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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] 
type IIB LVS: [Cicoli, Goodsell & Ringwald ’12]

dark radiation

dark matter: 
cold or fuzzy

[Cicoli, Conlon & Quevedo ’12]

[Higaki & Takahashi ’12]

[Preskill, Wise & Wilczek ’83] 
[Abbott & Sikivie ’83]
[Dine & Fischler ’83]

[Hui, Ostriker, Tremaine & Witten ’16]
[Cicoli, Guidetti, Righi & AW ’21]

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

[Hebecker, Jaeckel & Kuespert ’23] …

… flux monodromy axion masses: [Reece ’24] — see talk
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The String Axiverse

And Bottom-Up

From Top-Down

How can we find them?
JML String Axions in the Cosmos

image credit: J. Leedom
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inflationary spectator-verse

• there was inflation (at least CMB+20 efolds)

• axions are spectators during inflation

• multi-epoch inflation 
  

• several axions    & 
dark gauge field CS 
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•         GWs

• single-epoch inflation  

• spect. axions  & dS-universality
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[d’Amico & Kaloper ’20]

[d’Amico, Kaloper & AW ’21]
[Dimastrogiovanni, Fastello,  

Leedom, Putti & AW ’23]

gauge field CS 

       GW

may falsify 
anthropics!

[Kaloper & AW ’24]

axionic 
preheating 

     Neff
[Leedom, Putti, Righi & AW ’soon]
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the inflating “spectator” …

[d’Amico, Kaloper & AW ’21]
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M1 > M2
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µi ⇠ O(0.1MPl)

• reduced field ranges 
— links to Swampland  

• probably more generic 
in  UV setups

[d’Amico, Kaloper & AW ’21]

Double monodromy inflation

Two stages of monodromy inflation, separated by matter 
domination when the first ends
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[d’Amico, Kaloper & AW ’21]
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Tachyonic dependence of one helicity gauge field mode - additional GWs !
based on [Anber & Sorbo ’09]
[Domcke, Pieroni & Binetruy ’16]

gravitational wave predictions
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the ringing spectator …
… see M. Putti’s talk & slides !

[Dimastrogiovanni, Fasiello, Leedom, Putti & AW ’23]
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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
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the non-inflating spectator …
[Namba, Peloso, Shiraishi, Sorbo & Unal ’15]  [Dimastrogiovanni, Fasiello & Fujita ’16]

[Anber & Sorbo ’09, Sorbo ’11] [Adshead & Wyman ’12]
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Axion properties determine signal features: “Gravitational Spectroscopy"

JML String Axions in the Cosmos

<latexit sha1_base64="GJGU/m8zQFMleiqb3eu9iwlTCgU="></latexit>

✓in

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



GW spectroscopy …

A Gravitational Wave Forest

Axion properties determine signal features: “Gravitational Spectroscopy"

BBO

DECIGO

NANOGrav

SKA

THEIA

LISA

JML String Axions in the Cosmos

��-� ��-� ��-� ��-� ��� ��� ���

��-��

��-��

��-�

��-�

ν (��)

Ω��

NCMB = 35

NCMB = 40

NCMB = 45

LISA
BBO
ET

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

[d’Amico, Kaloper & AW ’21]
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non-inflating spectators in string theory

• need large CS-coupling (  -speed small) to dark U(1)<latexit sha1_base64="Wvu3AePcm9tfzR4OEuxFuGo3lyA=">AAAB9nicbZDLSsNAFIZPvNZ6q7p0M1gEF1ISkeqy6MZlBXuBNpTJZNIOnUzCzKS0hL6CW125E7e+jgvfxUmahbYeGPj4/3M4Z34v5kxp2/6y1tY3Nre2Szvl3b39g8PK0XFbRYkktEUiHsmuhxXlTNCWZprTbiwpDj1OO974PvM7EyoVi8STnsXUDfFQsIARrDOpT0ZsUKnaNTsvtApOAVUoqjmofPf9iCQhFZpwrFTPsWPtplhqRjidl/uJojEmYzykPYMCh1Rd+hMWqxzddJrfPUfnxvVREEnzhEa5+ns6xaFSs9AznSHWI7XsZeJ/Xi/Rwa2bMhEnmgqyWBQkHOkIZSEgn0lKNJ8ZwEQyczciIywx0SYqk4ez/PtVaF/VnHqt/nhdbdwVyZTgFM7gAhy4gQY8QBNaQGAEz/ACr9bUerPerY9F65pVzJzAn7I+fwAiaZNT</latexit>�

