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Magnetized black holes and black rings in the higher dimensional dilaton gravity
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In this paper we consider magnetized black holes and black rings in the higher dimensional dilaton
gravity. Our study is based on exact solutions generated by applying a Harrison transformation to known
asymptotically flat black hole and black ring solutions in higher dimensional spacetimes. The explicit
solutions include the magnetized version of the higher dimensional Schwarzschild-Tangherlini black
holes, Myers-Perry black holes, and five-dimensional (dipole) black rings. The basic physical quantities of
the magnetized objects are calculated. We also discuss some properties of the solutions and their
thermodynamics. The ultrarelativistic limits of the magnetized solutions are briefly discussed and an
explicit example is given for the D-dimensional magnetized Schwarzschild-Tangherlini black holes.
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L. INTRODUCTION

In recent years the higher dimensional gravity is attract-
ing much interest. Apart from the fact that the higher
dimensional gravity is interesting in its own right, the
increasing amount of works devoted to the study of the
higher dimensional spacetimes is inspired from the string
theory and the brane-world scenario with large extra di-
mensions [1-4]. This scenario suggests a possibility of
unification of the electroweak and Planck scales at the
TeV scale. A striking prediction in this scenario is the
formation of higher dimensional black holes smaller than
the size of the extra dimensions at accelerators [5,6].

Some solutions of the higher dimensional classical
general relativity have been known for some time.
These include the higher dimensional analogs of the
Schwarzschild and Reissner-Nordstrom solution found by
Tangherlini [7] and the higher dimensional generalization
of the Kerr solution found by Myers and Perry [8]. As one
should expect and as it was confirmed by recent investiga-
tions, the gravity in higher dimensions exhibits much
richer dynamics than in four dimensions. An interesting
development in the black hole studies is the discovery of
the black ring solutions of the five-dimensional Einstein
equations by Emparan and Reall [9,10]. These are asymp-
totically flat solutions with an event horizon of topology
§2 X S! rather than the much more familiar $3 topology.
Moreover, it was shown in [10] that both the black hole and
the black ring can carry the same conserved charges, the
mass and a single angular momentum, and therefore there
is no uniqueness theorem in five dimensions. Since
Emparan and Reall’s discovery many explicit examples
of black ring solutions were found in various gravity
theories [11-21]. Elvang was able to apply the Hassan-
Sen transformation to the solution [10] to find a charged
black ring in the bosonic sector of the truncated heterotic
string theory [11]. A supersymmetric black ring in five-
dimensional minimal supergravity was derived in [12] and
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then generalized to the case of concentric rings in [13,14].
A static black ring solution of the five-dimensional
Einstein-Maxwell gravity was found by Ida and Uchida
in [22]. In [23] Emparan derived ‘“‘dipole black rings” in
the Einstein-Maxwell-dilaton (EMD) theory in five dimen-
sions. In this work Emparan showed that the black rings
can exhibit a novel feature with respect to the black holes.
Black rings can also carry nonconserved charges which can
be varied continuously without altering the conserved
charges. This fact leads to continuous nonuniqueness.
The thermodynamics of the dipole black rings, within the
quasilocal counterterm method, was discussed by
Astefanesei and Radu [24]. Static and asymptotically flat
black ring solutions in five-dimensional EMD gravity with
arbitrary dilaton coupling parameter « were presented in
[25]. A systematical derivation of the asymptotically flat
static black ring solutions in five-dimensional EMD grav-
ity with an arbitrary dilaton coupling parameter was given
in [26]. In the same paper and in [27], the author system-
atically derived new type static and rotating black ring
solutions which are not asymptotically flat.

