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Abstract

The present work studies the gravitational radiation of a non abelian vortex with a non compact
internal moduli describing its excitations. This situation may be realised by semi-local supersym-
metric vortices [I]-[§], although supersymmetry is not necessary for this to happen. In the situation
considered along this work, the internal space has infinite volume, and a largely energetic pertur-
bation propagates along the object, even though the vortex line may not be moving. A specific
configuration is presented, in which the internal space is the resolved conifold with its Ricci flat
metric. The curious feature about it is that it corresponds to a static vortex, that is, the perturba-
tion is only due to the internal modes. Even being static, the emission of gravitational radiation is
in the present case of considerable order. This suggest that the presence of slowly moving objects
that can emit a large amount of gravitational radiation is a hint of non abelianity.

1. Introduction

Gauge theories giving rise to non abelian vortices are of interest and not necessarily unrealistic. Such
topological objects, even though not being present in the Standard Model at low temperature and
low density phases, are likely to appear at its completions or in other of its phases with very high
temperature or high densities. An example is the hypothetical colour-flavor locked phase of QCD
[9]-[10], which may be realized at the core of a neutron star. At such high densities, the colour
superconductivity effect may play an important role in the dynamics. For QCD and other analogous
models, the resulting non abelian vortices posses internal moduli being described by a compact space.
An extensive pedagogical introduction about this subject can be found in [II] or [12], and we refer
the reader to these references for details.

The gravitational and other channel radiations for non abelian vortices with compact moduli space
were studied in [13]. The findings of that work show that the resulting radiation is similar to the one
for abelian objects, but with a corrected loop factor. This factor depends on the shape of the vortex,
and deviation from their expected values may be a hint of non abelianity. It should be emphasized
that, although the QCD vortices described above are an interesting example of topological objects with
internal excitations, they posses an scale two low for generating a noticeable spectrum of gravitational
waves. The results of [I3] assume the presence of such type of vortices, but the symmetry breaking
scale is assumed to be much larger than the one corresponding to the colour flavour locked phase. An
example could be the GUT or even the Planck scale.

The aim of the present work is to study gravitational radiation of vortices whose internal excitations
parameterize a non compact space. As it will be argued along the text, this non compact property may
enhance the deviation from the abelian radiation. Such vortices may lead to a noticeable gravitational
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spectrum. As in [13], it will be assumed that these objects may appear in a completion of the Standard
Model, at early universe stages, although the explicit form of this model will be not specified. The
present work instead assumes that objects of such type may be present at early universe stages, which
seems for the present authors a reasonable hypothesis, and it is aimed to analyze their gravitational
spectrum.

Recall that, very loosely speaking, in a non abelian theory, there is a vacuum configuration invariant
under the action of given group G, which represents the unbroken symmetry group [11]-[12]. A typical
vortex solution tends to different vacuums in different directions at the asymptotic region. However,
the fields ®; of the theory take non vacuum values near the core of the object. This core may
be assumed as an small radius infinite cylinder aligned along the z axis, by simplicity. Typically,
the action by elements of G usually maps one vortex solution into another. In general, it is just a
subgroup H of G which is enough for parameterizing the different vortex solutions. Under a small
perturbation, the vortex may move or vibrate, and this define the translational modes. On the other
hand, along a perturbed vortex, the field configuration varies with the z position in time, and different
field configurations are related by each other by an action h(z,t) of elements of H. Therefore, a
perturbation of the vortex is described by elements of H which depends on the vortex position and
the time. These are the internal excitation modes and in favorable situations, H is described in terms
of a manifold.

For abelian vortices, it is well known that when the perturbation lengths are considerably smaller
that the typical vortex size, the Manton approximation takes place [35]. The only possible perturba-
tions are translational ones, described by the Nambu-Goto action in four dimensions [I5]-[16], see also
[17]-[19]. Classically, this is equivalent to a Polyakov action. The possible emission channels of these
objects were considered for instance in [20]-[21]. If the underlying gauge theory is non abelian instead,
the excitations are customarily described by a Polyakov action whose metric has larger dimensions,
due to the presence of excitations living on subgroup H, the internal modes [11].

The non abelian string to be considered below has a moduli space given by a product of the
Minkwoski space, representing the translational modes, with a resolved conifold with its Ricci flat
metric. The last part represents the internal modes. This non compact moduli space appears for
instance in the N = 2 supersymmetric context, for semi local strings [I]-[8], see also, [22]-[34]. In
those models, several extra flavors are added to a theory for which the moduli space is compact.
This addition result in the emergence of size moduli, rendering the internal space non compact. The
supersymmetry arguments fix the metric to be Ricci flat after taking into account non perturbative
effects.

The choice of the Ricci flat conifold metric as the internal manifold, which is employed in the
present work, is not particularly motivated by supersymmetry however. The reason for this choice is
more practical, and is that the authors were able to find an explicit string solution in which the object
is static but nonetheless the internal modes are evolving non trivially in time. This leads to a non
vanishing energy momentum tensor resulting in the emission of gravitational radiation. Therefore,
although the object looks static, there appears a considerable gravitational wave emission, which may
sound paradoxical. Such a pattern is pointing out that the vortex in consideration is non abelian. The
goal of the present work is to exemplify this affirmation with an explicit and detailed calculation, and
the conifold metric is suited for these purposes.

