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In QFT


— QCD axion is a pseudo-Nambu-Goldstone boson from an approximate (PQ) symmetry 


— Approximate symmetry ➔ axion potential of order 


— Solution of strong CP iff 


— Large  ➔ sensitivity to UV cutoff, even if Planck-suppressed! (quality problem)

V(a) = ϵf 4
a

V(a) = ϵf 4
a ≪ VQCD

fa

Quantum gravity? String theory…
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EFT

Non-perturbative effects
Fundamental instantons:


Worldsheet or brane 
instantons

Gauge instantons or 

gravitational instantons 

(Wormholes)

In string theory:  periodic ( ) fundamental axions (Axiverse) carrying approximate 

shift-symmetries ( ) broken only non-perturbatively

N ≫ 1 ai ≃ ai + 1
ai → ai + ci
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An EFT for the  Axiverse 𝒩 = 1
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Kinetic function 𝒢ij ≡
1
2

∂2K
∂si∂sj
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(Approximate) Shift symmetry & SUSY                                 

Quantum Gravity constraints 

⟹ s > 1/α

 

with 


and 

K(s) = − ln P(s)
P(λs) = λnP(s)

n = 1,2,3,4,5,6,7

Instanton charge 
(integers)

e2πiqiti = e2πiqiaie−2πqisi

non-perturbative effects dominated by 
fund. BPS instantons: s must be large

<latexit sha1_base64="ljTpGi31hN4BY03OXdMM3gHH5LM=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBAEIeyKRC9C0IvHCOYBySbMTmaTIbOzy0yvEEJ+w4sHRbz6M978GyfJHjSxoKGo6qa7K0ikMOi6387K6tr6xmZuK7+9s7u3Xzg4rJs41YzXWCxj3Qyo4VIoXkOBkjcTzWkUSN4IhndTv/HEtRGxesRRwv2I9pUIBaNopTZ2xA3tiHNhOqJbKLoldwayTLyMFCFDtVv4avdilkZcIZPUmJbnJuiPqUbBJJ/k26nhCWVD2uctSxWNuPHHs5sn5NQqPRLG2pZCMlN/T4xpZMwoCmxnRHFgFr2p+J/XSjG89sdCJSlyxeaLwlQSjMk0ANITmjOUI0so08LeStiAasrQxpS3IXiLLy+T+kXJK5fKD5fFym0WRw6O4QTOwIMrqMA9VKEGDBJ4hld4c1LnxXl3PuatK042cwR/4Hz+AJmpkWs=</latexit>

ti = ai + isi

Kinetic term controlled by a 
homogeneous function

From Lanza-Marchesano-Martucci-Valenzuela (2021-2022)
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According to  counting,  ➔ “secret loop-coupling parameter” ℏ [s] = [ℏ]

<latexit sha1_base64="vD4xTbSuhJiELB1eWAFvIvNypP0=">AAACAXicbVBNS8NAEJ34WetX1IvgZbEInkpSpHosevFYwX5AE8pmu2mXbjZhdyOUEC/+FS8eFPHqv/Dmv3Hb5qCtDwYe780wMy9IOFPacb6tldW19Y3N0lZ5e2d3b98+OGyrOJWEtkjMY9kNsKKcCdrSTHPaTSTFUcBpJxjfTP3OA5WKxeJeTxLqR3goWMgI1kbq28deKDHJvFGAZZ7VvIQhlXucu3274lSdGdAycQtSgQLNvv3lDWKSRlRowrFSPddJtJ9hqRnhNC97qaIJJmM8pD1DBY6o8rPZBzk6M8oAhbE0JTSaqb8nMhwpNYkC0xlhPVKL3lT8z+ulOrzyMyaSVFNB5ovClCMdo2kcaMAkJZpPDMFEMnMrIiNsItEmtLIJwV18eZm0a1W3Xq3fXVQa10UcJTiBUzgHFy6hAbfQhBYQeIRneIU368l6sd6tj3nrilXMHMEfWJ8/cqGW5g==</latexit>

~
2⇡s

⌧ 1
➔ At a given order,  must 
be a homogeneous function.

P(s)

➔ s must be large.

