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Axionic wormholes with R? correction in metric and Palatini formulations

Yoshiki Kanazawa®"
Department of Physics, University of Tokyo, Tokyo 113-0033, Japan

® (Received 31 October 2023; accepted 20 December 2023; published 10 April 2024)

QCD axion models have been proposed as a solution to the strong CP problem. QCD instanton effects
explicitly violate the global U(1) Peccei-Quinn (PQ) symmetry, and the axion potential is minimized at the
CP conserving points. However, it is expected that the global U(1) PQ symmetry is explicitly violated by
quantum gravity. This gravitational violation may potentially undermine the PQ solution to the strong CP
problem, which is referred to as the axion quality problem. One source of explicit PQ violation is axionic
wormholes, such as the Giddings-Strominger model. Generally speaking, the extent to which the U(1)
PQ symmetry is violated depends on models. One straightforward extension of Einstein gravity involves
quadratic scalar curvature, which is motivated in cosmological contexts, such as inflation. The aim of this
work is to investigate the effects of R? corrections on axionic wormholes. In this paper, we compute
wormhole solutions and evaluate the size of explicit PQ violation in the models with the R* term.

Furthermore, we illustrate the differences between the metric and Palatini formulations.

DOI: 10.1103/PhysRevD.109.076009

I. INTRODUCTION

Gravitational violation of global symmetries plays a
crucial role in high-energy physics. An intriguing example
arises in the context of QCD axion models [1,2]. These
models have been proposed as dynamical solutions to the
strong CP problem, which involves the fine-tuning issue of
CP violation in the QCD sector. The axion is introduced
as a Nambu-Goldstone boson associated with the sponta-
neous breaking of a new global U(1) symmetry, known as
the U(1) Peccei-Quinn (PQ) symmetry [3,4]. The vacuum
expectation value of the axion field determines the effec-
tive 6 angle. Measurements of the neutron electric dipole
moment (EDM) impose a severe constraint on the effective
0 angle, |0.¢| < 10719 [5]. Axions acquire a periodic poten-
tial from QCD instantons, and this potential is minimized
at CP-conserving points, resulting in the vanishing of the
neutron EDM.

However, in the presence of gravity, the PQ solution to
the strong CP problem may face challenges. Global sym-
metries, including the U(1) PQ symmetry, are expected
to be explicitly violated by gravity [6-9]. The axion poten-
tial acquires gravitational corrections, which lead to a shift
in the vacuum expectation value of the axion field. The
PQ solution is particularly sensitive to the corrections
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due to the stringent constraint on the effective € angle.
To satisfy this constraint, gravitational corrections to the
axion potential must be significantly suppressed. This
challenge is commonly referred to as the axion quality
problem [10-12].

Axionic wormholes [13—15] are gravitational instantons
that feature a configuration connecting two asymptotically
flat regions within our Universe. The PQ charges pass
through these wormholes, resulting in explicit PQ violation
within our Universe. At low-energy scales, the effects of
wormholes are represented as effective local operators
that violate the U(1) PQ symmetry [16—-19]. These oper-
ators experience exponential suppression due to the worm-
hole action, denoted as S. Recent research on axionic
wormbholes can be found in Refs. [20-24]. In the original
model [13,14], where the axion is the sole matter field and
minimally couples to gravity, the wormhole action scales as

S~ % with f, representing the axion decay constant. PQ

violation is sufficiently suppressed when f, < 10! GeV.

Remarkably, the extent of PQ violation varies signifi-
cantly depending on the specific models employed. When
the axion is introduced as the phase component of a
complex scalar field, the wormhole action scales as S ~

log(%) [15]. Because of its weak suppression, we encoun-

ter the axion quality problem. However, it is possible to
enhance the wormhole action by introducing a nonminimal
gravitational coupling for the complex scalar field [23],
thereby achieving sufficient suppression of PQ violation.
Moreover, it is worth noting that the physics in extended
models of Finstein gravity can be formulation dependent.
In fact, wormhole solutions in models featuring the
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nonminimal gravitational coupling differ between the metric
and Palatini formulations [24]. This highlights the influence
of gravitational theory extensions on wormhole solutions.