The vortex excitations will be described by the Manton approximation [35], that is, it will be
assumed that the wave lengths of the excitations are smaller than the typical size of the object, as it
will be specified along the text.

The effective action for the motion for the translational and internal modes will be taken as [12]

S = Ts/ \/—nn“bgwaaa:“(?bx”dE, (1.1)
by

where T} is the string tension. This tension will not play a role in the derivation of the equations of



motion. However it will be relevant when studying the gravitational waves the vortex emit when part
of those modes are excited. The metric g,,, is the direct sum of the Minkowski four dimensional metric
with the conifold Ricci flat metric. The internal metric is multiplied by an internal tension 7; which
is not necessary equal to the translational one Ts. However, as the internal space is non compact,
by a simple scaling of the internal fields, the action can be cast as in . The vortex excitations
depend on one spatial direction describing the vortex position and one time direction describing the
evolution. This determines a two dimensional surface X, that is, the world sheet metric, over which
the last action integral is to be performed. The conformal gauge 74, = (—1, 1) will be employed below,
which leads to the standard Virasoro conformal constraints.

The next sections are devoted to find configurations describing purely internal excitations and to
characterize their gravitational radiation spectrum. The section 2 gives a light review about semi local
vortices while section 3 is devoted to the integration of a particular solution. Section 4 presents the
calculation of the radiated gravitational power the object generates. Section 5 contains a discussion
of the main results and their physical significance.

2. Semi local vortices as Polyakov strings in large dimensions

Before presenting particular results, it may be convenient to give a brief description about semi local
vortices and their possible perturbations. Probably the most simple type of semilocal strings arise
from the following action

1

I S Fu F*™]d', (2.2)
g

5= [V0v5 + L6, -0 +
where i = 1,2 denote the complex scalar fields ¢’ flavors, and there is only one gauge field A, involved,
which is assumed to be abelian. In the previous formula, the covariant derivative

1
vy¢i = ud)i + §Ap¢ia

has been introduced. If the parameter v > 0 then the resulting photon is massive, with mass m.,, ~ gv.
The minimum energy or vacuum condition is given by

¢z¢z = .

This equation alone reduces the number of independent vacuum field from four to three. Still, there
is a gauge transformation at hand which renders one of the fields, say ¢2, real. This results in the
algebraic condition for the vacuum manifold

$101 + ($2)° = v, (2.3)

which obviously defines the two sphere S?, parametrizing the different vacuum orientations.

If in addition, the field ¢? is turned off, that is, ¢? = 0, then the resulting model is the abelian one
studied by Abrikosov-Nielsen-Olesen (ANO) in the context of superconductivity [56]. The S? vacuum
sphere now reduces to a circle. The model with the field ¢? turned off admits abelian vortex lines,
the so called ANO vortices. If these vortices are aligned along the z axis, their profile is given by in
terms of the transverse cylindrical coordinates r and 6 by

2€mnTn,

b1 =S, A= = Z(L (1)), 24)

where the indices m,n = x,y denotes the spatial cartesian directions transverse to the vortex. At
large transverse coordinates r — oo the corresponding fields tend to their vacuum values. Therefore



the radial functions g(r) — 0 and f(r) — v, the first condition indicates that the gauge field is a pure
gauge configuration. The scalar field winds the infinite region due to the factor €. Near the origin
r — 0 the fields vanish, therefore g(r) — 1 and f(r) — 0. The precise form of the radial functions
described above is given by the standard Bogomolnyi equations, but it is not know explicitly.

Consider now small perturbation of the ANO vortex described above. A generic perturbation
affects the position where the fields composing the vortex vanish. Obviously, if the vortex is unper-
turbed, this region is simply given by « = y = 0, with z and ¢ arbitrary. This is a two dimensional
surface in the Minkowski four dimensional space time. For a perturbed vortex instead, the generaliza-
tion of this region is given by X*(7,c), which describes a moving line or string in three dimensional
spatial directions or a two dimensional hypersurface in four dimensions. For the unperturbed vortex,
it is clear that the identification z = ¢ and t = 7 takes place. If the vortex is perturbed instead, this
line is deformed and varies with z and t.

The equation of motions of the object can be schematically be derived as follows. First, the tangent
space T}, at a given space time point p on the vortex may be parameterized by a vielbein e, = (¢;,p;),
with two components ¢; tangent to the surface X#(7,0), and two remaining p; orthogonal to it. Any
point close to the vortex may be then expressed as

xll = XN(T7 U) + Ujp?(ﬂ U)'

This defines a new coordinate system (7,0,m1,72). If the curvature radius of the perturbation is
small enough, the perturbed vortex fields composing the vortex may be obtained by the replacement
o(x,y) = d(n1,m2) and AF(z,y) — Aj(m,ng)p;‘(ﬂcr). After introducing this new profiles into the
action and by integrating along the transversal coordinates 7’, the resulting action becomes the
Nambu-Goto one [55]

Sy = TS/E V- x) - (X)2(x)2s. (2.5)

The jacobian arises from the change of coordinates from (z,y, z,t) to (7,0,m1,7m2), and the tension
T; arise due to the field integrations, and it is an indicator of how large are the fields composing the
vortex and their derivatives along the three dimensional space where the vortex is placed. The last
action is equivalent, at classical level, to the Polyakov one

S, = TS/ \/—nnabgw@aX“(?bX”dE, (2.6)
by

with g, denoting the standard Minkowski metric. The equations of motion corresponding to this
action describe the possible perturbation profiles X*(7,0) of the object. These excitations are refer-
eed as the translational modes of the object. The range of validity of these equations is limited to
perturbations which do not curve the object considerably.

