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Abstract

In 4D particle phenomenology beyond the Standard Model, warped compactifica-
tion of higher dimensional gravity provides a geometric mechanism for generating
large hierarchies of 4D physical scales. However, realizing such backgrounds in
supergravity is constrained by the Maldacena—Nunez no-go theorem. Under its as-
sumptions, two-derivative supergravity with positive-energy ingredients obstructs
nontrivially warped compactifications to de Sitter or Minkowski space. In string
theory, we can evade such a restriction by adding negative tension sources, such as
orientifold planes, to the theory. We study the role of negative tension sources for
a p-brane model, which can be generalised to a type II supergravity. We explicitly
construct the localized source action for this model using Dirac-Born-Infeld and
Wess—Zumino terms and match it to the p-brane background with compact inter-
nal space. We find that the compactness of the internal space requires an effective
negative-tension source. Hence, we get an analogous realization of the mechanism by
which orientifold-like negative-tension sources allow warped backgrounds in string
theory.

Keywords: Warped compactification; Supergravity; Localized sources; p-brane;
Orientifold planes; Maldacena-Nunez no-go theorem.
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Chapter 1

Introduction

One of the central motivations for physics beyond the Standard Model is the hi-
erarchy problem. The Standard Model successfully describes particle physics at
presently accessible energies, but it contains a scalar Higgs field whose mass is sen-
sitive to high-energy quantum corrections. The observed electroweak scale is of
order

mew ~ 102 GeV,

whereas the gravitational scale is set by the Planck mass (calculated from the mea-
sured 4D Newton’s constant),

Mpl ~ 1019 GeV.

Thus there is an enormous separation,

MPI

mgew

~ 107,

The hierarchy problem asks why the electroweak scale is so much smaller than the
Planck scale and why this separation remains stable against quantum corrections
[24].

Extra-dimensional models provide a geometric way to think about this problem.
In ordinary Kaluza—Klein compactification, a higher-dimensional theory appears
four-dimensional at low energies because the extra dimensions are compact [1]. The
four-dimensional Planck scale is then related to the higher-dimensional gravitational
scale and the volume of the compact internal space. This suggests that the observed
gravitational scale may be an effective quantity determined by the geometry of extra
dimensions.

The Randall-Sundrum model gives a different and particularly striking geometric
mechanism. Instead of relying on a large compactification volume, it uses a warped
five-dimensional geometry. In the Randall-Sundrum setup, physical mass scales
depend on position in the extra dimension [7]. A mass parameter mg localized on
the visible brane is redshifted according to

—kL
Mphys = € My.



For e *% ~ 10716, a Planck-scale mass parameter can appear as a TeV-scale physical

mass. Thus the hierarchy is generated by the warp factor rather than by a large
extra-dimensional volume. This makes warped compactification an attractive idea
from the point of view of particle phenomenology.

However, the Randall-Sundrum model is a five-dimensional effective model. If one
wants to embed warped geometries into a more fundamental framework, it is natural
to turn to string theory and its low-energy limit, supergravity. Type II supergravity
contains gravity, the dilaton, higher-form gauge fields, and localized extended objects
such as D-branes and orientifold planes. These are the ingredients used in string-
theoretic compactifications and in the study of warped backgrounds.

A major difficulty is that warped compactification to 4D solutions is strongly con-
strained by supergravity no-go theorems. In particular, the Maldacena—Nunez no-go
theorem shows that, under broad assumptions, ordinary two-derivative supergravity
with positive-energy ingredients does not allow nontrivially warped compactifica-
tions to de Sitter space or to Minkowski space [8]. Thus the phenomenologically
attractive idea of warping becomes highly nontrivial in supergravity.

String theory provides controlled ways to evade the assumptions of the no-go theo-
rem. String theory has orientifold planes ubiquitously, which carry negative tension
and negative Ramond-Ramond charge relative to D-branes [12] (when we consider
theory of the unoriented strings). These negative contributions are important in
warped compactification. Negative-tension localized objects are required by the
global consistency of many warped compactified solutions. This mechanism has
been illustrated by Giddings, Kachru, and Polchinski (GKP), where type 1IB string
theory is compactified with fluxes and localized sources [10]. In GKP compactifica-
tions, NS-NS and Ramond—Ramond three-form fluxes contribute to the warp factor,
while orientifold planes help satisfy the integrated D3-brane tadpole condition. The
warp factor is determined by a Poisson-type equation on the compact internal space,
which requires the total source to cancel. This is the global reason why negative
charge and negative tension play a central role.

The purpose of this thesis is to study this mechanism in a simplified supergravity
setting. We focus on an Einstein—dilaton—form p-brane model, where space-filling
p-branes are charged under (p + 1)-form potential. This model keeps the metric,
the dilaton, and a single (p + 2)-form field strength. The main calculation of the
thesis is the construction and matching of the localized source action. The source
action contains a Dirac—Born—Infeld term, which contributes the localized tension
and stress tensor, and a Wess—Zumino term, which contributes the charge coupling
to the (p + 1)-form gauge potential. By inserting the p-brane background from
[20] into the gauge-field, dilaton, and Einstein equations, we determine the source
parameters.

The thesis is organized as follows. Chapter 2 reviews the basic idea of Kaluza—Klein
compactification and the emergence of lower-dimensional fields. Chapter 3 discusses
the Randall-Sundrum model and its warped resolution of the hierarchy problem.
Chapter 4 introduces the relevant ingredients of type II supergravity, including the
NS-NS and Ramond—Ramond sectors, D-branes, DBI and Wess—Zumino actions,
and orientifold planes. Chapter 5 reviews the Maldacena—Nufiez no-go theorem.
Chapter 6 explains how GKP compactifications evade the obstruction using fluxes



and orientifolds. Chapter 7 studies the simplified p-brane model and performs the
localized source matching. Finally, Chapter 8 summarizes the results and discusses
future directions.



Chapter 2

Klauza-Klein Theory and Extra
Dimensions

This chapter is based on [19] and [25].

We begin with an idea that the spacetime observed at low energies might arise from
a higher-dimensional spacetime in which the extra dimensions are compact. For a
five-dimensional spacetime of the form

Ms = M, x S*, (2.1)

where M, is the four-dimensional spacetime and S! is a circle of radius r. If y
denotes the coordinate on the circle, then

Y~y +2mr (2.2)

Because the extra direction is compact, fields must be periodic in y. This periodicity
forces a Fourier expansion along the compact direction.

For example, consider a massless scalar field ®(z*,y) in five dimensions. Since y is
periodic, we may write
Ozt y) = Gula)e™". (2.3)
neZ

The five-dimensional kinetic term contains a derivative with respect to the compact
coordinate,

0,0=Y" %gbn(ﬂ)eiw/r. (2.4)
nez

Therefore, the momentum along the compact direction appears as a mass term from
the four-dimensional point of view. The n-th Fourier mode has

m? = —. (2.5)
Thus a single massless field in five dimensions appears in four dimensions as an

infinite tower of fields with masses

mo = 0, mn:@, n # 0.



We call these the Kaluza—Klein modes.

The physical implication of this is that if the compactification radius r is small, then
the first excited Kaluza—Klein mass scale

1
~ = 2.6
MKk ” (2.6)
is very large. At energies
E < mgk, (2.7)

only the zero mode n = 0 is accessible, and the higher-dimensional theory appears
effectively four-dimensional. Keeping only the zero modes is called dimensional
reduction, while keeping the full tower is called compactification.

Moreover, Kaluza—Klein reduction explains how different lower-dimensional fields
can arise from a single higher-dimensional field. For example, a five-dimensional
vector field decomposes as

Ay = (A, As). (2.8)

From the four-dimensional point of view, A, is a vector field, while A5 is a scalar
field. Similarly, a higher-dimensional metric G;n decomposes into

four-dimensional graviton,

Guw
Gun — Gm, four-dimensional vector fields, (2.9)

Gyun, four-dimensional scalar fields.

Thus gauge fields and scalar moduli can arise geometrically from higher-dimensional
gravity.

To conclude, a higher-dimensional theory can appear four-dimensional at low ener-
gies using the Kaluza—Klein mechanism. However, ordinary Kaluza—Klein compact-
ification hides the extra dimensions by making the compactification radius small.
In the next chapter, we discuss another mechanism called the Randall-Sundrum
model, where physical scales can be redshifted by introducing a warp factor even
when the hierarchy is not produced by a large Kaluza—Klein mass gap.



Chapter 3

Randall-Sundrum Model

This chapter is based on [14] and [7].

The Randall-Sundrum model provides an important example of a warped compact-
ification. In contrast with ordinary Kaluza—Klein compactification, where the extra
dimension is usually taken to be small, the Randall-Sundrum construction uses a
non-factorizable five-dimensional geometry. The four-dimensional metric is multi-
plied by a warp factor depending on the extra coordinate. This warp factor can
generate an exponential hierarchy between physical mass scales on different branes.

We consider a five-dimensional spacetime with coordinates
oM = (2t y), u,v=0,1,2,3, M,N =0,1,2,3,5.
The extra dimension is compactified on an orbifold
St 7.
Thus y is identified with —y, and the physical interval may be taken to be
0<y<L.

The two fixed points of the orbifold are located at

y =0, y=1L.

At these fixed points we place two three-branes. The brane at y = 0 is usually called
the Planck brane or hidden brane, while the brane at y = L is called the TeV brane
or visible brane.

3.1 Bulk and brane action

The five-dimensional action is taken to be the sum of a bulk Einstein—Hilbert term,
a bulk cosmological constant, and brane-localized tension terms:

S—/d4x/_LLdy\/—_g(MSR—A)—/d4x\/—_g())\o—/d4x\/—_gL)\L. (3.1)



Here M is the fundamental five-dimensional Planck scale, R is the five-dimensional
Ricci scalar, A is the bulk cosmological constant, and A\g, Az, are the brane tensions at
y = 0 and y = L, respectively. The induced metrics on the two branes are denoted
by

(90)uw = G (2,9 =0),  (90)w = Gu(z,y = L).

Varying the bulk part of the action with respect to the inverse metric gives

1 1
0Shulk = /d% V=g {Mg (RMN - §9MNR> + §A9MN] sgM™. (3.2)

The brane tensions contribute only to the four-dimensional components of the
energy-momentum tensor. Therefore the Einstein equation can be written as

1 1 1
M ((Rary = o) = =5 Aaux = 5 Do gl 05000) + A g Sk0(y — 1)

2

(3.3)
Equivalently, if

1
Gun = Ryn — §gMNR
denotes the five-dimensional Einstein tensor, then
A 1 . .
Gun = “aBEIMN T oA (Ao G Oh 086 (y) + AL 9,00 0%0(y — L)]. (3.4)

3.2 Warped metric ansatz

The Randall-Sundrum ansatz assumes four-dimensional Poincare invariance along
the brane directions. Therefore the metric is taken to be

ds* = e Wy datdz” + dy?, (3.5)

where
N = diag(—1,1,1,1).