“ ’’ ➔s > 1/α Perturbative corrections down by  

UV non-perturbative corrections by 

α/2π ≪ 1
e− 2π

α ≪ 1
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Wormholes
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Hawking (1987)
Giddings-Strominger (1988)

Coleman (1988)
Coleman-Lee (1989)

Klebanov-Susskind-Banks (1989)
Preskill (1989)

Kallosh-Linde-Linde-Susskind (1994)
Arkani Hamed-Orgera-Polchinski (2007)

Almheiri-Hartman-Maldacena-Shaghoulian-Tajdini (2019)
Marolf-Maxfield (2020)

McNamara-Vafa (2020) 

Withdraw charge

Release charge

Creation and annihilation of “baby universes”
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Wormhole mysteries

Mysteries:

— Loss of locality and coherence? Euclidean path integral of quantum gravity?

— Cluster decomposition generically violated (factorization)

— Undetermined EFT couplings in conflict with string theory experience

— Charge is conserved (globally): how can we induce an axion potential?

Kkkkk
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e−Shw = e−Sw/2

<latexit sha1_base64="ydX/WPAnjnN+JiGoEQBGyyWlHcg="></latexit>

exp

⇢
�

Z
d4x

p
|g(x)|

Z
d4y

p
|g(y)| CIJ

OI(x)OJ (y)

�
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(half-)wormhole

<latexit sha1_base64="M8DI+G/FrYYmfTg9WBWrRIFl8/s="></latexit>

hA(x)B(y)i =
Z

d↵ d↵̄ e�↵IC�1
IJ ↵̄J

hA(x)B(y)i↵,↵̄

Hebecker-Mikhail-Soler (2018) 
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Wormhole mysteries
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Mysteries:

— Loss of locality and coherence? Euclidean path integral of quantum gravity?

— Cluster decomposition generically violated (factorization)

— Undetermined EFT couplings in conflict with string theory experience

— Charge is conserved (globally): how can we induce an axion potential?

<latexit sha1_base64="ydX/WPAnjnN+JiGoEQBGyyWlHcg="></latexit>
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{

Avoided if Coleman’s α-parameters 
are uniquely determined

α’s must be peaked 

away from 0


(Symmetry breaking)
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… in the  Axiverse 𝒩 = 1
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General O(4)-invariant solutions carrying quantized axionic charges  ( )qi Ji = 𝒢ij dai

<latexit sha1_base64="dl4hq5CE/9yfBapL4/6iFjkxlUg="></latexit>
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si = si(r)

<latexit sha1_base64="b80q8k2FwVdifV15UrsN6MbeWEc=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquSPUiFL14rGA/sF1LNs22odlkSbJCWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjG6mfuuJKs2kuDfjmPoRHggWMoKNlR7wI7uyVVanvWLJrbgzoGXiZaQEGeq94le3L0kSUWEIx1p3PDc2foqVYYTTSaGbaBpjMsID2rFU4IhqP51dPEEnVumjUCpbwqCZ+nsixZHW4yiwnRE2Q73oTcX/vE5iwks/ZSJODBVkvihMODISTd9HfaYoMXxsCSaK2VsRGWKFibEhFWwI3uLLy6R5VvGqlerdeal2ncWRhyM4hjJ4cAE1uIU6NICAgGd4hTdHOy/Ou/Mxb8052cwh/IHz+QOV0ZA5</latexit>

ai = ai(r)

<latexit sha1_base64="W/eQTLOXqKdCETDMLC94o/fKgYY=">AAACGXicbVBNSwMxEM36WetX1aOXYBE8lV0t6lEUwYNCBatCty3ZdFaD2eyazIplu3/Di3/FiwdFPOrJf2Nae/DrwQyP92ZI5gWJFAZd98MZGR0bn5gsTBWnZ2bn5ksLi6cmTjWHOo9lrM8DZkAKBXUUKOE80cCiQMJZcLXX989uQBsRqxPsJtCM2IUSoeAMrdQuuYetqg/XqbihfqgZz3r7vTzb8BPRWj9qVduZj3CLtgvVpbU8z9ulsltxB6B/iTckZTJErV168zsxTyNQyCUzpuG5CTYzplFwCXnRTw0kjF+xC2hYqlgEppkNLsvpqlU6NIy1LYV0oH7fyFhkTDcK7GTE8NL89vrif14jxXC7mQmVpAiKfz0UppJiTPsx0Y7QwFF2LWFcC/tXyi+ZDQhtmEUbgvf75L/kdL3ibVY2j6vlnd1hHAWyTFbIGvHIFtkhB6RG6oSTO/JAnsizc+88Oi/O69foiDPcWSI/4Lx/AjIUoRY=</latexit>

