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Strings propagating in the (2+1)-dimensional black hole anti—de Sitter spacetime
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We study the string propagation in the 2+1 black hole anti-de Sitter (2+1 BHAdS) background.
We find the first- and second-order fluctuations around the string center of mass and obtain the
expression for the string mass. The string motion is stable, all fluctuations oscillate with real
frequencies and are bounded, even at r = 0. We compare with the string motion in the ordinary
black hole anti—de Sitter spacetime, and in the black string background, where string instabilities
develop and the fluctuations blow up at r = 0. We find the exact general solution for the circular
string motion in all these backgrounds; it is given closely and completely in terms of elliptic functions.
For the nonrotating black hole backgrounds the circular strings have a maximal bounded size r,,;
they contract and collapse into r = 0. No indefinitely growing strings nor multistring solutions
are present in these backgrounds. In rotating spacetimes, both the 2+1 BHAdS and the ordinary
Kerr-AdS backgrounds, the presence of angular momentum prevents the string from collapsing into
r=0. The circular string motion is also completely solved in the black hole de Sitter spacetime and
in the black string background (dual of the 2+1 BHAJS spacetime), in which expanding unbounded
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strings and multistring solutions appear.

PACS number(s): 11.27.+d, 04.62.+v, 04.70.—s, 97.60.Lf

I. INTRODUCTION AND RESULTS

The study of string dynamics in curved spacetime and
its associated physical phenomena that was started in
Refs. [1,2] has received a systematic and increasing atten-
tion. Approximate [1-4] and exact [5-9] methods of solu-
tion have been developed. Classical and quantum string
dynamics have been investigated in black hole back-
grounds [10,11], cosmological spacetimes [1,12], cosmic
string spacetime [13], gravitational wave backgrounds
[14], supergravity backgrounds (which are necessary for
fermionic strings) [15], and near spacetime singularities
(16]. Physical phenomena such as the Hawking-Unruh
effect in string theory [2,17], horizon string stretching
[2,17], particle transmutation [10,18], string scattering
[10,13], mass spectrum and critical dimension [1,10,13],
string instability [1,5-8,12], and multistring solutions
[6-8] have been found. It is also useful to consider sim-
ple tractable spacetimes of physical interest, and the re-
striction to lower dimensions. Although two-dimensional
models have many attractive tractable aspects and can
be used to test and get insight on particular features,
D = 2 is not a physically appealing dimension for string
theory or gravity [19]. In contrast, D = 2+ 1 theory pos-
sesses all the physical ingredients of string theory and
gravity in higher dimensions [6-8,20-26].

In this paper we investigate the string dynamics in
the 2+1 black hole anti-de Sitter (BHAdS) spacetime
recently found by Baiiados, Teitelboim, and Zanelli [20].
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This spacetime background has stirred much interest re-
cently [21-25]. It describes a two-parameter family (mass
M and angular momentum J) of black holes in (2+1)-
dimensional general relativity with the metric

2 2 2\ —1
2 r 2 r J
ds_(M—l—z)dt +(ﬁ—M+m) dr?
—Jdtde + r2d¢? . (1.1)

It has two horizons
M2 1 1/2
Ty = (___2 :ti‘/n4212_.]2)

and a static limit re,; = VMl, defining an ergosphere,
as for ordinary Kerr black holes. The spacetime is not
asymptotically flat, however; it approaches anti-de Sitter
spacetime asymptotically with a cosmological constant
A = —1/I?. The curvature is constant R, = —(2/1?)g,.
everywhere, except probably at r = 0, where it has at
most a d-function singularity. Notice the weak nature
of the singularity at 7 = 0 in 241 dimensions as com-
pared with the power law divergence of curvature scalars
in D > 3. (We will not discuss here the geometry near

= 0. For a discussion, see Refs. [23,25].) The space-
time, Eq. (1.1), is also a solution of the low-energy ef-
fective action of string theory with a zero dilaton field
® = 0, antisymmetric tensor field H,,,, = (2/1?)e,,, (i-e.,
By4e = r2/12) and k = 12 [21]. Moreover, it yields an ex-
act solution of string theory in 241 dimensions, obtained
by gauging the Wess-Zumino-Witten-Novikov (WZWN)
o model of the group SL(2,R) x R at level k [21,22] [for
noncompact groups, k does not need to be an integer, so
the central charge ¢ = 3k/(k — 2)=26 when k=52/23).
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This solution is the black string background [26]:
< MY - Q?
d 2 — Ak 2 _ ~2
] (1 7 ) dt* + (1 MF) dz
+ (1 -

M\ Q2 \ ! 1247
) (l“m) @

(1.2)

which is related by duality [21,27] to the 2+1 BHAdS
spacetime, Eq. (1.1). It has two horizons 71+ = ryi,
the same as the metric, Eq. (1.1), while the static limit
is ferg = J/(2V/M). Throughout the paper we use the
sign conventions of Misner, Thorne, and Wheeler [28]
and units where G = 1, ¢ = 1, and the string tension
(2ma’) 1 =1.

We first investigate the string propagation in these
backgrounds by considering the perturbation series
around the exact center of mass of the string

gh(r,0) = ¢*(7) + n*(r,0) + £#(7,0) + - -

The original method of Refs. [1,2] can be conveniently
formulated in covariant form. Is also useful to introduce
D — 1 normal vectors nl, (R=1,...,D — 1), (which can
be chosen to be covariantly constant by gauge fixing),
and consider comoving perturbations dzg, i.e., those seen
by an observer traveling with the center of mass; thus,
n* = dzfnf. After Fourier transforming §z%(7,0) =
3., CE(1)e~", the first-order perturbations satisfy the
matrix Schrodinger-type equation in 7:

(1.3)

Cnr + (n*6Rs — Rupoun’gn’d®d®)Ca =0.  (1.4)
Second-order perturbations £* and constraints are simi-
larly covariantly treated, £ also satisfying Schrodinger-
type equations with source terms, see Egs. (3.15)—(3.20).

For our purposes here it is enough to consider the non-
rotating (J = 0) 2+1 BHAJS background and a radi-
ally infalling string. We solve completely the c.m. mo-
tion ¢#(7) and the first- and second-order perturbations
n*(7,0) and £#(7,0) in this background. Equation (1.4)
becomes

.. 2
Cnr + (n2 + ﬁ) Cor=0, R=1,| . (1.5)

12
The first-order perturbations are independent of the
black hole mass, only the AdS part emerges. All oscil-
lation frequencies w, = y/n? + m2 /12 are real; there are
no unstable modes in this case; the perturbations

512}1(7', G’) — Z[Anne—i(na+w,.r) + AnRe—-i(na—w"r)}

n

(1.6)

are completely finite and regular. This is also true for
the second-order perturbations, which are bounded ev-
erywhere even for r — 0 (7 — 0). We also compute the
conformal generators L,,, Eq. (3.61), and the string mass
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m? - -
m2 = 22 (211,2 + l_z) [An”A_n" +An A ] . (17)

The mass formula is modified (by the term m?/I?) with
respect to the usual flat spacetime expression. This is due
to the asymptotic (here AdS) behavior of the spacetime.
In ordinary D > 3 black hole spacetimes (without cosmo-
logical constant), which are asymptotically flat, the mass
spectrum is the same as in flat space [10]. The quantum
string dynamics and mass spectrum for the 2+1 BHAdS
spacetime are to be discussed elsewhere.

We compare with the string perturbations in the ordi-
nary (D > 3) black hole anti—de Sitter spacetime. In this
case Egs. (1.4) become

. 2
Cnsi + (n2 +m2H? + JWT—T) Cns1 =0, S=1,2
(1.8)
. 2
G+ (n2+mEr - M™ o Z0. (19)
I 3 I

The transverse | perturbations are oscillating with real
frequencies and are bounded even for r — 0. For longi-
tudinal || perturbations, however, imaginary frequencies
arise and instabilities develop. The (|n| = 1) instability

sets in at
2Mm? /3
o= (i)

Lower modes become unstable even outside the horizon,
while higher modes develop instabilities at smaller » and
eventually only for r = 0. For r — 0 (which implies
T — 7o) we find (1) = (3m+/M/2)%/3(1 — 7)%/3 and

(1.10)

CnSJ_ + ——-—'Cns_l_ = 0) S = 112 )

S (1.11)

Cuj — Cn) =0. (1.12)

9(1 — 70)2
For 7 — 7o the || perturbations blow up while the string
ends trapped into the r = 0 singularity. We see the
important difference between the string evolution in the
2+1 BHAJS background and the ordinary 3+1 (or higher
dimensional) black hole anti-de Sitter spacetime.

We also compare with the string propagation in the
2+1 black string background, Eq. (1.2) (with J =0). In
this case, Egs. (1.4) become

Cni + nzcn.L =0, (113)
. 2
Gt + (nz _ ZY'ETM) Cy = 0. (1.14)

The 1 modes are stable, while C,, develop instabil-
ities. For r — 0 (which implies 7 — 7¢) we find

() ~ ™M (15 — 7)? and
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. 2
Col = o= 7yaCnil = 0 (1.15)

with similar conclusions as for the ordinary 3+1 (or
higher dimensional) black hole anti—de Sitter spacetime.

In order to extract more information about the string
evolution in these backgrounds, in particular exact prop-
erties, we consider the circular string ansatz

t=t(r), r=r(r), ¢=0+f(1),

in the equatorial plane (8 = 7/2) of the stationary axially
symmetric backgrounds:

(1.16)

ds? = gou(r)dt? + grr(r)dr? + 2g,4(r)dtdd + gge(r)de® .
(1.17)

This includes all the cases of interest here: the 2+1
BHAGJS spacetime, the black string, as well as the equa-
torial plane of ordinary Einstein black holes. The string
dynamics is then reduced to a system of second-order
ordinary differential equations and constraints, also de-
scribed as a Hamiltonian system:

72+ V(r)=0, V(r)=g¢"(g9¢¢ + E?g%) | (1.18)

t=—Eg", f=-Eg¢g**, E=—P, =const, (1.19)
which in all backgrounds considered here are solved in
terms of either elementary or elliptic functions. The dy-
namics of the circular strings takes place at the r axis
in the (r,V(r)) diagram and from the properties of the
potential V(r) [minima, zeros, asymptotic behavior for
large r and the value V' (0)], general knowledge about the
string motion can be obtained. On the other hand, the
line element of the circular string turns out to be

ds? = g¢¢(do'2 —dr?), ie., S(r) = W ’

(1.20)

S(7) being the invariant string size. For all the static
black hole AdS spacetimes (2+1 and higher dimensional)
S(7)=r(r), while for the black string background S(r) =
r(7)~1, reflecting the dual properties of the background
on the circular test string.

For the rotating 2+1 BHAJS spacetime,

,,.2 J2
V(r) =r? (— - M) +——-E? (1.21)

2 4
(see Fig. 1). V(r) has a global minimum Vi, < 0
between the two horizons r,,r_ (for Mi? > J2, oth-
erwise there are no horizons). The vanishing of V(r)
at 7 = ro1,2 [see Eq. (4.18)] determines three differ-
ent types of solutions. (i) For J2 > 4FE2?, there are
two positive zeros rg; < roz, the string never comes
outside the static limit, never falls into r = 0 neither
(there is a barrier between r = ro; and r = 0). The
mathematical solution oscillates between ro; and ro2 with
0 <ror <r_ <74 <702 < Terg- It may be interpreted

as a string traveling between the different universes de-
scribed by the maximal analytic extension of the mani-
fold. (ii) For J2 < 4FE?, there is only one positive zero
ro outside the static limit and there is no barrier pre-
venting the string from collapsing into r = 0. The string
starts at 7 = 0 with maximal size S\ outside the static
limit, it then contracts through the ergosphere and the
two horizons and eventually collapses into a point » = 0.
For J # 0, it may be still possible to continue this solu-
tion into another universe as in case (i). (iii) J2 = 4E?
is the limiting case where the maximal string size equals
the static limit: S8 = [v/M. In this case V(o) =0,
thus the string contracts through the two horizons and
eventually collapses into a point » = 0.

