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1 Introduction

In this paper, we obtain new black hole and black string solutions in the string background
obtained in [1]. The string background has the product topology Az x S% x X, where S3
denotes a unit three-sphere and X} is a compact four dimensional manifold. Examples of
X, include the Calabi-Yau manifolds 7% and K3. The spacetime As interpolates between
AdS3 in the infrared and a (an asymptotically) linear dilaton spacetime IR x S! x IR in the
ultraviolet. The world-sheet conformal field theory on A3 is an exact marginal current bilinear
deformation of the world-sheet theory on AdSs. In the boundary theory the deformation is
equivalent to a deformation by an irrelevant operator of (left and right) scaling dimensions
(2,2), see [1, 2] and references therein. The resulting deformed theory is thus non-conformal
and dual to string theory on A3 (times the internal product manifold M7 := S3 x X}).

In the boundary theory the deformation coupling 4 has mass dimension —2. The coupling
can have either signs. In the case it is negative the deformation washes the holographic
boundary away to infinity. On the other hand, in the case it is positive, in general it moves
the boundary into the bulk. In Anti-de Sitter (AdS) spacetime moving the boundary into
the bulk generates at onset a curvature singularity. For more and thorough discussions
see [1]. Therefore, we will make in our following discussions a distinction between positive
and negative coupling. Also since products of conformal field theories (CFTs) are still CFTs,



we will simply ignore the (world-sheet) CFT on the internal manifold My. Therefore, M+~
is unaffected throughout our discussion.

The string background A3z contains the Kalb-Ramond field. The field has only one
independent component. At asymptotic infinity in general the component is a non-zero
constant. We can freely set the constant to any arbitrary value using the gauge ambiguity.
As we will show later in the paper, the usual gauge ambiguity in the definition of the Kalb-
Ramond field or the constant value that its (independent) component takes at the boundary,
i.e. at radial infinity, has a non-trivial consequence. In particular, it allows for black hole
solutions (of Einstein-scalar gravity) with negative ADM (Arnowitt-Deser-Misner) masses.

In three spacetime dimensions the Hodge dual of the Kalb-Ramond field is a (pseudo-
)scalar which is identified as an axion field [6]. Its value at infinity gives an additional
parameter to describe the solutions.? The solutions we find are asymptotically flat (in the
string frame) and they are exact solutions of classical string theory.

The new black string solutions are parametrized by their masses, angular momenta and
axion charges. The axion charge is the value of the (pseudo-)scalar at the boundary or spatial
infinity. In general it is determined by the electric flux in the world-volume of the black
string. We show that the axion charge is given only in terms of the deformation coupling. In
particular it does not depend on the horizons (radii). The uncharged solutions, i.e., those
black string solutions with zero axion charge, are also black hole solutions of Einstein-scalar
gravity. We also obtain other new black hole solutions of Einstein-scalar gravity by applying
duality transformation on the new charged black string solutions.? We show that their
angular momenta are given by the dual black strings axion charges and thus do not depend
on the horizons. We also show that the masses of a class of the black hole solutions can
be made negative by changing (in the dual black strings) the value of the (component of
the) Kalb-Ramond field at radial infinity.

The uncharged black strings have only a single horizon. They contain a curvature
singularity with the structure of a ring. In the case the deformation coupling is negative
the singularity is enclosed inside the event horizon.* Otherwise, i.e., for positive coupling,
the singularity is beyond the event horizon. The charged black strings, on the other hand,
possess two horizons. We show that depending on the ratio of the two horizons radii the
solutions may or may not contain a curvature singularity. The singularity has the structure

n a situation in which the metric (in the Einstein frame) is not asymptotically flat and/or the cosmological
constant is not zero the usual ADM mass formula does not directly apply. In such a situation, the adapted or
analogous ADM mass [3], however, is still given by the usual ADM expression except that now the reference
metric is not flat and the lapse function is not unity. It equals the asymptotic value at radial infinity of the
Brown-York (quasi-local) mass [4]. In this paper, we follow the Brown-York approach [5] and simply call the
Brown-York mass at radial infinity the physical or ADM mass. See appendix C for a review on the Brown-York
energy and mass.

2T-duality relates it to angular momentum.

3See appendix B for a review of the duality transformation.

4This particular class of solutions, i.e., the class of solutions characterized by zero axion charge and negative
coupling (of —1), is already known in the literature [7]. It is obtained by directly solving the Einstein field
equations with a minimally coupled scalar field. However, here we simply obtain it using duality and coordinate
transformations from global AdSs3. Moreover, thus, we show that they are exact in classical string theory. We
will discuss it in more detail later in the paper.



of a ring. In the case the deformation coupling is negative the singularity is at or enclosed
inside the inner horizon.> Otherwise, it is at or beyond the outer horizon. The new black
hole solutions that we obtain by applying duality transformation have only a single horizon.
They contain a curvature singularity. The singularity is enclosed inside the event horizon. To
end, the black hole solutions that we will discuss, including those characterized by positive
coupling, have only a single horizon and a ring singularity. The event horizon divides the
spacetime into two regions. The interior region contains the singularity and the exterior region
contains the rest of the spacetime. This will be our definition of interior and exterior. In the
case the coupling is positive the ring singularity cannot be contracted to the (coordinate)
origin without crossing the horizon(s).

The paper is organized as follows. In section 2 we review the rotating BTZ black
hole [8, 9]. In section 3 we obtain the new (dilaton) black hole and black string solutions. In
section 4 we further discuss the new black hole solutions. They are (black hole) solutions of
a minimally coupled Einstein-scalar gravity theory. We in particular compute their ADM
masses and angular momenta. In section 5 we summarize the main results and discuss future
research directions. We also give, in section 5, novel black hole solutions with a ring curvature
singularity in between their inner and outer horizons.

In appendix A we review a parameterization of AdSs that in particular is better suited
in relation to BTZ black hole. In appendix B we review T-duality, also known as target-space
duality. We use the T-duality transformation in section 3. In appendix C we review the
Brown-York quasi-local energy and mass. In appendix D we review the Kruskal approach.
We use it to remove the coordinate singularities of the solutions we study in the paper and
to obtain their Penrose diagrams.

2 BTZ black hole

Unlike in higher dimensional gravity, in three dimensional gravity, the Riemann curvature
tensor is determined completely by the Einstein tensor or equivalently the energy momentum
tensor of the matter content.® Therefore, in the absence of matter the only solution is
(locally) flat spacetime. However, in the case the cosmological constant is non-zero and
negative, it has black hole solution [8, 9]. The solution is referred to as BTZ black hole. It is
a solution of Einstein equations in three spacetime dimensions with negative cosmological
constant and without matter or fields.

The BTZ black hole is related to global AdSs (i.e., the universal cover of the SU(1,1) &
SL(2,IR) group manifold,) by a global coordinate transformation. AdSs (which here always
denotes the infinitely-sheeted universal covering space of SU(1,1) = SL(2,1R)) is described
in global coordinates by the metric

ds* = 1?(df? — cosh?0dy? + sinh?di)?), (2.1)

where [ is the radius of curvature and it is related to the (negative) cosmological constant
A. 1 is an angle variable and it has period 27w. The time coordinate ¢ takes its values in

5The inner (event) horizon is also referred to as Cauchy horizon.
5The Weyl curvature tensor is also identically zero. Thus, there are no physical excitations or propagating
gravitons.



IR and thus it is not compact. The radial coordinate 6 takes its values in [0, 00). We next
discuss the coordinate transformation and obtain the BTZ black hole from AdSs.
We first make the coordinate redefinition

r = [sinh#. (2.2)

The metric (2.1) becomes’
dr?

r2
2

ds? = = (24 12) d? + ridy?. (2.5)

We next make the coordinate transformation [9-11]®
i — pP— P+
Y =19, SD—_(ZQt—lw>,
b =id, o= (G- ), (2.6)

where t,w € IR, and extend the domain of r to all the real numbers, i.e., r =7 € IR, see (A.5).
We define, since we are in particular interested in the region exterior to the black hole
horizons, the new coordinate p as

2 9
L L (2.7)
Py — pP=

where p > p, > p_.% In our convention the coordinates p and ¢ have mass dimension
—1. Using both the GL(2) transformation (2.6) and the change of variable (2.7) in (2.5)
we get the metric

Js? — 1?p*dp* B et =3 | Ve S B Y G IV B A
TR 12p? P\
Pp*dp® (P =p%=02) 0 o PiP- 2, 9

"Another commonly used coordinate system is the Poincaré coordinate system. The Poincaré coordinates
cover only half of the AdS space. In Poincaré coordinates the metric is given by

2
ds® = ,l?2 (dz* — dt* + dz?) (2.3)

where z > 0, ¢,z € IR. The metric (2.3) can be obtained from (2.5) by making the change of variables

2 (2)? 4 (22 — 2 + 2 —1)?

i (22)? ’
e — 2t
M S a2t
tan ) = —2 (2.4)

22 —t2 422 -1

8The complex number i is related to a change of basis or coordinate patch, see appendix A and [12, 13].
9The case p_ = py in general requires a separate special treatment. However, the correct solution can be
obtained by taking limit. We give the solution later in the section.



The metric is invariant under p — —p. The BTZ black hole metric is obtained after identifying
w periodically. In the metric (2.8) we now identify w with period 27, i.e., w ~ w 4 27. This
in turn implies (@, %) ~ (@ + 27py /1% + 2wp_/1). Now p is a radial coordinate, i.e. p > 0.
Therefore, BTZ black hole can be viewed as a quotient space of AdSs. Thus, locally it is
isometric to AdS3. Furthermore, the scalar curvature is constant. It is given by'"

6 1
R=—5=6-A A=-5,

where A is the cosmological constant. Asymptotically, the BTZ black hole approaches

(2.10)

(without identifications) AdS3 spacetime.
The solution has two horizons. It has an event horizon at p; and an inner horizon at p_.
There is no curvature singularity inside the inner horizon. The spacetime region,

ph < p®<pl 407, (2.11)

in which the Killing vector field (9;)* = (1,0,0) := /' is space-like defines an ergosphere.!!

The BTZ black hole metric (2.8) satisfies the vacuum Einstein equations in (2 + 1)
spacetime dimensions,

1 1
Gap = Rap — §Rgab = —Agap = ﬁgab- (212)

In an asymptotically flat spacetime the total mass (which equals the total energy since
the lapse is one) is unambiguously defined. It is given by the ADM mass. The mass in
AdS and more generally in non-flat metrics is given by the usual ADM expression except
that now the reference metric is not flat and the lapse is not one [3, 4]. It equals the
Brown-York quasi-local mass [5] at radial infinity. The Brown-York mass is measured by a
static observer. The angular momentum is given similarly by the Brown-York quasi-local
angular momentum at radial infinity. It agrees with the Komar angular momentum [14],
here adapted for (2 + 1) dimensions.

The angular momentum and (analogous) ADM mass of the BTZ solution are given by!?

2040 30t
J = ﬁp,_MZB%;L. (2.13)
In terms of M and J the BTZ (black hole) metric is
12 02d p? 4 12ppp2 o B2 J 2
ds? = pap e — (p 2p2 R )dt2 + p? (dw - th) : (2.14)
19T AdS; the scalar curvature and cosmological constant are given by
d(d—1 d—1)(d—2

"The analytically extended BTZ metric is obtained by replacing p with ip or simply by setting p* = r € R.
It contains closed time-like curves and thus usually it is not considered. » = 0 is a causal singularity. More on
this later in next the section.

2Tn our convention, the mass M is dimensionless. We set Newton’s gravitational constant G to 1/8 (in
units of length). The angular momentum J has mass dimension —1. For BTZ black hole the usual Komar
mass formula adapted for (2 4+ 1) dimensions gives a divergent answer.



Thus, it is described by two parameters, its mass M and angular momentum J. We will
obtain M and J later in the paper following the Brown-York approach. In order for the
solution to describe a black hole or for a horizon to exist we assume

M >0, |J]< Ml (2.15)

It is with these conditions that the BTZ metric contains black hole solutions.

We note that (M, J) = (—1,0) is the AdS3 metric (2.5). It is separated from the massless
BTZ solution, i.e., (M, J) = (0,0), or the continuous black hole spectrum, by a mass unit.
The solutions with —1 < M < 0,J = 0 have naked conical singularity at the origin p = 0.
For small p the metric is

ds? = dp® — dr? — Mp2dw?, p=~—Mp, T =+—Mt. (2.16)

Thus, it describes point particle sources with negative cosmological constant [15, 16].13 The
zero mass black hole is identified in (1,1) AdS supergravity [18] as the Ramond sector ground
state. Global AdSs is identified as the Neveu-Schwarz sector ground state.

In the next section we obtain a new family of rotating black hole and black string solutions
by applying to As, since in the infrared the spacetime Ag is well described by AdSs, the
same GL(2) transformation. We explain this in the next section.

