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We investigate quantum corrections to the Randall-Sundrum (RS) model in the near-extremal black brane
backgroundwith quantum corrections in the near horizon. The near-horizon geometry is described by Jackiw-
Teitelboim gravity, and the quantum fluctuations are governed by the Schwarzian action. We introduce the
Schwarzian modes into the RS metric, derive the quantum-corrected equation for the Kaluza-Klein (KK)
modes via the Schwinger-Dyson equation, calculate the correction to the KK mass spectrum, and discuss the
impact of quantum corrections on the Goldberger-Wise mechanism. Our work introduces both quantum
corrections and temperature into the RS model, providing insights into cosmology and phase transitions
within it.
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I. INTRODUCTION

The quest to unify the fundamental forces of nature and
resolve the hierarchy problem, one of the most important
problems in particle physics, has spurred the development
of numerous higher-dimensional theoretical frameworks
[1–3]. Among these, the Randall-Sundrum (RS) model,
proposed by Lisa Randall and Raman Sundrum in 1999
[4,5], stands as the first theory of warped extra dimensions,
proposes a potential solution to the hierarchy problem, and
has attracted attention in the academic community.
At its core, the RS model assumes a five-dimensional

anti–de Sitter (AdS5) bulk spacetime bounded by two
3-branes: the ultraviolet (UV) brane and the infrared
(IR) brane. A key feature of this framework is the warp
factor, an exponential function of the extra-dimensional
coordinate that naturally redshifts the Planck scale from the
UV brane to the IR brane, thereby addressing the hierarchy
between the gravitational and electroweak scales without
invoking unnaturally large compactification volumes and
other hierarchies. Furthermore, this model also predicts the
mass spectrum of Kaluza-Klein (KK) gravitons, indicating
that the masses of their excited states are on the TeV scale,
and their coupling strengths are suppressed to the TeV

scale. Therefore, this model is subject to experimental
verification. After the proposal of the RS model, there have
been numerous developments and applications.
The RS model exhibits a deep connection with the AdS/

CFT correspondence [6], as the extra-dimensional evolu-
tion along the bulk maps directly to the renormalization
group flow of a four-dimensional nearly conformal field
theory (CFT) in the dual picture. A critical dynamical
degree of freedom in the RS model is the radion, a massless
mode associated with fluctuations of the radius of extra
dimension, whose stabilization is described by the
Goldberger-Wise (GW) mechanism [7]. Recent renewed
interest in the RS model stems from its implications for
early universe cosmology, including the generation of a
stochastic gravitational wave background via supercooled
phase transitions [8–10]. However, recent studies have
indicated that it is a cooled phase transition rather than
supercooled [11], further underscoring its relevance to both
theoretical and observational physics.
However, the RS model still has some issues at present.

The model’s fundamental assumption is a smooth geo-
metric structure, making it purely classical, and the influ-
ence of quantum gravity effects has not been considered so
far. Furthermore, the model itself does not incorporate
temperature, which hinders rigorous treatments of phase
transitions within the RS model. It is worth noting that
the potential solutions to these issues are associated
with Jackiw-Teitelboim (JT) gravity and its linkage to
Schwarzian modes.
The JT gravity [12,13] is a two-dimensional gravita-

tional theory characterized by a simple action involving an
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Einstein-Hilbert term and a constant negative cosmologi-
cal constant in the bulk as well as a Gibbons-Hawking-
York term on the boundary. It has emerged as a powerful
tool for describing the near-horizon dynamics of higher-
dimensional near-extremal Reissner-Nordström (RN)
black holes [14]. A defining insight is that the collective
behavior of the near-horizon region of such a black hole,
where the spacetime geometry reduces to AdS2, is
effectively captured by a JT-like gravitational action, with
the boundary dynamics governed by a Schwarzian action
[15]. The Schwarzian mode, arising from the spontaneous
breaking of conformal symmetry in the AdS2 boundary,
encodes crucial information about the thermodynamics of
the underlying black hole, including its statistical entropy
and free energy, which are correctly reproduced by
the partition function of the Schwarzian action. For
the Schwarzian action, we can perform a path integral,
allowing us to consider quantum fluctuations in the near-
horizon region of near-extremal black holes. This kind of
quantum fluctuation stands out because thermal fluctua-
tions are suppressed; we refer to it as an infrared quantum
fluctuation. Recently, there have been papers discussing
the corrections to various physical quantities caused by
this type of quantum fluctuations [16–23]. In our paper,
we investigate the quantum corrections to the RS model
due to the quantum fluctuations of the near-extremal RN
black brane.
The plan of this paper is as follows. In Sec. II, we review