The String Axiverse

Unified quantum gravity theories have p-form gauge potentials:

Type IIB:

C4 C2 B2 C0

Give rise to axions during compactification: String Axiverse [Arvanitaki+]

C4 “ ⇢↵!̃
↵ ` ¨ ¨ ¨ ‚ ↵ P t1, 2, ..., h1,1u

Many interesting features/uses:
Gauge symmetry protects shift symmetry
Models of inflation/quintessence
Probe number-theoretic properties of dualities

Axions are one of the best prospects to tie string theory to experiment

JML String Axions in the Cosmos

• CS & gauge field both from 7-branes
<latexit sha1_base64="/tU8P02lNW9cU/FTOJI2sl734No="></latexit>

SD7 �
Z

4�cycle

C4

Z

4D
F2 ^ F2

axion 
->  can pump CS coupling 
only with multiple windings w

<latexit sha1_base64="3OeBdZMh0eMGPaVLCbV5LLvDU+E="></latexit>

SD7 �
Z

2�cycle

F2

Z

2�cycle

C2

Z

4D
F2 ^ F2

axion gauge flux m

->  can pump CS coupling by w 
& by flux magnetization m

image by  J. Leedom
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non-inflating spectators in string theorySpectators in String Theory: Example Parameter Space

Pe
rtu
rb
at
iv
ity

Q
D
3 =Q 

eff

Q
D3 =25Q

D
3 =75

Q
D
3 =300

m
1=5

m1=2

m1=1
2

4

6

8

10

w
1

1 2 3 4 5 6 7
α1

Euclidean
D1-brane
Control

JML String Axions in the Cosmos

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

• divisor topology  
- avoid massive  
U(1)s  
(Stueckelberg!) 
 
— classify options ! 

• tadpole constraint 

• EFT control
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the radiated spectator …
… see N. Righi’s talk & slides !

[Leedom, Putti, Righi & AW ’24 — Soon / 2407.xxxx]
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• Fibre inflation in LVS
<latexit sha1_base64="n3KzBjrnpd1TFRdbBJb+GidXsbc="></latexit>

modulus ⌧f drives inflation,

V (⌧f ) from string loops & F 4-terms

• axion partner       perturbatively flat

<latexit sha1_base64="6MIfx4v2NIBLtLW8aASfkcOvW2w="></latexit>

couplings:

kinetic – �L ⇠ 1
⌧2
f
(@af )2

potential – �V = C(W0, Af , gs,V) · e�af⌧f cos(af )

<latexit sha1_base64="pxeQJQMeTLYusDccatLtdqUAnF8=">AAAB9XicbZC7TsMwFIZPyq2UW4GRxaJCYkBVglBhrGBhLIJepDaqHMdprTpOZDuFKuojsMLEhlh5HgbeBTfNAC1HsvTp/8/ROf69mDOlbfvLKqysrq1vFDdLW9s7u3vl/YOWihJJaJNEPJIdDyvKmaBNzTSnnVhSHHqctr3Rzcxvj6lULBIPehJTN8QDwQJGsDbSPe4H/XLFrtpZoWVwcqhAXo1++bvnRyQJqdCEY6W6jh1rN8VSM8LptNRLFI0xGeEB7RoUOKTqzB+zWGXopk/Z2VN0YlwfBZE0T2iUqb+nUxwqNQk90xliPVSL3kz8z+smOrhyUybiRFNB5ouChCMdoVkGyGeSEs0nBjCRzNyNyBBLTLRJyuThLP5+GVrnVadWrd1dVOrXeTJFOIJjOAUHLqEOt9CAJhAYwDO8wKv1aL1Z79bHvLVg5TOH8Keszx9XEJLf</latexit>af

… universal !

… from instanton effects



15

• couplings drive parametric resonance 
— Hill equation, not Mathieu!