The exact general solution in the three cases (i)—(iii)
is given by

1
B . S— 1.22
)= cp(t —70) +c2 (1:22)
where
M W)
Tm = Smax = T(1+ 1- Mlz) )
(1.23)
2
V(0) = JT - E?%.

c1, ¢z are constants in terms of (I, M,r,,), given by Egs.
(4.21), and p is the Weierstrass elliptic p function with
invariants (g2, g3), discriminant A and roots (e;, ez, e3),
given by Eqs. (4.22)-(4.25). The three cases (i)—(iii)
correspond to the cases A > 0, A <0, and A = 0, re-
spectively. Notice that St > S5 = /M > S{..
In the case (i), r(7) can be written in terms of the
Jacobian elliptic function sn[r*,k], 7* = /e; —eaT,
k = \/(e2 —e3)/(e1 — e3). It follows that the solution
(i) oscillates between the two zeros r¢; and roz of V(r),
with period 2w, where w is the real semiperiod of the
Weierstrass function, w = K(k)//e; — €3, in terms of
the complete elliptic integral of the first kind K (k). We
have

r(0) =1, r(w)=+/M2-1r2,
(1.24)
r(2w) =rm,y ... .

In case (ii) (A < 0) two roots (e1,e3) become complex,
the string collapses into a point » = 0, and we have

r(0) =tm, 7(2) =0, r(ws)=rm,.. ,

where w; is the real semiperiod of the Weierstrass func-
tion for this case. In case (iii) (A = 0) the elliptic func-
tions reduce to hyperbolic functions

r(r) = _______\/Hl
" cosh(VMr) ’

(1.25)

(1.26)
so that

r(—00) =0, 7(0) =rm=VMl, r(+o0)=0. (1.27)
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Here, the string starts as a point, grows until r = r,,
(at 7=0), and then it contracts until it collapses again
(r = 0) at 7 = +o0o. In this case the string makes only
one oscillation between r = 0 and r = r,,,.

Notice that for the static background (J = 0), the only
allowed motion is (ii), i-e., ' > Thor = VM (there is no
ergosphere and only one horizon in this case), with

1/2
Mi2 4FE?
— (1+V1+3m .

Ve (1.28)

Tm =

For J = 0, the string collapses into » = 0 and stops there.
The Penrose diagram of the 2+1 BHAJS spacetime for
J = 0 is very similar to the Penrose diagram of the or-
dinary (D > 3) Schwarzschild spacetime, so the string
motion outwards from r = 0 is unphysical because of the
causal structure. The coordinate time ¢(7) is expressed in
terms of the incomplete elliptic integral of the third kind
II, Eq. (4.40). The string has its maximal size r,, at
7=0, passes the horizon at 7 = 7o, [expressed in terms
of the incomplete elliptic integral of the first kind, Eq.
(4.41)] and falls into 7 = 0 for 7 = w3/2, w, being the
real semiperiod of the Weierstrass function, Eq. (4.36).
That is, we have

T(O) =Tm, T(Thor) = \/—Ml, T(w2/2) =0,
(1.29)
t(O) =0, t('rhor) = 00,

and t(wz/2) is expressed in terms of the Jacobian ¢ func-
tion Z, Eq. (4.42). We also study the circular strings in
the ordinary D > 3 spacetimes. In the 3+1 Kerr-anti-de
Sitter (or Kerr—de Sitter) spacetime, the potential V(r)
is given by Eq. (4.46), covering seven powers in r. The
general circular string solution involves higher genus el-
liptic functions and it is not necessary to go into details
here. We will compare with the nonrotating cases, only.

It is instructive to recall [29] the circular string in
Minkowski (Min) spacetime, for which V(r) = r? — E?
[Fig. 2(a)], the string oscillates between its maximal size
rm = E, and r = 0 with the solution r(7) = r,,| cos 7.

In the Schwarzschild black hole (S) V(r) = r? —
2Mr — E? [Fig. 2(b)], the solution is remarkably sim-
ple: 7(1) = M + VM2 + E2 cos7. The mathematical
solution oscillates between r,, = M + vVM? + E? and
M — VM? + E2?2 < 0, but because of the causal struc-
ture and the curvature singularity the motion cannot be
continued after the string has collapsed into r = 0.

For anti—de Sitter spacetime (AdS), we find V(r) =
r2(1 + H?r2) — E? [Fig. 2(c)]. The string oscillates be-
tween 7, = ﬁ(—l + 1+ 4H?E?)'/2 and r = 0 with
the solution

r(T) = Tmlen[(1 + 4H2E?)Y4 K|, (1.30)

which is periodic with period 2w:

K (k) Y (\/1+4H2E2—1)1/2 '

“ = 1+ 4H?E?)1/% 2V1+ 4H2E?
(1.31)
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For Schwarzschild-anti-de Sitter spacetime (SAdS),
we find V(r) = r%(1 + H?r?) — 2Mr — E? [Fig. 2(d)]
and

(1) =rm —

(0) = T . (1.32)

1
dip(1) + d3’

d;,d; are constants given in terms of (M, H,r,,) by Egs.
(4.60) and (4.62) [r,, is the root of the equation V (r)=0,
which has in this case exactly one positive solution]. The
invariants, the discriminant and the roots are determined
by Eqgs. (4.63) and (4.64). The string starts withr = r,,
at 7 = 0, it then contracts and eventually collapses into
the » = 0 singularity. The existence of elliptic function
solutions for the string motion is characteristic of the
presence of a cosmological constant. For A = 0 = —3H?
the circular string motion reduces to simple trigonomet-
ric functions. From Fig. 2 and our analysis we see that
the circular string motion is qualitatively very similar in
all these backgrounds (Min, S, AdS, SAdS): the string
has a maximal bounded size and then it contracts to-
wards » = 0. There are however physical and quanti-
tative differences: in Minkowski and pure anti—de Sitter
spacetimes, the string truly oscillates between r,, and
r = 0, while in the black hole cases (S, SAdS), there
is only one half oscillation, the string motion stops at
r = 0. This also holds for the 24+1 BHAdS spacetime
with J = 0 [Fig. 1(b)]. Notice also that in all these cases,
V(0) = —E? < 0 and V(r) ~ r*; (a=2,4) for r > E.

The similarity can be pushed one step further by con-
sidering small perturbations around the circular strings.
We find

r da(r)
2 dr

2 72 2
. 2 r?d%a(r) 2E _
Cn+(n + T g T C.=0,

(1.33)

determining the Fourier components of the comoving per-
turbations. For the spacetimes of interest here, a(r) =
1-2M/r+H?r? (Min, S, AdS, SAdS), or a(r) = r2/1%>-1
(2+1 BHAGJS), the comoving perturbations are regu-
lar except near r = 0, where we find (for all cases)
r(t) = —E(T — 79) and

2
~GoR To)zcn =0. (1.34)

Cn
It follows that not only the unperturbed circular strings,
but also the comoving perturbations around them behave
in a similar way in all these nonrotating backgrounds
(241 and higher dimensional). This should be contrasted
with the string perturbations around the center of mass,
which behave differently in these backgrounds. It must
be noticed that for rotating (J # 0) spacetimes, the cir-
cular string behavior is qualitatively different from the
nonrotating (J = 0) spacetimes. For large J, both in the
2+1 BHAdS was well as in the 341 ordinary Kerr-AdS
spacetimes, noncollapsing circular string solutions exist.
The potential V' (r) — +oo for r — 0 and no collapse into
r = 0 is possible.
The dynamics of circular strings in curved spacetimes
is determined by the string tension, which tends to con-
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tract the string, and by the local gravity (which may be
attractive or repulsive). In all the previous backgrounds,
the local gravity is attractive (i.e., da(r)/dr > 0), and
it acts together with the string tension in the sense of
contraction. But in spacetimes with regions in which re-
pulsion [i.e., da(r)/dr < 0] dominates, the strings can
expand with unbounded radius (unstable strings [6,8]).
It may also happen that the string tension and the lo-
cal gravity be of the same order, i.e., the two opposite
effects can balance, and the string is stationary. de Sit-
ter spacetime provides an example in which all such type
of solutions exist [6,8]. In de Sitter spacetime, V(r) is
unbounded from below for 7 — oo [V(r) ~ —r*] and
unbounded expanding circular strings are present. In
addition, an interesting new feature appears in the pres-
ence of a positive cosmological constant: the existence of
multistring solutions [6-8]. The world-sheet time 7 turns
out to be a multivalued (finite or infinite) function of
the physical time. That is, one single world sheet where
—o00 < 7 < 400, can describe many (even infinitely many
[8]) different and independent strings (in flat spacetime,
one single world sheet describes only one string). In the
S, AdS, and SAdS spacetimes, the multistring feature is
absent.

We also study here the circular strings
in Schwarzschild—de Sitter spacetime, where regions with
da(r)/dr > 0 and da(r)/dr < 0 exist. The potential
in this case is V(r) = —H?r* + r? — 2Mr — E? with
V(0) = V(r4+) = V(r~) = —E?, where the horizons r4
are given by Egs. (5.6)—(5.8), and V(r) ~ —r* for large
r, see Fig. 3. It has a local minimum between » = 0 and
r—, and a local maximum at r = ro given by Eq. (5.12),
r_ < 19 < r4+. The motion is very complicated here, but
again, it can be exactly determined in terms of elliptic
functions, for which we analyze here only the degenerate
case. We find two different types of solutions r4(7) given
by Egs. (5.15)—(5.19) with the properties

r4(—00) =10, 74+(0)=0,
(1.35)
r_(—o00) =1, r_(0) =00, r_(00) =79 .
r+(7) describes one contracting string starting with max-
imal size rg at 7 = —oo0, passing the inner horizon r_ and
falling into the r = 0 singularity at 7 = 0. The solution
r_(7) describes two different and independent strings:
String I starts with minimal size 79 at 7 = —oo and
grows until infinite size at 7=0 (unstable string). String
IT starts with infinite size at 7 = 0 and contracts until
minimal size 7y at 7 = +00. They never collapse into
the r = 0 singularity. The r_(7) solution is very similar
to the two-string solution discussed in Refs. [6,8] in the
pure de Sitter case.
Finally, we study the circular string in the black string
background. In this case (see Fig. 4),

~ J? M 1
with V(ry) = —E%, V(c0) = 1/12 -

E? and V(0) =
for J # 0, while V(0) =

—oo for J = 0 (we only con-
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sider positive M). One effect of the dual transformation
is to change the asymptotic behavior of V(r). We see
that if E212 > 1, then V(o0) < 0, which gives rise to
solutions of unbounded r. This is to be contrasted with
the solutions in the BHAdS spacetimes in which the ring
solutions are always bounded. Another effect of dual-
ity here is to change the invariant string size; we find

S(7) = 1/r(7). For J #0, all solutions are bounded (fi-
nite 5), while for J = 0, unbounded (infinite S) exists as
well. For J # 0, the general solution can be expressed
in terms of elliptic functions (elementary functions for
J = 0), whose description and physical interpretation
are to be described elsewhere.

This paper is organized as follows: In Sec. II, we review
the 2+1 BHAJS and black string backgrounds. In Sec.
III we describe and solve the string perturbations around
the string center of mass in these backgrounds and in the
ordinary black hole AdS spacetime. In Sec. IV we solve
the exact circular string motion in all these backgrounds
and compare between them, and in Sec. V we discuss the
circular string motion in the black hole de Sitter case. A

summary of our results and conclusions is presented in
Tables I and II.

