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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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• 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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Example - 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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… anthropic constraint 
Standard Model 
coupling constants !
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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 mechanism for a multiverse ?

Can we get a falsifiable prediction from anthropics ?

• leaves us with 2 questions:
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Symmetry constraint?
… e.g. Supersymmetry
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Smooth 
adjustment?

vacuum fluctuations 
give huge CC = create ultra-rapid inflation!
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⇤initial

Smooth 
adjustment?

[Weinberg ’89]

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



Stairway in Heaven

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

⇤ = 0

CC is unstable, it decays  …

quantum mechanics:

         tunneling !
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for a single stairway, 
steps too tiny [Abbott ’85]
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to accommodate small CC, 
 
need many stairways 
somewhat out of step  
 
… a landscape

for a single stairway, 
steps too tiny [Abbott ’85]
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Figure 1: The allowed values of the four-form energy density are given by the

radius-squared of points in the grid, whose dimension is the number of four-forms

J . The spacing in direction i is qi. The negative of the bare cosmological constant

corresponds to a (J − 1)-dimensional sphere, and cancellation is possible if there

is at least one grid point sufficiently close to the sphere.

An important feature of this result is that that the qi need not be exceed-
ingly small if there are more than two four-form fields. In order to achieve
a small λ, it is sufficient that there be a discrepancy between the magnitude
of λbare and that of the charges. For fixed charges, the task of cancellation
actually becomes easier, the larger the bare cosmological constant. This can
be understood from Fig. 1. The larger the shell, the more points it will
contain.6 The results (2.24) to (2.26) treat the ni as essentially continuous,
and break down if any of the qi exceed J−1/2|2λbare|1/2. In this case the flux
associated with qi should simply be ignored.

6Note, however, that the radius of the shell in Fig. 1 represents not |2λbare|, but the
square root of |2λbare|. This is why one cannot recognize in Fig. 1 the need for the charges
qi to be incommensurate, a fact that is immediately clear from Eq. (2.21). It is also the
reason why increasing |λbare| has no beneficial effect in the case of J = 2. For fixed ∆λ,
the shell gets thinner as one increases its radius. If J = 2, this precisely compensates for
the increase of the shell radius, and the volume remains constant.

10

possible origin?  string vacua

satisfies condition (ii): 
many different CC values, 
some right 
& realization mechanism 
via eternal inflation

BT:

One idea …
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possible origin?  string vacua

satisfies condition (ii): 
many different CC values, 
some right 
& realization mechanism 
via eternal inflation

BT:

One idea …

strings 
supergravity
tree level …
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possible origin?  string vacua

satisfies condition (ii): 
many different CC values, 
some right 
& realization mechanism 
via eternal inflation

BT:

One idea …

strings 
supergravity
tree level …



strings ... 

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



• axions:  
- Kaluza-Klein 0-modes of p-form gauge fields 
- angles θa between branes 
- phases of open-string matter fields

axions in string theory ... 

13

[Svrcek & Witten '06]

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

Cµ⌫⇢



<latexit sha1_base64="ppck9HcOy7VvMurlNivhiFYkeRs=">AAAB83icbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWtB/QXUs2zbahyW5IskJZ+je8eFDEq3/Gm//GtN2Dtj4YeLw3w8y8UHKmjet+Oyura+sbm4Wt4vbO7t5+6eCwpZNUEdokCU9UJ8SachbTpmGG045UFIuQ03Y4upn67SeqNEviBzOWNBB4ELOIEWys5Pv3bCDwY1aRZ5NeqexW3RnQMvFyUoYcjV7py+8nJBU0NoRjrbueK02QYWUY4XRS9FNNJSYjPKBdS2MsqA6y2c0TdGqVPooSZSs2aKb+nsiw0HosQtspsBnqRW8q/ud1UxNdBRmLZWpoTOaLopQjk6BpAKjPFCWGjy3BRDF7KyJDrDAxNqaiDcFbfHmZtM6r3kW1dlcr16/zOApwDCdQAQ8uoQ630IAmEJDwDK/w5qTOi/PufMxbV5x85gj+wPn8AYookV8=</latexit>