some basic ingredients of the RS model. In Sec. III, we
introduce the main tools of this paper, the JT gravity and
Schwarzian modes, and calculate the quantum correction
factor to the AdS2 metric by incorporating Schwarzian
modes. In Sec. IV, we discuss quantum corrections to the
RS model by considering a near-extremal RN black brane
and invoking Schwarzian modes in its near-horizon region.
Using the quantum-corrected RS model, we reexamine the
Kaluza-Klein mass spectrum and the GW mechanism with
quantum corrections in Secs. V and VI, respectively.
Finally, the summary and outlook are presented in Sec. VII.

II. RANDALL-SUNDRUM MODEL

The Randall-Sundrum (RS) model posits a single extra
dimension that is compactified on a circle, with the upper
and lower halves of the circle identified to construct the
S1=Z2 orbifold [4]. Denoted by the coordinate y, this extra
dimension possesses two fixed points located at y ¼ 0 and
y ¼ πrc, where rc serves as the radius of the compactified
extra dimension. Each fixed point is inhabited by a four-
dimensional brane (referred to as a 3-brane), and these two
3-branes, spaced πrc apart, confine a five-dimensional (5D)
bulk spacetime. The total action of the model is composed
of three parts: one arising from gravity in the 5D bulk, and
the other two encoding the physics localized on each of the
two 3-branes, i.e.,

SG ¼
Z

d4x
Z

πrc

−πrc
dy

ffiffiffiffiffiffiffi
−G

p
ð2M3R − ΛÞ;

SUV ¼
Z

d4x
ffiffiffiffiffiffiffiffi
−g0

p ðLUV − VUVÞ;

SIR ¼
Z

d4x
ffiffiffiffiffiffiffiffiffiffiffi−gπrc

p ðLIR − VIRÞ; ð1Þ

where g0 and gπrc represent the determinants of the induced
metrics of the 5D metric on the two branes, respectively.
L represents the Lagrangian of the matter field on the
brane, while V is the energy density of the brane. The
spacetime metric GMN is [4]

ds2RS ¼ e−2kjyjημνdxμdxν þ dy2: ð2Þ

Note that the spacetime in between the two 3-branes is
simply a slice of an AdS5 geometry. According to the AdS/
CFT correspondence, the 5D bulk spacetime is dual to the
4D boundary conformal field theory [6]. The two branes
correspond to the ultraviolet and the infrared cutoffs of the
field theory. We use subscripts UV and IR to label the
actions of the two branes located at y ¼ 0 and y ¼ πrc,
respectively.
The metric GMN is conformally flat. To see it, we can

make a change of coordinate

dy2 ¼ e−2kjyjdz2: ð3Þ

Subsequently, the metric becomes

ds2RS ¼
1

ðkjzj þ 1Þ2 ηMNdxMdxN: ð4Þ

To understand gravitational dynamics in the RS model, we
must derive explicit expressions for gravitons, particles
associated with small perturbations hMNðx; yÞ around the
background metric

GMN ¼ 1

ðkjzj þ 1Þ2 ðηMN þ hMNÞ: ð5Þ

It is particularly convenient to work with a gauge in which
the fluctuations do not have any extra-dimension compo-
nent and are transverse and traceless, i.e.,

hMz ¼ 0;

∂μhμν ¼ 0;

hμμ ¼ 0: ð6Þ

The linearized Einstein equation in the y coordinate is [5]

∂ρ∂
ρhμν þ e2ky∂yðe−4ky∂yhμνÞ ¼ 0: ð7Þ

Performing a separation of variables on this equation
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hμνðxμ; yÞ ¼ Σn¼∞
n¼0 h

n
μνðxμÞfnðyÞ; ð8Þ

we obtain the following equations

∂ρ∂
ρhnμν ¼ m2

nhnμν;

