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ABSTRACT: We study classical lump solutions in a warped throat where brane inflation
takes place. Some of the solitonic or lump solutions that we study here are the (p, ¢) cosmic
strings and their junctions, cosmic necklaces and semi-local strings and generic semi-local
defects. We show how various wrapping modes of D3-branes may be used to study all
these defects in one interpolating set-up. Our construction allows us to study (p, ¢)-string
junctions in curved backgrounds and in the presence of non-trivial RR fluxes. We extend
the junction construction to allow for the possibility of cosmic necklaces, and show how
these new lump solutions form a consistent picture in the inflationary brane models. We
also give a generic construction of semi-local defects in these backgrounds, and argue that
our construction encompasses all possible constructions of semi-local defects with any global
symmetries. The cosmological implications of these configurations are briefly studied.
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1. Introduction

Recently there has been a renewal of interest in cosmic strings [[l. This is due to the real-
ization that cosmic strings can be formed [f, [] in brane inflation scenarios [—[]. Similarly
in some brane inflation models semi-local strings [ff] are also produced [§—[L(]. Detecting
a cosmic or semi-local string could potentially open a unique window of opportunity into
string theory. One may obtain important information about the parameters of the theory
by looking at the details of the spectrum of these strings.

At the end of brane inflation, both fundamental strings, i.e. F-Strings, and D1-branes,
i.e. D-strings, are formed. From F- and D-strings, one can construct the (p, ¢)-string which
is a bound state of p F-strings and ¢ D-strings. When different types of cosmic superstrings
intersect they cannot intercommute; instead they form junctions. This can have important
consequences for the evolution of cosmic superstring networks [[]-[J]. In more realistic
models of brane inflation in warped compactification, such as in [[4], the spectrum of
(p, q)-strings can be non-trivial [, [L6].

Sometimes in the presence of enough global symmetries in brane inflation models that
involve both D3- and D7- branes, [[7-[19], semi-local defects or semi-local strings can
be formed instead of the stable cosmic strings. These strings satisfy the current CMB

constraints and appear to resolve all the issues that a copious generation of cosmic strings



might produce. It is also known that formation of semi-local strings does not pose any
cosmological problems R(]. In fact the formation rate of semi-local strings at weak gauge
coupling is generically almost one third that of cosmic strings (and one quarter in two
dimensions) 0.

In this paper we provide microscopic descriptions of different solitonic configurations
in some warped backgrounds where brane inflation is supported. It turns out that all these
solitons can be studied from various wrapping modes of D3-branes. For example, when
a D3-brane with appropriate worldvolume electric and magnetic fluxes wraps a two-cycle
in the Klebanov-Strassler (KS) type geometry [RI], this appears as a (p, ¢)-string in our
spacetime. A combination of three such D3-branes can be used succinctly to construct a
three-string junction in the throat region of the KS geometry. In section 2 we dwell on
this issue, and show how the construction of three-string junctions of (p, ¢)-strings in the
KS geometry can be made consistent with the modified tension formula in the throat. In
addition to that, the understanding of string junctions is crucial to the evolution of cosmic
superstring networks. In section 3 we present the microscopic interpretation of strings
ending on charged particles, like dyons or monopoles. These dyons or monopoles can be
understood from our D3-branes wrapping the full three-cycle in the throat. These wrapped
D3-branes lie at the intersection points of the three-string junctions and are called cosmic
necklaces. In this section we also give some cosmological consequences of these necklaces.

The next interesting construction is when the D3-branes wrap zero-cycles in the throat.
In the presence of extra seven branes, the worldvolume theory on the D3-branes can support
semi-local defects. The construction of these defects is subtle, and in section 4 we point out
various conditions that need to be met so that semi-local defects can form. We also show
that formation of these defects requires us to know the global behavior of the background, at
least from the end of the throat to the top. A full construction involves not only knowledge
of the global geometry, but also the presence of earlier ingredients like the junctions and
cosmic strings. We present the first generic construction of these defects for an arbitrary
choice of global symmetries.

Finally in section 5 we discuss cosmological consequences of these solitonic solutions

and we conclude in section 6.

2. Three-string junctions in the throat

The first of the three cases we will study involves the D3-branes wrapping two-cycles in
the throat. These D3 branes do not slip out of the three-cycle because of the stabilising
RR background fluxes that, via the underlying Myers effect [R2], are responsible for the
existence of stable defects in our spacetime [, [[d]. A more detailed construction to show
how wrapped D-branes do not shrink to a zero-cycle when wrapped on non-topological
cycles is given in [R4].

2.1 Set-up

In brane-antibrane inflation both F- and D-strings are produced at the end of inflation [,
B, B3, R4]. These F- and D-strings can create (p,q)-strings, which are bound states of



p F-strings and g D-strings. We are interested in (p, ¢)-string junctions in the Klebanov-
Strassler background where brane inflation takes place, as in [[[4]. The three-string junction
in a flat background was studied in [27-RJ].

The metric of the deformed conifold is studied in [BJ]. At the tip of the deformed
conifold the space ends smoothly at a round three-sphere with radius ~ €!/3. The metric
at the tip is given by

ds? ~ h? nydatds” + gs Mo (dy? + sin® ¢ d3), (2.1)
where h is the warp factor at the bottom of the throat
h = 62/32_1/6a81/4(gsMo/)_l/Q, (2.2)

and ag ~ 0.72 is a numerical constant in the KS solution' and g, is the perturbative
string coupling. Here 1 is the usual polar coordinate in an S®, ranging from 0 to 7, and
M represents the number of Ramond-Ramond fluxes Fj turned on inside this S2. The
two-form associated with the flux Fj is given by

Crp) = Mo/ <¢ - w> sin @ df d¢ . (2.3)

In the KS solution the axion Cy = 0 and at the bottom of the throat By, = 0. On the gauge
theory side M corresponds to the SU(M) gauge theory living at the tip of the conifold.

In [[5 (see also [B1]) the (p,q)-string was interpreted as a wrapped D3-brane with p
units of electric flux and ¢ units of magnetic flux. In this picture the D3-brane is wrapped
around an S? inside the S at the bottom of the throat. The S? is parametrized by the
angle 1. As illustration, consider a D3-brane extended along the X% and X! directions,
and wrapped around the 6 and ¢ directions at the bottom of the KS throat. Effectively,
this looks like a 1-dimensional object extended along X° and X! directions.

