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Abstract

We obtain two kinds of special solutions of test strings in the black hole spacetime
because it is too difficult to obtain the general solutions of test string. One is the
cosmic wiggly string of arc configuration which exhibits open string lying along the
circular orbit in the equatorial plane outside the horizon. The other is the cosmic
wiggly string of radial configuration which exhibits open string pointing toward the
origin in the equatorial plane outside the horizon.

1 Introduction

A phase transition in the early Universe produced topological defects such as domain walls, strings
and monopoles when the U(1) symmetry breaks down in the unified theories. Topological defects are
necessarily created due to the spontaneous symmetry breaking of vacuum state[see 1-4]. If the existence
of the cosmic strings which are one of topological defects is confirmed, it is a strong evidence of vacuum
phase transition in the universe. Besides the interests from the unified theories, it was proposed that
cosmic strings can generate cosmological density fluctuations as seeds of the structure formation which
can subsequently evolve into galaxies and large-scale structure[5,6]. However, this scenario was rejected
due to the confliction with the precise observational data of cosmic microwave backgrounds[7,8].

Recently cosmic strings have been studied in the context of the superstring theories because fun-
damental strings and other string-like solitons such as D-strings could exist in the Universe as cosmic
strings[9]. If such cosmic strings existin the Universe, it is an interesting subject how cosmic strings
behave in the curved spacetime in general relativety. They have been investigatedby H. J. de Vega, N. G.
Sanchez, V. P. Frolov and B. Carter[10-20]. The configuration of cosmic string in black hole spacetime is
an interesting problem. It is well known how a test particle behaves in black hole spacetime. However,
the motion of a test string in black hole spacetime is not known because the test string problem is sig-
nificantly non-trivial due to the constraints. So we study the test string in detail. For the simplicity, we
neglect the gravitational effects of string and assume that its thickness is zero.

We obtain two kinds of special solutions of test strings in the black hole spacetime because it is too
difficult to obtain the general solutions of test string. One is the cosmic wiggly string of arc configuration
which exhibits open string lying along the circular orbit in the equatorial plane outside the horizon. The
other is the cosmic wiggly string of radial configuration which exhibits open string pointing toward the
origin in the equatorial plane outside the horizon. We obtain interesting solutions though they are not
the general solutions of test string.

Traditionally cosmic strings have been treated as fundamental strings and described by Nambu-
Goto actionSy_g = f drdo 27rla, \/ g?G 0, X109, X" . However, some literatures claim that the so-called
cosmic wiggly string is more favorable than the standard Nambu-Goto string to explain the possible
role of extended cosmic string in cosmology or astronomy[21-27]. For the Nambu-Goto string the energy
density and the tension are equal, while their relation in the wiggly string model is more relaxed to the
extent that the energy density and the tension are not equal. In particular, it is known that the wiggly
string of which the product of the energy density and the tension is constant behaves well. If the energy
density is much larger than the string tension, its shape tends to wiggle. We mainly treat cosmic wiggly
strings as cosmic strings.
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2 Basic Equation of Cosmic Wiggly String

The induced metric on cosmic string is
hab(T7 0) = aaXMabXVG,uua (av b= T, U)v (1)

where 7 and o are the string coordinates, X" is the background coordinate and G, is the background
metric.
The two-dimensional energy-momentum tensor is given by

t% = (p — T)uu® + Th®, (2)
where p(7,0) is the energy per unit length of string, T(7,0) is its tension, and u®(7,o) is the fluid
velocity parallel to the string with the normalization:u®u, = —1. The string has the energy density and
the tension. This can be covariantly described by the energy-momentum tensor localized at the string
as Eq. (2) introducing the velocity field. The physical reason for the energy-momentum tensor ¢%° is not
the issue of the present paper. It may come from the configurations of Higgs and gauge fields or just

particles depending on the model.
The four-dimensional energy-momentum tensor by a cosmic string configuration is given by

0 (x — X(1,0))

T (z) = /deJ\/jhtab(T,J)aaXu(T, o)XY (1,0) <)

(3)
where h = det(hgy) and G = det(Gp.).

