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Figure 3: A two dimensional slice of SL(2, R).
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Figure 1: a: Kruskal diagram and b: Penrose diagram of the Schwarzshild or the 2-d black hole.
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Figﬁ:el: a: Kruskal diagram and b: Penrose diagram of the Schwarzshild or the 2-d black hole.
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Figure 3: A two dimensional slice of SL(2, IR).

® = — 3 log ((Ru)” M) , (25)

where [W| < 2. In the regions where W > 2, 6 in (24), (25) should be replaced by if,4.
In the regions with W < —2, substitute i for 85 — 3

B w|<2, I,IIIIL, IV : 0n
A W>2, 1,1,3,3 : 05 — if, (26)
e W< -2, 2,2, 4,4 : 05 — ilc + % .

If we take the vector
u” = (1,0), (27)

then G, is constant 4 and after rescaling T — vkz the action and the dilaton become:
_k » k 2 = . 9
S —Z—anazazv + ﬁ;fd z [——695393 + sin (93)33153}] +
k [ o sin®(05)dy (sin®(0p) cos(y))dy — sin(1))0z)
+— f d*z

T 1 + cos(1)) cos(205 - (28)
= [ 2 [—393593 - %@r azém]
d =&, — %log (cos®(65) + p? sin’(0p)) ,  @o =+ %mg (1 2;;2 ) ;o (29)
where
p=tan(¥) . (30)

2
4Actually, Gz = const iff (G 4+ B)y=z = 0 and, therefore, in this case the %’L—"ﬂ background can be used in the
heterotic string.
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4 Cosmology. Nappi-Witten solution.

A close coset CFT relative of the charged black hole is the cosmological Nappi-Witten back-
ground [6]. Recently this background was studied in more detail in [1], [2]. This background
is obtained from a coset CFT

SL(2,R) x SU(2)/U(1) x U(1)
Let (g1,92) € SL(2,R) x SU(2). The nonanomalous U(1) x U(1) group action is chosen as

dg1 = eosgy + (Ecos(a) — esin(a))g103
paperdgy = i€os3gs + (€sin(a) + ecos(a))gaios

where a is an angular variable analogous to the parameter 9 that labels the charged black
hole backgrounds.

The four-dimensional space-time manifold described by the corresponding gauged WZW
contains 12 regions (see [1]) for details) cyclically repeated in the maximally extended so-
lution. Four out of 12 of these regions are time-dependent and decribe a universe evolving
from big bang to a big crunch singularity. The remaining 8 regions are static, contain closed
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/me-like curves and are usually referred to as ”whiskers” [1]. In addition to the presence of
closed time-like curves the whiskers contain a time-like singularity surface called a domain
wall in [1].

Explicitly the background in a whisker is described as follows. Let us choose a parame-
terization of the corresponding submanifold of SL(2,IR) x SU(2) as (this corresponds to the
¢ =¢ =0, § = I region in the notation of [1])

g = 3'763690‘1 eﬁas 1
g2 = ei'v'cra ei&’o’g eiﬂ'cra
Here ¢ € SL(2,R), g, € SU(2). We choose the gauge fixing condition v = # = 0. There

are no residual gauge transformations in this case as 7 and  are noncompact. The metric
in such a whisker can be derived to be

d 2
—2- = (d0)? + (d0)® + gasns (dA4)? + ga_a_ (AA_)? (28)
_ tanh?(9) -
Brde == Tl — tanh?(0) cot?(8")
_ b2cot?(6')
P = B anh?®(0) cot?(0')
o 1—sin(a)
ol + sin(a) (39)

Here Ay = 7 + /' have periodicity of 2. As evident from the form of the metric shifts of
the coordinates A4 generate two commuting isometries.
In addition there are nontrivial B-field and dilaton backgrounds

By = s (30)
AMA- T b2 — tanh®(0) cot?(9) ’
B = 3o -;-log(coshz(é?) sin?(8") — b sinh?(6) cos’(8")) . (31)

The surface specified by equation
b? — tanh?(0) cot*(¢) = 0

is a curvature singularity to which we refer toasa singular domain wall.

In parallel with our discussion of Euclidean charged black hole background one may try
to define a Buclidean space by Wick rotating the Killing coordinates Ay and the parameter
o

Ay =iy, Ao —id_, cx——b%+z’ag (32)

where we included a shift by m/2 in the last transformation solely for the sake of later
convenience. After such a rotation we obtain a Euclidean signature space with metric

o tank’(O)(@.)? | bpeot(0)(d)y)’

ds® _ do')? - -

: (d)* + (d0')” + U + tanh?(8) cot®(@) b3+ tanh’(6) cot?(9")

a _cosam) 1 _ . 000

b = S o = tanh ( . ) . (33)
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We see that the domain wall has disappeared. The subspace # = #' = 0 is singular, it has
a trumpet-like curvature singularity. There are also potential conical singularities at ' = 0
and #' = 7/2 subspaces when the coordinates A or A, respectively shrink to zero size. The
pereodicities of coordinates A4 are not yet fixed though. We may fix them by requiring the
absence of conical singularities. That means that the periods of both A should be 27.

In the asymptotic region § — co the metric (33) takes the form

; : oV
s ik (dA-)? bhcot*(0)(dA,)? ?

LY

that is uniformly bounded in both A directions. This suggests that this Euclidean solution
defines a vacuum state in the original Minkowski signature space characterized by a canon-
ical distribution in the eigenvalues of Killing vectors 5?;;. With one of the Killing vectors

being time-like the corresponding distribution should be thermal. The dependence of the
asymptotic sizes on @' presumably can be interpreted in terms of the high anisotropy of the
outgoing thermal radiation.

5 Buclidean SL(2,R) x SU(2)/(U(1) x U(1)) CFT.

In the case of charged black holes the Euclidean background obtained after Wick rotation
was also obtainable directly from the corresponding gauged WZW model. We can try the
same strategy for finding the Euclidean solution for Nappi-Witten background. Namely
let us start with SL(2,R) x SU(2) WZW model and gauge away one time-like and one
space-like /(1) so that the remaining space is a four-dimensional Euclidean one. A general
nonanomalous U(1) x U(1) action of this kind has the form

dg1 = e€ioagy + (Emme sinh(ag) + en cosh(ag))giios
dgs = i€oagy + (énycosh(ag) + esinh(ag))gaios (34)
Here 7;, 72 = %1 are discrete parameters corresponding to the axial /vector choice of gaugings

on SL(2,R) and SU(2). As we hope to obtain a Nappi-Witten coset model after Wick
rotation that includes rotation of the mixing angle ap — ia we should be choosing 7, = 1,

1o = —1. We will restrict our considerations to this case below. We choose parameterizations
g = eigo;g 8903 eﬂiag
il
g = em aaeuo Uzetﬂ a3

We can perform initial gauge fixing by imposing the condition a = § = 0. Now however, in
contrast with Minkowski signature case, the coordinates a, 3, ¢/, " are all noncompact. It is
easy to derive from (34) that the residual gauge transformations preserving o = # = 0 are

generated by the shifts
A=A+ 2mbg ,
Xi = Ay + i—z (35)
where .
A= xf
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