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Introduction: Axion Quality Problem



Peccei-Quinn mechanism
R. D. Peccei and H. R. Quinn (1977):

The strong CP problem can be solved if we introduce a new

anomalous global U(1) symmetry.

Peccei-Quinn (PQ) symmetry

This symmetry is spontaneously broken at a scale
<latexit sha1_base64="1H921Ou5WLpqtyqDTNGio+kts5c="></latexit>

fa

A pseudo Nambu-Goldstone boson appears

Axion S. Weinberg (1978); F. Wilczek (1978).



Achilles’ heel of PQ mechanism
The PQ mechanism relies on the assumption that the PQ 

symmetry is violated solely by QCD non-perturbative effects.

(+ quark masses)

Additional PQ-violating sources may spoil this mechanism.
If their effects are stronger than the QCD effects.

On the other hand, any global symmetries are believed 

to be violated by gravity.

PQ-violating effects by gravity??

See, e.g., T. Banks and N. Seiberg, Phys. Rev. D 83, 084019 (2011).



Effective theoretical approaches
It was discussed based on effective operator analyses that 

the gravitational PQ-violating effect can actually be too large.

H. M. Georgi, L. J. Hall, and M. B. Wise (1981); M. Dine and N. Seiberg (1986);

M. Kamionkowski and J. March-Russell (1992); S. M. Barr and D. Seckel (1992);


R. Holman, S. D. H. Hsu, T. W. Kephart, E. W. Kolb, R. Watkins, and L. M. Widrow (1992);

S. Ghigna, M. Lusignoli, and M. Roncadelli (1992).

PQ-violating operator
<latexit sha1_base64="v5cizMGNC60+SktmEh3turatR/A="></latexit>
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This shifts the axion field from the CP-conserving minimum by
<latexit sha1_base64="mwzIjwAXO6TP5SYZpUI2fKCQ+XQ="></latexit>
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Axion quality problem
To avoid the strong CP problem, we need

<latexit sha1_base64="jYyM1RelD71RzoCsvc9EGhysLFo="></latexit>

|�a|
fa

. 10�10

This means that if , we need to forbid

the effective operators up to  for .

2n |cn sin δn | = 𝒪(1)
n ∼ 10 fa ≃ 1010 GeV

Axion quality problem

Extend the gauge sector.

Make the PQ symmetry an accidental symmetry.

Heavy axion models

Lower the value of  fa etc.

Approaches to evade the problem

T. Aoki’s talk

e.g., T. Gherghetta, N. Nagata, M. Shifman, Phys. Rev. D 93, 115010 (2016).



Wormholes
One may wonder what kind of gravitational effects actually

cause the violation of the PQ symmetry.

Gravitational instantons or wormholes
Today’s topic

Caveat

There may be other contributions as well.

See, e.g., Z. Chen and A. Kobakhidze, Eur. Phys. J. C 82, 596 (2022).

A. Kobakhidze’s talk



Wormholes



Giddings-Strominger wormhole

They found wormhole solutions of

the Euclidean path integral in the 

theory in which axion minimally 

couples to gravity.

S. B. Giddings and A. Strominger, Nucl. Phys. B306, 890 (1988).

Action
<latexit sha1_base64="TXWqhpV5LDpjDZ20q3LbKvchnVs="></latexit>
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Look for a spherically symmetric solution:
<latexit sha1_base64="XtJZiJzJEZM4Do3cvUK67vDY1Ew="></latexit>

ds2 = dr2 + a(r)2d2⌦3 : 3-dim space elementd2Ω3

: “Euclidean time”r
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Asymptotically flat

Wormhole throat

PQ charge, n, flows

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

Giddings-Strominger wormhole

<latexit sha1_base64="M8kwjJwBxQGj89Kbh3tcE1pbpcc="></latexit>
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This configuration is also a solution.

For this observer, the PQ charge 

is not conserved.