We derive the basic equation of motion of the cosmic wiggly string. The motion of the string is
dictated by D, T#¥(z) = 0 i.e., the conservation of energy and momentum.

We differentiate Eq. (3) by «* and sum over p :

o —ab u Y 064 (x — X (1,0)) 1
prai /d’l’d()’\/ ht®(7,0)0, X*(1,0)0, X" (7,0) B o9k
1
= |[drd V—ht XV —— |6z — X(7,0)),
/Toa§a< (1,0)0 (TU)\/TX)> (z (1,0))
ab v
_ /d do \/77‘/' 6bX) 1 + /_htababea<1) 54($—X),
o8 V-G(X) o —G(x)
(V—ht®9, X") 0 1 5 (z — X)
= [drdo + V—ht®9, X"V Gx( ) )
/ ( oge ( )5'5“ —G(x) —G(2)
axH 5z — X)
= _ppab Yy _ TP —74ab v |\ —A)
/ dea<aa(ﬂt OX") =Tl 5 V—ht"9,X ) @
400, Ay
= / drdod, (VR o, xv) @ =X o, / drdo/ Tt 9, 1oy x+ & =X
—G(x) —G(2)
= / drdoda(v e, x*) "= X) pp g (4)
—G(x)
The covariant derivative of tensor TH" is defined by
D,TH = 88T + Iy Tm"—i—lw Tm“. (5)
TH

From Eqgs.(3),(4), Eq.(5) becomes
5z — X)
-G(2)

/ drdo <6a(\/—ht‘“’8bX”) + \/—hrgkt“baaxyabxv

D, T" = / drdod,(V—ht"9, X ") +1re T

(x — X)
~Glx)
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The conservation of energy and momentum is equivalent to

1
Nas

Here I'"', is the affine connection computed from the background metric. This has to be solved for X*
and u®.
The covariant derivative of Einstein Eq. is given by

Da (\/—ht“b(na)abX“) FTE 0, XY, XM% =0,  (1=0,1,2,3). (7)

DF(R, — %gHDR) — 87GDP T, (8)
where the conservation of energy and momentum D*T),,, = 0 is derived because the left hand of Eq. (8)
is zero by the Bianchi identity. The conservation law gives the equation of motion for topological defects
which are either a particle or a string. If we consider a particle and a string as a small defect of spacetime,
its motion is given by the motion of background spacetime. This concept is the characteristic of general
relativity and was discussed in detail by Einstein, Infeld and Hoffmann[28].

3 Cosmic wiggly strings of arc configuration in black hole space-
time

It is well known that the minimal radius of stable circular orbit for a test particle around the
Schwarzschild black hole is three times the Schwarzschild radius. We concerns with the minimal radius
of stable circular orbit for a test string around the black holes. We study the classical motion of cosmic
wiggly strings of arc configuration in the various black holes and obtain the new special solutions of
them. The cosmic wiggly strings exhibit open strings lying along the circular orbit in the equatorial
plane outside horizon in the various black holes. The solutions in the various black holes are compared
with them in the Schwarzschild black hole.

At first, because of the simplicity of the equations, we study the cosmic wiggly string in the Schwarzschild
black hole. In the presence of small scale wiggles the macroscopically average value of the energy density
1 would exceed its Nambu-Goto value, while the tension T decreases. The particular case of equation of
state for a wiggly cosmic string

pwT = pio?, (o : const.) (9)
is simple in the analysis.
We make the ansatz
T
0 = - 10
3 (10)
r = const., (11)
¢ = dr+eo, (12)
¢ = mT+no, (13)

where d, e, m and n are constants to be determined in what follows.
The conservation of energy and momentum (7) becomes

1 — (1 - 2MG) 2 4 n2y? 1o” \ s
Ve <\/— (1— 2C) @2 — 2y (““) ! 2u<f>) * )