The action of the D3-brane is

S = / diz £ = / d*x (—uggglx/ —[gab + AFup| + p3ACa) /\F). (2.4)

Here ps is the D3-brane charge, A = 2w/, and F is the worldvolume gauge field. To
accommodate the (p, ¢)-string in this picture, one requires Fyy = 4 sin 6 and 4w0L/5Fp =
.

After integrating over the 6 and ¢ directions, this leads to

S = /dt dl‘l <—A\/h4 — )\QFOZI + QF01> R (25)

where 2 and A are defined by [, [if] :

Q= \us /52 Co) = M <¢ — %sin 21/)) (2.6)

™

! Actually in the KS solution there is another numerical constant, b ~ 0.93, and gsM — g;Mb in the
metric. For simplicity we set b = 1.



and

A = gyt / \/ 900956 + NFy,
S2

o M2 q?
= )\ 1\/? SID47)Z)+E. (27)

Effectively the action (R.5) represents a (p, q) cosmic string extended along the X° and X!
directions. The D-string charge is encoded in A, while the electric charge p is represented
by the U(1) gauge field A on the D-string worldvolume. The Hamiltonian or tension of the

R ¢ M2, M sin2¢\ ) 2
S

The stable configuration is given by

cosmic string is

- £ 2.9
v="0 (2.9
with the Hamiltonian
R: [¢2  M?%2 ., mp

Interestingly, the F-strings are charged in Zj; and are non-BPS. When p = M, the tension
of the F-strings vanishes. From the dual gauge theory side the F-strings correspond to
flux tubes connecting quarks and anti-quarks in SU(M) gauge theory at the bottom of
the throat. When p = M, the quarks and anti-quarks form baryons and anti-baryons
respectively and the flux tubes disappear.

In the limit M — oo, the bottom of the throat approximates a flat background and
the above expression reduces to the known formula for the (p, ¢)-string spectrum in a flat

1 [q?
T=—4=+p> 2.11
sz (2.11)

2.2 Construction of the junction in the throat

background:

Having laid down the background and the construction of a (p,q)-string in the throat,
we are ready to formulate the three-string junction. As mentioned before, each (p,q)-
string is a wrapped D3-brane with appropriate units of electric and magnetic fluxes. After
integrating out the angular parts of the D3-brane action, each string effectively looks like
a one-dimensional object as in eq. (R.5).

We assume that the three strings are coplanar in the (X', X?)-plane and that they
are semi-infinite and meet at a point. They form a Y-shaped junction as shown in figure
1. We are interested only in static junctions, so we do not consider any time-dependent



(-sin(m p2/M), gs) (sin(z p2/M), qz)
(p35 q3) (P2> q2)

(pla ql)

Figure 1: A schematic picture of the three-string junction. The figure on the left shows the junction
of (p,q)-strings as observed effectively. The figure in the middle shows a different interpretation
of the junction where each string is a wrapped D3-brane with appropriate electric and magnetic
fluxes. The figure on the right corresponds to our three-string junction in the KS throat where one
string should be in the form of a (0, g)-string as required by eq. (:29).

quantities in the action. It is assumed that the point where the string junction is formed
is a stationary point. We derive the conditions under which this can be satisfied. Each
string’s worldsheet is equipped with a (7,0) coordinate system. We may choose 7 = X©,
where X0 is the space-time time coordinate, and —oco < o < oco. The strings’ spatial
orientations in the (X', X2) plane are labelled by X7, where ¢ = 1,2,3 and s = 1,2. It
should be understood that ¢ labels the string itself while s labels the spatial coordinates
of each string in this two-dimensional target plane. It is assumed that the strings do not
perturb the flat background metric and fields.

We start with the action of the D3-brane given in eq. (2.4). After integrating out
the angular parts, it gives us an action similar to eq. (R.5) for a (p, q)-string. We use the
coordinate o to parameterize the spatial extension of each (p,q)-string. This coresponds
to Kt — h4X{2 in eq. (R.§), where " indicates differentiation with respect to o. Following
the formalism of [IJ], the action of the system of three (p, ¢)-strings to form a Y-shaped
junction is

S = Z/dT do (—Ai\/h‘le —NFC 4+ F30> 0(—0o)

+/dT [fi-(Xi — X) + gi(A; — A)]. (2.12)

The 6 function implies that the strings are extended for —oo < o < 0, meet at ¢ = 0 and
vanish at X = X for ¢ > 0. The last two terms in the above action contain Lagrange
multipliers f; and g; which enforce the constraints that the strings meet at X = X, with
equal gauge field potential A; = A. In this notation Fj ;, = 0;4; s — 0y A;~. We choose the
gauge where A;, = 0 and to simplify the notation we set the convention A;, = A;. The

definitions of €; and A; are given by Eqs (.6), (B.7) and (R.9), replacing ¢ by ¢; and v by
(3



A schematic view of the junction is given in figure 1. One important issue is how to
cover the boundary, here S?, when the three wrapped D3-branes meet. A procedure to cover
the boundaries was used in [B7] to glue two D5-branes which share a common boundary. In
order to take care of the boundary properly, we assume that the D3-branes wrap the same
S2. In other words the |1;|, if non-zero, are identical. This choice corresponds to a limited
class of three-string junctions. In general one may consider the case when the wrapped D3-
branes do not wrap the same S2. This can represent strings ending on point-like charges,
see figure 2. We postpone this case for the next section.

The equation of motion for the fields X7 is

AN X!

\RAXPE = 22417

which yields the following boundary condition at ¢ = 0:

IA XY
oo A (2.14)

JHAXZ —za?

Similarly the equation of motion for the A; is

B, 0(—0) | = —f2 (), (2.13)

A2A A

\RAXE - 2AL

with the boundary condition

0o 0(—o) — Qi0(—0) | = gid(o), (2.15)

AAIN2

gi = —
\JAXIE — A2A?

Variation with respect to the Lagrange multipliers f; and g; imposes the conditions X; = X

+ Q. (2.16)

and A; = A at ¢ = 0. Variation with respect to X and A respectively implies that
Y =Y g=0. (2.17)
i i

The electric charge p; on the worldvolume of each (p,q)-string is defined by p; =
0L /0F; ;o which gives

AGAIN2

bi =gi= — > 5
\/h4X{ —)\QA;

Combined with eq. (R.I7), this yields the electric charge conservation Y, p; = 0 at the
junction.

