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ABSTRACT: We study the brane world scenario of a single brane (or a single stack of
branes) with codimension higher than one. When the extra dimensions are not small,
localization of gravity around the brane is needed in order to reproduce the observable
four-dimensional gravity. We focus on the case of noncompact extra dimensions, where
the possibility of localized gravity becomes non-trivial. We show that in large class of
gravity models, localization of massless gravity is not possible for codimension-2 branes
with at least one noncompact extra dimension. With additional mild assumptions on field
backgrounds, we also show that it is not possible for higher codimensional branes with two

or more noncompact extra dimensions.
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1 Introduction

Extra dimensions are well-motivated by, for example, string theory and have rich and novel
impacts on phenomenology, such as providing potential solutions to hierarchy problems in
particle physics and cosmology. Some well-known examples are the cosmological constant
problem [1-13] and the Higgs hierarchy problem [14-19]. On the other hand, mechanisms
are needed to implement a noncompact four-dimensional spacetime into the extra dimen-
sions, in order to be consistent with our observations. So far there are two well-known
ways, namely compactification and the brane world scenario.

In the former case, the extra dimensions are “packed” into tiny compact space, such
that they are too small to be seen within the energy scale we can achieve. In the latter
case, a space-filling 3-brane sits in the extra dimensions called bulk, and our universe is
trapped on the brane. While the extra dimensions must be small in compactification, those
in the brane world scenario can be large or even infinitely large i.e. noncompact. In this
paper, we investigate how noncompact extra dimensions can affect the low-energy physics,
in order to judge the validity of these theories.

An essential feature of such theories is localization of gravity, which can be explained as
follows. The matter (Standard Model) particles can be naturally trapped onto the brane,
such as in the context of D-branes. Therefore these particles can “see” fewer dimensions.
However, gravity is dynamics of spacetime, and can freely propagate through the whole
spacetime. Therefore to recover the observed Newton’s law, which implies four-dimensional
gravity, mechanisms of localization of gravity is needed to build the brane world scenario.
For simplicity, we always focus on localized massless gravity only, although massive gravity



is not completely ruled out by phenomenology. As we will see, it is always possible in large
but compact extra dimensions, while it is hard in noncompact extra dimensions due to non-
trivial boundary conditions. Some aspects of localized gravity with higher codimensions
are already studied in literature such as in [20-23], but most of them focused on compact
extra dimensions only, and did not have a concrete conclusion on the case of noncompact
extra dimensions.

For codimension-1 brane, localization of gravity is easily achieved in the Randall-
Sundrum model [24], where the four-dimensional massless graviton is localized by a warp
factor induced by fine-tuning between positive brane tension and negative bulk cosmological
constant. It is later generalized to the codimension-1 Karch-Randall model [25]. It is
then natural to ask whether it is also possible with higher codimensions. It is non-trivial
because they have distinct dynamics. Codimension-1 sources usually cause a jump of
fields at brane position, determined by the Israel junction conditions [26]. However, higher
codimensional sources generically cause divergences at brane position. Such behavior is
similar to the Coulomb potential in dimension higher than one, which divergences are
caused at charge positions. This is why the dynamics of codimension-1 brane are much
more well studied in literature. Techniques to regularize these divergences for codimen-
sion-2 branes are developed in [27-29], and it is straightforward to generalize them to even
higher codimensions.

In this paper, we show that generically there is no localized gravity around codimen-
sion-2 branes with at least one noncompact extra dimension, or higher codimensional branes
with at least two noncompact extra dimensions. We consider a general theory with Einstein
gravity, form field backgrounds and dilaton, which includes large class of supergravity mod-
els. We prove that in generic background, the warp factor far from the brane cannot vanish
asymptotically, thus cannot localize or normalize the massless graviton mode function. We
also derive the brane-bulk boundary conditions which limit the form of the mode function,
implying that localized gravity can only be achieved by warp factors. Hence localization
of gravity is not possible. To achieve so, we use techniques from analysis to study the
general features of the field equations without solving them. As a corollary, we also show
that when a codimension-1 localized gravity model actually has one compactified hidden
dimension, within our model the brane must also wrap that dimension. Note that we only
consider a single brane (or a single stack of branes). This simplifies the calculation much,
and excludes more complicated setups of higher codimensions such as brane intersections.

This paper is organized as follows. In section 2, we use codimension-2 branes as
example to study the dynamics among branes, noncompact extra dimensions and massless
graviton modes. We review a general setup of such models, which can be easily generalized
into higher codimensions. We then examine the boundary conditions to determine the
consistent way to localize gravity, which is by warp factor. After that, we prove the no-
go theorem for codimension-2 branes. We prove it separately for the cases of one and
two noncompact extra dimensions. This includes the case where a Randall-Sundrum-like
solution with a codimension-2 brane seems to trivially appear. We show that such solution
does not exist.



In section 3, we study localized gravity around higher codimensional branes in general.
To build motivation to study such no-go theorems from some realistic models, we first use
a (infinitely long) Klebanov-Strassler throat [30, 31], which is a well-known string theory
solution, as an example. We then generalize the setup of the system and prove the no-go
theorem for higher codimensions. To achieve so, additional assumptions on the background
must be made. Namely, the background is non-oscillating, and under presence of form fields
with nonvanishing couplings or brane curvature.

