturbations
�� Ñ �A ` �A

which in turn source scalar and tensor (GW) perturbations
�A ` �A Ñ �h

For non-Abelian spectators, GW spectrum is flat. For Abelian spectators....

JML String Axions in the Cosmos

instanton effects

<latexit sha1_base64="IwpRrAn0i1hUzL3Dqbp5JvrTHg4=">AAAB/HicbZC7TsMwFIZPyq2UW4GRxaJCYkBVglBhrGBhLBK9iDaqHMdprTpOZDsVVVSeghUmNsTKuzDwLrhpBmg5kqVP/3+Offx7MWdK2/aXVVhZXVvfKG6WtrZ3dvfK+wctFSWS0CaJeCQ7HlaUM0GbmmlOO7GkOPQ4bXujm5nfHlOpWCTu9SSmbogHggWMYG2kh94YSz2kGqN+uWJX7azQMjg5VCCvRr/83fMjkoRUaMKxUl3HjrWbmvsY4XRa6iWKxpiM8IB2DQocUnXmj1msMnTTx2z7KToxro+CSJojNMrU39MpDpWahJ7pDLEeqkVvJv7ndRMdXLkpE3GiqSDzh4KEIx2hWRTIZ5ISzScGMJHM7I3IEEtMtAnM5OEs/n4ZWudVp1at3V1U6td5MkU4gmM4BQcuoQ630IAmEBDwDC/waj1Zb9a79TFvLVj5zCH8KevzB6O/ldo=</latexit>

#

<latexit sha1_base64="cAsEwcXBLgOymVlq0XgjaUeFz9k="></latexit>

V ⇠ cos

✓
#

f#

◆

light axion    :
<latexit sha1_base64="Y562AwNBYKwd3g3FyoQ0fNgRl90=">AAAB+3icbZDLSgMxFIbPeK31VnXpJlgEF1JmRKrLohuXFexF2qFkMpk2NMkMSaZYSp/Cra7ciVsfxoXvYjqdhbYeCHz8/znJyR8knGnjul/Oyura+sZmYau4vbO7t186OGzqOFWENkjMY9UOsKacSdowzHDaThTFIuC0FQxvZ35rRJVmsXww44T6AvclixjBxkqP3RFWZkAN7pXKbsXNCi2Dl0MZ8qr3St/dMCapoNIQjrXueG5i/Im9jhFOp8VuqmmCyRD3aceixILq83DEEp2hP3nKlp+iU+uGKIqVPdKgTP09PcFC67EIbKfAZqAXvZn4n9dJTXTtT5hMUkMlmT8UpRyZGM2SQCFTlBg+toCJYnZvRAZYYWJsXjYPb/H3y9C8qHjVSvX+sly7yZMpwDGcwBl4cAU1uIM6NICAgGd4gVdn6rw5787HvHXFyWeO4E85nz9JJZWw</latexit>

#
<latexit sha1_base64="EnayUOZIAmsjOvAi0CCGHIbTOlM=">AAACD3icbZDLSgMxFIYz9VbrbdRlN8EiuJAyI1JdFl3oRqjQG3TKkEkzbWiSGZJMsQxd+Ag+hVtduRO3PoIL38V02oW2Hgh8/P85Sc4fxIwq7ThfVm5ldW19I79Z2Nre2d2z9w+aKkokJg0csUi2A6QIo4I0NNWMtGNJEA8YaQXD66nfGhGpaCTqehyTLkd9QUOKkTaSbxdD3xshqQdEI09RDu/81JMc3jTqE98uOWUnK7gM7hxKYF413/72ehFOOBEaM6RUx3Vi3U3N9RQzMil4iSIxwkPUJx2DAnGiTnsjGqsMu+lDttAEHhu3B8NImiM0zNTf0yniSo15YDo50gO16E3F/7xOosPLbkpFnGgi8OyhMGFQR3CaDuxRSbBmYwMIS2r+DfEASYS1ydDk4S5uvwzNs7JbKVfuz0vVq3kyeVAER+AEuOACVMEtqIEGwOARPIMX8Go9WW/Wu/Uxa81Z85lD8Keszx/wxJ0O</latexit>

f# ⇠ MGUT

axion is in deep slow-roll = frozen on the slopes

quantum drift from dS fluctuations dominates =  
it walks up the hill …
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anthropic cut 

[Kaloper & AW ’24]

see also: [Cicoli, Guidetti, Righi & AW ’21]

<latexit sha1_base64="yjFNayRsYGnMIDaGCfGu/H92vZ4="></latexit>

at a? : ⇢# = m2
#f

2
#
a3melt

a3?
= ⇢rad. =

T 4
reh

a4?

<latexit sha1_base64="mBzr0FsyEvQRht3xE/iTzBd+dyA="></latexit>

h#ianthr. < f# so T? = eV

• after inflation II …

<latexit sha1_base64="caL1d6jrulDNI0LMfWmHWrDVhyE="></latexit>

) for m# > 10�19 eV we have T? > eV.

too much DM ! 