The fact that the perturbation of the ANO abelian vortices are the translational ones is well known.
On the other hand, as stated above, the ANO vortices are not the unique type of solutions that
admits. A generalization of the above solution includes the scalar field ¢o turned on. The solution
has the form but now includes the new real valued field [30]

p2 = h(r).

The full solution tends to the vacuum if h(r) — 0 at the asymptotic region r — co. At the origin
however, this field does not vanish, a feature that distinguishes these vortices from the ANO ones.
The standard Bogomolnyi equation throws the following result

b2 = L), (2.7)

where p is a complex parameter. This parameter is not constrained, and by reasons that will be clear
below, it is known as a size parameter. Its presence leads to a long range power fall off at infinite,



as the remaining profile functions g(r), f(r) defining the vortex decay as asymptotically. This

T
721402
type of objects are known as semi local vortices, see [30] and [57]. v

Consider now a perturbed vortex when the parameter p is turned on, as in . On general
grounds, it is expected that this parameter, which is constant for an unperturbed vortex, is prompted
to a function p(7,0) for a perturbed one. In other words, the long range parameter varies along the
vortex. The action has to be enlarged in order to include this perturbation. In addition, the
vortex solution is not the only possible one, as it is evident that the interchange ¢1 <> ¢2 leads to
another valid vortex configuration. Instead on discussing the particular topological objects it is
perhaps convenient at this point to focus on a more general class of vortices, not necessarily abelian,
which are derived from a generalization of the action , in which the gauge field A, and the scalar
fields ¢; with @ = 1,..., N belong to representations of certain non abelian group G. The potential of
the theory V(¢;) leads to vacuum conditions generalizing the ones in , generically written as

Q(¢i) =0, (2.8)

with Q(¢;) a function derived from V' (¢;). The solution of this equation describe the different vacuum
of the model. However, there may be a subgroup H of G which leaves the vacuum solutions ¢;,
unchanged. In general, these theories may admit vortex solutions generalizing , and may contain
several size parameters p;. The action of the group H that leaves the vacuum invariant however, does
not leave the vortex solution invariant, and maps different non equivalent vortex configurations while
leaving their asymptotic behavior unchanged. In general, the group mapping different configurations
may be smaller than H. In any case, when the vortex is excited, it is expected that, as an observer
moves along the object, he sees translational modes X#(7, o), together with size modes p(7, o) varying
along the object. In addition, the vortex internal orientation changes as the observer moves, and these
orientations are parameterized by elements h(7, o) of aforementioned subgroup of H. This last group
may be compact, and in this case the corresponding excitations are known as orientational modes. By
assuming that these perturbations p(7, o) and h(7, o) are small, and by following a procedure analogous
to the ones leading to it is found that the full spectrum of small excitations is described by the
Polyakov action

S, =T / V=11 g, 0. X "0 XV X, (2.9)
>

where the metric g,,,, is the direct sum of the Minkowski one and an internal part g;,¢, generically non
compact, and depending both on the size modes p; and the angular variables describing the elements
h of H which maps different orientational directions of the vortex. In all these considerations, the
perturbations are assumed to be small. For instance, the difference |p(7,0) — po| << po and so on.
This is the generalization of the Manton approximation for the internal modes.

In conclusion, the dynamics of non abelian vortex is in several contexts described by a Polyakov
string action in dimensions larger than four, the extra dimensions describing the internal vortex
excitations. The next task is to present examples of this situation.

3. Solutions of the equations of motion

As stated in the introduction, one of the tasks of the present work is to give examples of solutions
of the action in which no translational modes are excited. In other words, only the internal
modes, size and orientational, are excited on the object. This will be exemplified with the resolved
conifold metric, although the reader is encouraged to consider other non compact geometries. There
are several references devoted to the conifold geometry and, in the following, the coordinates defined
in [36] will be employed. The local distance element is given as the direct sum of the Minkowski flat
space and the resolved conifold metric, the local form is given by [30]

_ 1 1 1
dsiy = —dt* +-da®+dy* +d="+r7 (p)dp® + S r(p)p ey + ¢ p*(cg, +¢5,) + 5 (0" +6ag) (e, +e3,), (3.10)



where the following radial function
_ p? + 9a?
© p?+6a2’

(p) (3.11)

and the 6-bein

2
ey = dip + Zcos Oidg;, ep, = db;, ey, =sinbide;, i=1,2,
i=1

were introduced. The particular solution of the equation of motion that will be found here corresponds
to 01 =0, 0o = /2, ¢1 = cte, po = ¢ and x = y = 0. In this way, one is left with only one of the
SU(2) parts of the conifold [36] and the object will be static, standing straight along the z axis. The
reduced metric becomes

1 1
ds? = —dt* +dz* + k1 (p)dp* + §I€(p)p2d1/J2 + 6(/)2 + 6a2)d¢*. (3.12)
In the terms given above, the effective lagrangian describing the motion of the vortex that follows
from the Polyakov action (2.9) in the conformal gauge 7,, = (—1,1) is given by

L=—F—1)+ (2 =) +7(0)(p* — p*) + alp)(¢* — ¢"%) + B(p) (¥ — "), (3.13)

where the following functions of p

a= (P46, B=grlo? A=) (3.14)

have been introduced by simplicity. In principle, there is an internal tension 7; which may differ with
respect to the T tension for the translational modes. Nevertheless, this can be adsorbed by a scaling
P> = TSTflp2 and az — TsTflaz, and the action will be as above, up to a constant factor 1.

