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Abstract Symmetry transformations in a space of D-dimensional vacuum metrics with
D — 3 commuting Killing vectors are studied. We solve directly the Einstein equations in
the Maison formulation under additional assumptions. We show that the Reissner-Nordstrom
solution is related by the symmetry transformation to a particular case of the 5-dimensional
Gross-Perry metric and the 5-dimensional plane wave solution is related to the Gross-Perry-
Sorkin metric.
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1 Introduction

Stationary vacuum Einstein equations admit the symmetry group SL(2, R) [2, 3]. This sym-
metry was generalized to an action of the group SL(D — 2, R) in the class of D-dimensional
vacuum metrics with D —3 commuting Killing vectors [4]. In the case D = 5 this group con-
tains the group SO(1, 2) which preserves asymptotical flatness of a metric [5]. For instance,
using this action one can reproduce the Myers-Perry solution from the Schwarzschild-
Tangherlini metric [5].

In this paper we investigate in detail the action of the SL(D — 2, R) symmetry group
when integral submanifolds of the Killing vectors are not null. We identify relevant param-
eters of this action and we discuss corresponding changes of the metric signature. We solve
directly the Einstein equations in D = 5 assuming two commuting Killing vectors and addi-
tional symmetries which are not isometries. We give an example of the SL(3, R) symmetry
transformation in D =5 which generates the Reissner-Nordstrom 4-dimensional solution,
with a dyonic electromagnetic field, from the 5-dimensional Gross-Perry metric [1, 7] of the
Euclidean signature.

In the considered class of solutions there are near horizon metrics of extremal black holes
[6] and metrics obtained by Clément (see [8] and references therein).
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2 Generation Method for Reduced Vacuum Einstein Equations

Let M be (n + 2)-dimensional manifold with metric g admitting n — 1 commuting Killing
vectors (thus, D = n + 2) which define a non-null integrable distribution. In special coor-
dinates x’,i =1,...,n — 1, and x%, a =n,n + 1, n + 2, the Killing vectors are 3; and the
metric takes the form
g = gij(dx' + A (dx! + A7) + t7' gpdx“dx", (1
where T = |detg;;|, A" = A’ dx* and functions g;;, A’, g,» do not depend on coordinates x*.
The vacuum Einstein equations for metrics (1) are equivalent to the following equations [4]
d(x~" * dx) =0, )
- 1
Rap = 3T0C XX~ x0) 3)
for g,», and n x n symmetric matrix y constrained by the conditions

det x = =#1, &xXun <0, €]

where ¢ = sgn(det g,;). Here R, is the Ricci tensor of the metric & = Zapdx®dx” and x
denotes the Hodge dualization with respect to this metric. The matrix x is related to com-
ponents of (1) via the equations

L —tvv, Ly
xz(gf g f_§>, ®)
dV; =tg; * dA’. (6)

Note that (6) is integrable by virtue of (2) and that
sgn(detg;;) = —edetx. @
Equations (2)—(4) are preserved by the transformation
x> x' =¢8TxS (8)
where S € SL(n, R) is a constant matrix and value of ¢’ = %1 is fixed by the condition
e'e(STx S)un <O. )

Transformations given by (8)—(9) can be used to obtain new vacuum metrics from known
ones. They generalize the Ehlers transformation [2] for stationary 4-dimensional metrics. In
dimension 5 they contain the group SO(1, 2) preserving asymptotical flatness of metrics [5].

3 Relevant Parameters and Change of Signature

Most of parameters in S (symmetry) do not change the seed metric in a nontrivial way.
Any matrix S with S # 0 can be uniquely decomposed into a product of three matrices

S=SyHT, where
s ol
N
S (0 1), (10)
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The matrix T (translation) yields translations of V; by constants —ey;. It does not change the
seed metric. The matrix H (homothety) corresponds to a linear transformation of x’ and A’
combined with a multiplication of the full metric g by (det ,3;)*2. Thus, modulo coordinate
transformations, H is a homothety and can be replaced by

Hy— (ﬁg} ,8‘()"’) (12)

=)

with an appropriate constant 8. The only nontrivial action is that of the matrix Sy (true
symmetry),

T,o _ gij— ViV, a; — Vi@V —e)
SOXSO_(aj—fvj(a"Vk—e) VRV — L@V —e)? )” (13)

where o; = g;jo/ and Vi =g V.
If S)) = 0 then S is equivalent, modulo H and 7', to one of the matrices S;,[ =1, ..., n—1
with entries given by
an=[1 ifi=n 1, Sln::—l ifj=n—1.
0 ifi>n—1, J 0 ifj#n—I,
(14)
g = 1 ifi=j#n—1I,
U7 lo ifi#jori=j=n—1.

Note that S; contains n —/ — 1 free parameters (components S;n fori <n—1).