In section 4, we conclude and add some remarks to our results.

2 Codimension-2 branes

In this section, we use codimension-2 branes as example to demonstrate general features of
the dynamics of brane-bulk system and gravitons. From these we prove the no-go theorems
for codimension-2 branes.

2.1 General setup

Brane-bulk system. We first establish the brane-bulk system, which is most reviewed
in [29]. For the bulk, we consider a simple model of scalar-Einstein-Maxwell system with
single fields. Similar but more complicated arguments should hold for the cases of multiple
fields, so the model below is general enough to describe the bosonic parts of large class
of supergravity models. To implement the 4D universe, there is a maximally symmetric
3-brane sitting in the bulk. The action (in Einstein frame) is given by!

S = Sbulk + Sbrane ) (21)

1 1 1
Shulk = —/d490 d*y~/—g (MR + §3M¢3M¢ +7¢(9) FunFMYN +v (¢)) + SaH
(2.2)

Sbrane = _/ d4CU V _g Tbv (23)
Yv

where g is the 6D background metric, g is the unwarped 4D background metric, R is the
6D Ricci scalar, ¢ is a scalar field, F' = dA is the Maxwell field strength, ¢ > 0 is the
field-dependent inversed coupling of the Maxwell field, V is the bulk potential including a
bulk cosmological constant and the scalar field potential, T} is the warped brane potential
and yp, is the position of the brane. Sqp is the Gibbons-Hawking action at the brane-bulk
boundary, added to restore the usual Einstein equations. We first consider two noncompact
extra dimensions, since we will generalize such setup to higher codimensions. For a single
brane, the bulk geometry is rotationally invariant. We also include warped geometries.
Therefore the metric g can be written as

ds® = gMNddexN = 62A(r)§u,,dx”dx” + dr? + 2B gp? , (2.4)

!Our metric is mostly plus, with Weinberg’s curvature conventions [32], which differ from those of
MTW [33] only by an overall sign in the definition of the Riemann tensor.



where A and B are the warp factors which only depend on r and g is the maximally
symmetric metric. In terms of static coordinates,

dp?
1 — kp?

Gudxtde” = — (1 - k:pz) dt* + + p? (dgo% + sin? goldcp%) . (2.5)
The parameter k = {—1,0,1} corresponds to unit-radius AdS, flat and dS spacetime re-
spectively. To obtain two noncompact extra dimensions, r should go from zero to infinity,
and the warp factor B should satisfy e — +00 as r — oo. It is then natural to assume
that B is increasing at large r. B should also satisfy }nl_I)l’(l) eB = 0, in order to put the
codimension-2 brane at r = 0. From now on we use capital English letter to denote all
coordinates, and Greek letters to denote 4D coordinates. Now we can choose a gauge such
that the only non-vanishing components of F' are

Fg=—Fyp. = Ay(r). (2.6)

By symmetry Ag and ¢ also depend on 7 only. Also from symmetry Tp should be function
of ¢ and Ay only. Therefore we perform a derivative expansion to get

Ty = 7,(8) — 5% (8) €™ Foun .. (2.7)

where 7, is the warped brane tension and ®, is the warped localized magnetic flux on the
brane [34]. The labels m,n are for r,6 and ¢,,, is the corresponding Levi-Civita tensor.
Now for r > 0, the bulk field equations are

" +(B'+44") ¢ = %‘; ig—;FMNFMN, (2.8)

R]V[N_%RQMN = —ckK® (FMPFNP_igMNFPQFPQ) —K? (8M¢3N¢—9MN (;5P¢5P¢+V)) ,

(2.9)

Var (cFMY) =0. (2.10)
Using the above ansatz, we get

(Ce—B+4AA/9)/ —0= A) = %63—4A7 (2.11)

where Fj is an integrati(Q)n2 constant and “prime” is partial derivative with respect to r.
We further denote f = K;:O
Einstein equation:

. It is then straightforward to compute the components of the

0, (nv) (2.12)

6Al2+3A/B,+Bl2+3A//+B”—|—f€_8A—3k€_2A+/€2 (;(25/24“/)

1
6A2 +4A'B' — fe 84 — 6ke 24 4 k2 <—2¢’2 + V> 0, (rr) (2.13)

1
10A/2 4 4A// o f€78A _ 6]{3672‘4 + ,{/2 <2¢/2 —+ V> = 0 . (09) (214)



To understand the back-reaction by the brane to the bulk, we also need the brane-bulk
matching conditions [27—-29], which tells

oSy
. — / - _ rane
}1_1}(1) j{/b dd~/—g ¢ T (2.15)
0Sh
li o /=g F™M = — =2 2.1
g, 0V S (219
1 7 7 6Sbrane
; /= i i) -
lim fgb do 557/ ~9 (K" — Kg") - (flat) T (2.17)
Here the extrinsic curvature K;; of fixed-r surface is given by K;; = %Brgij, with ¢,

label all coordinates except r. The “flat” is the same result substituting B = Inr and
lir% A" = 0 with A(0) unchanged i.e. with a flat metric continuous to metric outside the
r—

brane. The integration is along a small circle around the brane. Eq. (2.16) simply relates

®y, to Fy [12, 34], and for simplicity we will use f to perform calculations. On the other
hand, eq. (2.17) becomes

L 2T 4a (B
—llg% ¢ (e (3A"+ B') — 1) =T, (uv) (2.18)
. 27 B+4A 41 1 9 = —
}1_1)% ¢ A= NI (\/gTb) =U,. (00) (2.19)

From these matching conditions and the field equations, one can derive a constraint [27—
29, 35] in which U} can be fully determined by T} and %—Sﬁ’. It reads

2 2 2 2
KU, L edA w T + (€4A _ M) _3 <’{28Tb> ’ (2.20)
27 3 27 27 4 \ 21w O¢

where the sign is chosen such that U, — 0 when %—% — 0.