3 Rotating black hole and black string solutions

3.1 New black string solutions

We now consider the string background A3 obtained in [1]. A3 contains the metric g, the
Kalb-Ramond field B, and the dilaton field ®. The string metric g,, is given by

ds?® = gabdacadxb,
= 12(d6? — e??cosh?0dp? + e**sinh20dip?), (3.1)

where
e 2 =1 +~% — 2ycosh(26), (3.2)

and « is a dimensionless parameter. It is related to the deformation coupling 7 in the dual
boundary field theory by 4 = yR? (up to a constant factor) here R is the conformal radius of
the boundary cylinder on which the undeformed CFT is defined.!* The two form B is given by

1
B = Boidp Ady), By = —5126%(7 — cosh(26)). (3.3)

The dilaton ® is given by

2
20 _ 2| 26| _ 9s 3.4
¢ gsle”! |1+ ~2 — 2ycosh(26)] (34)

13See [17] for numerical solutions of static non-singular vortices in AdSs that are not BTZ black holes.
4The conformal boundary of AdS3 (i.e., the universal cover) is a time-like cylinder R x S*. As usual in
AdS, we take R =1 in string units.



where gs is the string coupling at v = 0. Note the absolute value sign is necessary in the
case vy is positive to ensure the dilaton is real everywhere. More on this momentarily. The
Kalb-Ramond field strength H is given by

H =dB,
= 12(1 — 4*)sinh(26)e*dy A dip A db. (3.5)

The time coordinate ¢ takes its value in IR. The radial coordinates 6 takes its value (in
the case v < 0) in R", i.e. 0 < § < co. The angular variable 1 is periodic. It has period
27(1 — 7) to ensure that there is no conical singularity at # = 0. The deformation coupling
~ takes the values in the range

-1<~v< 1. (3.6)

Other values of 7 can be mapped onto the interval (3.6) by rescaling the coordinates and
the string coupling at v = 0, i.e., gs. The transformation rules under v — 1/~ are ¢ — ¢/~,
Y — —1/y and g2 — g2/4? (see appendix E in [1]). The metric, the three form antisymmetric
tensor and dilaton are invariant by these transformations.

In a moment, we replace 8 using a change of variable by a function of a new coordinate
p. When v > 0, the range of the radial coordinate p is restricted so that the argument of the
absolute value (3.4) is always positive. Therefore, in this paper one may simply ignore the
absolute value sign. For a detailed discussion on the range of § when v > 0, see [1].

AdS3 (with Kalb-Ramond two form) is an exact solution to (classical) string theory, i.e.,
there are no o/ = lg corrections to AdSs. ls is the string length. The solution A3 is related
to AdS3 by (abelian) T-dualities and coordinate shift (see [1] for details), and thus it is exact
in /. However, it is perturbative in g [19]. In general, an abelian T-duality maps an exact
solution of string theory into an exact one (see, e.g., [20]). However, in the case the solution
is an effective one, abelian T-duality can generate o/ corrections [21]. Later in the section we
give previously known o exact (black string) solutions as special cases of our results.

On the world-sheet the deformation corresponds to an exact marginal deformation (see,
e.g., [1]). More on this in a future work.

In the low energy (super)gravity theory the metric, three form flux and dilaton are
governed by the action

b s — 05 =2 1 .5
S—%Q/dx\/ ge [R+4(V<I>) SH?—2A], (3.7)

where z# = (20, 2!, 22) = (¢,v,0) and

~ @
5 e 1 1 1 2
— - L A=-—Z 3.8
Js 252 2k%g2 167Gy [2 (3.8)

where Gy is the gravitational coupling in three spacetime dimensions. The equations of



motion that follow from the low energy (super)gravity action are

-1
Ry + 2V, ® — L Hypo HY? =0,

\ <62‘PHW,,> =0,
1

—H?-2A =0, (3.9)

R+4V2% — 4 (v<i>)2 -

where R = g"" Ry, is the (string frame) Ricci scalar.

For v = 0, A3 is AdS3. Assuming 7 is non-zero, for small @, i.e. sinhf < 1, the
metric (3.1) describes AdSs and for large 6, i.e. sinhf > 1, the metric is asymptotically
flat. In what follows we simply apply the same GL(2) transformation to obtain black hole
and black string solutions in As.

We now first make the coordinate redefinition
r = [sinhf. (3.10)
Using this the fields g,,, By, and ® become

dr?

ds? = —
= +1

— 2 (r2 + l2) al<,02 + e2¢r2d¢2,
B = Boidp Adip, By = —%l262¢ (v —1- 2?2) ,
e*® = gile*?, (3.11)
where

_ T
e =(1-7)%- 4 (3.12)

P+ pP—
W= —i (l2t - lz) , (3.13)
and the change of variable
2_ 2
=1 (%) . (3.14)
Py — P-

The GL(2) transformation (3.13) and the coordinate redefinition (3.14) give the black
string solution described by the metric g,,, Kalb-Ramond field B, and dilaton field ®



which are given by

ds® = G datdz”

= Ppdp? _ 20 PP 00y 2o 2 (g PP )
AR i + et (do = Cmar)

= o f{;iff_ - (20 (p? — p;; — pg)dtQ _ 262¢#dmdt + 2 p2ds?,
¢ = gile® (3.15)

where

2 9
e 2 = (1-9)* -4y (pp§>,

pi—p>
A+ )2 =R (1 =) — 4yp? .
= 53 ) (3.16)
Py — P=

We will shortly explain why we refer to the solution as black string. The time coordinate
t takes its value in IR. We will in general assume x is an angle coordinate. p is a radial
coordinate. We will also in general assume, unless stated otherwise, that p_ < p;. The
periodicity of x is chosen so that there is no conical singularity at the origin. The black string
solution is invariant under the combined transformations p+ — p+ and v — —v. Therefore,
positive 7 solutions can be obtained from negative v solutions by simply making the changes
p+ — px. We note that at p = oo the B field, i.e., By, is constant. We can adjust the
constant using the gauge freedom. This has, as we will show in the next section, a non-trivial
consequence. In particular, the constant enters into physical observables.
The three form flux is

H = dB,
= Hyypdt A\ dx A dp, (3.17)
where
OBy,
Higp = ——,
txp 8,0
_ 2097 (p5 — p2)%p
! [P2(1+7)2 = p2(1 — )2 — dvyp?]?
2(1 — ~2 2(1 — ~2

.t Z’Y).ew. _20-99) ZV).<~Z>, (3.18)

where g is the determinant of the string metric g, .
The black string solutions carry the axion charge (per unit length) @ given by the value
of the pseudo-scalar or axion field e ?®xH at the boundary or spatial infinity. It follows



from the (super)gravity equations of motion, i.e., V/(e"2®*H,,,) = 0, that the axion is a
constant and therefore ) is simply given by

_ 1—42
20
Q=e *H:2< T ) (3.19)

where the Hodge dual « is taken with respect to the three dimensional metric (3.15). We have
used €45, = +1 where €4, is the totally antisymmetric tensor. We have also assumed, for a
reason that will be clear in a moment, —1 < v < 0. We note that the charge @ depends
only on ~. In particular, it does not depend on p; and p_.

We can always put the solution (3.15), for v # 0, into the form

(0% — %)
Al|
piﬁ) _ l P +7) + 02 (1) — 207

A 2
ds® = L2(p)dp? — N*(p)di* + (dz + zdi),

tx

B=B~dt \dZ, By = :
@ ( PRI +7)? = p2 (1= 7)? = 4yp?

20

2 9
e = g2 -

PA(L+7)? = p2 (1 —7)? — dyp?

: (3.20)

by unwrapping z and applying a coordinate transformation. The metric components, i.e.,
L, N and Z, are

(p* = p*)(p* = p})

2 _
L*= lzpz )
w2 = Al =p2) | (0% — p2)(p? — p2)
12 (P2 (1 +7)2 = p2(1 = 7)2 = dvyp?]?’
v 1 -+ Pt —p*
Z:()' ) A 20— — 2| (3.21)
vl pi(L+7)? = p2(1 =) —4yp

For v < 0, the new and old coordinates are related by the Lorentz boost ¢t = tcosh(¢) +
1Zsinh(€), lz = [Zcosh(€) + tsinh(€), where € = (1/2) - In{|y| - [(p+ + p_)/(p+ — p_)]}. Alter-
natively, we can take & = (1/2) - In{(1/|7|) - [(p+ + p-)/(p+ — p-)]}. The latter choice only
changes Z — —Z. Note the B field is invariant under the boost. Thus, also the axion charge
@ is invariant. For v > 0, the coordinates are instead related by the (general) coordinate
transformation lz = —tcosh(€) + IZsinh(€),t = lZcosh(€) — tsinh(€), where € is as given
above.!0 Also for v > 0, the latter choice for ¢ only changes Z — —Z. The B field, also for
~v > 0, is invariant under the (general) coordinate transformation.

The black hole solution (3.20) extends (or winds around) and, for non-constant Z,
also rotates along the (compact) Z direction. For this reason, therefore, we refer to the

15Tn general, for v < 0, the charge is Q = e 2®«H = 2

lg2
(p—, p+;7)) are invariant under v — 1/~. Thus, @ is invariant under v — 1/~. This is in particular self-evident

1-y° ‘ The solutions (labelled by the triplet

because of the absolute value sign.

Note the (general) coordinate transformation, for positive «y, is not a Lorentz (boost) transformation. It is
a combination of a Lorentz boost and a spatial-temporal rotation (of 7/2). We obtain the boost transformation
by making a spacetime rotation, i.e., the replacements = — ?/lﬁf\—) —Iz. See [1] for a closely related discussion.

,10,



solution (3.15) as rotating black string. When Z is a constant, we simply redefine T as
T — T — Zt to effectively set Z to zero. Therefore, for Z =0 (or, more generally, for constant
Z), the black hole is a trivial bundle over (the (redefined) spatial dimension) Z and, it is
commonly referred to as simply black string. Note that a black string does not always
necessarily contain a black hole factor. That is, the fiber may not describe or solve a black
hole solution. However, in a boosted and/or rotated frame or in a different coordinate system
or dual frame it could describe a black hole. A simple example is the solution at v = —1. At
v = —1, we note that Z = 0. The solution has the product form My x IR. The factor Mo
does not describe a black hole in two dimensions. However, as we momentarily show, we can
define a new coordinate system in which the solution contains a two dimensional black hole
factor. Also, on a related note, a product spacetime of a black hole solution and a line IR or
a circle S does not always necessarily solve the string theory equations of motion and thus,
it does not always necessarily describe or lead to a black string solution [22].

The solution (3.20) is related to the black string solution [23]. However, the relation is
not direct. We explain this now. We first introduce (assuming v # 0) the new coordinate p,

4y[p* = —47p* + [P (1+ 1) = 2 (1= 7)?]. (3.22)

Note that by shifting (and/or analytically continuing) p?, we are effectively fixing or setting

|7] to be equal to (p+ — p—)/(p+ + p—). This will become more clear below and later in the

section. In terms of the new coordinates (, %, p) the solution (3.20) takes the form!”

e R [P e
(P> =) =P3)  (1+ ) 2p
~2 ~ 2
+ P [di+ <7> PP af)|
(1+ 1)) v/ p
. 1 P> Dyp_
B = B-dindF, By = <"V|> S [1_P+N§ ,
v/ A4k p
2 ~2
20— 9 () (3.23)
(T+D"\P
where p; and p_ are given in terms of p;, p— and v,
" 14 |7])? A 1—|4])?
AR L N g et 1 Ly ) (3.24)

pL = -
* 4l 4l

Note we have effectively avoided the need for the absolute value sign in (3.4) when v > 0
by shifting p (3.22), or equivalently, by restricting p to the region p < p;. We have also
shrunk/moved the curvature singularity to the origin. Moreover, we can eliminate the explicit
dependence of (3.23) on 7 by rescaling the coordinates (¢,%) and the string coupling gs.
Therefore, the dependence on - is implicit. To obtain this implicit dependence, we take a

"We are using & = (1/2) - In{|y| - [(p+ + p-)/(p+ — p-)]}. We can also write the metric, two form and
dilaton in a more symmetric way by noting p%./(1+ |v])* = (p4p-)/(1 —+?).

— 11 —



closer look at (3.24). We find that the relations (3.24) imply the constraint!®

p—_l=hl 2 e (3.26)
P+ 1+ P+ + p-
Thus, the ratio p_/py is fixed by «. Therefore, the number of independent parameters is
two. Furthermore, we note that 0 < p < 1. In particular, at v = —1, we have u = 0, i.e.,
p— = 0. Therefore, in the new coordinates, the solution at v = —1 has the product form
My x R where My is now a two dimensional black hole [24, 25]. Note that (for negative
7) the black string (3.15), upon setting v to (p— — p+)/(p— + p1), is (3.23).19 This will be
shown later in the section. Also later in the section, we will explicitly show, after applying a
Lorentz boost, that (3.23) simplifies to the non-rotating black string solution [23].

Therefore, to summarize, we obtain the two parameter family of solutions [23] from (3.15)
by first fixing 7 to the particular value (p— —p4)/(p— 4 p+) and then applying a Lorentz boost.
To the best of my knowledge the black string solution (labelled by the triplet (p—, p+;7)) (3.15)
has not been reported elsewhere in the literature.