The resulting equations of motion derived from this lagrangian are

ap(pd —p'¢) + a(d —¢") =0,
Bo(pth — p'¢) + B¢ — ") = 0
V(0% = %) +27(p = p") = p(¢” — ¢) + B,(4° — ¢'?),
where the subscript p here means partial derivative of this coordinate.

For the purpose of getting a static vortex in My with only excitations living at the conifold moduli,
the following ansatz [37]

t=r1 z =0, p=py), ¢ =wiT+ f(y), Y = wot + g(y), (3.15)

will be employed, where the variable y = b7 + ao has been introduced. This means that the functions
p(y), f(y) and g(y) represent a wave propagating along the object, with speed v = g.

After substitution of the last ansatz into the equations of motion for ¢ and 1), the result is a total
derivative with respect to y, whose integration leads to

abwy + 0 —a®)f,] = A,  Blbwe + (b? —a?)g,] = B, (3.16)

where A and B are the integration constants. Furthermore, by substituting the ansatz in the equation
for r and by taking the equations above into account, it is arrived to a single variable differential
equation for p(y)

0?p

W—fmwﬁ+m$m=%w<

DAL PRI BP R +9,) -G (317)



The last expression can be cast in the following form

(7 — )22 T2 D) = (L 4 1)~ 2]+ BACE + g, — %)) (3.18)

b
This is not the end of the story. The use of the conformal gauge n,, = (—1, 1) leads to the standard

Virasoro constraints
w? + 2bw; fy
CL2 + b2

w3 + 2bwagy

TTT + TO’O’ = - a2 T b2

+900 +alfy + | + Blg; + ] =0, (3.19)

2
a? + b2
Ty = fyab,oi + awr + bfy)afy + B(wa + bgy)agy = 0.

The difference between these two Virasoro constraints gives the relation

wa w3 + 2bwagy ]
b T T e

w1

7fy 4 w% + 2bw1fy
b

+al— TR ]

+ 8- =0, (3.20)

a4 b2

which can be expressed as well as follows

2+ “Lafbwr + (6 = a) ] + 2 Blbws + (B — a®)g,] = 0. (3.21)

By using the equation (3.16)) it is deduced from the last formula the following relation between the
constants involving the solution of the problem

wiA+ weB = 2. (3.22)

This has to be supplemented with one of the equations . The second of these equations can
be considered as a conservation energy equation for a particle in one dimension, whose equation of
motion in represent the Newton like equation with effective potential. To see this fact clearly,
it is convenient to introduce the potential

1 A2 p?
Veff(p) ( +fy>fy+ﬁ< +gy>gy m[;—i-?—l—ma—l—uzﬁ—)\], (3.23)
with the constants
A =2(b% + a?), i = a’w?. (3.24)
By employing the equations (3.16]), it follows that (3.18]) and (3.19)) can be written in the form
0 op aV,
o120 ) L 1/2( ) LPy = ey, 3.25
320500 G = = o) (3.25)
which may be integrated in order to obtain
Ip.o
’Y(P)(ay) + Vers(p) = 0. (3.26)

The first represents a Newton law equation in presence of a potential, while the second results in the
energy conservation corresponding to this equation, as stated above. The last represents the energy
conservation of a particle with variable mass 7(p). This may sound a bit odd, since it is likely that in
a variable mass system the energy may be non conserved. In any case, the last equation is a first order
integral of the previous one, and this is helpful for explicit integration. In addition, it is not difficult
to see that the variation of the mass with respect to the “time” y is not very pronounced, and this
may simplify the task of finding its solutions. It may be helpful to write explicitly the last equation
in the following form

P2 + 6a2 @32+ 1 6.A2 +932/ﬁ+9ﬁ
p* +9aZ ) \ dy (0 —a?)? [p* +6aZ  p* \p®+6aZ

7




2 6 2 2 2 6 2 by
_|_M1(p + ac)_i_:qu (P + ac>:| _ (327)

6 9 \p?+9a2 (b2 — a?)?’
The variable mass term interpolates between the values 7 ~ 1/3 and v ~ 1, the first value is valid
form small radius p and the last for larger ones. For p << v/6a. the equation results

1/0p\? = B
3<3y> + Vers(p) = 2E,

with a potential

~ 12
Vers(p) = 3 + K, (3.28)
with constants
1 A? 3 A% 3
L2 = 932, K = Z(Ml + H2 — @), E = 5)\ — 470/2 — 5&3,&1, (329)
C Cc

For the case p >> 3a. instead, the equation becomes

ap\? =
Ve =2F,
( ay> + Vers(p)
where the effective potential has again the form (3.28]) but with the new constants

1
[2=6424+9B2, K=HL H  p_ )\ (3.30)
6 9 2

. By writing the effective interaction in the form (3.28]), it is seen that it corresponds to the radial
part of a two dimensional harmonic oscillator. The parameter L represents the angular momentum
barrier, and K is basically the oscillator constant, which is assumed to be equal in both directions. In
other words, the oscillator is assumed to exert a central force on the particle with mass m ~ ~.