Graviton modes. After solving the background metric, we add linear perturbation to
solve for 4D graviton modes h,,,. The metric becomes

ds® = 220 (G, + hy) detda? + dr® + 2B dp? . (2.21)

By symmetry we can separate the variables as h,, (z,y) = hy,(2)¢(y), where in the
transverse and traceless gauge it satisfies

ht = N"hy, =0, (2.22)

where the covariant derivative is with respect to g. To study the spectrum of graviton
modes, we would like (0 — )\)BW = 0, where [ is the 4D Laplacian with respect to g and
A is the eigenvalue. The Pauli-Fierz mass of graviton [36, 37] is given by m? = X\ — 2k. By
linearizing the field equations, v satisfies [20, 23]

2
— (w" + (B + 44y + e”%ﬁ) =m*, (2.23)



where the dependence on background fields is hidden in the warp factors. Now we can
further decompose ¥(y) = (r)e™?, where n is like a winding number. Note that in terms
of ¥ = e244), eq. (2.23) can be rewritten into a Schrodinger-like equation:

(FO+V) Y@ =m' e @), V() =e 0, (2.24)

where the Laplacian O is with respect to the inversely warped internal metric § = diag -
e 24 (1, e?B ). W also represents the amplitude of gravity in the extra dimensions. Therefore,
we usually refer W and even 1 as wavefunctions, but they are not quantum-mechanical
wavefunctions.

When we say the graviton mode is localized, it means that ¥ peaks at » = 0 only and
decays when it goes far from the brane. Its norm is given by

0|2 = /drdeeB”AW. (2.25)

To have physical graviton modes, the normalizability is a required boundary condition at
infinity. It is non-trivial since we are integrating infinitely large proper radius r. There is
also a matching condition at the brane position.

Here is its derivation. Using eq. (2.21), we have

_ 1
K = A (Gu + b)) + =221

5 s (2.26)

while Ky, K and \/—g remain unchanged by tracelessness of h. Therefore the 66-compo-
nent of eq. (2.17) is unchanged and the pyv-component becomes

.27 _ 1 _
- llg% ?eGA (eB (3A"+ B') — 1) (Guv + hyuw) — 3 (eB - r) hiw} = ATy (G + by -
(2.27)
The new matching condition for graviton modes is
. 6A(. B r_
ll_I}(l)e (e 7“) Y =0. (2.28)

B _y — 0 when r — 0, so a wavefunction with finite

Note that by definition of branes e
Y’ (0) automatically satisfies the condition, but it remains interesting to study the case that
Y’ (0) diverges.

In general the model cannot be solved analytically. To have a sense on what kinds of

geometry the solutions describe, below we consider two exactly solvable cases. Both are
A
K2

but one is with k, f, B turned on only and another is with A, B turned on only. We will

with a bulk cosmological constant V' = < and without scalar fields i.e. ¢ =1 and U, = 0,

solve for their background geometries and (seemingly valid) massless localized graviton
modes.

2.2 [Exactly solvable models

Here we study two examples to demonstrate the features of the above setup.



With A, k, f, B. Here we set A to be constant, then eq. (2.13) and (2.14) simply mean
A = fe 34 4+ 6ke 24, Requiring lir% eP =0, eq. (2.12) becomes
r—

In (Sm (\/WT))—!-C& A > 9ke=24/2

—9ke A +20+B?+B" = 0= B (r) = { lnr+C) A= 9ke 242,
In (sinh (f\/72A+9ke*2Ar>>+Cl A < 9ke24/2
(2.29)

where (] is an integration constant. Since we are studying noncompact extra dimensions,

9ke 24
s T

we only accept A . The matching conditions reproduce the constraint on B(0) in

both cases and require

~25 (& —1) A = 9ke 242
T, = . (2.30)
—i—g (\/—QA + 9ke—24¢C1 — 1) A < 9ke™24/2

Therefore this geometry is supported for all T, < i—g given the tuning of Maxwell field.