−∂yðe−4ky∂yfnÞ ¼ m2
ne−2kyfn; ð9Þ

whose boundary conditions are

∂yfnjy¼0 ¼ 0;

∂yfnjy¼πrc ¼ 0; ð10Þ

and f0 ¼ const for m0 ¼ 0. For mn ≠ 0, the general
solution of the KK mode can be written as [5]

fn ¼ Nne2ky
�
J2

�
mn

k
eky

�
þ bnY2

�
mn

k
eky

��
; ð11Þ

where Nn and bn are constants. Correspondingly, the
KK mass spectrum is [5]

mn ≈
�
nþ 1

4

�
πke−kπrc : ð12Þ

The RS model assumes that the fundamental mass scale is
the Planck scale. To solve the hierarchy problem, the
parameter k with mass dimension should also be on the
Planck scale, and the effective mass scale on the 4D IR brane
must be redshifted down to the TeV scale relative to the
5D fundamental scale. Consequently, ke−kπrc is Oð1 TeVÞ,
and the KK gravitons in the RS model have masses of the
TeV scale.
Up to this point, the radius of the extra dimension has

been treated as a free parameter. However, this degree of
freedom implies a massless scalar field in the effective
theory, corresponding to fluctuations of the radius along
the extra dimension. This massless scalar field would
induce a fifth force in violation of the equivalence
principle. Therefore, to preserve the viability of the
Randall-Sundrum model, the scalar field has to obtain a
mass, i.e., to be stabilized. A well-established approach to
achieve this is the Goldberger-Wise mechanism [7].
Classically, a potential emerges from a bulk scalar field
with interaction terms localized on the two 3-branes. This
potential’s minimum can be tuned to yield krc ∼ 10
without recourse to fine-tuning of parameters [7].

III. JT GRAVITY AND QUANTUM CORRECTION
TO AdS2

Let us consider the Euclidean Jackiw-Teitelboim gravity
action [12,13]:

IJT ¼ −
1

16πGN

Z
d2x

ffiffiffi
g

p
ϕðRc þ 2Þ

−
1

8πGN

Z
bdy

ffiffiffiffiffi
gb

p
ϕbðK − 1Þ; ð13Þ

where Rc is the scalar curvature, and K is the boundary
extrinsic curvature. We first vary the action IJT with respect
to the dilaton field ϕ, leading to Rc ¼ −2, which implies
that the bulk is a patch of the 2d hyperbolic surface
ds2 ¼ dT2þdZ2

Z2 . Dynamics is now entirely dictated by the
Gibbons-Hawking-York (GHY) boundary term on a boun-
dary curve. This can be visualized on the hyperbolic upper
half surface, where a region close to the actual boundary is
cut out. We parametrize the boundary curve as
ðT ¼ FðsÞ; ZðsÞÞ, where s is the proper time on the
boundary. Fixing the boundary metric to 1

ϵ imposes
ZðsÞ ¼ ϵF0ðsÞ. We can evaluate the extrinsic curvature
[15]:

K ¼ 1þ ϵ2½F; s� þOðϵ4Þ;

with ½F; s�≡ F000

F0 −
3

2

�
F00

F0

�
2

: ð14Þ

Fixing the boundary dilaton field ϕb ≡ a
2ϵ yields the

Schwarzian action as follows:

ISchw½F� ¼ −C
Z

ds½F; s�;

with C≡ a
16πGN

: ð15Þ

The Schwarzian action treats the reparametrization FðsÞ as
the dynamical degree of freedom. It turns out that adopting
an alternative reference frame is more natural when
analyzing thermal systems. We define