⌃(p) =  internal cycle of extra dimensions

<latexit sha1_base64="qdzmwsqL3ODIpQ4tMHfdiu+5v+I=">AAACDHicbVDLSgMxFM34rPVVdekmWIS6KTNSHxuh0I3LivYBnXHIpGkbmskMyR2hDP0AN/6KGxeKuPUD3Pk3pu0stPVA4HDOudzcE8SCa7Dtb2tpeWV1bT23kd/c2t7ZLeztN3WUKMoaNBKRagdEM8ElawAHwdqxYiQMBGsFw9rEbz0wpXkk72AUMy8kfcl7nBIwkl8oulyCn7q3vB8Sn9+npcrJeIxrfuUKuzBgYESTssv2FHiROBkpogx1v/DldiOahEwCFUTrjmPH4KVEAaeCjfNuollM6JD0WcdQSUKmvXR6zBgfG6WLe5EyTwKeqr8nUhJqPQoDkwwJDPS8NxH/8zoJ9C69lMs4ASbpbFEvERgiPGkGd7liFMTIEEIVN3/FdEAUoWD6y5sSnPmTF0nztOyclys3lWL1LKsjhw7RESohB12gKrpGddRAFD2iZ/SK3qwn68V6tz5m0SUrmzlAf2B9/gBau5qA</latexit>Z

⌃(4)
i

C4 = ✓i

<latexit sha1_base64="ine3DUFz55yB26viVToMKCtUJfg=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUTUmkPjZCpRuXFe0Dmhgm00k7dDIJMxOhhGzc+CtuXCji1n9w5984bbPQ1gMXDufcy733+DGjUlnWt7GwuLS8slpYK65vbG5tmzu7LRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7w/rYbz8QIWnE79QoJm6I+pwGFCOlJc88cChXXurc0n6I7tNyfJxlsO7Fl/DKszyzZFWsCeA8sXNSAjkanvnl9CKchIQrzJCUXduKlZsioShmJCs6iSQxwkPUJ11NOQqJdNPJFxk80koPBpHQxRWcqL8nUhRKOQp93RkiNZCz3lj8z+smKrhwU8rjRBGOp4uChEEVwXEksEcFwYqNNEFYUH0rxAMkEFY6uKIOwZ59eZ60Tir2WaV6Uy3VTvM4CmAfHIIysME5qIFr0ABNgMEjeAav4M14Ml6Md+Nj2rpg5DN74A+Mzx/oiJeA</latexit>Z

⌃(p)

Cp = A0

<latexit sha1_base64="Icnga68XbbhuPw4sIaJZH0p286A=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSDES9gN8XERArl4jGgekMSldzKbDJmdXWZmhbDk5sVf8eJBEa/+gjf/xkmyB00saCiquunu8iLOlLbtb2tpeWV1bT2zkd3c2t7Zze3tN1QYS0LrJOShbHmgKGeC1jXTnLYiSSHwOG16w+rEbz5QqVgo7vQoot0A+oL5jIA2kps76jCh3aRzy/oBuHCfFEqn4zGuuqUrTFxwc3m7aE+BF4mTkjxKUXNzX51eSOKACk04KNV27Eh3E5CaEU7H2U6saARkCH3aNlRAQFU3mf4xxidG6WE/lKaExlP190QCgVKjwDOdAeiBmvcm4n9eO9b+ZTdhIoo1FWS2yI851iGehIJ7TFKi+cgQIJKZWzEZgASiTXRZE4Iz//IiaZSKznmxfFPOV87SODLoEB2jAnLQBaqga1RDdUTQI3pGr+jNerJerHfrY9a6ZKUzB+gPrM8fKheYKw==</latexit>Z