The function A(y) is called the warp function, and e~24®) is the warp factor. From
(3.5), the nonzero metric components are

9w (y) = 672A(y)77um gss = 1, (3.6)
and the inverse metric is

g (y) = W gP =1 (3.7)

Since the metric depends only on y, the calculation of the Christoffel symbols is
simple. The only nonzero Christoffel symbols are

I =T%, = —A'(y)oL, (3.8)
1o, = A'y)e W, = A'(Y) g

Here a prime denotes differentiation with respect to y.

7



Using these Christoffel symbols, we compute the Ricci tensor components

R = (A" = 4(A)?) gy, (3.10)
Rss = 4A” — 4(A")2. (3.11)
The Ricci scalar is therefore
R=8A"—-20(A")% (3.12)
Hence the Einstein tensor components are
G = (~3A" + 6(A)) g, (3.13)
Gss = 6(A")°. (3.14)

3.3 Solving the bulk equations

Away from the branes, the delta-function sources vanish. Therefore, in the bulk,
the Einstein equation becomes

A
= — ) 1
GuN o3 IMN (3.15)
The 55-component gives
A
6(A)? = — : 3.16
(A =~ (316)
Thus
(A = - (317)
12M3° '
For A(y) to be real, we must have
A < 0. (3.18)
Therefore the five-dimensional bulk is anti-de Sitter space. We define
A
k2= — ) 1
12M3 (3.19)
Then the bulk equation becomes
(A)? =K% (3.20)
Therefore
Aly) = tk. (3.21)
Because the orbifold identifies y with —y, the warp function must be even:
Aly) = A(=y).
The solution consistent with this Zy symmetry is
Aly) = klyl. (3.22)
Thus the Randall-Sundrum metric is
ds® = e_2k‘y|nm,dx“dx” + dy?, —L<y<L. (3.23)

This is a slice of five-dimensional anti-de Sitter space.

8



3.4 Brane tensions and fine-tuning conditions

The function A(y) = k|y| is not smooth at the orbifold fixed points. Its first deriva-
tive is

A'(y) = ksen(y), (3.24)
and the second derivative contains delta functions. On the compact orbifold interval,
this is written as

A"(y) =2k [0(y) — d(y — L)]. (3.25)
The delta functions must be matched with the brane sources in the Einstein equa-
tion.
Using
gp,z/ - (_3A// + 6(14/)2) g,uw

the delta-function part of the pur-component is

() detia = —3A" g = =6k [6(y) — 6(y — L)] guw- (3.26)
On the other hand, the brane part of the Einstein equation gives
(G orane = ~ 5775 PoB0) + A2y — L) g (3.27)
Matching the coefficients of the delta functions gives
o = +12M°E, (3.28)
A = —12M°k. (3.29)

Together with (3.19), the fine-tuning conditions are
A = —12M3k?, o = +12M3, A = —12M°3k. (3.30)

Thus the brane at y = 0 has positive tension, while the brane at y = L has negative
tension. This tuning is required in order to obtain a flat four-dimensional metric on
the branes.

3.5 Comments

Four-dimensional Plank scale. The effective four-dimensional Planck scale is
obtained by inserting the warped metric into the five-dimensional Einstein—Hilbert
action and integrating over the extra dimension. The coefficient of the four-dimensional
Ricci scalar is

M} = M? / ’ dy el (3.31)
Evaluating the integral gives -
M2 = M3 ZM (3.32)
For kL > 1, the exponential term is negligible, and therefore
M3, ~ M73 (3.33)

Thus if M and k are both of order the fundamental Planck scale, the observed
four-dimensional Planck scale is naturally reproduced.

9



Warping and the hierarchy problem. The main physical consequence of the
Randall-Sundrum metric is that mass scales depend on position in the extra dimen-
sion. If we suppose the Standard Model fields are localized on the visible brane at
y = L. The induced metric on this brane is

(gL);w - 6_2“77;”/- (334)

For example, a scalar field H localized on the visible brane. Its action contains
terms of the form

v 2
Sy = / A v/ o (DL HY (D, H) N ([P~ 03)?] . (3.35)
Since
VI = e g = g,
the kinetic term is not canonically normalized. Defining the canonically normalized

field
Hopye = € "M H, (3.36)

one finds that all physical masses on the visible brane are redshifted:

Mphys = € *my. (3.37)

Therefore a fundamental mass parameter mgq of order the Planck scale can appear
on the visible brane as a TeV-scale mass if

e F 1071, (3.38)

Equivalently,
kL ~ 37. (3.39)

This exponential suppression is the key mechanism by which the Randall-Sundrum
model addresses the hierarchy problem. Unlike ordinary compactifications, the hi-
erarchy does not arise from a large volume of the extra dimension. Instead, it is
generated by the exponential warp factor.

10



Chapter 4

Type 11 Supergravity

Type II supergravity is the low-energy effective description of type Il superstring
theory. There are two ten-dimensional type II theories: type IIA and type IIB.
They have the same Neveu-Schwarz-Neveu-Schwarz sector, usually called the NS—
NS sector, but differ in their Ramond—Ramond sector, usually called the RR sector.
These theories provide the natural spacetime framework for studying flux compact-
ifications, D-branes, orientifold planes, and warped geometries. The discussion of
this chapter is based on [6], [11], [16], [22], [29].

4.1 The NS—NS sector

The NSNS sector is common to both type ITA and type IIB supergravity. It contains
three bosonic fields:

JMN, By, 03
Here gp/n is the ten-dimensional spacetime metric, B,y is an antisymmetric two-

form field, and ¢ is the dilaton. The metric describes gravity. The dilaton controls

the string coupling,

gs = €.

The two-form Bj has field strength
H; = dBs.

This field is called the NS-NS three-form flux.

The terminology NS-NS comes from the worldsheet description of the string. Closed
string states are built from a left-moving and a right-moving sector. The NS-NS
fields arise from states in which both the left-moving and right-moving parts are
in the Neveu—Schwarz sector. The massless NS—-NS fields appear in both type ITA
and type IIB string theory. In particular, every perturbative closed string theory
contains a graviton, and therefore the metric belongs to this universal NS-NS sector.

In the string frame, the NS-NS part of the type II supergravity action is

1 1
Snsns = 5o d°X \/—g® e 2 | R + 4(0¢)? — 5|Hg|2 : (4.1)
10
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Here ¢ is the string-frame metric and

1
|H3|2 — §HMNPHMNP-

The overall factor e=2? is characteristic of the closed-string tree-level action.

4.2 The RR sector

The RR sector contains antisymmetric gauge potentials. Unlike the NS-NS fields,
the RR fields differ between type ITA and type IIB theory. These fields arise from
closed string states in which both the left-moving and right-moving parts belong to
the Ramond sector.

In type ITA supergravity, the RR gauge potentials have odd degree:
Cl; 037

together with their magnetic dual potentials in the democratic formulation. Their
corresponding field strengths are schematically

F, =dCy, Fy=dC5+---.
Thus type IIA contains RR field strengths of even degree.
In type IIB supergravity, the RR gauge potentials have even degree:
Co, Cy, Cly,

again together with their magnetic duals in the democratic formulation. Their field
strengths are schematically

Fy = dCy, F3=dCy+ -+, Fs=dCy+---.

Thus type IIB contains RR field strengths of odd degree. The five-form field strength
of type IIB satisfies the self-duality condition

Fy = %10 F5. (4'2)

Because of this condition, the covariant type IIB action is usually written as a
pseudo-action. We vary the action first and impose (4.2) afterward.

The RR fields are important because D-branes are charged under them. A Dp-brane
couples electrically to a (p+1)-form RR potential C},41. Therefore RR fields are the
natural gauge fields for D-brane charge.

4.3 Type ITA action

The bosonic string-frame action of massless type ITA supergravity may be written
as

1 1
Sia = —5 [ d°X /—g® e % {R@ + 4(0¢)? — 5;}1312}

21{%0
1 ~ 1

- 4—2/d10X\/—g(8) []F2\2+ yaP] 1z | B2AFIAFL (4.3)
Ko k1o

12



Here N
ngdC’l, F4:d03, F4:F4—Cl/\H3.

The last term is a Chern—Simons coupling. It implies that the RR field strengths
are not independent of the NS-NS two-form.

4.4 Type IIB action

The bosonic string-frame pseudo-action of type IIB supergravity may be written as

1 1
SIIB =532 dloX vV —g(s) 6_2¢ [R(S) + 4(8@5)2 - _‘H3|2:|
2K70 2
1 ~ 1, ~ 1
RO dloX \ _g(s) |F1|2+|F3|2+—|F5|2 - T3 C4/\H3/\F3.
4k, 2 41
(4.4)
Here
F1 :dCO, F3:d02, F5:d04,
and N
F3 = F3 - COH37
~ 1 1
F5:F5—§CQ/\H3+§BQ/\F3
with the self-duality condition B B
F5 = *10F5.

4.5 Einstein frame

The string-frame action is natural from the worldsheet point of view, but many
supergravity calculations are cleaner in Einstein frame. In ten dimensions, the
Einstein-frame metric is related to the string-frame metric by

F _ s
giin = e g (4.5)

In Einstein frame, the gravitational action has the standard Einstein—Hilbert form
and the dilaton has a canonical kinetic term.

For a RR n-form field strength F},, the Einstein-frame kinetic term has the schematic
form

]_ ]_ 5—n
S\ ——/de\/_— TR, 4.6
RR,n 2/{%0 gE 2n'€ n ( )

This formula will be useful later because a Dp-brane couples electrically to a RR
potential Cy;, whose field strength is

Fypo = dCpyy.
Setting n = p + 2, the RR kinetic term becomes
(B) _ _ 1 10 S 1 37D 19

In the simplified p-brane model studied later, we replace the specific type II dilaton
coupling by a general coupling parameter \.

13



4.6 D-branes and their worldvolume actions

D-branes are nonperturbative extended objects in string theory. A Dp-brane has p
spatial dimensions and therefore a (p 4+ 1)-dimensional worldvolume. Open strings
can end on D-branes, while closed strings propagate in the full ten-dimensional
spacetime. This is why D-branes are both dynamical objects and sources for space-
time fields.

At low energies, the dynamics of a single Dp-brane is described by the Dirac—-Born—
Infeld action and the Wess—Zumino action [5], [6], [12].

The Dirac-Born—Infeld action is

SppI = —Tp/ dartie e_¢\/— det (P[g®®) + Blag + 27/ Fop). (4.8)
pt1

Here ¥,y is the brane worldvolume, 7, is the D-brane tension, P[---]| denotes
pullback to the brane worldvolume, B is the NS-NS two-form, and F,z is the field
strength of the gauge field living on the brane. This action describes how the brane
tension couples to the spacetime metric, the dilaton, the NS-NS two-form, and the
worldvolume gauge field.