FðsÞ≡ tan
π

β
fðsÞ; ð16Þ

where fðsÞ is a new variable with the properties:

fðsþ βÞ ¼ fðsÞ þ β; f0ðsÞ ≥ 0: ð17Þ

These two properties enable interpreting fðsÞ as a time
reparametrization of the boundary thermal circle. Here, β is
the inverse temperature, and fðsÞ ¼ s corresponds to the
classical solution.
For the quantum case, we should consider all different

reparametrizations when performing the path integral.
However, the exact computation can be quite difficult.
Instead, we can apply the perturbation theory by expanding
the reparametrization fðsÞ around its saddle

fðsÞ ¼ sþ ϵðsÞ; with ϵðsþ βÞ ¼ ϵðsÞ; ð18Þ
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where ϵðsÞ is referred to as the Schwarzian modes.
Consider the AdS2 metric in the light-cone coordinates

ds2AdS2 ¼ −
4π2

β2
L2

12

dxþdx−

sin2 π
β ðxþ − x−Þ ; ð19Þ

where Lffiffiffiffi
12

p is the radius of AdS2. We can introduce the

Schwarzian modes into this classical metric:

ds2AdS2f

¼ −
4π2

β2
L2

12

f0ðxþÞf0ðx−Þ
sin2 π

β ðfðxþÞ − fðx−ÞÞ dx
þdx−

¼ −
4π2

β2
L2

12

ð1þ ϵ0ðxþÞÞð1þ ϵ0ðx−ÞÞ
sin2 π

β ððxþ − x−Þ þ ðϵðxþÞ − ϵðx−ÞÞÞ dx
þdx−

≡ 1

Acor
ds2AdS2 ; ð20Þ

where we have defined a quantum correction factor Acor,
which has the following expansion up to the second order
of Schwarzian modes:

Acor¼1þ2π

β
ðϵðxþÞ−ϵðx−ÞÞcotπ

β
ðxþ−x−Þ

−ðϵ0ðxþÞþϵ0ðx−ÞÞþðϵ0ðxþÞþϵ0ðx−ÞÞ2−ϵ0ðxþÞϵ0ðx−Þ

−
2π

β
ðϵ0ðxþÞþϵ0ðx−ÞÞðϵðxþÞ−ϵðx−ÞÞcotπ

β
ðxþ−x−Þ

þπ2

β2
cos2πβ ðxþ−x−Þ
sin2 πβðxþ−x−Þ ðϵðx

þÞ−ϵðx−ÞÞ2: ð21Þ

IV. RS METRICWITH QUANTUM CORRECTIONS

We consider a near-extremal Reissner-Nordström black
brane in a five-dimensional anti–de Sitter (AdS) spacetime:

ds2RN ¼−
u2

L2
fðuÞdt2þ L2

u2fðuÞdu
2þ u2

L2
ðdx21þdx22þdx23Þ;

fðuÞ ¼ 1− ð1þQ2Þu
4
T

u4
þQ2

u6T
u6

; ð22Þ

where L is the radius of the five-dimensional AdS space-
time, uT is the location of the horizon, and Q is the charge
of the black brane.
Taking the limit u ≫ uT , we obtain the metric in the

region far from the black brane horizon:

ds2FAR ¼ −
u2

L2
dt2 þ L2

u2
du2 þ u2

L2
ðdx21 þ dx22 þ dx23Þ: ð23Þ

We can perform the coordinate transformation:

y ¼ −L ln
u
u0

;

t0 ¼ u0
L
t;

x0 ¼ u0
L
x; ð24Þ

where u0 is a constant parameter. Removing the prime, we
obtain a new metric:

ds2FAR ¼ dy2 þ e−
2y
L ð−dt2 þ dx21 þ dx22 þ dx23Þ: ð25Þ

This is exactly the standard form of the RS metric. The
parameter u0 denotes the location of the UV brane.
Now, let us consider the near-horizon region of the black

brane. By taking the limit u − uT ≪ uT , we obtain the
metric in the near-horizon region:

ds2NHR ¼ −
12ðR2 − δ2Þ

L2
dt2 þ L2

12ðR2 − δ2Þ dR
2

þ u2T
L2

ðdx21 þ dx22 þ dx23Þ;

with R≡ u − uT þ δ; δ≡ L2π

6β
;

β≡ 2L2π

ð2 −Q2ÞuT
; ð26Þ

where β also denotes the inverse temperature of the
black brane. Through the coordinate transformation
R ¼ δ coth 2π