. —2A
Now we solve for massless graviton modes. We focus on n = 0. For A = 9k62 ,

1
¢//+;¢/:O:>¢(T) =Colnr+Cs, (2.31)

which is clearly not localized and not normalizable for all Cy and C5. For A <

)

ke 24
2

_ —2A
"'+ —2A+9ke=24 coth (\/ 72A+9ke*2‘47‘) W =0=1¢(r)=Csln (tanh (\/ 2A+jkeT> ) +Cs,
(2.32)

which is localized at r = 0 and is normalizable if and only if C3 = 0:

2
- “9A + Oke—24
H\I/HQ =27 ‘Cg|2/ dr sinh ( —92A + 9k6_2Ar) In (tanh (\/TT>)
0

C 2
= 10.3354 &) <. (2.33)
V—2A + 9ke—24

However, the matching condition reads

2
. B _ r V—2A + Oke 2401 _ _ Kk _
lim (e — 1)y = Cp (V=24 + 9ke 24 — 1) = 5-CaTy = 0. (2.34)

r—0

Since T # 0, we also have C, = 0 and there does not exist any massless graviton mode
which satisfies all boundary conditions.

With A, A, B. Here we set f = k = 0 and non-constant A. Solving eq. (2.13) and (2.14)
and imposing liH[l) eB =0 yields
r—

%lnr—&—CI A=0

A(r) = , (2.35)
%ln (cosh(\/_g’Ar>>+Cl A<O
—%lnr—l—Cg A=0

B(r) = (2.36)

—% In <COSh _;’Ar) +1In (sinh _gAr> +Cy A<O '



These solutions automatically also satisfy eq. (2.12). With the same reason as above we
do not consider A > 0. However for A = 0, eq. (2.19) becomes e*C1+C2 — 0, which cannot
be satisfied. Therefore this geometry is not supported due to matching conditions. Even
if it is supported, the wavefunction is not normalizable under this geometry as above.

For A < 0, the solution is usually known as the AdS soliton [38]. The matching

conditions lead to
retC (\/—101\602 - 4)
Ty, = — 52 . (2.37)
K

Therefore this geometry is valid for all A < 0 and 7. Now the massless n = 0 graviton

mode satisfies

SR ;A oth ( ;)Ar) Y =0=1(r)=Cszln (tanh (\/ _;Z)AT)) +Cy. (2.38)

This is a more extreme example than above. Even when the warping amplifies the localized

wavefunction, it can still be normalized when Cy = 0:

2
(X) - - J—
H\I’HZ — 27r’C3]2/ dr sinh (\/Fr) cosh 1/ (\/?7) In (tanh (\/?r))
0

Cs/?
= 2.80403\/j (2.39)
However, the matching condition reads
C3e5¢1 (V/=10Ae®? — 4 2
}i_l)% e84 (eB - 7‘) P = ( 1 ) = —%eQClchb =0. (2.40)

Again, it forces C3 = 0 and there is not any massless graviton modes.
As a remark, there is another interesting solution to this background, which is

[—A —A
A= C]_ - 1—07"7 B = 02 - TOT . (241)

This is the only solution with a decaying warp factor €4, hence the constant wavefunction
can be localized and normalized. On the other hand, it does not satisfy hr% e” = 0. Notice
that the ordinary type-II Randall-Sundrum (RS-II) model [24] is equivalent to the constant
wavefunction in our formulation. This is why we cannot construct such model with two
noncompact extra dimensions. However, we will see that this solution has another related
implication when combined with compactification.

2.3 Necessary conditions for existence of massless localized graviton

We already see that localized v is rejected by the matching condition in the above examples.
Here we consider back the general setup in section 2.1 and prove the necessary conditions

in order to localize a massless graviton.



Consider the wavefunction of a massless graviton. By separation of variables, ¥ (y) =

Y (r)e™? where n is integer. We have that 1)(0)e™? are equal for all §, which means ¥(0) = 0

and the graviton mode cannot be localized when n # 0. Therefore we only consider n = 0.
Eq. (2.23) implies

W' 4 (B +4A) Y = 0= = Ce B4 (2.42)

where C' is an integration constant. Using the fact that A(0) is finite in order to have
physical 4D induced metric, the matching condition eq. (2.28) reads,

) r
lim € (1 - eB) ~0. (2.43)

There is a subtlety that there are two ways to understand the matching condition. The
first one is to note that since the matching condition is obtained by integrating a small
circle around brane position, when we say r — 0 we actually mean substituting some small
r = €. Since in curved background EB% # 1, the matching condition simply implies C' = 0
i.e. constant wavefunction. This is actually an intuitive statement since there is no brane
sources to drive the massless graviton modes.

The second one is to directly take the r — 0 limit. We then need to be careful what

T

the ratio -5 contributes. Note that this ratio captures the defect angle at brane position.
To be precise, the defect angle § = 2w (1 — «) is given by

eB

a=lim —. (2.44)

r—0 7

Therefore the matching condition implies that C' = 0 unless there is no defect angle,
which is not true for typical brane sources. We thus conclude that ¢ must be a constant.
If the warp factor eB+24 does not vanish at infinity, the constant wavefunction is not
normalizable and there is no massless graviton modes. Therefore we state:

B+2A

Massless localized graviton exists only when [drdfe is finite.

2.4 No-go theorems

Two noncompact extra dimensions. The constant wavefunction can only be localized
and normalized by the warp factor e24. Through this, we show that within our model, the
constant wavefunction is not a valid solution.