L4 ⌘ |E|
3⇡2M4

P

<latexit sha1_base64="WyyX0dOS8fGH13Fdf+wzgyCG5uE="></latexit>

E ⌘ 1

2
Gij ṡ

iṡj � 1

2
Gijqiqj

The problem is equivalent to the motion of a point particle in N dimensions with energy

L
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Extremal wormholes (E=0)

(Singular scalars, flat geometry)

Non-extremal wormholes (E<0)

(Non-trivial regular geometry)

Kkkkk

X
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Extremal Wormholes (E=0) 
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S|extr. = 2⇡qis
i
1 � 2⇡qis

i
0

Singular ( )ℓ0 → ∞, s0 → 0

X

Quantum gravity input: 

they describe the insertion of fundamental instantons at !r = 0
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EFT operators 

but NO-wormhole 

_

_

MUV

1/L

_

_

MUV

1/L

UV-EFT

IR-EFT

Wormhole 

“integrated in”

Let’s integrate the wormhole out below 1/L…

MATCHING
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Wq = Aq e
2⇡iqit

i

Extremal wormholes (aka fund. Instantons)

can induce effective (symmetry-breaking) superpotentials
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Non-Extremal Wormholes (E<0) 
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Degree of homogeneity of P(s):

 Fully regular solutionsn > 3

 Singular solutionsn < 3
 Marginally-degenerate solutionsn = 3
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{

Kkkkk
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Non-Extremal, regular (n>3) Wormholes (E<0) 
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Kkkkk

— We find analytic (homogeneous) solutions involving all N fields:

— Always “seed” of more general (numerical) configurations

MATCHING

(4 Goldstinos)

<latexit sha1_base64="x4m33wELNZ4XTDTcTxs88AhSOto=">AAACDnicbVC7TsNAEDzzJrwClDQnIiQKiGyEgBJBg0QDggSkOETny5qccvaZuzUQGX8BDb9CQwFCtNR0/A2XR8FrpJVGM7va3QkSKQy67qczNDwyOjY+MVmYmp6ZnSvOL1SNSjWHCldS6fOAGZAihgoKlHCeaGBRIOEsaO93/bNr0Eao+BQ7CdQjdhmLUHCGVmoUVw4bmR+E9Cr3E60SVP4aXGTrJ3dWRrjFrHWT53mjWHLLbg/0L/EGpEQGOGoUP/ym4mkEMXLJjKl5boL1jGkUXEJe8FMDCeNtdgk1S2MWgalnvXdyumKVJg2VthUj7anfJzIWGdOJAtsZMWyZ315X/M+rpRju1DMRJylCzPuLwlRSVLSbDW0KDRxlxxLGtbC3Ut5imnG0CRZsCN7vl/+S6kbZ2ypvHW+WdvcGcUyQJbJMVolHtskuOSBHpEI4uSeP5Jm8OA/Ok/PqvPVbh5zBzCL5Aef9C3jFnQ0=</latexit>

Kq / e�S|hw

Non-Extremal regular wormholes can induce 
effective (symmetry-breaking) Kahler potential

<latexit sha1_base64="/JoN9eevVKk+tww2jYJB4g4ys2I=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0VxVRKR6rLoxmUF+4AmlJvptB06mYSZiVBC/8CNv+LGhSJu3brzb5ymUbT1wGUO59zLnXuCmDOlHefTKiwtr6yuFddLG5tb2zv27l5TRYkktEEiHsl2AIpyJmhDM81pO5YUwoDTVjC6mvqtOyoVi8StHsfUD2EgWJ8R0Ebq2sceBzHg1AtAemTIft7vkpndtctOxcmAF4mbkzLKUe/aH14vIklIhSYclOq4Tqz9FKRmhNNJyUsUjYGMYEA7hgoIqfLT7J4JPjJKD/cjaUponKm/J1IIlRqHgekMQQ/VvDcV//M6ie5f+CkTcaKpILNF/YRjHeFpOLjHJCWajw0BIpn5KyZDkEC0ibBkQnDnT14kzdOKW61Ub87Ktcs8jiI6QIfoBLnoHNXQNaqjBiLoHj2iZ/RiPVhP1qv1NmstWPnMPvoD6/0L5CudOA==</latexit>

h�̄�̄��i

<latexit sha1_base64="YlLXADuVRnPTPp2avreUVxzy/gw="></latexit>

`i(r) = qi`⇤ cos

"r
3

n

✓
⇡

2
� arcsin

✓
L2

r2

◆◆#
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Non-Extremal, marginally-degenerate (n=3) Wormholes 
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<latexit sha1_base64="JNUmaECupljvbZNOwKQrvttO/dk="></latexit>