Gravitational theories beyond Einstein gravity have
been recognized for their ability to offer various theo-
retical advantages. A prominent example is their role in
addressing the nonrenormalizability issue of 4D Einstein
gravity [25,26]. It has been suggested that quadratic
curvatures can render these theories renormalizable [27].
For further insights into quadratic gravity, please refer to
Ref. [28]. Another significant achievement is the realization
of cosmological inflation. In the metric formulation,
theories involving the square of the scalar curvature imply
the existence of an additional dynamical degree of freedom,
which is a common feature within the framework of f(R)
theories [29-33]. This additional degree of freedom can
represent the inflaton field responsible for cosmological
inflation during the early Universe [34]. In the Palatini
formulation, inflationary scenarios have been explored in
models incorporating the R? term [35-42], even though no
such additional degree of freedom exists in this case. It is
worth noting that, in the Palatini formulation, the R? model
is equivalent to a model involving higher-order derivatives,
which is discussed as an example that implies the axionic
weak gravity conjecture [43].

In this paper, we investigate axionic wormholes with
the R? correction as a straightforward extension of the
Giddings-Strominger model. Even with this simple exten-
sion, the formulation of wormhole solutions exhibits sig-
nificant differences from the Giddings-Strominger model.
Here, we provide an overview of this paper. In Sec. II,
we present the formulation of the R* model for both the
metric and Palatini cases. In Secs. III and IV, we compute
wormhole solutions for the model with the R? term in both
formulations, respectively. In Sec. V, we address the axion
quality problem within our framework. Finally, in Sec. VI,
we provide our conclusions and engage in a discussion of
our findings.

II. R?» MODEL

We study the Euclidean axionic wormholes in the
models with the R? term. This model is included in the
framework of f(R) theories [29-33],

n R?
R)=R+-—5, 1
SR =R+3 0 (1)
where Mp = (82G)~"/? ~2.44 x 10'® GeV represents the
reduced Planck mass, and # is a dimensionless constant. In
this study, we consider only the axion as the matter degree
of freedom. The action in the Jordan frame is given by

s— [ awvm[-Eiwy+ Loor]. @

where ¢; is the determinant of the metric tensor in the
Jordan frame and the axion field € exhibits 2z periodicity,
ie., 0~0+2r.

By introducing an auxiliary field ¢, we have an equiv-
alent action,

2 2
s= [ ax { e (1) R+ ()2

L0
= / d*x\/g; {—%92(¢)R,+ﬁ(¢)+%(%9)2}- (3)

Here,

¢

D (p) = f() = Ltns (4)
P
¢2
0 =L@y -ar@) =1L )
Variation with respect to ¢ yields

f"(@)(R; =) =0, (6)

resulting in the reproduction of Eq. (2).

We perform the Weyl transformation,
G = ‘Q'zgluy' (7)

The transformation law of the Ricci scalar depends on the
formulation of gravity. We discuss two formulations: the
metric and Palatini cases.

A. Metric formulation

In the metric formulation, the affine connection is
introduced as the Levi-Civita connection. The Ricci scalar
transforms as

3
=Q?|R+3V?logQ? - Eg"”aﬂ log Q%0,log Q*|, (8)

where V? is the d’ Alembert operator. The second term does
not affect the equations of motion because it has the form of
a total derivative. Moreover, it has no contribution to the
value of the action under boundary conditions we consider
later. Therefore, we ignore this term. The Einstein frame
action is given by

M> SM
:/d4x\/§|:—7PR T(a 10gQ2)
2

007, o)

+U(

20°

where
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U(¢)
Q(¢)
The presence of the kinetic term of ¢ implies that ¢ acts as

a dynamical degree of freedom. To avoid the tachyonic
instability, we choose 1 > 0.