β w, the metric can be expressed as

ds2NHR ¼ 4π2

β2
L2

12

dw2 − dt2

sinh2 2π
β w

þ u2T
L2

ðdx21 þ dx22 þ dx23Þ: ð27Þ

We see that the near-horizon geometry of the 5D near-
extremal black brane is a direct product of AdS2 and R3 or
T3, if we impose the periodic boundary conditions on the
boundary spatial dimensions. Moreover, we can read off the
radius of AdS2 as

Lffiffiffiffi
12

p . If we perform a Wick rotation τ ¼ it

and introduce the light-cone coordinates,

xþ ≡ iw − τ;

x− ≡ −iw − τ; ð28Þ

the AdS2 part of the near-horizon metric can be transformed
into (19). Therefore, after turning on the Schwarzian modes
in the AdS2 part, we obtain a new near-horizon metric with
quantum fluctuations:

ds2NHRf ¼ −
12ðR2 − δ2Þ

L2

1

Acor
dt2 þ L2

12ðR2 − δ2Þ
1

Acor
dR2

þ u2T
L2

ðdx21 þ dx22 þ dx23Þ: ð29Þ
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To obtain the metric of the far-horizon region with the
inclusion of Schwarzian modes, we need to transform back
to the original full-region metric (22) from this near-
horizon metric (29) via inverse coordinate transformation,
and then take the limit u ≫ uT . The existence of the
correction factor does not affect the validity of the previous
coordinate transformation, and it propagates to the far-away
region in this way. Therefore, the metric of the far-away
region with the Schwarzian modes can be obtained as

ds2FARf ¼ −
u2

L2

1

Acor
dt2 þ L2

u2
1

Acor
du2

þ u2

L2
ðdx21 þ dx22 þ dx23Þ: ð30Þ

Compared with the classical metric (23) of the far-away
region, this quantum-corrected metric acquires a correction
factor 1=Acor. In the y coordinate, the quantum-corrected
metric of the far-away region becomes

ds2RSf ¼
1

Acor
dy2 þ e−

2y
L

�
−

1

Acor
dt2 þ dx21 þ dx22 þ dx23

�
;

ð31Þ

which should be the RS metric with quantum fluctuations.
Let us denote the line element and the metric as ds2RSf and
GMNðfÞ, respectively. It is noted that Acor is temperature
dependent, so we have incorporated low temperatures and
quantum fluctuations into the RS metric.

V. GRAVITON MODES

On the background with quantum fluctuations obtained
in the previous section, we turn on perturbations in the
following way:

HMNðfÞ ¼ GMNðfÞ þ e−
2y
L hMN; ð32Þ

subject to the constraint

hM5 ¼ 0; ð33Þ

where hμ5 is set to zero due to symmetry, while scalar
fluctuations h55 corresponding to the radion can be stabi-
lized by the GW field.
The quantum-corrected equation of motion is then given

by the Schwinger-Dyson equation [24,25]:

�
δIm
δhμν

ðfÞ
�

¼ 0; ð34Þ

where Im is the action for hμν. In fact, the corresponding
classical equation

δIm
δhμν

¼ 0 ð35Þ

is just the linearized Einstein equation (7). Hence, the
quantum-corrected equation of motion has the explicit
expression:

ð∇2 − hAcori∂t∂tÞhμν þ
1þ hAcori

2
e−

2y
L∂y∂yhμν

−
1

2

�
3
dhAcori
dy

þ 4

L
ð1þ hAcoriÞ

�
e−

2y
L∂yhμν

¼ 0: ð36Þ

In principle, we need to evaluate the path integral on (21) to
determine hAcori. Noting ϵðxþÞϵðx−Þ ¼ 1

2
ðϵðxþÞϵðx−Þþ

ϵðx−ÞϵðxþÞÞ, and considering that the one-point function
of the Schwarzian mode vanishes, while the two-point
function is given by [15,26]

hϵðxþÞϵðx−Þi ¼ β3

16π4C

�
1þ π2

6
þ
5 cos 2πðx

þ−x−Þ
β

2

−
1

2

�
2πðxþ − x−Þ

β
− π

�
2

þ
�
2πðxþ − x−Þ

β
− π

�
sin

2πðxþ − x−Þ
β

�
;