Note at 7 = 0 the metric (3.15) describes BTZ black hole and it allows a non-zero
Kalb-Ramond field strength H [26].2° The BTZ black hole solution (2.8) now with ® = 0
and B = By,dt A dz where By, = — [p> — (o2 + p2)/2] /1, i.e., the solution (3.15) at v = 0,
is dual to the charged black string solution [26],%! see also [23, 27-30] and [31]. We next
consider different cases of the black string solution described by (3.15). We begin with the

case where 7 is negative.??

18Upon rescaling the coordinates (%\, Z) by appropriate constants and redefining p, the solution (3.23) becomes

4 | (r—r_)(r—ry) r2

d;_”[( dr? _(r—r_><r—r+>d72+<dx+wTTdT) ]

2 T_T}
B = Brdr Ny, Bry=7 |1- Y0

1 T-T+ 1 92 T 1-— ‘y| 2

s 2
P=—-In[ — ) + =—In — = = U 0< <. 3.25
2 ( T ) b ‘ 2 (]_—yz)7 T+ (1+y|> ’ < ( )

The scalar curvature is R = p% [2(r4 +r_)r — Tryr_]. Thus, it is singular at the origin r = 0. Note that

the distinction between positive and negative 7y is washed out. We also note that the metric, two form and
dilaton are invariant under r+ — rx. The coupling || determines the ratio r— /r.

9For positive v, we simply make the changes p+ — px after setting v to (p— — p+)/(p— + p+) in (3.15).
This gives the same result (3.23), see the discussion below (3.16). Alternatively, in (3.15), we first rotate
x — t/l,t — —lz and fix v to (p+ — p—)/(p+ + p—), and finally shift p> — —p® + p3 + p2 to get (3.23).

20Therefore, one may as well prefer to refer to the solutions (labelled by the triplet (p—, p+;7)) (3.15) as
deformed black holes.

2In the appropriate gauge and with the appropriate coordinate changes.

22The naively (analytically) extended solution, which is obtained by simply replacing p by ip or P2 by reR,
in general contains closed time-like curves. Furthermore, the metric and its inverse are not regular everywhere.
Thus, we will not consider it. In the Penrose diagrams below we also do not include the regions which contain
closed time-like curves.
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3.1.1 Negative coupling
In this case we consider —1 < «v < 0. The scalar curvature is finite provided the ratio

_ 1+
L<u:—77

= . (3.27)
P+ -7

Thus, in the case 0 < p_/p4+ < p we have rotating black string solutions with inner and outer
horizons but no curvature singularity.?> The solutions are exact solutions of classical string
theory since they are related to A3 primarily by coordinate transformations. p_ denotes
the inner horizon and p; denotes the outer horizon. The period of the angle x is chosen

to avoid a conical singularity at the origin. We identify

201 2 _ 52 (1 = ~)2
:Umac+27r\/'0+( Rt sV (3.28)
3 — P

The global structure of the solutions which satisfy the inequality (3.27) is described using
Penrose diagram in figure 1. The solutions are axially symmetric. Therefore, we set the
(shifted) angular coordinate (in each patch) to a particular value, see appendix D for details.
Thus, a point in the diagram represents a circle in spacetime, i.e. the orbit of the axial
symmetry. The diagram extends infinitely in both vertical directions.

The Penrose diagram for the special case p_ = 0 and v # —1 is given in figure 2.

In the cases the condition (3.27) is not satisfied the scalar curvature is divergent at
p = po where

1 \/pi(l +7)? = p2(1-7) (3.20)

P0:§ ~

We note that at v = —1 we have pg = p—. Thus, at v = —1 the inner horizon becomes singular
and the black string solution has only one horizon, i.e., the event horizon. Since p_ < p4, the
curvature singularity is enclosed inside the event horizon. In general, for negative values of
vand p—/py > p, de, =1 <y < (p— —p+)/(p- + p4), we have 0 < pg < p_. pg = 0 when
v = (p~ — p+)/(p— + p+). Thus, the singularity is at or enclosed inside the inner horizon.

We now consider the special cases pg = 0 and pg = p—. We first consider the case
po = 0. In this case we have

P— — P+

V= P (3.30)
The black string solution (3.15) reduces to
4s? — Ip*dp? IS Gl =9 Ve = B N i <dm _pep- dt>2
(0 =P —p)  (1=7) 12p (1—7) Ip? ’
1 P2 ( p+p—) 1+
B = Budt Ndz, Bp=—-——""t(1- , Q=2(—],
wdt N B (L=m21 p? “ lg2
20 2) 2 gz Pi
e*® = g2|e*?| = a2 j,y)z <p2> : (3.31)

2For p_ =0 and  # —1, the black string does not rotate but still it has no singularity.
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Figure 1. The plot depicts the global structure of the black string solutions with p_ < u - py, where
w=14+7)/(1—-7),—1 <~ < 0. The shifted angular coordinate is fixed in each of the patches
to a particular value. pi represent horizons. The solutions have no singularity. Null geodesics are
represented by straight lines at 7/4 radians. In region II p is time-like. For p_ = 0 and v # —1, we
do not have region II and p is time-like in the region 0 < p < p;..
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Figure 2. The plot depicts the global structure of the black string solutions with p_ = 0 and v # —1.
p is time-like in the region 0 < p < p;. The solutions have no curvature singularity.
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We first note that (3.31) is the same as (3.23). The Ricci scalar is singular at the origin.?* We
also note that both the dilaton and Kalb-Ramond fields are singular at the origin. We will
discuss this family of solutions further later in the section. We in particular show that they
are related indirectly to the solutions discussed in [23]. The global structure of the solutions
for which 0 < py < p— is described using Penrose diagram in figure 3. The diagram is
obtained in the same way as the example in appendix D. In the diagram we set, in each patch,
the (shifted) angular coordinate to a particular value since any other value is equivalent and
related by axial symmetry. Therefore, a point in the diagram represents a circle in spacetime.
Now consider the case pg = p—, i.e., v = —1. The black string solution (3.15) reduces

at v = —1 to
e 1pdp* L =p) (0 =p2) o 1202 = 02) (o prp- )
S T 2 V2 —2) 4 12,2 Ty 22 T2 ’
(p* = p)(p* —p2) p p* —p2 p
1702 — 2
Bm:—<p+p_>:const., Q =0,
4 l
2 _ 2
€2¢:g§|82¢’, €_2¢:4<Z2 _Z;) (3.35)
+ —

24Thus, here z need not be periodic (with a definite period to avoid a conical singularity). Although we
assumed p4 > p_, i.e. v # 0, to arrive at the solution, also here the (extremal) limit p4 — p_ is mathematically
well-defined and gives a non-trivial solution. In this limit, after an appropriate change of coordinates, we

2 dr? ro\ 2 T 2
= (Y[ () (- )]
(4>[(T—7’0)2 r o

12 T0o
e marna e (2) 2],

e’ = g2 (T—O) , (3.32)

r

obtain

where 19 = p2 = p%. The scalar curvature is R = [2(4r — Tro)ro] /(1*r?). Thus, r = o is not a curvature
singularity. It is a double-degenerate Killing horizon. Note the extremal limit of the rotating BTZ black hole
is distinct. Setting v = 0 and p4+ = p— in (3.15), we find the extremal BTZ black hole solution

2 2 2 2
ds?— (L) |9 5 71"(17 T—()) d72+r(dxf L0dT> ,
4 (7"—7“0) T T

l2
B = Brydr Ndx, Bry=— (4> (r—rmo),
e?? = g2 = const., (3.33)

where r = p?, 7 = 2t/1* and x = 2z/l1. Alternatively, by first making the change of variables (see, e.g., [9, 13])

Lo |20 rox-m)/2
72— T2 ’
1 Fo(x— To T X
t — To(x—7) _ L _ A
2 <e = -7 2 2)7
1 T -7 ?0 T X

in (2.3) and then finally introducing r by the relation 7> = r we obtain the extremal BTZ black hole metric.
The solutions (3.32) and (3.33) are related indirectly. This will be discussed later. For convenience (of
comparison) we give their Penrose diagrams also later. We do not discuss the solution (3.32) further here.

,15,



Figure 3. Plot (a) depicts the global structure of the black string solutions with p_ > u - py, where
p=(1+v)/(1=7),-1<v<0. py represent horizons. The solutions have a singularity at p = po.
po is represented by the zigzag lines. In general 0 < py < p_. The singularity is time-like. For pg = 0,
the maximally extended solution has no closed time-like curves. Therefore, for pg = 0, the diagram
can be extended behind p = pg = 0. See plot (b).

The scalar curvature is given by

4 2 2
R= (%). (3.36)
P

Note the B field, i.e. By, is a non-zero constant. In general, using the gauge freedom we
can set B to zero. Thus, the solution describes a rotating dilaton black hole. This particular
solution is already known in the literature [7]. It is obtained by directly solving the Einstein
field equations with a minimally coupled scalar field. The novelty here, however, is that we
simply obtained it using duality and coordinate transformations from global AdSs [1]. Thus,
in turn, we further showed that it is exact in classical string theory. More on this black hole
solution in the next section. The global structure of the solutions is described using Penrose

diagram in figure 4. Each point represents a circle in spacetime.

,16,



p=p-

Figure 4. The plot depicts the global structure of the black hole solutions with v = —1. p, represents
the event horizon. The solutions have a space-like singularity at p = p_. p_ is represented by zigzag
lines.

We note that in the case v = —1 and p_ = 0 the solution (3.15) (or either (3.31) or (3.35)
with p_ = 0) simplifies to

Pdp*>  pi(p* —p%) 1
ds? = - Lat? + ~p? da?
TR 412 p? TP
1p2
B = Btzdt A d[]j‘7 Btl‘ = —ZT == COIlSt., Q = 0,
2 [/ 2
20 _ 95 [ P+

The curvature singularity is at the origin. This solution in the gauge in which B = 0 is
dual to the non-rotating BTZ black hole with a non-vanishing B [26].25 It is also related
indirectly to [23], see [27]. It is the product of the two dimensional black hole [24, 25]
with S'. To see this define

P cosho > 1. (3.38)
P+
The metric (3.37) becomes
ds® = 12(d#* — tanh® 0d7? + dip?), (3.39)
where
P+ P+
= — = —X. 4
= t, ¢ 5 L (3.40)
The dilaton is
o9 _ 4 2
e " = —cosh?0. (3.41)

S

25 As we will show later in the paper, for a general gauge, it is also equivalent to a non-rotating black hole in
a spacetime with non-vanishing angular velocity at radial infinity and no B field.
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The scalar curvature is
4 2
R = l—Qsech 6. (3.42)
The analytic continuation 7 — 7 and identification 7 ~ 7 + 27 give a metric which describes
a manifold with the topology of a semi-cigar times a circle.
Before we turn to the positive coupling case in the next subsubsection, we discuss the
extremal limit of (3.15). To take the limit, we first need to rescale the coordinates (¢,z) and
the string coupling gs. We introduce the rescaled variables

t=1\/pL —p2t, T=\/p2 —p*z, Gy=/p2 — pys. (3.43)

Upon using (3.43), the black string (3.15) becomes

1202d 02 (02— 02V(p2 — p2) _ _ N2
ds® = - 2'0 p2 . _€2¢(p ,0+2)(§ p_)dt2—|—e2¢p2 (dx— P+f; dt) ’
(p* = p)(p? = p2) Pp Ip
. 1 ¢! 2(1— ) —2p?
B=BpdiNdT, Bp=— - 2ﬂ+( +72)+/;_( 7)2 |
20 | pi(1+7)2—p2(1—=7)* —4vp
e*® = §§!€2¢\7 72 = pi(l + 7)2 —p2(1— 7)2 — 4y p?. (3.44)
We now set p_ = pi = pg. This gives, after an appropriate change of variables, the

extremal solution

12 dr? 70 1 70 2
ds? = — |———— — (1 - =) dr? (d d>
y 4 [(1m)2r2 ( r) g Jr(1—7"—0) Xm0

r T

—2® = In(|r — r9|) + const. . (3.45)

Using the gauge ambiguity, we have here fixed the B field to zero. We note that the extremal
solution does not depend on ~. Furthermore, in the string frame, it has no curvature
singularity. We will come back to the solution (3.45) later in the section. More importantly,
we show that it is related indirectly to the extremal solutions (3.32) and (3.33). We also
give its Penrose diagram.

In figure 5 we give an illustration of the parameter space representing all the solutions
discussed above. We also summarized the different cases.

3.1.2 Positive coupling

In the case 0 < v <1 the scalar curvature is always divergent at p = pg (3.29), see the zero
of e72® (3.16). For ~y arbitrarily close to zero and positive, the metric describes BTZ black
hole with a ring singularity at pg = oo. Therefore, from the onset the deformation develops
curvature singularity at the boundary [1]. In general for positive v, pg > p4+. Thus, the
singularity is either at or beyond the outer horizon. Therefore, it cannot be continuously
contracted or deformed to the origin without crossing the horizon(s). Since we are assuming
that z is compact, the solution has closed time-like curves behind the singularity in the
interior region, i.e., p > po.