Effective potential
These non-perturbative gravitational instantons induce

an effective axion potential of the form

<latexit sha1_base64="JsFdszQdgp5ckRuhvHgbu7yAh1U="></latexit>
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For ,  is satisfied forδ = 𝒪(1) |Δa | /fa ≲ 10−10

<latexit sha1_base64="OEku7nd1Yc/eVd0RLjyAO0zbibU="></latexit>

S & 200

S. J. Rey, Phys. Rev. D 39, 3185 (1989).

For n = 1
<latexit sha1_base64="yXIHY4EQN6OH/Ccrx6Sf0GE27Lc="></latexit>
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The wormhole contribution is 

sufficiently suppressed for

<latexit sha1_base64="SXMUzRmKGtriPNHwV4BVfX0DnZw="></latexit>

fa . 1016 GeV

No quality problem!



No quality problem?
Apparently, the wormhole contribution is sufficiently small.

So, we do not need to worry about the quality problem??

This turns out to be too optimistic!

In usual axion models, we also have a radial component:
<latexit sha1_base64="H6dL/paDWZnk3OGTViFN8ZB2Sig="></latexit>

�(r) =
f(r)p

2
ei✓(r) cf.)   in Giddings-Strominger.f(r) = fa

 has a large field value near the wormhole throat.f(r)

Modifies the value of the action.

L. F. Abbott and M. B. Wise, Nucl. Phys. B 325, 687 (1989).



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 9/805 $0-60

California Institute of Technology, Pasadena, Cahfornia 911M
(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 lead to a strong violation of CP invariance
unless they are suppressed by an extremely small factor g & 10 . 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 terins) which show that modifications of the Einstein theory on the
length scale l 10M~ may strongly suppress violation of global symmetries. We find also that in

Sm
string theory there exists an additional suppression of topology change by the factor e ~' . This
effect is strong enough to save the axion theory for the natural values of the stringy gauge coupling
constant.
PACS number(s): 11.30.Fs, 04.60.—m, 11.25.—w, 14.80.Mz

I. INTKGDUCTION
The most elegant way to solve the strong CP viola-

tion problem is given by the Peccei-Quinn (PQ) mech-
anism [1]. This mechanism is based on the assumption
that there exists a complex scalar field 4(x):—I
which after spontaneous symmetry breaking can be rep-
resented as + ' exp ' ( . The Goldstone field a(x)
(axion) has the coupling s2, & I"„„I"",similar to the
famous 8 term 32, E~ F~". Nonperturbative eBects in
QCD lead to the appearance of the condensate (I'~„I"„)
and to the efFective potential of the axion field propor-
tional to A&cD[l —cos(0 + & )]. This potential has a
minimum at —= —0. In this minimum the terms

32,f E~ E"" and 32,E„E"cancel each other, and
strong CP violation disappears. This eKect gives the ax-

Aion a small mass m~ fo
In addition to providing a possible solution to the

strong CP violation problem, the invisible axion field [2]
is one of the best dark matter candidates [3]. It nat-
urally appears in all phenomenological models based on
superstring theory [4]. The axion fleld possesses many in-
teresting properties near black holes [5]. Finally, axions
may be responsible for the possible existence of worm-
holes in the baby universe theory [6]. Therefore there
exists an extensive literature on axions. This literature
includes at least two diferent formulations of the axion
theory, which are not completely equivalent, and several
modifications of these formulations (for a review see [7]).