Ug) =

(10)

B. Palatini formulation

In the Palatini formulation, the affine connection l“f”, and
the metric g, are treated as independent quantities in the
action, and the Ricci tensor R, = R, (", dI') is introduced
as an explicit function with respect to the affine connection.
Under the Weyl transformation, the Ricci scalar R =
¢"“R,, (T, dI') transforms as

R, = QR. (11)

The FEinstein frame action is given by

R

The notable distinction from the metric case is the absence
of any additional degrees of freedom. The variation with
respect to ¢ results in a constraint on the fields. Integrating
out ¢, we obtain an equivalent action that includes the
higher-order derivative,

f2

—LR+U(p) + (6 0)? (12)

n fa
45

s= [ dwa|- LR+ Lgor -1 00

(13)

The positivity bound for 660 — 60 scattering in the
Lorentzian signature indicates 1 > 0 [44].1

III. ANALYSIS IN METRIC FORMULATION
A. Wormbhole solutions

We compute the wormhole solutions in the R?> model for
the metric formulation. As we discussed in the previous
section, we consider the case of # > 0. We assume the
O(4)-symmetric geometry, described by ds*> = dr* +
a(r)?dQ3, where r is the BEuclidean time, and a is the
scale factor. We introduce a canonically normalized field,
referred to as the scalaron,

3
o= \/%MplogSY. (14)

'Reference [43] indicates that this positivity bound is dem-
onstrated only when gravity can be ignored. In the presence of
gravity, this condition may hold true for || greater than a lower
bound determined by the string scale.

The Einstein frame action is rewritten as

R

Vit (aﬂe)’é}, (15)

LR+~ (() w)? + U(w)

where the potential is

M?;. —./2 @ 2
=—11- 3Mp ) . 16
4n < ¢ > (16)

The potential becomes constant for positive large field
values. The scalaron field can serve as the inflaton
field to achieve slow-roll inflation, as proposed by
Starobinsky [34]. If the scalaron field assumes the role
of the inflaton, we typically find 7 ~ 10° with the scalaron
mass of m,, ~ 10'3 GeV [45]. Even if we choose smaller
values of 7, it is possible to realize multifield inflation, such
as the Higgs-scalaron mixed inflation [46]. Strictly speak-
ing, in such models, wormhole solutions may exhibit minor
differences from those in the R model.

In the metric formulation, the action has the second-
order derivative in the Ricci scalar term. To make the
variational principle well defined, we add the Gibbons-
Hawking-York (GHY) boundary term [47,48],

U(w)

Seny = —M3 /av d3x\/§(K— Ky), (17)

where § is the determinant of the induced metric on the
boundary 0V, K is the trace of the extrinsic curvature tensor
for the boundary, and K| is that for the same boundary
embedded into the flat spacetime. The introduction of K,
helps cancel out the divergence of K as r — co. The GHY
term does not contribute to the equations of motion.
When searching for correct saddle-point solutions by
computing the Euclidean path integral, the charge con-
servation associated with the axion shift symmetry,

/2 @
00 =0, I =g /ife Vit (18)

must be considered as a constraint. To do this, introducing 8
as a Lagrange multiplier and J# as a variable of the path
integral [49], we search for saddle-point solutions that
minimize the following action:

o fosl

e\/§ 2 }

LR+~ (() w)? + U(w)

J JH +—90 J#
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The variations with respect to € and J* reproduce Eq. (18).
The conserved charge is quantized by an integer n due
to the periodicity of the axion field,

/2 @ .
2n%a’ fe \/-;MPH =n, (20)
where the dot denotes the derivative with respect to 7. From

the variations with respect to the metric and w, we find
equations of motion,

2N
at-1= 3;{2[(02—6 3MPfa —U(a))], (21)
2 1 \/— fZ
ai+a*>—-1= {——dﬂ—ke sup= 492 —2U( )]

3IM%3 | 2

(22)

dU \/i o fa
3 = 23
@+ aa) da)+ MP (23)

We search for asymptotically flat solutions that satisfy the
following boundary conditions:

w(c) = 0.  (24)

The wormhole solutions continuously vary from 7 = 0 to
n — oo, as shown in Fig. 1. The size of the wormhole throat
a(0) hardly depends on the parameter 7. For large 7, the
values at r = 0 approach certain values. To demonstrate
this, we will derive the analytic form in the limit # — oo
later.