+T7,0at0tt"" + T, 00 p0ppt™ = 0. (14)

As we can choose the off-diagonal element of the induced metric h. , in Eq. (1) to be zero, the solution
of Eq. (14) for an open string must satisfy the following condition:

2M
- (1 - G) de +mnr? = 0. (15)

r




The condition for the solution of Eq. (15) to be outside the horizon r > 2M G reads

de 5
—_— > .
> 27(MG) (16)

From Eqs.(12)-(15), we obtain a particular solution[29]
p(dn + 2em) — S“T&em

r= 5 MG, (17)
pem + ”%(dn — 2em)

where the solution is outside the horizon if the tension “2° of string is zero or the average value of energy

density p of string is zero and 2 > 9% > 1/2 (Fig.1). The angular velocity w, the angular momentum
M?®Y and the energy P° are generally defined by

dp m
2
M* = /(xTyO — yT*dxdydz = mv/wen (i — 3”%)1"27 (19)

2 2
PY = /Toodxdydz = m( ﬂ(,u - 2&) —eq/ eﬂ&). (20)
V w W nou

In the strongly wiggly case(u > 1), we have a simple expression for the radius r in terms of the angular
velocity w from Egs. (15), (17) and (18),

1

r= w2/3(

MG)Y3, (21)
We can determine the parameters d, e, m,n if the angular velocity w, the energy P° and the angular mo-
mentum M* are given, except for the overall magnitude of d and m, which comes from the arbitrariness
of the scale of 7.

We have obtained the solutions for open cosmic wiggly strings of circular configuration in the Schwarzs-
child black hole. For a closed cosmic string we can obtain a circular solution by restricting the parameter
n = 2. The extended solutions for open cosmic wiggly strings of circular configuration outside the horizon
have been found. The Nambu-Goto limit of the cosmic string has only a point-like solution, while the
fundamental generic string has only a null particle solution. This is because the freedom of Nambu-Goto
cosmic string is more than the one of the fundamental string. In contrast to our present work, Frolov
and the co-authors got open string solutions lying in the radial direction and Ishihara and co-authors
classified closed string solutions in Minkowski spacetime. We have obtained the solutions around the
Schwarzschild black holes under the gauge condition ¢t o (7 + o) while usually people choose the gauge
condition ¢t = 7. It remains to be clarified why only this particular class of gauge fixing condition works.

In the case of the Reisner-Nordstrom black hole, the open cosmic wiggly string lies in the equatorial
plane and rotates along a circular orbit of a shorter radius outside the horizon comparing with the circular
orbit in the Schwarzschild spacetime because of the existence of charge[30]. One might be interested in
the string configuration in the extreme case (Q=M). However, no qualitatively distinctive feature arises
in the extreme limit. On the other hand, there are only point-like solutions for the Nambu-Goto cosmic
string because of its high symmetry, i.e. more constraints than the cosmic wiggly string.

In the case of the Kerr black hole, the open cosmic wiggly string lies in the equatorial plane and
rotates in the same direction as the Kerr spacetime along a circular orbit of a smaller radius outside
the horizon comparing with the circular orbit in the Schwarzschild spacetime because of the existence of
the angular momentum|[31]. We have compared the strongly wiggly string solution in the case of small
Kerr parameter with the one in the Schwarzschild spacetime. In the case of positive Kerr parameter, the
obtained radius is smaller than that of the solution for the Schwarzschild spacetime, while it is larger in
the case of the negative Kerr parameter. This feature of stable circular orbit of a test string conforms
with that of a test particle in the Kerr spacetime. The parameter regions for the wiggly string solution
to be outside of the horizon have been indicated(Fig.2).
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Figure 1: The string solution of arc configuration is shown. The dotted circle shows the horizon of
spherically symmetric black hole, while the solid curve shows the string of arc configuration parametrized
by the world sheet coordinate o.
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Figure 2: The shaded are parameter regions allowed in the case of a = 1, where the horizontal and
vertical coordinate axes indicate d/m and e/n, respectively.