Summarizing, without loss of generality, symmetry transformations (8) can be reduced to
the action of one of matrices Sy, S; composed with Hy, the latter equivalent to a homothety
of g.

Transformations (8) can change signature of g;;, and hence the signature of (1). Let the
initial signature of g;; be (p, ¢), where p denotes the multiplicity of the value +1.If &’ > 0
then transformation (8) preserves this signature. If ¢’ < O then the signature of the final
metric g;; is (¢ + ¢, p — €). (Note that if (p,e) = (0,1) or (g,¢) = (0, —1) then &’ > 0.)
For instance, if we start with a 5-dimensional metric of the Lorentz signature (— + + +
+) then the transformed metric has the same signature or the Euclidean one. In this case
transformation (13) adds two parameters to the seed metric. (They have to be dependent,
o= %(a 12, if the asymptotical flatness is to be preserved [5].) Transformations S, take the
form

1 0 «

SSs=10 0 1], (15)
0 -1 0
0 1

S=]1 0 1 0]. (16)
-1 0
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4 Solutions with 2-Dimensional Space of Constant Curvature

Let us assume that y = x (z) depends only on one coordinate z and metric g has the follow-
ing form

g=dz’ + f(2)g", (17)
where g® is a 2-dimensional metric of constant curvature k = 0, &1 and signature ++ or
+—,

® _ 4(dx? + edy?)
(1+k(E> +5))*
Note that z can be shifted by a constant and metric (17) can be multiplied by another constant

since this transformation can be compensated by a change of coordinates x’. Thus, we admit
the following transformations

(18)

zZ+> cz+ ¢, [ c’zf, c, cp = const. (19)

The Ricci tensor of g reads

Ricci(g) = %dﬁ + (k _ 2) g®. (20)
It follows from (3) that
f:kzz—i—az—i—b, a, b = const 21
and
Tr(x 'x.)" = 24> — 8kb. 22)
A double integration of (2) gives
x = xoexp ((w + wo)C), (23)
where xg, C are constant matrices such that
X0=Xq s x0C=CTyxy, TrC=0, TrC?>=2a*—8kb (24)
and w(z) is a particular solution of
w,==+f"" (25)

The constant wy and the sign in (25) can be arbitrarily chosen.

One can classify functions f and w by putting them into a canonical form. First, let us
note that by virtue of (19) one can transform f into one of the following expressions labelled
by k and a new index k' =0, 1,

z itk=k'=0,

_ 26
FO=V 2 v it + 12 20, (26)

Using (26) we find particular solutions of (25). They are presented in Table 1.
The symmetry (8) induces transformations C — S~!'CS and yo — ST xoS which allow
us to reduce matrices C and x, to simpler forms. First, we put matrix C into a canonical
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Table 1 TrC? and solutions of

(25)-(26) w(z) Conditions TrC2
() log |z k=k'=0 2
(ii) arctanh z K =—k+#0, 22 <1 8
(i) arccoth z K=—k#0, 2> 1 8
(iv) z k=0, k#£0 0
™ 1/z k#0, K =0 0
(vi) arccotz K =k#0 -8

Jordan form. Then, we find yj satisfying (24) and we simplify it by means of matrices which
commute with C. Below we present results of this procedure in the case of 5-dimensional
metrics. Then n = 2 and there are four canonical forms of C and y, in which «, 8 are
constants and ¢, &; = %1,

a B 0 —e*"sin(Bw) e*" cos(Bw) 0
C=|-8 « 0 , x =\ e*“cos(Bw) e*sin(Bw) 0 ,
0 0 2« 0 0 —gem 20w
(27)
TrC?=6a*—-28% B+#0,
a 0 0 ge*” 0 0
cC=10 B 0 , X = 0 greP? 0 ,
0 0 —a-—28 0 0 —ge~@HPw
(28)
TrC? =2(a” + aff + 7).
a 1 0 0 ge*” 0
C=]10 « 0 s x =1 €e*” egwe*" 0 s
0 0 2« 0 0 —ge 2w
(29
Tr C? = 602,
010 0 0 1
c=|0 0 1], x=—¢|0 1 w |, TrC? =0. (30)
0 0 O 1 w %wz

Note that case (27), with parameters in an appropriate range, is compatible with any func-
tion from Table 1, cases (28) and (29) admit functions (i)—(v) while (30) is only compatible
with functions (iv)—(v).

5 Canonical Metrics

Below, we present metrics corresponding to cases (27)—(30). In what follows, the coordi-
nates x', x? will be denoted by x, y.