One might question whether the inverse size of the
wormhole throat ~(Mpf,)'/? exceeds the UV cutoff scale.
If it does, the validity of the effective theory concerning
wormholes is compromised. To ensure the reliability of the
effective theory, it is essential to keep the inverse size of
the wormhole throat below the UV cutoff scale [21]. In this
setup, the perturbative unitarity leads to the cutoff scale
AN~Mp [50].> When we choose fu < Mp, we can ensure
the reliability of the effective theory.

B. Wormbhole action

The total action is composed of two terms: Sy =
S + Sguy. Using the equations of motion, S is given by

%A naive power counting analysis suggests that when 5 > 1,
the graviton-graviton scattering amplitude scales as ~*E®/MS,
in the high energy limit for each of the s, #, and u channels,
leading to the cutoff scale A ~ Mp/ ;71/ 3 [51]. However, Ref. [50]
argues that cancellations occur in the summation of all channels,
and the leading contribution to the total amplitude becomes
~E?/M?3. Thus, the correct cutoff scale is A ~ M p. In Ref. [50],
the analysis in the Einstein frame also leads to the same cutoff
A ~ M P

n=1,f, =10 Gev

100
sof — n=0
— n=1
— n=10
©
5,
1 ‘ ‘ ‘
0.01 0.10 1 10 100
Mp r
n=1,f,=10" Gev
=
3
100
Mp r
FIG. 1. a(r) and o(r) in units of M for several values of 7 in

the metric formulation.

S =2r / " ArBMARE + i), (25)
0
The contribution of the GHY term is
SGHY = —67T2M%ya(0)2, (26)

which takes negative values. The wormhole action without
and with the Gibbons-Hawking-York boundary terms are
shown in Fig. 2. The wormhole action hardly depends on 5

and takes the value of ~|”J|‘ﬂ for any 7.

C. Analytic formula for 7=0

The 1 = 0 case corresponds to the Giddings-Strominger
model. The wormhole solution is given by the elliptic
integrals [13]. The size of the wormhole throat is

Y
0)=|—F5—1]. 27
0 (Wf%M%) 2
We can find the analytic formula for the wormhole actions,
37% n|M
§— /2 |”J|c P (28)
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n=1,f,=10" GeV, Metric

500
400+ .
300+ 1
(%)
200+ 1
— without GHY
100+ 1
—— with GHY
O 1 1
1074 0.1 100

n

FIG. 2. Wormhole action without and with the Gibbons-
Hawking-York boundary term as a function of 7.

and

37[2 |n|Mp

7 (29)

2
Siotat = S + Sguy = <1 - ;)

D. Analytic formula for  —

In the limit of 7 — oo, we can analytically solve the
equations and calculate the wormhole action. To provide
clarity, we discuss this in the Jordan frame, where the line
element is given by ds® = di* + a;(1)>dQ3. In this frame,
the quantities are related to those in the Einstein frame
as follows: 1 = [drQ™" and a; = Q7 'a. We assume that
r =0 corresponds to t=0. In the limit # — oo, the
solution remains constant with ¢ =0, as given by
¢ = M%(Q* —1)/n. The relation ¢ = R, implies a flat
geometry, R; =0. Under the boundary condition
da;/dt|,_, = 0, we find the hyperbolic solution,

a;(t) = /1> + a;(0)% (30)

a;(0) has not been determined yet. The first-order Einstein
equation leads to the equation for Q2,

da da; dQ* n?