In the present paper we study higher dimensional black
holes and black rings immersed in external magnetic fields
within the framework of EMD gravity. The interest in
studying black holes under the influence of external fields
has a long history. In 1976 Ernst [28] applied a Harrison
transformation [29] to the Schwarzschild solution to obtain
a static black hole in the Melvin universe [30,31]. The
Ernst-Schwarzschild solution was subsequently discussed
by many authors [32—-38]. The Ernst result was generalized
to more complicated metrics as the Kerr-Newman metrics
[39,40]. The investigation of the magnetized Kerr-
Newman metrics resulted in finding interesting astrophys-
ical effects, such as charge accretion and flux expulsion
from extreme black holes [39,41-45]. The flux expulsion
was also studied in Kaluza-Klein and string theories [46].
Five-dimensional black holes in external electromagnetic
fields were discussed by Aliev and Frolov [47] and by Ida
and Uchida in [22]. In [47] the authors use Wald’s test field
approach [48] while the discussion in [22] is based on exact
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solutions. Magnetized static and rotating black holes in
arbitrary dimensions as well as magnetized rotating black
rings in five dimensions were recently studied by Ortaggio
in [49] within the D-dimensional Einstein-Maxwell (EM)
gravity. The discussion is based on exact solutions found
by applying a Harrison transformation to known exact
black hole and black ring solutions. In this work
Ortaggio also discussed some properties of the magnetized
black holes and black rings as well as their thermodynam-
ics and gave the ultrarelativistic limit of the magnetized
D-dimensional Schwarzschild solution. Here we general-
ize the results of [49] in the presence of the dilaton field
nonminimally coupled to the electromagnetic field.

The paper is organized as follows. In the first section we
systematically derived the Harrison transformation for the
EMD equations in D-dimensional spacetimes with relevant
symmetries. Then in the subsequent sections we apply the
Harrison transformation to known black hole and black
ring solutions to obtain their magnetized versions. We also
discuss some properties of the magnetized solutions as well
as their thermodynamics. The last section is devoted to a
summary of the results. In Appendix B we present the
explicit expressions of the ultrarelativistic limits of some
of the magnetized solutions.

I1. BASIC EQUATIONS AND HARRISON
TRANSFORMATION

The EMD gravity in D-dimensional spacetimes is de-
scribed by the action

1
= Ten dPx/=g(R — 2g""9,0d,¢

— ¢ 2CFRE, ). (1)

The field equations derived from this action are

— —2a P
Ry, =20,00,p + 2e gD[FM,FV

_ g,ul/ B
2(D—-2) Feol p} @

|

P = e(au—l)ue—(aD+1)¢D

where
_[D-2 _ (p-3)
D=3 P Vb-2% -
2(D — 3)
\IID WA}V.

eXt2anen + (1 + a3,)W3
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V.Vi = =2 e, F, 3)

Y, [e2a¢ Frv] = 0, )

We consider spacetimes admitting a spacelike,
hypersurface-orthogonal Killing vector which we denote
by 7. In adapted coordinates in which n = d/dy, the
spacetime metric can be written in the form

ds® = e*dy® + e 2/ P73 dxi dx, (5)

where h;; is a (D — 1)-dimensional metric with Lorentz
s&gnature Both u and h;; depend on the coordinates x' "only.
The electromagnetic ﬁeld is taken in the form

F = dA, A dy. 6)

The potential A, depends on x’ only. In terms of the
potentials u, Ay, and ¢ the field equations read

. D—-3 .
D Diu= 20— 2 WIDA DA, ()
DiDigD = _ae_zaqo_zuhijDiAy@jAy, (8)
D (e 22¢~2DiA) = 0, ©)
-2
R(h);; 38u8u+2a¢>a¢

+ 2e’2““’ 249.A,0A,. (10)

Here D; and R(h);; are the coderivative operator and
Ricci tensor with respect to the metric 4;;. These equations
can be derived from the action

S = de lx\/_[R(h) —hua udu

— 2111909, — 207200~ 2piig A 9 A } (11)

Yoy

In order to unveil the symmetries of the action (11) we
introduce the symmetric matrix

1+ a2V
ap¥p ’ (12)

The action (11) can be written in the form of a o-model
action

de 'x\/—[R(h)+2(1 ! oy

(D ~2) hifsp(D,-PDjP*I)} (14)

(D—3)
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Clearly, the action is invariant under the group GL(2, R)
where the natural group action is

P — GPG". (15)

In fact, the matrix P parametrizes the coset
GL(2,R)/SO(2). A similar o model was previously dis-
cussed in [50]. However, in [50], the target space is pa-
rametrized by 3 X 3 matrices while here we give the target
space parametrization in terms of 2 X 2 matrices.

In what follows we will be interested in a particular
subgroup of SL(2,R) C GL(2,R) which gives the
Harrison transformation, namely, the subgroup consisting

of the matrices
(1 0
H—( , 1).