5.1 Case (27)
The following metric

g =" [sin(Bw)(dy”* — dx?) + 2cos(Bw)dxdy] + e (dz* + f(2)g™) (1)
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corresponds to solution (27) where f(z) is defined by (26) and w(z) is any function from
Table 1. In case when & = 1 metrics (31) are Lorentzian. In the subcase (v) with k =¢ =1
solution (31) reads

g =7 [sin(B/2)(dy* — dx*) + 2cos(B/z)dxdy] + e **/* (dz* + 22dQ?) (32)
where 8 = £+/3 o and dQ? is the standard metric of the 2-dimensional sphere. The Kaluza-
Klein reduction of the latter solution with respect to x or y leads to 4-dimensional asymp-
totically flat Lorentzian metric. Coordinate z plays a role the a 3-dimensional length.

It is noted that for k = 1 and subcase (ii) solution (31) reduces to one of metrics found
in [9].
5.2 Case (28)

Metric which corresponds to the subcase (i) of solution (28) is given by
g =e12%dx* + &, dy* + 27 7F (d* + 4z(dX* + ed3?)), (33)

where o> + af + B2 = 1. Metrics related to (ii)—(iii) are given by

1 /2 1 B/2
g=¢ i dx? + & i dy2
1 —(a+p)/2
= (d22 + k(@ — 1)g¥), (34)

where o? + aff + B2 = 4. We postpone metrics corresponding to subcases (iv) and (v) be-
cause they are flat as well as metrics obtained from them by the symmetry transformation (8).

5.3 Case (29)

The subcases (i), (iv) and (v) correspond, respectively, to the following metrics

g = e125V3dy (log |z|dy + 2dx) + 7723 (d2? + 4z(dF2 + ed52)), (35)

g =eidy (zdy + 2dx) + dz* + 4k’ (dX* + ed3?), (36)
1 2 2 (k)

g=¢1dy 2dx+zdy +dz"+4kz7g'", (37

while the metric

LY 1
g:s—1 ¢t dy logidy+4dx
2 1z—1 z—1
, 1 4:2/\/§
iJ_“ . (d2* + k@ — 1)g®) (38)

follows in subcases (ii) and (iii). Although (36) is flat, it can be transformed to non-flat
solutions (see Sect. 6).
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5.4 Case (30)

The subcases (iv)—(v) correspond respectively to the following metrics

2 4
g= —fdxz + 2 dx (dy — 26(§dF — ¥d5)) + ¢ (dy — 2e(7dF — 7dF))?
Z Z

2

+ % (d2> + 4K (dF2 + ed57)), (39)
g=g;0 9’+—(dz +kz?g®), (40)

where
g,-j=g<22122212>, 6' =dx, 92=dy—%. (41)

Both solutions are not flat. Metric (40) for k = ¢ = 1 is Lorentzian and can be slightly
simplified by introducing spherical angles 6, ¢ instead of X, y. Then (40)—(41) yields

= —27%dx* + (2zdx + dy' + cos0d¢)* + (2z2°) 7' (dz* + 22dQ?), (42)

where y' = y + ¢ and d2? = d6? + sin> 0d¢>.

6 Examples of Transformed Metrics

In this section, new metrics are constructed by application of the symmetry transformation
(8) to some canonical solutions found in the previous section. Among them there is the
Reissner-Nordstrom solution lifted to 5 dimensions, the Gross-Perry-Sorkin monopole so-
Iution and the near horizon metrics. It is noted that this transformation cannot always be
used. For instance, transformation (8) with § given by (16) is not applicable to (39)—(41) or
(35)—(37) because then x;; =0.

Below we present all metrics which can be obtained from (39)—(41). Solutions corre-
sponding to matrix Sy become

g=gi0'0' +77' (d* + f(2)g"), (43)

where

=&t ! wta T= 2
8ij = w + o? %wz—Zal ’ T l(w + 2022 +dal —2(a?)?|

(44)
ol — gy 20(GdE — Xdy) ' gy 2e(§dx — %d5)
1+ k(X2 +632) 1+ k(G2 +6e72)
Applying transformation (15) to metrics (39)—(40) gives the following solutions
¢ = 2edy (dx — 26(5d5 — 7d7) + ¢ ((z Fag) - 3) dy’
+dz’ + 4K (d5* + ed3?), (45)
g =800 +d* +kg®, (46)
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where
0 1 2e(ydx — xdy)
i = ;o Ol=dx— T T 9P=dy. (47
8ij 8(1 (L +<¥0)2——> TR k@E F e o A
Transformation (15) applied to (32) leads to
€247 cos? y B 2
— —2a/z 2 /
=ne dy"+ —— [ dx'+ ———cosfd
R N S ] ( costy "’)

e“%Isin(B/z +2y)|
+ 2
cos?y

(d2* +22dQ?), (48)

where x' = x + B¢/ cos’ y, tany = g, B = ++/3 and n = sgn(sin(8/z+2y)). For y =0,
(48) reduces to metric equivalent to a transform of (32) by means of (16).