We should mention that p = 0 is a causal singularity. It is similar to the causal singularity
in BTZ black hole. To understand its origin it is convenient to consider the maximal extension
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Figure 5. The plot depicts the parameter space of the solutions. The horizontal axis labels . The
vertical axis labels the ratio p_/ps. In general, a point in the parameter space represents a one
parameter family of solutions. The purple curve is given by the relation p_/py = u(y) = (1+7)/(1—7).
It separates the light yellow and light gray regions. It represents the solutions (3.31). Upon a Lorentz
boost, they reduce to the solutions [23]. This will be discussed later in the section. The light yellow
region including its boundaries, but excluding the purple curve, represents the solutions that satisfy
the condition p_/py < p, and thus contain no curvature singularity. The light gray region including
its boundaries, but excluding the dashed orange line, represents the solutions that do not satisfy
the condition p_/p; < p, and thus contain curvature singularity at or enclosed inside their inner
horizons. The blue line at v = 0 represents the rotating BTZ black holes (2.8). The red point, i.e.,
(7, p—) = (0,0), represents the non-rotating BTZ black holes. The black line at v = —1 represents the
black hole solutions (3.36). The pink point, i.e., (v, p—) = (—1,0) represents the non-rotating black
holes (3.37). All the non-rotating solutions lie on the brown line, i.e., p_ = 0. The line interpolates
between the solutions at (0,0) and (—1,0). The extremal solutions (3.45), which have constant
B fields, are represented by the dashed line, i.e. (v,p—/p+) = (v,1). They are independent of +.
Thus, the dashed line should be viewed as a single point. The solutions can be obtained, e.g., by
following the black line. The curve p_/p; = —v also leads to the same result. The black point, i.e.
(v,p—/p+) = (0,1), is special. It can be reached either from the bulk, e.g., via the purple curve or
along the boundary via the blue line. The extremal limit along the blue line gives the extremal BTZ
black hole solutions (3.33), and thus the dilaton is constant. The extremal limit along the purple curve
gives the extremal solutions (3.32), and thus both the dilaton and B fields are non-trivial. However,
the solutions (3.33) and (3.32) are related indirectly to (3.45). This will be discussed later in the
section. Thus, a further reason for viewing the dashed line as a single point.

of the BTZ black hole (2.8). The BTZ solution can be analytically extended behind p =0
using the change of variable p? = r € IR.?6 For the rotating (J # 0, i.e., r_ # 0) BTZ
solution, the surface r = 0 is time-like, i.e., at the surface r = 0 the inverse metric component
g™ > 0. For J =0, it is null, i.e., ¢"" = 0 at »r = 0. However, we in particular note that
the region r < 0 contains closed time-like curves. Therefore, for J # 0, time-like geodesics
can leave and reenter the region 0 < r < r_ [32, 33]. Thus, the extension allows closed

2For J # 0, i.e., r_ = p> # 0, the metric and its inverse are regular in the region r < 0.
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Figure 6. The plot depicts the global structure of the black string solutions with 0 < v < 1. pt
represent the horizons. p = 0 is a causal singularity. It is similar to the causal singularity in BTZ
black hole. The solutions have a time-like singularity at p = pg. po is represented by zigzag lines. For
arbitrarily small positive «y, the singularity is at arbitrarily large p = pg. For p_ =0 and v # 1, we do
not have region II and p is time-like in the region 0 < p < p.

time-like curves to pass through the points in 0 < » < r_. For J = 0, time-like geodesics
can leave but cannot reenter the region 0 < r < r_ since time-like curves can only cross
null surface in one direction. For J = 0, all time-like geodesics cross over into the region
r < 0. Therefore, to avoid the development of closed time-like curves in the region 0 < r < r_
we simply discard the region r < 0. Thus, this in turn forces casual curves to (abruptly)
terminate at » = 0. It is in this sense r = 0 is a causal singularity. The causal singularity
prevents causality violation. However, in general, such (causal) singularity is not expected
to be physical since it simply ends all casual curves although the fields are regular or there
is no a physical barrier or obstruction. Unless there is, perhaps in the quantum theory, a
more physical mechanism which prevents formation of closed time-like curves, we do not
expect the solution to be physical. Its status is not clear.

The Penrose diagram for pp > p4+ is given in figure 6.

The Penrose diagram for the special case p— = 0 and v # 1 is given in figure 7.

We note that at v = 1 we have py = p4 and the black string solution (3.15) reduces to

Js 1pdp® _ A =P = phdt? | (ph — p2)p (d B P—P+dt>2
(n3 =) (P2 = p?) 412 p? A(p% — p?) 1p? ’
02— p2
B = By dt Ndx, By, = +T_ =const., @Q =0,
2 9
P =glle®|, e =4 (H) : (3.46)
+ -
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Figure 7. The plot depicts the global structure of the black string solutions with p_ = 0 and v # 1.
p is time-like in the region 0 < p < p4. The solutions have a time-like singularity at p = pg. po is
represented by zigzag lines. p = 0 is a causal singularity.

Po = P+

PO = P+

Figure 8. The plot depicts the global structure of the black string solution with v = 1. p_ represents
the horizon. p = 0 is a causal singularity. The solution has a space-like singularity at pg = p+. po is
represented by zigzag lines.

The scalar curvature is

4 pi - p2_

Thus, for an observer residing in the spacetime region p < p_, i.e., the exterior region, the
solution (3.46) has a singularity at p = py = p4+ beyond the horizon, i.e., pg > p—. Thus, in
view of this observer, (3.46) describes a black hole. Since z is compact, the solution contains
closed time-likes curve in the region p > pg = p4. Thus, they are located in the interior
region. We note that the B field, i.e. By, is a non-zero constant. We can fix the B field to
zero using the gauge freedom. The Penrose diagram is given in figure 8.

In this paper, we will mainly focus on the black string solutions with negative ~. In what
follows, we apply duality transformation on the black string solutions described by (3.15) to
obtain other black hole solutions. See appendix B for a review of the duality transformation.
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3.2 New black hole solutions

We first boost the black string solutions (3.15) along the x direction. To this end, we unwrap
the coordinate z and write

t = tcosh(a) + [Zsinh(a),

lz = IZcosh(a) + tsinh(a), (3.48)
where « is given by
2p4p—
tanh(2a) = —5-. 3.49
(20) = (3.49)

The black string solutions now take the form

2 l2p2dp2 2 24 72 2p( 2 2 2
ds® = —1"%e — dt“ +e — p)dz?,
P L A )
BzzB»dedf
L2 p* —pi
By =5 9¢ i v 2 _ 2 ||
Py — P
}«¥¢{ T+ +pi(l—y) -2 ﬂ
ol Y P P>
e*® :gs|62¢‘7 (35())
where
2 1 2 2 1— 2_4 2
20 _ PE(L+1) 20_( i 1)~ (3.51)
Py — P

We in particular note that there is no cross term in the metric. Therefore, in the case &
is periodic they describe non-rotating black strings.?”
Before we proceed further, we consider the special case in which

P— — P+
=Ll s (3.52)
p—+ p+

The black string solutions (3.50) reduce to

l2 2d2 2 2 2 2
ds* = rep . R P (1-2) a2,

(02 =p2)(p? = p2)  PP(1—7)? p

2
B=B-diNdE, Bn= 1% (p‘p+-1>,
] x 2 2

2% 2.2 gz P%r
e = 98’6 ¢‘ = (1 _S,y>2 ? (353)

2TAt = 0, the dilaton is constant and the metric is (equivalent or related to) the non-rotating BTZ black
hole. p = p_ is a causal singularity. That is, in the case 7 is periodic, there are closed time-like curves in the
region 0 < p < p_. At v = —1, the coefficient of dz? equals (pf_ — pi) /4, i.e., it is a constant. One may as
well prefer to refer to the solutions (3.50) as deformed black holes.
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These particular non-rotating solutions are already known in the literature and they are
first obtained in [23]. They are exact solutions of classical string theory. This family of
solutions is related to (3.31), thus also to (3.23), by the Lorentz boost (3.48). Note v takes
the special value (3.52), see also (3.30) and (3.26). To put them into the form given in [23]
we introduce the new coordinates

B lT Pt l

~ 2
==X, =7 3.54
Ty 29 7 (3.54)

This gives [23]

12 dr? T4 9 r_ 9
3 —(1-= 1-—
@ = gy - (- ) e (-5 o

2 (\T-Ty
B = B,dr Adx, BTx:4( T r+_1)7
r

_ 1 2
2<I>:ln(| ‘>+c0n5t 7"2(4”) =2 0<p<l, (3.55)
T+ T+ I—n

where 71 = p3. The coupling v determines the ratio p, or vice versa. Therefore, the
number of independent parameters is two which we can choose to be r_ and ~. Note
Pihere = —2Ppere.2® Note also in general y need not be periodic (with a definite period) and
r can take negative values. However here we will assume, for simplicity, x is compact and
r is positive. The Ricci scalar R is singular at » = 0 and it is finite at » = r4. It is given
by R = 2(2r(r— +ry) — 7r_r.)/(Ir)%. We note that inside the event horizon, i.e., in the
region 0 < r < r4, the coordinate 7 is everywhere space-like. We also note that x becomes
time-like in the region 0 < r < r_. We will not discuss (3.55) further here. We refer to [23]
for more details and a comprehensive discussion.

We first note that for v # 0 the B field, i.e. its component B~ (3.50), is a constant at
p = oo. In general, we can use the gauge ambiguity in defining B to set the constant at infinity
to any arbitrary value. An equivalent Kalb-Ramond field, i.e., that gives the same H = dB, is

ApL = p2)
By =B+ ——g (3.56)
1
= e [P+ A+ (14 22) + M) + p2 (1= A = y(1 = 2)) = \2) = 202 (1+ 2)7)] .

Under v — 1/7, A transforms as A\ — —v(1+~\) so that not only H but B is also invariant.
We next periodically identify Z and perform T-duality. This gives (in units where o/ = 1)
the dilaton black hole solution described by the metric and dilaton,
" |
ds? = g,,dp* + gi(dx - 3;50@2 + g;;df?,

1p*dp? (P} —p2)(P* = %) 2
TP A BIEA )2 AL 7)? - 497
[m(l 7?2 =p2(1 - ) — 4vp?
(P3 = p2)(p* = p2)
.{df (P2 —r2) [P} (1+7)(1+A(1+7)2 P2 (1=7)(1-X(1~ ))—2p2<1+2M)]dg}27

+

20 [p3 (1 +7)2 = p2(1 = 7)% — dvyp?]

28The constant is const. = In [(1 — 7)2/93]. It is invariant under v — 1/7. We could also write the dilaton
in a more symmetric way as —2® = In(|r|//r+7—) + In [(1 - 72)/g§].
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_ l2p2dp2
(=03 - p2)
(P = P2) AL+ NP + 02 (1= (1 =N = p2 (1L + (1 +9)N)?)

B dt?
A2(p? — p2)
A=A (A=) + A0+ )+ (49N =20+ 290)p° -
21(p* — p2)

PA(1+7)—p2 (1 —7)* —dyp?
(p3 — p2)(p? = p2)
e =97 (0" — p)l, (3.57)

+ dz2,

where Z is the dual coordinate. Under v — 1/7, & — —% /v and t — t/~. We note that the
B field, and thus in turn the gauge parameter A, enters into the coeflicient of the cross term
dtdz. The solution is invariant under v — 1/ because A transforms as A — —y(1 4+ y\).

The time component of the metric, i.e. the coefficient of dt2, is positive outside the
horizon except for 0 < A < —1/7. Therefore, a static observer with four-velocity tangent
to (0! cannot exist for A < 0 and A > —1/v. Thus, the solution can have ergosphere of
finite extent in p only for 0 < A < —1/v. Otherwise, the ergosphere extends to p = 00.?
We denote the zero of the time component of the metric by ps. ps depends on A and it is
invariant under A\ — (A —1)/v. At A, = 1/(1—7), ps = p+. Therefore, except for A = A, the
ergosphere constitutes the region py < p < ps. For A = A, the ergosphere is not present. In
what follows, we will assume 0 < A < —1/v since most black holes of interest (are expected
to) exhibit ergospheres of finite extents. However, note that a black hole can exist without
a static observer (with velocity along 9), see e.g., [34].