The Wess—Zumino action is

Swz = Hyp / P
Ept1

Here f1, is the RR charge of the D-brane and } C; denotes the formal sum of RR
potentials. The Wess—Zumino term describes the coupling of the brane to RR gauge
fields. In the simplest case, when the B-field and the worldvolume gauge field are
set to zero, the leading coupling reduces to

Swz = Mp/ P[Cpi1]- (4.10)
Xpt1

A QP[B]+27ra/F. (49)

2.C

q

The two actions have different physical meanings. The DBI action contains the
brane tension and therefore contributes to the stress tensor. It tells us how the
brane gravitates. The Wess—Zumino action contains the brane charge and therefore
tells us how the brane sources RR gauge fields. For BPS D-branes, the tension and
charge are related in magnitude, reflecting the balance between gravitational/dila-
tonic attraction and RR repulsion.

The distinction between NS-NS and RR sectors is also visible here. The DBI action
couples naturally to NS-NS fields such as the metric, dilaton, and Bs-field. The
Wess—Zumino action couples naturally to RR potentials. Thus D-branes are objects
that carry tension with respect to the NS-NS sector and charge with respect to the
RR sector.

4.7 Orientifold planes

In addition to D-branes, type II string theory also contains another important class
of localized objects called orientifold planes. Orientifold planes arise when one quo-
tients string theory by a symmetry that combines worldsheet parity with a spacetime
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involution. The worldsheet parity operation is usually denoted by €2, and it re-
verses the orientation of the string worldsheet [6], [12], [21], [27]. An orientifold
projection has the schematic form

QwsR,

where R is a geometric involution of the spacetime or internal manifold. The fixed-
point locus of R is an orientifold plane.

An orientifold p-plane, denoted O,, extends along p spatial directions and has a
(p + 1)-dimensional worldvolume. Like a Dp-brane, it couples to the spacetime
metric, the dilaton, and Ramond—Ramond gauge potentials. However, an orientifold
plane is not a dynamical brane in the same sense as a D-brane. Rather, it is a fixed
locus of the orientifold quotient. In the low-energy supergravity description, it
appears as a localized source with negative tension and negative Ramond-Ramond
charge relative to a D-brane.

The negative tension and charge of orientifold planes are their most important fea-
tures in compactification problems. A Dp-brane has positive tension and positive
RR charge, whereas an O,-plane contributes with the opposite sign. Schematically,

TOp < 07 Ko, < 07
in units where a Dp-brane has
TDp > 0, Up, > 0.

More precisely, the charge and tension of a standard O, -plane are proportional to
those of a Dp-brane by
IU’O; = _2p—5'qu’ TO == 2p_5TDp,

P

up to convention-dependent normalizations. We note that orientifold planes provide
localized negative-tension and negative-charge sources.

In the supergravity approximation, an orientifold plane is often represented by lo-
calized source terms analogous to the DBI and Wess—Zumino terms of a D-brane,
but with negative tension and charge. We can write schematically

So, = —|To,| drtie €_¢\/— det P[g9]qs + NOp/ PGyl (4.11)

Ypt1 Ep+1

where 0, is negative for a standard O, -plane. We note that this is not a funda-
mental worldvolume theory with open-string degrees of freedom in the same way as
for a D-brane. This effective description is only reliable away from the orientifold
fixed locus. The full string-theoretic quotient description is required near the locus.

The negative tension and negative Ramond-Ramond charge of orientifold planes
are essential in many warped compactifications with compact internal spaces. On a
compact internal space, the warp-factor equation is typically subject to an integrated
source constraint. Positive-tension and positive-charge sources alone cannot satisfy
this constraint in the relevant cases. Orientifold planes provide the negative localized
contributions needed in many type II compactifications.
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Chapter 5

Maldacena-Nunez No Go Theorem

In this chapter, we review the no-go theorem by Maldacena and Nufiez [8]. The aim
is to understand why we cannot obtain a non-singular warped compactification to
R? or to de Sitter space d.S; with finite d-dimensional Newton constant under a set of
assumptions. The argument is especially useful in the context of Randall-Sundrum-
type compactifications, because it shows that the desired warped compactifications
are impossible in ordinary two-derivative supergravity unless one violates at least
one of the assumptions.

5.1 Setup and assumptions

We consider a D-dimensional gravitational theory compactified to d external dimen-
sions. The full D-dimensional coordinates are denoted by

aM = (2, y™),
where
M,N,L=0,1,....,D—1, wv,p=0,1,...,d—1,

and
m,n,l=d,...,D—1.

Thus z* are coordinates on the d-dimensional external spacetime, while y™ are
coordinates on the internal (D — d)-dimensional space.

The working assumptions are the following.

1. The gravitational action is the ordinary two-derivative Einstein action. In
particular, there are no higher-curvature corrections.

2. The scalar potential is non-positive,
vV <o. (5.1)

The potential may be a negative cosmological constant or a scalar-field po-
tential, but it is assumed not to become positive in the region of field space
explored by the solution.

16



3. The theory contains massless fields with positive kinetic terms. These are
described by n-form field strengths

FM1---Mn7 n<D.

The case n = D is excluded from this discussion because a top-form field
strength contributes as an effective potential term.

4. The lower-dimensional Newton constant is finite. Equivalently, after dimen-
sional reduction, the coefficient of the d-dimensional Einstein term must be
finite.

5. The external spacetime is maximally symmetric and is taken to be either R?
or dSy. Therefore its scalar curvature satisfies

R(n) >0,

with R(n) = 0 for R and R(n) > 0 for de Sitter space.

6. The fields respect the external d-dimensional isometries. Hence flux compo-
nents are allowed only if they are either purely internal or proportional to the
full d-dimensional external volume form.

The trace-reversed form of the D-dimensional Einstein equation is

Ryun =Tun — ——agunT*L. 5.2
MN MN D_QQMN L ( )

This is the form used in the original argument.

5.2 Warped metric ansatz

We take the D-dimensional metric to be

dsp, = Q*(y) (dsi + Gmn(y) dy™dy") , (5.3)
where
ds? = 1, (z) detdx”. (5.4)

Here Q(y) is the warp factor and g, is the internal metric before the overall confor-
mal rescaling. Hatted covariant derivatives and contractions are always taken with
respect to Gpn.

Equivalently, the metric components are

G = L (Y) o (5.5)

mn = 92(y)§mna (5’6>
and the inverse metric is

g = Q2 (y)n", (
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Let
u(y) = log Qy).

Since the warp factor depends only on the internal coordinates, the conformal trans-
formation formula for the Ricci tensor gives the external components

By = Ry (1) = s | V24 (D = 2)(Vu)?] (5.9)

In terms of €2, this is
~ N 2
Ru = R (1) — N {VQ log Q + (D — 2) (v log Q) } . (5.10)

This is the Ricci component obtained from the warped metric ansatz. The derivation
is shown in Appendix A.2.
Substituting (5.10) into the external components of the trace-reversed Einstein equa-

tion (5.2), we get

R (1) — N \VE logQ+ (D — 2)(@ log Q)Q] =T, — 9277WTLL. (5.11)

D -2

5.3 Tracing the external Einstein equation

Now take the trace of (5.11) with n**. Since

" R, (n) = R(n), "N = d,

we obtain

_ _ d
R(n) — d|¥V?1og Q + (D — 2)(Vlog Q)Q] =Ty — 55 PT . (5.12)

But the external trace with the full D-dimensional metric is
T, = g" T, = Q*P"T,,. (5.13)
Therefore
N T, = Q2T (5.14)
Substituting this into (5.12) gives

R(n) —d |V?logQ + (D — 2)(Vlog Q)Q} = QT+, — %QZTLL. (5.15)

Rearranging, we obtain

2

- - 1 Q d
V21og Q4+ (D —2)(ViegQ)? = ER(n) +— (—T“M - mTLL) . (5.16)

We absorb the factor of 1/d into the normalization of R(n). Thus we can write

V21ogQ + (D —2)(Vlog Q)% = R(n) + Q2 (—T“M + %TLL) : (5.17)
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Since
D—-2 __ (D-2)log
QP2 = (P=2loeQ

we have
VnQP~2 = (D —2)QP2V,, log O,
V2P =V, [(D —2)QP2V™ Jog Q]
—(D—2) [QM%? log Q + ¥,,0P 20" log Q}
— (D - 2)QP"? [@2 log 2 + (D — 2)(V log Q)Z} .
Therefore

1

—2nD—2
—(D_Q)QD_QV Qb2

V21og Q2+ (D —2)(Vlog Q)% =

Using (5.20), the warp-factor equation becomes
1
(D —2)QP-2

where we have defined

V0P~ = R(n) + T,

~ d
T = —TMM + mTLL.

5.4 Positivity of T

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)

The main argument of the no-go theorem is that T is non-negative under the as-
sumptions stated above. We now check this explicitly by following the analysis done

in [30].

Potential contribution

Suppose the matter Lagrangian contains a scalar potential term
Ly ~—=V.

Then its stress tensor is proportional to

T]E/‘[/R/ ~ _ngN-

Hence
T(V)Mu — guuTlEl‘//) ~ —dV,
T(V)LL — gMNT]S/R[ ~ —DV.
Therefore
~ d
TV) — _7(V)n - 7L
PTp ot t
dD
~dV — ——V
D—2
2d
=——V.
D -2
Since V < 0, it follows that
TV > 0.
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n-form field strengths

Now consider an n-form field strength Fiy,..ar,. Up to irrelevant positive numerical
constants, its stress tensor is

1
T8 = Fapyoop,  F™ bt — 59N 2, (5.28)
where
F? .= Fy . Flin, (5.29)
First compute the external trace:
T(F)“M - gung)
d
= Fupyp, JFroinn — — 2 5.30
;,LLl Ln—l 2’]7, < )
The full D-dimensional trace is
T(F)LL _ gMNT](\Z)V
D
= Furpyoop,  FHEet — %Fz- (5.31)

Since every component of F? is counted n times in Fyp,..p,  FMLrIn-1 we have

Fypp, (JFMEvIn- — 2 (5.32)

Thus D
7L, — (1 - =) F2 5.33
L 2n ( )

Substituting (5.30) and (5.33) into the definition of 7', we find
~ d

TFE) — _pF)n - 7L
vt Do L
d d D
S T e S U Ry > E——— ) [——
phabn Tt TD 2 n
= —F, . FrLlvlea g 4 1— 1 F2. (5.34)
L Lin—1 D _ 2 n

This is the expression used to analyze the possible flux components.

There are two cases compatible with the external spacetime isometries.

Case 1: purely internal flux. If F' is purely internal, then

F/»‘Ll"‘Lnfl =0.

Therefore (5.34) becomes

~ 1
7~ (1 - —> F?. (5.35)



For a purely internal flux,

Hence B
T > 0. (5.36)

For n > 1, the coefficient is strictly positive if the flux is nonzero. For n = 1, the
coefficient vanishes, so a purely internal one-form gives T¥) = (0 even when the field
strength is nonzero.

Case 2: flux with d external legs. Now suppose F' has components along all
d external directions and the remaining n — d indices internal. This is the only
possible external component compatible with the full external Lorentz or de Sitter
symmetry.