`i =
qi

2⇡M2
Pr

2
+ `i(1)

⇥
1 +O(L4/r4)

⇤

These degenerate at , have IR-divergent action…

Approximate analytic solution (not too large r)

r = ∞

<latexit sha1_base64="PibqMw8c/2kSbPAuzqy1I5v/bQc="></latexit>

S|⇤hw = 2⇡qis
i
⇤

⇥
1 +O(⇤4L4)

⇤
Introducing an IR cutoff  the regularized action reads: r > 1/Λ

Look suspiciously 

similar to the extremal case…
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“Integrate out” the wormhole 

below . Λ ≪ 1/L

_

_

MUV

_ Λ

1/L

_

_

MUV

_ Λ

1/L

UV-EFT

IR-EFT

<latexit sha1_base64="1fTPBiHrqvzl5TYJrC0E2SFU5Ao=">AAACBXicbVC7SgNBFJ31GeMraqnFYhBsDLsi0TJgoWVE88BsDLOTu8mQ2Qczd9WwbmPjr9hYKGLrP9j5N04ehSYeGDiccy93znEjwRVa1rcxMzs3v7CYWcour6yurec2NqsqjCWDCgtFKOsuVSB4ABXkKKAeSaC+K6Dm9k4Hfu0WpOJhcIX9CJo+7QTc44yillq5nWsnkmGEoQk3ycHlQytxEO4x6d6ladrK5a2CNYQ5TewxyZMxyq3cl9MOWexDgExQpRq2FWEzoRI5E5BmnVhBRFmPdqChaUB9UM1kmCI197TSNr1Q6hegOVR/byTUV6rvu3rSp9hVk95A/M9rxOidNBMeRDFCwEaHvFiYOvSgErPNJTAUfU0ok1z/1WRdKilDXVxWl2BPRp4m1cOCXSwUL47ypbNxHRmyTXbJPrHJMSmRc1ImFcLII3kmr+TNeDJejHfjYzQ6Y4x3tsgfGJ8/mVyZUw==</latexit>

Z / e�S|hw
<latexit sha1_base64="xmT+LBs7zNOuqWWw/LY+mplSkpY="></latexit>

Z / OIRe
�S|IRhw

<latexit sha1_base64="iwlLXyII/pXFBPwCJ02FuO0m5kk="></latexit>

OIR / e�(S|hw�S|IRhw) = e�S|⇤hw

Wilson’s RG reproduces the counterterm that 
describes fund. instantons (up to )𝒪(Λ4L4)

n=3 wormholes are 
fundamental instantons


in disguise!

<latexit sha1_base64="Jv3rq75CZHhVgOYi5Wbq8nr+k78=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8hUSkeix68VjBfkATy2Y7aZduNmF3opTQ/+HFgyJe/S/e/Ddu2xy09cHA470ZZuaFqeAaXffbWlldW9/YLG2Vt3d29/YrB4ctnWSKQZMlIlGdkGoQXEITOQropApoHApoh6Obqd9+BKV5Iu9xnEIQ04HkEWcUjfTgC4jQz33FB0N0epWq67gz2MvEK0iVFGj0Kl9+P2FZDBKZoFp3PTfFIKcKORMwKfuZhpSyER1A11BJY9BBPrt6Yp8apW9HiTIl0Z6pvydyGms9jkPTGVMc6kVvKv7ndTOMroKcyzRDkGy+KMqEjYk9jcDucwUMxdgQyhQ3t9psSBVlaIIqmxC8xZeXSevc8WpO7e6iWr8u4iiRY3JCzohHLkmd3JIGaRJGFHkmr+TNerJerHfrY966YhUzR+QPrM8fmKiSlw==</latexit>

{
Wormhole 


“integrated in”

Let’s integrate it out below 1/L…
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Quality problem?
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EFT