⌃(2)
a

C2 = ca

<latexit sha1_base64="D4FMjlbMzE00hEYjPFPglpHxric=">AAACB3icbVDJSgNBEO1xjXGLehSkMQjxEmZCXC5C0IvHiGaBzDjUdDpJk56eobtHCENuXvwVLx4U8eovePNv7CwHTXxQ8Hiviqp6QcyZ0rb9bS0sLi2vrGbWsusbm1vbuZ3duooSSWiNRDySzQAU5UzQmmaa02YsKYQBp42gfzXyGw9UKhaJOz2IqRdCV7AOI6CN5OcOXCa0n7q3rBuCD/dpoXQ8HOJLv3SBAx/8XN4u2mPgeeJMSR5NUfVzX247IklIhSYclGo5dqy9FKRmhNNh1k0UjYH0oUtbhgoIqfLS8R9DfGSUNu5E0pTQeKz+nkghVGoQBqYzBN1Ts95I/M9rJbpz7qVMxImmgkwWdRKOdYRHoeA2k5RoPjAEiGTmVkx6IIFoE13WhODMvjxP6qWic1os35TzlZNpHBm0jw5RATnoDFXQNaqiGiLoET2jV/RmPVkv1rv1MWldsKYze+gPrM8fJwaYKQ==</latexit>Z

⌃(2)
a

B2 = ba

<latexit sha1_base64="hMECEkk/rfhALVOisUYuaopTms0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PEi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6uOm5vXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+yen5/Xqld5HEU4QiO4RQ8uIIa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8we1WI1k</latexit>

A0 =  0-dim gauge field, i.e. an axion

example - type IIB string theory :

we call them axions because:

after compactification: continuous shift symmetry 
inherited from the 10d gauge invariance

introduce branes: shift symmetry broken to a discrete one
                                + generate a potential (hence a mass) for the axions

<latexit sha1_base64="PKygzbHabtUbr8nCUxvjwiUXxFU=">AAAB/HicdVBNSwMxEM36WetX1aOXYBE8Ldmlre2t4MWDBwVbhbaUbJptg9lkSWaVUupf8eJBEa/+EG/+G9MPQUUfDDzem2FmXpRKYYGQD29hcWl5ZTW3ll/f2NzaLuzsNq3ODOMNpqU21xG1XArFGyBA8uvUcJpEkl9FNycT/+qWGyu0uoRhyjsJ7SsRC0bBSd3CXvtMq77kMRjRHwA1Rt91C0Xik7BaLoWY+GGZ1IKaI2US1ColHPhkiiKa47xbeG/3NMsSroBJam0rICl0RtSAYJKP8+3M8pSyG9rnLUcVTbjtjKbHj/GhU3o41saVAjxVv0+MaGLtMIlcZ0JhYH97E/Evr5VBXO2MhEoz4IrNFsWZxKDxJAncE4YzkENHKDPC3YrZgBrKwOWVdyF8fYr/J83QDyp+6aJUrIfzOHJoHx2gIxSgY1RHp+gcNRBDQ/SAntCzd+89ei/e66x1wZvP7KEf8N4+AdzYlYo=</latexit> (
)

<latexit sha1_base64="WK/+q5Tme83awubt9x3xTskwGxc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjxClEcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/b5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lW5Uq+UqpdZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8Aa0qjNM=</latexit>

S

axions from string theory

instantons of complex action      :   produce periodic potential
14

images by N. Righi
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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
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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]

<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
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<latexit sha1_base64="9ZTzJ54mkxelj8Cl+wXsAtF1vz0=">AAAB83icbZC7TsMwFIZPyq2UW4GRxaJCYkBVgriNFSwMDK1EL1IbVY7jtFYdJ7KdiirqE7DCxIZYeSAG3gU3zQAtR7L06f/P0Tn+vZgzpW37yyqsrK6tbxQ3S1vbO7t75f2DlooSSWiTRDySHQ8rypmgTc00p51YUhx6nLa90d3Mb4+pVCwSj3oSUzfEA8ECRrA2UuOhX67YVTsrtAxODhXIq94vf/f8iCQhFZpwrFTXsWPtplhqRjidlnqJojEmIzygXYMCh1Sd+WMWqwzd9Ck7eopOjOujIJLmCY0y9fd0ikOlJqFnOkOsh2rRm4n/ed1EBzduykScaCrIfFGQcKQjNEsA+UxSovnEACaSmbsRGWKJiTY5mTycxd8vQ+u86lxVLxsXldptnkwRjuAYTsGBa6jBPdShCQQoPMMLvFqJ9Wa9Wx/z1oKVzxzCn7I+fwC32ZHw</latexit>
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• consequence of string extra dimensions:  
- many cycles — O(100) 
- each cycle: a p-form 0-mode axion

★ 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)

a string theory axiverse !