The solution of a two dimensional central oscillator in Classical Mechanics is trivial. The lagrangian
is simply

m, . . k
L= E(xZ +7°) — 5(952 +v7),
and it is clear that the equations of motion for  and y decouple. There are four integration constants
that can be fixed with the initial positions xg, y, and the velocities g, yg. The solution is elementary
in Classical Mechanics. By passing to polar coordinates after solving these equations, it follows that
the radial solution can be written as
2 _ 2 2 E P% ) .
2p° = pi cos” Qy + T o )sin Qu + 2popo sin 2Qy, (3.31)

po being the derivative of p with respect to y at y = 0. The energy is given in terms of the radial

initial conditions as )

l

mpg + — + kp§ = 2E, (3.32)
mpg

while [ is fixed by the initial angular velocity 6y and radius po- By analogy, it follows that the solutions

for small and large p described above in ([3.28)) is given by

E 2
20% = picos® Qy + <k - '020) sin? Qy + 2pgpo sin 2Qy, (3.33)
where now py and rhogy are not independent since they must satisfy

L2
V0g + =t Kpt =2E, (3.34)
0

8



and the parameters L, K and E are given in terms of the parameters of the model A, B and u; and

w; with i = 1,2 described in (3.29)-(i3.30)).

At this point it is convenient to recapitulate and write the full solution found along the text. First,
the formula (3.15)) shows that the solution is given by

t=r 2z =0, p=ply), ¢ =wiT+ f(y), Y = waT + g(y), (3.35)

where now it has been determined that the function p(y) is given by together with . The
constants F, L and K are given by or for small and large p excitations, respectively.
These constants are given in terms of the parameters A, B, and u; defined in and ,
together with the condition which follows from the Virasoro constraints (3.22) namely

A =2(b” + a?), i = a’w?, (3.36)
w1 A + weB = 2b. (337)
In addition, recall from (3.16)) that the constants A and B define the profile functions f(y) and g(y)
by the first order equations of motion
1 A 1 B
Recall that a(p) and B(p) are functions of the radial coordinate p, whose explicit form are given in
(3.14). Since for large and small radius the p solution may be written as
p(y)? = U?cos® Qu + VZsin? Qy + W sin 2Qy, (3.39)

with the values of U, V and W follows by comparing the last expression with (3.31)), it is seen that
the first of equations (3.38)) is given by

f 1 [ 6A h ]
_ — bwy |.
Y b2 —a? | U2cos? Qy 4 V2sin? Qy + W sin 2Qy + 6a2 !

The second one is given by
1 [9B [ p?+ 6a?
gy = 9 - bw? )
b2 —a? | p? \ p? + 9a2
and the replacement of (3.39)) leads to a more complicated form. They can be integrated however,
with the result

(0%

(b — a®) f(y) 64 arctan < 6a% + V-

~ 0V6a? + UV6a® + V2 V6a% + U2
9vB \%
(b —a®)g(y) = Q’[Y]V arctan (U tan (y)) — bws y,

where the initial condition f(0) = ¢g(0) = W = 0 was chosen for simplicity. By substituting this
solution into the ansatz (3.15)), the explicit form of the vortex solution

tan (y)> - le Y,

t=71, z=o0, y=br+ao
p = (U?cos® Qy + V?sin® Qy + W sin QQy)l/2
6A V6aZ + V32 buw
arctan(———=tany)) — 5——
Q(b% — a2)V6a? + U%V/6a? + V2 V6a? + U? b

_ CL2
9vB |4 bw
m arCtan(* tany 2

¢ =wiT +

W= wor + (3.40)

g ) - gr oy v
is obtained. These solutions are valid for p << v/6a. or p >> 3a,, but it will assumed that in the
regime v6a. < p < 3z the resulting solution, which is more complicated to be found analytically,
have moderate values interpolating between these two regimes.



4. Gravitationally radiated power from the object

Having successfully derived a solution for the motion , representing a non moving vortex with
only internal excitations, the subsequent endeavor involves the investigation of the gravitational radia-
tion emitted by the object. The rate of gravitational radiation emission at a frequency w,, is described
in the references [38], [39] by the formulas

dP, Guw? . 1
TS; = ﬂ"[Tw(wn,k)T“”(wn,k) — §|Ty”(wn,k)|2]. (4.41)
Here, % is the intensity of radiation at angular frequency w, = 27%” per unit of solid angle in the
direction of k¢, k'k; = w? and
1 /T . i
T (k,wy) = / dt e™nt dBx e Fw TRV (1) (4.42)
T -T R3

is the Fourier transform of the string energy-momentum tensor. As the preceding solution pertains to
a very large straight string, the temporal periodicity T is also a very large scale.

The solutions that have been found in the previous section corresponds to a non moving string with
only internal degrees of freedom excited. This internal motion however, gives rise to a non vanishing
energy momentum tensor, therefore generating gravitational radiation. The task is now to determine
whether this radiation is negligible or instead, if it takes values similar to a moving abelian vortex. If
the second case is realized, then this radiation excess may be a hint for detecting non abelian objects.