Non-perturbative effects

Non-extremal

regular wormholes

Non-extremal

n=3 wormholes with L → 0

Extremal wormholes
<latexit sha1_base64="IU3BPRj7a17dz+emdvz8Uy3uib4=">AAACC3icbVC7SgNBFJ31GeMramkzJAgWGnaDRMuAjYVFBPOA7GaZncwmQ2Z3JjOzQli2t/FXbCwUsfUH7PwbJ49CEw9cOJxzL/feEwhGlbbtb2tldW19YzO3ld/e2d3bLxwcNhVPJCYNzBmX7QApwmhMGppqRtpCEhQFjLSC4fXEbz0QqSiP7/VYEC9C/ZiGFCNtJL9QbPmpG4RwlLlCcqG5e0a66XnFFRSOfKq6NPMLJbtsTwGXiTMnJTBH3S98uT2Ok4jEGjOkVMexhfZSJDXFjGR5N1FEIDxEfdIxNEYRUV46/SWDJ0bpwZBLU7GGU/X3RIoipcZRYDojpAdq0ZuI/3mdRIdXXkpjkWgS49miMGFQczgJBvaoJFizsSEIS2puhXiAJMLaxJc3ITiLLy+TZqXsVMvVu4tS7XYeRw4cgyI4BQ64BDVwA+qgATB4BM/gFbxZT9aL9W59zFpXrPnMEfgD6/MHsjOa4Q==</latexit>

Wq / e�2⇡qis
i

<latexit sha1_base64="x4m33wELNZ4XTDTcTxs88AhSOto=">AAACDnicbVC7TsNAEDzzJrwClDQnIiQKiGyEgBJBg0QDggSkOETny5qccvaZuzUQGX8BDb9CQwFCtNR0/A2XR8FrpJVGM7va3QkSKQy67qczNDwyOjY+MVmYmp6ZnSvOL1SNSjWHCldS6fOAGZAihgoKlHCeaGBRIOEsaO93/bNr0Eao+BQ7CdQjdhmLUHCGVmoUVw4bmR+E9Cr3E60SVP4aXGTrJ3dWRrjFrHWT53mjWHLLbg/0L/EGpEQGOGoUP/ym4mkEMXLJjKl5boL1jGkUXEJe8FMDCeNtdgk1S2MWgalnvXdyumKVJg2VthUj7anfJzIWGdOJAtsZMWyZ315X/M+rpRju1DMRJylCzPuLwlRSVLSbDW0KDRxlxxLGtbC3Ut5imnG0CRZsCN7vl/+S6kbZ2ypvHW+WdvcGcUyQJbJMVolHtskuOSBHpEI4uSeP5Jm8OA/Ok/PqvPVbh5zBzCL5Aef9C3jFnQ0=</latexit>

Kq / e�S|hw

<latexit sha1_base64="IU3BPRj7a17dz+emdvz8Uy3uib4=">AAACC3icbVC7SgNBFJ31GeMramkzJAgWGnaDRMuAjYVFBPOA7GaZncwmQ2Z3JjOzQli2t/FXbCwUsfUH7PwbJ49CEw9cOJxzL/feEwhGlbbtb2tldW19YzO3ld/e2d3bLxwcNhVPJCYNzBmX7QApwmhMGppqRtpCEhQFjLSC4fXEbz0QqSiP7/VYEC9C/ZiGFCNtJL9QbPmpG4RwlLlCcqG5e0a66XnFFRSOfKq6NPMLJbtsTwGXiTMnJTBH3S98uT2Ok4jEGjOkVMexhfZSJDXFjGR5N1FEIDxEfdIxNEYRUV46/SWDJ0bpwZBLU7GGU/X3RIoipcZRYDojpAdq0ZuI/3mdRIdXXkpjkWgS49miMGFQczgJBvaoJFizsSEIS2puhXiAJMLaxJc3ITiLLy+TZqXsVMvVu4tS7XYeRw4cgyI4BQ64BDVwA+qgATB4BM/gFbxZT9aL9W59zFpXrPnMEfgD6/MHsjOa4Q==</latexit>

Wq / e�2⇡qis
i
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EFT

Non-perturbative effects

Non-extremal

regular wormholes

Extremal wormholes
<latexit sha1_base64="IU3BPRj7a17dz+emdvz8Uy3uib4=">AAACC3icbVC7SgNBFJ31GeMramkzJAgWGnaDRMuAjYVFBPOA7GaZncwmQ2Z3JjOzQli2t/FXbCwUsfUH7PwbJ49CEw9cOJxzL/feEwhGlbbtb2tldW19YzO3ld/e2d3bLxwcNhVPJCYNzBmX7QApwmhMGppqRtpCEhQFjLSC4fXEbz0QqSiP7/VYEC9C/ZiGFCNtJL9QbPmpG4RwlLlCcqG5e0a66XnFFRSOfKq6NPMLJbtsTwGXiTMnJTBH3S98uT2Ok4jEGjOkVMexhfZSJDXFjGR5N1FEIDxEfdIxNEYRUV46/SWDJ0bpwZBLU7GGU/X3RIoipcZRYDojpAdq0ZuI/3mdRIdXXkpjkWgS49miMGFQczgJBvaoJFizsSEIS2puhXiAJMLaxJc3ITiLLy+TZqXsVMvVu4tS7XYeRw4cgyI4BQ64BDVwA+qgATB4BM/gFbxZT9aL9W59zFpXrPnMEfgD6/MHsjOa4Q==</latexit>

