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Abstract

The Randall-Sundrum model was conceived in 1999 to address the
Higgs Hierarchy Problem in particle physics. It arose enormous inter-
est from theoreticians and phenomenologists ever since and revealed a
fruitful tool to explore the physics of extra dimensions. The aim of this
paper is to provide an introductory exposition of this model. After a
short survey of Kaluza-Klein theories, the setup of the RS model will
be exposed and its metric derived. We will explain how an exponential
hierarchy between the gravity scale and the weak scale can be natu-
rally generated, and how the standard 4D gravity emerges from this
model in the Newtonian limit. The Golberger-Wise mechanism will
be presented as a way to stabilize the radius of the extra dimension
without reintroducing a fine-tuning. Those topics will be presented in
an utterly pedagogical way. Here you will find what textbooks feel free
to disregard as too advanced but research papers consider as too basic
to even be mentioned.
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1 Basics of Kaluza-Klein theories

The existence of extra dimensions of space was first put forth in the middle
of the 1920’s by Theodor Kaluza and Oskar Klein [1] as a means of unifying
the electromagnetic and gravitational fields as components of a single higher-
dimensional field. As an illustration, consider the case of a five-dimensional
theory, with the extra dimension periodically identified:

20 ~ 2%+ 27R.

This procedure is called toroidal compactification [2]. The space obtained
is the product of the traditional four-dimensional Minkowski space with a
circle, noted M* ® S, which can be imagined as a 5D cylinder of radius R.
In such a theory, a massless scalar field ¢(z#, %) would have a quantized
momentum in the periodic dimension:

with n € Z. We may then expand the field in Fourier series:

oat ) = D7 ")l E

n=—oo

With this decomposition, the five-dimensional equation of motions (9,0" +
050%)¢ = 0 becomes

n2
0, 0" " (1) = ﬁqbn(x“).

In this way, an infinite tower of fields with masses m? = n?/R? is generated.

At energies small compared to R~!, only the x’-independent massless zero-
mode remains and the physics is effectively four-dimensional. At energies
above R™1, the tower of Kaluza-Klein (KK) states comes into play.

An experimental bound on the size of the compactification radius R is
imposed by the fact that those KK states have not been detected at colliders
up to TeV energies. Their masses would thus have to be greater, n/R >TeV,
which implies a strong constraint on R:

R <10 %'em.

It is nearly hopeless to seek experimental confirmations of such minuscule
dimensions.

A way out of this restriction was suggested in 1998 by Arkani-Hamed,
Dimopoulos and Dvali (ADD) [3], based on an idea formulated in 1983 by
Rubakov and Shaposhnikov [4]. If the extra dimensions are accessible only
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Figure 1: S!/Zy orbifold.

to gravity and not to the SM fields, the bound on their size is fixed by
experimental tests of Newton’s law of gravitation, which has only been led
down to about a millimeter:

R < 1mm.

Such large extra dimensions could then perfectly exist and nevertheless have
escaped our vigilance so far!

In addition, this scenario provides a solution to one of the central prob-
lems of particle physics: the Hierarchy Problem. This problem arises in
quantum field theory because of the quadratically divergent corrections to
the Higgs field mass, which require an incredible fine-tuning in order to get
the expected mass of a few hundreds GeV. This problem can be equivalently
formulated in terms of the unnatural discrepancy between the strength of
gravity and those of the other three forces. In the ADD scenario, the weak-
ness of gravity compared to the other forces finds an explanation in the fact
that gravity gets diluted in the large volume of the extra dimensions. The
hierarchy between the four-dimensional Planck scale Mp; ~ 10'9GeV and
the scale of weak interactions My ~TeV would in reality be only apparent.

However, this solution merely translates the Hierarchy Problem into the

problem of the discrepancy between the large size of the extra dimensions
R ~ 1mm and their natural value R ~ Ip; ~ 10™33cm.

The model presented in [5] and [6] by Lisa Randall and Raman Sundrum
in 1999 provides a new explanation of the Hierarchy Problem.



2 Setup

The Randall-Sundrum model assumes the existence of one extra dimension
compactified on a circle whose upper and lower halves are identified (see fig.
1).