II. REVIEW OF THE (2+1)-DIMENSIONAL
BLACK HOLE

In this section we give a short introduction to the
black hole anti-de Sitter (BHAdS) solution of (2+1)-
dimensional Einstein theory, recently found by Baiiados,
Teitelboim, and Zanelli [20]. There are now several ways
to obtain this solution [20-22]. A simple way is to take
as the starting point a line element in the form

ds? = —a(r)dt® +

+rid¢? , (2.1)

( )
where a(r) is an arbitrary function of r. The non-

vanishing components of the Einstein temsor, G,, =
Ry, — :Rg,,, take the form

2

a aa T
- Gop = 5 arr

G,. = = T

rr 20.7‘, tt 2 I

The only vacuum solution to the Einstein equations

is a=const, corresponding to flat spacetime, as is well

known in three dimensions. However, if we introduce a
cosmological constant

(2.2)

T*, = diag(1,1,1)A , (2.3)

the solution to the Einstein equations becomes nontrivial:

a(r) =c—Ar?, (2.4)

where c is an arbitrary constant. Usually c is scaled to 1,
and then a positive A represents de Sitter space, while a
negative A represents anti—de Sitter space. On the other
hand, since the constant c is completely arbitrary, we may
as well take a negative ¢ and then we also find solutions
in the form
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2 -1
ds? (1 - —) dt? + (;—2 - 1) dr? + r2dg? , (2.5)

where [ is a constant. This is in fact the simplest example
of the 2+1 BHAGJS solutions of Ref. [20]. This particular
solution, where ¢ is identified with ¢+ 2, is a black hole
spacetime with mass M = 1 and angular momentum
J = 0. There is a horizon at » = [ and asymptotically
it approaches anti-de Sitter space with A = —1/12. A
two-parameter family (mass M and angular momentum
J) of black holes is obtained by periodically identifying a
linear combination of ¢ and ¢. This leads to the solution
(the details can be found in Refs. [20,21])

2 2 J2 -1
dszz(M———)dtz+<——M+ ) dr?

12 12 4r2
_Jdtd + r2de? | (2.6)
with two horizons (provided M1? > J?)
1/2
ry = (M; M2z - ) (2.7)
and a static limit
Terg = V Ml 5 (28)

defining an ergosphere, as for ordinary Kerr black holes.
The Riemann tensor, corresponding to the line element
(2.8), is given by

1
Rupo'u = —l_z(guagvp - g;wgop) s (2'9)
so that the curvature is constant
2
Ruu = _ﬁguu . (210)

The geometry of the solution (2.6), near r = 0 in partic-
ular, is discussed in detail in Refs. [23,25].

We close this section with a few remarks on the rele-
vance of this solution in string theory [21,22]. To lowest
order in an expansion in o', the string action is [30]

S = / Bzy/=ge~®[4/k + R + 4(VD)?

— 5 Hu o H?) (2.11)
where @ is the dilation field and H,,,,, is the field strength
of the Kalb-Ramond field By, (Huvp, = 0(pB,,))- It is
easy to show that the metric (2.6) is a solution to the
equations of motion corresponding to the action (2.11),
when supplemented by [21]

By =722, =0, k=1%. (2.12)
Following Horowitz and Welch [21] the connection to the
WZWN o-model approach is most easily established by
dualizing the solution (2.6), (2.12) on the cyclic coordi-
nate ¢. According to the well-known procedure [27], the
dual solution to (2.6), (2.12) is then given by [21]
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2 r2 2\ !
ds? (M~—J—)dt2 (——M+J) dr?

2 4r2
2
+-= dtd¢ + — d¢
By = —J/2r?, &= —Inr, (2.13)
which after diagonalization of the metric becomes
- M Q? -
2 —_— — — —
ds (1 z )dt + (1 YVE )d
M\ Q2 \ 7! 1245
+(1‘7) (l“m) &
~ Q = .
Bﬂ:;, ®=—ZIn7l, (2.14)
where
(z -1t r2f —r23
- HEmy ,
r2 —r2 2 —r
(2.15)
M=, Q=3, rP=7l

The metric of (2.14) is exactly the black string solution in
three dimensions of Horne and Horowitz [26], obtained by
gauging the WZWN o model of the group SL(2,R) x R.

Notice that the spacetime (2.13) is stationary and ax-
ially symmetric, and that it has the same nonvanishing
components of the metric tensor as the original spacetime
(2.6). This will be important when we consider circular
strings in Sec. V. Another interesting observation is that
the duality transformation does not change the two hori-
zons (2.7), while the static limit is changed to reqg(black

string)=J/(2vM).

III. PERTURBATIONS AROUND THE STRING
CENTER OF MASS

One of the main purposes of the present paper is to
consider the classical propagation of a bosonic test string
in the 2+1 BHAGJS spacetime (the spacetime is taken as a
fixed background and no backreactions of the strings are
included). The point particle geodesics were recently in-
vestigated in Ref. [24]. The string equations of motion are
highly nonlinear coupled partial differential equations, so
we will restrict ourselves by considering two different ap-
proaches. In this section we calculate first- and second-
order string fluctuations around the string center of mass,
following the approach originally developed by de Vega
and Sinchez [1], and in Sec. IV we consider exact cir-
cular strings winding around the black hole. In both
cases analysis and comparison with the ordinary black
hole AdS and (dS) solutions in 3+1 dimensions is done.
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A. General formalism

Let us solve the string equations of motion and con-
straints by considering perturbations around the exact
string center of mass solution. In this subsection, we
shortly review the method, and we demonstrate the sim-
plifications arising at first order in the expansion, when
considering only physical (perpendicular to the geodesic)
perturbations.

In an arbitrary curved spacetime of dimension D, the
string equations of motion and constraints, in the con-
formal gauge, take the form
(3.1)

5B _ B LB (3P3° — 2'P?) =
g — "™+ Th (2P — 2'P2'7) =0,

Gtz = g, (23 +22) =0, (3.2)
for p = 0,1,...,(D — 1) and a prime and overdot rep-
resent derivatives with respect to o and 7, respectively.
Consider first the equations of motion (3.1). A particular
solution is provided by the string center of mass g#(7):

¢ +T5,4°¢° =0. (3.3)
Then a perturbative series around this solution is devel-
oped:

z#(r,0) = ¢* (1) + n*(7,0) + ¥ (,0) +--- . (3.4)
After insertion of Eq. (3.4) in Eq. (3.1) the equations of
motion are to be solved order by order in the expansion.

To zeroth order we just get Eq. (3.3). To first order
we find
i* + Th, 14°4°n* + 24,477 — "™ =0.  (3.5)
The first three terms can be written in covariant form
[3], c.f. the ordinary geodesic deviation equation:
PVA@Var*) - Rigygd'n'n™ =0 (36)
However, we can go one step further. For a massive
string, corresponding to the string center of mass sat-

isfying
gur(@)g#¢” = —m? , 3.7

there are D — 1 physical polarizations of string perturba-
tions around the geodesic g#(7). We therefore introduce
D — 1 normal vectors np, R=1,2,...,(D - 1),

Guwn’gd” =0, gungns =drs (3.8)

and consider only first-order perturbations in the form

" = ézfnky | (3.9)
where §zF are the comoving perturbations, i.e., the per-
turbations as seen by an observer traveling with the cen-
ter of mass of the string. The normal vectors are not
uniquely defined by Egs. (3.8). In fact, there is a gauge
invariance originating from the freedom to make local
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rotations of the (D — 1)-bein spanned by the normal vec-

tors. For our purposes it is convenient to fix the gauge
taking the normal vectors to be covariantly constant:

#V,n% =0. (3.10)

This is achieved by choosing the basis (g#,n’;) obeying

conditions (3.8) at a given point, and defining it along the

geodesic by means of parallel transport. Another useful

formula is the completeness relation that takes the form

1,
g"" = —ﬁq“q" + ‘n“Rn}'z . (3.11)
Using Egs. (3.7)—(3.10) in Eq. (3.6) we find after multi-
plication by g,,n% the spacetime invariant formula
(8% — 82)6z R — Rupornpn%d®§®ézs =0.  (3.12)

Since the last term depends on o only through éz° it is
convenient to make a Fourier expansion

Szr(r,0) = Y _ Car(r)e™™ . (3.13)
Then, Eq. (3.12) finally reduces to
Cnr + (n%8Rs — Rupeumn4®4°)Cs =0,  (3.14)

which constitutes a matrix Schrodinger equation with 7
playing the role of the spatial coordinate.

For the second-order perturbations the picture is a lit-
tle more complicated. Since they couple to the first-order
perturbations we consider the full set of perturbations {#
[1,3):

PVaA(°VsE*) — RY,65¢°%¢ — ¢ =U* ,  (3.15)

where the source U* is bilinear in the first-order pertur-
bations, and explicitly given by

U* = — T4, (77" —n'°n'°) — 2%, \¢°n*i°

Y- 20 W)

- %I‘Zaﬂ\ad"q 7'y . (3.16)

After solving Eqs. (3.14) and (3.15) for the first- and
second-order perturbations, the constraints (3.2) have to
be imposed. In world-sheet light cone coordinates (0% =
T + o) the constraints take the form

Tyt = gp 0022 =0,

where 8: = 1(8; + 8,). The world-sheet energy-
momentum tensor T4y is conserved, as can be easily
verified using Eq. (3.1), and therefore can be written

(3.17)

1 - .
= = —in(o—-7)
T _ e En Lye ,
(3.18)
1 .
— —in(o+T
Ty = o En:L,.e ).

At the classical level under consideration in this paper,
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the constraints are then simply

L,=L,=0. (3.19)

Up to second order in the expansion around the string
center of mass we find

Tiy = _%mz + g,",q"‘ain" + al'gnv,Pq.“qv"lp
+y,w<i“3i€" + gpvai:"]“a:i:nv + gpv,pd“npa:i:ny
+1900,00" 4" €P + 19us,ped* 3 0°0°. (3.20)

In the following subsections we apply this formalism to
the 241 BHAJS and to the black string solution of Sec.
II, as well as to ordinary (3+1)-dimensional black hole
AdS solutions.

B. Strings in the 241 BHAdS background

We now consider a string in the background of the
(2+1)-dimensional BHAdS spacetime. For simplicity we
take a non-rotating black hole (J = 0) and we consider
a radially infalling string. This case is of sufficient com-
plexity for our purposes; the more general case of a string
with angular momentum in the rotating background is to
be considered elsewhere.