As is widely acknowledged, the energy-momentum tensor in the spatial coordinates T#"(x*), can
be obtained by varying the action of the string

2 6(/—gL
e (gny = ——2_OW9L), (4.43)
N
Here g,p is the space time metric, assumed to be the flat Minkowski one. In these terms, the action

describing the perturbations of the vortex [12] that correspond to Lagrangian (3.13]) in the conformal
gauge becomes

S = Ts/d2a —~ L= Ts/d2a V=7 Map 0, X0, X" (4.44)

Here, T represents the string tension, while v denotes the determinant of the metric on the worldsheet.
In this scenario, the induced metric 7, on the surface of the string is obtained as the pull-back of the
complete metric of the vortex

Yab = Gap 0a X0 X" (4.45)

The metric g,3 describes all the string excitations, its explicit form being provided by the expression
, where its indices naturally range from «, 8 = 0,...,9. Moreover, the fields X“ constitute the
field excitations of the vortex, encompassing its coordinates in spacetime. In the current context, they
correspond to those defined in equations , that is p, ¢, ¢, t and z.

The expression reveals that the complete metric governing the string excitations is composed
of two distinct components namely, the metric corresponding to translational modes, represented by
a flat Minkowski metric g,, = 7., and the one describing the internal modes, represented by the
Ricci-flat metric on the resolved conifold. Additionally, g = n = —1. It is crucial to emphasize that
even though g,,, and g,, are both given by the Minkowski 4-metric, they represent different quantities.
One describes the internal modes, while the other characterizes spacetime where the vortex lives. The
fact that they are both expressed in terms of the Minkowski metric is merely a coincidence, stemming
from the assumption that the vortex exists in a flat spacetime.
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Hence, considering the earlier definition of the energy-momentum tensor and recognizing that the
sole quantity dependent on the spacetime metric g, is 7, it is arrived to the ensuing formula

£ &
vV =7 Guv

Through the use of the Jacobi formula it is deduced that

™ (zM) =T, | d*c Stat — XH(o,7)). (4.46)

o o
T b Yab YYD, X R X" . (4.47)
5guu 5guu

By operating with the last three formulas it is straightforward to obtain the following expression for
the stress-energy tensor of the configuration

TH (1) = T, / A2 L(p) /=70, X 9, XY 4 (" — XP (0, 7). (4.48)

A remarkably simple expres)sion for L£(p) can be derived as follows. First, by taking into account

and (3.15), namely
L=~ =17+ (2 = 2%) +7(0) ()" = p°) + a(p)(* = &) + B(p)(4° — v), (4.49)

and
t=7  z=o0, p=py), Sd=wiT+[f(y), ©=wT+g(y), (4.50)

both considered in the previous section, it is obtained that
L==2+ " —a’)yp; + al(wi +bfy)* = a®f;] + Bl(w2 + bgy)* — a’g;).

Now, the second term may be worked out by taking into account the Newton like equation
together with the effective potential —. The remaining ones can be worked out with ,
which allows to express the derivatives f, and g, in terms of a(p) and S(p). After some algebra, it is
direct to find
AZ — a2a2w% B2 — BQQQw%

=) | B —a)
By replacing the explicit expression for Vs; given in —, it is seen the terms proportional
to A% and B? cancel and the final result becomes

L= -2 (B~ a)Vers(p) +

2a2

L(p) = —m[w%a(ﬂ) +wiB(p) — 2. (4.51)
On the other hand, the metric of the worldsheet is
Yap = diag(—1,1),  V=y=1 (4.52)

With the above derived formulas in hand, the next task is to study the vortex radiation. In a realistic
situation, a vortex is large but finite. In order to apply (4.41]) in a situation in which the vortex
dimensions are large but finite, it is instructive to consider a static loop solution
L L
T = — Cos O, y = —sinao. t=rT. (4.53)
2 27
This corresponds to a vortex entirely contained in the plane z = 0 with circular form, and characteristic
length L. In principle, the vortex tension will tend to contract the object, and the loop will not be
static after some time. However, if the vortex dimensions are large, it will not move for certain time
and the most important contribution will be due to the internal motion. Furthermore, if the loop

11



is extremely large it can be approximated by an straight configuration, such as the one described in
the previous section. By considering all these approximations, the corresponding energy momentum
tensor has the following non trivial components

T =T, / o L(p) (R2XPXY = kZXWX") 64t — XH(0,7)),
T = Ts/dZO' L(p) 6 (" = X*(0,7)),
%% — —Ts/dza cos? aL(p) 8*(z — X*(o, 7)),
TV = —T, /d2a sin® o L(p) 6*(a" — XH (0, 7)),

T — T, / Po sinocosa L(p) 64 (zh — XP(a,7)). (4.54)
By introducing the quantities

_ 2mn 4n

W= —7 =7 kx:wa, ky:wﬁv kZ:w77 O[2+,82+’)/2:1,
T L
together with the notation
2w 2r  Ar
Qa = — Wb=—=—
“=T T L’

and the scaled time 27% — 7, it follows that the last expressions become

Ttt(k',w) _ (1 T, 2) % /71' ir /27r da(I*egi(a—i-QT) + I€—2i(a+2'r) + J) e—i2nasinae—iZnBcosaeiQnT’

— Ve 0 0

T 2
T:r:v(k w) _ _L£ dr do C082 o (1*621(0+27)+1672i(0+27—)+J) efiQnasinaef'LQnﬁcos UeiZm—
’ (1—=v?) 72 Jy 0 ’
Tyy(k‘, w) _ (1 T, 2) £2 /ﬂ' 0 /271’ o SiIl2 o (I*eQi(UJrZT)+I672i(o‘+27)_’_t]) efiQnasin a'efiQn,B coso’eiQnT’

— v T 0 0

T (k . T £ ﬂ-d 27Td 1 in% (I* 2i(0+427) T —2i(o+27) J —i2nasino ,—i2nfcoso i2nT
(,w)—i(l_?ﬂ)7T2 ; TO o5 sin o(Ie +le +J)e e enT.