ð37Þ

we obtain

hAcori ¼ 1 −
β

16Cπ2

�
8þ 8

π

β
ðxþ − x−Þ

cos πβ ðxþ − x−Þ
sin π

β ðxþ − x−Þ

−
4π2

β2
ðxþ − x−Þ2

cos 2πβ ðxþ − x−Þ
sin2 π

β ðxþ − x−Þ
�
: ð38Þ

Its form in the u coordinate is

hAcori ¼ 1 −
β

16Cπ2

�
8þ 4ðu − uT þ δÞ

δ
ln
u − uT þ 2δ

u − uT

− 3 ln2
u − uT þ 2δ

u − uT

þ ðu − uT þ δÞ2
δ2

ln2
u − uT þ 2δ

u − uT

�
: ð39Þ

Taking u ≫ uT , we obtain the leading-order quantum
correction factor in the far-away region as

hAcori ¼ 1 −
5β

4Cπ2
þ L2

6Cπ2u0
e

y
L: ð40Þ

Here, only the corrections of the first two orders are retained.
To solve (36), we apply the separation of variables:
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hμν ¼ ΣnωhnμνðxÞfωn ðyÞe−iωt: ð41Þ

Consequently, we obtain

∇2hnμν ¼ −k2nhnμν;

ð1þ hAcoriÞ
d2fωn
dy2

−
�
4

L
ð1þ hAcoriÞ þ 3

dhAcori
dy

�
dfωn
dy

¼ 2ðk2n − ω2hAcoriÞe
2y
L fωn : ð42Þ

The boundary conditions are similar to the ones in (10).
The mass of the KK mode Mn equals the angular

frequency ω when the momentum kn is zero. For
M0 ¼ 0, there is no correction. For Mn ≠ 0, if we only
take into account the lowest order of the correction factor,
then

Mn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8Cπ2 − 5β

8Cπ2 − 10β

s
mn; ð43Þ

where mn is the original mass in (12). It can be seen that
the masses of the modified KK modes are larger than the
original mass, and the correction is the same temperature-
dependent overall factor for different values of n.
If we include higher-order terms in the correction factor,

we can obtain the mass spectrum by numerical solution. In
order to solve the hierarchy problem, we require 1=L to be
at the Planck scale, and πrc=L ¼ 36.84 [4]. In numerical
calculations, we adopt the Planck scale, 1016 TeV, as the
fundamental unit and set L ¼ 1. Perturbative calculations
require β=C to be less than 1, so we take a few values 0.1,
0.9, and 0.99 for β=C. The limit u ≫ uT means
L2

u0β
ey=L ≪ 2−Q2

6π , and we take L2

u0β
eπrc=L ¼ 0.1, 0.05, and

0.01 accordingly. The numerical results are listed in
Tables I–VI. Since we take the Planck scale as the
fundamental unit and the eigenvalues M2

n are extremely
small, we multiply them by 1032 in practice. Therefore, the
unit of Mn’s numerical results should be 10−16L−1. Since
L−1 is on the Planck scale, the unit of numerical results in
the table is TeV.
For the case with only the lowest-order corrections, the

three different values of β=C lead to the corrections of

TABLE I. m1 [TeV].

eπrc
u0β

β=C Uncorrected 0.01 0.05 0.1

Uncorrected 3.832 n n n
0.1 3.844 3.810 3.810 3.810
0.9 3.953 3.633 3.634 3.635
0.99 3.967 3.613 3.614 3.615

TABLE II. m2 [TeV].

eπrc
u0β

β=C Uncorrected 0.01 0.05 0.1

Uncorrected 7.0156 n n n
0.1 7.038 7.0014 7.0015 7.0015
0.9 7.238 6.8966 6.8968 6.8970
0.99 7.263 6.8858 6.8860 6.8863

TABLE III. m3 [TeV].

eπrc
u0β

β=C Uncorrected 0.01 0.05 0.1

Uncorrected 10.173 n n n
0.1 10.206 10.168 10.168 10.168
0.9 10.496 10.146 10.146 10.145
0.99 10.532 10.146 10.145 10.145

TABLE IV. m4 [TeV].

eπrc
u0β

β=C Uncorrected 0.01 0.05 0.1

Uncorrected 13.324 n n n
0.1 13.366 13.328 13.328 13.328
0.9 13.746 13.391 13.390 13.390
0.99 13.793 13.402 13.401 13.400