Formally, this means we work in S'/Zy orbifold, where S! is the one-
dimensional sphere (i.e. the circle) and Zg is the multiplicative group
{—1,1}. This construction entails two fixed points, one at the origin y = 0
and one at the other extremity of the circle, at y = 7R = L. On each of
these boundaries stands a four-dimensional world like the one we live in. By
analogy with membranes enclosing a volume, these worlds with 341 dimen-
sions enclosing the 5D bulk have been called 3-branes. The picture is then
two 3-branes, at a distance L one from another, enclosing a 5D bulk (cf. fig.
2).

Taking into account the 5D cosmological constant A (which unlike the
effective 4D cosmological constant does not need to be vanishing or even
small) the fundamental action is the sum of the Hilbert-Einstein action Sy
and a matter part Syy:

+L
S:SH+SM:/d4SL'/ dy/—g(M3R — A), (1)
L
where M is the fundamental 5D mass scale, R the 5D Ricci scalar and g the
determinant of the metric, whose explicit form will be investigated in the
next section.

3 Warped metric

The first step is to find the metric for such a setup. Since we are looking
for solutions to the 5D KEinstein equations that might fit the real world, we
require that the metric should preserve Poincaré invariance: the 4D universe
derived from this theory should appear flat and static. This leads to the
following Ansatz:

ds® = 6_2A(y)nm,dx“dx” + dy?, (2)

where 7, = diag(—1,1,1,1) is the 4D Minkowski metric. The prefactor
e~24W) | called the warp factor, is written as an exponential for convenience.
Its dependence on the extra dimension coordinate y causes this metric to
be non-factorisable, which means that, unlike the metrics appearing in the
usual Kaluza-Klein scenarios, it cannot be expressed as a product of the 4D
Minkowski metric and a manifold of extra dimensions. To determine the
function A(y), we have to calculate the 5D Einstein equations:

1
Gun = Run — igMNR = k*Tyn,
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Figure 2: Randall-Sundrum setup.

where the capital indices M and N take the values 0,1,2,3 and 5, i.e.
M = (u,5) with p the usual 4D Lorentz index, and so on. The 5D Newton
constant is defined as

1
2 _
K= —s
2M3’
and the energy-momentum tensor as
-2 0SSy

TynN = ——7+ 3
so that a term in the action like /—¢gV with V constant corresponds to
an energy-momentum tensor equal to Vgyn. The Einstein tensors for the
metric parametrized by the Ansatz (2) are worked out in appendix A. The
55 component of the Einstein equation gives

Gss = 6A"” = 2—]\2\3
Notice that a real solution for A only exists if the 5D cosmological con-
stant A is negative, which means that the space between the branes is anti-de
Sitter space, noted AdSs. The case where A is purely imaginary corresponds
to an oscillating warp factor, which is not the concern of the RS model.
From that equation, we see that A% is equal to a constant, which we call

k2

A? = = k% (4)



Integrating over y gets us the expression for A:
Aly) = £ky.

As we want a solution that respects the orbifold symmetry, i.e. invariance
under the transformation y — —y, we choose

A(y) = klyl.

Finally, the background metric in the Randall-Sundrum model is paramet-
rized by

ds? = e~ 2kWly  detde” + dy?, (5)

with —L <y < L.
Let us look now at the pur component of the 5D Einstein equations.
Appendix A gives

Gy = (647 —3A")g .

From the solution we just found for A we see that the first derivative of A
is

A" = sgn(y)k.
The term sgn(y) may be written as a combination of Heaviside functions as
sgn(y) = 0(y) — 0(—y),
so the second derivative is
A" = 2k6(y).

This delta function arose from the kink of A at the origin y = 0 (cf. fig. 3).
In the same way, the kink at y = L gives rise to another delta function, and
the complete expression for A” is

A" =2k(6(y) — 6(y — L)).
Plugging those results into the expression of the Einstein tensor gives
G = 61{:29W - 6k(5(y) -y — L))gW.

The first term is equal to the pr components of the energy-momentum tensor
multiplied by the 5D Newton constant:

—A
2 2
K T/Jy = mguy = 6k Iuv-

7
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Figure 3: The function A(y) and its first and second derivatives.