The scalar curvature is given by

4 2 2
(= 2)

Thus, the black hole solutions (labelled by the quartet (p_,p+;7y;A)) have a curvature

(3.58)

singularity enclosed inside their event horizons. We specially note that R does not depend
on the coupling 7. In particular for A = —1/(2v) and v = (p— — p+)/(p— + p+) the solution
can be put using the coordinates (3.54) into the form

12 dr? T 1 T_T 2
~2 _ . '+ 2 . +
ds‘4l<—?‘:><1—i>ﬂ (1-F) a4 oy (-5 C””’

T

—2& = In(|r — r_|) + const., (3.59)

where 7+ = pZ and const. = —21n g,. Note (3.59) is the black hole solution (3.35) in the gauge
B = 0. After rescaling (¢, x;gs) by suitable constants and applying the change of variable

29For the Killing field K., = O~+ (#) wO~ in the case w < A < w — 1/ the ergosphere is finite in
t T
extent. Otherwise, i.e., for A < w or A > w—1/7 it extends to infinity. In general, the concept of an ergosphere,
and its location, is observer dependent, see [34] for more discussion on this. Given A # A, there is no choice
of w such that K, is time-like everywhere outside the horizon. Thus, any observer will see an ergosphere. At
A=A =w+ [1/(1 — 7)] the ergosphere coincides with the Killing horizon. We here chose, without loss of
generality and for later convenience, w = 0.
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p? =7 in (3.35), we get (3.59). In the (extremal) limit 7, — r_ = rg, (3.59) simplifies to

12 dr? T 1 T 2

2 0 2 0

- _(1-20 L _ 20

@ =5 [ () o gy (e |

—28& = In(|r — ro|) + const.. (3.60)

This is identical to the result we found in (3.45). Therefore, (3.32) is related to (3.45) through
the Lorentz boost (3.48) and T-duality. We also note that, after setting A and « to zero
in (3.57), taking the extremal limit p, — p_ := pg and then finally shifting & — & + (p2/1)t
give (3.60). Thus, similarly, (3.33) is related indirectly to (3.45). The Penrose diagrams
of (3.32) and (3.33) are given in figure 9.

We further note from (3.58) that in the extremal limit the string frame Ricci scalar
R = 0. The Kretschmann scalar can also be shown to be zero. However, we also note that
the dilaton diverges at r = rg. Therefore, near r = o the string coupling is large. In fact,
in the Einstein frame, the scalar curvature depends on 7 and it is singular at r = rg. It is
given by R = —8g2/(I*(r — r9)?). Thus, in the Einstein frame, the solution (3.60) describes
a naked singularity.?® The geometry that the string metric (3.60) describes, for r > ry and
constant 7, looks like a funnel. Thus, the strings get stretched more and more as r gets
closer and closer to 9. Note in general x need not be periodic with a definite period. The
Penrose diagrams for (3.45) (or (3.60)) in the string and Einstein frames are given in figure 10.
We leave a further study of the (intriguing) solution (3.45) (or (3.60)) to a future work. In
this paper we in general assume py > p_.

We note that in the case v = —1 the black hole solution (3.57) reduces to

P 1p*dp* (03 =2 — pR)dE?
(0? = p3)(p* = p2) 42(p? — p2)
2
T PV Ay (G Yy
+ 5~ |dT + dt|
(% —p?) 4l

e 2 =192 (p* = p2)I. (3.62)
We note that for p_ = 0 it is equivalent to the solution (3.37) in the sense both have a horizon
at p4 and a singularity at p = p_ = 0. However, here the black hole is in a spacetime with

non-zero angular velocity at radial infinity and no B field.

The black hole solutions given in (3.57) are described by the four parameters p_, py,
~ and A. Thus, in general they are not identical. To the best of my knowledge the black
hole solutions (3.57) have not been reported elsewhere in the literature. We next find the
(analogous) ADM masses and angular momenta of the solutions (3.35) and (3.57). The ADM

30The solution in the Einstein frame is

3 2
ﬁ_yi‘%%ﬁﬁ—m)m%ﬂ@—mMW—Wﬂ},
4 gs r r r

871Gy 12
) k= E )

—20 = In(jr —7ro]) — 2Ings, g = ls o< Ip. (3.61)

2
Ko

lp is Planck length.

,25,



Figure 9. Plot (a) depicts the global structure of the extremal BTZ solution (3.33). » = 0 is a causal
singularity. Plot (b) depicts the global structure of the extremal black string solution (3.32). The
solution has a time-like singularity at » = 0. It is represented by the zigzag line.

r=7"To

(a)

Figure 10. Plot (a) depicts the global structure of the extremal black string solution in the string
frame. r¢ is a dilaton singularity. It is represented by the thick double lines. Plot (b) depicts the global
structure of the extremal black string solution in the Einstein frame. The solution has a time-like
singularity at r = rg. rq is represented by the zigzag line.

masses are given in a similar way as in the BTZ black hole by the asymptotic values of the
Brown-York quasi-local masses at radial infinity. The angular momenta are given by the
Brown-York quasi-local angular momenta which (as we momentarily show) are independent
of p and thus are constant.
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4 Dilatonic rotating black hole solutions

In this section we consider the black hole solutions (3.35) and (3.57). They are exact solutions
of classical string theory, i.e., they have exact world-sheet CF'T descriptions. The reason is
essentially because we found them by applying T-dualities and coordinate transformations
on AdSs3. More on the deformed CFTs in a future work. The solutions are again given below
for convenience. The rotating black hole solution (3.35) is given by

2 .27 2 1 2 _ 2 1 2.2 2 2
0 = l2p dp2 i _1(p p+;(p+ P> )dtz % <dx P+P— dt) ’
(P2 =p1)(p?—p2) 4 I?p 4 pr-p2 Ip?
_ Pp*dp? LR =) —ph = pt) e L pep- (p+ — %) o
- 2 _ 2 2 _ 2 2 2 _ 2 —
(p* —p3)(p?—p2) A p? —pZ 20 p?—p2
1Md 2,
4 p*—p2
o p* = p?
e — g2 ‘672@5‘ ey (M) . (4.1)
+ —

The rotating black hole solution (3.57) is given by

e I?p*dp? (r3 — p2)(p* = p3) -~
(=D = %) Plp(1+7)? = p2(1—7)? — 4797
lm(l +79)? = p(1—9)* - 4w2]
(P2 = p2)(p? — p2)
_ {di (PE=r2) [P+ (A+A(147) + p2 (1=7)(1-A(1—7)) = 20*(1+2)y)] - ’
20 [p3(1+7)2 = p2(1 = 7)2 — dyp?] ’
2 — g2 e72], e = (02— p2), (4.2)

The parameter \ is constrained to lie within 0 < A < —1/~ so the ergosphere of the solution
is finite in extent. In other words, we only consider the values of A which permit static
observes. The static observers move along the integral curve of 0

The scalar curvature in both cases is given by

2 2
R= % (’;;_5;) . (4.3)
Thus, the inner horizon disappears and becomes singular. This is related to the inner horizon
in BTZ being unstable [35]. However, it is important to note, as we saw earlier, that the outer
horizon can also instead be singular and thus unstable upon coupling the theory to matter.
Note also, however, the singularity now is in the interior region, see the case v =1 (3.46).
We hope to study this phenomenon or scenario further in the future.

The solution (4.2) has similar Penrose diagram to that of (4.1). It is depicted in figure 4.

The solutions solve the (low energy) (super)gravity action [36]. In string frame it is
simply given by setting H = 0 in (3.7),

= 21? / dBx/—ge 2 [R +4(Ve)? — 2A} : (4.4)
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The equations of motion are

R, +2V,V,¢0 =0,

R4 4V2¢ — 4(V$)* — 2A = 0. (4.5)
In the Einstein frame the low energy action is
S = 2%2 / /=5 [R-4(Vo) —V(9)], V() =2Ae", (4.6)
where g4, is the metric in the Einstein frame and it is given by
Gab = € gap. (4.7)

Note under the conformal rescaling g,, = €2gq the scalar curvature is not invariant. It
transforms to

R=e|R-2(d-1)V2a - (d-2)(d - 1)(Va)?]. (4.8)
Thus, for @ = —2¢ and d = 3 we find (using (4.2) and (4.3))
R=¢" {R —4V3a — 2(Va)2} ,
4 [p2 — p* +2(p* — p2)]

B o o
The equations of motion that we get from varying the action (4.6) are
Rap = 4VadVid + GarV (9),
~ 10V (o)
Vip= - ——. 4.10
6= 375 (4.10)
The first equation is the Einstein equations for the metric
~ - 1. ~ -
Gap = Rap = 50arF = 52T b, (4.11)
where the energy-momentum tensor is
~ -~ - 1.
HQTab = 4va¢vb¢ - 29ab(v¢)2 - §gabv(¢)' (4'12>

To compute the (analogous) ADM masses and (Komar) angular momenta we need the
metrics in the Einstein frame.
In the Einstein frame, the string (frame) solution (4.1), is given by

1612 p*(p* —p2) 5 4 2

ds* = dp* — < (0" — p*)(p* — p% — p)dt’
P %) BRI e
8 (p2 — p2 402(p2 — p2
B p+p2(p zp_)dtdghL P gp 2()_)dx27
Wp3 —p2) (h% —p%)
_ 162 P =pt) s 4 (P =P = p2)* o
(P% —p2)% (P> —p%) 12(p% — p?) 02
4 20,2 2 B 2
+pgp2p—>(d$_ﬂ+g dt) ,
(p3 —p2) lp
2 2
_ o[ PP
e 2% = |49 <p2_p2>’ (4.13)
+ —
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We can write the black hole solution (4.13) into the form
ds? = L72(r)dr® — N*(r)dt* + r* (df + Zdt)*
e g2 (1)), (4.14)

where r is given by the equation

p* = ;(p + /ot + (2 —pg))v (4.15)

and § = x. The singularity is at » = 0 and the horizon is at » = 2p. The metric components
and dilaton, i.e., N, L, Z and f, are some known functions of r.
Similarly, the string frame solution (4.2), is given in the Einstein frame by

2 PP =) =) e BP0,
= 12 [p2(1+7)? p2(1—7)2—4w2]dt TR o
9
+ (/’;’;) P47 = 92 (1= 7) — 4707
,{dx_ (0% =p2) [P () (A1 47) +p2 (1=7)(1=A(1 - ))2p2(1+2M)]dt}2
20 [p3(1+7)2 = p2(1 — )2 — 4vp?] ’
e — g2 (e - p2)]. (4.16)

For later convenience, we set here & = x and ¢ = ¢t. We can also write the black hole
solution (4.16) into the form (4.14). Here r is given by the equation

P =t = g (R =P ) = 16908 =2 (o =)0+ (@D
and 6 = z. The singularity is at » = 0 and the horizon is at r = (1 — ’y)\/pi — p?. The
metric components and dilaton, i.e. N, L, Z and f, are some other known functions of r.

The black hole solution (4.13), as we mentioned in the previous section, is already known
in the literature and was first obtained earlier in [7]. The authors [7] studied the minimally
coupled Einstein-scalar gravity in three spacetime dimensions with the scalar in an exponential
potential. The solution (4.13) belongs to the family of black hole solutions obtained in [7].
In [7] it corresponds (using their notation) to the case N = 1. To write (4.13) in the form
given in [7] we need to make the change of coordinate

2 2
— 1
woy (L) = (4.18)
Py —p= 4

We now use the Einstein frame metrics to obtain the ADM masses and angular momenta
of the rotating black hole solutions (4.13) and (4.16). We follow the Brown-York quasi-
local approach [5]. We have reviewed the approach and summarized relevant formulae in
appendix C. Note that the dilaton is minimally coupled to gravity, see the action (4.6). It also
only depends on p. Thus, it does not contribute to the ADM mass and angular momentum.
See eq. (C.17) in the appendix and the discussion in the paragraph following it.
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For a (2 4 1) stationary and axisymmetric spacetime of the form [37]
1
ds®> = —N2dt?® + ﬁdﬁ + K%(Zdt + do)?, (4.19)

the quasi-local energy F, angular momentum j and mass m are given by (with x? = 7
in some length unit)3!

. LZ'K?
] - N )
E=2(c— LK),
m=NE — jZ, (4.21)

where ¢ determines the zero of the energy. It is given by ¢ = LK’ for a particular solution.
Primes denote derivatives with respect to r. j agrees with the usual Komar angular momentum
formula (adapted for (2 + 1) dimensions). For the derivation of (4.21) and review see the
appendix. See also, e.g., [7, 37-39].

The angular momentum J and (analogous) ADM mass M are then given by

J = Jlim i(r),
M = Tlirglo m(r). (4.22)

It is important to keep in mind that the mass m is measured by the static observer whose four-
velocity is ué) =4 = (1,0,0), i.e., tangent to the static Killing field £ = (9;)*. The energy
E is measured by the stationary observer whose four-velocity is ué) = (1/N)o; — (Z/N)d), 32
Its world-line is perpendicular to the ¢ = constant space-like hyper-surface. Thus, the energy
and mass are equal only when the shift Z = 0 and the lapse N = 1.

In what follows we use (4.22) to obtain the angular momentum and ADM mass of the
black hole solutions. We begin with the BTZ black hole. This helps to clarify the main

points and illustrate the approach.

