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Solitonic generation of the five-dimensional black ring solution
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Using the solitonic solution-generating technique, we rederived the one-rotational five-dimensional
black ring solution found by Emparan and Reall. The seed solution is not the Minkowski metric, which is
the seed of the S2-rotating black ring. The obtained solution has more parameters than Emparan and
Reall’s S!-rotating black ring. We found the conditions of parameters to reduce the solution to the
S'-rotating black ring. In addition, we examined the relation between the expressions of the metric in the
prolate-spheroidal coordinates and in the canonical coordinates.
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One of the most important recent findings of the higher-
dimensional general relativity is a one-rotational black ring
solution by Emparan and Reall [1]. This solution is a
vacuum, axially symmetric and asymptotically flat solution
of the five-dimensional general relativity. The topology of
the event horizon is S X §2. The black ring rotates along
the direction of the S'. The extension of this solution to a
two-rotational one has not yet been achieved.

Recently, the present authors found a black ring solution
with §? rotation by using a solitonic solution-generating
technique [2]. In the analysis we reduced the problem to
the four-dimensional one [3—5] and applied the formula [6]
to obtain the metric functions. The seed solution of this
ring is a simple Minkowski spacetime. Because the effect
of rotation cannot compensate for the gravitational attrac-
tive force, the ring has a kind of strut structure. Figueras
found a C-metric expression of S?-rotating black ring
solution [7]. Tomizawa et al. showed that the same black
ring solution is obtained by using the inverse scattering
method [8].

In this paper we generate the black ring with S! rotation
by the solitonic solution-generating technique. We find that
the seed solution is not a Minkowski spacetime. The ob-
tained solution has more parameters than Emparan and
Reall’s black ring. It is therefore an extension of the result
of Emparan and Reall and we need some additional con-
ditions to reduce the solution we obtained to the black ring
solution. In this analysis we use prolate-spheroidal coor-
dinates. The relation between this and the canonical coor-
dinates considered by Harmark [9] are analyzed. We also
investigate the correspondence between the seed solutions
and the solitonic ones from the viewpoints of rod structure.
This viewpoint would be helpful to consider seed solutions
for further new five-dimensional solutions. We cannot
generate two-rotational solutions by the solution-
generating technique used here. However, if we use an-
other technique, e.g., inverse scattering method, for the
seed solution used in this analysis or the seed with some
corrections, the two-rotational black ring solution may be
obtained.

At first we briefly explain the procedure to generate
axisymmetric solutions in the five-dimensional general
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relativity. The spacetimes which we considered satisfy
the following conditions: (cl) five dimensions,
(c2) asymptotically flat spacetimes, (c3) the solutions of
vacuum Einstein equations, (c4) having three commuting
Killing vectors including time translational invariance and
(c5) having a single nonzero angular momentum compo-
nent. Under conditions (cl1)—(c5), we can employ the
following Weyl-Papapetrou metric form (for example,
see the treatment in [9]):

ds®> = —e?V(dx® — wdp)? + 2V p*(dp)? + e*V2(di)?
+ 2rtU(dp? + dz?), (1
where U,, U, U,, w, and vy are functions of p and z. Then

we introduce new functions S :=2Uy + U, and T := U,
so that the metric form (1) is rewritten into

ds?> = e T[—e5(dx" — wdd)? + eT2V1 p2(dp)?
+ e2(y+U,)+T(dp2 + dzz)] + e”(d:,b)z. (2)

Using this metric form, the Einstein equations are reduced
to the following set of equations:

Q) V2T =0,
(ll) ap’)/T = %p[(apT)z - (azT)2:|
d.¥r = %p[apTazT],
2
(lll) VZES = mvgs : VSS,
(ap(c/‘sap(z/’s - 81556255)

d,Ys = L=
(iv) p 2(E5+Ey) - -
(0,E59.E5 + 0,E59.Es),

— J4
az')’s T 2(E5+Ey)
V) (0,P,0,P)=p e¥ (3,0, 0,0),

~vi) y=vs+vn

S+7T

DU = — ,

(vii) | —5
where @ is defined through equation (v) and the function
Egis defined by £ := e5 4 i®. The most nontrivial task to
obtain new metrics is to solve equation (iii) because of its
nonlinearity. To overcome this difficulty here we use the
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method similar to the Neugebauer’s Bécklund transforma-
tion [10] or the Hoenselaers-Kinnersley-Xanthopoulos
transformation [11].