The axion theory has many problems. First of all,
it is not easy to make this theory compatible with cos-
mology. If the spontaneous symmetry breaking toward
a state with fo g 0 occurs after the end of inflation,
then the standard axion model is compatible with cos-
mological and astrophysical constraints only if 10 GeV
& fo & 10 GeV [8]. A recent investigation with an ac-
count of cosmological eKects of the axion strings suggests
that the upper bound may be even more tight, so that
the "axion window" becomes almost closed, 10 GeV
& fo & 10 GeV [9]. On the other hand, if the spon-
taneous symmetry breaking occurs during inflation, then
the constraint fo & 10 disappears [10], but typically it
implies that the Hubble constant at the end of inQation
should be sufficiently small, II & 10 GeV [11,12]. Infla-
tionary models of this type can be easily suggested [12,
13], but one should keep in mind that not every inflation-
ary model satisfies this condition.
Three years ago it was pointed out [14] that the axion

theory faces another dificult problem, which we are going
to discuss in this paper.
The standard potential in the axion theory (ignoring

small QCD corrections) is given by

In this approximation the axion is massless due to the
global symmetry 4 —+ C e' . However, there are some
reasons to expect that nonperturbative quantum gravity
eKects do not respect global symmetries. The simplest
way to understand it is to remember that global charges
can be absorbed by black holes, which subsequently may

0556-2821/95/52(2}/912(24}/$06. 00 52 912 1995 The American Physical Society

They found that with the dynamical radial component 

the action becomes as small as ~ 10.

Quality problem!



KLLS setup
PQ field Metric (spherically symmetric)

<latexit sha1_base64="XtJZiJzJEZM4Do3cvUK67vDY1Ew="></latexit>

ds2 = dr2 + a(r)2d2⌦3
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 has a large field value 

near the wormhole throat.
f(r)
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The value of the axion is much smaller than ~200.

We have axion quality problem in the minimal setup.

J. Alvey and M. Escudero, JHEP 01, 032 (2021).

Results



Summary
Giddings-Strominger

Kallosh-Linde-Linde-Susskind

The radial component is fixed.

No quality problem for  .fa ≲ 1016 GeV

The radial component is dynamical.

Quality problem is still there!

But what happens if we go beyond the minimal setup?

We studied a model in which the axion has a non-minimal 

coupling to gravity.

K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).



Our work

K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).



Setup
PQ field Metric (spherically symmetric)

<latexit sha1_base64="XtJZiJzJEZM4Do3cvUK67vDY1Ew="></latexit>

ds2 = dr2 + a(r)2d2⌦3
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Non-minimal coupling
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In the asymptotically flat regions,
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For a larger value of ξ

F(ρ) decreases

A(ρ) increases
around .ρ ≃ 0

Results



Results

Wormhole effect is suppressed for .fa ≲ 2.5 × 1016 GeV

This solution may be used in inflation models.

Successful inflation
<latexit sha1_base64="CUrV/LPy4SYsPU6BKRzB+i6lED8="></latexit>

⇠|�|2R

K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).



Discussion
At the large end of  , we find that   

is the solution.

ξ = M2
P /f2

a fa = const.

Giddings-Strominger wormhole No quality problem

The limit of :ξ = 0

KLLS wormhole Quality problem exists.

The non-minimal coupling  smoothly connects these two cases.ξ



Palatini

Metric

ξ ≥ MP
2

fa
2
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fa (GeV)

ξ

n=1, λ = 0.1, metric vs Palatini

Palatini formalism
Connection  are regarded as independent degrees of freedom.Γλ

μν

Einstein gravity

EOM is the same as in the metric formalism.

With a non-minimal coupling

EOM is different from the metric one in general.

A. Einstein (1925)

D. Y. Cheong, K. Hamaguchi, Y. Kanazawa, S. M. Lee, N. Nagata, S. C. Park, Phys. Rev. D108, 015007 (2023).

cf.) Inflation

ξ ≃ 1.4 × 1010λ



R2

The effect of   term was also analyzed in some limits.R2

D. Y. Cheong, S. C. Park, C. S. Shin, arXiv:2310.11260.

The wormhole throat radius becomes

L2
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1
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!
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It is confirmed that the wormhole throat size is small L0 . 1/MP , so the UV contribution

is just O(1). For � ⌧ �0, the corresponding wormhole action can be represented by the

function of � and � as

Swh[n,�,�] = n

Z �0

�

d�

�

1p
1� �2/�2

0

' n ln

 
2MP sin(⇡

p
6
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e���

!
. (3.35)