It is noted that 5-dimensional near horizon geometries [6] may be associated with (28) by
a suitable symmetry transformation. The 3-dimensional metric 2dvdr — C*r?dv? + C~2d6?
used in [6] is transformed to C~2(1 —z2)~!(dz? + (1 — z2)g~ V) by the following coordinate

transformation
X+y—1 2(X +1
Z%, r=C7 M—l , 6 = arccos z (49)
I+5+1 1 —x24 32
and setting ¢ = —1. It can be shown that the symmetry transformation S = SoHT (¢' = 1),
where
1 0 —-C)2 | 8AB® C? 0 1 00
So=010,H=W—SB3OO,T=OIO,
00 1 BC 0 0 C 01 1
(50)

relates the near horizon geometry with horizon topology H = S' x §? (see [6]) with solution

B4 withe =k=—1,6; =6, =1, =0, =2, and (x, y) replaced by (x/+/C, y/~/C).
Let us consider metric (34) withk = —k' £0.If gy =g =e¢=k=1,a =—B =—2 and

we admit a constant conformal factor in g we obtain the (Euclidean) Gross-Perry solution

[1.7]
2 2 2\ 2
_ 1
:(u> dxz+<m> dyz+_(1_q_2> (do? + pd?).  (5D)
p+q p—q 4 2

where dQ? = d6? + sin 9d¢2 = const and p = q(z + +/z2 — 1). Let us transform metric
(51) by means of (8) with

L V2 —a?) m+q m—q
S=-2, V2> =q)  —m+gq -m—q |- (52)

2m V2m?—q%)  J2(m? —q?)

For ¢ = —1 this transformation yields surprisingly the following 5-dimensional vacuum
solution

2
g—<dx—x/—Qcosed¢+\/_Q ) (l—sz—i-g)dt2
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2 N
+ (1 - + —Q2 > dr* 4 r2dQ?, (53)
r r

where t =y, p=r —m +/r? —2mr + Q? and ¢ = \/m? — Q2. Within the Kaluza-Klein
approach the latter metric decomposes into the 4-dimensional Reissner-Nordstrom solution
on the manifold x = constant

2 2 2 !
g/:_<1——m+—Q )dt2+<1——m+—Q2> dr* +r*dQ? (54)
r r r r

and dyonic electromagnetic field given by

A=—+2Qcosbd¢ + @dn (55)

This field represents a magnetic and electric monopoles of the same strength placed at the
same point.
Transformation (15) applied to (29) leads to the following class of solutions

aw

14

= m(gl)2 + nere " (07) + e |w + 20| (a’z2 + f(z)g(k)) ’ (56)
0

8

where n = sgn(w + 2ap), 0! =dx — % 6% = dy and functions f(z), w are given

by (26) and Table 1 for subcases (i)—(v). For instance, in the subcase (iv) the latter metric
can be written in the form

1 2 N?
g=e1dy* + - (dx - %d(b) +z(dz> +dp* + p*d¢?), (57)

where ¢ = k; = 1 and cylindrical coordinates p, ¢ (X = %cos ¢,y = g sin ¢) are introduced
for simplicity. Metric (57) provides an example of a non flat metric obtained from a flat one
by means of a symmetry.

It turns out that in the subcase (v) of (29) the matrix S, transforms 5-dimensional plane
wave solution into Gross-Perry-Sorkin metric [7, 10, 11]. To show that we set ¢ = ¢; =

k =1 in (37) and introduce spherical coordinates with z = —r. Then, applying coordinate
transformation x = %, y = 4/m t we obtain the plane wave solution
g= (1 - ﬂ) dt? + 2dtdu + dr? + r2dQ?. (58)
r

Transforming the latter metric by virtue of matrix S} with op < —1/2 we get the Gross-
Perry-Sorkin monopole solution

M
g=—di’* + 1 (dit — M cos0d¢)* + <1 + T> (dP? +72dQ%), (59)
r

M
;

where it = u/ /o, 7 = \Jajr, M =m//a; and oy = —20p — 1.
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7 Summary

We showed that symmetry transformation (8) of the D-dimensional vacuum Einstein equa-
tions with D — 3 commuting Killing vectors may lead to at most (D — 3)-parameter family
of new solutions. The symmetry transformations can be reduced to (10), (12) or (14). We
outlined a method of solving (2)—(3) under the assumption that the 3-dimensional metric g
is given by (17) and the matrix x (see (5)) depends only on the coordinate z. 5-dimensional
metrics obtained in this way are given in Sects. 5.1-5.4. Some of these metrics were used
as seed solutions for the symmetry transformation (Sect. 6). Unexpectedly, it turns out that
the Kaluza-Klein version of the Reissner-Nordstrom solution is the symmetry transform of
a Gross-Perry metric and that the 5-dimensional plane wave metric (58) is related to the
Gross-Perry-Sorkin monopole solution (59).
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