To write down the exact form of the metric functions, we
follow the procedure given by Castejon-Amenedo and
Manko [6]. In the five-dimensional spacetime we start
from the following form of a seed static metric:

dS2 _ e_T(O)[_es(O)(dxo)z + e_S(O)pz(d¢)2
+ 2" =5%(dp? + d2A)] + 27 (dy)>.
For this static seed solution, es(o), of the Ernst equation (iii),

a new Ernst potential can be written in the form

_ SO x(1 + ab) +iy(b — a) — (1 — ia)(1 — ib)

Es x(1 + ab) + iy(b — a) + (1 — ia)(1 — ib)’

where x and y are the prolate-spheroidal coordinates: p =

ovx* — 1/1 —y?, z = oxy, with o > 0. The ranges of

these coordinates are 1 = x and —1 = y = 1. The func-
tions a and b satisfy the following simple first-order dif-
ferential equations:

(x = y)d.a = al(xy — 1)8,80 + (1 - y»)a,59],

(x —y)aya=a[—(x* - 19,50 + (xy — 1)8yS(0)],

(x +)3,b = =b[(xy + 19,80 + (1 - y?)a,50],

(x +y)a,b = —=b[—(x* = 1)0,8O + (xy + 1)3,5O].
(3

The metric functions for the five-dimensional metric (2)
are obtained by using the formulas shown by [6],

A
&S = eS(O)E 4)
C
0 =20e 5" 1 + C, (5)

e = Gy = )74, (©)
where C, and C, are constants and A, B, and C are given by
A== 1)1+ ab)?> — (1 —y*)(b — a)?,

B:i=[(x+ 1)+ (x — DabP +[(1 + y)a + (1 — y)b]
Ci= - 11 +ab)[(1 = y)b— (1 + y)a]
+ (1 =y)b—a)lx+1— (x— ab]

In addition the y’ in Eq. (6) is a y function corresponding
to the static metric,

(BH) _op/BH) _
ds? = e—T“’)[_erOB” +SO(@x0)2 + ¢ 20" s<0>p2(d¢)2

+ YU (@p2 + d2)] + TR, ()

where U(()BH) =3 In((+

T© and U, is given by the Einstein equation (vii).
Using the solution-generating technique described
above, we construct the S'-rotating black ring solution

). Then the function 7 is equal to
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obtained by Emparan and Reall. The most important point
is to find the seed metric of the black ring solution. To do
so, it is useful to use the rod structures which were studied
for the higher-dimensional Weyl solutions by Emparan and
Reall [12] and for the nonstatic solutions by Harmark [9].
Using this rod structure analysis, we found the seed metric
of the S!-rotating black ring solution by analogy with the
relations between the S%-rotating black ring and its seed
metric. (See [9] for the definition of the rod structure.)

We show the schematic pictures of rod structures of the
S2-rotating black ring and its seed solution in Fig. 1 [2].
Through the solitonic transformation the segment [ — o, o]
of semi-infinite spacelike rod which corresponds to the
¢-axis is changed to the finite timelike rod. To indicate
that the x° and ¢ components of the eigenvector are not
zero, we put the finite rod between x° and ¢ axes in Fig. 1.
In the resulting solution this segment corresponds to the
event horizon with ¢-rotation.

The rod structure of the S'-rotating black ring was
investigated by Harmark [9]. There are two semi-infinite
spacelike rods in the directions of 9/d¢ and 9/d¢. Note
that these two semi-infinite spacelike rods assure the
asymptotic flatness of the spacetime. Also there is a finite
spacelike rod in the 9/d¢ direction. A finite timelike rod
has finite and semi-infinite spacelike rods in the /9y
direction on each side. This timelike rod corresponds to
an event horizon with ¢-rotation.