First, we assume that e? is decreasing to small values at large r, hence A is decreasing
at large r. By combining eq. (2.13) and (2.14), for sufficiently large r > r; we have

2
A" 4 A? = A'B %gb'Q <0, (2.45)

since B’ > 0 at large 7. It means that (e?)” = eA(A” + A?) < 0 for r > r1. Then for
all y > x > rq, if x,y are within the domain of A, by Mean Value theorem there exists
€ € (x,y) such that

/

T (@< () W < (A @ @)

y—x



Since (e)'(z) < 0, by choosing sufficiently large y such that eA®) + (e4)'(z)(y — z) < 0,
eq. (2.46) means that e” must vanish at some finite r < y, but not infinity. This implies
that there is no solution at infinity, which violates the assumption of noncompact extra
dimensions. By contradiction, it means that e does not vanish at infinity in noncompact
extra dimensions, thus cannot localize or normalize the constant wavefunction.

This finishes the proof of the no-go theorem on localized gravity around codimension-2
branes in two noncompact extra dimensions. However as we will see, this proof makes use of
unique features in codimension-2 models, and cannot be generalized to higher codimensions.

One compact and one noncompact extra dimensions. So far we have studied the
possibility of localized gravity with extra dimensions being noncompact in two directions
i.e. B — 4o00. It still remains interesting to explore the case when B keeps finite, such
that at long distances the spacetime looks like with one noncompact extra dimension, but
with another one compactified dimension. For example, we can attach a small circle at
each point in the Randall-Sundrum model, such that the extra dimensions have topology
R x S', and the geometry looks like a long thin tube. In such cases, at long distances we
cannot really tell whether the brane is codimension-1 or codimension-2.

If the brane is still codimension-1, that means the brane wraps around the hidden
circle. Such geometry actually can be easily obtained, such as in eq. (2.41). We identify r
as the height of the cylinder and e? as the compactification radius. We further replace r
by |r| in those equations. The compact extra dimension becomes smaller and smaller as r
increases, so by fixing suitable Cy we can keep the compact extra dimension very small for
all 7. Now if we put a wrapped 4-brane at r = 0, with appropriate matching conditions the
constant massless graviton wavefunction is localized around the circle r = 0 by the warp
factor A. It is equivalent to the ordinary RS-II model [24] but in two extra dimensions
with one being compactified.

If the brane is actually codimension-2, at » = 0 the hidden dimension must shrink to
a point, in order to maintain the symmetry of the system. This means that the topology
of the bulk is changed, and it is non-trivial whether the long distance physics remain the
same. Below we provide a non-rigorous argument to show that it is not possible to both
achieve such geometry and localize gravity.

Again we first assume that localized gravity in such geometry is possible. We start
with the behavior of A and B. In this case we still have }1_% eP =0i.e. B(0) = —o0. Since

at 7 = 0 we have (eB)/ > 0, it means B’(0) — +o0. To localize gravity at brane position,
we want A’(0) to be negative. Then by eq. (2.45), we get A”(0) — —oc. In particular it
means that A’(0) needs to be finite. Eq. (2.19) then tells U, = 0, which implies %—% =0 by
eq. (2.20).

An increasing B has already been forbidden in last subsection. Therefore, B must
turn decreasing at some finite r. After B starts decreasing, it must fall not too fast such
that e” does not vanish at some non-zero and finite r. This can be judged by combining
eq. (2.12) to (2.14), which gives
3 K2

5 fe 84— v, (2.47)

e B <€B)”:BH+B/2=—4A/B/— ;

~10 -



Now we consider the behavior of the potential V. From eq. (2.13), we observe that

1 1
V(ir=0)=— (_6A'2 —4A'B' + fe 84 + er—“) + §¢>’2

— +00. (2.48)
r=0
If V keeps positive for all r, after B starts decreasing at some finite r, we have (eB )” <0
and e vanishes at another finite r by the argument in last subsection. Therefore to meet
the above requirement V' must turn negative at some finite » = r5. It means that there is
always a region of small r between 0 and 7o that has negative V' with large magnitude.
In particular, there must be a point where V' diverges to minus infinity, since V starts at
positive infinity.

We then turn to the field equation for the scalar field i.e. eq. (2.8). Multiplying it with
@', we get

PN 1
<2¢'2) + (B +44)¢? =V + Zc’%e“. (2.49)

At small 7 and smaller than ry, B’ + 4A’ is positive while the f term is suppressed by
large e4. Therefore in that region the kinetic energy %qﬁ'2 decreases rapidly, and even
infinitely fast at the point where V'’ diverges. However, since %(]5’2 is always positive, it
means that ¢’ must start at very large value at » = 0. By integrating eq. (2.49), we see
that ¢ actually starts at infinity, which implies %—Q’ # 0 by eq. (2.15). Note that we now
have a contradiction, so we can conclude that we cannot both obtain a long thin tube
geometry and localize gravity around a codimension-2 brane in that geometry. Notice that
here we have used many properties specific to two extra dimensions, and the proof cannot
be generalized to more than one compact dimensions.

In conclusion, within our setup, whenever we see a codimension-1 model but with a
hidden compact dimension, we can claim that the brane must also wrap that dimension
i.e. it must be also codimension-1 but not codimension-2. The only difference between two
scenarios is the topology of the extra dimensions. This result reveals the typical behavior
that the topological details of compactified extra dimensions can affect the low-energy
physics, even when we cannot observe those dimensions.

3 Branes with higher codimensions

In this section, we investigate the no-go theorem in codimensions higher than two.