In this case, when we contract over one external index p, we are choosing one of the
d external slots out of the total n slots of F'. Therefore

d
Eupyop, FHvtn = —F2, (5.37)
n

Substituting this into (5.34), we get

~ d d 1
T = ——p2 4 _— _(1- =) F?
n +D—2 n

1 n—1
_E+n(D—2)]

[ D=2 @
i

Sy (5.38)

:dFQ[

For a form with external time components,

F? <0.
Moreover, since n < D — 1, we have
D—-—1—n>0.
Therefore _
T > 0. (5.39)

Combining the potential contribution and the allowed n-form contributions, we con-
clude that

T > 0. (5.40)
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5.5 Condition on the warp factor
We now derive the central warp-factor constraint explicitly.
From (5.21), we have

1

- 20Db—2 _ 27
= Q)QHV Q R(n) + Q°T. (5.41)

By assumption, the external spacetime is either Minkowski or de Sitter. Hence

R(n) > 0.

We have also shown that B
T>0.

Therefore the right-hand side of (5.41) is non-negative:
R(n) + Q*T > 0. (5.42)
Since {2 > 0 in the regular region of the compactification, it follows that
V20P2 > 0. (5.43)
Multiplying by Q2P~2, we obtain
0P2v20P2 > 0. (5.44)

This is the basic inequality controlling the warp factor.

The d-dimensional Newton constant is determined by the warped internal volume:

1 L4 D
— N/dD 4y \GOP2. (5.45)
GN

By assumption this integral is finite.

Compact internal space with bounded warp factor

First suppose that the internal space is compact and that the warp factor is bounded
above and below:
0< Qmin S Q(y) S Qmax < 0.

Define
fly) == QP2(y). (5.46)

Then the inequality (5.44) becomes
fV2f > 0. (5.47)

Integrating over the compact internal space gives

/ AP~y \[GF V2 > 0. (5.48)
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On the other hand, integration by parts on a compact space without boundary gives
[y G == [ @iy /5,9
N2
- —/dD_dy NG (W) <0. (5.49)

Equations (5.48) and (5.49) imply

~ 2
/ AP~y \/G (v f) —0. (5.50)
Therefore R
Vf =0, (5.51)

and hence
f = constant. (5.52)

Since f = QP~2, the warp factor must be constant:

Q2 = constant. (5.53)
If Q is constant, then
V20P2 =0,
The warp-factor equation (5.41) then gives
R(n) + QT = 0. (5.54)

But both terms are non-negative. Hence each term must vanish:

R(n) =0, T=0. (5.55)

Therefore the external space cannot be de Sitter. It must be Minkowski.

Moreover, T=0 severely restricts the allowed fluxes. From the positivity analysis
above, any flux that gives a strictly positive contribution to 7" must vanish. Thus
the only possible nonzero fluxes are those whose contribution to 7" vanishes, such as
the special n = 1 internal case and its dual (D — 1)-form case.

Allowing singularities with 2 — 0

Now suppose the internal space may have singular regions where
Q — 0.

The criterion used by Maldacena and Nunez is that physically acceptable singular-
ities should not have an increasing goo as the singularity is approached. Since

goo = Q27700,

this means that the warp factor should not increase as one approaches the singularity.
In particular, singularities with {2 — oo are excluded.
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Let R. be the internal region obtained by removing small neighborhoods of the
singularities, chosen so that
Q>e€

inside R.. The boundary OR, lies near the excised singular regions. Because the
warp factor does not increase as one moves toward the singularity, we can choose
the outward-pointing unit normal v™ on JR, so that

V"V,,0P 2 < 0. (5.56)
Again define ;oo
Integrating the pointwise inequality
V=0
over R., we get
0< /R AP~y \/G f V*f. (5.57)
Using integration by parts on the reig)ion with boundary,
/R PGS = | SVl = | dP G (@f)2- (5.58)

By (5.56), the boundary term is non-positive:

/ ds fv"™V,.f < 0. (5.59)
OR.
Therefore
0< [ VGFVif
R
~ N\ 2
_ / asfmVaf — | Vi (V5)
OR. R.
N2
<- [ V3 (%r) <o (5.60)
R
Thus all inequalities must be equalities, and we conclude that
Vf =0 inside R.. (5.61)
Since this holds for arbitrarily small €, it follows that

() = constant (5.62)

throughout the allowed internal region.

As before, substituting a constant warp factor into the warp-factor equation gives

R(n) + QT = 0. (5.63)
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Since both terms are non-negative, one must have

R(n) =0, T=0. (5.64)

Therefore de Sitter compactifications are excluded. Moreover, a Randall-Sundrum-
type compactification with a nontrivial warp factor is also excluded under these
assumptions.

Thus, the Maldacena—Nunez argument shows that, for ordinary two-derivative su-
pergravity theories with non-positive potential, positive kinetic terms, and finite
lower-dimensional Newton constant, the warp factor must be constant if the only
singularities allowed are those for which the warp factor does not increase toward
the singularity. Consequently, there are no compactifications to de Sitter space and
no smooth Randall-Sundrum-type compactifications in this class of theories.

The theorem can be evaded only by violating at least one assumption. For example,
in string compactifications, this can happen by including localized negative-tension
sources such as orientifold planes, higher-derivative corrections, or other ingredients
outside the simple two-derivative supergravity framework.

25



Chapter 6

GKP Compactification

The Maldacena—Nuiiez no-go theorem shows that ordinary two-derivative supergrav-
ity compactifications are highly constrained. Under the assumptions of compactness,
finite lower-dimensional Newton constant, positive kinetic terms, non-positive po-
tential, and acceptable singularities, one cannot obtain a de Sitter compactification
or a nontrivially warped compactification to Minkowski space using only ordinary
positive-energy ingredients [8]. Therefore, to realize warped compactifications with
compact internal manifolds in string theory, at least one of the assumptions of the
no-go theorem must be violated.

A central example is the construction of Giddings, Kachru, and Polchinski (GKP),
which studies warped compactifications of type IIB string theory with background
fluxes and localized sources [10]. The GKP construction provides a string-theoretic
realization of warped compactification and explains how negative-tension objects,
such as orientifold planes, enter the compact background. The goal of this chapter
is to explain how the GKP construction evades the no-go obstruction.

6.1 An overview

The GKP setup is type 1IB supergravity compactified from ten dimensions to four
dimensions. The ten-dimensional spacetime is taken to be a warped product of
a four-dimensional spacetime and a compact six-dimensional internal space. In
Einstein frame, the metric is written as

dsfo = ezA(y)anx“dx” + e’ZA(y)’gvmn(y)dymdy”. (6.1)

Here A(y) is the warp factor and g, is the unwarped internal metric. The essential
point is that the warp factor depends on the internal coordinates. Therefore different
regions of the compact internal space can correspond to different physical redshift
scales in the four-dimensional effective theory.

This is analogous to the Randall-Sundrum model, where the warp factor depends on
an extra coordinate and redshifts physical masses along that direction. In the GKP
setting, the same basic idea is realized in a ten-dimensional string compactification:
the warp factor is generated by fluxes and localized sources inside the compact
internal space.
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The relevant type IIB fields are the axio-dilaton

7=0Cy+ i€_¢,
the NS-NS three-form flux
H3 = dBQv
the RR three-form flux
F3 = dOZ?

and the self-dual five-form flux ﬁg). It is useful to combine the three-form fluxes into
G5 = F3 — 7H;. (6.2)

In supersymmetric GKP backgrounds, this complex three-form flux satisfies an imag-
inary self-duality condition with respect to the unwarped internal metric,

%6Gy = iGy. (6.3)

The three-form fluxes contribute to the warp-factor equation, but in a compact space
their contribution must be balanced by localized sources.

6.2 Warp factor and tadpole condition
The five-form field strength in type IIB supergravity is self-dual:
ﬁ5 = *10?5. (64)

In a warped four-dimensional compactification, it can be written in terms of a scalar
function a(y) as

Ey = (14 %) [da(y) A da® A da' A dx® A da?] (6.5)
In BPS GKP solutions, « is related to the warp factor, typically
o= (6.6)

Thus the five-form flux and the warp factor are not independent. The Bianchi
identity for F5 becomes the equation determining the warp factor.

The five-form Bianchi identity receives contributions from the three-form fluxes and
from localized D3-brane charge:

dFs = Hy A Fy + 253, T plo°. (6.7)

Here p¥° denotes the localized D3-brane charge density, including contributions from

D3-branes and from objects carrying D3-charge, such as O3-planes and wrapped
D7/07 configurations with induced D3-charge.

Schematically, this leads to a Poisson-type equation for the warp factor:
V2e~*4 = flux contribution + localized D3-charge contribution. (6.8)

Thus the warp factor is sourced both by fluxes and by localized objects.
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Because the internal space is compact, this Poisson equation is subject to an inte-
grated consistency condition. On a compact manifold without boundary,

/ dPy~\/GV2f = 0. (6.9)
Me
Therefore a Poisson equation B

Vif=p (6.10)
can have a solution only if

/M d®y\/Gp = 0. (6.11)

For the GKP compactification, this condition becomes the D3-brane tadpole can-
cellation condition. Schematically,

1

22T ), Hy A F3 + Q¥ = 0. (6.12)
6

Here QY%° includes the signs of the localized D3-brane charges. On a compact space,
the total charge must cancel because there is no boundary through which flux lines
can escape. This is analogous to Gauss’s law in compact space.

6.3 Evasion of the no-go obstruction

The tadpole condition explains why negative localized sources are important. In
supersymmetric GKP backgrounds, the flux contribution to the D3-brane tadpole is
positive, and ordinary D3-branes also contribute positive D3-brane charge. If only
such positive sources were present, the integrated source constraint could not be
satisfied on a compact internal space. Orientifold planes provide negative D3-brane
charge, and in particular O3-planes also carry negative tension relative to D3-branes.

This is how the GKP construction evades the Maldacena—Nunez obstruction. The
no-go theorem assumes ordinary two-derivative supergravity with positive-energy
ingredients and no negative-tension localized sources. Orientifold planes lie outside
this class of assumptions. Their negative charge and negative tension allow the
integrated field equations and the warp-factor equation to be satisfied on a compact
internal space.

In the full string-theoretic setting, orientifold planes provide the required negative
contribution. In the simplified p-brane model studied later, an analogous mechanism
appears through the sign of the localized source tension determined by the equations
of motion.

6.4 Toroidal orientifold

A standard example is the orientifold compactification

T/ 7.
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This background contains O3-planes at the fixed points of the Zs involution. These

O3-planes carry negative D3-brane charge and negative D3-brane tension.

common normalization, each O3-plane contributes

1

1
Tos = —-T: = ——Us3.
03 1 3, Ho3 4M3

Since T°/Z, has 64 O3-planes, the total O3-plane charge is

641—16
1) =

In a

in D3-brane units. This negative contribution can be balanced by positive D3-brane
charge from D3-branes and fluxes. The example illustrates how negative localized

sources are required in order to satisfy the global source constraint.
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Chapter 7

A p-Brane Model

The GKP construction gives a full type IIB realization of warped compactification
with fluxes and orientifold planes. However, we limit our focus to a simpler Einstein—
dilaton—form model for a p-brane background. We only keep the metric, the dilaton,
and a single (p 4 2)-form field strength. Then, we compute explicitly how localized
DBI and Wess—Zumino source terms enter the gauge-field, dilaton, and Einstein
equations. The goal is to see how warped backgrounds after compactification require
a negative-tension source, which is similar to orientifolds in the GKP construction.