Wq / e�2⇡qis
i

<latexit sha1_base64="x4m33wELNZ4XTDTcTxs88AhSOto=">AAACDnicbVC7TsNAEDzzJrwClDQnIiQKiGyEgBJBg0QDggSkOETny5qccvaZuzUQGX8BDb9CQwFCtNR0/A2XR8FrpJVGM7va3QkSKQy67qczNDwyOjY+MVmYmp6ZnSvOL1SNSjWHCldS6fOAGZAihgoKlHCeaGBRIOEsaO93/bNr0Eao+BQ7CdQjdhmLUHCGVmoUVw4bmR+E9Cr3E60SVP4aXGTrJ3dWRrjFrHWT53mjWHLLbg/0L/EGpEQGOGoUP/ym4mkEMXLJjKl5boL1jGkUXEJe8FMDCeNtdgk1S2MWgalnvXdyumKVJg2VthUj7anfJzIWGdOJAtsZMWyZ315X/M+rpRju1DMRJylCzPuLwlRSVLSbDW0KDRxlxxLGtbC3Ut5imnG0CRZsCN7vl/+S6kbZ2ypvHW+WdvcGcUyQJbJMVolHtskuOSBHpEI4uSeP5Jm8OA/Ok/PqvPVbh5zBzCL5Aef9C3jFnQ0=</latexit>

Kq / e�S|hw

<latexit sha1_base64="IU3BPRj7a17dz+emdvz8Uy3uib4=">AAACC3icbVC7SgNBFJ31GeMramkzJAgWGnaDRMuAjYVFBPOA7GaZncwmQ2Z3JjOzQli2t/FXbCwUsfUH7PwbJ49CEw9cOJxzL/feEwhGlbbtb2tldW19YzO3ld/e2d3bLxwcNhVPJCYNzBmX7QApwmhMGppqRtpCEhQFjLSC4fXEbz0QqSiP7/VYEC9C/ZiGFCNtJL9QbPmpG4RwlLlCcqG5e0a66XnFFRSOfKq6NPMLJbtsTwGXiTMnJTBH3S98uT2Ok4jEGjOkVMexhfZSJDXFjGR5N1FEIDxEfdIxNEYRUV46/SWDJ0bpwZBLU7GGU/X3RIoipcZRYDojpAdq0ZuI/3mdRIdXXkpjkWgS49miMGFQczgJBvaoJFizsSEIS2puhXiAJMLaxJc3ITiLLy+TZqXsVMvVu4tS7XYeRw4cgyI4BQ64BDVwA+qgATB4BM/gFbxZT9aL9W59zFpXrPnMEfgD6/MHsjOa4Q==</latexit>

Wq / e�2⇡qis
i

<latexit sha1_base64="y9z643qt5mjZJSdbUJ8LLNNfesc=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GIhWE3SLQM2lhpBPOAbAx3J7PJkNkHM7NCWPYHbPwVGwtFbO3t/BsnyRYaPXDhcM693HuPG3EmlWV9GbmFxaXllfxqYW19Y3PL3N5pyjAWhDZIyEPRdkFSzgLaUExx2o4EBd/ltOWOLiZ+654KycLgVo0j2vVhEDCPEVBa6pkH9C45ThwCHF+nJfvI8QSQpOJELE0c4NEQ0qu0ZxatsjUF/kvsjBRRhnrP/HT6IYl9GijCQcqObUWqm4BQjHCaFpxY0gjICAa0o2kAPpXdZPpNig+10sdeKHQFCk/VnxMJ+FKOfVd3+qCGct6biP95nVh5Z92EBVGsaEBmi7yYYxXiSTS4zwQlio81ASKYvhWTIeg8lA6woEOw51/+S5qVsl0tV29OirXzLI482kP7qIRsdIpq6BLVUQMR9ICe0At6NR6NZ+PNeJ+15oxsZhf9gvHxDd69m3o=</latexit>

e�O(1) 2⇡
↵ N

Non-extremal

n=3 wormholes with L → 0
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Within the EFT