+Q;. (2.18)

Similar charge conservation also holds for the ¢g;. To see that suppose we turn on a
hypothetical background C',) field along the (7, o) directions. This induces a Chern-Simons
term for each string and we obtain the following extra contribution to the action

Scs = ai / dr do 9, X C2) ,50(—0). (2.19)



In the above formula, by a coordinate transformation, the component of C(y) along the X*
direction of the target plane is written. In ten dimensions, which one may consider as the
bulk, the theory is invariant under the gauge transformation Co) ;o — C(2) 7o + 05 A, where
A is a scalar. For a string with no boundary, i.e. closed strings or infinite strings, the string
action is invariant under this gauge transformation. However, in our model the strings
terminate at o = 0, so this is the boundary of the strings. Upon this gauge transformation
on C(y), the string actions get a surface term

0Scs = Z qi / drdo0, X7 0\ = 22 qi/dTA(O' =0). (2.20)

To keep the action invariant under this gauge transformation we therefore require that
>, ¢ = 0, which is the D-string charge conservation as desired.
The Hamiltonian of the system is

H = Zpiﬂra - L

DI (221)

where f; is given in eq. (R.14).

The energy of the system is given by E = [ do’H whereas the tension of each string T}
is defined such that E = ), [ dX*T;,. Using the above expression for the Hamiltonian,
one obtains

4 A . X
Ty = fi = it (2.22)

X xea

Furthermore, from eq. (.17) we conclude that

Y Ti=0. (2.23)

Geometrically, this means that the vector sum of the string tensions vanishes. This indeed
is the necessary condition for the string junction point to be stationary [g].

From Eq (B.1§) the gauge field is given by

;WP = )X
M= (2.24)

Define each string’s direction by the unit vector n; = % Using the above equation for

the gauge field in eq. (R.29) for the tension of strings we obtain

T;’ )\ g—g—l—?sm

2 2 M?2 .
_ g .9 (ﬂpz> i (2.25)

which is in agreement with eq. (R.10).



The above results have the following interesting geometrical interpretation. Consider
the coordinate system where p and ¢ represent the horizontal and the vertical axes re-
spectively as in figure 1. Then each string’s direction in this coordinate system is given

by
. 1 (M . mp;
n; = T <? sin % , qi> . (2.26)
Defining 3; as the angle between the i-th string and the ¢-axis, one obtains
M . smp;
tan 3; = P sin < ]\ZZ) . (2.27)

In the limit where M — oo, this reproduces the known result for the flat background [27].
For the junction point to be stationary one obtains from Eqs (2.23), (2:25) and (£.29)
that

(2

> sin(mpi/M) =0 Zqizo. (2.28)

The second equation is automatically satisfied due to D-string charge conservation. Com-
bining the first equation with the electric charge conservation ), p; = 0 implies that

1:[ sin (?\Zﬂ = 0. (2.29)

This means that one of the strings should be in the form of a D-string, i.e. a (0, g)-string,

while the remaining two strings are in the form of (p, ¢)-strings with opposite p charges. In
other words, the system contains (0, q1), (p2,q2) and (—ps,q3) strings. This configuration
corresponds to the right hand side figure in figure 1.

Of course, the above constraints are expected. As mentioned in the second paragraph
after Eq (2.12), in order to cover the boundaries properly the |1);| are made equal, if non-
zero. This means that the two D3-branes which represent the (p2, ¢2) and (—pa, ¢3)-strings
wrap the same S? inside S3, but with opposite orientations. The D3-brane corresponding
to the (0, qp)-string, on the other hand, shrinks to a point on this S?, which we label by
i = 0.

As mentioned, the above construction corresponds to a limited class of three-string
junctions. It would be an interesting exercise to consider the general (p, ¢)-string junction
with the boundary issue properly addressed. In some situations this may mean that the
D3-branes end up on a spherical D3-brane. We study this case briefly in the next section.

3. Cosmic necklaces

In this section we present a microscopical realization of a system of (p, q)-strings which
end on point charges, i.e. dyons [BJ]. The cosmological implications of this system were
recently studied in [B4] and this configuration is dubbed “cosmic necklaces” [Bg]. The total
charge of the system is conserved: ) . p; = P and ), ¢; = Q where P and @ represent the
electric and magnetic charges of the dyon or “bead”.
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Figure 2: Here a microscopic realization of cosmic necklaces is presented. The figure on the left
hand side represents the junction of three strings on a bead or dyon. The figure on the right hand
side shows how a dyon is constructed from a wrapped D3-brane. The D3-brane is an S® with three
holes. Each hole represents an S? that the D3-branes corresponding to the (p, q)-strings can wrap.
The total charge of the system is conserved and all boundaries on S are covered properly.

To realize this picture microscopically, as in the previous section, we interpret the long
(p, q) cosmic strings as wrapped D3-branes with p and ¢ units of electric and magnetic flux
respectively. These D3-branes wrap the S? inside the S® and have one leg along z#. The
bead, on the other hand, is a D3-brane with P and @) units of electric and magnetic flux
which wraps the entire S® at the bottom of the throat. For a four-dimensional observer,
this wrapped D3-brane looks like a point-like charged object, as desired. A schematic view
of this idea for a three-string junction is presented in figure 2. In this interpretation the
53 has three holes in its surface with each hole representing a S2. A (p, q)-string can wrap
around this S?, so all boundaries are covered properly. From a four-dimensional point of
view it is nothing but a three-string junction on a dyon. It will be an interesting exercise to
work out the details of this construction such as the tension formula and the conditions for
static configuration, as performed in the previous section. Similarly, one can also construct
the configuration where two (p, ¢)-strings end on a bead or a bead and an anti-bead are
trapped in a closed (p, ¢)-string loop.

The important quantity in the cosmological evolution of a web of cosmic necklaces as
compared to a web of (p, q)-strings is the quantity r [B, B4] defined by

M,

r = w, (31)

where M, is the mass of the bead, u is he tension of the cosmic string and d is the typical
interbead distance along the string. If » < 1 during the network evolution, then one
may safely neglect the effect of beads and the web of cosmic necklaces effectively follows
the evolution of the web of (p,q) cosmic strings. On the other hand, if » > 1, then the
web is mostly dominated by beads and cosmologically it is a disaster. Effectively this
represents a web of massive monopoles attached by light strings. It is well-known that



massive monopoles will overclose the universe quickly [Bf]. In our construction of cosmic
necklaces, we notice that the mass of the bead is given by the tension of D3-brane wrapped
around S° :

My, = 87 h(gsMda')3/? Ty

==& hhm, (3.2)

In this expression, h stands for the warp factor at the bottom of the throat. This just
indicates that the physical mass is redshifted inside the warped throat. In the second line

1—1/2

myg represents the scale of string theory where mg ~ « . Using the above formula for

the mass of the bead, we obtain
T~ (hms d)il, (3.3)

where the relation p ~ h?m? for the cosmic string tension (from eq. (2:2§)) has been used.
The quantity hmg represents the physical mass scale of the throat where the junction is
formed. It is the same throat where brane inflation takes place.