7.1 The effective action

From [20], we write a D-dimensional Einstein—dilaton-form model. This model
should be understood as a truncation of the type II supergravity field content in
which only the metric, the dilaton, and one (p+1)-form gauge potential are retained.

The effective action

1
2K,

e

1
/dDX vV —4dp [RD — 5(&?)2 — ———— F2 5| + Sioc, Fopo =dCpy.

S 2(p + 2)! p+2
(7.1)

here S, is the action for localized sources that are coupled with gauge field.

7.2 Compact p-brane background

The p-brane solutions for our effective action (7.1) are given in [2], [3], [4], [20]. We
have our metric, dialton, and gauge field as

ds* = Ho(y)* By dz"dz” + Ho(y)* Gon(y) dy™dy™, (7.2)
e ¢ = Ho(?J)A/Qa (7.3)
Cor1=sHo(y) ' 6py1, 5=+, (7.4)

Our internal space is Ricci flat Rmn(g) = 0. We also have our metric exponents
defined as

_D—p—3 b p+1

2D—2)° Tap-g TP-PL (75)

a =

30



and we require
2(p+ 1D —p—3)

N=d- (D - 2)

We can compute
(p+Da+blg—2)=0

and

)\2
S =2+2a(p+1)=2-2(g—2)

Hy(y) is a harmonic function on the internal space. It satisfies
€2H0 = Z Qn 5(q)<y - yn)

We also compute

A B
¢ =5k, e = Hy ™2,

7.3 Localized source action

7.3.1 Background metric and setup

Our background metric is

ds® = HO(y)Za T dztdz” + H0<y)2b gmn(y) dy™dy".

(7.11)

We have a D-dimensional spacetime with coordinates X = (z#,y™) and a (p + 1)

dimensional object called p-brane. We describe the brane by a map

XM = X (gn)

(7.12)

here, £, o = 0,...,p are worldvolume coordinates and X (¢) is the position of
the brane in spacetime. Here, p = 0,1,...p, m = p+1,...D — 1 and we define

q=D —p—1. Then we have D-dimensional volume density

V=gp = Hy VN =i/

We write the transverse volume form

€= V/gdy" A Ayt

1
= a\/ggmlquyml /\ PPN /\ dqu

We define the delta function normalized with respect to the metric

/ 4P X \/~gp8 P (X — X () F(X) = F(X(€)).

(7.13)

(7.14)

(7.15)

We also compute an identity related to the Hodge star that will be used later.
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D <€p+1 A J(Hgl)) — gy PRy gy, (7.16)
We can write
d(Hyt) = 0 (Hy Y dy™. (7.17)
Then
Epr1 N d(H;Y) = /=00 (Hy ") dz® A -+ A da? A dy™, (7.18)

Taking the D-dimensional Hodge dual gives a purely transverse (¢ — 1)-form. The
warp-factor dependence comes from the volume factor and from raising the indices
of the form. The volume factor contributes

Hg(erl)erq‘ (719)

The form has p+ 1 external indices and one transverse index. Therefore, raising its
indices contributes
—2a 1 —
Hy @) g2 (7.20)

Thus the total warp factor is

Hg(?+1)+qu0—2a(P+1)H0—26 _ Hg(p""l)'i‘bq—?a(l)-i'l)—%

— HO—‘I(IH-I)-Fb(q—Q). (721)

The remaining contraction is exactly the transverse Hodge dual with respect to g,.,.
Therefore, we get

wp (G AdUHGY) ) = Hy "R d ), (7.22)

7.3.2 Dirac-Born-Infeld action

The Dirac-Born-Infeld (DBI) action is the standard low-energy D-brane effective
action, which is written in terms of the induced metric on the brane worldvolume
[9]. We write (ignoring the gauge field and B-field)

SDBI = —Tp/dp-i_lfeﬁ@ —det P[g]ag (723)

Here, y N
o0X™" o0X
Plglag = gun(X(£)) e 8—5/5

is the pullback metric, which is induced on the brane. The DBI action describes the
localized p-branes because it is defined on the worldvolume of the brane rather than
full D-dimensional metric.

(7.24)
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Now, we want to write the action as a D-dimensional integral. Using this inside
(7.23) and taking P = det P[g]as, we get

R / e X (©) /TP
Ypt1
1, [ @iev=P [aPX g x - X () e
Ypt1
— -1, [@Px =g [ e/ mPE (X - X(9)

Xpt1

- T, / dP X /—gp %) [ / dPTe/ PP (X — X(€)]|. (7.25)

p+1

We define the DBI scalar density

p(X) = /E eV —PsPI(X - X(€)). (7.26)

Therefore, the DBI action in full D-dimensions is

Spp1 = —T,, / dP X /=gp 7 p(X). (7.27)
Mp

For a static brane fixed at y = yo,
XM =@"=¢"y" =) (7.28)

We now calculate the pullback metric. Using

O+ M =
9 XM = { % a (7.29)
0 M=m
and
A N =
9 XN = {95 v (7.30)
0 N=n
we get
Plglag = H" (Y0) 70405 = H5® (Yo)lag (7.31)
Then we take the determinant
det Plglas = HZ""™ det flag, (7.32)
— det P[glas = HSPV /7. (7.33)
Then our DBI action becomes
Sppr = —Tp/d”“geW(yO)HS(”“)(yo) —h (7_34)
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Now the DBI scalar density in (7.26) becomes

o) = [ @IEH =0 (X - X () (7.35)
(p4+1) (e (@) .
— /dp+1§Hg(p+1)\/__ﬁ5 EI‘C(L'p_H)i)bicoord(Ay - yO) (736)
H, A% —77\/5
1
= H M —59 (y—y 7.37
0 \/5 coord( 0) ( )
We used o) @
p+1 _ q _
5(D) (X . X(g)) _ 0 ({E 5)5‘;oord(y yO) ) (738)
—9p

The integration over the worldvolume coordinates removes the worldvolume delta
function, leaving only the transverse delta function. We define metric-normalized
transverse delta function as

1
5D (y — o) = ﬁaézlrd@ — 0) (7.39)

Thus, the DBI scalar density for a collection of static branes becomes
p(y) = Hy " 69 (y — yn). (7.40)

Here, the DBI scalar density depends only on the transverse coordinates because
the brane fills the worldvolume directions and is localized only in the transverse
directions. Hence, the source is uniformly extended along the brane directions and
localized in the transverse space.

7.3.3 Wess-Zumino action

A charged p-brane couples with the (p+1)-form gauge potential C,,+1. This localized
coupling is described by the Wess-Zumino term

Swz = Mp/z PlCp1] (7.41)
p+1

Here, ¥, is the brane worldvolume, P[C),1] is the pullback of the bulk (p+1)-form
potential onto the brane and p, is the constant brane charge. The pullback

1 oXMo X Mr

‘CM0~--Mp (X(f)) 85‘10 R afap dfao A A dgap (7_42)

PlCpii] = (N

In the static gauge, the pullback becomes
1

PlCpy1] = CESH]

Cug...up ('Ta yU)dfuo ARERNA dé“/ip <743)

Using Poincaré-dual delta-form current of the brane worldvolume, we can write the
WZ term as an integral over the full D-dimensional spacetime. We write

Swz = ,up/ Cpr1 N Jq (7.44)
Mp
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Here, the Poincaré-dual current for our static brane is
Ja = Oetnea(y = yo)dy" Tt A A ddyPT

1 N
= ﬁ‘ﬁglm(y — Y0)éq

= 59 (y — yo)é,. (7.45)

Thus, for a collection of static branes, the current becomes

Jo=_ 69y —ya)é,. (7.46)

7.3.4 Local action

The localized action is taken to be

Sloc = SpBI + SWz, (7.47)
where
SpeI = _Tp/ dP X /—gp N p(X), (7.48)
Mp
and
Swz = Mp/ Cp+1 N Jg- (7.49)
Mp

Here, T}, v, 1, are the initial unknowns.

7.3.5 Negative source contribution

Similar to the GKP compactification (6.12), we need to introduce negative source
contributions to satisfy the Poisson-type equation. The localized positive and neg-
ative source contributions must cancel in the integrated equation. We can write

V2Hy =3 Q6@ (y — i) + 3 Q559 (y — ), (7.50)
i J

then compactness requires
> Y+ o =0 (7.51)
i J

This is the p-brane analogue of tadpole cancellation in GKP compactifications. In
the full string-theoretic setting, the negative terms are supplied by orientifold-like
sources.

7.4 Equations of motion

7.4.1 Gauge-field equation of motion

We now vary the total action with respect to the gauge potential C,;;. Since Sppr
does not depend on C)4, it does not contribute to the gauge-field variation.

35



The gauge-field dependent part of the action is therefore

—Ag
S[Cp+1 = _—/dDX V—9p ————— ( ) p+2+l’bp/ Cp-‘rl/\jq) Fp+2 == de+1.

(7.52)

Using the convention

1
rl

/ATA*DBT = (=1)r®=") /dDX\/_—gD Bgy.oag, AM M (7.53)
with » = p + 2, the component kinetic term can be written in differential-form
notation as

5 —A¢ 2 (—1)@+2(D—p-2)
d”X V=YD 57 o\ p+2 -
2’fD ( 2)!

/€_A¢Fp+2 A *DF]H—Q'
(7.54)

4K%
Equivalently,
(—1)E+2(D--2)

S[Cpi] = — /€A¢Fp+2 N*pFpra + iy / Cpt1 A Jg- (7.55)

2
47,

We now vary Cp1, keeping gan, ¢, and j, fixed. Since

5Fpiz = d(0C, 1),

(— 1)(p+2)(D—p—2)

A2 / e Fpia Nxpk +2)+Np/50p+1/\jq- (7.56)
)

Using the symmetry identity

Ar N *DBT = Br AN *DAru

we have
5<Fp+2 N *DFp+2) = (SFerg N *DFp+2 + Fp+2 VAN *DéFerQ
= 5Fp+2 A *DFp+2 + 5Fp+2 N *DFp+2
- 2(5Fp+2 /\*DFp-I—Z' (757)
Therefore,
(-1 p+2)(D p—2) .
doS = — 5 / M6 Fya N *pFpia + Mp/50p+1 N Jq
Kb
(_ (p+2)(D—p—2) \
= — 9 / B ¢d 5Cp+1 /\*DF +2 + ﬂp/50p+1 /\jq
Kb
(—1)P+2)(D=p=2) .
= — 2/43 /d 5Cp+1 6 A¢ *D Fp+2) + Mp/éop-i-l /\]q <758)
D
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Now we use the Leibniz rule. Since §C,1; is a (p + 1)-form,

d [5Cp+1 VAN 6_)\¢ *D Fp+gj| = d((SCP_H) VAN 6_)\¢ *D Fp+2
+ (=1)PH6Ch1 Ad (€7 xp Fppa) (7.59)

Hence
d(50p+1) A 67/\(1) *D Fp+2 =d [6Cp+1 N 67)\(1) *D Fp+2:|

— (=1)PM6Ch1 Ad (e xp Fypa) . (7.60)

Substituting (7.60) into (7.58), we obtain

(—1)P+2)(D=p=2)

505 = — 2/4;2 /d [5Cp+1 A €_>\¢ *D Fp+2]
D

(— 1)P+2)(D=p=2)+p+1
+

242 /501’“ Nd (€7 xp Fpyo)
D

+ 11y / 5Chi1 A . (7.61)

Dropping the total derivative term, this becomes

(—1) (p+2)(D—p—2)+p+1

0cS = /5Cp+1 A { d (6_/\¢ *D Fp+2) + fpdq ]| - (7.62)

2
2K7

Since 0C)p4, is arbitrary, the gauge-field equation of motion is

(— 1)(P+2)(D7p72)+p+1

52 d (e xp Fpia) + ppjq = 0. (7.63)
D

Equivalently,
d (e xp Fpip) = (—=1)PHP2=200 928 1 g, (7.64)

Together with F}, 5 = dC,+1, we also have the Bianchi identity

dF,.s = 0. (7.65)

Gauge invariance of the WZ coupling
We now check gauge invariance under

Op+1 — Cp+1 + dAp (766)
The bulk kinetic term is gauge invariant because it depends only on Fj, 1o = dCpy;.