<latexit sha1_base64="GH7dHUqw1PWbNQnqiSjzAlmWJEg=">AAAB/XicbZDLSsNAFIYnXmu9VV26GSyCCymJSHVZdOOyir1AGspkMmmHTjJh5qRaSvEp3OrKnbj1WVz4Lk7TLLT1wMDH/5/DOfP7ieAabPvLWlpeWV1bL2wUN7e2d3ZLe/tNLVNFWYNKIVXbJ5oJHrMGcBCsnShGIl+wlj+4nvqtIVOay/geRgnzItKLecgpASO5nTve6wNRSj50S2W7YmeFF8HJoYzyqndL351A0jRiMVBBtHYdOwFvTBRwKtik2Ek1SwgdkB5zDcYkYvo0GPJEZ+iNH7PzJ/jYuAEOpTIvBpypv6fHJNJ6FPmmMyLQ1/PeVPzPc1MIL70xj5MUWExni8JUYJB4mgUOuGIUxMgAoYqbuzHtE0UomMRMHs787xeheVZxqpXq7Xm5dpUnU0CH6AidIAddoBq6QXXUQBRJ9Ixe0Kv1ZL1Z79bHrHXJymcO0J+yPn8A1J6Wjg==</latexit>)

• after inflation I …

:   frozen    melts …
<latexit sha1_base64="yXMTYcV7qtZRvW068yifB9nhGHw=">AAACA3icbZC7TsMwFIadcivl0gAji0WFxICqBKHChCpYOhaJXqQ2ihzXaa3aTmQ7FVXUkadghYkNsfIgDLwLbpoBWo5k6dP/n2P7/EHMqNKO82UV1tY3NreK26Wd3b39sn1w2FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnGN/N/c6ESEUj8aCnMfE4GgoaUoy0kXy7zP3+BEk9IhrBG9jw7YpTdbKCq+DmUAF5NX37uz+IcMKJ0JghpXquE2svNVdSzMis1E8UiREeoyHpGRSIE3U+mNBYZeilj9kSM3hq3AEMI2mO0DBTf0+niCs15YHp5EiP1LI3F//zeokOr72UijjRRODFQ2HCoI7gPBE4oJJgzaYGEJbU/BviEZIIa5ObycNd3n4V2hdVt1at3V9W6rd5MkVwDE7AGXDBFaiDBmiCFsAgAc/gBbxaT9ab9W59LFoLVj5zBP6U9fkDLcKXrw==</latexit>

m# > H oscillates - it is matter !
<latexit sha1_base64="Y562AwNBYKwd3g3FyoQ0fNgRl90=">AAAB+3icbZDLSgMxFIbPeK31VnXpJlgEF1JmRKrLohuXFexF2qFkMpk2NMkMSaZYSp/Cra7ciVsfxoXvYjqdhbYeCHz8/znJyR8knGnjul/Oyura+sZmYau4vbO7t186OGzqOFWENkjMY9UOsKacSdowzHDaThTFIuC0FQxvZ35rRJVmsXww44T6AvclixjBxkqP3RFWZkAN7pXKbsXNCi2Dl0MZ8qr3St/dMCapoNIQjrXueG5i/Im9jhFOp8VuqmmCyRD3aceixILq83DEEp2hP3nKlp+iU+uGKIqVPdKgTP09PcFC67EIbKfAZqAXvZn4n9dJTXTtT5hMUkMlmT8UpRyZGM2SQCFTlBg+toCJYnZvRAZYYWJsXjYPb/H3y9C8qHjVSvX+sly7yZMpwDGcwBl4cAU1uIM6NICAgGd4gVdn6rw5787HvHXFyWeO4E85nz9JJZWw</latexit>

#
<latexit sha1_base64="Y562AwNBYKwd3g3FyoQ0fNgRl90=">AAAB+3icbZDLSgMxFIbPeK31VnXpJlgEF1JmRKrLohuXFexF2qFkMpk2NMkMSaZYSp/Cra7ciVsfxoXvYjqdhbYeCHz8/znJyR8knGnjul/Oyura+sZmYau4vbO7t186OGzqOFWENkjMY9UOsKacSdowzHDaThTFIuC0FQxvZ35rRJVmsXww44T6AvclixjBxkqP3RFWZkAN7pXKbsXNCi2Dl0MZ8qr3St/dMCapoNIQjrXueG5i/Im9jhFOp8VuqmmCyRD3aceixILq83DEEp2hP3nKlp+iU+uGKIqVPdKgTP09PcFC67EIbKfAZqAXvZn4n9dJTXTtT5hMUkMlmT8UpRyZGM2SQCFTlBg+toCJYnZvRAZYYWJsXjYPb/H3y9C8qHjVSvX+sly7yZMpwDGcwBl4cAU1uIM6NICAgGd4gVdn6rw5787HvHXFyWeO4E85nz9JJZWw</latexit>

#
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Credit: NASA's Goddard Space Flight Center

<latexit sha1_base64="s+GRzxl3OAayY2Q1BVfT5/uZlI0="></latexit>

�deBroglie,# ⇠ 1

m#

!⇠ RBH ⇠ MBH

<latexit sha1_base64="73gzO6OCKcE4DQ4RLK4xYsRLgYQ="></latexit>

) m# ⇠ 10�20 eV
108M�
MBH

spinning
black hole
(BH)

black hole superradiance production of axions

light axion fed from ergo region of near-extremal rotating BH:

[Arvanitaki, Dimopoulos, 
Dubovsky, Kaloper & 
March-Russell ’09]

based on:
[Penrose ’69 ; Christodoulou 
’70]
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• a possible future observational outcome …

(ii)  BH superradiance detects an axion      with 

(iii)  other experiment determines:  DM largely NOT  

consequence:

… anthropics has failed !