The IR dominated wormhole action has the form of Swh ' n lnMP /fa(�,�), where the

e↵ective axion decay constant is provided by fa(�,�) = e���. Therefore, the overall value

is log-enhanced, almost always leading to an at most O(10) value. This particular case can

also be interpreted in the sense that the dilaton field � alters the axion decay constant to

an e↵ective value fa. The PQ breaking local operator is proportional to

e�Swh+in✓ =

 
e���

p
2MP sin(⇡

p
6

4 �)/�

!n

. (3.36)

3.2.2 Model with a R2-term

The previous type of action can naturally arise from a theory consisting of a complex scalar

non-minimally coupled to gravity, along with a R2-term2:
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p
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In metric formalism, introducing the R2 term leads to a new degree of freedom in the

Einstein frame. The equivalent form of the action becomes
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with the potential term containing the �,� dependence as the form
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For the following discussion, we neglect the e↵ect of V (�) as we did in the previous sections.

However, the first term of U(�,�) cannot be simply ignored. Around the minimum, the

mass of � is ms = O(MP /
p
⇠s). If the mass of � is smaller than MP /⇠�, � plays a role of

unitarizing the action up to the Planck scale at the vacuum.

2
This class of theories are also considered as a UV extension to theories incorporating non-minimal

couplings to gravity [72–75].
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Things get worse.

Let us consider cases of large ⇠�. When ⇠s ! 0, � is supermassive, therefore it is just

frozen with the condition @�U(�,�) = 0. In this limit, we recover the single complex scalar

model, Eq. (3.5). Thus, Swh ⇠
p
⇠� + lnMP /(⇠��). On the other hand, in the opposite

limit ⇠s ! 1, � is e↵ectively massless. Hence, the action becomes the form of Eq. (3.25).

In this case, even for a large value of ⇠�, Swh ⇠ lnMP /(e��/MP �) with � = 1/
p
6. This

implies that there is a screening e↵ect of ⇠� as ⇠s increases. More specifically, we notice

that in the regime where ⇠��2 & M2
P , U(�,�) resembles a quartic potential

U(�,�) '
1

4
e
2
q

2
3

�
MP
�
⇠2�/⇠s

�
�4. (3.40)

From the IR value of �, the displacement of � in the wormhole background is at most of

O(MP ), so that e
2
q

2
3

�
MP = O(1). When the quartic coupling � = ⇠2�/⇠s ⌧ 1, this potential

term is irrelevant and the system reduces to the previous example in Sec. 3.2.1. It results

in a small wormhole action as Eq. (3.35). As � gradually increases (⇠s decreases), the

potential is approximated by a quartic term of � with a very large self coupling. In this

case, the throat size explicitly depends on the values of ⇠s and ⇠� [39], giving the form

L2
0 '

n

8⇡2M2
P

 
n ⇠2�
2⇡2⇠s

!1/3

for
p
⇠� ⌧ ⇠s ⌧ ⇠2�. (3.41)

In turn, this leads to the throat part of the wormhole action

S(1)
wh = 3⇡3M2

PL
2
0 '
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8

 
n⇡⇠2�
2⇠s

!1/3

for
p
⇠� ⌧ ⇠s ⌧ ⇠2�. (3.42)

This S(1)
wh is depicted in Fig. 4. For a large value of ⇠�, the analytic form of S(1)

wh are di↵erent

in three limiting cases, (I) ⇠s ⌧
p
⇠� (Green), (II)

p
⇠� ⌧ ⇠s ⌧ ⇠2� (Orange), (III) ⇠2� ⌧ ⇠s

(Blue).

Therefore, the value of ⇠s is quite important to determine the size of axion wormhole

action when ⇠� � 1. Actually, in the metric formalism, the natural value of ⇠s is propor-

tional to ⇠2� because of the quantum corrections from the following renormalization group

equation at one-loop level [76–83].