The DBI term is also gauge invariant because it does not contain Cp;;. The WZ
term changes as

5ASWZ = /va/dAp /\jq. (767)
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Using the Leibniz rule,

d(Ap A jy) = dA, A g+ (—1)PA, A djy, (7.68)
so that
dAp, N gy = d (A A Jg) — (—1)PA, A djy. (7.69)
Therefore
oSz =ty [y A = (1) [ Ay Ay (7.70)

Dropping the total derivative term, we get
5xSwz = (—1)"H / Ay Adj,. (7.71)

Thus gauge invariance requires

dj, = 0. (7.72)

7.4.2 Dilaton equation of motion

The ¢-dependent part of the action is

S0 = g [ X Va0 |~ owoine - 5|~ 1, [P X V%)
2% D 7Y OMOONG T o oy e T gp €= PR
(7.73)
Varying with respect to the dilaton gives
84S =6 L/dDX\/_—g (—lgMNﬁ PONG — iFQ )—T /dDX\/_—g e’ p(X)
¢ ¢ 2H2D D 9 MPUN 2(p+2)' p+2 P D p
— o [ XTI = 385 (0u00v0) — 5B () B2
22, Pl 7 TN o+ 21 p+2
~T, / d°X\/=gp 04 (¢7%) p(X). (7.74)
Using
0y (O pOng) = On1(09)Ong + OnrpOn(30), (7.75)
we get
50"V, (D60 6) = 59" P (59)06 + Du 90 (59)]
= —g"NOn 0N (09)
= —0Mp 0y (00). (7.76)
And
by (e729) = =Xe %09, b, (€7?) = 7?00 (7.77)
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Substituting (7.76) and (7.77) into (7.74), we obtain

1 A
005 = gz [ 47X Vi | -0 00u(60) + 5o R b0)
D

2(p+2)!
— 9T, / d"Xv/=gp e”¢p(X )69
d°X \/=gp 6¢ V¢ — / d°X Oy [V/—gp 6¢ 0 @]
2/§D D
+ —/dDX vV—9p [ 2+ 2) _)‘(z’Fp%r2 54 —yTp/dDX\/—gD e"p(X) 6¢

(7.78)

Dropping the boundary term, (7.78) becomes

1 A
055 = 5 / dP°X /=gp 6¢ [quﬁ by ‘A‘f’FﬁH} T, / d”X~/=gp €?p(X) 6¢
z .

1 A
= /dDX vV —gD 5@5 {E (V2¢ + m A¢F112+2) - 7Tp67¢p(X):| .

(7.79)
Since d¢ is arbitrary, the dilaton equation of motion is
— (V¢ + _ A gz ) YT,e"p(X) = 0. (7.80)
K 2p+2)0 T !
Equivalently,
Vi + 21 i e M2, = 2657 T,e"p(X). (7.81)
In differential-form notation
A
(—=1)PYdxp do + E(—1)(p+2)(D_p_2)6_)‘¢Fp+2 AxpFpio = 2657, p(X) *p 1.
(7.82)

7.4.3 Einstein equation of motion

We now vary the total action with respect to the inverse metric ¢™®~. The metric
dependent part of the action is

1 D e_)‘¢ 9
Slgl = 2 d”X v/—gp [RD - —g BOspOpd — WFHQ
-7, / dPrie e/ —p (7.83)
Ypt1

We write the DBI action in its worldvolume form to vary the metric dependence in
P = det Plg|os. The WZ term has no metric dependence as j, is a fixed Poincaré-
dual current.
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Now varying with respect to the metric gives

_ 1 D L 4g e 2
595 - 59{% /d X v—9p |:RD - 59 04000 — meﬂ
~T, / dPHE X\ /P 3. (7.84)
Ypt1
Using
1
0V —gp = —5\/ —9D gMN(SgMN, (7.85)
1
6 (v=9pRp) = v=9p (RMN - §gMNRD) 5¢MYN + boundary term, (7.86)
0 (97 04¢0p0) = Ornddnd dg™", (7.87)
and
§ (F2) = (0+ 2)Fagayny, Fn et sy, (7.88)
we obtain, after dropping the boundary term,
1 D 1 1 1 9
0gS = 5 d"X \/—gp |Run — s9unRp — 50m¢Ond + ~gun(09)
KT 2 2 4
e ApA 7 2 MN
- - 1 Ap+1 -
2(p+1)! Farayeap by * 4(p+ 2)!gMNFer2 %9
~T, / dPrie 1?5/ —P. (7.89)
Ypt1
For the DBI variation, we use
1
OV=P = SV =P (Plg))*"6P(glas, (7.90)
and
0P[glas = 0a X" 95X 0grn (X (€))
= — 0. XM 0 XN grrpgng 5979 (X (). (7.91)
Therefore
_ Tp/ def X5/ —P
Xpt1
T,
=2 [ e O VBP0, 95X guipgnady X (€))
pt1
(7.92)
Now we want to convert into a D-dimensional integral. Using
gX(©) = [ X VEgeb VX - X€)8"X)  (199)
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and

p(X) = / AP/ —PSP(X — X(€)). (7.94)
Bp+1
The DBI contribution becomes
— Tp/ dPrig X5/ —P
Ypt1
1, D X
=22 [ dPX\/=gpe"?X)
2
X [/ A" e V/=P (Plg))*” 0. X 05X " gantgsn e (X — X(é))] g™ (X).
pt1
(7.95)
Substituting (7.95) into (7.89), we get
D un) 1 1 1 1 2
0y8 = | d”X \/—gp iy 22 Ryn — §gMNRD - §3M¢3N¢ + ZQMN<8¢)
D
™ g Py €0
_ m MAy Ay I'N + MQMN 2

+ %ew / V=P (Plg))*? 0. X 05X P garrgndP (X — X (€)) }
p+1

(7.96)

Since dg™¥ is arbitrary, the Einstein equation is

1 1 1 1 ,
0= TN Run — §QMNRD — §3M¢8N¢ + ZQMN((%)
e~ P 7 AveAp iy n e~ F2
2(p+1)! MAy - App1 I'N 4(19_'_2)!9MN p+2
T
+ Epew’(X) / A"/ —P(P[g))*P0a X205 X B garrgpno P (X — X (€)).
Zpt1
(7.97)
Multiplying by 2x%, we obtain
1 1 1 ,
Run — EQMNRD = §3M¢8N¢ - ZgMN(agb)
e Ap-A 0 2
————Fya, . Fyovoett — — F
+ 2(p + 1) MArAr TN A(p + 2)1 TN pe2
BTN [ e VPPl 0, X0 X P gaaa gt (X — X ().
pt1
(7.98)
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Trace-reversed form. The DBI source trace is obtained by contracting the last
term in (7.98) with ¢™". Since

9" ganrgen (Plg)) P 0.X" 05 X" = (Plg))*’ gap0aX"0s X"
= (P[g])*’ Plgas

=p+1, (7.99)
The trace-reversed equation becomes
Rur = 50n00x0
+ —2(;:¢1)! |:FMA1...AP+1FNA1"'AP+1 e +Z)—i(_Dl — 2>9MNFp2+2:|
— K2 T,eX) /E A"V =P (Plg))*? 0. X 05X P garrgpn P (X — X (6))]
pt1
+ K2 gthpeW’(X)p(X )grn- (7.100)

Localized source term in static-gauge. After imposing a static gauge and
metric background, the pullback metric is calculated in (7.31). Taking its inverse

Plg)*? = Hy i (7.101)

For external components, we have
(Pla)*?0aX"05X " 9495, = (Plg])* Hy" (y0) 0405 lhputlo = Hi - (7.102)

Thus, we can write

/ € /=P (Plg)) ™0, X405 X5 01,9507 (X — X(€))
Ypt1

— H,, / PHEV PP (X — X(€))
p+1
= H2%,p(X) (7.103)

Therefore the direct DBI source in the (uv) equation of (7.98) is proportional to
~T,e" p( X ) H3"Ayur- (7.104)
For internal components,
(Plg))*? 0. X" 05X gamgnn = 0, (7.105)
because 0,X™ = 0. Hence the direct DBI source in the (mn) equation vanishes.

Now, in the trace-reversed equation, the localized contribution to the external Ein-
stein equation becomes

R +1
Rf,f = —f£2DTp67¢p(X)H§“77W + K P —

D —2
D—-—p-3 an
= —%ﬂTpmp(X)Hg R (7.106)

1,67 p(X) Hy "y

42



The localized contribution to the internal Einstein equation is

1
R, = 0+ kb 2T p(X) HE G

1
= +kK7, lp;: 2Tpe'Y¢p(X)H§b~mn. (7.107)

In static gauge, the DBI source contributes only along the worldvolume directions.
The internal contribution appears after the trace-reversal. Hence, the DBI action
gives different coefficients in the external and internal Einstein equations.

7.5 Fixing the localized source

We now determine the unknown source parameters p,, 7, and 7 by inserting the
compact p-brane background into the gauge-field, dilaton, and Einstein equations.
The gauge equation fixes the RR charge coefficient, the dilaton equation fixes the
dilaton coupling and tension coefficient, and the Einstein equation checks that the
DBI stress tensor has the correct external and internal components.