3.1 Klebanov-Strassler throat

After the above proof, it is natural to consider whether localization of gravity in more than
two noncompact extra dimensions is still possible. In particular, such possibility in string
theory solution is important to string phenomenology. Here as an example, we consider the
Klebanov-Strassler throat [30]. Similarly to above, we focus on the UV region, but not the
deformed IR region of the throat. Therefore for simplicity, we only consider the undeformed
version of the throat i.e. the geometry in [31], and similar but more complicated arguments
should hold for that in [30]. The metric is given by

ds3y = 62“(“)*5‘1(”)77de“dx” + e W gy? 4 312, (3.1)
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Here the functions a and ¢ are analog to A and B in our codimension-2 context, u is the
radial coordinate of the throat and TH! = (SU(2) x SU(2))/U(1) is the base of the conifold

with metric

2

1 2

dsii, = — (dw +> cosb; dqﬁi) +
=1

2
(67 + sin® 0; dg?) (3.2)
=1

| =

9

(2

The norm of constant wavefunction is given by

Therefore to study the normalizability, we study whether e?® can decay to zero at infinity.
By solving the type IIB supergravity equations, we have

a(u) = Ag+q(u) + %T(u) , (3.4)

where the constant P > 0 and 7'(u) are related to the R-R 3-form field strength and NS-NS
2-form potential respectively, Ap is an integration constant. There is another solution with
a = Ag + u, which is clearly not normalizable. Define Y = €5 and K = 4 + PT (K is
actually related to the self-dual 5-form field strength), the field equations give

day 1 (
dK — P?
where here “prime” represents derivative with respect to u. There is a general solution
for Y:

K' = P2y 2%/, 4Y — K), (3.5)

K P?
_ 4K/P? '
Y = ape + 1 + 16’ (3.6)

where aq is an integration constant. Note that K is always increasing, so as 1. If ag > 0,
Y is also increasing, thus a is increasing and e2® cannot decay to zero at infinity. Now we
focus on the case with ag < 0 and Y is not always increasing. It turns out that this case
violates the assumption of noncompact extra dimensions.

The proof is as follows. Let v = u; be a point such that Y is strictly decreasing. For
all u > uy and within domain of Y,

Y p? p?
vy — ZT{K/ —y—2/3 <4aoe4k(u)/P2 + 4) < y—2/3 <4a0641r((m)/P2 + 4) <0, (3.7)

and

d(K,) / 2 2y —5
Y = —Zp2y—53y’ > 0. .
dY 3 =0 (3.8)

Therefore K’ > 0 and K” > 0 for all such u. Now for all y > x > uy, if x,y are within the
domain of A, by Mean Value theorem there exists & € (z,y) such that

K (y) — K (x)
Yy—

K// —

— K> K (@)= K@) > K@+ K @y-). (39

Let Y = 0 at finite K = K;. By choosing sufficiently large y, eq. (3.9) guarantees that
K must reach Kq at some finite © = us. In other words, Y decreases to zero at us and
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there is no solution for u > us. Furthermore, numerical integration shows that the proper
radius ["? due /2 = ["2 duY ~5/12 is finite. Therefore we conclude that Y can only be
increasing in noncompact extra dimensions, and constant wavefunction is not normalizable.
Therefore, the only way to localize gravity with the Klebanov-Strassler throat is to make a
UV cutoff of the throat, as how the throat is attached to a compact manifold in the context
of compactification.

3.2 General setup

Before we prove the no-go theorem in general, let us first rewrite some of the general setup
in section 2.1 for codimension-d branes where d > 3. We let the bulk Lagrangian be

Shulkc = /d% dly /=g ( SR+ aM¢aM¢ + Z () F2+V (¢)> +San, (3.10)
where 2 < p < d and F), = dA,_1 is a p-form field strength. We use the notation Fz? =
Fynovy.. v, F MiMz--Mp Ve first study the case where all extra dimensions are noncompact.

The metric becomes
ds® = gyndeMdaN = 240 g, datde” + dr? 4 e*PM g, (0) do*dl® (3.11)

where 1 < a,b < d—1 and g is the metric for internal angular coordinates. By symmetry
Ap_1 depends on r only, and the non-zero components of F), are

FT'(llllg‘.. s F,LLI/pO'T'(llag... X €uvpo - (312)

Here a1, a2, ... are angular coordinates and €, is the Levi-Civita tensor in brane direc-
tions. The latter exists only when p > 5. Such field strengths do appear in, for example,
type IIB string theory.