The second term however seems to have nothing to be matched to. The
resolution of this situation is to take into account the energy densities of
the branes themselves, called brane tensions. This is done by adding to the
action one term for each brane, corresponding to the brane tensions A; and
Aot

S = - / dhay/ =g = — / dhwdyy/=gAd(y),
Sy = — / d*z/—gare = — / d*zdy/—gha2d(y — L). (6)

The terms g1 and go stand for the determinants of the metrics induced on
the first brane and on the second brane respectively. The induced metrics
define distances along the branes:

ds* = giwda:“dx”

gul/(xa yi)df’fﬂdffy,

with ¢ = 1,2 and y; = 0,y2 = L. Notice that with the metric given by (5),
g1 = gd(y) and go = gd(y — L) because gs5 = 1.
In order to satisfy the Einstein equations we need to impose the relation

A\ = =)o = 12EM3, (7)
Moreover, by the definition of k we have

_ A
12M3°

Those two relations are consequences of the requirement that the 4D universe
be flat and static. The 4D brane sources are balanced by the 5D bulk
cosmological constant in order to get a vanishing effective 4D cosmological
constant.



4 Exponential hierarchy

Having presented the setup and found the metric of the Randall-Sundrum
model, we would like to investigate what the physical scales would be if,
in the spirit of [4], the matter fields were confined on the second brane at
y = L. Consider the Higgs scalar field with the action

SHiggs = / d*z\/g2 [g’;”D“HTDVH ~\NH'H - 1)2)2]
= / d*ze~ 4t [e%Ln“”DuHTD,,H —A(H'H - v?)ﬂ :

To get a canonically normalized action we redefine the Higgs field as H =
e H. The action becomes

SHiggs = /d41’ [n“”DuﬁTDVE[ _ )\(IN{T_H _ (e_kLU)2)2:| ‘

This is the action of a normal Higgs scalar, except for the vacuum expecta-
tion value (vev) which is exponentially suppressed:

Veff = e kly.

As the Higgs vev sets all the mass parameters in the Standard Model, this
means that all mass parameters are submitted to an exponential suppression
on the second brane. If the value of the bare Higgs mass is of the order of
the Planck scale, the physical Higgs mass could be warped down to the weak
scale, where we expect it to be. For this reason, the first brane at y = 0
is often called the “Planck” brane, whereas the second brane is called the
“TeV” brane. Since My ~ 10~16Mp;, the appropriate value for the size of
the extra dimension is given by

kL ~ In10'6 ~ 35.

We will see in section 8 how such a value can be obtained for the size L of
the extra dimension without reintroducing a fine-tuning.

To understand whether or not this exponential suppression is useful to
address the Hierarchy Problem, we must know how the effective scale of
gravity behaves with respect to the extra dimension. This information is
to be obtained from the way the 5D action S contains the 4D action S*P.
Perturbating the action 1 around the background metric given by 5 produces
a term with the schematic form

+L
S > M3/d4x/L dye ™2kl —g(O)R4D(hELOV))

1— —2kL
)

9
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Figure 4: The generation of an exponential hierarchy.

This term corresponds to the 4D action, so that we can read off the value
of the effective 4D Planck mass:

M2, = (1 —e kM3 /.

We see that it weakly depends on the size of the extra dimension L, provided
kL is moderately large.

Putting our two last results together, we see that the weak scale is ex-
ponentially suppressed along the extra dimension, while the gravity scale is
mostly independent of it (see fig.4).

In conclusion, in a theory where the values of all the bare parameters
(M, A, \,v) are determined by the Planck scale, an exponential hierarchy
can be naturally generated between the weak and the gravity scales. Thus
the Randall-Sundrum model provides an original solution to the Hierarchy
Problem.

Remarkably, the effective Planck mass remains finite even if we take the
decompactification limit I — oco. This case where there is only one brane is
known as the Randall-Sundrum IT model (RS2). The fact that there could
be an infinite extra dimension and still a 4D gravity as we experience it
results from the localization of gravity around the brane at y = 0, which we
now turn our attention to.