• lots of axions produced, then expansion-diluted

2 4 6 8 10

-10 000

0

10 000

20 000

Figure 5: Di↵erent stages of parametric resonance in our theory in an expanding
universe with scale factor a ⇠ t

2/3 for ⇤ ' 0.4, m ' 5 ⇥ 10�5, for h⌧̃�i = 7.5⇡ and
�⌧̃� = 5⇡, giving the axion mass ma ' 2⇥ 10�7

Mp. From the left to the right we show
longer periods of time. On the top, the mode evolution, on the bottom the number
of particles nk. The time is shown in units of 2⇡

m
, which corresponds to the number of

oscillations of the inflaton field. After around ⇠ 50 oscillations, the resonance ceases to
exist, and the occupation number nk becomes constant.

therefore

q . 4⇥
10�54

m
2
�

�⌧̃(1�
1

h⌧̃�i
) ' 10�44�⌧̃ . (4.29)

The resonance parameter therefore will be very small in the parameter space of low

axion masses. Indeed, we find no significant production in this regime, using this first

approximation.

Nonetheless, the parameter q increases exponentially when allowing the axion to be

heavier, and thus constituting dark matter. Let us analyse this regime. Using Eqs. (3.13)

and (3.14) we can compute the total number and the energy density of the created par-

ticles, shown in Fig. 6. Both quantities increase during parametric resonance, and then

start redshifting once preheating comes to a halt. After that, the number of particles will

redshift with ⇠
1
a3
, while the energy density with ⇠

1
a4
. We note that both quantities

stop growing before the end of parametric resonance (signaled by the pink line). The

di↵erence between the two times is of the order of ⇠ 1%: n�(t16.8) ' 8.02 ⇥ 10�16
M

3
p
,

while n�(t15) ' 8.8⇥ 10�16
M

3
p
.

For this set of parameters we can find ⌦� using Eq. (3.38), and we find an over-

production of DM: ⌦�h
2
� 0.12.

– 23 –

<latexit sha1_base64="K9yJS+nShNz+L7BUu6U3B32jaUE="></latexit>

if light maf ⌧ Hinf : CaB
) small �Neff ⇠ 10�5

. . . 10�6

if heavy : potentially dark matter overproduction
) upper bound on maf

) constraint on stringy inflaton+axion sector
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the mis-anthropic spectator …
[Kaloper & AW ’24]
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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

• in dS, all light stuff drifts & decays …

<latexit sha1_base64="kQ/2UZoJdfwTbIrS8YwZckVYjSg=">AAAB+3icdZDLSgMxFIYzXmu9VV26CRahgpSZUmq7K7pxWcFepB1KJpNpQ5PMkGSKZehTuNWVO3Hrw7jwXcxMK6jogcDH/5/DOfm9iFGlbfvdWlldW9/YzG3lt3d29/YLB4cdFcYSkzYOWSh7HlKEUUHammpGepEkiHuMdL3JVep3p0QqGopbPYuIy9FI0IBipI10N8BjWtJD52xYKNpl21StBlNw6rZjoNGoVyoN6GSWbRfBslrDwsfAD3HMidCYIaX6jh1pN0FSU8zIPD+IFYkQnqAR6RsUiBN17k9ppDJ0k/vs+Dk8Na4Pg1CaJzTM1O/TCeJKzbhnOjnSY/XbS8W/vH6sg7qbUBHFmgi8WBTEDOoQpklAn0qCNZsZQFhSczfEYyQR1iYvk8fXp+H/0KmUnVq5elMtNi+XyeTAMTgBJeCAC9AE16AF2gADDh7AI3iy5taz9WK9LlpXrOXMEfhR1tsnUumVFQ==</latexit>

�(t1)

<latexit sha1_base64="SqpFS5ArJy3r9U/HV+5POltzwOg=">AAAB+3icdVDLSsNAFJ3UV62vqks3g0WoICFJa2t2RTcuK9iHtKFMJpN26OTBzKRYQr/Cra7ciVs/xoX/4jStoKIHLhzOuZd773FjRoU0jHctt7K6tr6R3yxsbe/s7hX3D9oiSjgmLRyxiHddJAijIWlJKhnpxpygwGWk446v5n5nQrigUXgrpzFxAjQMqU8xkkq66+MRLcuBdToolgzdrJgVw4KGbtt2za4rYliVc7sKTd3IUAJLNAfFj74X4SQgocQMCdEzjVg6KeKSYkZmhX4iSIzwGA1JT9EQBUSceRMai4w66X12/AyeKNeDfsRVhRJm6vfpFAVCTANXdQZIjsRvby7+5fUS6V84KQ3jRJIQLxb5CYMygvMkoEc5wZJNFUGYU3U3xCPEEZYqL5XH19Pwf9K2dLOmV2+qpcblMpk8OALHoAxMUAcNcA2aoAUwCMADeARP2kx71l6010VrTlvOHIIf0N4+AXRFlSs=</latexit>