We have studied the relation of the string radius and the angular momentum in the case of a constant
energy. The radius is larger with the decrease of the angular momentum for the positive Kerr parameter,
while for the negative Kerr parameter the radius is smaller with the decrease of the angular momentum.
The mechanism behind this phenomenon seems complicated and has not been fully understood. One
might be interested in the string configuration in the expreme case(a = M). However, no qualitatively
distinctive feature arises in the extreme limit. On the other hand there are only point-like solutions for
the Nambu-Goto cosmic string because of its high symmetry, i.e., more constraints. But we do not have
any intuitive explanation for the existence of the extended solution in the case of the wiggly string. For
example, we have found a curious but not fully understood phenomenon that the radius of the strongly
wiggly string approaches the horizon as the angular velocity becomes larger.

We have obtained the solutions for open cosmic wiggly string in the Kerr-Newman black hole[32]. Tt
is theoretically important to study the wiggly string solutions in the Kerr-Newman spacetime because
the Kerr-Newman black hole is the most general stationary black hole. However, most of the black holes
in the universe are generically rotating but there are no observational evidence that a black hole has a
charge. We have showed that the solutions for the cosmic wiggly string reduced to a string-like extended
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Figure 3: In the case of a = 0.15.
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Figure 4: In the case of a = 0.1.

configuration in the Kerr-Newman spacetime and compared the solution with the cases of the Reisner-
Nordstréom spacetime and the Kerr spacetime. We have found a new special solution of open wiggly
strings in the (3+1)-dimensional stationally axially symmetric charged rotating black hole, though we
cannot find any extended solution for the Nambu-Goto open string.

4 Cosmic wiggly strings of radial configuration in black hole
spacetime

We have obtained the classical new special solutions of cosmic wiggly string of arc configuration in
Sec. 3. Here we study classical motion of cosmic wiggly strings of radial configuration in the black holes
as the extension of cosmic wiggly strings of arc configuration. The cosmic wiggly strings exhibit open
strings pointing toward the origin in the equatorial plane outside the horizon in the various black holes.
We show that there are two kinds of solutions : static and stationary solutions.

At first, because of the simplicity of the equations, we study classical motion of a string in (341)-
dimensional spherically symmetric neutral black holes. We make the ansatz

o (22)
¢ = const., (23)
c = T, (24)

where we first study the static cosmic wiggly string by Eq. (23) for simplicity. Our string can be considered
as an open string because our string solutions satisfy the free boundary condition at the end points o = 0

and 7,
oxX "

5 lox =0, (25)

where X | * is the radial coordinate of the string, because ¢ = const. in our case.
As we can choose the off-diagonal element of the induced metric h,, in Eq. (2) to be zero while the
two-dimensional energy-momentum tensor ¢t°? has a finite value, the solution for a static string is given
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Figure 5: In the case of a = —0.15.

by the following equation:
7 =0. (26)

The essence of the dynamics of cosmic string can be described as the conservation of energy and
stress. The conservation of energy and momentum (7) becomes

2
uMr'? & ‘% (—5Mr’2 (- 2M)7""> —0, (27)

where ’ is the derivative with respect to o.

~ -

—_—_—

Figure 6: The string solution of radial configuration is shown. As the same as Fig. 1, the dotted circle
shows the horizon of spherically symmetric black hole, while the solid line shows the string of radial
configuration parametrized by the world sheet coordinate o.

From Eq. (27), we obtain the solution of equation[33] (Fig. 6) as

2

1 (" 3(5—55)

0:5/ dr(r—TQM) ko’ ,(0<o<m) (28)
ro




where b is a constant that is defined by the following equation

2
o T 3(5-5%)
b=r (r—2M) ' (29)

In the special case of the ratio M“—; = 4 of the energy density to the tension we obtain the solution of
equation as
o(r=2)=0, (30)

azz(,/(;—l)gﬂog(\/ng \/F)) (31)

The obtained cosmic wiggly string lies in the radial direction in the equatorial plane outside horizon

and the string gets longer as the ratio # of the energy density to the tension increases.