Q(=2) -1 . (31

[( dt> } T 247 M3 a4 (3D

Under the boundary conditions lineo =1 and
dQ?/dt|,_, = 0, we find

0 e 32

a,(0) = W ) (32)

2 +a;(0)?/2
QX (1)) = L4 33
G0 =" (33)

From the analytic formula, we can calculate the wormhole
actions,

3\n|M
S = m7 (34)
Sa
and
\/§ n\M
S = 5 + Sy = rAM e, (35)

2fa

which agree with the numerical results shown in Fig. 2.

IV. ANALYSIS IN PALATINI FORMULATION

A. Wormbhole solutions

We compute the wormhole solutions in the R?> model for
the Palatini formulation. As we discussed in Sec. II, we
consider the case of 7 > 0. We assume the O(4)-symmetric
geometry, ds> = dr* + a(r)?dQ3, as in the metric case.
The Einstein frame action is given by

M3 fa
S = /d4x\/§ |:_TQMDR/4V(F’ OF) + U(¢)+292 (6”9)2:| s
(36)
where the potential is defined as Eq. (10),
2
vy =1 (37)

L
4 o )2
(1+M%¢

The ¢ field is not a dynamical degree of freedom, unlike the
metric case.

As in the metric case, we introduce @ as a Lagrange
multiplier and J# as a variable of the path integral and
search for saddle-point solutions that minimize the follow-
ing action:

2
S— / &3/ {-% #R (T ) + U($)

QZ
JJh+—
2 f2 V9

The variation with respect to ¢ leads to

Qdﬂﬂ‘} . (38)

_ d‘; [ Q;z 100+ U(qﬁ)}
_ /(@) { f(¢) - ¢f’(¢)}
2 lgfa” (@)
g 9) { 7 J IV 4+ M3 gﬁ] (39)
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Note that f”(¢) # 0 in this model. The variations with
respect to 6 and J* lead to the charge conservation,

2

0' =0, J'=g"\/G50,0. (40)

"

The conserved charge is quantized by an integer n due to
the periodicity of the axion field,

2 34, _
27[(1929 n. (41)

Using Eqgs. (39)—(41), we obtain a constraint on a and ¢,

2/3 2
@ =—(—sr . (42)
22 Mp)

This relation implies that ¢ takes negative values. The
variation with respect to the affine connection leads to the
Levi-Civita connection,

1
F;/lv = ¢a(aﬂgau =+ avg/m - aag/w)’ (43)

)

From the variation with respect to the metric, we find

2 2
R e LU
L [ fa,

aa+a2—1:3zﬁ) [2522 92—2U(¢)]. (45)

Because of the constraint, these equations have 1 degree of
freedom.

We search for asymptotically flat solutions that satisfy
the following boundary conditions:

$(0) = 0. (46)

Introducing dimensionless quantities for convenience,

a(0)=0 or

Mp n Mp
p=—72r, w=—5¢  A=—a, (47)
Vi M3 Vi
we rewrite Egs. (44) and (45) as equations for v,
_ (Qy -1y <d_‘/’>2_692/3__1‘%‘/’ (48)
6y (1 +y) \ dp B Lty
2 —1dPy 22—y (dy\* 6Q%3
iy 2oy (ane st
w= dp® 3y’ \dp W
where Q is defined as
o= tan (50)
In|Mp

n>0

0 1 1 1
-1.0 -0.8 -0.6 -04 -0.2 0.0
Yo

FIG. 3. The initial value y, = w(0) is determined as the value
at the intersection for a given Q.

Substituting the boundary condition dy/dp =0 at p =0
for Eq. (48), we find the equation that determines the initial
value y(0),

2/3 1- %W(O)

60°/° = y(0)*° 5 v (0)

=g(0),  (51)

whose root is schematically shown in Fig. 3. We have to
note that y is negative when 7 > 0. The function g(w)
diverges at y, — —1. Therefore, for any positive value of 7,
the initial value can be determined, and the wormhole
solutions exist, as shown in Fig. 4.