<latexit sha1_base64="sd0yysB5re0J488byTilxlNelSc=">AAACGXicbVDLSgNBEJz1bXxFPXoZDIKnsKuiHkUvHhQimihkY5iddJLB2dl1plcN6/6GF3/FiwdFPOrJv3HyEHwVNBRV3XR3BbEUBl33wxkaHhkdG5+YzE1Nz8zO5ecXKiZKNIcyj2SkzwJmQAoFZRQo4SzWwMJAwmlwsdf1T69AGxGpE+zEUAtZS4mm4AytVM+7x7f11Ee4wbR9nWU5vwWX634sztcPz9e+HB+F6tBSlh1YLV9wi24P9C/xBqRABijV829+I+JJCAq5ZMZUPTfGWso0Ci7BbkwMxIxfsBZULVUsBFNLe59ldMUqDdqMtC2FtKd+n0hZaEwnDGxnyLBtfntd8T+vmmBzu5YKFScIivcXNRNJMaLdmGhDaOAoO5YwroW9lfI204yjDTNnQ/B+v/yXVNaK3mZx82ijsLM7iGOCLJFlsko8skV2yD4pkTLh5I48kCfy7Nw7j86L89pvHXIGM4vkB5z3TzHLoQk=</latexit>

S|hw � 3⇡3M2
PL

2For regular wormholes

<latexit sha1_base64="YMVxMJaDa18uaSOx4R4wYzDZp2M=">AAACAXicbVDLSgMxFM34rPU16kZwEyyCqzojUl1J0Y0LhQr2AW0pmTTThmYyQ3JHLMO48VfcuFDErX/hzr8xbWehrQfu5XDOvST3eJHgGhzn25qbX1hcWs6t5FfX1jc27a3tmg5jRVmVhiJUDY9oJrhkVeAgWCNSjASeYHVvcDny6/dMaR7KOxhGrB2QnuQ+pwSM1LF3r8/do5tO0gL2AKZzOUyqtTRNO3bBKTpj4FniZqSAMlQ69lerG9I4YBKoIFo3XSeCdkIUcCpYmm/FmkWEDkiPNQ2VJGC6nYwvSPGBUbrYD5UpCXis/t5ISKD1MPDMZECgr6e9kfif14zBP2snXEYxMEknD/mxwBDiURy4yxWjIIaGEKq4+SumfaIIBRNa3oTgTp88S2rHRbdULN2eFMoXWRw5tIf20SFy0SkqoytUQVVE0SN6Rq/ozXqyXqx362MyOmdlOzvoD6zPH6cvlxA=</latexit>

L > 1/MUV

Based on simple large N argument:

<latexit sha1_base64="5XnvXWlrSA5MfboB/dqzV2a5CC8="></latexit>

MUV . 2⇡MP
p
N

=) S|hw = O(N)

Wormholes MUST be very 

suppressed in the Axiverse
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Easier to formalize for regular wormholes…

Detour: Gauss-Bonnet
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Higher order terms are negligible for , but (semi-)topological terms…p ≪ MUV

Pontryagin

<latexit sha1_base64="TcWZXQWOzf//sL5+YlswncwcZk4="></latexit>Z
d4x

p
�g

"
C̃isi

32⇡

�
RabcdR

abcd � 4RabR
ab +R2

�
+

C̃iai

384⇡
✏cdefRa

befR
b
acd

#

Gauss-Bonnet

 (axion periodicity)C̃i ∈ ℤ

In the domain “ ”  impliess > 1/α γ(s) =
π
6

C̃isi ≥
Nπ
6α

Another quantum gravity constraint on  …C̃i Martucci-Risso-Weigand (2023)
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GB=2, P=0 GB=2, P=0

Kkkkk

<latexit sha1_base64="uKGMjQZIZMfdUufX/Py/Ggmlsug=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgxbJbpHosevFYwX5Ady2zabYNTbJLkhXK0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nitAWiXmsuiFoypmkLcMMp91EURAhp51wfDvzO09UaRbLBzNJaCBgKFnECBgr+fQxu6j5QxACpv1yxa26c+BV4uWkgnI0++UvfxCTVFBpCAete56bmCADZRjhdFryU00TIGMY0p6lEgTVQTa/eYrPrDLAUaxsSYPn6u+JDITWExHaTgFmpJe9mfif10tNdB1kTCapoZIsFkUpxybGswDwgClKDJ9YAkQxeysmI1BAjI2pZEPwll9eJe1a1atX6/eXlcZNHkcRnaBTdI48dIUa6A41UQsRlKBn9IrenNR5cd6dj0VrwclnjtEfOJ8/qU6Rdg==</latexit>

e�2�

➔ Each (half-)wormhole is suppressed by  e−γ
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EFT