10



5 Graviton modes

In order to understand how gravity works in the Randall-Sundrum model,
we first have to find explicit expressions for the gravitons, which correspond
to small fluctuations hysn(z,y) around the background metric given by

ds? = e*Zk‘ylnm,da:“dx” + dy?.

That will be achieved by computing the solutions of the linearized Einstein
equation.

Conformally flat metric It is convenient to work with a conformally flat
metric, i.e. a metric proportional to flat space. To achieve this, we define a
new extra dimension variable z related to y through

dy? = e 2kl g2,

The integration of this equation produces a constant, which we set so as to
have the zero value of y corresponding to the zero value of z. The result is

k|z| = kvl — 1, (8)
and thus
o2kl 1
(klz] + 1)
With this new coordinate, the metric is given by
1

ds® = (nuvdatda” + dz?).

(klz[ +1)?
To underline the fact that it is conformally flat we rewrite it in the following
way:

ds? = 6_2A(Z)77MNdﬂsta:N,

where we use the notation x° = 2. The function A(z) is given by

24 b
(k2] + 1)

and so A(z) = In(k|z| + 1). For later reference, we give its first and second
derivatives:

1= 2 g
and
poo 2k(5(2) — 6(z — L)) k2
A=) = k2] + 1 " (klz[+ 1)2’ (10

where we have used again that sgn’(z) = 20(2).

11



Linearized Einstein equations To keep the calculations as concise as
possible we will not compute the Einstein tensor by brute force, but rather
use a formula about conformally related metrics (see [7] appendix D). Specif-
ically, if some metric gasn is a conformal transformation of another metric
Jgum N, for example

gun =€ gun,
then the respective Einstein tensors are related by

Gun(gun) = Gun(Gun) + (n —2) [V AVNA+ Vi Vi A

_ - n—3< ~
—gun(VRVEA - 5 VrRAVEA)],

where n is the number of spacetime dimensions. In the present case, the
perturbed metric has the form

2A(

guN =€ “(nun + hun)

and n = 5, so the formula gives, taking into account the Christoffel symbols
contained inside the covariant derivatives:

Gun = Gun + 3[0mAONA + 0yOn A — T N ORA
—Gnn (0rO"A — T g% A — 0p A" A)]. (11)

To linear order, the Christoffel symbols are easily found:
. 1
Fﬁ/[N = 5(8Mh]1§} + 8Nhf4 — aRhMN),

where we have used nM¥ to rise the indices. It is particularly convenient in
that kind of calculations to work with a gauge in which the fluctuations do
not have any extra dimension component and are transverse and traceless:

has =0,
8Nh/“’ =0 and ﬁ“yhuy = hZ =0.

We verify that those 10 conditions restrict the number of degrees of freedom
of the symmetric 5 x 5 tensor hysny from 15 to 5, as appropriate for a spin-
two 5D particle (see [8] section 2.3 and [9] section 10.6). With this gauge
fixing, the second Christoffel symbol in equation (11) vanishes, whereas the
first one reduces to —9°hy N /2 given that it is contracted with OgA, whose
only non-vanishing component is 0;A. In addition, the expression of the
Einstein tensor for fluctuations around the flat metric (see [7] eq. (4.4.5))
shrinks to

~ 1
Gun = —§aRaRhMN.

12



The pr component of the linearized Einstein tensor in this gauge is then
given by

1
G/u/ = _§8R8Rhuu + ;h;y/A/ - 3(%11 + h/u/)(A// - A/Q)' (12)

On the other hand, we have to compute the energy-momentum tensor
for the perturbed metric. Coming back to the expression of the action terms
for the brane tensions (6), we have to be careful about the fact that with
the conformally flat metric the determinants of the metrics induced on the
branes are now related to the determinant of the full metric by

g = gigss = gie A,

with ¢ = 1,2 and 21 =0, z0 = L,. The corresponding actions read

S1 = —/d4:1:\/—91)\1 = —/d495d2\/ —g)\leA(O)(s(Z)
Sy = _/d4$\/ —goda = _/d4xdzv —ghoeP)5(z — L),

The pv component of the energy-momentum tensor multiplied by the 5D
Newton constant is then