Let us now consider the brane-bulk matching conditions. In higher codimensions, it is
natural to generalize eq. (2.18) to

omd/2
}1_1)1'(1) W (d 1)B+4A (?)A/ + (d — 1) B/) = Tb, (/,LV) (313)

and the boundary condition for 1)’ is

lim 64 (e(d_l)B - rd_l) P =0. (3.14)

r—0

The graviton mode equation is [20, 23]
— P (Y + (A= 1) B+ (d+2) A) ¢/ + e P0y) = mPy, (3.15)

where [J is the Laplacian with respect to g. As in section 2.3, massless localized v only
depends on r, then we have ¢/ = Ce (d-1B-(d+2)A where C is the integration constant,
the boundary condition becomes

r d—1
lim € (1 - (€B> ) o, (3.16)
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which is satisfied in curved background only if C' = 0 i.e. ¢ is constant. Therefore the
statement in section 2.3 also holds in higher codimensions. The norm of ¥ is now defined
as [23]

192 = [ dr T[do" /el 0824 2. (3.17)

In order to have normalizable solutions, we thus require e(®=D5+24 ¢4 vanish at infinity.
We next study the field equations. Those for the Maxwell fields are

Var (e FYMNNeNyet) — (3.18)
These yield schematically,
2 f1217 —2(d—p)B—8A f22p —2(d—p+4)B
cpl, = —e + e , (3.19)
Cp Cp

where fi, and fo, are some finite functions of the coordinates other than r. They are
contributed by the former and the latter in eq. (3.12) respectively. At large 7, the fo, term
is suppressed by large e”, so we can safely ignore it for our purpose as long as fip #0.

Below we just assume chp2 x ¢ le2(d—p)B—84

> Next we consider the ab-components of

the Einstein’s equation:

d—1) (d—2 1.
Jab <1OA’2+4 (d—2) A’B’+4A”+()2()B’2+(d—2) B”—er“) —Rapt5 Ras
1 1
= ZCpHQ <FaX1X2...Xp1FbX1X2mXp_1_2pgaprz> _H29ab <2¢,2+V) ) (320)
p

where a, b label the angular coordinates and X labels all internal coordinates. Rab and R
are the Ricci tensor and Ricci scalar with respect to § respectively. We expect R to be
a finite function of #. We then take a partial trace i.e. contracting eq. (3.20) with ¢? to
reach

d—1)(d—-2)

(d—1) (1014’2 +4(d—2)A'B +44" + ( . B2+ (d—2) B”)

1 d+1 d—3 ~
=(d—1) <6k:e_2A — K2 (2¢'2 + v)) +3 e’ (1 _ +) P2 - . Re 2B -,
p

2p
(3.21)
where we have used FaXlX?“XTHF“XlXQ"'XIU—1 = (1 — %) Fp2. We have also defined a
quantity J which is useful later. Similarly, the rr-component is
6A”% +4(d—1)A'B + @d-1id=-2 B”?
= 6ke 24 — k2 —1<Z>/2 +V )+ Zc /ﬁzin — 1JA%e_QB (3.22)
N 2 Pooop™P 2 ' '
P
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3.3 No-go theorem

Now we show that the constant graviton wavefunction is not a valid solution, similarly
to section 2.4. First we try to derive an equation analogous to eq. (2.45). By combining
eq. (3.21) and (3.22), we have

(d—1) (4A’2—4A'B’+4A”+(d—2) B”) = — (d-1)K*¢"+>_ cpr? (1—d> F2+Re 2B,
p
p

(3.23)
The main obstruction of proving a similar no-go theorem as in section 2.4 is the B” term,
which does not appear for codimension-2 branes. Although it is not typical, noncompact
extra dimensions do not stop B” from being negative with large magnitude. The R term
can also be positive. Therefore, we will prove the no-go theorem in a different way with
some additional assumptions. The assumptions are

e There is always a form field background with f12p > 0 for some p and nonvanishing
couplings. Mathematically, it means that ¢, is bounded from above, so ffp/cp is
bounded from below by a positive number.

or
o The spacetime in brane directions is curved i.e. k # 0.
Such background is common in string theory (motivated) setups. We also assume

e Some of the terms are dominant in J at large r. In other words, J does not oscil-
late between positive and negative values at large r. It enables us to use arguments
similar to the proof of Maldacena-Nunez no-go theorem [39] on existence of dS com-
pactifications.

Here is an outline of the proof:

(d=1)B+24 g decreasing to small values at large r, hence A

e We first assume that e
is also decreasing at large r. We then prove that for all backgrounds following the
above assumptions, e(@=2B/2+24 a1q thus e(@DB+24 can decrease to zero only at
finite r, but not infinity. As in section 2.4, it means that the constant wavefunction
cannot be localized or normalized. We divide the backgrounds into several cases:

e The dominant term in J at large r is positive: we construct upper bounds of
eld=2)B/2+2A by concavity to show that it must vanish at some finite r instead of
infinity.

¢ The dominant term in J at large r is negative: the form of the possible dominant
terms and the assumptions give a differential inequality. It again leads to upper

d=2)B/2+24 g} owing that it must vanish at some finite r instead of infinity.

bounds of e
e There may be more than one terms that are as dominant as each other. This only
modifies the numerical coefficient of the asymptotic form of J, which does not change
the above arguments.
e Combining the above cases, we can conclude for all the above backgrounds, the

constant wavefunction is not a valid solution.
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Let us now fill in the details of the proof.
e The dominant term in J at large r is positive:

We have J > 0 at large r. Note that we can rewrite the left hand side of eq. (3.21) into