µ
d⇠s
dµ

= �
1

4⇡2

✓
⇠� +

1

6

◆2

. (3.43)

This implies that even if the tree-level value of ⇠s is vanishing, we expect ⇠s is naturally

generated as ⇠s ⇠ 0.02 ⇠2� ln⇤/µ ⇠ 0.02⇠2�. Inserting this to the wormhole action, Eq. (3.42),

we have S(1)
wh ' 1.5 (n = 1). This shows the di�culty of solving the axion quality problem

with the help of the non-minimal coupling to gravity for the complex scalar field that

includes the axion as � = 1p
2
�ei✓.

Before closing this section, we briefly comment on the case of Palatini formalism. In the

Palatini formalism, there is no new scalar degree of freedom even if we introduce R2-term

– 14 –
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Summary



Summary

Wormholes cause the axion quality problem.

We found that the non-minimal gravitational coupling 
can sufficiently suppress the wormhole contribution.

The same coupling may be useful for inflation.

Our result points to a new way of model building to 
avoid the quality problem.

Such as the modification of the gravitational sector.



Backup



Folk theorem
Suppose that particles carrying global charges are swallowed

by a black hole.

The BH eventually evaporates by emitting Hawking radiation.

The global charges are destroyed.

Cf.) Gauge charges

Gauss law ensures that the electric flux is preserved. 

Charged BHs cannot evaporate entirely.

Violation by gravity



Action
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Look for a spherically symmetric solution:
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ds2 = dr2 + a(r)2d2⌦3 : 3-dim space elementd2Ω3

The stationary solutions
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PQ charge conservation

Giddings-Strominger wormhole



The stationary solutions
gμν
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Does not provide an independent condition.
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The solution can be expressed analytically in terms of 

elliptic integrals.

Giddings-Strominger wormhole



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

We can also regard two asymptotically flat regions as 

distinct parts of the same Universe. 

A wormhole joins two regions of the same Universe.

ℝ3 → ℝ3 ⊕ S3 → ℝ3

Giddings-Strominger wormhole



Giddings-Strominger wormhole
The value of the action for the wormhole configuration is
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This term comes from the boundary contribution.

The Gibbons-Hawking-York (GHY) term.

Exists only for a semi-wormhole.

For n = 1
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The wormhole contribution is 

sufficiently suppressed for
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No quality problem!



Charge quantization
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0(r) is an integer.

To see this, consider the axion part of the action in 

the Lorentzian spacetime:
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For a shift , θ → θ + δθ
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In the presence of a boundary, the action must be supplemented

by a boundary term so that the variational principle is well-defined.
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: the extrinsic curvatureKμν

: the projection tensorPμν ≡ gμν − nμnν

: unit normal vector of the hypersurfacenμ

This is called the Gibbons-Hawking-York (GHY) term.

Gibbons-Hawking-York term



Gibbons-Hawking-York term
In the present case, we have
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Notice that the integrand is divergent. The standard way to

overcome this issue is 
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: extrinsic curvature of the same boundary embedded in flat spacetime.K0
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Multiple wormholes

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

The amplitude for the transition between  and  instanton

states is given by

ni nf
S. B. Giddings and A. Strominger, Nucl. Phys. B 307, 854 (1988).
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The same result can be obtained using the Hamiltonian
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Effective wormhole action
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S. J. Rey, Phys. Rev. D 39, 3185 (1989).
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Oq(x) : an operator having charge q.
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Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).



Effective potential
Now define
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and the “coherent state”:
<latexit sha1_base64="3mi2cL6Wk7aPQxV5B17U+5Pbc18="></latexit>

Cq|↵i = ↵qe
i�q |↵i

<latexit sha1_base64="TDiyQei9LpAIJa0tWZMj9pcvO7I="></latexit>

C†
q |↵i = ↵qe

�i�q |↵i

Tunneling transitions bring the system in the coherent state.