1

k2T, = e [-A - Aedd(z) — Aoedd(z — L.)] g
1
BEYYVE [_Ae_zA - )‘16_146(2) - /\26_A5(z - Lz)] (M + Py

Remembering the definition (4) of k as well as the relation (7) between the
brane-tensions and referring to the expressions (9) and (10) of the first and
second derivatives of A allows us to rewrite it as

K/QT;,LV = [6k2672A — 6k (5(2’) —(z— Lz))@A] (UW/ + h;w)
(647 = 34" + A)] (s + )
(3A” — 3A") (s + hyu)- (13)

When we put the two sides (12) and (13) of the pr component of the
linearized Einstein equation together, the terms proportional to 7, repro-
duce the unperturbed Einstein equations, and we are left with the part due
to the perturbations:

—L0R0h,, + 34, = 0.

13



Schrédinger-like equation  An elegant way of solving this equation is to
rewrite it in the form of a Schrédinger equation.

As a start, in order to get rid of the first derivatives h
following rescaling;:

!/

.y We make the

aA
Py — € hy,

with « a constant. A pencil and a small piece of scratch paper bring the
Einstein equations to

1 3 3 1 1
_iaRaRh/uy + <2 - O[) Alh;ﬂ/ + [<2a - 20[2> Al2 - 2(]{A//:| h,u,l/ = O

For the choice o = 3/2, the coefficient of k), vanishes and we are left with
1 R 9 3
- huw + | A = ZA"| by = 0.
2638 w + |: 3 1 :| m 0
Performing a Kaluza-Klein decomposition,
Ty (2,2) =Y bt (2)0a(2),
n=0

with Ohj,, = 0,0°hy;, = m2h",, we get

n'uvs

—n(2) + [3A%(2) = 3A"(2)] Yn(2) = miihn(2). (14)

That looks just like a Schrodinger equation with potential
V() = JA%) - SA()
9 K3 <2k(5(z) —5(z— L.)) 2 )
2

4 (k|z| +1)2 klz| + 1 (k|z] 4+ 1)2
_ 15 k2 B 3k(6(z) — 6(z — L))
4 (k|2 +1)2 klz] +1

The shape of this potential looks like a volcano (see fig. 5).

Boundary conditions To get the boundary conditions that the solutions
will have to obey, we integrate equation (14) over small domains around the
boundaries. For the boundary at z = 0 we get

0t ot

| dsiieven = [ damie,

—,(07) +¢,(07) — 3k, (0) = 0.

14
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Figure 5: Volcano potential.

The wave-function has to be an even function under the transformation
z — —z, and so its first derivative is an odd function: /,(07) = —/,(0").

The boundary condition at the Planck brane is then

3k
U(0) = =5 n 0), (15)
Similarly, we get the boundary condition at the TeV brane:
3k
"(L,) = ——————1p(L,). 1
V(L) = =5y L) (16)

Zero-mode The zero-mode is the solution of the Schrédinger-like equation
with mgy = 0:

- + BA’Q — ZA”] o = 0.

It is given by

0(2) = e = (b + )

which satisfies the boundary conditions (15) and (16). We see that the
graviton zero-mode has a wave function that is peaked around the origin (cf.
fig. 5). As we are going to see in section 7, the gravitational interactions
are predominantly mediated by the graviton zero-mode. Gravity is thus
localized on the Planck brane, while on the TeV brane we feel only the
tail of the graviton wave-function. So in the RS model the reason of the

15
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Figure 6: Localization of the graviton zero-mode around the Planck brane.

weakness of gravity is that it is localized far away from where we live — in
contrast to the ADD scenario, which attributes it to the dilution of gravity
in the higher-dimensional volume.

Kaluza-Klein modes Between the boundaries, the massive Kaluza-Klein
modes have to satisfy the following equation:

15 k2
" 2 Lo M _
“(m" 4<k|z|+1>2>“’” 0

This is a Bessel equation of order 2 (see [10] eq. 9.1.49.), and its solutions
are linear combinations of Bessel functions of first and second kinds:

Un = (2] + 1/K)? [anda (ma(|2] + 1/k)) + b Ya(ma(|2| + 1/K))],  (17)

with a, and b,, some coefficients.