We can get useful information on the magnitude of r at the early stage of network
evolution. In brane-antibrane inflation, it is shown that point-like defects, like monopoles,
are not copiously produced [Jf]. This means that the interbead distance d is typically bigger
than the Hubble radius at the end of inflation. Suppose T} and H,~! are the temperature
of the Universe and the Hubble radius at the end of reheating, respectively. We have
H, ~ T?/Mp, where M, is the Planck mass. Having d > H ' as argued above, implies

that
r< (h?r;s) (Aj;;) (3.4)

In the above equation, the first bracket is less than unity since the reheating temperature

is smaller than the scale of inflation hm,. The second bracket is also much smaller than
unity for 7, not bigger than the GUT scale. One can readily see that r is many orders
of magnitude smaller than unity at early stages of the network evolution. This is a direct
consequence of the facts that (a) in this model the monopoles are not copiously produced
and (b) we have only one mass scale: hmg. In conventional models when both monopoles
and cosmic strings could be present, the mass of the monopoles and the tension of the
cosmic strings have different origins. This is due to different symmetry breaking which
happens at different energy scales in the early Universe. This results in different mass
scales for monopoles and cosmic strings and in those models r can be bigger than or close
to unity.

Although the initial value of r is very small it may increase in later stages of cosmic
evolution. This problem was studied in [B4]. It was argued that if the average loop size in
the scaling regime is larger than 103Gy t, where ¢ is the cosmic time and G is the Newton

constant, then networks of cosmic strings with beads are cosmologically safe.

,10,



4. Semi-local defects in the throat

In the third and the final case, the D3-branes wrap zero-cycles in the throat, i.e they are
points in the throat and stretch along the z%123 directions. Here they are useful because
we can construct semi-local defects using these branes. semi-local defects, as discussed in
earlier papers, are non-topological defects that are nevertheless stable for a long period of
time and their existence depends more on the presence of global symmetries than that of
local ones.? These defects were first constructed by Achucarro and Vachaspati [[f] and have
important applications in the fields of cosmology, QFT and string theory.

Our approach to studying semi-local defects in the throat will be to first determine the
possible change in the background once branes are incorporated.? The branes in question
are the seven branes as well as the D3-branes. We will be able to divide the internal space
into two distinct regions: A and B. In Region B we have seven branes and in Region A
we will have the D3-branes. These are the D3-branes that form the third scenario of our
set-up, namely, they do not wrap any cycles inside the throat geometry. Semi-local defects
appear on the D3-branes. In fact it is interesting to note that to study semi-local defects
with higher global symmetries [ we would necessarily have to incorporate the three-
string junctions that we studied earlier in the paper. These details will be discussed later
in this section. Our first job is to determine the metric for the present case. We expect
the metric to take the following form

d82 == FO d53123 —|— F(]_lds,%\/l) (41)

where dsfw is the internal six-dimensional metric and Fy is a harmonic form that will
be specified later. Here we will first elaborate the local scenarios in both the regions A
and B, and then try to argue for the existence of these defects using various background
constraints.

Readers who are interested in the final result can skip section 4.1 and go directly to
section 4.2 where the main constructions and their consequences are presented.

4.1 The local metrics in two regions

The local story is however not as simple as that encountered earlier in [B7] as it is compli-
cated by the presence of a three-cycle at the end of the throat. This three-cycle is similar
to the three-cycle present at the end of the throat in Klebanov-Strassler type models or the
geometric transition models. As will be clear soon, our background is a close approximation
to both these models, but differs from them because of the presence of extra fluxes and
branes. We will also consider the backreactions on the geometry once the effects of branes

2This also means that a sudden emergence of global symmetries may render an unstable defect stable
for some time. For details on this see [@]

3Recall that in the previous sections we have ignored the backreactions of the branes on the geometry.
This is because we wanted to construct (p, ¢)-strings and their junctions in our 3+1-dimensional spacetime,
so the backreaction effects on the internal geometry would have little effect and thus could be ignored. For
semi-local strings/defects we need (p, ¢)-strings and junctions inside the internal space and therefore their
masses and tensions will typically depend on the backreactions. Thus we cannot ignore them now.

— 11 —



—» RegionB

—— > Region A

Figure 3: A schematic view of a semi-local defect is shown in the throat. At the bottom of the
throat, which we called region A in the text, we have D3-branes that are connected by a network
of (p,q)-strings to the seven branes, located at the top of the throat. We call this region B in
the text. These seven branes are connected by 3-string junctions as well as the (p, ¢)-strings. The
complete network of branes, junctions and strings is responsible for creating semi-local defects on
the D3-branes.

and fluxes have been taken into account. The resulting metric will be particularly involved
as we need to carefully interpolate the metric from one region of interest to another. Since
the procedure is elaborate, we will go in small steps. The first step is clear: we can argue
that far away from the three-cycle the local geometry can be given by

dst, .1 = Ardr® + As(dz + fide + fody)? + (Asdz® + A4df?) +
+(Asdy? + Agdh3). (4.2)

This is almost like a conifold geometry except that the coefficients are not constant and

(r,2,9,2,012) are local coordinates with dz being the local U(1) fibration.* In fact with

constant coefficients we will not be able to satisfy the equations of motion. The definitions

of these coefficients are exactly the same as in eq. (2.28) and eq. (2.29) of [B7], namely:
Q; Bi o

A =1+ }_i(ro)r + fz‘(?“o)r , (4.3)

with the subscript ¢ running from i = 1,2,3,5 . For i = 4,6 we need to replace eq. ([.d)
by A; — ﬁ(iei) where ©46 = 612. As discussed in [B7 the function g(©;) is another
perturbative series in ©; whose details will not concern us here. The geometry also has
two tori given by

dz1 = dx + idb, dzg = dy + 1d0s. (4.4)

The reason the local geometry has non-trivial coefficients is not just because of equations
of motion, but because with non-trivial coefficients (a) we will be able to accomodate extra

4Choosing the local coordinates is easy. We can go to a patch where the geometry looks like a conifold.
The non-compact global metric of this is specified by coordinates (7, ¢1,2, 9, 01,2) with 7 the radial coordinate
and the others angular (see the first reference of [E] for details). We specify a point Py = (ro, czb?’Q, Yo, 0(1),2),
and the local coordinates (r,x,y, z,01,2) measure the deviations from Py.
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terms in the metric without violating equations of motion, and (b) it will be easier to add
three and seven branes. So the first question is what are the allowed extra terms that we
could add to eq. (£.9) if we wanted to specify the metric close to the three-cycle?