31Under the constant rescalings IT = 28 - t, x = 26 - ¢, the quantities j, E and m change as

E l

32Note in general ué) gives, in the large r limit, the Kodama field [40, 41]. The Kodama vector field is
given by

k=k'8; + k®0,
1

t !
=LK
k N ’
Z 1 LK3Z
¢ _ _“ / .
K= NLK+2K2 N
Z . J
= NLK + 53 (4.23)

In general, the Kodama field is not a Killing field. At large r it is proportional to Nué) = (0" — Z(0g)".
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For the rotating BTZ black hole (2.8) we have

N P p2)(p? — p2)
- l2p2 )

L=N,
K - pa

P+P—
7 —

[p2 ’

1

We obtain the quasi-local angular momentum j

204 p—
= . = (4.25)
Thus, the (Komar) angular momentum J = j. The quasi-local energy is
2 J2 2 2
oYY L (= W= VP (4.26)

2 4p2 2

A particular solution to Einstein field equations is global AdSs (2.5) or the conformally
flat spacetime

12dp®
ds® = pf lzd 24 pPdy?,
1

This solution i.e., (4.27), gives ¢ = y/—Ap?. The particular solution is chosen such that
at constant time or ¢ it asymptotically coincides or merges at large p smoothly with the
solution (2.8) [3, 4]. Thus, the quasi-local mass m is given by>3

2 2 2 2 2 2
- P J p++p J pLtp J
m= 2<l2+— >+2\/l2 —+—— 2 +2—p2. (4.28)

The (analogous) ADM mass is then

M =m(p— ) = (4.29)

Note the quasi-local mass m depends on ¢, i.e., the reference background. Different ¢ gives
different m. The global AdSs (2.5), for instance, gives € = /—Ap? + 1. However, the ADM
mass M is independent of the reference solution or regularization and it is finite.

33Note here the boundary B; is at large p, see appendix C. Thus, in the expressions for m and E, p is
assumed to be large. The same applies for the quasi-local masses and energies that appear below. Here they
serve as intermediate results.
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We now consider the black hole metric (4.13). The (analogous) ADM mass and (Komar)
angular momentum are obtained in [7], however, for convenience and completeness we obtain
them here again. We have

N 4 (P = pt)
(3 —p?) 2 ’

p
;o [P =p2) (P —pd)
1612 p*(p? —p2)’

_4pA(p? - p2)
-y

7 = _p;ppz—. (4.30)
The quasi-local angular momentum is given by
. LZ'K?
j - N )
2 _
- #. (4.31)
Thus, the (Komar) angular momentum is
2 _
J=" . iy (4.32)
The quasi-local energy is given by
E =2(es - LK'),
2 2
P — P~ [2p? — p? 2
— 9 +z ( ? ’;) 1- = (4.33)
p? —p2 p
A particular solution to the Einstein field equations is
161> 4
A3 = ———5p%dp? — g pldt? + ———plda?,
(3 — p2)? 2(p% - p2) (P7 —p2)
4
—2¢ _ 2
e = —5——p,
(b1 —p2)
2
A= 7 (4.34)
We find
2 2
pi —pZ
e=LK' = +z (4.35)
Thus, the quasi-local energy is
2 2
Py~ P= 20> — p2 I
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The quasi-local mass is given by

m=NFE—jZ,
202 4(p?—p%) A= p2)\/p? -t
= - 7 + 2,2 ) (4.37)

The (analogous) ADM mass is then given by

2001 — p?)
l2

Similarly, for the black hole solutions (4.16) we find that the angular momenta are given by

J:2<1_72>:Q, 1<y <. (4.39)

M=m(p— o0) = . (4.38)

l
A particular solution to the Einstein field equations is
2 2y 4 Ay ot 2 _ 231 49\ 2

412 P — p2 4l

e = 2,

2

A=—05 (4.40)

It gives (assuming v # 0)

4 -
=LK =, | +"+. 4.41
€ I p%- — P% ( )
The (analogous) ADM masses are given by
2 2 1— 2 1 9
M=o 1+( 7)1+ 27) , —1<y<0,
12 4y
2 2 2] — 2\
:2<p+l2p—>+ ( ZV)Bm(p:oo), ~1<7<0, (4.42)
where
(P2=p2)(142)\y) | (p1—p2\2 (142 4
~ + + O(1 , 0,
th(p%oo) :{ 4l ( 4p ) ( Iv2 ) ) ( /p ) 7# (443)
_pT+O(pO)7 v =0.

Thus, we must choose —1/2y < A\ < —1/v for the (analogous) ADM mass to be positive
irrespective of the values of . Therefore, we must either require the Kalb-Ramond field
in (3.15) to go to zero at the boundary or else we have to allow black hole solutions with
negative (analogous) ADM masses.

At A = —1/2v we note that the Kalb-Ramond field is zero at infinity. The ADM mass

and angular momentum are3?

M:2(”2+l_2p2—>, J:2<1_172>:Q. (4.44)

34 Here we set x§ = 7 (in some length unit) and gs = 1, see (3.8).
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In the regime 0 < A < —1/2~ the second term in the square bracket (4.42) is negative and
thus allows having negative ADM masses. In the cases in which

0<>\<—1<1+ ] ) 2 - VB <v<0, (4.45)
2y 1 -2

the corresponding black hole solutions have negative masses. Note this implies for —1 < v <
2 — /b the mass is positive for any value of A that interests us, i.e., 0 < A < —1/7.

A solution with a non-zero asymptotic Kalb-Ramond field is thus equivalent to a solution
with no Kalb-Ramond field and non-zero rotation at asymptotic infinity. In particular, there
is dragging, usually known as the Lense-Thirring effect, at infinity, i.e., Z(r = co0) # 0. Thus,
locally zero angular momentum observers (ZAMOs) [42, 43] located at asymptotic infinity
rotate with a non-zero constant angular velocity Q = Z(r = o0).

Although non-zero € can certainly lower (and raise) the mass, see e.g. the general
expression (C.27) of the mass in the appendix, it does not always result in negative mass
solutions. A simple example is the BTZ solution with non-zero rotation at asymptotic infinity.
To allow rotation at infinity we shift Z in (4.24) by a non-zero constant. We denote the
constant by A and make the change

77+ % (4.46)

For the ergosphere to be of finite extent we restrict A to the region

A < 1. (4.47)

— 2 —
The ergosphere is the region p; < p < ps, where ps = \/pa_ + (p+)\ — p,> / (1 — )\2>. The
ADM mass is given by

1 - _
M = ﬁ(pi +p2 —2pip_), —-1<A<L. (4.48)

Thus, we note that the mass is always positive for all X in the interval (—1,1). The angular
momentum does not change and it is still given by (4.25).

The BTZ solution with non-zero rotation X at infinity is (or should be viewed as) the
usual BTZ solution in a constant Kalb-Ramond field background.

5 Discussion

In this paper we obtained new black hole and black string solutions in the string background
Az described by the metric g,,,, Kalb-Ramond field B,,, and dilaton @,

ds® = Gudatdz” = 12(d6* — e**cosh?0dp? + €*Psinh?0dq)?),
1
B = Byidp Adyp, By = —51%2@5(7 — cosh(26)),

e = g2le*|, (5.1)
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where
e =1+ ~% — 2ycosh(26). (5.2)

The coupling v takes its value in the range [—1,1]. The spacetime A3 (5.1) interpolates
between AdS3 and (asymptotically) flat spacetime IR x S x R. It is obtained by applying a
sequence of o' exact transformations on AdSs [1]. In [1] the deformation is interpreted in
general as moving holographic boundaries. The spacetime A3 is free of curvature singularity
when v is negative. Thus, our discussion has been restricted mainly to the case —1 <~ <0.
For positive 7 the deformation generates a curvature singularity from the onset [1].

The black string solutions are described by (3.15) which we again write below for conve-
nience. They are obtained from A3 by applying the simple coordinate transformation (3.13)
(and making the change of variable (3.14)). They carry the axion charge per unit length
Q@ (3.19). The black string solutions (labelled by the quartet (p—, p4;7y;\)) are

= - f?f;(dpf— e - p%z),()f =02 g 1 20y (d:c - pfp@_dt) ;
B = B, dt A dx,
Bto = 2%6% [P+ A+ (14 22) + M) + p2 (1= A = 7(1 = 2)) = 2) = 20%(1 + 2)9)] ,
Q=e*xH =2 11952 :
e*® = g7le*?, (5.3)
where

2 1 2 2 1— 2_4 2
20 _ PE(L+7) 2/)7( i )" 47 (5.4)
Py — P=

A is an arbitrary constant which determines the value of the B field, i.e. By, at p = co. It
does not enter in H. However, it has a non-trivial implication.?

The black string solution (5.3) has inner and outer horizons. This is also a general
feature of rotating black holes. The inner horizon is at p = p_ and the outer horizon is at
p = p+. In this paper, we have in general assumed, unless stated otherwise, = is compact and
p is positive. In the case there is no curvature singularity we identify x so that there is no
conical singularity. Its period does not depend on the gauge parameter A. To the best of my
knowledge the black string solutions (5.3) have not been reported elsewhere in the literature.

For positive 7, i.e., 0 < < 1, the solution has a ring curvature singularity at p = pg >
p+ (4.1). Therefore, the ring singularity cannot be continuously contracted or deformed to
the origin without crossing the horizon(s). For v = 1 the outer horizon becomes singular,
see (3.46). The singularity is behind the horizon in the interior region, i.e., pg > p_. Note
the interior region is defined in the usual way as the part of the spacetime that contains the
singularity. See the Penrose diagrams in figure 6, figure 7 and figure 8.

35The black string solution is invariant under the combined transformations px+ — px, v — —v and A — —\.
Therefore, positive v solutions can be obtained from negative - solutions by simply making the changes
p+ — px and A — —A.
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For negative =, i.e., —1 <y < 0, the solution has no singularity if the condition (3.27),

_ 1
e (5.5)

P+ 1-7

is satisfied. If the above condition is not met, then the solution has a singularity at p = pg <
p— (4.1). At v = —1, (5.3) reduces to the black hole solution (3.35)

Js — 12 p*dp* 1(p* =) (P2 — P2 )2 + 1p%(p% - pg) do — 20 g1 2
S S I 22 1 12,2 4 2 T ’
(p* = p1)(p* = p2) p p* —p* p?
20 _ 95 |PA =P
e = p (5.6)

It has a curvature singularity at p = p_ and an event horizon at p = py. Thus, the singularity
is enclosed inside the horizon. Its (analogous) ADM mass and angular momentum are
given by (4.32), (4.38),

2001 —p?)

2p4p-
12 '

M:
l

, J= (5.7)
See the Penrose diagrams in figure 1, figure 2, figure 3 and figure 4. See also the parameter
space figure 5 representing and summarizing all the negative v solutions.

It follows from the cases v = +1 that both inner and outer horizons can be unstable
upon coupling rotating black holes to matter. See below also for a novel case in which a
ring singularity forms in between the inner and outer horizons.

In section 3, we Lorentz boosted the black string solution (5.3) along the x direction
with a specific rapidity (3.49),

2p4p—
tanh(2a) = ———-. 5.8
(20) = 55 (5.8)

The Kalb-Ramond field is invariant under the Lorentz boost. The resulting metric however
now has no cross term and thus is static, see (3.50). We subsequently applied T-duality
transformation along the Z direction. This resulted in the black hole solution (3.57),

PO . o 1. oy A ey R
(02 = p2)(p? = p2) 12[03(1+-7) pr(1— 7) — 4yp?]
LA =2 =) — dyp?
(0% = P2)(p* = p%)
_{df_(pi—pQ)Miﬂ+ﬁﬂ1+AUﬂJD)+pQﬂ—vxl—kﬂ—ﬁﬁ-—%ﬁﬂ+ﬂkvﬂdg2
20 [p3(147)2 = p2 (1 —7)? = 47yp?] ’
e = g2 — ), ~1<v<0, 0<A<-1/v. (5.9)

To the best of my knowledge this black hole solution has not been reported elsewhere in
the literature. The black hole solution has a singularity at p = p_ and an event horizon
at p = p4. See the Penrose diagram in figure 4. Its (analogous) ADM mass and angular
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momentum are given (with gs = 1 and in units in which k? = 7 and o = 1) by (4.39), (4.42)

M:2<pi—p2_> (1=93)(1+29))
12

1+ , —1<v<0,

dry

I
)
/N
he)
+l\’>
|
he)
no

1— 2
J:2< l”):@, 1<y <0, (5.10)

where Q is the angular velocity at infinity (4.43)
Q = B(p = ). (5.11)

We note that the black hole depends on the gauge parameter . In particular we can have
black holes with negative masses (4.45). The mass is positive if we choose —1/2y < X\ < —1/~.
Note in the case of BTZ solutions, those solutions with negative masses do not correspond
to black holes, see (2.15) and (2.16). We also note that the deformation slows down the
rotation [1]. That is, the norm of J decreases as we increase the norm of v. The axion charge
(per unit length) @ of the black string (with gs = 1) equals the angular momentum J of
the black hole. This is consistent with the work [27].