Equations (3.3) and (3.7) determining the string center
of mass lead to

. —-E
i= Y (3.21)
T
.2 2 Ti _ _ 2
mi 5 M| =FE*, (3.22)

where F is an integration constant. These two equations
are solved by

1 1 — (E/mvM)tanmr/l
Hr) = 2vVM *1 + (E/mvVM)tanmr /1 (3.23)
and
r(1) = ——%\/ Mm? + E?sin T—?—‘r . (3.24)

Here the boundary conditions were chosen such that r

takes its maximal value at 7 = — L % and the string falls

m 2
intor =0 for v — 0_:

Tmax = T <—LE) - % Mm? + E?, 7'(0) =0.
m
(3.25)

The string center of mass passes the horizon ryo, = vV Ml
at

= —l— in———m M
Thor = = A A Tme + B2

and we find, from Eq. (3.23),

(3.26)
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t(—;ﬁ) =0, t(mhor) =00, t(0)=0. (3.27)

Let us now turn to the string perturbations around the
solution (3.23) and (3.24). The two covariantly constant
normal vectors satisfying Eqgs. (3.8) and (3.10) are given

by
1
nl_:_ = (O,Ov ;) y

nﬁl= —r—"—;z—'a_E’O )

which define transverse and longitudinal comoving per-
turbations through Eq. (3.9), respectively. It is however
remarkable that in this case we do not need the explicit
expressions for the normal vectors and for the Riemann
tensor to calculate the first-order perturbations (3.14).
Using Eq. (2.9) and the normalization equations (3.7)
and (3.8) we immediately get

(3.28)

2

énR+(n2+m_)CnR=01

B (3.29)

where R takes the values “L and “||”. Equations (3.29)
are easily solved and the comoving perturbations (3.13)
are given by

dzp(r,0) = Z[AnRe‘i("”+“’“T) + finae"i(""_“’”)] ,

n

(3.30)

where
wp = /N2 +m?2/12 | (3.31)
Ap=A' L. (3.32)

The string perturbations n* introduced in Eq. (3.4) are

¢ T

. E 1
iy gy e L At R L

(3.33)

and are plagued by coordinate singularities at r = 7y,
(for n*) and at r = 0 (for n?). The comoving perturba-
tions dz g, (3.30), are however completely finite and regu-
lar trigonometric functions. Notice that in the “pure” de
Sitter spacetime [1] the perturbations satisfy Eq. (3.30),
but with frequency w, = m, thus unstable
modes (for |n| < m/l) appear and the perturbations blow
up. The presence of such instabilities is a generic exact
feature in the de Sitter spacetime [5,12]. In the present
2+1 BHAJS background, all frequencies w,, are real and
instabilities do not occur.

Notice also that the comoving perturbations (3.30) are
independent of the black hole mass M (and of E). In
fact, Eq. (3.29) is the “pure” anti—de Sitter result, where
the perturbations are independent of the polarization as
they of course should be in an isotropic spacetime. This
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suggests that we have to calculate at least the second-
order perturbations to ensure that the effects of the black
hole mass are included in the perturbations. The second-
order perturbations are determined by Egs. (3.15) and
(3.16). It turns out that the £% equation decouples while
the £ and £” equations constitute a set of two coupled
partial second-order linear differential equations.

We first consider the £% equation. Explicitly it is given
by

-y %r‘é" =U*%, (3.34)

where

2 ... - L
U® = —=("0® —n'"n'%) + 250" (3.35)

The source U? is here written in terms of n” and 7?
and its explicit expression as a function of 7 and o can
be obtained using Eqgs. (3.30), (3.33), and (3.24). It is
convenient to make the redefinitions

¢=rg¢, U®=rU® (3.36)

and the Fourier expansions

=3 m¢(r)ein,

n

= Zﬁ,f(r)e"i"” .
Equation (3.34) then reduces to
S m? ¢ 7%
En+( + 12>2"= AN

that is solved by

2%(r,0)

(3.37)
l}d’('r, o)

(3.38)

tWnT

£#(7) = Bpe " 4+ Bpen" 4+

2iwy,
T -~ . 1
x / U$(r')e~ " dr'

e-iw,.‘r T . ,
/ U2(r')ein dr'

3.39
2iwy, ( )

where B, = B!, and w, is defined in Eq. (3.31).

The perturbations ¢t and €™ are somewhat more com-
plicated to derive. By redefining é" and U™,

e'—(—z—M)e',

2
o= (-,

we find, from Eq. (3.15),

(8)-(8)+21(£) #(8)-(5).

(3.42)

(3.40)

(3.41)
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where the matrices A and B are given by
ab 0 c
4=(30): 2= (53)
T Er
= b= 3.43
IR R R
2E1" 2E2 m?
c=—5——, d= —5—— — — .
12 M) 12 M) 2

The first-order 7 derivatives in Eq. (3.42) are eliminated
by the transformation

(£)+5(E). o=~ aw)
(3.44)

ie.,

G=W;1_M—)(gf) (3.45)

We now Fourier expand the second-order perturbations
and the sources,

5t(r,0) Ez (r)e7i,
(3.46)

T*(r,0) = ) _Th(r)e™™,

t(r,0) = ZU‘ (r)e~™
(3.47)

(r,0) = ZU*(T)e—M,

and the matrix equation (3.42) reduces to

=, S Yoo (U)o (U
(8)+v(3) =" (i) =(2) - o
where

m!

V=g-1(nhr+za:—,42—Jt)g:("2*(')‘1r 7?2) ,

(3.49)

i.e., two decoupled inhomogeneous second-order linear
differential equations with constant coefficients. It fol-
lows that the complete solution is known, and given ex-
plicitly by

T (1) = Cpe™™nT 4 C,e¥n™

tw,.‘r t (1 —iwnT
2wn / Ut(m")e dr'

_ / Tt (r')etn"" dr’

3.50
ch,. (3.50)
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and

Tn(1) = Dpe ™" + Dpei™™

ein‘r T _ .
+ — /U,’,’(T')e'"‘"dﬂ"

2in

——-z'n'r

/ U2 (r)enm dr' | (3.51)

2in

J

where

c.=Ct.,, p,=p!', D,=D!, (3.52)

The string perturbations £# introduced in Eq. (3.4) are
finally

&= m [ Z = (T)e~ma +E Z r* (’r)e—"“’

Y nt(r)ene

r E t —ino
&= m‘;zn(f)e

These expressions are quite complicated because of the
integrals of the sources in Eqs. (3.39), (3.50), and
(3.51). To allow comparison with the ordinary (3+1)-
dimensional black hole cases (see next subsection) it is

(3.53)

TS (e

enough to consider the region 7 — 0 (equivalent to the re-
gion 7 — 0_). The sources are calculated from Eq. (3.16)
using the first-order perturbations (3.30) and (3.33). To
leading order in 7 for 7 — 0_ we find

J

2E

U¢(Ta U) = m(Mm2 + E2)7'4 Z Z(Ap" + AP”)(A —pL ¥ An p-L) o +0 (Ta) ,

(3.54)

r M n A —ino 1
U'(r,0) = Wi ] DD (Aps + Ap)(An—pi + Anpi)e ™ + 0 (T2> , (3.55)
n p

while U? is finite for 7 — 0. It follows that

. E - < 1
010) = iy St + A npi + dncp) +0 ()
p

- 1 ~ - 1
Un(r) = —5 D (AL + Ap1)(An—pi + Anp1) + O (;5) : (3.56)
P

—-2F P - 1
Bt s &t At g ) 40 ()

From Egs. (3.39), (3.50), and (3.51) we find the asymptotic behavior of the X,,’s:

o) =

(1) = Z(AP-L + /ipl)(An-—pl + fin-?-L) +0(1),
P

E
2mvMm?2 + E271

Ba(r) = 5 3 (Aps + Ap)(Anops + Anps) +0(1) (3.57)

T(r) = 7 Y (Apy + Apy)(An-pr + Anp1) + 0O(1) ,

mvVMm?2 + E?r <
and from Egs. (3.36), (3.44), and (3.45) we have
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- - ; 1
£%(r,0) = ;Er_z_ ZZ(AP“ + Ap)(An-p1 + An—p1)e" " + O (;) )
n p

£ (r, o) = :2—’,1"4‘ Z Z(APJ- + fip-L)(An—pJ- + An—rl)e_im + 0(1) ’
n p

while ¢! is finite for r — 0 (7 — 0-). The singularities of
€% and £ for r = 0 are coordinate artifacts like the singu-
larity of n® in Eq. (3.33). Such singularities appear even
in flat Minkowski space when parametrized in terms of
polar coordinates. In the present case the coordinate sin-
gularities are removed by introducing pseudo-Cartesian
coordinates near r = 0:

T=+vVMzt,

X= %sinh(ﬁz‘*) ,

zf‘

vM

It is easy to show that T, X, and Y are finite for
r — 0 when z%, 7, and z% are expanded up to second
order (3.4) using Egs. (3.33), (3.58), and (3.59). Having
calculated the first- and second-order perturbations, we
can now also calculate the world-sheet energy-momentum
tensor T14 (3.18)-(3.20). This calculation is simplified
using the fact that Ty are functions of n(o + 7) while
the first-order perturbations n# are functions of (no +
wnT). The first-order perturbations can therefore only
give constant contributions to T44. A straightforward
but tedious calculation gives

(3.60)

Y =

cosh(VMz?) .

L, = —2ximnD,,, L,= 21rimnl-),,; n#0,

~ ~ g
Lo=7) (wn +n)*[AnyA_pj + AnrA_n)] ~ om? ,

(3.61)

L A e ™
LO = ﬂzn:(wn - n)z[An"A—n“ + A"J-A—n_L] — §m2 ,
and from Eq. (3.19) we obtain the constraints

D, =D, =0, an,.[A,."/i_,," +An A _ni]=0,
n

m? . .
m2 = 22 (211,2 + 7) [An“A-—n” + An_LA—n_L] )

n

(3.62)

determining the mass of the string. Notice that the mass
formula of the string is modified with respect to the
usual flat space expression (m? = 4) n?[A, A, +
An1A_,1]). The reason for this modification is the
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(3.58)

(3.59)

asymptotic character of the spacetime; in particular, the
presence of a cosmological constant. In the ordinary
black hole spacetime without a A term, which is asymp-
totically flat (and in which bounded orbits do not ap-
pear), the mass formula is the same as in flat spacetime
[10]. In the “pure” de Sitter spacetime, however, the
mass formula is modified exactly in the same way as Eq.
(3.62), but for a positive A, i.e., with a term (2n2—m?/12)
in the sum. The quantization of the string in the 2+1
BHAGJS background and the consequences of Eq. (3.62)
for the quantum mass spectrum, are to be discussed else-
where.

This concludes our analysis of the first- and second-
order perturbations around the string center of mass, for
a string embedded in the 2+1 BHAJS spacetime of Sec.
1L

C. Strings in the ordinary black hole anti—de Sitter
spacetime

String perturbations around the center of mass of a
string embedded in ordinary higher dimensional black
hole and de Sitter backgrounds were already considered
in Refs. [1,10,11]. Here we take the equatorial plane of
(3+1)-dimensional Schwarzschild anti-de Sitter space, to
better allow comparison with the results of subsection
IIIB. We furthermore use the formalism of subsection
IIT A, where only physical first-order perturbations are
considered. This simplifies the analysis considerably as
compared to Refs. [1,10,11].

The line element is taken in the form

2
ds? = —a(r)dt® + ;d{r_) +r2d6% + r?sin® 0dg® . (3.63)

In the first place we take a(r) to be an arbitrary function
of r, but we will eventually be interested in the case

a(r):l—ﬁl-+H2r2,
T

(3.64)
corresponding to Schwarzschild—anti—de Sitter space. For
a radially infalling string in the equatorial plane (8 =
/2, ¢=const) the geodesic equations (3.3) and (3.7) for
the string center of mass are solved by

t=E/a(r), (3.65)

72 + m2a(r) = E? | (3.66)

generalizing Eqgs. (3.21) and (3.22). The 7 equation
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(3.66) is solved by

(3.67)

o —/r—___d“’
°" Jeo VET—mfa(z)

and after inversion, giving r as an explicit function of 7,
the coordinate time ¢ is obtained by the integration of Eq.
(3.65). In the case of a Schwarzschild black hole this gives
the well-known results in terms of elementary functions
(see, for instance Ref. [28], section 25.5), while in the
case under consideration here, where the function a(r) is
given by Eq. (3.64), r(7) and t(7) will be expressed in
terms of elliptic functions.