To get an approximation of these wave-functions, we will use asymptotic
expressions of the Bessel functions (see [6]). We can rewrite the above
equation as

U = No(|2] + 1/B)Y2 | Yo (mn(|2] + 1/k)) +%J2(mn(\z|+1/k)) :

where N, is a normalization constant. The coefficient in front of Js has
been determined using the boundary condition (15) and the asymptotic
expressions of the Bessel functions for small arguments (m,|z| < 1):

_ 4 1
mm?(|z| +1/k)?2 =«

Ya(mn(|2] + 1/k)) =~

16



and

(2] + 1/k)?

o (mn (2] + 1/k)) ~ .

As k/m, > 1, the term with Jo dominates in the expression of the wave
function. To evaluate the constant /V,, we use an approximation for large

values of my|z|:
Vzda(mp|z]) =~ (2/7mn) " ?cos(my|z| — 57 /4),

which we plug in the normalization relation

+L
/ dz|y)? = 1.
—L

We get

o 32k* 32k1
2 2 _ A2 _
/_L dzN; 7T3m%cos (my|z| — b7 /4) = N W3m2L =1,

which implies

5/2
N :\/?Wmn
" 2 4k2\L'

Our approximation for the KK states wave-functions in the limit of large

my|z] is then

Uy = cos(my|z| — 57/4)/VL.

6 Graviton spectrum

(18)

The presence of two branes induces the quantization of the masses of the
KK states. To see it, let us look at the effect of the two boundary conditions
(15) and (16) on the general solutions (17). The derivative of these solutions

turns out to be (cf. [10] eq. 9.1.29)

W = mp(|2] + 1/k)/? [anJ1(mn (|2 + 1/k)) + by Y1 (mn(|2] + 1/k))]
22+ 1R [an o (malle] + 1/8)) + Y (ma(l2] +1/K)]

so the boundary conditions become

anJi(my/k) + b, Y1(m, k) = 0,
anJi (ma(Lz +1/k)) + b Y1 (m(Ls + 1/k)) =

17



This system has solutions only if its determinant vanishes, i.e. only if
J1(my/k)Y1 (my(Ls + 1/k)) — Jy (ma(Ls + 1/k))Yi(mp/k) = 0.

Coming back to the coordinate y, which effectively represents to the distance
along the extra dimension (see equation (8)),

1
L, ~ EekL > 1,
we can write
J1 (M k)Y (et [k — Ty (mpe®t [k Y1 (my Jk) = 0.
In the approximation of small masses (m,/k < 1), the Bessel functions of
first order behave like Ji(my,/k) ~ my/k and Y1(my/k) ~ In(my,/2k)m, /k

(see [10] egs. 9.4.4 and 9.4.5.), so that we can assume that —Y7i(m,/k) >
J1(my/k). The requirement that the determinant vanishes reduces to

Ji (mnekL/k) =0.

The masses of the KK tower are thus given by

—kL
m, = ke k]nv

where j,, are the zeros of the Bessel function: .Ji(j,) = 0.

As the value of k is supposed to be of order of the Planck scale and
the factor exp(—kL) at the TeV brane has been fixed to solve the Hierarchy
Problem, the masses of the KK states are of order TeV. Furthermore, j,4+1 —
Jjn =~ 7, so that the splitting of the masses is also of order TeV. This implies
the possibility to observe individual resonances of the first KK states at
colliders in the very near future [11]. Figure 6 shows an extrapolation of the
cross-section for the process e™e™ — p ™ at a linear collider, with different
values of the ratio k/Mp;. The resonances for the first and second KK modes
are well-defined and can be seen individually, in dramatic opposition to the
phenomenology of the ADD scenario, which predicts only collective effects,
given the smallness of the splitting between the KK modes.

7 Newtonian limit

We would like to verify that the gravitational interactions mediated by the
gravitons modes that we found are in agreement with Newton’s law. For that
purpose, we consider a minimal coupling of matter to gravity and look for the
values of the coupling constants. The action is composed of a gravity part

18
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Figure 7: Individual resonances of the Randall-Sundrum gravitons.