At v = —1 we note that J = 0 and the mass M is independent of the gauge parameter \.
M is determined only by the radii p; and p_. At A\ = —1/2~, the angular velocity at infinity
is zero, i.e., Q = 0. In this case the ADM mass and angular momentum reduce to (4.44)

M:z(’ﬁlﬁ), J:2<1_172>:Q. (5.12)

In this paper we also noted that a solution with a non-zero asymptotic Kalb-Ramond field

is equivalent to a solution with no Kalb-Ramond field and non-zero rotation at asymptotic
infinity. In general, non-zero rotation allows negative mass solutions.

In an upcoming work we study the thermodynamics and partition functions of the black
hole and black string solutions. We also study the causal structure of the solutions in detail.

In this paper we mainly presented black hole and black string solutions. In a future work
we hope to study in greater detail the marginal operator that generates the deformation
on the world-sheet.

We also hope to study other string solutions by gluing those solutions of positive ~
with negative v. We give below an example which is obtained by gluing (3.35) and (3.46).
It is convenient to introduce first the parameters 0 < p_ < p, = p_ < py. We define

§ = (p+ —p_)/p—. We assume py < /2p_. We furthermore assume p_ = ,/2p% — p2.
For p < p, = p_, the solution is given by

S i N Vo Sy () Vo =8Vl IR OO 20 MW
ds” =53 2.2 + = 5 |4 0+ —5—|dt| ,
(p3—p*) (P~ —p?) Al?p 4y —p?) !
—o 2
By, = % =const., @Q =0,
2 /-2 _ =2
2& gs [ P+ — P=
4 (ffi —p? ) (5:13)
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For p > p, = p_, the solution is given by

o Pt 1P = pR) (R = p2) o 1P —p2) (o pep N
ds” = 5 53 2.2 dt” + 7 _ 2 dzx >-dt)
(p*=p3)(p*=pZ) 4 I?p 4 p*—p2 lp
2 9
B, = — <p+4lp_> =const., @ =0,
2 2 _ 2
2= Is (TP (5.14)
4 \ p*—pz

The scalar curvature of the solution (which is described by (5.13) and (5.14)) is R = —4¢£2 -
(p2/1%) - (1/|p* — p2|), where €2 = 1 — (p_/p4+)*. The Kretschmann scalar is K = R2.%
Thus, the solution has the peculiar feature that it contains a ring curvature singularity at
p = p, = p— in between the inner and outer horizons. The inner horizon is at p = p_. The
outer horizon is at p = p;. Note they are not related by sign reflection, i.e. p_ # —p4. The
Kalb-Ramond field is a constant (field). It can be fixed to zero. The Penrose diagram of the
solution is given in figure 11. It is obtained by combining figure 4 and figure 8.

Note that usually the diagram ends at either side of p = p, = p_, however here, since
there are no closed time-like curves, the diagram extends outward to infinity and inward to
zero. Therefore, the maximal extension simply extends infinitely in both vertical directions.

We expect the black hole solution (described by (5.13) and (5.14)) to have a generalization
to (3 + 1) dimensions with similar feature. That is, with a curvature singularity in between
the inner and outer horizons. We hope to study the corrections in gs and their roles in
resolving the singularity in a future work. In relation to spacetime singularity, we also would
like to better understand the solution (3.45) (or (3.60)),

12 dr? 70 1 0 2
A2 =— |—— (1 - ) dr2 (d —d>
i 4[(1:9)%2 ( r>7+(1—7;9) A
—2®& = In(|r — ro|) + const.. (5.15)

Its Ricci scalar (in the string frame) is identically zero.
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A Invariant metric on AdS;

The (invariant) metric of the Lie algebra su(1,1) = sl(2,IR) is given by the Killing form
ds® = tr (g7 'dgg—'dg) (up to a constant factor), where g~1dg is the (left invariant) Maurer-
Cartan one form and ¢ is SU(1,1) & SL(2, R) group element.

A convenient choice of basis for su(1,1) is a; = —%01, as = —%Ug,ag = %O’g, where o1,
o9 and o3 are the Pauli spin matrices. They are given by

o1 = <(1) é) , 09 = <(Z] _OZ> , O3 = ((1) _01> . (A.1)

36In general, the equality K = R? is true only in special cases.
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N

p =P+

Figure 11. The plot depicts the global structure of the string solution described by (5.13) and (5.14).
The solution has a singularity at p = p_ = p, . It is represented by the zigzag lines. p = 0 is a causal
singularity. That is, the maximal analytic extension behind the surface p = 0 contains closed time-like
curves.

We parametrize (using the Cartan decomposition) the group element g € SU(1,1) as

9(0, 0, 1) = elpTPlasearglemwes,

= ei(wgw)cme_ealei(w;w)m’”
B e?coshf —e¥sinhé (A.2)
~ \—e ™sinhf e coshd |’ '
here 0 < 60 < 00,0 < ¢ < 27,0 < ¥ < 27. This choice gives the invariant metric
ds® = d#? — cosh?0dp? + sinh2dy?. (A.3)

On the universal cover ¢ € IR.

However, as we see in section 2, it is the real form of the Lie algebra su(1,1) (i.e., now
the field is IR however the basis can be complex) or simply the Lie algebra sl(2, R) which is
in particular relevant for our discussion in relation to the exterior region of the BTZ black
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hole. Therefore, we obtain below the metric using sl(2,IR). A convenient choice of basis is
by = —%Jl,bg = %0'2,()3 = —%03. The analogous parametrization is

9(0,5,0) = e(Fr)ba 200 o (F=0)bs.

_ a@)a _ ,(a—E)
3 _ o3
— e ( 2 e 9016 2 ’

- a7 _E . 7
_ (e 7cosh€ e 5111{19 7 (A4)
—e¥sinhf  e¥coshf
here # € IR, % € IR, € R. In this choice the (invariant) metric is given by
d52 = df” + cosh?0dz? — sinh20dy)”. (A.5)

The metric (A.5) can be equivalently obtained from (A.3) formally by the analytic continuation

¢ =1ip, P =7dip. (A.6)

We simple replace § with 6§ € IR.

B Bosonic T-duality

We briefly review T-duality in Type II bosonic string theory. See [44-47] for detailed
discussions. See also appendix A in [1].
Consider the world-sheet sigma model action

S = /d2z£, L= X" (X)X", S = Coun + Buns (B.1)

where G, = G are the components of the metric G and B,,,;,, = — B,,,;, are the components
of the Kalb-Ramond two-form B. z = 7+0 and Z = 7 — o are the world-sheet coordinates. We
omitted a term linear in the dilaton field. The dilaton ® enters at the quantum level [48, 49].

We assume the background fields Gynn, Bmn and ® are independent of X!. Thus, the
transformation

X' Xy, (B.2)

is a symmetry of the action, where c is a constant. Therefore, we can couple the theory to a
gauge field A, on the world-sheet. The gauged Lagrangian density is

L =0X"SyndX" + 0X ™A + AL1,0X" + AS A + (04 — D4),  (B.3)

where the field y is a Lagrange multiplier.

We assume X! is periodic, i.e., at fixed world-sheet time it parametrizes a circle, and
is compact. Thus, the symmetry (B.2) is a global U(1) (zero-form) symmetry. We fix the
gauge by assuming X! = const.. This gives

S = / P2, L= 0X"S--0X" + OXTS- A+ AT, -0X" + AL, A + (94 — DA),
(B.4)
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where m takes all values of m except m = 1. Integrating out the field ¥, i.e., eliminating
it using its equation of motion, gives back (B.1). In general a one form on S! is not exact.
However, since X! is compact and thus it winds around in either directions integer times, we
can still write the gauge potential on S* as the gradient of a compact scalar A = 9!, A = dx!
and make the identification y' ~ X'. This will get us back to the original action.

If we instead perform integration by parts, it leads to

g = / 2L, L= 0X"S50X" + ANy A — (Ox — 0X "S5, ) A+ A (T50X" +0x) .
(B.5)

Integrating out the gauge fields A and A using their equations of motion gives the T-dual
Lagrangian density

L= GX;’\’aﬁﬁgXa + axaxang + aXTA"%XBX + OXOx OX, (B.6)
where
1 I Sy I
Oxx = Ik Tym = 217?’ Iox = _2771117 Opin = Yimm — 7%11 . (B.7)

The Jacobian factor introduced in the path integral measure by the change of variables leads
to a shift of the dilaton. The new dilaton ¢ is

1
¢ =0 — 5 log (211) N 211 = G11. (B8)
The new background fields are arranged as

%5 = 9am T 05m>  9mn = %amo  bpn = ~bam (B.9)

and similar expressions for Ty Onyo

two-form b field are given in terms of G,,, and B, by the relations

0xx- Thus, the components of the new metric g and

B 1m Bﬁl

1
b= g ST g 9w T gy 9 Gan g (G71Gis + BruBin) »
(B.10)
and
Gy e 1
b =Gy, U T TG, e Baa T gn (GmiBin + BriGin) - (B.11)

The relations (B.8), (B.10) and (B.11) are also known as the Buscher rules. From the
world-sheet perspective, T-duality is an exact equivalence of CFTs.
C The Brown-York quasi-local energy and mass

In this appendix we review the Brown-York quasi-local energy and mass [5]. We primarily
follow the work [5], but see also [4] for a related insightful discussion. We specialize the
discussion for definiteness to (2 4+ 1) dimensions. We furthermore restrict ourselves to axially
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symmetric stationary solutions. Therefore, we can directly use the formulae in section 4
of the paper.

The Brown-York definition of energy and mass is based on the Hamilton-Jacobi formula-
tion of general relativity. It requires foliating the spacetime into a one-parameter family of
space-like hyper-surfaces and thus requires defining a time direction. It also requires adding
the Gibbons-Hawking-York (GHY) boundary term to the usual action for the gravitational
field [50, 51]. The boundary term ensures that only the metric is fixed at the boundary. It
avoids the need to fix the first derivatives of the metric.

The general metric (relevant for our purpose) is of the form
1
ds® = —A2dt* + ﬁdrz + C?(df + Zdt)?, (C.1)

where A, B,C and Z are functions of only the radial coordinate . The coordinate 6 is
an angle variable and it has 27 periodicity. The spacetime contains no inner boundaries.
It can have event horizons [4].37 We assume the metric is minimally coupled to a scalar.
Therefore, the scalar action contains no derivatives of the metric. We also assume the
scalar depends only on r.

Let u* denote the future pointing time-like unit normal to the ¢ = constant two-space
denoted by ;. t labels the two-spaces ¥; and it defines the time direction or coordinate.
This particular slicing is the usual ADM slicing of spacetime [53]. We denote the (intrinsic)
metric on 3; by hij.38 We denote the boundary of 3; by B;. The world-line or history of B
is denoted ?B. Let n* is the outward pointing space-like unit normal to the two-boundary
2B. For simplicity, we assume on the time-like boundary 2B that n*u,l2p = 0. That is, the
surface Y; meets the boundary 2B orthogonally. This is not however essential or necessary
for the analysis below [54]. This is in part because we are ultimately interested in the case
2B is at radial infinity where the spacetime (C.1) is (conformally) flat. We denote the metric
on 2B by vij- We denote the metric on B; which is the intersection of 2B and ¥; by Oij-

The time-like and space-like normal vector fields are

1 Z
Uu = —A(SZ, U’LL = g“”uy = 25# — Zéu,
1
Ny = 55;, nt = g"'n, = B~ (C.2)

37In the case the spacetime contains other null boundaries we include appropriate terms in the action
functional that contribute on these boundaries. This will not concern us in this paper. We refer to [52] and
references therein for such cases.