: arbitrary singlet operators𝒪S

S. J. Rey, Phys. Rev. D 39, 3185 (1989).

cf.) 𝒯 |θ⟩ = eiθ |θ⟩
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Caveat
There are subtleties in finding stationary solutions for 

axionic wormholses, related with the PQ charge conservation.

K. Lee, Phys. Rev. Lett. 61, 263 (1988).

S. Coleman and K. Lee, Nucl. Phys. B 329, 387 (1990).The origin of the issue

Consider the calculation of the lowest energy of some fixed 

value of a conserved charge Q.
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We cannot directly use the saddle-point approximation since

we are concerned with excited states.

Instead, we should compute
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Two prescriptions to overcome this issue in the present case

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

Minimize the following action:
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Can be derived from the phase-space path integral.

The conservation law is taken into account with 
a Lagrange multiplier.

Look for stationary points for imaginary θ
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1-D periodic potential

� = � � = �� = -� � = �� = -�
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Taken from R. Alonso, A. Urbano, JHEP 02, 136 (2019).

ω2 = V′ ′ (0) K ≡
S0

2π
det(−∂2

t + ω2)
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t + V′ ′ (x̄)

1/2
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With the dilute-gas approximation, we have

This can be computed as



KLLS setup
PQ field Metric (spherically symmetric)
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The stationary solutions of the path integral can be obtained

by minimizing S. Coleman and K. Lee, Nucl. Phys. B 329, 387 (1990).
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Stationary solutions

Jμ
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Origin of the difference
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If  is fixed, the second term becomes very large near the throat.fa
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For a dynamical , it can have a value  near the throat

so that this term remains .

f(r) ∼ MP
𝒪(1)



Euclidean path integral
The stationary solutions of the path integral can be obtained

by minimizing 
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Stationary solutions
f
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The last equation follows from the first two: two independent Eqs.

Initial conditions
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Action

fa = 1015 GeV
fa = 1016 GeV
fa = 1017 GeV
S = 190
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n = 1, λ = 0.1

Only  shown.ξ ≤ M2
P /f 2

a

The value of the action significantly increases as  increases.ξ

Quality problem can be evaded for .ξ ≳ 2 × 103

Δa/fa ≲ 10−10

K. Hamaguchi, Y. Kanazawa, N. Nagata, Phys. Rev. D105, 076008 (2022).



Induced gravity limit
Einstein frame

gμν → Ω−2gμν

3

potential that corresponds to a ‘centrifugal force’. As we
will see, this is the origin of the large field value at the
wormhole throat once the radial field f is taken to be
dynamical.
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We solve Eqs. (13), (14) and (15) numerically with the
following boundary conditions,

a0(0) = 0, f 0(0) = 0, f(1) = fa. (16)

For convenience, we introduce dimensionless parameters,
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FIG. 1. F (⇢) for several values of ⇠. The solid and dashed
lines are for the Palatini and metric formulations, respectively.

FIG. 2. A(⇢) for several values of ⇠. The solid and dashed
lines are for the Palatini and metric formulations, respectively.

We show the graphs of F (⇢) and A(⇢) in Fig. 1 and
Fig. 2, respectively. First, for ⇠ = 0 and ⇠ = M2

P /f
2
a ,

both the metric (dashed) and Palatini (solid) formula-
tions give identical results. In particular, as found in
Ref. [33], the solution for ⇠ = M2

P /f
2
a (the induced grav-

ity model) is identical to the Giddings-Strominger (GS)
wormhole corresponding to f(r) = fa [22].
To understand this trend, it is illuminating to consider

the action Eq. (3) in the Einstein frame, with a metric
redefinition gµ⌫ ! ⌦�2gµ⌫ [54]. In this frame,
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where ⇣ = 0, 1 in the Palatini and metric formalisms,
respectively, and we have not canonicalized the kinetic
term of f as it is irrelevant for the discussion. Note that,
in the induced-gravity limit with ⌦2 = f2/f2

a , the coef-
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Giddings-Strominger wormhole