There are now three covariantly constant normal vec-
tors satisfying Eqgs. (3.8) and (3.10):

1
ML= (0,0,;,0) :
1
n'{l = (0,0,0, ;) s

nt= (5 Fo0) .
I ma(r)’ m

The nonvanishing components of the Riemann tensor,
corresponding to the line element (3.63), are

(3.68)

T -T .2
R-,-g,-g = Eza'” R"¢1‘¢ = 5;0,,,. sin“ @ ,

r T
.2
—aa ., Ripy = Eaa,,. sin“ @ ,

— 1
thrt - Ea,rm

RtOtO - (369)

R9¢9¢ = 7'2(1 - a) sin2 6.
Equations (3.14), determining the Fourier components

of the comoving first-order perturbations, separate and
reduce to

mza,.
CnS_L + (n2 + -'—2;‘—’—> CnS_L = 0) S = 172 y (3-70)

. 2
Coy + (’I’L2 + m ;’rr) Cn=0. (3.71)

For the two transverse polarizations we find, from Eq.
(3.64),

M 2
Cns1 + (n2+m2H2+ TT

)Cnslzoy S=1727
(3.72)

while, for the longitudinal polarization,

2
Cn” + (n2 +m2H? — 2Mm

r3

) Crny=0. (3.73)

From these equations it is obvious that we need only look
for singularities in the region » — 0. However, for the
transverse perturbations (3.72) the bracket is always pos-
itive. We therefore expect that the solution is oscillating
and bounded even for » — 0. For the longitudinal per-
turbations (3.73), on the other hand, the bracket can be
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negative. In that case imaginary frequencies arise and
instabilities develop. The (|n|=1) instability sets in at

2Mm? 1/3

which may be inside or outside the horizon, depending on
the relation between the various parameters (M, H,m)
involved. The higher modes develop instabilities for
smaller 7.

These results are easily confirmed by the exact time
evolution of the perturbations. For » — 0 we find, from
Eq. (3.66),

(3.74)

r(r) = (3my/M/2)*3(r0 — 7)*/*

where the integration constant is chosen such that » — 0
corresponds to 7 — 7. Then for 7 — 79 Egs. (3.72) and
(3.73) are

(3.75)

2
Cn 3 =0, §=1,2, 7
SL 50 _T)ZCnSJ_ 0, § (3.76)
¢ 2 =0 (3.77)
ml = g —ryzCnl =0 ~
with complete solutions

Cns1(T) = otns1 (10 = T)/3 + Basi(mo — 7)¥/3,

(3.78)
§=1,2,

Co (1) = Yy (10 = T)¥% + by (0 — 7) 72, (3.79)
where (ans1,BnS1,Yn|,0n|) are constants. It follows

that Cpgs, (7) is finite for » — 0 (7 — 7o) while Cp(7)
blows up because of the 4, term. This result demon-
strates the important difference between the 2+1 BHAdS
solution of Sec. II and the equatorial plane of an ordi-
nary higher-dimensional black hole. In the first case we
found finite bounded perturbations, while in the latter
case instabilities develop already in the first-order comov-
ing perturbations near r = 0. For the ordinary black hole
anti—de Sitter spacetime it is then meaningless to analyze
higher-order perturbations for » — 0, in contrast, as we
have seen, to the 2+1 BHAdS background. In the ordi-
nary black hole anti-de Sitter spacetime the string falls
to the center (r = 0) and is trapped by the singularity.
For 7 — 7 the potential for the radial perturbations, Eq.
(3.77), is of the type —v/(T — 70)? with y=4/9, which is
a singular attractive potential.

D. Strings in the black string background

We close this section with the analysis of the string
propagation in the black string background. It is conve-
nient to take the metric in the form (2.14) and for sim-
plicity we consider the uncharged (@ = 0) black string:
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dz? |

—142,.2
dszz—(l—ﬂ)dtz-i-(l—ﬂ) ld; +
r r 4r

where the tildes have been deleted [cf. Eq. (2.14)]. This
spacetime is just the direct product of Witten’s two-
dimensional black hole [31] and the real line space. It has
a horizon at 7 = M = M1 and, contrary to its dual, the
2+1 BHAGJS solution, it has a strong curvature singular-
ity at r = 0. To compare with the results of subsections
ITIB and III C we consider a radially infalling string, cor-
responding to z=const. Equations (3.3) and (3.7) for the
string center of mass become

(3.80)

7505
. E
2
N [E2 LA M] : (3.82)
ez T

which can be solved in terms of elementary functions
(taking for simplicity m? > E?)

t(r):E‘r——l

where the integration constants were chosen such that
t(0)=0 and r(79)=0 for

il
TN ———. 3.85
0 4yv/m? — E? ( )
Notice that the horizon is passed for 7 = Tyor:
2E?
Thor = 2\/”_r"T_?arcsm (——— - 1) ) (3.86)

and that ¢t(7her) = 00
The two covariantly constant normal vectors, satisfy-
ing Egs. (3.8) and (3.10), are given by

n'} =(0,0,1),

i 2Er
po (T 22T o) .
" <2m(r—M)’ ml’ )
The only nonvamshing component of the Riemann ten-
sor, corresponding to the line element (3.80), is

(3.87)

-M

Rtrtr = 27 ’

(3.88)

and then Egs. (3.14), determining the string perturba-
tions, take the form

Cni +1n%Cr1 =0, (3.89)
. 2
Cn“ + (’n.2 - 2—"7—21’&) C,," =0. (3.90)

Not surprisingly, the perturbations in the = direction are
completely finite and regular. For the longitudinal per-
turbations we see that the term in the parentheses in Eq.
(3.90) becomes negative and approaches —oo for r —0,
suggesting an instability. This is confirmed by the exact
time evolution near r =0. Using Eq. (3.82) we find, for
r—0,

r(r) = 2(—1::;%2) [1 — sin wT] (3.83)
and
J
1+ [(m? — 2E?)/(m? — 2EvVm? — E?)|tan(Vm? — E?/l)r 50
2 1+[(m2 _2E2)/(m2+2E\/',’n2—E2)] tan(m/l)‘r .
[
r(r) = (ro—7)%, (3.91)

where the integration constant is chosen such that r — 0
corresponds to 7 — 7. Equation (3.90) is now, for 7 —
To,

. 2
Cn“ - '(-mcn" = O 9 (3.92)
with the solution
Coi(7) = anp(mo —7)2 + P (3.93)

T0— T

The solution indeed blows up for r — 0 (7 — 7¢) with
conclusions similar to the ordinary black hole case, sub-
section ITIIC.

IV. CIRCULAR STRINGS IN STATIONARY
AXIALLY SYMMETRIC BACKGROUNDS

In this section we consider circular strings embedded
in stationary axially symmetric backgrounds. Circular
strings in curved spacetimes have attracted important
interest recently [6,8,32-38]. The analysis is carried out
in 241 dimensions, but the results will hold for the equa-
torial plane of higher-dimensional backgrounds as well.
To be more specific we consider the line element

d5% = gu(r)dt? + goe ()i + 20u9(r)dtdd
+94s(r)de? ,

that will be general enough for our purposes here. It
obviously includes as special cases the BHAdS solution
of Sec. II (as well as the black string) and the equatorial
plane of the black hole solutions of Einstein theory in
3+1 dimensions.

The circular string ansatz, consistent with the symme-
tries of the background, is taken to be

(4.1)
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t=t(r), r=r(1), ¢=0+ f(7),

where the three functions ¢(7), r(7), and f(7) are to be
determined by the equations of motion and constraints
(3.1)—(3.2). The equations of motion (3.1) for the ansatz
(4.2) and the background (4.1) lead to

(4.2)

t+ 2Tt &7 + 2T 7f =0,

P+ T2 + T2 + T, (f2 — 1) + 2I5,6f =0,  (4.3)
f+2rtii+2r¢ fi=o0,
while the constraints become
geet? + gont? + 9o (f2 + 1) + 2909tf =0,
(4.4)

This system of second-order ordinary differential equa-
tions and constraints is most easily described as a Hamil-
tonian system:

H = 39"P2+ 397" P + 39%°P; + ¢**P.Py + 3944 ,
(4.5)
supplemented by the constraints

H=0, P,=0. (4.6)
The function f(7) introduced in Eq. (4.2) does not rep-
resent any physical degrees of freedom. It describes the
“longitudinal” rotation of the circular string and is there-
fore a pure gauge artifact. This interpretation is con-
sistent with Eq. (4.6) saying that there is no angular
momentum Py.

The Hamilton equations of the two cyclic coordinates
t and f are

f = g¢¢P¢ + gtd)Pt, t= g“Pt + gtd’Pd, y (4.7)

as well as
P, = const =0, P, =const=—-F, (4.8)

where F is an integration constant and we used Eq. (4.6).
The two functions ¢(7) and f(7) are then determined by

f=-Eg*, (4.9)

t=—Eg", (4.10)

that can be integrated provided r(7) is known. Using
Egs. (4.6), (4.9), and (4.10) the Hamilton equation of r
becomes, after one integration,

72 = —g"(E%g" + gge) (4.11)
so that 7(7) can be obtained by inversion of
T
d
T—Tp= z (4.12)

ro /=9 (@)[E?g%(2) + gg4(2)]
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For the cases that we will consider in the following, Eq.
(4.12) will be solved in terms of either elementary or el-
liptic functions.

We close this subsection by the following interesting
observation: Insertion of the ansatz (4.2), using the re-
sults (4.9)—(4.11), in the line element (4.1) leads to

ds® = ggg(do® — dr?) . (4.13)
We can then identify the invariant string size as
S(1) = 1/946(r(7)) - (4.14)

For the (2+1)-dimensional BHAdS spacetime the invari-
ant string size is then simply r, as well as for the or-
dinary (3+1)-dimensional Schwarzschild and Reissner-
Nordstrém black hole backgrounds. For the black string
background (2.13) the invariant string size is actually
1

A. Circular strings in the 2+1 BHAdJS spacetime

In the (2+1)-dimensional BHAdS spacetime (2.6),
Equation (4.11) determining the invariant string size
r(7), takes the explicit form

r? J?
P24+ V(r)=0; V(r)=r? (ZT_M)+T—E2'

(4.15)

Here we have defined the potential V(r) such that the
dynamics takes place at the r axis in a (r, V(r)) diagram,
see Fig. 1. The potential (4.15) has a global minimum
between the two horizons:

M2
VmanzV( — )z—i(Mztz-J2+4E2)<o,

(4.16)

which is always negative, since we only consider the case
when M2 > J? [otherwise there are no horizons, see Eq.
(2.7)]. For large values of r the potential goes as r* and
at r = 0 we have
J2

V(0) = T E? | (4.17)
that can be either positive, negative, or zero. Notice also
that the potential vanishes provided

V(To) =0& T01,2

2 l 1/2
_ (M;_ £ VM- Ty 4E2) . (4.18)

Equation (4.18) leads to three fundamentally different
types of solutions.

(i) For J2 > 4E?2 there are two positive-r zeros of
the potential [Fig. 1(a)]. The smallest zero is located
between the inner horizon and r = 0, while the other
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FIG. 1. The potential V(r), Eq. (4.15), for a circular string in the (2+1)-dimensional black hole anti-de Sitter (BHAdS)
spacetime. In (a) we have J? > 4E? and a barrier between the inner horizon and r = 0, while (b) represents a case where
J? < 4E? and a string will always fall into r = 0. In the cases shown, the values of the various parameters are M = 1, J = 1/1/2
as well as E=0.1 [case (a)] and E=0.5 [case (b)]. The static limit is rerg = I.

zero is between the outer horizon and the static limit.
Therefore, this string solution never comes outside the
static limit. On the other hand, it never falls into r = 0.
The mathematical solution oscillating between these two
positive zeros of the potential may be interpreted as a
string traveling between the different universes described
by the maximal analytic extension of the spacetime (2.6)
[the Penrose diagram of the (2+1)-dimensional BHAdS
spacetime is discussed in Refs. [23,25]]. Such type of cir-
cular string solutions also exist in other stringy black hole
backgrounds [36].