The most generic terms that we could add to our local metric so as to describe the
local geometry near the three-cycle are the following;:

ds? = aydfdfs + asdrdy + azdrdd; +
+aysdzdfs + asdydfy + agdydbs, (4.5)

with a; coefficients that could in general be functions of all the coordinates. The above
terms are very generic but we can simplify this a little bit. It is easy to see that the
following terms of the above metric

azdxdb + acdydbs (4.6)

can be easily absorbed in dslzoca1 by changing the complex structure of the two tori eq. ([£4).
This will leave only four coefficients in eq. (). It is also interesting to note that the
combined metric

dsg\/i = d‘91200al + dS% (47)

can be simplified further if we allow the following relations between some of the unknown
coefficients:

a=—az, as=as, fi=f1(61), fo= fa(62). (4.8)

The above condition can be motivated from various earlier scenarios. The original
Klebanov-Strassler model [T has a similar structure at the far IR of the geometry, but
differs from our case by the absence of three and seven branes. The geometry that is closest
to our set-up is the one that was studied in [Bg] (for short reviews see BY]). We will soon
provide a more rigorous way to analyse these coefficients (which was not attempted before).
But before that observe that imposing the relation eq. (l.§) on the metric eq. (I.7) gives a
result which simplifies quite a bit under a rotation of (dz,df;) by a constant angle « to:

dsi® . g(df1dhy — dxdy), (4.9)

when a; is made proportional to cos o and a4 is made proportional to sin . (The coeffi-
cient g will be made more precise later.) Such an identification will allow us to write the
background equations in a simple form, as we will see below.?

5This is a little subtle. The transformation that we are doing here on ds? eq. (E) using eq. (@) is:

dx cos @  sin « dx
<d91 > _) <—sin a  Ccos Oc) <d91 > (4.10)

which doesn’t quite keep the dz U(1) fibration invariant. This is not a priori a problem for our case because
although we will use this simplification to get the metric, we will always work with the full three-cycle metric

eq. (Q)
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To analyse the background equations of motion, we will use the same technique that
was developed in [B7]. The method involves an order-by-order expansion in terms of co-
efficients used to write the metric eq. (JL2). We would urge the reader to go through the
analysis in [B7] as we will not elaborate on the techniques again here. Instead only final
results will be presented.

The first few relations are easy to derive as they follow exactly the same procedure
studied in [B7]. The simplest relations between the coefficients are:

_____ =0,

B_ BB s (4.11)

Fi Fs Fs  F3Fs

These are somewhat similar to the equations that were derived for a resolved conifold

background in a geometric transition setting. This might seem a little puzzling as both the
geometry and the topology of our present background is very different from the resolved
conifold studied in [B7] and [Bg]. The reason we still have the same relations is that these
relations are derived from analysing the non-compact radial geometry of our system. Since
the radial behavior of our geometry cannot be too different from the radial behavior studied
earlier, the relations eq. (4.11)) remain unaltered.

The next question therefore is to ask whether the U(1) dz-fibration would change or
not. Here we can take a cue from the Klebanov-Strassler solution 1] and the geometrical
transition set-up of [B§]. The U(1) fibrations in both set-ups remain the same. This
consideration therefore gives us the following relations between the other coefficients:

Qg Q4 Op
BER
Bo [ Ba [ Bs _ af | of | s

BR R B R AR

=0,
(4.12)

which differ from eq. ({.11]) not only in relative signs but also in the presence of extra
terms. These relative signs are crucial because they tell us that the global structure of
the manifold will not have a trivial U(1). Furthermore for the simplest scenario with local
square tori, there are further approximate simplifications:

a3 X Q4 A6
F3  Fs Fi  Fe
B3 Bs Bs  Ps
-~ = — X~ = 4.13
7 E 7SR (4.13)

which are approximate because in the geometric transition set-up the base tori do not
seem to have the same complex structures, although on the other hand in the Klebanov-
Strassler case the equality is exact. Our scenario lies halfway between these two pictures,
and therefore we do not expect exact equality in eq. ({.19).

4.1.1 Gluing in a three-cycle in region A

Up to now our considerations have followed somewhat closely the ideas developed in [B7].
These were related to the local metric ds _, in eq. (.3). Now we should consider the
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additional corrections in ds?. These corrections could succinctly be written as
ds? = G(df1d0y — dzdy) + H(dxdbz + dydb) (4.14)

where the relative signs have already been explained. Observe that G is proportional to g
in eq. (.9). The coefficients G and H have the following perturbative expansions:

a7 ﬂ? 2
Gg=1+ r+ r,
Fr(ro) Fr(ro)
Ho=1+—2 s .2 (4.15)

fg(?“o)r + .7:8(7“0)

where g, as mentioned before, is a point in the manifold around which the local geometry
is determined. In fact when rg is close to the three-cycle, then the local metric is precisely
eq. (7). Far away from the three-cycle in the throat, the local metric is eq. (f.J) as we
discussed before. In addition to that, the local consideration also assumes that we can
ignore O(r3) terms in eq. ([17).

The next question would be to ask how the three-cycle eq. (JL.14) is glued to the local
metric eq. (.9). This is not too difficult to work out: the background equations will now
tell us that the coefficients appearing in eq. (l.15) above are not independent and can be
connected to the other coefficients studied earlier. The relations are somewhat similar to

eq. (:13) but differ in coefficients and relative signs:

s -1 _ B _ %
Fr F Fs
B B By asas o3 n a3
Fr Fs  Fs  2F3Fs  AFE  AFE

(4.16)

where s1 is a constant tunable factor that will be determined below. The other coefficients
also have similar relations in terms of our earlier coefficients:

Bs B B asas  of n ag
Fs Fa Fo 2FFs AF;  AFY

(4.17)
but now with a different constant sy compared to eq. (f.16). Now using the approxi-
mate equalities between the earlier coefficients eq. ([13) we can easily argue the following
equalities (again approximate)

asg 51 a7

~ Bs 51 B
Fs sz Fr

d ~
o Fs  s2 Fr

(4.18)
where we note that only the ratio z—; shows up. This ratio is in fact a constant and not
tunable, and one can identify this with the angular transformation a in eq. ([.9). Calling
this ratio i—f = tan «, we can show that

2 sec aag 2 cosec o

2 ok 2 2’
Vvog —F3 Vog —F3

51 = (4.19)
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where again we can use eq. ([E13) to simplify the above relations. Comparing now

egs. (.16), (B.17) and (E.19) we see that the local metric eq. (f.9) is the limit of eq. ([.7)

when
§1 — 00,  Sg — 00, (4.20)

which takes us away from the three-cycle at the bottom of the throat. In this limit however
our perturbative expansions of the coefficients break down and therefore we cannot impose
them on our geometry. It also means that the three-cycle is located at the far IR of the
geometry (i.e deep down the throat of our geometry).