Using Q*(y(0)) ~ Q7% for large Q, we find an
asymptotic behavior,

a(0)
Aap—0 (O)

~ Q16 (52)

This implies that the inverse of a(0) can increase infinitely
as 1 becomes large. The perturbative unitarity cutoff is
estimated using power counting analysis [51],

Mp 7]<<1
~ ’};’—/ﬁ I’]>>1. (53)

The validity of the effective theory [21] leads to an upper
bound of 7 for a given f,, as in the metric case.

B. Wormbhole action

The wormhole action® is given by an integral with
respect to v,

In the Palatini formulation, the GHY term is not needed
because the action does not have second-order derivatives.
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n=1,f,=10" Gev

0.001
= 107
s — n=10°
10— o102
—_— _ 4
1015 n=10
0.01 0.10 1 10 100 1000
Mpr
n=1,1,=10" Gev
1000F ‘ ‘
—_ I]=100
— n=10?
100}
— n=10
(]
s
10t
1,
0.01 0.10 1 10 100 1000

MPI'

FIG. 4. ¢(r) and a(r) in units of Mp for several values of 7 in
the Palatini formulation.

o 242
S:27r2/ dra { U}
0

‘n|A4P v'_V/ 4”’)

V4w
:n|MP/W()dW(1 w)(1-2y)
fa Jo Vo (1 +y)
60 1-1yl=
e o

To obtain the last line, we use the equation of motion (48).
The integral part is determined by the parameter Q. The
wormhole action as a function of # is shown in Fig. 5.
The wormhole action exhibits a decreasing trend with
respect to #, which is consistent with the analysis of higher-
order derivative corrections to the Giddings-Strominger
model [43]. For large values of 7, the wormhole action
experiences significant suppression.

To gain a deeper understanding of the wormhole action,
using the equations of motion, we represent the action (38)
as two distinct components, denoted as § = S| + S5, which
are defined as

n =1, Palatini

10*
5000 -

1000
500 =

1000 — £, =10" Gev
50° 5
— f,=10" Gev
10 : : : :
0.001 0.100 10 1000 10

n

FIG. 5. Wormhole action as a function of # in the Palatini
formulation.

n=1,f,= 1016 GeV Palatini

1000
—_ S
— S
100
— S,

10¢

Action

0.1 : : ‘ ‘ ‘ ‘
0.001  0.100 10 1000 10° 107 10°
n

FIG. 6. Wormbhole actions S, Sy, S, as functions of #.

/ d“x\/_{ e 5 (0,00 (55)

5= [t oorr. 6o
4 M},

Figure 6 illustrates that §; dominates the total action
for small 5, and its value is comparable to that of the
Giddings-Strominger model. Conversely, for large 7, the
higher-order derivative term S, takes precedence, causing
the total action to monotonically decrease, eventually
approaching zero.

V. AXION QUALITY PROBLEM

In low-energy theories, explicit PQ violation caused by
wormbholes is represented as effective local operators [16—19].
The dominant contribution to the axion potential arises
from the term associated with the unit PQ charge [20,21],

Vn = cL™*e S cos (0 + 6), (57)
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FIG.7. f, — n plane in the metric and Palatini formulations. We
assume |c¢ sin 5| = 1. Below the blue lines, the quality problem can
be avoided. The dashed gray lines show the contour of L™' ~ A.

where L = a(0) is the size of the wormhole throat, and S is
the wormhole action. The dimensionless constant ¢ and
the relative phase to the QCD contribution & cannot be
determined without an underlying principle. The effective 6
angle is estimated as

-4
—e, (58)
QCD

Heff = csind

where Agcp =~ 200 MeV is the energy scale at which the
QCD coupling becomes strong. We naively assume
¢sind ~ O(1). To satisfy the constraint imposed by neutron
EDM measurements [5], the value of the wormhole action
must be sufficiently large, S > 2 x 102, for typical values
of f, [15,22].

In the metric formulation, the wormhole action remains
at values around ~ ‘"}% for any value of 7. When the decay

constant is f, <2 x 10'® GeV, the wormhole-induced
operators are adequately suppressed, even for unit PQ
charges, as depicted in Fig. 7 (upper). In the Palatini
formulation, the wormhole action is suppressed for large 7,

and the fine-tuning issue can be circumvented in the blue
region in Fig. 7 (lower). In both cases, the region above the
dashed gray line is excluded because L~ is larger than the
cutoff scale A.