7.5.1 From gauge field EOM

The gauge-field equation determines the charge coefficient p,. Since the DBI term
does not depend on C);, only the bulk kinetic term and the Wess—Zumino term
contribute. The gauge-field equation is

d (6_>‘¢ *D Fp+2) = <_1)(p+2)(D_p_2)+p 2’{%7,“19 Ja- (7.108)

We write the field strength

Fyio=sd(Hy') Nep = (=1 s, Ad(HG). (7.109)

For our metric, the relevant Hodge-star identity (see (7.16) for proof) is

wp (G N(HGY)) = Hy "0 0005 (1) (7.110)

Using (7.109), we therefore get

oA wp Fpo = (_1>p+186—,\¢H0—a(p+1)+b(q—2);;J(HOA)

= (=1)s H32/2—a(p+1)+b(q—2)—2; dH,
= (—1)Ps*dH,. (7.111)
We used the relation among the exponents

%2—&(19+1)+b(q—2)—2=0- (7.112)
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Hence
d (e xp Fypp) = (—1)sd (; JHO)

(—1)7s (V2Hy)e,

= (—1Ps > Qud(y — v )%, (7.113)

Inserting j, on the right-hand side of the gauge equation, we get

(=1)PHDD=p=24pg, 2 G — (—1)PHD=p=DFpg,2 Z S D(y — yn)e, (7.114)

n

Therefore, matching the coefficients of the localized sources gives
(—1)PsQ, = (—1)PH2Pr=2trogd (7.115)

Equivalently,
2651y, = (—1)PHDP=P=25 Q) (7.116)

7.5.2 From dilaton EOM

The dilaton equation determines the dilaton coupling v and relates the brane tension
to the harmonic source coefficient. The dilaton equation is

A

2
v ¢+2(p+2)

_)‘¢F2 o = 2671, p(y). (7.117)

We now evaluate each term on the background. We write the dilaton term, which
only depends on the transverse coordinates

¢ = —%111]-[0 (7.118)
— O = —%Hglamﬂo. (7.119)

Thus, the scalar Laplacian on the dilaton becomes
! Om (\/ —9gp g™ n¢)
vV ~—Y4D

(p+1)+b Nmn
- a(p+1 +bq [ \/‘ ( o q\/_\/—H “ O >

—a b 1 _ ~
= Hy U, (HGOT G gma,0)
V9
A4 b 1 a _ob—1 /=
=20, (p+1) b g (Ho(p+l)+bq 2b 1\/§§m"8nH0>

> ¥

— _é beL -1 /~~>mn
= —SH; \/§“6m <HO Vid 8nH0>
- —% [H(;l*?b%?HO - H(;Q*Qb(%ﬂo)ﬂ . (7.120)

V2 =
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Here, we used the relation (7.7) in the exponents. Thus

A = A

V2¢ _ —§H0_1_%V2H0 + §H0_2_2b(6H0)2. (7'121)

Now we compute the F2,, term. Our field strength is

Fpro = Sd(H DA G

= Fmﬂl---up+1 38 ( )GM “Hp+1 (7-122)
Then
sz+2 FMl-~-Mp+2F]V[lm]\/[p+2
= (p+ Q)H—2b~mnH—2a(p+1)ﬁ;L1V1 N nupﬂu,,Hme s P
= (p+ 2)Hy 70, (Hy O™ (Hy sy €7
—(p+2)Hy """ H (V Hy)* (p+ 1))
= —(p+ 2)IH, PPV Hy )2 (7.123)

Since we are taking a mostly plus signature, the volume form for our Lorentzian
metric contracts

1 ; ZH1
meﬂl-.-umleu i =1 (7.124)
Putting (7.8), we obtain
1 2 —2-2b-22/2 /& 2
(p+ 2)!Fp+2 = —H, (VHy)
S —3H—2—2b(€H )2 (7.125)
2(p + 2)! prz g t0 o) '

Combining (7.121) and (7.125), the gradient terms cancel

A A ~
2 7>\ 2 —1-2by72
Vi + 512l CF, = —5Hy VP Hy

A

_EHO_l_zb Z Qné(Q) (Y — Yn)- (7.126)

The right-hand side is

2637 T,e " ply) = 2657 T, Hy 2 [Ho_ N8 (y - yn)]

= 263y T, Hy 27N " 6@ (y — ). (7.127)

Matching the powers of Hy between (7.126) and (7.127), we require

A
_%_bq: —1—2b. (7.128)
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Equivalently,

A
%:1+2b—bq:1+b(2—q). (7.129)
Using
p+1
b= ——— =D—-p-—1
xo-2 ¢ p—1,
we find
(p+1)(D—p—3)
146(2—¢q)=1- 7.130
We also have 2 (D 3)
+ —p—
A=yg 2P 131
D (7.131)
Therefore ( (D 3
p+ o
1— = —. 132
2(D —2) 4 (7.132)
Thus Y
~
AR 1
5 1 (7.133)
and hence \
T=75 (7.134)
Then the dilaton equation becomes
A -
__H - ZbZ Qn y yn - 2'%D (5) TpHO 12 ;6((1)(3/ - yn)
—Qn = 25T, (7.135)
Equivalently,
265T, = —Q, (7.136)

7.5.3 From Einstein EOM

The Einstein equation checks whether the stress tensor produced by the DBI term
has precisely the external and internal components required by the warped p-brane
geometry. We found that the localized contribution to the external Einstein equation
is

,D—p—3

Ry = "{DﬁT "W p(y) Hg R - (7.137)
And the localized contribution to the internal Einstein equation is
oc p+1 N
Rt = +65 55 e p(y) H G (7.138)

Using v = A/2, we have

A —\2 _
e2%p(y) = Hy " "Hy "y 69 (y — y,)

=Hy "7y 69y —yn) (7.139)
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Here, from (7.8), we used
)\2
—— —bg=—1-2b.
1 q

Inserting T, that we found earlier

A 1.
mpToeply) = =5 Hy '™ Y Qud )y —un)

1 ~
— _§H07172bv2H0.

Substituting (7.141) into (7.137), we get

1D—-—p—-3 ~
loc __ —1-2b+2av72 A
R/W - +§ﬂHO \Y HO Nyw -
Since
o P-p-3
- 2(D-2)’

this becomes
loc __ 2a—2b—1v72 ~
R/w = —a Hj V Ho Ny -

Similarly,
1 1 ~
Ry, = —§§t 2H51V2H0 Gmn-
Since
p— PTL
-~ 2(D—2)
we obtain

R = —b Hy "2 Hy G-

(7.140)

(7.141)

(7.142)

(7.143)

(7.144)

(7.145)

Coefficient of RI°¢ and Riflf terms both match the coefficient from the Ricci tensor
computed directly from our metric in Appendix A.3. Thus the DBI source gives
precisely the different external and internal coefficients required by the compact

p-brane geometry.

7.6 Results

Finally, we have fixed all three initial unknowns

Y= 57
@n

T, = -2

P 2K%

_ (D2 Dn
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(7.147)

(7.148)



And for a collection of static p-branes, the DBI scalar density and Poincaré-dual
current are

ply) = Hy ") 6PV (y —y,), (7.149)

JD—p-1 = Z 5P (y — y)ep_po1. (7.150)

Therefore the localized action becomes

Sloc = _Tp/ d”X\/=gp €%¢(X)/)<X) + Up/ Cpi1 N Jg- (7.151)
Mp

D

In worldvolume form,

Soe= T, [ @A\ et Plglatmy [ PGl (1152
pt1

Xpt1

p, and T, give the BPS-type relation between magnitudes
|| = |- (7.153)

The magnitude of the charge carried by the Wess—Zumino coupling equals the mag-
nitude of the tension carried by the DBI coupling. For (), > 0, the coefficient
T, = —Q./(2x%) is negative. Thus the source required by the compact solution
is not an ordinary positive-tension D-brane. It is orientifold-like in the effective
supergravity sense.
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Chapter 8

Discussion and Outlook

The purpose of this thesis was to understand the role of localized sources in warped
supergravity compactifications. We started from the hierarchy problem. The Randall-
Sundrum model showed that a warp factor can redshift physical mass scales and
thereby generate a large hierarchy geometrically. However, embedding this mecha-
nism into supergravity or string theory is constrained by the Maldacena—Nunez no-go
theorem. Under its assumptions, the theorem excludes de Sitter compactifications
and nontrivially warped Randall-Sundrum-type compactifications to Minkowski space.
The GKP construction provides a string-theoretic framework for obtaining warped
compactified solutions using three-form fluxes and localized sources. In particular,
orientifold planes contribute negative Ramond-Ramond charge and negative tension
and help satisfy the integrated tadpole condition.

In this thesis, we studied an analogous mechanism in a simplified Einstein—dilaton—
form p-brane model. Starting with the bulk action, we introduced localized source
terms through DBI and Wess—Zumino actions. Using the p-brane background, we
fixed the localized source parameters as

A Q —p2) @
= — T = __TL = :l: —1 (p+2)(D p 2)_7’L 1
7 27 p 2[{%7 :up ( ) 2K2D (8 )

Their magnitudes, therefore, satisfy
kol = T (8.2)

For @),, > 0, the tension is negative:
T, < 0. (8.3)

Thus the localized source required by the compactness of the internal manifold of
the background is analogous to stringy orientifold planes at the level of the effective
supergravity description.

Clarification of these parameters in (8.1) supports the solutions discussed in [20].
Such solutions earlier proved useful in clarifying gauge-invariant fluctuations of the
compactification. The simplest such fluctuation is the breathing mode, which de-
scribes an overall expansion or contraction of the internal space. In an unwarped
compactification, it is associated with the internal volume modulus. However, in a
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warped background, the fluctuation generally mixes with fluctuations of the warp
factor (which is volume mode) and the dilaton. The resulting gauge-invariant scalar
degree of freedom is termed the warped breathing mode.

Our work is similar in spirit to the Randall-Sundrum construction. In the 5D RS
model, localized source terms support the warped compactification and are inter-
preted as 3-branes. However, those branes do not have a stringy interpretation,
which we have in our work.

Lastly, there are many possible directions to extend the current work. We list a few
relevant future directions below:

1.

Higher-derivative corrections. The toy model studied in this thesis is
based on two-derivative supergravity. A natural extension is to include higher-
derivative corrections in the gravitational and form-field sectors, as well as in
the brane action.

Other types of fluctuations. Only the warped breathing mode was dis-
cussed in [20]. However, a Ricci-flat internal manifold may also possess other
deformations. For example, Kdhler and complex-structure deformations which
preserves Ricci flatness. Studying these modes around the background is still
an open problem. This could give understanding of the 4D dynamics of such
modes via dimensional reduction, and could capture essential features of more
realistic EF'Ts obtained from string compactifications.

. Time- and internal-coordinate-dependent backgrounds. We only con-

sidered the background with a warp factor H(y) depending only on the internal
coordinates. Recently, [30] studied time-dependent type IIB backgrounds with
an overall time-dependent scale factor for the internal space, but without lo-
calized sources. We can extend this to consider backgrounds with dependence
on both time and the internal coordinates, H = H(t,y). Such a framework
should admit early time-dependent phase and GKP-type solutions in late time
warped compactification. This has relevance in cosmology.

. Dimensional reduction and four-dimensional cosmology. The breath-

ing mode and the other internal moduli appear as scalar fields after dimen-
sional reduction [15], [28]. Deriving the four-dimensional effective action would
make it possible to identify their kinetic terms, interactions, and effective po-
tential. This would provide the appropriate framework for studying the cosmo-
logical implications of the higher-dimensional background [26]. In particular,
one could investigate whether the resulting theory admits physically relevant
time-dependent solutions.