The energy PP is explicitly evaluated as

PY. = / TOdzdydz
1 fio”
= E(M_27) (r+2M10g(r—2M)+A), (32)

where TH is the four-dimensional energy-momentum tensor given by Eq. (3) and A is an integral constant.
we study a slowly stationary rotating cosmic wiggly string solution in the radial direction in the
equatorial plane outside horizon in the Schwarzschild black hole.
We make the ansatz

]

0 = 33
" (33)
¢ BT, (34)
ct T, (35)
where § is a constant. Note that Eq. (34) implies a stationary rotation in contrast to Eq. (23).
The conservation of energy and momentum (7) becomes
w(=B%r* + 2MB*r® + Mr — 2M2)r’2
2
R ((3627‘4 — AM B — 5Mr + 10M2)r" + (=523 + 1+ — 2M)(r — 2M)r”)
1
=0, (36)

where ’ is the derivative with respect to ¢ and which corresponds to Eq. (27) in the case of 8 = 0.

The obtained cosmic wiggly string is rotating very slowly outside horizon[33]. The maximum angular
velocity of the cosmic wiggly string which starts from r(oc = 0) = 2.01 is about 8 = 0.03509 where the
cosmic wiggly string shrinks to a point. In the case of the ratio #“—;gll of the energy density to the
tension the maximum angular velocity of the cosmic wiggly string which starts from r(c = 0) = 2.1 is
about 4 = 0.10391 where the cosmic wiggly string shrinks to a point. In the case of the ratio #”—022211.9 of
the energy density to the tension the cosmic wiggly string which starts from r(oc = 0) = 2.1 gets longer
as the angular velocity 0 increases and the wiggly string solution suddenly disappears. In the case of the
intermediate ratio % = 11.5 of the energy density to the tension for example the cosmic wiggly string
which starts from r(oc = 0) = 2.1 gets longer until the angular velocity (8 reaches 0.045. and gets shorter
and shrinks to a point at about g = 0.10391.

The energy P° is generally defined by Eq. (32). The angular momentum M?Y is given by

M™ = /da:dydz(acTyO — yT"Y)
o ?
= -2 H )ﬁ/dr\/(r—2M)(—62r3+7"—2M).
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The solutions for open cosmic wiggly strings of radial configuration in the Reisner-Nordstrom black
hole have been obtained in [33]. We have obtained the special solution of open cosmic wiggly string in
the radial direction in a black hole spacetime which gets shorter with the increase of the charge. With
the increase of the angular velocity the cosmic string gets longer or shorter depending on the strong or
weak wiggliness. We can observe a curious behavior for the marginally wiggly case that is a little smaller
than a certain value. The cosmic wiggly string gets shorter with the increase of the angular velocity
and becomes a point when the ratio of the energy density to the tension is very smaller than the certain
value (Fig.7). In Figure 7, the flat regions indicate the regions where the cosmic wiggly string becomes
a point. With the increase of charge the flat region shrinks and the maximum value of angular velocity
Bmaz becomes larger.

0 0
V.U

_- Bma)(
Q=0.5
5 F '
A | Q=0
0T ot —o—o——0——0—)
|
o0s | Q=08 I
= _'__‘--::_:_:— e 2
—_—— E2
i I" i 1 |_ _‘l Ll{)
-] 10 15 20

2
Figure 7: The relations between the ratio of the enaergy density to the tension % and the maximum
value of angular velocity (.4, are shown in the cases of the charge Q = 0,0.5,0.8, where the horizontal
2
and vertical coordinate axes indicate #7 Bmaz, respectively.