Now we construct the seed solution for the S'-rotating
black ring. For this purpose we trace back from the rod
structure of the S'-rotating black ring to the seed solution
referring to the analysis of S2-rotating black ring. This can

FIG. 1. Schematic pictures of rod structures. The upper panel
shows the rod structure of Minkowski spacetime, which is a seed
of S2-rotating black ring. The lower panel shows the rod struc-
ture of the S%-rotating black ring. The segment [— ¢, o] of semi-
infinite rod in the upper panel is transformed to the finite timelike
rod with ¢-rotation by the solution-generating transformation.
The eigenvector of the finite timelike rod in the lower panel has a
nonzero ¢ component. Therefore we put this rod between x° and
¢ axes.
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be achieved when we change the finite timelike rod to the
finite spacelike rod in the 9/d¢ direction. In Fig. 2 we
show the schematic pictures of these two rod structures.

The seed metric of the S'-rotating black ring is summa-
rized as follows. The -y component of the metric of black
ring and its seed are exactly the same as each other. Also,
the 0-0 component of the seed metric is —1. The seed
functions of the S'-rotating black ring solution are ob-
tained as

SO=10=70,, + Unio = Unyor (®)

where the function U is defined as U, := % In[R,; + (z —

d)] and R; = /p?> + (z — d)* . We assume that the pa-

rameters A, 1, and 7, should satisfy the following in-
equalities

1=A 1= =1, —1=n=1, 0=nt+7n,
to generate the black ring solution because the timelike rod
appears in the region —o = z = ¢ after the solitonic
transformation. Under these assumptions, the region of
x =1 and —n; <y < m, of the solitonic solution corre-
sponds to the event horizon. Also the region of x > A and
y = 1 is the fixed points of the ¢ rotation. The regions of
I<x<Aandy=1,x=1land n,<y<1,x=1 and
—1<y<—mn;, and y = —1 become fixed points of
rotation in the black ring spacetime.

Substituting the seed function (8) into the differential
equations (3), we obtain the solutions of these equations as,

o €2U(r —+ 620’\" eZU(, —+ 620*1]]0' eljnza-
a= = = —,
251/2 o eU-mo e2Us & o2Unyo
0
________ _—— = ¢
e e ——— — — — — — — — — — - (lj
z
— oo no no Ao oo
0
________ R R
________ —_—— e i —— — d>
— e e e — — — — — — — — — — - (I}
z
— oo -n,0 n,0 Ao oo

FIG. 2. Schematic pictures of rod structures. The upper panel
shows the rod structure of seed metric of S'-rotating black ring.
The lower panel shows the rod structure of S'-rotating black
ring. The finite spacelike rod [— 7, o, n,07] in the upper panel is
altered to the finite timelike rod by the solution-generating
transformation.
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eUAa eU*ﬂld

b=20'2p _ _
eZUﬂr —+ €2U/\(r e2U*LT + er*WIl’
er,U + 6201720

7 )
eUWZ‘T

where « and $ are integration constants and U, := 5 X

ln[Rc - (Z - C)]
Next we reduce the explicit expression for the y’. Read
out the functions S’ and 7’ from Eq. (7) as

1
2

s’ =20 + 5O
=20,-0_,)+U0,,+0_,,—-0

20

T'=10=0,,+0_,,- U,

and substitute them into
3,7 = 3pl(9,8) = (3,81 + 3pl(9,1")* = (8.T")*],
a.y' = 1pl0,8'0.8"1+3pl0,T'0.T']
so we can confirm that 9’ is divided as
7/ = ')’ir,zr + 'ylﬂrro + Ylm,m + 'y/*mlfﬁma + 7/7)20"7720
~ Yoo T Yoo T Yome = Yome = Yoo