(i) For J% < 4E? there is only one positive-r zero of
the potential, which is always located outside the static
limit [Fig. 1(b)]. The potential is negative for r = 0, so
there is no barrier preventing the string from collapsing
into r = 0. By suitably fixing the initial conditions the
string starts with its maximal size outside the static limit
at 7=0. It then contracts through the ergosphere and the
two horizons and eventually falls into » = 0. If J #0 it
may, however, still be possible to continue this solution
into another universe as in case (i).

(ili) J? = 4E? is the limiting case where the maximal
string radius equals the static limit. The potential is ex-
actly zero for r=0 so also in this case the string contracts
through the two horizons and eventually falls into » = 0.

Let us now look at the exact mathematical solution of
Eq. (4.15). In the general case (arbitrary J) the non-
negative solution can be represented as

1

- 1. 4.19
c1p(T — 1) + c2 ( )

(1) = |rm

where r,,, is the maximal string radius,

2 1/2
Tm = (—sz + 5\/le2 —J2 4+ 4E2) ) (4.20)
c1 and c; are two constants given by
o = r3,  Mr, -1
1 = lz 2 )
1 [6r2, 3, Mry,\ "
1 (brm _ Tm _ MTm 21
ez 12(12 M)(lz 2 ) (421
and p is the Weierstrass elliptic p function [39],
6’ =40 — g0 — g3 , (4.22)
with invariants
_ M? M2 i
2= TTE T
M3 M?*: Mri
__M m m 2
=736 " o2 614 (4.23)
discriminant
2 2 2\4
— 3 2 __ Tm Tm M T
and roots
{—%,% (%i%y/Ml’—ri)} . (4.25)

The qualitatively different solutions (i), (ii), and (iii) dis-
cussed before, are now distinguished by the sign of the
discriminant A:
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J2—4E? > ()0 & 72 < (>)MI2 & A > (<)0, (4.26)
where we used M!? < 272 (otherwise there are no hori-
zons). We then analyze the three types of solutions in
terms of the mathematical formalism above.

(i), A > 0: In this case the roots (4.25) are given by

M
e = — +w\/M12—T2 >02>e,

M _ Tm M
= 2 _p2 = -
=D AVME— L ez, (427)

and the solution (4.19) can be written in terms of Jaco-
bian elliptic functions:

§ — sn?[r*, k]
S (4.28)
where
. 41%(e; — e3)
T =\e1—esT, §= —_—_27',2,, —n
e — 3\ /2
k= (———3) : (4.29)
€; — €3
It follows that
r(0) =rm, r(w)=+/MI2-12, r2w)=rnm,....
(4.30)

where w is the real semiperiod of the Weierstrass func-
tion,
K(k
w= K& (4.31)

Ver—e3’
and K (k) is the complete elliptic integral of first kind.
From Egs. (4.28) and (4.30) it is seen that the solution
oscillates between the two positive zeros (4.18) of the
potential, with the period 2w.

(ii), A < 0: Now two of the roots (4.25) become non-
real:

M Tm
e = + 2l2 VT Ml2

M ;7
= — _m 2
es= T3~ iz —Mi (4.32)
=M
2= 6 ’
and Eq. (4.19) leads to
r(T) = rmlcn[2y/ Ho7, k]|, (4.33)
where
H2=\/e§—e1e3, k=”%—'362/4H2 . (434)
It follows that
r(0) =1, r(w2/2) =0, r(wz) =Tm,..., (4.35)

where the real semiperiod of the Weierstrass function is
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now
K (k)
vVH;
(iii), A=0: In this limiting case the elliptic functions
reduce to hyperbolic functions. Explicitly we find

VMl
T(T) - COSh(\/M_T) E] (437)
so that
r(-0) =0, r(0) =rp, =VMl, r(c0)=0. (4.38)

In this limiting case A=0, the mathematical solution only
makes one oscillation between » = 0 and the maximal
radius.

Let us close this section with a few more words on the
nonrotating black hole case. For J=0 we are always in
case (ii); i.e., if the black hole has no angular momen-
tum the circular string has its maximal invariant size
larger than the horizon (there is no ergosphere and only
one horizon in this case) and it always falls into r = 0.
The Penrose diagram for J = 0 [23] is similar to the Pen-
rose diagram of ordinary Schwarzschild spacetime, so the
string motion outwards from r = 0 is unphysical because
of the causal structure. The string motion stops when
the string falls into r = 0.

The physical string size is given by Eq. (4.33) for J =
0, and the coordinate time ¢(7) is then obtained from Eq.
(4.10),

— 2 T
t(r) = —El / T

which leads to

t(r) = B m(—Tm Har k
T o(r2, — Miz)/H; \r% — M’ VIl )
(4.40)

Here II is the incomplete elliptic integral of third kind
and r,, k, H, and w, are given by Egs. (4.20), (4.34),
and (4.36), respectively, with J = 0. The string has its
maximal size for 7=0, passes the horizon ry, = VMl at

dz
cn?2y/Haz, k]’

(4.39)

2
Thor = 2—\/1——H—2F (arcsin 1- %,k) , (4.41)

where F is the incomplete elliptic integral of first kind,
and falls into r = 0 for 7 = wy/2 [Eq. (4.35)]. The
corresponding values of the coordinate time are given by

t(0) =0,
; (2) _ Elry, Zle, k)

2 2V MH; /2, — M2 \/r2 (1 — k2) + k2 M2
where Z[e, k] is the Jacobian ¢ function [39] and sn[e, k] =
(r%, — M%) /r2,.

t(Thot) = 0o
(4.42)

3

B. Circular strings in ordinary spacetimes

We will now compare the circular strings in the (2+1)-
dimensional BHAdS spacetime and in the equatorial
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plane of ordinary (3+1)-dimensional black holes. In the
most general case it is natural to compare the spacetime
metric (2.6) to the ordinary (3+1)-dimensional Kerr—
anti—de Sitter spacetime with metric components

_ a?Agsin? 0 — A, _ p_2
gt = pz y Grr = Ar E)
s 2
0
=[A, — 2 A El_n__’
9o [ (r +a,) 9] Aop?
s 2 2
_ 2 2\2 _ 2 in2 M =p_
9es = [Ae(r? + a®)* — a®A, sin® §)] Az 900 = A,
(4.43)

where we have introduced the notation

J

7509
A, = (1-3Ar?)(r? +a?) - 2Mr, Ag =1+ 1Aa’cos?6,

Ao =1+ }Aa?, p* =r?+a’cos?6 . (4.44)
Here the mass is represented by M while a is the specific
angular momentum, and a positive A corresponds to de
Sitter while a negative A corresponds to anti—de Sitter
spacetime. In the equatorial plane (§ = 7 /2) the metric
(4.43) is in the general form (4.1) and it is easy to see
that the analysis of Sec. IV goes through, so that we can
take over the general results of Egs. (4.9)—(4.11) for the
circular strings. In the most general case the ¢t equation
(4.10) and the r equation (4.11) take the form

f E 2 2\2 2 .2 _
t= gl +a)?—a®A], #+V() =0, (4.45)

where the potential is given explicitly by

V(ir)=-

A 4, 1- 2Aa2/3r2 _2M(1+ 2Aa2/3)r + 22 — Aa?/3 — E?A}  4MAe*1
3Ao A A2

Ao 3A(2] T

+a2[Ao(a2 - E2A}) —4M? 1 + 2Ma*(a® — E3A}) 1

2 2
Ag T

i.e., the potential covers seven powers in r. The gen-
eral solution will therefore involve higher genus elliptic
functions and we shall not go into any detail here. It
is furthermore very complicated to deduce the physical
properties of the circular strings from the shape of the
potential (the zeros, etc.) since the invariant string size
(4.14) is nontrivially connected to r:

r? + a2 2M a? 1/2
§(r) = (1 FAaB T r (1 +Aa2/3)2) - (447)

We will leave the general Kerr—anti—de Sitter case for
analysis elsewhere, and concentrate here on the nonrotat-
ing case a = 0, that should be compared with the J =0
case of the 2+1 BHAJS solution discussed at the end of
subsection IV A. Our strategy will be to start with the
simplest case of a circular string in flat Minkowski space-
time and then introduce a mass (Schwarzschild) and a
negative cosmological constant (anti—de Sitter).

1. Minkowski space

This case was originally discussed by Vilenkin [29], and
is obtained from Eqs. (4.45) and (4.46) taking A =0 =

V() =-E? rm=M++VM2+E?>E, V(r)xr? forr>> (M,E) .

Az 3 (4.46)

a=M,

t=E, V(r)=r?-E?, (4.48)

i.e., [see Fig. 2(a)]:
V() =—E?% r,=E, V(r)cr? forr> E . (4.49)

The string oscillates between its maximal size r = E and
r = 0, with the solution of Eqs. (4.45) given explicitly
by

r(T) = rplcost|, t=ET. (4.50)

2. Schwarzschild black hole

This case was already considered in Ref. [36] for E =
0 and in Ref. [38] for arbitrary E. The potential and
coordinate time are obtained from Eqgs. (4.45) and (4.46)
witha =0=A:

E

L — 2 _ _ g2
t—l—-2M/r’ V(r)=r*-2Mr - E?, (4.51)

i.e. [see Fig. 2(b)],

(4.52)
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FIG. 2. The potential V(r), Eq. (4.46), for a circular string in the equatorial plane of the four (3+1)-dimensional spacetimes:
(a) Minkowski (Min) space, (b) Schwarzschild (S) black hole, (c) anti-de Sitter (AdS) space, and (d) Schwarzschild—anti-de
Sitter (SAdS) space. The potentials are plotted for fixed E and we notice the following general relations between the maximal

SAdS AdSs

Min AdS > ri

string radii rm: rS > pMin 5 pAdS LS o S ,and r

The mathematical solution oscillates between 7 = M +
VM2 4+ E?2 andr = M — VM2 + E2 < 0, but because
of the causal structure and the curvature singularity the
motion stops at = 0. The solution of Egs. (4.45) is
remarkably simple (compare with the point particle case,
see, for instance, Ref. [28]),

r(t) =M+ v/ M2 + E2 cosT

tant/2 + (VM2 + E2 — M)/E
tant/2 — (VM2 + E2 - M)/E
(4.53)

t(r)y=ET+2MIn

3. Anti—de Sitter space
Here we take a = 0 = M and A = —3H? < 0 in Egs.
(4.45) and (4.46) and find

,__E
T 14+ H?r?2’

i.e. [see Fig. 2(c)],

V(r)=r*(1+ H?*?) - E?, (4.54)

V(0) = —E?% r, = 751—5(—1 +V1+44H2E?)'2 < E |

V(r) < r* for r> (1/H,E) . (4.55)

> rSAdS o 2R3 > 2M.

The string is oscillating between r = 7-;—1?(—1 +
V1+ 4H2E?)/2 and r = 0. The solution of Egs. (4.45)

for r(7) is

7(T) = rmlen](1 + 4H2E2)1/4T, K], (4.56)

which is periodic with period 2w,

K (k) . <\/1+41:r2152—1)”2

(1 + 4H2E?)1/4’

21+ 4H2E?
(4.57)

Equation (4.54) can then be integrated, and we obtain,
for t(7),

E

(1+4H2E?)1/4(1 + H?r2)
Hzr,zn

x1T (1 + H?r2’

t(r) =

(1 + 4H?E?)Y/47, k) ,

(4.58)
where II is the incomplete elliptic integral of the third
kind.