[Kaloper & AW ’24]

<latexit sha1_base64="wz2dPvi9hRNj0W0DHxdhEEVHlug="></latexit>

m# > 10�19 eV ) T? > eV

<latexit sha1_base64="KZQCjNz71Ppf2CM5KwPzkKPdaS8=">AAACQXicfVC7SgNBFJ31/TZqaTMYBAtZdkXUUrSxERSMCtkQ7k5uksHZ2WXmbjAs+So/wa+wsNHKTmxtnKwpfOGBgcM553LvnDhT0lIQPHhj4xOTU9Mzs3PzC4tLy5WV1Uub5kZgTaQqNdcxWFRSY40kKbzODEISK7yKb46H/lUPjZWpvqB+ho0EOlq2pQByUrNyGinQHYU86oGhLhJEphSaRWQSnsbWH/BIKf5/DjR1jT9oVqqBH5Tgv0k4IlU2wlmz8hi1UpEnqEkosLYeBhk1CrdCCoWDuSi3mIG4gQ7WHdWQoN1u9WRmS9oobssKBnzTuS3eTo17mnipfp0uILG2n8QumQB17U9vKP7l1XNqHzQKqbOcUIvPRe1ccUr5sE/ekgYFqb4jIIx0d3PRBQOCXOuuj/Dn73+Tyx0/3PP3znerh0ejZmbYOttgWyxk++yQnbAzVmOC3bEH9sSevXvvxXv13j6jY95oZo19g/f+AU6wsmE=</latexit>

h#iobs. ⌧ h#ianthr.

<latexit sha1_base64="Y562AwNBYKwd3g3FyoQ0fNgRl90=">AAAB+3icbZDLSgMxFIbPeK31VnXpJlgEF1JmRKrLohuXFexF2qFkMpk2NMkMSaZYSp/Cra7ciVsfxoXvYjqdhbYeCHz8/znJyR8knGnjul/Oyura+sZmYau4vbO7t186OGzqOFWENkjMY9UOsKacSdowzHDaThTFIuC0FQxvZ35rRJVmsXww44T6AvclixjBxkqP3RFWZkAN7pXKbsXNCi2Dl0MZ8qr3St/dMCapoNIQjrXueG5i/Im9jhFOp8VuqmmCyRD3aceixILq83DEEp2hP3nKlp+iU+uGKIqVPdKgTP09PcFC67EIbKfAZqAXvZn4n9dJTXTtT5hMUkMlmT8UpRyZGM2SQCFTlBg+toCJYnZvRAZYYWJsXjYPb/H3y9C8qHjVSvX+sly7yZMpwDGcwBl4cAU1uIM6NICAgGd4gVdn6rw5787HvHXFyWeO4E85nz9JJZWw</latexit>

#

<latexit sha1_base64="Y562AwNBYKwd3g3FyoQ0fNgRl90=">AAAB+3icbZDLSgMxFIbPeK31VnXpJlgEF1JmRKrLohuXFexF2qFkMpk2NMkMSaZYSp/Cra7ciVsfxoXvYjqdhbYeCHz8/znJyR8knGnjul/Oyura+sZmYau4vbO7t186OGzqOFWENkjMY9UOsKacSdowzHDaThTFIuC0FQxvZ35rRJVmsXww44T6AvclixjBxkqP3RFWZkAN7pXKbsXNCi2Dl0MZ8qr3St/dMCapoNIQjrXueG5i/Im9jhFOp8VuqmmCyRD3aceixILq83DEEp2hP3nKlp+iU+uGKIqVPdKgTP09PcFC67EIbKfAZqAXvZn4n9dJTXTtT5hMUkMlmT8UpRyZGM2SQCFTlBg+toCJYnZvRAZYYWJsXjYPb/H3y9C8qHjVSvX+sly7yZMpwDGcwBl4cAU1uIM6NICAgGd4gVdn6rw5787HvHXFyWeO4E85nz9JJZWw</latexit>

#

(i)  inflation is high-scale (CMB  B-mode detection)  

if (ii) does not happen — evidence for heterotic ? 
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- weak anthropic reasoning can be useful to understand features of 
our universe — IF used correctly (conditions (i) AND (ii)) !! 
 

- use it only as a last resort !  
 
The feature it explains may yet have a better explanation by a new 
mechanism ! 
 

- it is falsifiable (in at least one future observational situation), and 
thus in its restricted form part of science.  
 
Should there be used AND tested as all science — without any 
metaphysical whiff or ‘holy fear’ … 

- if no mis-anthropic axion is found … evidence towards heterotic 
strings ?

summary
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