TABLE V. m5 [TeV].

eπrc
u0β

β=C Uncorrected 0.01 0.05 0.1

Uncorrected 16.471 n n n
0.1 16.523 16.485 16.485 16.485
0.9 16.992 16.635 16.634 16.632
0.99 17.051 16.656 16.655 16.653

TABLE VI. m6 [TeV].

eπrc
u0β

β=C Uncorrected 0.01 0.05 0.1

Uncorrected 19.616 n n n
0.1 19.679 19.640 19.640 19.640
0.9 20.237 19.878 19.876 19.874
0.99 20.307 19.910 19.908 19.906
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0.32%, 3.16%, and 3.52%, respectively. After considering
higher-order corrections, we find that the corrections vary
for different modes. The maximum corrections in each
table are −5.72%, −1.85%, −0.27%, 0.59%, 1.12%, and
1.50% in sequence. It can be observed that as n increases,
the correction ratio also increases. The negative correction
ratios in the first three cases indicate that their masses
decrease. Moreover, we observe that the effect of higher-
order correction terms is opposite to that of lower-order
correction terms.

VI. GOLDBERGER-WISE MECHANISM

Now, we discuss the impact of quantum corrections on
the Goldberger-Wise (GW) mechanism. First, introduce a
scalar field Φ, i.e., the GW field, to the model with the
following bulk action:

IΦ ¼ 1

2

Z
d4x

Z
πrc

0

dy
ffiffiffiffi
G

p
ðGAB

∂AΦ∂BΦ −M2
ΦΦ2Þ: ð44Þ

The classical scalar field Φ satisfies the Klein-Gordon
equation δIΦ

δΦ ¼ 0. Under quantum corrections, according to
the Schwinger-Dyson equation, we have

�
δIΦ
δΦ

�
¼ hAcorie

4y
L∂yðe−

4y
L∂yΦÞ þM2

ΦΦ ¼ 0: ð45Þ

We can define an effective mass

m2
Φ ¼ M2

Φ
hAcori

: ð46Þ

The GW field Φ after quantum corrections still satisfies the
Klein-Gordon equation but with a renormalized mass. The
boundary conditions for the equation are

Φðy ¼ 0Þ ¼ ΦUV;

Φðy ¼ πrcÞ ¼ ΦIR: ð47Þ

If we only consider the lowest order of the quantum
correction factor, the effective mass does not vary with y,
and we can use the well-known result to obtain [7]

πrc ¼
4

Lm2
Φ
ln
ΦUV

ΦIR
¼ 4Cπ2 − 5β

Cπ2LM2
Φ
ln
ΦUV

ΦIR
: ð48Þ

With ln ΦUV
ΦIR

of the order unity and β=C < 1, no extreme fine-
tuning of parameters is required to get the right magnitude
for πrc. For instance, taking ΦUV

ΦIR
¼ 1.5, β

C ¼ 0.99, and
LMΦ ¼ 0.196 yields πrc

L ¼ 36.84. Therefore, the GW
mechanism remains valid in the presence of quantum
corrections.

VII. CONCLUSION

In this paper, we have considered the influence of
quantum fluctuations near the horizon of a near-extremal
RN black brane on the RS model. More explicitly, we have
derived the RS metric by incorporating quantum fluctua-
tions, calculated the corrections to the Kaluza-Klein mass
spectrum, and discussed the impact of quantum corrections
on the GW mechanism. Our work has made initial attempts
to incorporate the effects of infrared quantum gravity into
the RS model and, at the same time, to introduce temper-
ature-dependent quantum effects.
There are still many related issues worthy of further

exploration. What corrections will this infrared quantum-
gravity effect introduce into more braneworld models?
What impact will the RS model with temperature have on
the studies of cosmology and phase transitions? These
questions await further research in the future.

Note added.We recently became aware of [27] which also
discussed the relationship between the RS model and the
JT gravity, but there are differences between this work and
our paper. In our paper, the JT gravity describes only the
near-horizon geometry of black branes, not the braneworld
model. We use JT gravity only as a tool to account for
quantum fluctuations near the black brane horizons.
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