�(t2)

<latexit sha1_base64="8yZ0r1dmW/zOAzFyM12X0mHoCTg=">AAAB+3icdVDLSsNAFJ3UV62vqks3g0WoICFJa1t3RTcuK9iHtKFMJpN26EwSZibFUvoVbnXlTtz6MS78FydtBRU9cOFwzr3ce48XMyqVZb0bmZXVtfWN7GZua3tndy+/f9CSUSIwaeKIRaLjIUkYDUlTUcVIJxYEcY+Rtje6Sv32mAhJo/BWTWLicjQIaUAxUlq66+EhLap+6bSfL1jmRa3inDvQMi2r6pQqKXGqZacEba2kKIAlGv38R8+PcMJJqDBDUnZtK1buFAlFMSOzXC+RJEZ4hAakq2mIOJFn/pjGck7d6f38+Bk80a4Pg0joChWcq9+np4hLOeGe7uRIDeVvLxX/8rqJCmrulIZxokiIF4uChEEVwTQJ6FNBsGITTRAWVN8N8RAJhJXOS+fx9TT8n7Qc066Y5ZtyoX65TCYLjsAxKAIbVEEdXIMGaAIMOHgAj+DJmBnPxovxumjNGMuZQ/ADxtsnYfqVHg==</latexit>

�(t3)

<latexit sha1_base64="opUOT5kXcsyvHzbgsMDFtcOethM="></latexit>

m� < H , V periodic ) h�i ⇠ f�
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<latexit sha1_base64="GtNKZbZeRhiv7hCwuivBHI80j38=">AAAB/HicbZDLSsNAFIZP6q3WW9Wlm8EiuJCSSFFXUnTTZQV7wTaUyWTSDp1MwsykWEJ9Cre6cidufRcXvovTtAttPTDw8f/ncM78XsyZ0rb9ZeVWVtfWN/Kbha3tnd294v5BU0WJJLRBIh7JtocV5UzQhmaa03YsKQ49Tlve8Hbqt0ZUKhaJez2OqRvivmABI1gb6SHsdcmAoWtU6xVLdtnOCi2DM4cSzKveK353/YgkIRWacKxUx7Fj7aZYakY4nRS6iaIxJkPcpx2DAodUnfkjFqsM3fQxu36CTozroyCS5gmNMvX3dIpDpcahZzpDrAdq0ZuK/3mdRAdXbspEnGgqyGxRkHCkIzSNAvlMUqL52AAmkpm7ERlgiYk2gZk8nMXfL0PzvOxclCt3lVL1Zp5MHo7gGE7BgUuoQg3q0AACAp7hBV6tJ+vNerc+Zq05az5zCH/K+vwBgGWVHw==</latexit>

m� > H

<latexit sha1_base64="RXDSGfoW5VKbIVTMiyxwVPjTVoo="></latexit>

m2
�M

2
P =

T 4
reh

a4melt

) amelt =
Trehp
m�MP

oscillates - it is matter !<latexit sha1_base64="VII3kajyD92q4lxDKRfWFyJdogI=">AAAB9nicbZDLSsNAFIZPvNZ6q7p0M1gEF1ISKeqy6MZlBXuBNpTJZNIOnUzCzKS0hL6CW125E7e+jgvfxUmahbYeGPj4/3M4Z34v5kxp2/6y1tY3Nre2Szvl3b39g8PK0XFbRYkktEUiHsmuhxXlTNCWZprTbiwpDj1OO974PvM7EyoVi8STnsXUDfFQsIARrDOpT0ZsUKnaNTsvtApOAVUoqjmofPf9iCQhFZpwrFTPsWPtplhqRjidl/uJojEmYzykPYMCh1Rd+hMWqxzddJrfPUfnxvVREEnzhEa5+ns6xaFSs9AznSHWI7XsZeJ/Xi/Rwa2bMhEnmgqyWBQkHOkIZSEgn0lKNJ8ZwEQyczciIywx0SYqk4ez/PtVaF/VnOta/bFebdwVyZTgFM7gAhy4gQY8QBNaQGAEz/ACr9bUerPerY9F65pVzJzAn7I+fwAhxZNR</latexit>�

:   frozen    melts …
<latexit sha1_base64="VII3kajyD92q4lxDKRfWFyJdogI=">AAAB9nicbZDLSsNAFIZPvNZ6q7p0M1gEF1ISKeqy6MZlBXuBNpTJZNIOnUzCzKS0hL6CW125E7e+jgvfxUmahbYeGPj4/3M4Z34v5kxp2/6y1tY3Nre2Szvl3b39g8PK0XFbRYkktEUiHsmuhxXlTNCWZprTbiwpDj1OO974PvM7EyoVi8STnsXUDfFQsIARrDOpT0ZsUKnaNTsvtApOAVUoqjmofPf9iCQhFZpwrFTPsWPtplhqRjidl/uJojEmYzykPYMCh1Rd+hMWqxzddJrfPUfnxvVREEnzhEa5+ns6xaFSs9AznSHWI7XsZeJ/Xi/Rwa2bMhEnmgqyWBQkHOkIZSEgn0lKNJ8ZwEQyczciIywx0SYqk4ez/PtVaF/VnOta/bFebdwVyZTgFM7gAhy4gQY8QBNaQGAEz/ACr9bUerPerY9F65pVzJzAn7I+fwAhxZNR</latexit>�

[Kaloper & AW ’24]
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<latexit sha1_base64="HtVQtkdhSOdQHUhPD0EurNLKnvw="></latexit>

at a? : ⇢� = m2
�f

2
�
a3melt

a3?
= ⇢rad. =

T 4
reh

a4?

<latexit sha1_base64="bnj18LfmZX1ffGG145kvwj0pclA="></latexit>

) T? =
Treh

a?
=

m1/2
� f2

�

M3/2
P

<latexit sha1_base64="3zqvXkR2ky7JwmC8Z2+RqlOWyI0="></latexit>

f� ⇠ MGUT, then for m� > 10�19 eV we have T? > eV.

too much DM:  anthropic cut 
<latexit sha1_base64="JLgbZUB7LW56Pki68FXYXgn954Y="></latexit>

h�ianthr. < f� so T? = eV

[Kaloper & AW ’24]

see also: [Cicoli, Guidetti, Righi & AW ’21]
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• a possible future observational outcome …

(i)  BH superradiance detects a      with 
<latexit sha1_base64="spzM4RPVplD0scJ2DlqfOS8hNRY="></latexit>

m� > 10�19 eV ) T? > eV

(ii)  other experiment determines:  DM largely NOT  

consequence:
<latexit sha1_base64="rbTxkNn+723GHmR8ZzTbRS1OXJg=">AAACN3icdZDLSgMxFIYz9VbrbdSlm2ARXMgwI0VdFrtxWcFeoFOGTCZtQzPJkGSKZegD+Qg+hVu7EHfi1jcwnXahrf4Q+Dj/OZycP0wYVdp1p1ZhbX1jc6u4XdrZ3ds/sA+PmkqkEpMGFkzIdogUYZSThqaakXYiCYpDRlrhsDbzWyMiFRX8QY8T0o1Rn9MexUibUmDXfIZ4nxHo4wH1Zc5B5ssYilA5E+gzBv9tQVwPpDMJ7LLruLngKngLKIOF6oH95kcCpzHhGjOkVMdzE93NkNQUMzIp+akiCcJD1CcdgxzFRF1EI5qoHLvZY374BJ4ZN4I9Ic3jGubVn9MZipUax6HpjJEeqGVvVvzL66S6d9PNKE9STTieL+qlDGoBZynCiEqCNRsbQFhS82+IB0girE3WJg9v+fpVaF463pVTua+Uq7eLZIrgBJyCc+CBa1AFd6AOGgCDJ/ACXsHUerberQ/rc95asBYzx+CXrK9v7sCtpQ==</latexit>

h�iobs. ⌧ h�ianthr.