38For convenience, here and below we use lower latin letters ¢ = ¢, 7, @ to denote the intrinsic metrics and we
use greek letters p = t,r,6 to denote the induced metrics.
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The induced metrics are

h,uzz = Guv + Uply,
= Guv + A2(5t (5t

povs
Yur = Guv — NpuNy,
1
= gNV — ﬁ(s;éz’
Opy = Guv + Uply — Ny,
1
= guv + A% 6], — S2040 (C.3)

The extrinsic curvature to the surface X; is

K,uu = —hﬁvauy,

C%*7(0,2 . . 1 . .
= 2;)(555“ +6L07) + ﬂC%aTZ)(aﬁa# + 52@),

- LOA 5+ Loz, (C.4)
The extrinsic curvature to the boundary 2B is
O = =7, Vanu,
= — BC[C(0,2) + 22(8,C)) 6{,00y — BC(9,C)5,,5,
+ B[A(9,4) - C?2(0,2) - Z2C(5,C)| 8.5, (C.5)

The extrinsic curvature to the boundary B; is

kul/ = _Uﬁvanm
= —BC(9,C)6,,0) — Z2°BC(9,C)d},6,, — 2ZBC(9,C)5(, 01,
= UﬁUf@ag. (C.6)

The trace k is

B(9,C)
C

k= o"k,, = —BC(0,C)o% = - . (C.7)

We denote the canonical momenta on 2B conjugate to vij by 7. The momenta 7%
contain no scalar contribution since the scalar field is coupled to gravity minimally. Thus,
they are purely gravitational. The gravitational canonical momenta are given by

1

i _
g —
2K2

V= (677 - '), (C.8)
where 0;; = /' 7O and © = g0, = 70;; is the trace. In general, 7 defines a total
energy-momentum tensor on the surface 2B. The surface energy-momentum tensor 7;; is
7= 2 9Son—shell _ 2 7, (C.9)
V= 0 el
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where Son_ghen is the on-shell action functional. It satisfies the momentum constraints
Dyt = —TMn,y) = —T™, (C.10)

where T*" is the matter energy-momentum tensor and D; is the covariant derivative compatible
with the metric v;;, i.e., D~k = 0. It is defined by projecting V. onto ’B,ie., D; = ’yi)‘VA.
The proper surface energy density ¢ is

€= uiujTij = %k,
_ % —B(‘Z:C). (C.11)
The proper surface momentum density j; is
Jk = —O'kinTij = iaian,-'
K2 7
= Bgi@iz) (o7 + 261 (C.12)

For a minimally coupled scalar ¢ with action (4.6) the energy momentum tensor is
given by (4.12),

1

12T = AV w0V 06 = 20 (V) = S0V (6). (C.13)
Thus, the projection onto 2B is
T =T" 1),
_ % (776] +17°3) (C.14)
We have (since v/ = 0)
Tt = ﬁi (=Toi + ZT0g),
179 = ]Jiz [ZTM + (gz — ZQ> TTQ] : (C.15)

In the case the scalar ¢ is a function of only r, which is the case in this paper, and the
metric is of the form (C.1), we have

T..=0, T.=0. (C.16)
Therefore,
T = 0. (C.17)

Let ¢ denote a Killing vector field associated with an isometry of the boundary two-
metric 7;;. Thus, it solves
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In the case T™ = 0 (or T™¢; = 0) on the surface 2B, which is the case in this paper
(see (C.17)), it follows from (C.10) that the quantity,

QelB) = - §

3t N 2B

d07/5 (uir'ig;) = 742 L, d0V7 (e +7) & (C19)

is conserved, i.e., Q¢(Byy) — Q¢(By,) = — o d*x/—yT™&; = 0.
We now give the conserved charges in terms of the components of the metric. The energy
associated with the Killing field £ = u’ = 073 u,“39 is given by

B=-Qu=¢ divoc= —%B@TC. (C.20)

It is important to note that the energy equals the Hamiltonian only if the angular velocity Z
at radial infinity or boundary B; is zero (assuming js # 0) and the lapse A is unity.** The
angular momentum associated with the Killing field £ = (8p)" = &) is

© BC30,.Z
= i = do/ojg = ———. 21
J=Qay) ‘%Bt Vaje FER (C.21)
The mass associated with the Killing field ¢ = (at)i = 6! is given by
m = —Q(at)i = — d@ﬁ(sut + ) = AE — Zj. (C.22)

By

Note the mass corresponds as in asymptotically flat spacetimes to the Hamiltonian.

In gravity theories physical quantities such as energy are defined only with respect to
a reference. Thus, we must specify a reference spacetime Mg(go, ¢o; A), where gy denotes
the metric and ¢g collectively denotes the matter fields on My. A is a possible cosmological
constant.

The reference spacetime Mog(go, ¢o; A) is a particular solution to Einstein equations. It
is chosen such that the deviations or fluctuations

h;uz = Guv — (QO)WM
X = ¢ - ¢07 (023>

vanish smoothly at the boundary B; [3]. Note B, is the boundary of the ¢ = constant
spacetime slice. In the case M(g,¢;A) is asymptotically flat spacetime, the reference
spacetime M(go, ¢o; A) is usually taken to be the Minkowski spacetime. In the paper in all
the cases we study the reference metrics are conformally flat spacetimes.

We take a reference metric gg of the form

1
dsg = —AGdt* + pydr® + Cg(d0 + Zodt)*. (C.24)
0

We will assume Ag, By, Cy and Zjy are functions of only r. The scalar field depends only on r
and it is coupled to the metric minimally. At the boundary By, h,, = 0 and x = 0 (C.23).

¥ Note D)) = 'y(AiVyy]‘,‘)uM =0.
4°The Hamiltonian upon using the equations of motion is simply a boundary term [55]. It is given by
H = ¢, do\/o(Ae — Zjo).

,45,



That is, A(™) = Ao(r*), B(™) = Bo(r*), C(r*) = Cor*), Z(r*) = Zo(r*) and 6(r*) = go(r*),
where r* is the location of B;.

The reference metrics go that we consider in this paper have Zy = constant. Accordingly,
since 0,2y = 0, the (quasi-local) angular momentum remains unchanged. It is still given
by (C.21). The (quasi-local) energy is given by*!

2m
E = 2 (By0,Cy — BO,C). (C.25)
We implicitly assume the limit 7 — r* exists. The (quasi-local) mass is

m=AFE — Zj,

ZBC30,7Z
A

24 (Byd,Cy — B9,C) — (C.26)

™
K2

The angular momentum and (analogous or physical) ADM mass are defined by taking
r to infinity or sending B; to infinity [3, 4]

J = Jlim j(r),
M = lim m(r). (C.27)

In section 4 of the paper we set k2 = 7 (in some length unit) for simplicity. This is equivalent
to 8Gy = 1 (in some length unit).

D Kruskal coordinates

The metrics which we study in this paper are in general of the form ds?> = A%ds?, where the
factor A? is (manifestly) positive and regular everywhere.*? The line element ds? is of two
types. One type has the form (see, e.g., (3.15) (with (3.27)) and (4.13))

ds? = A72f7Ydp? — fdt* + p?(do + gdt)?, (D.1)

and the other has (in general with different f,¢g and A) the form (see, e.g., (3.20), (3.31)
and (3.62))

ds® = A2 Ydp? — fdt® + (do + gdt)>. (D.2)

The functions f,g and A depend only on p. ¢ is an angular coordinate. The function f
has either one or two simple zeros or poles. The scalar curvature is finite at the zero(s).
At large p both are conformally flat. Thus, each of their Penrose diagrams is similar at
large p to that of a flat spacetime.

Around each zero we can introduce a coordinate patch to smoothly (or, by abuse of
language, analytically) continue the metric. We now show how to continue the metric (D.1)
across the zero(s). The analysis is identical for (D.2). We follow [56] and [9].

“1In general it is quasi-local in the sense that it is local only on the (hyper-)surface ¥, i.e., the t = constant
spacetime slice. It follows, in (2 4 1) dimensions, it is defined as a local quantity.
42Fxcept at a curvature singularity.

— 46 —



We show that around a zero of f which we denote by py the metric (D.1) can be put
into the form

ds® = 2 (du® — dv?) + p*(dip + (9 — 9o)dt)%, = 6+ got, (D-3)

where t = t(u,v) and go = g(po). The factor Q?(u,v) is regular at the zero. Thus, (D.3) is a
continuation of (D.1) across the surface p = pg. In terms of u(p,t) and v(p,t) light cones at
the zero are lines with slope £1. We show (D.3) by finding u(t, p) and v(¢, p).

By comparing (D.1) and (D.3) we find

20,2 2\ _ A—2p—1
Q (up - Up) =A f )
O?(uf —vf) =,
upuy — Vv = 0, (D.4)
where u, = 0u/0p, uy = Ou/0t. Similar notations apply for v. We eliminate €2 and find

a relation for us(vy) and v,(u,). We first take a ratio of the first two equations, and then
use the last equation to simplify it. The result is

2 2 2
Uy — v U 272
2 1)2__ﬁ__fA' (D.5)
P p Iz
Thus,
u = fAv,, v = fAu,. (D.6)

We now introduce a new radial coordinate p*, defined by
dp* = f~1A dp. (D.7)
In terms of ¢ and (the tortoise coordinate) p*, the equations (D.6) become
Up = Vpr, Vg = Upr. (D.8)
The general solution of these equations is
u=nhy(p"+t)+h_(p"=1t), v="hi(p"+1t)—h_(p"—1), (D.9)

where hy are arbitrary functions of (the Eddington-Finkelstein coordinates) p* +¢. We
take the Kruskal ansatz,

hy = ApetP"+0), (D.10)

where AL and k are constants. This gives the factor

2 _ f _ f —2Kp*
0° = - 4A+A_/€2e . (D.11)

k is chosen such that Q2 is regular, i.e. non-singular, at the zero of f and on the patch
around it. Since the zero or pole is simple, the constant x exists. The Kruskal coordinates
are now given by (with A = A_ = A})

u = 2Ae" cosh(kt), v =2A4e" sinh(kt). (D.12)
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Without loss of generality we can take A = £1. The inverse transformations are

1 u? — v? 1 2uv
= —Iln|—5— t=—t h1(>. D.1
P = o n( 4A2 ) ’ o u? + v? (D-13)
Penrose coordinates (U, V') are given by the usual relations
U+V Uu-v
u—i—v:tan( ; ), u—v:tan<2). (D.14)

In a situation where there are more then one zero, the analysis involves introducing
several patches, one for each zero. Overlapping regions are identified. The maximal extension
requires including and gluing together infinite copies of the patches.

We now give an example to illustrate the procedure. We consider the case (3.27). We
find it convenient to define

P o 2% pR=N o, 1y p p*
)\:7, G = 2(1 ) 17)\2 y Co = T)ﬁ’ r= —, .CU*: —, (D15)
P+ pi L+ p 1% P+ P+

where = (14 v)/(1 — ) (see (3.27)). Note 0 < A < u < 1. In our notation

2 2 2 2 2
p1 (27— 1) (= = \9) P A
f==t. )(2 , A lzl—;cf 1+c2x2, g=—-— (D.16)

12 x lz2

The solution to the equation (D.7) (for all x) is

—/1+EIn(]1 — 22|) + A\ /1 + A2c3 In(]A? — 2?|)

- 2 —2|e2|(1 =A%) In <1 +2c32% + 2|co|wy /1 + C%SE2)
2(1-A%) +4/1+ 31n <1+(1+2c§)x2+2\/1+c§\/1+c§x2a:>
—A/1+ X221 ()\2 + (1 +2X2c3)x? + 2)\\/1 + )\203\/1 + c%:v%)

= |ca|ctIn (1 + 2¢32% + 2|ca|zy /1 + c§x2>
1 2 1 2 .2
(1 —2%)) + = In(|A% — 2%))
+L —Hilln (1—|—(1—&—20%)3;2—1—2\/1—1—0%\/14—0%9523;) : (D.17)

2p
gt In <)\2 + (1 +2X2c3) 22 + 2)\\/1 + )\262\/1 + 621'21‘)
Ko 2 2 2

where k1 and ko are given by

1 1—)\2 1 1—)\2 Ko 1

=— . ——  ky= =—— < —1. (D.18)
P+ e /1 + c2

K1 -,
P+ X2\ 1+ 223 K1 A

Without loss of generality we can take co to be positive.

There are two zeros. In the patch around z = 1 we must take k = k1 so that the factor
02 is regular at and around x = 1. We denote this patch by K. It covers the region = > \.
Note on K the constant go = —A/l. In the patch around x = A however we must take
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Figure 12. The plots depict the Penrose diagrams of the regions I, IT and III. Each point represents
a circle or the orbit of the isometry d,. Straight lines at 7/4 radians represent null lines. We used the
values A = 0.3, =0.5,A =1/2, py =1 (in string units), I = 1 (in string units). For A = —1/2 we
simply flips U — —U. Plot a) is the Penrose diagram for ITI. x = 0 is mapped to the vertical line
U = 7/2. Plot b) is the Penrose diagram for II. It is obtained using K5. The lines u = +v at z = A
are mapped to the lines U = £V. 2 =1 is mapped to U = V = 7. Plot c) is the Penrose diagram for
I. Null lines at = 1 are mapped to U = £V. x = o0 is mapped to U £V = 7.

k = ko. This ensures that Q? is non-singular at z = A\. We denote the patch that covers
the region 0 < < 1 by K3. On Ky the constant go = —1/(I\). In the overlapping region
A <z < 1 we identify K; and Ky. We denote the overlap by Kj.

In the large z limit we get 2* = 2|c2|c? Inx + h(ey, c2, A).*® The function h in particular
satisfies h(c1,0,A) = 0. In the large x limit and at constant ¢ the metric (D.3) up to an
overall positive factor equals du? — dv? + [A\?/(u? — v?)](udv — vdu)?. Therefore, outgoing
and ingoing radial null lines end on future and past null infinities, respectively.

Penrose diagrams for the regions III = {(z,#)|0 < x < A\t € R}, IT = {(z,t)|A <
x < 1,t € R} and I = {(2,t)|]1 < z < oo,t € R} are given in figure 12. The Penrose
diagram for the domain III is obtained using Ks. Similarly, the Penrose diagram for I is
obtained using Kj. The Penrose diagram for II can be obtained using Ky or either Kj or
K5. Here the Penrose diagram for II is obtained using K5. The Penrose diagram of the
whole spacetime is obtained by appropriately gluing together these diagrams. The resulting
diagram is given in figure 1 in section 3.
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43The BTZ solution is obtained by setting p = 1, i.e., c2 = 0. For ¢z = 0, in the large = limit, we instead
obtain z* = —c}/x + O(xz™?).
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