. The de Sitter problem. An ongoing program in string cosmology is whether

warped compactifications can produce controlled four-dimensional de Sitter or
accelerated backgrounds. Constructions such as GKP and KKLT add fluxes,
orientifolds, nonperturbative effects, and uplift terms, while time-dependent
compactifications explore a different route beyond the assumptions of static no-
go theorems [10], [13]. Studying the present toy model in the context of finding
an accelerating background following the steps of KKLT (i.e., step by step
adding more elements in the action) could capture the essential mechanism of
the string theory de Sitter construction (if any).
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Appendix A

Ricci Tensor Calculations

In this appendix, we present the Ricci tensor calculations used in the main text.
The tensor algebra was checked using Cadabra [17], [18], [23]. The corresponding
codes are available at

https://github.com /hasan-walid /p-brane-background.

A.1 Conventions for curvature tensors

For a metric gy, the Levi-Civita connection is defined by

1
vy = §9PQ (Omgng + Ongmq — Oggmn) - (A1)
This connection is torsion-free and metric-compatible:
P yn =T N, Vpgun = 0. (A.2)

Our convention for the Riemann tensor is

R omn = 0T  ng — ONTE jig + T mrl g — TP vrl Farg- (A.3)

The Ricci tensor is obtained by contracting the first and third indices of the Riemann
tensor:

Run = R ypw. (A.4)
In terms of Christoffel symbols, this gives
Run = 0pT vy — ONT i + TP pl %y — T Nl wrp. (A.5)

This is the convention used in the Cadabra computations and in the curvature
components displayed below.

The Ricci scalar is

R = gMNRMN. (AG)

Greek indices p, v, p, . . . denote external spacetime directions, Latin indices m,n, p, . ..
denote internal or transverse directions, and capital Latin indices M, N, P, ... denote
full D-dimensional spacetime directions.
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A.2 Maldacena—Nunez metric
We first consider the warped metric used in the Maldacena-Nunez no-go theorem:
dspy = Q*(y) (M (%) da"da” + G (y) dy™ dy™) . (A7)
The external space has dimension d, the internal space has dimension ¢, and hence
D =d+yq. (A.8)

The warp factor Q(y) and the internal metric §,,,(y) depend only on the internal
coordinates, while 7, (z) depends only on the external coordinates.

We define
Upy i = 710,90 = 0,, log Q, u™ = g™, u? = upu™ = (Viog Q). (A.9)

All hatted covariant derivatives are computed with respect to .

A.2.1 Simplification of R,

The direct computation of R, gives many terms. Following the Cadabra output,
we organize the result into four parts:

Ry =RW + Lo+ Qv + My, (A.10)
where:
. 72,(2,) contains terms built purely from the external metric 7,,;
e L, contains the Laplacian-type terms involving second derivatives of €2;
e Q,, contains terms quadratic in first derivatives of €2;
e M, contains mixed external-internal terms.

1. Pure external terms. The terms containing only 7, and its external deriva-
tives combine to give the intrinsic Ricci tensor of the external metric:

R = Ryu(n). (A1)

nv

2. Mixed terms. For the metric (A.7), both Q and §,,, depend only on the
internal coordinates. Therefore there is no external dependence in the internal
block. In particular,

", =0, " m =0, ", = 0. (A.12)
Consequently, all mixed terms vanish:

M., =0. (A.13)
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3. Laplacian-type terms. The Laplacian-type terms are those linear in second
derivatives of € or in derivatives of u,, = Q710,,2. They combine as

Lo = =N [8m@mnun> + fmmpgpquq] : (A.14)

The expression in brackets is the covariant divergence of u™ with respect to the
internal metric:

~

Vo™ = Opu™ + fmmpup. (A.15)
Therefore

~

Lp,l/ = _nuuvmum
= —1,, V2 1log Q. (A.16)

4. Quadratic gradient terms. The terms quadratic in first derivatives of (2
combine into

Quw=(-d—qg+1+ 1)77,Wu2
)t

= —(D-2
— —(D = 2)n,(V1og Q)2 (A.17)

Here we used D =d +q.

5. Final result. Combining (A.11), (A.13), (A.16), and (A.17), we obtain
Ry = R () — 1,V 1og Q — (D — 2)1,,(V log Q)2 (A.18)

Thus ) X
R = R (1) — T [VQ log 2+ (D — 2)(Vlog Q)Q] . (A.19)

This is the expression used in the Maldacena—Nunez no-go theorem chapter.

If 1, is flat Minkowski, then R, (1) = 0, and
R = — 1 [@2 log Q2+ (D — 2)(Vlog Q)?] . (A.20)

If n,, is de Sitter, then R,,(n) is the intrinsic Ricci tensor of the d-dimensional de
Sitter metric.

A.3 Ricci tensor for the p-brane metric

We now compute the Ricci tensor for the warped metric used in the compact p-brane
background:
ds? = H(y)* fuda’dz” + H(y)? G (y)dy™ dy". (A.21)

Here
n:=p+1, qg=D—p—1, (A.22)

where ¢ denotes the dimension of the transverse space. Thus

D =n+q. (A.23)
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The inverse metric is
g;uz — H72aﬁul/, gmn — H72b§mn’ gun =0. <A24)
All tilded covariant derivatives are computed using the transverse metric g,,.
We use the definitions
Ci=alp+1)+b(D—p-1),
(VH)? := §™0,,HO, H,
Vi Vol = 0y H — T 00, H,
V?H = §"V,,V,H.

A.3.1 Christoffel symbols

The nonzero Christoffel symbols are

I*,, =aH '0,H6,, (A.29)
™, = —aH* 27 5" 0, H ), (A.30)
D e = Ty + OH ™ (8700, H + 6™ 0 H — G0 H) . (A.31)

A.3.2 Simplification of R,

The Cadabra computation gives terms involving V2H and (VH)?. We simplify
them in the same order as in the computation.

First, the last two product terms in the Ricci tensor combine as

—1%,T",, = > H**22(VH)*j,,, (A.32)
—I",, I, = a*H* 22V H)*q,,. (A.33)

Therefore they contribute
202 H*~*=%(V H)?%j,,. (A.34)

Next, the Laplacian-type terms combine into
— aH2 204GV OLH + 705 H + T30, H |
= —aH* 7 'V?H ij,,. (A.35)

Collecting the gradient-square terms gives

R/LV _ _aH2a72b7162H 77;1,1/

+ [~a(2a—2b—1) — (p+ 1)a® — ab(D — p — 1) + 24°] H*=2=2(V H)?},,.
(A.36)

The coefficient simplifies as

—a(2a—2b—1) — (p+1)a* —ab(D —p — 1) + 2a*
=a—(p+1)a® —ab(D —p—3). (A.37)
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Therefore
R/w — _qH?2 I 77;“/
+[a— (p+1)a* —ab(D —p — 3)] H* **(VH)*j,,. (A.38)
Equivalently,
Ry = —aH> 5, [H—W?H +((p+Da+(D—p-3)b—1)H*(VH)?|.
(A.39)

A.3.3 Simplification of R,,,
We now simplify the internal Ricci tensor in groups.

1. Intrinsic transverse Ricci tensor. The terms built only from the transverse
Christoffel symbols combine into the intrinsic Ricci tensor of g,,:

0y(T%n) — 00 (T90g) + T T — T eI = Ry (A.40)

2. Hessian term. Collecting the terms containing 0,,,H and I7 O H, one
obtains

(2b — C)H 10, H + (C — 20)H'T",,, 0, H
= —(C—20)H" (amnH - frmnarH)

= —(C = 2b)H 'V, V., H. (A.41)
Since
C—2b=a(p+1)+bD—p-—3), (A.42)
this block becomes
—Ja(p+1)+b(D—p—3)]H 'V,,V, H. (A.43)

3. Traced Laplacian term. The terms proportional to g,,, combine as follows.
Using metric compatibility of g,.,, the derivative of the metric cancels the corre-
sponding connection terms. The remaining terms give

— 0H " Gun | 04(3%) 0, H + 5% 0y H + 14,50, H
+ bH 2 (VH)? — bCH 2§y (VH)?. (A.44)
Hence

— bH G V2H + (b — bC)H 2§y (VH)?. (A.45)

4. 0,,H 0,H terms. The remaining terms proportional to H 20,,Hd, H combine
to

[—2b+ C +2bC' — (p+ 1)a® — (¢ + 2)b*| H 20, HO, H. (A.46)
Using ¢ = D — p — 1, this coefficient can be rewritten as
(p+1a(l14+2b—a)+ (D —p—3)b(1+0). (A.47)
Therefore the 0,,H 0,,H block is
[(p+ Da(l+2b—a) + (D —p— 3)b(1 +b)] H28,,HO, H. (A.48)
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5. Remaining §,.,(VH)? terms. The remaining §,.,(VH)? terms combine with
the contribution from the traced Laplacian block to give

b[l—(p+1)a— (D —p—3)b] H2§,.(VH) (A.49)

6. Final result for R,,,. Combining all pieces, we obtain
Ron = Ry — [a(p+1) +b(D —p—3)| H 'V, V., H — bH ' §,,, V*H
+[(p+1a(l +2b—a)+ (D —p—3)b(1+b)| H20,,H 0, H
+b[1—(p+1)a— (D —p—3)b] H G (VH)?. (A.50)

A.4 Ricci scalar for the p-brane metric

The Ricci scalar is
R = gMNRMN — g,uVR,U,Z/ + gmann7 <A51)

since IR, = 0.
First,
"' R, = —na H 2 'V2H

+n[a—na® — (¢ —2)abl H**(VH). (A.52)

Here we used
o — (A.53)
Second,
9" Ry = H R — [na + 2(q — 1)b) H-*"'V2H
+ |na(1 +2b—a) + (g — 2)b(1 +b) + gb(1 — na — (g — z)b)} H22(VH).

(A.54)
Adding (A.52) and (A.54), we find
R=H"R~-2[na+(¢—1)b H* 'V?H
+ [n(a —na® — (¢ —2)ab) + na(l +2b—a) + (¢ — 2)b(1 + b)
+gb(1—na— (q— 2)1))} H 2 2(VH). (A.55)

The coefficient of (VH)? simplifies as

n(a —na® — (¢ — 2)ab) + na(l +2b —a) + (¢ — 2)b(1 + b) + ¢b(1 — na — (g — 2)b)
=2na —n(n + 1)a* — 2n(q — 2)ab+2(q — 1)b — (¢ — 1)(qg — 2)b*. (A.56)

Therefore
R=H*R—2[na+ (¢— 10 H*'V*H
+ [2na + 2(q — )b — n(n + 1)a® — 2n(q — 2)ab — (¢ — 1)(q — 2)b*| H-2"2(VH)2
(A.57)
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Restoring n = p + 1, this becomes
R=H?*R—-2[(p+1a+(q¢—1)b] H*'VH
+ 120+ Da+2(q—1)b— (p+1)(p +2)d®

—2(p+1)(g—2)ab— (¢ —1)(qg — 2)V* | H*"*(VH)*. (A.58)
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