I / / _ /
’y—lfy_”fllff + ’y—lfynztf + 27//\0,*1710 27/\17,1;217

- 2’)//*71117,7/217’
where y/ , satisfies the following equations:
0pYea = PLO,U:0,Uq = 9.U.9.U,] ©)
aﬁid = p[apﬁcazﬁd + apUdazUc]' (10)

These equations (9) and (10) have the solution
')//Cd = %UC + %0(1 - %lnch,
where Y., := R.R; + (z — ¢)(z — d) + p>.
Now the functions which are needed to express the full

metric are completely obtained. The full metric is ex-
pressed as

A C 2
ds* = — E[dxo - <2ae—5“” i C1>d¢}

+ gefzsm)pz(d(b)z + ezs<0)(d¢)2

2 2 2 2

X —y o/ dx dy
+ Cro? B2V SO L)
2 e -1 1-y°

2 —
1D
In the following the constants C; and C, are fixed as
2012 1
C] = g! CZ = =, 5
1+ aB V2(1 + ap)?

to assure that the spacetime asymptotes to a five-
dimensional Minkowski spacetime globally. We can con-
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firm this by taking the asymptotic limit, x — oo, of the
metric.

The above solution is an extension of the S'-rotating
black ring solution because it contains singular cases. In
general, the spacetime described by the metric (11) in-
cludes some harmful regions, for example, the region
where closed timelike curves exist. In fact, the metric
component g,, becomes negative around (x, y) = (1, 1)
and (1, —1). These singular behaviors are cured by setting
the parameters a and S as

o [2m i)
(A—=1DA+ ny) 21+ )

12)

The asymptotic form of £ near the infinity 7= oo
becomes

. P(a, B, )
€S=rcosc9|:1—%7(liaﬁ)2+---}
- 1n a _20'cos20 O, B,Y)
+2io |:1+a,8 7 (+apy }

where we introduced the new coordinates 7 and 6 through
the relations
f2

X=o—FtA=m—n

= c0s26,
2o y = cos

and
P(a, B, A) = 4(1 + a2 — a2B?)
Q(a, ,B, /\) = a(2a2 — M — 1Mt A+ 3) — 2a2B3
- BR2RaB+ N a®>+ 1)+ (n, + 1, — A
— Da*(aB +2)].

From the asymptotic behavior of the Ernst potential, we
can compute the mass parameter m? and rotational parame-
ter m’ay as

Pla, B, A B, A
2 = 0'7(6! B z m?ay = 403/2—Q(a P 3)
(1+ ap) (1+ ap)
For the black ring solution we obtain
5 8a(n + M)A — 1) (13)

TS DA+ )+ )+ aB)

1+ A -2
m2a0 = m? \/E(a'( ‘;‘4:’;1[)8 '87]2),

where we use Eq. (12). From Egs. (13) and (14) we can
obtain the useful relation

g _ (L4 An)\T = md = 7O = D1 = m}))”

(14)

2 4(A — no)(my + )

3

15)

When 7, = 5, = 1 the black ring becomes static because
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a = B =0 from Eq. (12). The one-rotational black hole
limit [13] of the black ring is realized when we set

A=1+c¢ n, = 1 — ke,

where k > 0 is constant, and then, take the limit € — 0.
The periods of ¢ and ¢ are defined as

2 2
A = 2mlim 2822 and Ay = 2a7lim | [2522
P=0\ 844 P=0 N\ 8yy

to avoid a conical singularity. We see that the period of ¢ is
A ¢ = 277 and the period of ¢ is Ay = 277 outside the ring
and

A=n P
G+ D)

Aot 4 [0=n)( =)

A+l (I+71)(1+7,)
inside the ring. In general, there is a conical singularity
inside or outside the ring. This conical singularity is cured

by setting the parameters A, 71;, and 7, to satisfy the
relation

Ay =27

(A— DI —7n)d — ”’72))

A—m,
Q+n)@+ A+ D+ 7)1+ 72)
(1 =mn)d—ny)

:\/)t—1+
A+ 1 VA + )+ ny)

Finally, we consider the coordinate transformation be-
tween the prolate-spheroidal coordinates used here and the
canonical coordinates analyzed by Harmark [9]. See [9] for
the notation and the exact expression of the metric in the
canonical coordinates. We however use g and 7 for p and z
of [9].