Non-perturbative effects

Non-extremal

regular wormholes

Extremal wormholes
<latexit sha1_base64="IU3BPRj7a17dz+emdvz8Uy3uib4=">AAACC3icbVC7SgNBFJ31GeMramkzJAgWGnaDRMuAjYVFBPOA7GaZncwmQ2Z3JjOzQli2t/FXbCwUsfUH7PwbJ49CEw9cOJxzL/feEwhGlbbtb2tldW19YzO3ld/e2d3bLxwcNhVPJCYNzBmX7QApwmhMGppqRtpCEhQFjLSC4fXEbz0QqSiP7/VYEC9C/ZiGFCNtJL9QbPmpG4RwlLlCcqG5e0a66XnFFRSOfKq6NPMLJbtsTwGXiTMnJTBH3S98uT2Ok4jEGjOkVMexhfZSJDXFjGR5N1FEIDxEfdIxNEYRUV46/SWDJ0bpwZBLU7GGU/X3RIoipcZRYDojpAdq0ZuI/3mdRIdXXkpjkWgS49miMGFQczgJBvaoJFizsSEIS2puhXiAJMLaxJc3ITiLLy+TZqXsVMvVu4tS7XYeRw4cgyI4BQ64BDVwA+qgATB4BM/gFbxZT9aL9W59zFpXrPnMEfgD6/MHsjOa4Q==</latexit>

Wq / e�2⇡qis
i

<latexit sha1_base64="x4m33wELNZ4XTDTcTxs88AhSOto=">AAACDnicbVC7TsNAEDzzJrwClDQnIiQKiGyEgBJBg0QDggSkOETny5qccvaZuzUQGX8BDb9CQwFCtNR0/A2XR8FrpJVGM7va3QkSKQy67qczNDwyOjY+MVmYmp6ZnSvOL1SNSjWHCldS6fOAGZAihgoKlHCeaGBRIOEsaO93/bNr0Eao+BQ7CdQjdhmLUHCGVmoUVw4bmR+E9Cr3E60SVP4aXGTrJ3dWRrjFrHWT53mjWHLLbg/0L/EGpEQGOGoUP/ym4mkEMXLJjKl5boL1jGkUXEJe8FMDCeNtdgk1S2MWgalnvXdyumKVJg2VthUj7anfJzIWGdOJAtsZMWyZ315X/M+rpRju1DMRJylCzPuLwlRSVLSbDW0KDRxlxxLGtbC3Ut5imnG0CRZsCN7vl/+S6kbZ2ypvHW+WdvcGcUyQJbJMVolHtskuOSBHpEI4uSeP5Jm8OA/Ok/PqvPVbh5zBzCL5Aef9C3jFnQ0=</latexit>

Kq / e�S|hw
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Non-extremal

n=3 wormholes with L → 0

q?!
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Axion potential in the  axiverse𝒩 = 1
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 A deep connection between fundamental and gravitational instantons  

n=3 wormholes are fund. instantons in disguise ➔ α-parameters are fixed!

 Non-extremal wormholes are suppressed by .

 Bound on Gauss-Bonnet ➔ also QFT axions (in Axiverse) are .

 Quality controlled by fund. instantons (model-dep.). How severe?*


e− 2π
α N

e− 2π
α N

               
Conclusions

* For Type IIB, ask McAllister… 
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Additional material…
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In general…

— non-extremal n=3 wormholes have 4 zero-modes ➔ no superpotential 

— 2 of the zero-modes are localized around L ➔ cannot induce Kahler either!

X

L

But… in the limit  they are indistinguishable from fundamental 
instantons and must be able to induce effective superpotentials 


L → 0

First proposed in Park-Srednicki-Strominger (1990)

n=3 wormholes at low energy
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Generic  operators receive corrections from KK (if present)

Gauss-Bonnet does not ➔ suppressed by the highest (extra-dimensional) cutoff (species scale)
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EFT perturbativityOur bound Large N 

expectation

Compatible with

“distance conjecture”
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Gauss-bonnet and a bound on the species scale