S given by equations (1) and (6), and a part accounting for the interactions
between matter and gravity:

S=Se+ / dadys/=gLar (. g,

where ® stands for the fields residing on the branes.
For small graviton perturbations around the background metric

2A(

gun = e nun — dun = ey + hary),

we expand the matter Lagrangian in Taylor series up to first order:

5,CM}

2
g +O(h?).

g;“,:g,w

Lar(®, 9yn) = Lu(®, gun) + R

Using the definition (3) of the energy-momentum tensor,

T iL—gﬁM}
Van') 5guu

= —Lyg"’ —2

g;u:g#«”
Y
(5g/»LV gLu:gHV

and the formula \/det(n, + hy) = 1+ h/2 + O(h?) with h = g" hy,, we

19



can write
VILyu(b.gun) = VIL+h/2)La(e, ghrn) + O(B?)

oL
= f[ﬁM(‘I’ IMN +h,uy5 M]
g;w

gp.u Guv

(
)
+—= ,CM(I)gMN:|+Oh2

= V9 [EM (®,9mN) — 2huuT’W} +O(h?).

On the other side, when we expand Sg up to the second order in the
perturbations, we get the following terms: one part independent of A, that
vanishes because of the requirement of the vanishing of the effective cosmo-
logical constant; one linear part, which is the action leading to the linear
equations of motion, so that it vanishes on shell; and one quadratic part,
which corresponds the usual Pauli-Fierz Lagrangian £pr. Remembering the
solution we found for the KK modes after a rescaling by exp(34/2) and a
KK decomposition drives us to

Ly(®,90N) = EM(‘P,QMN)JFM?’ZEPF(WV(%))

—Z” O )

In order to get a canonically normalized Pauli-Fierz Lagrangian, we proceed
to a field redefinition:

and we finally obtain

Car(6.9) = Lar(®.m) + 3 Lpp(hl () — 3 zwr( 2y ()T,

from which we can read the expression of the gravity-matter coupling con-
stants:

n

an = 76%‘41[)”(2)‘
2v/M3
We can now compute the gravitational potential between two particles
with unit masses on the TeV brane at z = L., i.e. the static potential
generated by the exchange of the zero-mode and the massive KK states.
Like in the case of a Yukawa interaction (see [12] eq. (4.127)), it is given by

2 —mnr
a, € n
vir)=- 4; T
=0
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The contribution of the zero-mode 1y(z) = exp(—3A4/2) to the gravita-
tional interaction is

1 1

%) = “emar
_ Gy
- =X

with Gy the Newton constant. This reproduces the 4D gravity.

With the help of the approximation (18) for the KK states wave-fun-
ctions, the non-relativistic gravitational potential mediated by the n'" mas-
sive graviton on the TeV brane reads

k3L2 —MpT
Vn(/r) = —WCOS2(anZ — 57T/4) €
™ r
_Gn

= . k2 L%cos®(mpL, — 5m/4)e ™",

These contributions to the gravitational potential are exponentially sup-
pressed, and thus may be neglected down to distances of order of the fermi,
r < 10713 cm. The actual experimental tests of gravity having only probed
down to the millimeter scale, there is no perspective of detecting such small
corrections any time soon.

In conclusion, gravity in the RS model corresponds effectively to 4D
gravity as we experience it.

8 Radius stabilization

Until now we have treated the length, or equivalently the radius, of the
extra dimension as a parameter, and we felt free to set it to the appropriate
value to solve the Hierarchy Problem (see section 4). However, such a degree
of freedom would imply the existence in the effective theory of a massless
scalar field, corresponding to the fluctuations of the radius along the extra
dimension: the radion. This massless radion would cause a fifth force in
violation to the equivalence principle. Therefore, to preserve the viability
of the Randall-Sundrum model, the radion has to obtain a mass, i.e. to be
stabilized.

A way to do it is the Goldberger-Wise mechanism [13]. The idea is to
introduce a massive scalar field ¢ in the bulk with a potential V' (¢) and add
some potentials V;(¢) and V5(¢) on the two branes at the boundaries. The
corresponding action reads

S = /d4xdy\/fg[M3R - %8M</>0M¢ - V(%)
—V1(9)d(y) — Va(o)d(y — L)].
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The requirement of Poincaré invariance imposes to choose the metric
given by

ds? = e_ZA(y)an:U“dx” + dy?,
and to restrict the dependence of the scalar field to the extra dimension:

d(z,y) = 9(y).