Solving the above set of relations is simple once we specify the metric of one torus,
say dz;. In other words once A3 and A4 are both specified, all other A; can be easily
determined. The issue however is whether there could be a further simplification by making
the dz; torus a square torus. In general, as it turns out, this is not always possible. In our
case it depends on whether the angle « is a good symmetry or not when extra D3-branes
are introduced in the geometry. As mentioned in eq. (1), putting in D3-branes alters
the background metric by an overall warp factor Fy. Secondly, in this region the effects of
seven branes are negligible and therefore the geometry is close to the Klebanov-Strassler
case. Therefore all these considerations suggest

Az ~ Ay (4.21)

and we have square tori.5 With this consideration, the only unknown in our relations would

be Az or ?‘_.—z and 5_.—?;, whose values can be determined directly from the harmonic relations.”

For our case let us assume that

ag B3

A3 =1+ +
3 fg(?“o)r fg(?“o)

r? =1+ agr + bor?, (4.22)

with ag, by constants. Once we know these coefficients, all other A; can be easily determined
by solving the set of equations given above. They are given by:

Ay = 14 2agr + (a3 + 20g)r?, Az =1 — 2aor + (3a3 — 2bo)r?,
As =~ _,46%,44%_,43:14—@07“4—()07“2,

2 2+ ab 2+ 4b

0 % + 2% 07“2, A8:1+—0T+7a0+ 0,2,

A7 =1+ —r+
2 259

2a
S1 2s1 s

(4.23)

Using these therefore the metric in region A can be completely specified once we know the

other two coefficients s; and so. For our case they are given by

S9 = 2 cosec QL, (4.24)

s1 =2 sec « ,
2 2
ag—1 ag—1

with o being the angle by which we made a transformation in eq. (f.9).

Recall that this is not the case for the geometric transition set-up [@]
"A special case was worked out completely in [@]
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4.1.2 The metric in region B

Although using the limit eq. (JE20) doesn’t seem to give us the metric at large r, we
can nevertheless determine the precise local geometry using a different technique. This
technique was used before in [4{] to determine the D5-D7 bound-state metric in a conifold
(or resolved conifold) background.

However before we go into determining the metric far away from the three-cycle, let us
analyse the situation first. We divided our background into two regions of interest. Region
A is close to the three-cycle with the local metric being given by eq. (.7). Region B is far
away from the three cycle and is in the limit eq. ([.20) where we will put our seven branes.
The D3-branes — parallel to the seven branes and stretched along 2%%%3 — will be kept
in region A such that they are far away from the seven branes. The seven branes wrap a
four-cycle along the directions (z,y, 62,671) and therefore can be separated along the radial
direction r and angular direction z (which is related to ¢; in our local coordinates). The
precise metric is given by

Vh

ds} 1
dsty = U2 Ny [d03 + Ry 'dy?] + Vh[dr® + dz? ] + %d@% +

hk

+\£C; Leos?oq(dz + frda + fady)?, (4.25)

which is almost of the form eq. (.9) as one would have expected except that in place of
dz? we have a modified coordinate dz? that captures the geometry.® This coordinate is
related to x in the following way:

VEcos?oy sin20q
= +ry— )
v K1 2sinoy

which also means that the harmonic function dependence for the seven brane is not the

T = dx_

(4.26)

naively expected result. Rather what we have for h in eq. ({1.25) is

h = \/1 - %y/e*‘f’o + x3e?olog(r? + 22), (4.27)
7T

where g, ¢g are the asymptotic values of the axion-dilaton appearing due to the seven

branes and n is the number of coincident seven branes in our set-up.” As one would
expect, this will give rise to SU(n) global symmetry on the D3 branes at the end of the
throat. The constant angles oy o are related to the background fluxes as well as the U(1)
fibration in the geometry eq. ({.25). All other variables appearing in the above equations
are defined in [i0] to which the reader can refer for more details.

With these considerations, we are ready to study semi-local defects on the D3-branes.
Putting D3-branes in region A is easy: we already gave the relevant form of the local metric

8In fact the f; values in the U(1) fibration would be slightly different. They are given by fi =
\/Eﬁfl tan o1 sec o2, and f2 = —Kflngl tan o2. Only for small o; are both the f; proportional to
tan o;.

9There are also other non-trivial fields switched on for this case in addition to the axion-dilaton. However
we expect to see negligible effects of these fields at the tip of the throat where D3 branes are located.
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there as eq. ([L.1)) with ds3, defined in eq. (l.7). The metric in region B with seven branes
is eq. ({.25) above. The regions are far apart so as to satisfy the criteria laid down in [[L0];
namely, the gauge symmetries on the seven branes appear as global symmetries on the
D3-branes.

4.2 Construction of defects

Now that we have laid down the metrics in the two regions, it is time to construct semi-
local defects. In fact construction of semi-local defects relies on three constraints that we
illustrate below. These constraints need to be met otherwise no semi-local defects can
form.

e The first constraint can be derived directly from the metric information in region
B. The full global behavior is unrequired. The constraint is that we need the following

KR1 COSO92
— — 4.28
/24 V FeQ@— b (4.28)

to be maximised. In fact ideally if Z — oo then the defect formation here would match

integral:

with the original construction of [, [i]. This is because the gauge fields from the seven
branes couple to the three branes with a coupling constant proportional to Z—'. Thus
for small Z any semi-local defect would quickly dissociate away. We see that it is not so
difficult to adjust the parameters appearing in eq. ([£2§) to maintain a very large value.
The metric of the four-cycle ¥4 over which we will be performing the integral is given by

/b g 0 0
0 0 0
Vh
9(24) = 0 0 Vh R1 cos? oo f2\/ﬁ~l?51 cos? a2 ) (429)
h Q- hQ_
0 0 f2vh Fi1 cos® a2 0
hQ_

where the diagonal elements of this metric correspond to gg,4,,96,6,,9-- and gy, respec-

tively. The element Q appearing above is

1 . f22 Vhizicos?oy

o 4,
Q= gyy oVl ho_ ) (4.30)

where fo takes the value specific for region B (recall that in region A f; o are different).
Modulo this subtlety all other definitions remain the same as discussed above.