… anthropics has failed !

<latexit sha1_base64="VII3kajyD92q4lxDKRfWFyJdogI=">AAAB9nicbZDLSsNAFIZPvNZ6q7p0M1gEF1ISKeqy6MZlBXuBNpTJZNIOnUzCzKS0hL6CW125E7e+jgvfxUmahbYeGPj4/3M4Z34v5kxp2/6y1tY3Nre2Szvl3b39g8PK0XFbRYkktEUiHsmuhxXlTNCWZprTbiwpDj1OO974PvM7EyoVi8STnsXUDfFQsIARrDOpT0ZsUKnaNTsvtApOAVUoqjmofPf9iCQhFZpwrFTPsWPtplhqRjidl/uJojEmYzykPYMCh1Rd+hMWqxzddJrfPUfnxvVREEnzhEa5+ns6xaFSs9AznSHWI7XsZeJ/Xi/Rwa2bMhEnmgqyWBQkHOkIZSEgn0lKNJ8ZwEQyczciIywx0SYqk4ez/PtVaF/VnOta/bFebdwVyZTgFM7gAhy4gQY8QBNaQGAEz/ACr9bUerPerY9F65pVzJzAn7I+fwAhxZNR</latexit>�

<latexit sha1_base64="VII3kajyD92q4lxDKRfWFyJdogI=">AAAB9nicbZDLSsNAFIZPvNZ6q7p0M1gEF1ISKeqy6MZlBXuBNpTJZNIOnUzCzKS0hL6CW125E7e+jgvfxUmahbYeGPj4/3M4Z34v5kxp2/6y1tY3Nre2Szvl3b39g8PK0XFbRYkktEUiHsmuhxXlTNCWZprTbiwpDj1OO974PvM7EyoVi8STnsXUDfFQsIARrDOpT0ZsUKnaNTsvtApOAVUoqjmofPf9iCQhFZpwrFTPsWPtplhqRjidl/uJojEmYzykPYMCh1Rd+hMWqxzddJrfPUfnxvVREEnzhEa5+ns6xaFSs9AznSHWI7XsZeJ/Xi/Rwa2bMhEnmgqyWBQkHOkIZSEgn0lKNJ8ZwEQyczciIywx0SYqk4ez/PtVaF/VnOta/bFebdwVyZTgFM7gAhy4gQY8QBNaQGAEz/ACr9bUerPerY9F65pVzJzAn7I+fwAhxZNR</latexit>�

[Kaloper & AW ’24]
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summary

- there is a string theory axiverse of p-form axions  
 
- most of these axions are dark!  -  visible gravitationally 
 
 
 
- axions coupled to dark U(1) gauge fields: 

  CS-coupled to dark U(1)  —    a gravitational wave forest!
   
  parametric resonance production —  small but finite 
 
    ↔   task :    correlate coupling structures & signals ! 

- minimum axion excitation — random walk  ↔  dS universality ! 
         may lead to anthropics-testing dark matter sector!

<latexit sha1_base64="MajUVi+Jq2UQ1mXf81nQpY64xCI=">AAACAHicdVDLSgNBEJyNrxhfUY9eBoPgQcJmEzfxFtSDJ4lgHpDEMDvpTYbMPpiZDYYlF7/Cq568iVf/xIP/4myMoKIFDUVVN91dTsiZVKb5ZqQWFpeWV9KrmbX1jc2t7PZOQwaRoFCnAQ9EyyESOPOhrpji0AoFEM/h0HRGZ4nfHIOQLPCv1SSErkcGPnMZJUpLN51z4Irgy14MrjvtZXNm/qRiW8cWNvOmWbaKdkKscskq4oJWEuTQHLVe9r3TD2jkga8oJ1K2C2aoujERilEO00wnkhASOiIDaGvqEw/kUX/MQjmj3fh29sEUH2i3j91A6PIVnqnfp2PiSTnxHN3pETWUv71E/MtrR8qtdGPmh5ECn34uciOOVYCTOHCfCaCKTzQhVDB9N6ZDIghVOjSdx9fT+H/SsPIFO29flXLV03kyabSH9tEhKqAyqqILVEN1RJFA9+gBPRp3xpPxbLx8tqaM+cwu+gHj9QPRyJen</latexit>

�Neff
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