To find ¢(y), the scalar field and the Einstein equations should be solved
simultaneously. The scalar equation is

1 MN o _a%(}t
4ﬁ_gaM\/7gg 8N¢ - 8¢) ’

with Vige = =V — Vid(y) — Vad(y — L). Only the 55 component gives a
non-vanishing result:

oV oV AV
¢ —4A ¢ = 5 + 67)15(3/) + 8—55@ —L).

Referring to the expression of the Einstein tensors found in appendix A,
the 55 and pv components of the Einstein equations Gy = 2Ty n are

2 2

K K

2 _ o2 v
A =67 - SV (), (19)
and
2A’2—A"—iz¢’2—”—2(v+va( )+ Vad(y — L
=5 3 10(y) + Vad(y — L)).

We can simplify the second result by using the first one to eliminate ¢':

A" = ’;2(‘/15(,1;) +Vad(y — L)).

To obtain the boundary conditions, we integrate those results on very
small domains around the positions y; = 0 and yo = L. The kinks of ¢ and
A at those positions will result in jumps in the derivatives:

T’f _
Y 8¢,
and
v K2
Al ==V
:|y; 3

Together with the scalar and Einstein equations these equations form the
gravity-scalar system. It is quite hard to solve generally, so we will restrain
our study to a special case.
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Suppose that V' has the special form

(O,

6
for some function W (¢), called “superpotential”. As equation (19) can be
written as

V(¢)

1 12 6 12
= —¢“ - —=A
V(9) = 507 - A%,
we conclude that

1 2
_low and A':H—W(@.

Y= 3% 6

We want the bulk potential to include a cosmological constant term
(independent of ¢) and a mass term (quadratic in ¢), so we choose for
example

W=,

2
with u a parameter. From that we have

1
B GW__WS’

V=500

whose solution is easily found:

d(y) = gppe Y.

On the TeV brane we get

—ul
¢ = ppe ",

which can be inverted to

| L=1In(¢p/¢r)/u. |

The value of the radius is thus determined by the equation of motion. To
solve the Hierarchy Problem, we need kL ~ 35, which only implies a modest
tuning of order O(50) on the input parameters. Thus the solution to the
Hierarchy Problem provided by the Randall-Sundrum model does not arise —
like in the case of large extra dimensions — at the cost of introducing another
fine-tuning.
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A Einstein tensor

We want to calculate the Einstein tensor for the metric
ds® = 6_2A(y)77w,d1:“dx” + dy?
= gun(y)dzMdz?,
with
gun(y) = e 2AWn,, + 63,63
The inverse metric is

gV (y) = 2AWp 4 GM 5N

Christoffel symbols

1
p PR
Tyn = 59 (

As gprn is a function of the extra dimension only, and this only in its uv
components, we have

OMINR + ONgRM — ORIMN)-

OLguN = 059N = Os5Guu-

That implies that only two types of Christoffel symbols are non-vanishing:

o, %Q5R(—3ng)
= %955(—35%”)
= Ale™y,,
and
s = %QVR(%QR;)

1
_ 5621477up(_214/6—2147%#)

_ !/ v
= —A 5u'
Ricci tensor
Ry = 0pThy — ONTY p + DRI v — TR oG p

R, = a5rg,, + rf{,,rfw — rg;ia —T2 1re

o vo* ub
— (A// . 2A/2)672AT/MV o 4"4/26721477;11/
+Al2672Anwj + A/2672Anwj
— (A" —4A7)g,,.
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Ricci scalar

Einstein tensor

Rys = 0.

Rss = —0s'5, —T5,T%,
= 4A" — 44"
= ¢MVRyy

gw/RuV + 955R55
4(A// _4A/2) +4A// _4A/2
= 8A" —20A”.

1
Guw = Ry — zguwR

2
= (647 —34")g,..
1
Gss = Rss5— 59551?«

= 64"
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