4. Schwarzschild—anti—de Sitter space

By takinga = 0 and A = —3H?2 < 0 in Eqgs. (4.45) and
(4.46) we are finally in the case of Schwarzschild-anti-de
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Sitter spacetime:

E

t=
1+ H?r2 —2M/r’

(4.59)
V(r) = H?r* +r? — 2Mr — E? |

i.e. [see Fig. 2(d)],

V(0) = —E?, H?*? +r% —2Mr,,—E*=0,
V(r)xcr* forr > (M,H Y E). (4.60)

Notice that V(r) < —E? inside the horizon, and that
dV/dr has only one real (positive) zero. It follows that
the r,, equation (4.60) has exactly one positive solution
which is then by definition r,,. The explicit (but not
very enlightening) expression for r,, as a function of M,
H, and E can of course be written down by solving the
quartic equation, but we shall not give the result here.
The solution of Eqs. (4.45) for r(7) can be written in
terms of the Weierstrass elliptic g function:

1

"(T)=rp———"——, 4.61
( ) dlp(T - To) + dz ( )
where the two constants d; and d; are given by
di = 2(rm — M +2H?r3)71 |
(4.62)

d2 = (14 6H?r2)(rm — M +2H?*r2)™" .

The invariants of the Weierstrass function are given by

g2 = &5 +2Mr, H? - H*r2 (1+ H%*r2) , (4.63)
M?H? Mr,H? H?2 2,2
(4.64)

from which one can calculate the discriminant, the roots,
etc. From Eq. (4.61) it is, however, already clear that the
string starts with maximal size r,,, for 7=0, it then con-
tracts and eventually collapses into the singularity r = 0
(taking for convenience 79=0).

From Fig. 2 and the above analysis we conclude that
the circular string motion is in fact very similar in the
equatorial plane of the four backgrounds of Minkowski
space, anti—de Sitter space, Schwarzschild black hole, and
Schwarzschild-anti—de Sitter space. In all these cases the
string has a maximal size, and then contracts towards
r=0. Quantitatively there are of course differences but
qualitatively the motion from r = r,, to » = 0 is the
same. This also includes the (2+1)-dimensional BHAdS
spacetime when J = 0: according to Fig. 1(b) and Eq.
(4.35), the J = 0 circular string motion is qualitatively
similar to the four cases described above.

This similarity can actually be pushed one step further
by considering small perturbations propagating around
the circular strings, using the covariant approach of
Larsen and Frolov [4]. For a line element in the form
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(2.1) the circular string is determined by Egs. (4.10) and
(4.11):

t = E/a(r), (4.65)

72 4+ rla(r) = E%. (4.66)

We can introduce a normal vector n* perpendicular to
the string world sheet (z* =t,r,¢):

GuE#n’ = g a’n” =0, gun¥n’ =1, (4.67)
explicitly given by
r FE
b=(——,—,0 4.68
n (ra(r)) r K ) ) ( )
and satisfying the completeness relation
1
gt¥ = —2(:1:"‘3:"’ —zHz¥) + ntn¥ . (4.69)
r

For circular strings in the equatorial plane of a higher-
dimensional spacetime there will also be normal vectors
in the directions perpendicular to the plane of the string
but they will not concern us here. By defining the comov-
ing physical perturbations dz to be the perturbations in
the n* direction,

oz* = dzn* ,

(4.70)
it can be shown that [38]

r da(r)
2 dr

2 J2 2
(af,—az)az-( ld“(’)—ﬁ)sxﬂ,

2 dr? r?
(4.71)
to first order in the perturbation. To solve this equation

one has to first solve Eq. (4.66) for r(7). After Fourier
expanding dz we get the Schrodinger equation [38]

2 g2 2
r da(r) r_da(r)__2__E__)Cn=0,

2 dr

. 2
Cnt ('n. + 2 dr? 72

(4.72)

determining the Fourier components of the comoving per-
turbations.

The four nonrotating spacetimes considered in this
subsection are special cases of a(r) = 1 — 2M/r + H%r?,
while the J=0 case of the 2+1 BHAGJS spacetime corre-
sponds to a(r) = %;— — M. However, in all these cases it
is clear from Eq. (4.72) that the comoving perturbations
are regular except near r = 0, where the dominant term
in the “potential” (4.72) is the E? term. The E? term
depends on a(r) through the denominator r2 that is ob-
tained by solving Eq. (4.66). In all the nonrotating cases
considered in this section it is easy, however, to see that
for r — 0 we have r ~ —E(7—7,). It follows that not only
the unperturbed circular strings but also the comoving
perturbations around them behave in a qualitatively sim-
ilar way in all the nonrotating backgrounds considered in
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this section. This should be contrasted with the analy-
sis of the string perturbations around the string center
of mass (Sec. IIT), where we found qualitative differences
between strings in ordinary (3+1)-dimensional black hole
spacetimes and strings in the (2+1)-dimensional BHAdS
spacetime. Notice, however, that in both approaches we
have only made the comparison for nonrotating space-
times.

V. CIRCULAR STRINGS WITH UNBOUNDED
RADIUS

In the previous section we concluded that the circular
string motion is qualitatively similar in the equatorial
plane of spacetimes with the line element

dr?

ds? = —a(r)dt® + ﬁ + 72d0? + r?sin® 0dp? , (5.1)
a(r
with
a(r) = H*r* +1 - M , (5.2)
T
and in the (2+1)-dimensional spacetime
ds? = —a(r)dt® + iii + r2dg? (5.3)
a(r) ’ '
with
r2
a(r) = l—z‘ -M (5.4)

This similarity can be physically understood in the fol-
lowing way: The dynamics of a circular string in a curved
spacetime is determined by the string tension and by the
local gravity. The string tension will always try to con-
tract the circular string, while the local gravity can be
either attractive or repulsive. For the spacetimes (5.1)
and (5.3) the local gravity is proportional to the deriva-
tive of a(r). It follows that in the cases represented by
Egs. (5.2) and (5.4) the local gravity is always positive
[considering only positive M in Eq. (5.2)], corresponding
to attraction. So in these cases both the string tension
and the local gravity work in the direction of contraction
of the circular string, and therefore all strings collapse to
r=0.

The above argument also suggests that we can find
qualitatively different circular string motions by consid-
ering spacetimes with regions of negative local gravity
(repulsion). In such spacetimes we can expect to find
regions where the string tension is dominating, regions
where the negative local gravity is dominating, and re-
gions where the two opposite effects are of the same order,
being a natural balance ensuring the existence of station-
ary circular strings (such a solution actually exists in de
Sitter space [4,6,8]).

We have already seen that in the rotating (J # 0)
(2+1)-dimensional BHAdS spacetime we can have string
solutions qualitatively different from the J=0 solutions,
namely noncollapsing circular strings (provided J? >
4E?). The same happens in the equatorial plane of ro-
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tating (a # 0) (3+1)-dimensional spacetimes in the form
(4.43). If a® > E2AZ we see from Eq. (4.46) that the
potential is positive infinite for » —0, so that no collapse
into r = 0 is possible.

A somewhat simpler example is provided by the
Reissner-Nordstrom black hole, which has a region of
negative local gravity inside the (outer) horizon. Cir-
cular strings in Reissner-Nordstrém background were in-
vestigated in Ref. [38] and indeed noncollapsing solutions
were found.

It is also easy to find spacetimes with negative local
gravity in the asymptotic region r — oo. The sim-
plest example is ordinary de Sitter space, which in the
static parametrization takes the form (5.1) with a(r) =
1 — H?r2. In that case the potential (4.46) goes to mi-
nus infinity [V(r) oc —r%] for r — oo and unbounded
expanding circular strings are found [6,8]. These solu-
tions and the other types of circular string solutions in
de Sitter space were discussed in great detail in Ref. (8],
so we shall not say too much about it here. One of the
most important results in de Sitter space is the existence
of multistring solutions [6-8]. It turns out that for cer-
tain ranges of the integration constant F (which is called
—+v/b/H in Ref. [8]) the internal world-sheet time 7 is
a multivalued (finite or infinite) function of the cosmic
time. This means that one single world sheet, where
runs from —oo to 400, can describe finitely or infinitely
many different and independent strings in de Sitter space.
It is an interesting question whether this feature is also
present in other curved backgrounds. Let us now consider
briefly two other curved spacetimes in which we find cir-
cular string solutions with unbounded r, and multistring
solutions.

A. Circular strings in Schwarzschild—de Sitter space

Schwarzschild—-de Sitter space is in the form of Eq.
(5.1) with

a(r):l—g——Hzrz.

(5.5)
It is a very interesting spacetime for circular strings for
several reasons. First of all it has regions of both posi-
tive [da(r)/dr > 0] local gravity and regions of negative
[da(r)/dr < 0] local gravity. Second, it is asymptoti-
cally de Sitter, so we expect to find features similar to
the “pure” de Sitter case, for instance, the existence of
multistrings, as discussed above.

The mathematics of the circular strings is unfortu-
nately going to be more complicated here, as compared
to the cases discussed in Sec. IV and in Ref. [8]. From
Eq. (5.5) it follows that Schwarzschild-de Sitter space-
time has two horizons (one horizon when equality) pro-
vided that v/27THM <1. Explicitly they are given by
(re 27-),

1-iv3
r-=M (_22/3Z(HM) -

1+ ivV3)Z(HM
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21/3 Z(HM) ) , (5.7)

r+=M (Z(HM) 3H2M?21/3

where we introduced the notation

Z(HM) = [-54H*M*
++/—108H6M®(1 — 27TH2M?)|'/3 |
(5.8)

and we only consider the region HM € ]0, 1/v/27]. The
circular string potential (4.46) for a = 0 and A = 3H2 >
0 takes the form

V(r) = —H?* 4+ — 2Mr — E? | (5.9)

so that
VO)=V(ry)=V(r-)=-E?,
(5.10)
V(r) < —r* forr> (M,H Y E) .

The potential has a local minimum between r = 0 and the
inner horizon, and a local maximum at r = ro between
the two horizons,

av(r) a2V (r)
I =0, —3 <o, (5.11)
r=rg T=To
where
91/3 W (HM)
ro=M (W(HM) 6H2M221/3) (512

and

W(HM) = [-108H*M*
+1/—432H8M8(2 — 27TH2M?)]"/3 .
(5.13)
J

4(6H?r2 — 1) exp[—\/(in—r;‘;——l(‘r — 70)]
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Since the string dynamics takes place at the r axis in
a (r,V(r)) diagram, it is important to know exactly the
shape of the potential. If V(r¢) > 0 the potential has two
zeros between the two horizons, and it will act effectively
as a barrier, see Fig. 3. On the other hand, if V(rq) < 0
there is no barrier and nothing can prevent a contracting
string from collapsing into the singularity r = 0. One
finds

E? 2772 (T0)*
V(re) >0& — < —-H*M (—J\Z)

Ty,

where the right-hand side of the (second) inequality de-
pends on HM only. The inequality (5.14) also provides
the critical value of (E/M) in terms of HM, when the
potential equals zero for r = ro.

The mathematical solution of Eqs. (4.45) for 7(7), de-
termining the invariant string size as a function of 7, can
be formally obtained from the Schwarzschild—anti—de Sit-
ter case, discussed in subsection IV B, by simply changing
the sign of H? in Eqgs. (4.59)—(4.64). The parameter r,,
defined in Eq. (4.60), however, can no longer be inter-
preted as the maximal string size. In the present case
we can just take r,, to be any of the complex roots of
the quartic equation (4.60) (with H? replaced by —H?),
and then also the (complex) constant 7o introduced in
Eq. (4.61) must be carefully chosen to obtain a real r(7)
for real 7.