The solutions for open cosmic wiggly strings of radial configuration in the Kerr spacetime have been
obtained[34]. We have obtained the special solution of open cosmic wiggly string in the radial direction
in the Kerr spacetime which gets longer with the increase of the ratio of the energy density to the tension
and shorter with the increase of the absolute of the Kerr parameter. With the increase of the angular
velocity the cosmic string gets longer or shorter depending on the strong or weak wiggliness. We can
observe a curious behavior for the marginally wiggly case that is slightly smaller than a certain value.
The cosmic wiggly string gets shorter with the increase of the angular velocity and becomes a point when
the ratio of the energy density to the tension is very smaller than the certain value (Fig. 8). Especially in
the case of fa < 0 the behavior is more complicated comparing the case of the Schwarzschild spacetime.
In Figure 8, the flat regions indicate the regions where the cosmic wiggly string becomes a point. With
the increase of Kerr parameter a the flat region is enlarged and the maximum value of angular velocity
Bmae becomes smaller. In the case of negative Kerr parameter, the flat region is larger than that of the
case of positive Kerr parameter and the maximum value of angular velocity (.4, takes the same value.
One might be interested in the wiggly string configuration in the extreme case(a = 1). However, nothing
qualitatively distinctive feature arises in the extreme limit.

The solutions for open cosmic wiggly strings of radial configuration in the Kerr-Newman spacetime

have been obtained[35]. The difference is the critical values of ”722 where the behavior of the string con-
figuration drastically changes;shrinking to a point or the total disappearance after reaching the maximum
radius. We have obtained the special solution of open cosmic wiggly string in the radial direction in the
Kerr-Newman spacetime which gets longer with the increase of the ratio of the energy density to the
tension, slightly shorter with the increase of the charge and shorter with the increase of the absolute of
the Kerr parameter. This conclusion corresponds to the one in the Reisner-Nordstrom black hole and the
Kerr black hole. With the increase of the angular velocity the cosmic wiggly string gets longer or shorter
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Figure 8: The relations between the ratio of the energy density to the tension “—22 and the maximum

“w
value of angular velocity 3,4 in the cases of the Kerr parameter a = 0,0.5,1, —O.%, -1

depending on the strong or weak wiggliness. We can observe a curious behavior for the marginally wiggly
case that is a little smaller than a certain value. The cosmic wiggly string gets shorter with the increase
of the angular velocity and becomes a point when the ratio of the energy density to the tension is very
smaller than the certain value. Especially in the case of Sa < 0 the behavior is more complicated compar-
ing the case of the Schwarzschild spacetime. One might be interested in the wiggly string configuration
in the extreme case(a = 1). However, nothing qualitatively distinctive feature arises in the extreme limit.

In contrast to our present work, V. Frolov et al. got rigidly rotating open string solutions lying
in the radial direction which are the curved strings and not straight[19]. H. J. de Vega et al. got a
straight nonoscillating string, radially disposed which rotates uniformly around the symmetry axis of
the spacetime and which becomes an infinite static fundamental string from the horizon to infinity as
the angular velocity approaches to zero[15]. H. Ishihara and H. Kozaki classified string solutions with
geometrical symmetries in Minkowski spacetime[21].

In view of other solutions found by Frolov, de Vega and Ishihara et al. we suspect there will be rich
variety of wiggly string solutions in a black hole background. The evolution of wiggly cosmic strings will
be more interesting if they are trapped by black holes. However, its cosmological significance remains to
be studied.

5 Conclusion

The cosmic wiggly string solutions have been obtained outside the horizon in all stationary black
hole spacetimes. One is the cosmic wiggly string solutions of arc configuration. The other is the cosmic
wiggly string solution of radial configuration in black hole spacetime, which exhibits finite open strings
pointing toward the origin in the equatorial plane outside the horizon. The test string can exist near the
horizon of black hole though the test particle cannot exist near the horizon of black hole. We hope that
this investigation of test string as a probe further enchances the understanding of black holes.
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