Comparing the functional forms of -y components, we
obtain the relations between these two coordinates. These
two coordinates can be transformed into each other
through the relation

(16)

p=p

T — M

I=z+
2

o= O'(xy + =M 772>.

2

In addition, the parameters should satisfy the following
relations,

2 = 0_()\ L+ ; 772>’ a17)

m+m

c=— (18)
20+ —m,

A+ 1+ (A= Dap? — (A2 = 11 + ap)?
A+ 1+ A= DaB)?+ A=D1+ ap)?’

19)

to assure the equivalence of these two expressions. Here
the parameters « and S satisfy the conditions (12). Also we
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have to rescale the p-z part of the metric as
_1-»b
(1—c)

Note that b = ¢ when A = 1, n; = 1, and 7, = 1. From
the static black ring condition b = ¢ [9], we can derive the
following relation:

l=my (1—mp\/A—1

L+ m, (1 + 771><)‘ + 1>’
which holds when ; = 1, = 1. Indeed the black ring is
static in this case because o = 8 = 0 from Eq. (12). The
black ring solution becomes a one-rotational black hole
when we take the limits b, ¢ — 1 [9]. These limits surely
correspond to the limits A, n, — 1.

There are six parameters (A, 7, 75, 0, &, B) in the met-
ric (11) with two relations (12). While there are three
parameters (b, ¢, k) in the canonical coordinates. The pa-
rameter o appears only in the relation of «2, Eq. (17), and
contributes to the scaling of the coordinates. Thus we can
freely fix one of the parameters (A, 1y, 17,). Here we set
1n; = | because the relations obtained above become sim-
ple. In this case we can inversely solve Eqgs. (17)—(19). The
results are

2v

e 62(7+U1)'

2c+cb—>b l

== 7 7 A==
M0 ob b

1+

=
T "

m=1

When the black ring does not have a conical singularity,
these relations become

1+¢c? 2c
= , 0’ =
2c 1+c¢
and the parameter 7, lies in the range 0 < 7, = 1.
Next we consider the relations between physical varia-

bles. The ADM mass and angular momentum of the black
ring were derived by Emparan and Reall [1] as

b(b — o)1 + b)
(1-cp

2

>

m=1L m=c A

3mk*b
M=—-, J, =273
21— ¢) = V2T
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These two variables are related to the mass and rotational
parameters as

, 8 —¢)?

4 (1—-¢p
T 31— b)

200 =— ~ 77
Mo =

Ji.

Using the balanced black ring conditions (16) with n; = 1,
the right-hand side of Eq. (15) can be reduced to the
following form:

a% _ (1 + 7’2)3 _ 2777-]_%
) 87, 32 M

This agrees with the previous results [1].

In this paper we rederived the S'-rotating black ring
solution by the solitonic solution-generating technique.
Using the rod structure analysis we found the seed solution
of the black ring on the analogy of the relation between the
S2-rotating black ring and its seed solution. The relations
between the seed and obtained solitonic solutions can be
easily understood through the analysis of their rod struc-
tures. Thus the rod structure analysis is expected to be a
useful guide to construct seed solutions for new solutions.
In addition, we obtained the relations between the prolate-
spheroidal coordinates and the canonical coordinates. This
means that, using the coordinate transformation between
canonical and C-metric coordinates obtained by Harmark
[9], the prolate-spheroidal coordinates also can be trans-
formed into the C-metric coordinates.

As is the S?-rotating black ring [8], the S!-rotating black
ring solution would be generated from the seed solution
obtained here by the inverse scattering method. Also, it
might be expected that the two-rotational black ring is
obtained from the seed solution or the seed with some
deformations by this method.
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