[Arvanitaki, Dimopoulos, Dubovsky, Kaloper & March-Russell ’09] 
[Cicoli, Goodsell & Ringwald ’12] , many many more …
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• closed string axion pheno:  
- dark matter 

high-scale decay constants: f  > H  (PQ broken) even during inflation

population of non-relativistic axion matter density  
via kick+kination or misalignment from inflation: 
 
random displacement of axion a during inflation from de Sitter 
vacuum fluctuations 
 
every Hubble patch has different  

but exponentially light: m  << H  during inflation

axion abundance:
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• closed string axion pheno:  
- what dark matter? 
 
 
 
 
- other production mechanisms … 
 
  … from topological defects, cosmic strings

if m > 10-18 eV … cold dark matter

if 10-25 eV < m < 10-19 eV … fuzzy (or wave) dark matter
[Hui, Ostriker, Tremaine & Witten ’16]
[Hu, Barkana & Gruzinov ’00]

[Cicoli, Guidetti, Righi & AW ’21]
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Figure 1: A summary of constraints on and hints for the couplings fai
/Cij of axion-like particles ai to fields

j. The green regions from top to bottom correspond respectively to the classic ‘axion dark matter window’,
hints of an axion from white dwarf cooling and transparency of the Universe to very high energy gamma
rays. Red regions are excluded, and the orange region would be excluded by red giants but is compatible
with the hints from white dwarfs. The blue region would be excluded by dark matter overproduction in the
absence of a dilution mechanism or tuning of the misalignment angle. Legend: ‘Molecular interferometry’
refers to reach of future experiments discussed in [13], see appendix B.2; ‘CDM’ is constraints on the QCD
axion coupling from dark matter overproduction in the standard cosmology, see section B.2; constraints
from ‘White dwarfs’ are discussed in section B.1.1; ‘HB/CAST’ are constraints from horizontal branch stars
and the CAST experiment respectively, see section B.1.1; ‘SN1987A’ are the bounds from observation of
high energy gamma rays from that supernova, see section B.1.2; AGN are the hints from observation of
gamma rays from active galactic nuclei, also in section B.1.2.

As a result of these constraints and hints, the QCD axion is necessarily associated
with a very high energy scale, and so it is natural to search for it in ultra-violet com-
pletions of the Standard Model (SM) such as string theory. Indeed, it has long been
known that the low-energy effective field theory (EFT) of string compactifications
predicts natural candidates for the QCD axion [14–18], often even an ‘axiverse’ [19]
containing many additional light ALPs whose masses are logarithmically hierarchical.

Despite all of these promising considerations, it has been very hard to construct
explicit string theoretic examples with a successful QCD axion candidate, let alone
additional light ALPs. In order to understand the origins of these difficulties, we focus
on type IIB flux compactifications since this is the theory where moduli stabilisation
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Figure 1: A summary of constraints on and hints for the couplings fai
/Cij of axion-like particles ai to fields

j. The green regions from top to bottom correspond respectively to the classic ‘axion dark matter window’,
hints of an axion from white dwarf cooling and transparency of the Universe to very high energy gamma
rays. Red regions are excluded, and the orange region would be excluded by red giants but is compatible
with the hints from white dwarfs. The blue region would be excluded by dark matter overproduction in the
absence of a dilution mechanism or tuning of the misalignment angle. Legend: ‘Molecular interferometry’
refers to reach of future experiments discussed in [13], see appendix B.2; ‘CDM’ is constraints on the QCD
axion coupling from dark matter overproduction in the standard cosmology, see section B.2; constraints
from ‘White dwarfs’ are discussed in section B.1.1; ‘HB/CAST’ are constraints from horizontal branch stars
and the CAST experiment respectively, see section B.1.1; ‘SN1987A’ are the bounds from observation of
high energy gamma rays from that supernova, see section B.1.2; AGN are the hints from observation of
gamma rays from active galactic nuclei, also in section B.1.2.

As a result of these constraints and hints, the QCD axion is necessarily associated
with a very high energy scale, and so it is natural to search for it in ultra-violet com-
pletions of the Standard Model (SM) such as string theory. Indeed, it has long been
known that the low-energy effective field theory (EFT) of string compactifications
predicts natural candidates for the QCD axion [14–18], often even an ‘axiverse’ [19]
containing many additional light ALPs whose masses are logarithmically hierarchical.