It is important to note that the axionic wormhole is one
potential source of explicit PQ violation. Our analysis does
not conclusively resolve the quality problem. Some argu-
ments suggest the existence of nonperturbative effects that
could explicitly violate the U(1) PQ symmetry [22,52-55].

VI. CONCLUSIONS AND DISCUSSION

We have analyzed axionic wormholes in models incor-
porating the R? term, considering both metric and Palatini
formulations. It is essential to note that the Weyl trans-
formation of the Ricci scalar significantly differs between
these two formulations, and this discrepancy has a sub-
stantial impact on the characteristics of the wormhole
solutions. In the metric case, the Einstein frame action
introduces an additional degree of freedom, denoted as @.
The potential is minimized when @ = 0, resulting in an
asymptotically flat spacetime. On the other hand, in the
Palatini formulation, the Einstein frame action lacks a
kinetic term for the ¢ field. Consequently, the equation of
motion yields a constraint on the fields. Utilizing this
constraint, we establish the equivalence of the R? model to
models involving higher-order derivatives. In both formu-
lations, we have demonstrated the existence of wormhole
solutions for any positive value of #. However, it is worth
noting that the existence of wormhole solutions is not
always guaranteed. For instance, Ref. [15] presents an
example of the absence of wormhole solutions in a model
with higher-order gravitational corrections.

We have computed the wormhole action and assessed the
extent of explicit PQ violation in the R?> models. In the
metric formulations, the wormhole action remains suffi-
ciently large to satisfy the neutron EDM constraint for
fa<2x10' GeV, and this condition shows minor
dependence on 7. The presence of the quadratic scalar
curvature results in only small alterations to the worm-
hole action, even for large values of #, when compared
to the action in the Giddings-Strominger model.
Conversely, in the Palatini formulation, the wormhole
action experiences suppression for large values of 7. The
axion quality problem can be mitigated as long as  remains
below an upper bound that depends on f,, as illustrated
in Fig. 7.

One might question how wormhole solutions are
affected in more general f(R) theories. As a straightfor-
ward extension of the R? model, let us examine f(R) theory
with the cubic correction,

nR: (R
f(R))=R;+-—5—>—7, (59)
2M%  3M}
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where R; is the Ricci scalar in the Jordan frame. In the

metric formulation, it is expected that modification is slight,
because even R’ term does not significantly change the
wormhole solution, compared to the Giddings-Strominger
model. In the Palatini formulation with { =0, ¢ = R; at
the wormhole throat scales as 7! for > 1, as shown in
Fig. 4. This indicates that when ¢ > #?, the cubic term
becomes dominant, and we can ignore the quadratic term.
As the R? model with large values of #, the wormhole
action decreases as { gets larger. In general, higher-order
curvatures can significantly lower the wormhole action in
the Palatini formulation.

In our analysis, wormholes are supposed to contribute to
the Euclidean path integral as saddle-point solutions. If
these solutions are unstable, they could introduce nontrivial
contributions to the quantum transition amplitudes. The
stability of Giddings-Strominger wormholes has been a
subject of debate for a long time [56—60]. A recent stability
analysis in the dual picture, described by a 3-form field,
suggests that Giddings-Strominger wormholes do not

possess negative modes, which correspond to lower action
values [60]. A similar analysis may shed light on the
stability of wormhole solutions in our setup.

Note added. Recently, the paper [61] has been submitted to
the arXiv, which studies the axion wormholes using the
effective field theory approach. This paper explores various
models, including those with the R? term, the dynamical
radial mode of the PQ scalar field, and its nonminimal
gravitational coupling. While our analysis in the metric
formulation corresponds to their induced gravity limit, our
work in the Palatini formulation presents a novel and
complementary contribution.
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