In the present paper we shall not go into a complete
analysis of the various types of solutions. We will re-
strict ourselves by considering only the “degenerate” case
V(ro)=0, where the Weierstrass function reduces to an
elementary function. In that case it is tempting to take
To = Tm, but then the constants d; and d;, defined in
Eq. (4.62), diverge, so we have to take one of the other
roots of Eq. (4.60). After a little algebra we find

(5.14)

r(r) =19

+ .
H{exp[—/6H?r2 — 1(r — 70)] — 4H?r2}? — 4H(6H?r} — 1)

(5.15)

It is clear from the potential (Fig. 3) that there are two qualitatively different types of solutions, which we shall call

r4+(7) and r_(7).
For

1 2= 8H?r2 +24/6H%r2 — 1,/3H%rZ — 1 ,

(5.16)

To =
0 V6H?rZ — 1

we have the solution r4 (7) with the properties

r4(—00) =719, 74(0)=0. (5.17)
This circular string starts with its maximal size ro at
T = —o00, passes the inner horizon and falls into the sin-
gularity r = 0 at 7=0.

The choice

HTO

1
- (6 H2r2 —
To 6 =1 In(4Hro + 24/6H2r3 — 1) (5.18)

leads to a different type of solution, r_(7), with
r_(—00) =719, 7_(0) =00, r_(00)=719. (5.19)

This solution is very similar to the multistring solution
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To Ty

. L .+ r/E

gL

FIG. 3. The potential V(r), Eq. (5.9), for a circular string in the ordinary Schwarzschild—de Sitter spacetime (SdS). For
V(ro) > 0 there are qualitatively different types of solutions, since V(r) acts as a barrier.

discussed in Refs. [6,8] for strings in de Sitter space. Each
of the two world-sheet time intervals 7 €] — oo, 0] and
T € [0,00[ corresponds to the physical time interval
]—00, 00, that is, the world-sheet time 7 is a two-valued
function of the physical time, and Egs. (5.15), (5.18),
and (5.19) describe a multistring (two) solution.

More generally, from the potential (Fig. 3) and the
similarity between the Schwarzschild—de Sitter and the

V(8

“pure” de Sitter spacetimes outside the horizon, we can
expect multistrings for any values of the parameters
(M,H,E).

B. Circular strings in the black string background

As our final example of circular strings in curved space-
times, we consider the (2+1)-dimensional black string

() (d)

FIG. 4. The potential V(S5), Eq. (5.27), for a circular string in the black string background. For M > 0 and M 2122— J2>0
(the latter is the condition for the existence of horizons) there are four qualitatively different cases: (a) J = 0, E?1?2 < 1; (b)

J=0,E*2>1;(c) J#0,E**>1;(d) J#0, E*I? < 1.
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of Horne and Horowitz [26]. For our purposes it is
most convenient to use the stationary (but nonstatic)
parametrization (2.13), which in the general form (4.1)
is

- J: r? J2\ !
gtt—M—m, grr—(Tz——M+m) )
(5.20)
1

- 1

g¢¢=;§) gt¢=7 )
where the tilde reminds us that the black string is dual
to the (2+1)-dimensional BHAdS spacetime (2.6). From
the analysis of Sec. IV we can then write down the Egs.
(4.9)—(4.11), determining the circular string motion in
the background (5.20):

-FE

-2 Y, _ '=
PV =0t M —J2/4r2 —r2/12°

(5.21)
_ E
T () (M — J2/4r2) — 1)1

f

For the r equation we find a potential which is dual to the
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potential for the (2+1)-dimensional BHAdS spacetime,
in the sense that
V(R) = §"(E*3" + Gss) , (5.22)

[compare with Egs. (4.11) and (4.15)], and given explic-
itly by

- Jg M 1 2
It follows that
_ - 1
V(rl) = —E?, V(o0) = i E? (5.24)

where r4 are the two horizons (2.7), unchanged by the
duality transformation. For » — 0 the potential is pos-
itive infinite for J # 0, and negative infinite for J=0
(taking M positive).

One effect of the duality transformation has been to
change the asymptotic behavior of the circular string
potential, compare with Eq. (4.15). In the case that
1/(I2) — E? < 0 the potential approaches a negative con-
stant value, which gives rise to string solutions of un-
bounded r. In this sense we will find solutions of com-

TABLE 1. String motion described by the string perturbation series approach in the 241 BHAJS,
ordinary black hole AdS, de Sitter (dS), and black string backgrounds. Notice the difference between
the string motion in the 2+1 BHAJS and in the other spacetimes, while the strings in the black
string background behave similarly as in the ordinary black hole backgrounds.

String perturbation series approach
z#(r,0) = ¢*() + n*(7,0) + £¥(1,0) + -+
n* = nézk, éz(r,0) = ZC,}‘Z(T)C_‘HG; R=1,...,(D-1)

Cnr + ('"26}25 - Rppav"';z";q."q'a)cf =0

2+1 black hole AdS
én.L + (n2 + —T;) Cnl =0

Gy + (n’ n '—;';) Coy =0

No instability, w, = 1/n% + m2/i2

5z®, ¢# bounded everywhere.
5.‘1:11 = Z[Anne—i(nc-f-w,.‘r) + A"Re_i(na—w"f)]

m? = 22 (2112 + T—:) EA..nfi_nn
n R

Ordinary (D > 4) black hole AdS

Cni + (n2 +m?H? + i,'s'ﬁ) Cn1 =0

én" + ('n2 +m?H? - TZMmz Cnh =0
1/3
Instability, rine: = (%’f—j’%’-)

Unbounded perturbations Cy, for

r(r) & (3m/MJ2)*/ (10 — )/ 0

Call = 5ip =773 Cnil =0

m?(H =0) = 4Zn22Anm‘i—nn
n R

_Ordina.ry (D > 4) de Sitter
Cnr + (n’ - m’H’)C,,R =0
Unbounded modes for [n| < mH

Instability, wn = vVn2 — m2H?2

dzp = Z[A"Re-i(no+wnr) + jnRe—i(nc—w“T)]

n

m? = 22:(271,2 — msz)z:A,.Rfi_,.n
n R

Black string

Cni +n2Cpni=0

Cn“ + (n2 - ZA{:nz) C"“ =0
Instability, rinst = ’M‘""

Unbounded perturbations C,, for

r(r) =~ M;"z (o —7)2—>0:

Crll = TozyzCni =0
String mass formula not yet known.
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pletely different type than the solutions discussed in sub-
section IV A, that were always bounded. Another effect
of the duality transformation however, is, to change the
expression for the invariant string size, defined in Eq.
(4.14),
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For nonzero J, which means nonzero charge for the black
string [26], we have only bounded configurations (finite
S), while for J=0 and M > 0, unbounded configurations
will exist as well. The potential (5.27) is shown in Fig. 4
for various values of the parameters. The simplest case
(J =0, E’l = 1) Eqgs. (5.26) and (5.27) are solved by

= 1
S(1) = /3¢ = — - .
(1) = Vase e (5.25)
Writing Egs. (5.21) in terms of the invariant string size S(r) = 1 ) (5.28)
yields |2V M|
L2 -~ . —
S + V(S) = 0! t= M (J2/4)§2 (IS'-)__z ’ 1 2E?
- - = ——=—Ih|— 1, 5.29
(5.26) YN v W v ‘ (5.29)
fe E
M — (J2/4)82)8§2 —1/1°
where VM 2E?
¢(T,o)=a—7’————~lnl T—1 (5.30)
2E% |/ ’
V(S) = §* J—2S4—M§2+ 1 g 5.27 .
- 4 1z : (5-27) 5o that

TABLE II. Circular exact string solutions in the indicated backgrounds. S(7) is the invariant
string size. The motion is exactly and completely solved in terms of elliptic functions; [p(7 — 70)
stands for the Weierstrass elliptic function which reduces to elementary functions for zero cosmo-
logical constant or for particular combinations of the spacetime parameters]. The properties of
the potential V(r) [V(r) in the dual black string background] determine general properties of the
string dynamics. Unstable strings (expanding with unbounded size) and multistring solutions are
present for potentials unbounded from below for 7 — 0o, while bounded strings (and no multistring
solutions) correspond to V(o0) = +oco. When V(0) < 0, strings can collapse into a point.

Exact circular strings
ds? = gee(r)dt® + grr(r)dr? + 2geg(r)dtdg + gogde’®
t=t(r), r=r(r), p=o+f(r), (0=n/2)
7+ V(r) =0, V(T) = grr(Ezg“ +g¢¢)1 t= _Eguv .f = _Egtd’

ds? = g4e(—dr? + do?), ie., S(1) =

944(r(7))

2+1 black hole AdS

V(r) =r?(r?/1* - M) + J?/4 — E?
V(0)=J?/4—E* V(r > oo) xr* = o0
S(r) = (7) = rm ~ lerplr ~ 70) + 2l

Smax = m = /(MI2/2) (1 +/1- 4V(0)/Ml2)1/2

For J? > 4E2, Spin > 0, no collapse.
For J? < 4E2, Smin = 0, collapse.
No unbounded string size.

No multistring solutions.

Ordinary (D > 4) black hole AdS

V(r) = r*(1 + H*r?) — 2Mr — E?
V(0)=-E? V(r— o) xr®—> oo
S(T)=7(1) =rm — [c1p(T — To) + c2] "
V(rm) =0, Smax =Tm =rm(M,H, E)
String contracts from r(0) = r,,, until
it collapses into the 7=0 singularity.

No unbounded string size.
No multistring solutions.

Ordinary (D > 4) black hole dS
V(r) =r3(1 - H?*r?) — 2Mr — E?
V(0) = —E? V(r - o0) x —r* = —oc0

Contracting, expanding or stationary
solutions, depending on the balance
between the string tension and the

local gravity.

M=0: S*(t)=H %p(r —10) + H%/3
Contracting, expanding, or oscillating.
Unbounded string size.
Multistring solutions.

Black string
V(r) = J?/(4r?) — M/r% + 1/12 — E?
V() =00 (J#0), V(0)=—c0 (J=0)
S(r) =1/r(r), V(o0) =1/1* — E?

For J # 0, all solutions are bounded
(finite §). For J = 0 unbounded size
solutions exist as well.

J=0, El=1: §(7) = (|2vVMr|)~/?
§(—o00) =0, 5(0) =00, §(c0)=0
Unbounded string size.
Multistring solutions.
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§(=o00) =0, $§(0) =00, §(+00) =0,

5.31
t(—o00) =00, t(0) =0, t(co0)=o00. (531

This solution is somewhat similar to the two-string so-
lution found in de Sitter space (Refs. [6,8]) and in
Schwarzschild—de Sitter space (subsection V A), and in-
dicates that multistring solutions are a generic feature of
the black string spacetime, too.

In the general case the mathematical solution of Egs.
(5.26) and (5.27), or alternatively of Eqgs. (5.21) and
(5.22), can be obtained in terms of elliptic functions (el-
ementary functions for J = 0). This solution and its
physical interpretation are to be discussed elsewhere.
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VI. CONCLUSION

We have studied the string propagation in the 2+1
BHAdS and black string backgrounds. We found the
first- and second-order perturbations around the string
center of mass as well as the mass formula, and compared
with the ordinary black hole AdS spacetime. We found
the exact general evolution of circular strings in all these
backgrounds, and in the black hole de Sitter spacetime:
in all these cases the solutions were expressed closely and
completely in terms of either elementary or elliptic func-
tions. The physical properties of the string motion in
these backgrounds have been discussed. A summary of

the main features and conclusions of our paper is given
in Tables I and II.
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