(d—1) (10,4’2 +4(d—2)A'B' +4A" + <d_1)2(d_2)B’2 +(d —2) B”)
— _ _ 2
=(d-1) <2A’2 + %B’Q +2 <d223” + 24" + <d223, - 2A’> ))
d—2 7
g 2 2 —(d—2)B/2—2A ( (d—2)B/2+2A
=(d-1) (2A + =g B+ 2 (e ) ) . (3.24)

d—2)B/2+2A

Therefore (e(d_2)B/ 2+2A)U is negative at large r and el cannot vanish at infinity,

according to the arguments in section 2.4.
¢ The dominant term in J at large r is negative:
We first stick with the first assumption on form fields. From eq. (3.23),
(d—1) (—4A'B' +4A" + (d - 2) B") < Re™?B (3.25)

2(d-p)B—=84 i J. No matter whether that term is

~2(d—p)B—8A

Now there is a negative term o e~
dominant in .J, there must exist a constant vy > 0 such that —.J —Re 2B >vge

d—2)B—8A

vge 2 at large r. Then from eq. (3.21), at large r we have

-1 -2
(d—1) (1014’2 +4(d—1)A'B" + (d)2(d)B'2>
= —J—(d—1) (—4A'B' + 44" + (d — 2) B") > vge 2d=2B-84 (3.26)
In addition, since e(¢=DB+24 i decreasing at large r, we have (d — 1)A’B’ + 24 > 0
at large r. Straightforward computation then leads to

_ _ 2
2(d-1) <d 2B/+2A/>

min {4,d — 2} 2
8U=LA? 4 4(d—1) A'B + A2 g2 d<6
- {10A’2 +4(d—1)AB + D= B | (g 6) (d—1) A'B' +247%) d>6
> 1042 +4(d—1)A'B + (d_1)2(d_2)B’2 : (3.27)
We then reach i )
(;QB’ + 2A’) > pe4((@-2)B/2424) (3.28)

min{4,d—2}

where v = vo™5; "3z is another positive constant. Since eld=2)B/2+24

is decreasing at
large 7, the above can be simplified to

(el@-2r44Y < gy, (3.29)
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Therefore by Mean Value theorem, e(¢=28/2+24 < (C' — 2,/vr)/2 for some constant C' at

(d=2)B/242A 16t vanish at some finite 7.

large r. Again it means that e
If we are under the second assumption on brane curvature, we can just change
voe~2d=2)B/2=84 5 yue=24 in eq. (3.26). Since we have e 24 > ¢~ (4=2)B/2=24 4 Jarge
r, the same proof with different numerical coefficients applies.
Finally, we consider a bulk which is product of d. compact extra dimensions and d,,. > 2
noncompact extra dimensions. The brane has codimension (d. + dp.). Schematically, let

the metric be
ds® = 24Mg  datda” + dr? + 2B gy, (0) d?d6® + *P M ds?, | (3.30)

where ds% is the metric of the compact extra dimensions, which does not depend on z, 7, 6.
Now a, b run from 1 to (d,.—1). To specify the compactness, we let 2” be finite and small
for all r, while €*P diverges to infinity. It is natural that D only contributes to the field
equations subdominantly at large 7 when comparing to B. Therefore the large r behavior
of the system is not affected and the above proof still holds. This finishes the proof of the
desired no-go theorem.

4 Conclusion

We have studied the invalidity of the brane world scenario with noncompact extra dimen-
sions when compared to our observation of four-dimensional gravity. That is, we show that
localization of gravity around the brane is not achievable within our general model, which
is codimension-2 branes in at least one noncompact extra dimension, or higher codimen-
sional branes in at least two noncompact extra dimensions. We therefore conclude that
compactification is necessary to build consistent extra dimensions in such setup.

Below we add some remarks to our results and point out some future directions:

e In literature, we already know that noncompact extra dimensions are usually not
favorable for phenomenology. The point of our result is that we give quantitative
statements to formally exclude the possibility of localized gravity in certain setups.
We give explicit sufficient conditions for the no-go theorems to hold. Therefore, the
no-go theorems are still more robust than the implicit statement in literature.

e We have proved the no-go theorem in a quite general context, but we are not claiming
that localization of gravity with two or more noncompact extra dimensions must
be impossible. It is easy to go beyond the no-go theorem by, for example, adding
higher-derivative terms into the action and field equations, or consider different kinds
of background such as that with only the scalar field. Indeed, in string theory a R*
coupling in noncompact bulk can induce 4D Einstein gravity on the brane [40]. This
is a clear counterexample of the no-go theorem. On the other hand, we are not saying
that localization of gravity becomes easy outside our conditions in the no-go theorem.
It remains interesting to understand how general the no-go theorem can be.
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e We also exclude the case of codimension-2 branes with one compact and one non-
compact extra dimensions. The proof involves many properties appear only in
codimension-2 models, and it is non-trivial whether the cases with more compact
extra dimensions are also excluded. A more general proof is therefore needed to
complement our no-go theorem.

e In the proof of our results, the techniques we used are almost purely mathematical,
except applying some basic physical properties of the system. To understand more
the models, a physical interpretation, or even derivation of our results is needed. Es-
pecially, we should have a clear understanding on how the distinct dynamics at brane
position between codimension-1 and higher-codimension models, which is introduced
in section 1, physically abandon the possibility of localized gravity. Surely symme-
tries play a crucial role in our derivations, but it may be possible to construct the
no-go theorem by arguments based on only symmetries and topologies of the system,
but not referring to the explicit dynamics of the system.

We hope to address some of the above issues in our further studies.
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