e The second constraint can also be derived from the metric information that we laid
down in the previous section, except that now we need the full global behavior. The
metric in question is the one orthogonal to the four-cycle ¥4 discussed above, and
therefore is the line element associated with (r, ) locally. This line element in region
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B is

% _ (1 n /fcos40~1COS202f12> dz? sir@# . idwi +
7 ho_ 4tan“oy  hQ_
+f12~\//<;—/?;1 ‘ 0082010(?52‘728in201 dx_dx + dr®, (4.31)
hQ_ sinoy

where z1 are not independent or orthogonal coordinates. Rather they are some
linear decomposition of = described above in eq. ({26). A (p, g)-string stretched in
this region will have a mass proportional to

mB:/ Tp,quB7 (4.32)
B

where T}, , is the (p, g)-string tension (the relevance of the (p, ¢)-string will become
clear soon). Observe that this is a string stretched in the internal space as opposed to
the (p, q)-string stretched along the spacetime directions that were studied in earlier
sections.

The relevant metric in region A, on the other hand, can be derived using the order-
by-order expansion that we did above. As before, the line element is along (r, x), and
is given as

ds* = Aydr? + Jda?, (4.33)
where A; is the same variable appearing in eq. (.9) and whose value was determined

in eq. (.23). Furthermore, this time z is not split into z4. The other variable J has
the following expansion in powers of 7:

ag Bo o
Foa T Fo” (4.34)

which differs from our earlier perturbative expansions by the appearance of Jy as the

J=Jo+

first term. The background equations will tell us that the coefficients appearing in
this equation are not independent, and can be related to earlier coefficients in the

following way:

[0 « [0 [0

Fo F3 Fi  Fe

Bo B3 Ba  Ps . uog\ Lo

—_ = = — 4+ — 4.35
7y f3+<f4+f6+f4f6>f1’ (4.35)

which means, using earlier relations, we can uniquely determine J to the relevant
order. The coefficient Jy is slightly bigger than 1, and is given by

Jo =1+ ff, (4.36)

with fi defined in region A (which from eq. (2.29) of [B7] is a power expansion in 6y,
the local angular coordinate appearing in eq. (f£3)),!° and the relevant line element in

107t is interesting to note that in some cases, studied for example in [@], the power series in 61 would
converge to give us cot 61. This would imply that Jo = cosec? 01 with 61 > 0.
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region A can now be easily determined because we can solve the set of equations (i4.39)
in terms of ag and by to give us:
d3124 = [1 + 2aqr + (ag + 260)7”2] dr? +

1+2f32 { 2 <1+2f12> }2] )
1+ 1+ L ar + af + bg pr°| dx*(4.37
L+ 1) 1+ f2 0 145270 1+ f? 0 (4.37)

Therefore the mass of a string stretched in this regime will be given by a relation
similar to eq. ({.39) with dsp replaced by Cﬁ?—g‘ where Fy defined in eq. (1) is the
harmonic form associated with coincident D3-branes.

The question now is to find the mass of the string stretched between regions A and
B. For that we need the interpolating metric between eq. (L.2) and eq. (f.27) i.e.
from the regime where at the boundary of region A the size of the three-cycle is
almost zero, to the boundary of region B where dx_ ~ dz. Clearly the interpolating
metric is now the metric of a warped conifold! This is also exactly the regime where
in [[4] the analysis of uplifting was done. The mass of the string stretched between
the three and seven branes is therefore

m=ma+mp-+mag, (4.38)

with map computed using the line element for (dr,dz) using a warped conifold.!!
Our constraint therefore is that m computed using the metric should be minimised.

e Our third constraint is that there should exist an F-theory [q] lift of the background.
This is not too difficult to show. We know of the following three cases:

(a) For the warped conifold case, the F-theory lift has been shown to exist in [[f7].

(b) For the warped deformed conifold case, the F-theory lift has been shown to exist
in [i§] by compactifying the manifold.

(c) For the warped resolved conifold case, the F-theory lift has been shown to exist
in the third reference of [BY|. In fact a conifold transition can be shown to
reproduce the F-theory lift of the deformed case also.

We see that for our case then F-theory description can be easily constructed. Once
an F-theory description is given — satisfying the other two constraints — it is easy
to construct semi-local defects because an F-theory picture can be used to construct
global symmetries in the set-up (a schematic view of the whole set-up is given in
figure 3) without violating the type IIB equations of motion. Assuming the global
group is G, the semi-local defects can be constructed using the following procedures
that were laid down in [[LJ]:

"This should be compared to the similar situation encountered in the D3/D7 system [@, E, where
the mass of the string stretched between three and seven branes could be computed by extending the result
of [@] to the warped case.
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e Given any global group with the corresponding algebra G, first find the mazimal
regular subalgebra H. Having a maximal subalgebra would mean that we could
ignore the u(1) groups.

e The subalgebra should be expressible in terms of a product of two smaller subalgebras,

namely H = Hq1 X Ho.

e One of the H; should form the local gauge symmetry on the D3 brane(s). For example
let us assume H; to be the allowed local algebra (or the local group) on the D3-

brane(s).

e The local group'? H; should have the required homotopy classification 7, (H$) = Z,
where H{ is the coset for the group H;.

Then semi-local defects can form on the D3-brane(s) worldvolume with a global sym-
metry G, provided the energetics also allow for this. The generic breaking pattern of the

groups in this case will be:
Gg x (Hi)i 2, (Hz2)g % (Hi)g, (4.39)

where the subscript g and [ refer to global and local symmetries respectively. The corre-
sponding coset manifold M, for which every point p corresponds to a semi-local defect
that cannot be deformed into another one with finite energy, is given by

g

MG:H1XH2.

(4.40)
In fact the above is the most generic construction of semi-local defects and can be shown to
accommodate all the known semi-local defects constructed so far! It is also not too difficult
to show that the M form quaternionic Kahler manifolds whose classifications have been
done in the mathematics literature by Wolf and Alekseevskii [[i]].

5. Cosmological implications

Unlike monopoles and domain walls, cosmic strings are cosmologically safe. Although
cosmic strings cannot be the dominant source for the CMB anisotropies, they can contribute
as a subdominant source up to a few percent [f(]. This will put an upper bound on Gpu,
the dimensionless number corresponding to cosmic string tension. An even stronger bound
may come from recent studies on pulsar timing [pI], which can give the upper bound
Gp < 1.5 x 1078, This is within the bound obtained in warped brane-antibrane inflation
models [BJ].