In the last formulas, the quantities I and J

S R BN e oy, L.
I= (6w1 + 9w2/~f)[4(U Vo) + QZW],

1 1 1

have been introduced. At this point it is useful to consider the integral in 7 by employing the formula

" . sin[(n + m)2m]
2i(n £ m)r}dr = ————— 4.56
/0 exp{2i(n + m)7}dr — , ( )
for the particular cases m = 0,2. With the help of the last expression, it is arrived to
Ttt(k w) _ L£ /27r do I* sin(27m) 62i0 I I sin(27rn) 6—21'0 + M e—iZna sin oe—iQnﬁ cos o
’ (1 —=v2) 72 Jo n+2 n—2 n )
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T (k,w) = — L L /27r do cos?® o [I* sin(2mn) e*7 + Isin(2mmn) e~ 2o
0

(1—v2) 72 n+ 2 n—2
+ JSiIl(Q?T?’L) e—i2na sin ae—i2n6 cos o
n 9
T, L [* I*sin(27n) o, = Isin(27n) _,,
TYY (L — _ S it do si 2 2ic —2ic
(k) (1—v?) w2 ), asma[ n+ 2 n—2
+ JSiIl(Q?Tn) e—iZna sin Ue—iQnﬁ coso
n )
T, L [* I*sin(2 o Isin(2 :
V() = 5y [ dosingo Lsin(@mn) sip , 15mT0) s
—v2) 72 Jy n+2 n—2
+ J Sin(Q'ﬂn) :| 6—i2na sin ae—iZnB coso
n

As n > 0, the first term in the square brackets always will be zero. To streamline the computation,
the freedom in adjusting the constants U, V', and W within the solution (3.33]) can be employed. One
may impose J = 0 with the imposition of the following constraint

Lo

1
U?4+V?=22— azw%](gw% + ngm)_l, (4.57)

this follows from (4.55)). By employing this choice it is found explicitly that

T L Isin(2 2 . . . .
T“(k,w) — (1 _502) ﬁ S;Il(_ 72771) /D do_e—Qw e—zZnozslnzfe—z2nﬂcosa7

T L Isin(2 2m , . . )
Tzz(k,w) = — (1 751}2) ﬁ S;Il( Zn) /0 do COS2 o 6*21067121104 smaefﬁnﬁcosg7
T, L Isin(2mn) [*™ . 5 _oi —ionasing —i2
T (k,w) = — a _sz) = /0 do sin? o e 210 g —i2nasing —i n/o’cosa7

. 2
chy(k w) _ TS £ISIH(27TTL) / " do= sin 20 €—2iae—i2no¢ sinae—iQn,Bcosa_
’ 1-v2)7m n-2 ) 2
While this specific choice of constants may seem somewhat restrictive, it proves adequate for illustrat-
ing an example of a static and highly radiating object, which is one of the objectives of the present

work. By further taking into account that

1 .. : 1 .. : 1 1 .. .
cos’ o = — (€27 4727 42), sin 0 = —— (€27 4727 —2), —sin20 = — (¥ —e7%7), (4.58)
4 4 2 43
it is seen that the integrals to be solved are of the following type
2m
T = / do_e—ircre—%nozsinUe—Qchoscr7 (4‘59)
0

where r might be 0,2,4. By setting « and S for their angular coordinates, which is to say that
a = cos¢sinf, § =sin¢sinb, it is arrived to

2
T = / do_efzraefmnsmesm(o’+¢). (460)
0
The definition of the Bessel functions

2
omJi(z) = (=1)F / doe'lko+asing) (4.61)
0
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leads to
. 2m+¢ , TR , ,
1= 62IT¢/ doe=2irog=2insinbsine _ on o 2ird(_1)2r 1, (—2nsinf) = 2w Jy, (20 sin 6).
¢

Whit the help of the last expression, the non trivial components of the energy tensor become

Ty, L Isin(2mn)
(1—v2)72 n-2

T"(k,w) = 2me?® ]y (2nsin 6),

Ts LI 2
T (k,w) = A=) s;n(_ ;rn) {Jo(Qn sin ) + €% Jg(2n sin 0) + 2€1? J;(2n sin 9)]
T, L Isin(2 ' . . , '
T (k,w) = T S;n(_ 72m) g [Jo(Qn sin 0) + €% Jg(2n sin 0) — 2€%? J,(2n sin 0)} ,

Ts L Isin(2mn) 7
(1—v)7r2 n—2 2i
The last expression was derived for generic n. However, as mentioned above, the case of interest is
n = 2. In this situation

