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Introduction: Axion Quality Problem
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Strong CP problem
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Peccei-Quinn mechanism
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Peccei-Quinn mechanism
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Achilles’ heel of PQ mechanism
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Effective theoretical approaches
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Axion quality problem
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Wormholes
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Wormholes




Giddings-Strominger wormhole
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Giddings-Strominger wormhole
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Giddings-Strominger wormhole
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Giddings-Strominger wormhole
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Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).



Giddings-Strominger wormhole

Instanton Anti—instanton
S3 section

Euclidean time

Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).
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Wormholes as instantons

Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).
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Effective potential
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Giddings-Strominger wormhole
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No quality problem?
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KLLS analysis

PHYSICAL REVIEW D VOLUME 52, NUMBER 2 | 15 JULY 1995

Gravity and global symmetries

Renata Kallosh,! Andrei Linde,! Dmitri Linde,? and Leonard Susskind!

! Department of Physics, Stanford University, Stanford, California 94305-4060
2 California Institute of Technology, Pasadena, California 91125
(Received 17 February 1995)

There exists a widely held notion that gravitational effects can strongly violate global symmetries.
If this is correct, it may lead to many important consequences. We argue, in particular, that
nonperturbative gravitational effects in the axion theory lea,d to a strong violation of CP invariance
unless they are suppressed by an extremely small factor g < 10782, One could hope that this problem
disappears if one represents the global symmetry of a pseudoscalar axion field as a gauge symmetry
of the Ogievetsky-Polubarinov-Kalb-Ramond antisymmetric tensor field. We show, however, that
this gauge symmetry does not protect the axion mass from quantum corrections. The amplitude
of gravitational effects violating global symmetries could be strongly suppressed by e™°, where S
is the action of a wormhole which may absorb the global charge. Unfortunately, in a wide variety
of theories based on the Einstein theory of gravity the action appears to be fairly small, S ~ 10.
However, we find that the existence of wormholes and the value of their action are extremely sensitive
to the structure of space on the nearly Planckian scale. We consider several examples (Kaluza-Klein
theory, conformal anomaly, R? terms) which show that modifications of the Einstein theory on the
length scale I S 10M 5 ! may strongly suppress violation of global symmetries. We find also that in

__8«2
string theory there exists an additional suppression of topology change by the factor e 92 . This

effect is strong enough to save the axion theory for the natural values of the stringy gauge coupling
constant.
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KLLS setup

PQ %%

1E

a2

S=[dz./g R+ 10,07 + V(@) AN
= 9| == R+10,2" + V() V(<I>):)\<\<I>| __)

e IRTE 77 DL R 13,

T2 (R

ds® = dr® + a(r)*d*Qs

R DYE

EHlLICL>TR/LENS.

S. Coleman and K. Lee, Nucl. Phys. B 329, 387 (1990).

Mp

S:/d‘l:c\/g{—TRjL

1% J . [, 8, CBULTED%

1 1 1
2Ol VD + 5 g I T + —200,"

V9



Stationary solutions
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Results
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Origin of the difference
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Our work

K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).
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Euclidean path integral
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Stationary solutions
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Results
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Action
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Results
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Palatini formalism - einstein (1925
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Peccei-Quinn mechanism
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Chiral Lagrangian
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Mass term
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Mass term
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Mass term
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Axion potential
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Folk theorem
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Two-form gauge theory
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Two-form gauge theory
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Two-form gauge theory
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Giddings-Strominger wormhole
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Charge quantization
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Gibbons-Hawking-York term
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Gibbons-Hawking-York term

SOBE,
- o o a’
K = P*Vng = ¢"'Vn; = g7 (=1%;) = aa’g”a—é7 = 35
E> T,

SGHY — —3M[2>/ ngaQa’
oV

CODBEDIFHEBHLTWS, COMREICK T DIZENLZITUED,

K — K — Ky

Ky 77 v hgFZEICE—DIRAHIE DA TN 25 E Dextrinsic curvature.

3
Ko=">
a



Caveat
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1-D periodic potential
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Multiple wormholes
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Effective wormhole action
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Effective potential
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