However, in these studies it is assumed that the cosmic strings are like gauge field
strings with intercommutation probability P equal to unity. The evolution of cosmic string
networks depends sensitively on the intercommutation probability. When two gauge field

12We use the same notation for the group and its algebra. The distinction between them doesn’t affect
the analysis below.
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cosmic strings intersect, they exchange partners and the intercommutation probability is
unity, i.e. P = 1. Reducing P would increase the number density of cosmic strings at the
final scaling regime. This also results in a stronger gravitational wave signal which may be
detected in upcoming gravity wave experiments such as LIGO and LISA []].

For cosmic superstrings of different types, the situation is quite different. When strings
of different types intersect, usually they cannot change partners to intercommute. Instead,
a three-string junction of (p, ¢)-strings, as studied in section 2, is formed. Furthermore, for
the case when intercommutation takes place, its probability may be significantly less than
unity [, f4]. In [[LI] the intercommutation probabilities for F-F, D-D and F-D collisions
in flat background were calculated. It was shown that for F-strings, the reconnection
probability is of order g2. For typical values of g, this would lead to 1072 < P < 1.
For D-D collisions, depending on the model, one finds that 107! < P < 1, while for F-D
collisions P may vary from 0 to 1.

When three-string junctions are present, the evolution of a cosmic string network
is complicated |25, [[J]. It is possible that the network evolves into a three-dimensional
structure and freezes, for example see [R§] and references therein. In this case it dominates
the energy density of the Universe. This may put strong constraints on string formation
in brane inflation. Whether or not the cosmic superstring network with junctions reaches
the scaling may depend on g, and the details of compactification. For example, consider
the limiting case when g; < 1. In this case D-strings are much heavier than F-strings by
a factor of g;!. One may effectively ignore the F-string contribution to the network. If
the D-strings share more or less the same intercommutation probability as ordinary gauge
strings, then the network reaches the scaling regime. Subsequently, the F-strings evolve
separately later on.

In [[[J] the kinematical constraint on string intercommutation for a network with string
junctions was studied. It was shown that two different types of string may not necessarily
reconnect into a third string. Depending on their relative velocity, their ratio of tensions
and the angle of collision, they may pass through each other or even form a locked system
as an X configuration.

The evolution of (p, g)-cosmic superstrings with the specific tension formula Eq (R.1()
was recently studied in [B4]. Due to the non-linearity in the tension formula for F-strings,
non-coprime p and ¢ strings can combine to form a (p,q) bound state. This is different
from the flat background case with the tension formula Eq (R.11)). It was argued that the
system reaches a scaling regime. Also in [B4] the network of (p, ¢)-strings ending on point-
like charged objects was studied. It was argued that if the average loop size is larger than
103Gyt in the scaling regime, then the network of (p, ¢)-strings with beads is cosmologically
safe.

Another interesting feature of cosmic strings with junctions is their novel implications
for lensing. A straight cosmic string produces two identical images of cosmological objects
like galaxies. The lensing from strings at a junction, however, is more nontrivial [p3]. For
example, for a Y-shaped string, three identical images of a single object can form. For
strings in a network of junctions such as in [2g], the lensing is even richer. This may include
multiple identical images along with images where only parts of the object are present. It
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is not very probable to locate strings at a junction in the sky, but if such lensing were
observed it could provide a spectacular window to the (p, ¢)-string network.

Semi-local strings on the other hand, have interesting cosmological consequences as
discussed in [Rd, B, [[d]. These strings formed at the end of inflation are generically
short with monopoles stuck at the two ends. Thus two oppositely oriented strings'® can
either combine to form a big string, or merge and shrink to zero size. Only when these
strings combine to form one long (or infinite) string, can they have large-scale density
perturbations. However the probability that small semi-local strings would combine to
form one infinite string is very low, and therefore will have very little effect on density
perturbations. This in turn means that a copious production of cosmic strings, when
converted to semi-local strings by enhancing the global symmetry (i.e by increasing the
number of seven branes), will become cosmologically safe.

In [f7] the evolution of a network of semi-local strings at the stable regime in flat
space-time is numerically studied. It is argued that observational signatures of semi-local
strings in CMB may resemble those of global texture or monopoles.

6. Discussion

In this paper we studied various solitonic or lump solutions in the throat region of warped
six dimensional manifolds. The lump solutions that we studied in this paper are (p, ¢)-string
junctions, cosmic necklaces, semi-local strings and generic semi-local defects. All these are
classical solutions and appear in our four dimensional universe as defects. We also showed
how (p, q)-strings and their junctions in the internal space (i.e the warped manifold) are
important to study semi-local strings and defects. These solutions, which appear towards
the end of inflation, have important applications in cosmology and therefore a detailed
study of these solutions may give us insight into the cosmological evolution of our universe
and string theory itself.

As an interesting exercise, one can study the BPS properties of the (p, ¢)-string junc-
tions in KS throat. Motivated by [R7, Y, b]], we expected that the three-string junction
studied in section 2 to be supersymmetric. We expect the condition that the junction is
supersymmetric will reproduce the constraints obtained in section 2 for a stationary junc-
tion. The semi-local strings on the other hand are supposedly BPS by construction, and
has been rigorously demonstrated in a warped background of the form K3 x T2/Z, [1L0].
But for a warped throat of the form that we studied in section 4, this still needs to be
shown.

In addition to studying classical lumps, we need to discuss their quantum descendents.
The various quantum descendents would be related to small fluctuations of these solutions.
An attempt to study zero mode fluctuations of three-string junctions in a flat background
was done early on in [5d]. For our case this will be subtle: the small fluctuations of
these lumps would have to couple to the small fluctuations of the background warped
geometry. This would then bring out the important question of the existence of normal

13Changing orientation means we are changing the monopoles to anti-monopoles.
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modes in the system, much like the ones that we study when quantising kink or Sine-
Gordon solitions. Other questions like, how do these quantum descendents influence large
scale density perturbations or do these quantum effects have any signature on the post
inflationary evolution of our universe, should now be addressed.

Finally, apart from cosmological applications, semi-local strings and defects have other
applications in the areas of gauge theories, mathematics etc. For example these strings
could be used to classify quaternionic Kahler manifolds and serve as a potential candidate to
form a link between these exotic manifolds and non-abelian gauge theories with exceptional
global symmetries. These and other details are beyond the scope of this paper and will be
addressed elsewhere.
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