T (k,w) = [Jo(Qn sin ) — €% Jg(2n sin 0)}

Ts ; :
T (k,wy) = i v2)4L Ie* ], (4sin ),
T
T (k,we) = ﬁLl [Jo(él sin ) 4 €% Jg(4 sin 0) 4 2.7 (4 sin 0)}
—v
T, A A
TY (k,wy) = mu [J0(4 sin 0) 4 % Jg (4 sin ) — 2¢* J, (4 sin 0)} ,
T Ts . 8i¢ .
T (k,wy) = = 2)2)LI Jo(4sin @) — e™*?Jg(4sinb) |. (4.62)
On the other hand, the power radiated
dpP GWQ * v 1 v 2
o = TRIT (o FYT (wn, ) — ST (2, D), (463)
may be easily expressed as
Zg’ GWQ HTtt’2 ’T:r:a:|2 + ’Tyy’2 + Q‘Txy‘Q o %| _ Ttt 4 Tz 4 Tyy,Z], (4.64)

or equivalently, as

ar Gw2 2 1
T
ar_ [ TP

1
|Txx‘2 ’Tyy’2 + 2‘Txy‘2 Re(T*tth:c + T*ryy _ T*:chyy)} . (465)

The intensity as a function of 6 of this power radiated is shown in the figure below. The equation

(4.62) leads in particular to
T2L2|1)?

‘Ttt’2 ﬁ 16J4 (481n9>
Tx|2 T52L2 2 2 2 2 .
|T%*)? = mm Jy + Jg +4J7 + 4JoJscos 4¢ + 2JyJg cos 8¢ + 4JsJg cos 4 ¢ (4sinb),
|T%)? = TeLAIP JE 4 J2 4+ 47 — 4JyJy cos 4¢ + 2.JyJg cos 8¢ — 4.J4.Jg cos 4¢ ¢ (4sin )
(1= 02)2 0 3 4 0J4 0J8 4J8 mo),
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Figure 1: Power radiated intensity. The vertical is the z axis
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77| = T2L2’I|2 {JO + J2 — 2JyJg cos 8¢}(4sin0),
ReT*T® — T2L2|I |2 {zjjf + JoJscos 4¢ + JyJg cos 8¢} (4sin ),
ReT*HTYY = TQLQ’I ’2 {2J2 — JoJycosde — JyJg cos 8¢} (4sinh),
ReT***TY = m{% + J§ — 43 + 2JoJs cos 8¢}(4 sin 6).

With these formulas at hand, by integrating (4.65) along the angles ¢ and 6 it is arrived to the
following power radiated

 32nGT2|I?

(1= 0?)2 /0 (492 + 4J2 + 24J%)(4sin 0) sin 6 d6. (4.66)

The main frequency considered here is wy. Under this approximation, it has been found that the
last integral in independent on the size L of the vortex ring, a result that has been derived for a
circular ring. Therefore, the power radiated spectrum depends on the shape but not on the size of the
loop. Concerning the finite factor

op = / (402 + 4J2 +24J%)(4sin ) sin 6 db, (4.67)
0

the authors were unable to find an explicit expression for this integral, however by use of MATHE-
MATICA its estimated value is
op ~5,7.

In these terms, the expression (4.66]) takes the form
Pnon abelian = VZT52G7 (468)

in which the loop factor becomes v; ~ 500|I|2.

5. Summary

In the present letter, the possibility that a non abelian, almost static, semi local vortex may emit
a considerable amount of gravitational radiation was studied. The main formula obtained is .
This formula may be compared with the gravitational radiation of translational modes in an abelian
vortex. First of all, it should be remarked that the factor T2G appearing in that expression also
appears when translational modes are excited [40]-[54]. In fact typically in those situations the power
radiated is of the form

2
Pabelian = ’Yabelz’cmTS G)

where Yaperian 18 & loop factor depending on the geometry, typically taking values between 1 — 100. By
comparing this expression with , it follows that for the present non abelian vortex the effective
loop factor will be
16|1|%6R
Vi~ m

Although it may appear that this factor can be very large for ultra relativistic excitations v ~ 1, for
such large velocities the use of the present formula for radiated power may be dubious. Note that this
factor, as discussed below , is of order ; ~ 500|1|?, and can overcome the value Ygperian = 100
for moderate values of |I|2. This suggest that internal modes may generate a considerable amount of
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gravitational radiation. In fact, the quantity I was defined in ([.55)), and an inspection of this formula
shows that it depends on the maximum radius p,, of motion and the frequencies w;. This last quantity
describes the rotation inside one of the SU(2) parts of the conifold geometry. It may be expected
that |12 ~ Fo(pmQr, pmQ0s). In fact, shows that it is a quartic expression in those variables.
Therefore, the loop factor for this static vortex looks like

oy~ 16p,wi0R
P =22

with w some average of the rotation frequencies in the SU(2) component of the conifold. The use of
the Manton approximation does not forbid at first sight to overcome the value v; = 100 in several
particular situations. In the present case, there is no translational contribution, as the loop motion
was neglected and all the calculated gravitational spectrum is entirely due to the internal modes. This
is a clear difference with respect to abelian vortices since the last ones do not radiate when they are
static. Here, instead, it does.

In a general picture, it is expected that a typical non abelian vortex with a non compact space
of internal excitations may move as well. The suggestion of the present work is that the radiation
due to the internal modes may predominate in several cases. Therefore, this excess of of gravitational
radiation or a very large correction of the loop factor may be considered as a possible signature of non
abelianity. For this reasons, we suggest that the study of radiation channels for non abelian vortices
with non compact internal moduli spaces is a topic that deserve further attention.
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