Despite all of these promising considerations, it has been very hard to construct
explicit string theoretic examples with a successful QCD axion candidate, let alone
additional light ALPs. In order to understand the origins of these difficulties, we focus
on type IIB flux compactifications since this is the theory where moduli stabilisation
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the many other string axions are dark … 

• couplings are either gravitational (Planck-suppressed): 

- can be part of dark matter 

- or dark radiation:  visible e.g. in CMB as Neff 

-  axion clouds around fast-spinning BHs deplete spin: 
   detection via BH superradiance

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

[Cicoli, Conlon & Quevedo ’12]
[Higaki & Takahashi ’12]
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the many other string axions are dark … 

• and/or to dark sectors, e.g. dark U(1) gauge fields: 

- spectator role during inflation 
 

- slow-rolling axion coupled to dark U(1) during inflation:
   production of dark gauge field & induced peaked GWs 
 
 
-  for string axions quite generic & constrains axiverse

[Dimastrogiovanni, Fasiello, Leedom, Putti & AW ’23]

[Anber & Sorbo ’09, Sorbo ’11] [Adshead & Wyman ’12]
… [Namba, Peloso, Shiraishi, Sorbo & Unal ’15] [Dimastrogiovanni, Fasiello & Fujita ’16], [Domcke, Pieroni & Binetruy ’16] …

[Biagetti, Dimastrogiovanni, Fasiello & Peloso ’14]
[Dimastrogiovanni, Fasiello & Fujita ’16]
[Obata & Soda ’17]
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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)

• additional production channels (axions from 
inflation decay or parametric resonance) only add 
to this

[Leedom, Righi, Putti & AW ’24]

[Garcia, Pierre & Verner ’22]
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<latexit sha1_base64="/yZJLy8jOUPHyn6B3a6gmKCnaQ4="></latexit>

m# < H , V periodic ) h#i ⇠ 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
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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>

#

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
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<latexit sha1_base64="/yZJLy8jOUPHyn6B3a6gmKCnaQ4="></latexit>

m# < H , V periodic ) h#i ⇠ f#

The Spectator Mechanism
[Peloso+]

[Dimastrogiovani+]
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looooooooooomooooooooooon
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4
Faµ⌫F

µ⌫
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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>

#

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
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<latexit sha1_base64="/yZJLy8jOUPHyn6B3a6gmKCnaQ4="></latexit>

m# < H , V periodic ) h#i ⇠ f#

The Spectator Mechanism
[Peloso+]

[Dimastrogiovani+]
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looooooooooomooooooooooon
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2
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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>

#

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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<latexit sha1_base64="/yZJLy8jOUPHyn6B3a6gmKCnaQ4="></latexit>

m# < H , V periodic ) h#i ⇠ f#

The Spectator Mechanism
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Spectator Sector
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'

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>

#

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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oscillates - it is matter !

:   frozen    melts …

[Kaloper & AW ’24]

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

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

#

<latexit sha1_base64="jOR3J/jXzAPicd7T1jn3k/VT3MA="></latexit>

m2
#M

2
P =

T 4
reh

a4melt

) amelt =
Trehp
m#MP

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

#

• after inflation …
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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="tJm5pE8vf2NclWDI3EZ9PwV0Pwo="></latexit>

) T? =
Treh

a?
=

m1/2
# f2

#

M3/2
P

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

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

• after inflation …

<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>)
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Credit: NASA's Goddard Space Flight Center

spinning
black hole
(BH)

black hole superradiance [Penrose ’69 ; Christodoulou ’70]
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<latexit sha1_base64="s+GRzxl3OAayY2Q1BVfT5/uZlI0="></latexit>

�deBroglie,# ⇠ 1

m#

!⇠ RBH ⇠ MBH

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

) m# ⇠ 10�20 eV
108M�
MBH

black hole superradiance production of axions

… from ergo region of near-extremal rotating BH:

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

… ultra-light axions, if DM, also potentially detectable via PTAs
[Kim & Mitridate ’23]
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• a possible future observational outcome …

(i)  BH superradiance detects a      with 

(ii)  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>

#
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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’ …

summary



30 Webb’s first Deep Field — NASA, ESA, CSA, and STScI