The Harrison transformation generates new solutions

(16)

from known ones which have the same (D —
1)-dimensional metric 4;; and the new matrix
P' = HPHT. a7
In explicit form the new potentials are given by
e = A~2/(1+a}) 2u (18)
e 2¢p = A2ap/(1+a}) p=2¢p (19)

b

/1 +a123

v, — A‘l[‘IfD + (2 2wen 4 (1 + a%)‘lﬂD)}

(20)
where
A = b2t 2¢ + (1 + by/1 + adWp)2. (21)
In other words, the old metric
ds* = e*dy* + g,;;dx'dx/ (22)
is transformed to the new one
ds? = e2'dy? + A/P=30tad)lg qxidyl.  (23)

In the particular case @ = 0, we obtain the Harrison
transformation in the Einstein-Maxwell gravity discussed
in [49]. For D = 4 we recover the Harrison transformation
in the four-dimensional EMD gravity [51].

R puvap _ 16b*
prap (D —3)2(1 + a})?
16b* D -2
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I11. DILATON-MELVIN SOLUTION

In this section we derive and briefly comment on the
dilaton-Melvin solution which plays the role of back-
ground for all magnetized objects we consider in this
work. The dilaton-Melvin solution in D dimensions was
first found in [52] by solving the corresponding equations.
In order to derive this solution here we apply the Harrison
transformation to the D-dimensional flat spacetime pre-
sented in appropriate coordinates

ds? = —d? +dz} +dz3 + -+ + dz3, 5+ dp?

+ pd?. (24)

The Harrison transformation with respect to the Killing
vector /0 ¢ then generates the dilaton-Melvin solution

ds? = A[2/(D*3)(l+a%))][_dt2 + dZ% + dZ%
+ ... dz%),3 + dpz] + Afz/(1+o%)p2d¢2’

e 209 = AZa%/(H»a%)),

(25)
D-2 b
A¢=A_l p2’
20D - 3)1/1 + aZD
A =1+ b*p?.

If @ = 0 this solution is the D-dimensional EM Melvin
solution, whose properties were discussed in [53] (and in
[54-56] for D = 4). The properties of the D-dimensional
dilaton-Melvin solution are similar. The geometry is a
warped product of a (D — 2)-dimensional Minkowski
spacetime and a noncompact 2-dimensional space M,
with a metric

di2 = A[Z/(D—3)(1+aé)]dp2 + A_2/(1+a%7)p2d¢2. (26)
The circumference of the circles p = const at first in-
creases and then monotonically decreases to zero as p —
o0, The dilaton field ¢ is divergent at p — oo, but the scalar
invariants tend to zero for p — oo, for example,
R;LvaBR#Vaﬁ — p—4{[(D—3)(1+af))+2]/(D—3)(1+af))}’ (27)
therefore the geometry is well behaved there. Moreover, it

can be checked that the curvature scalars are everywhere
regular. As an example we present the Kretchmann scalar:

~H{[(D-3)(1+a2)+1]/(D-3)(1 +a%,)}1(1

A-2HO=3(1+ap)+2)/(D-3)1+a})h g

(1+ a3)* (D —3)?

(28)
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where

2
m=“w—&—w—m%5@w2ﬁ (29)

= (D—3)(21+aD)2<b2p2> R 2%}

2,27
w12 2Py
1+a2D A

(30)

IV. DILATON-SCHWARZSCHILD-MELVIN
SPACETIMES

Let us consider the D-dimensional, spherically symmet-
ric Schwarzschild-Tangherlini black hole spacetimes given
by the metric [7]

ds?, = —A(r)dt* + de) +r2dQ3_,, 31)

where
AR =1- 4 (32)
and dQ3_, is the line element of the unit (D —

2)-dimensional sphere. The parameter u > 0 is related to
the black hole mass via the relation'

,u(D—Z)Q

M = .
16w P72

(33)

It is convenient to present the line element dﬂ%,,z in the
form

dQ?_, = cos?0dQO3,_, + d6* + sin’0dp? (34)

or

dst = —A(r)di* + + r2cos?0dQ3,_, + r*d6?

dr?
Alr)
+ r2sin*0dp>. (35)
The Killing vector d/d¢ is spacelike and hypersurface
orthogonal, and, therefore, we can consider the Harrison
transformation associated with it. Since the Schwarzschild-

Tangherlini is characterized with the trivial dilaton and
electromagnetic field we find

A =1+ b*r?sin6. (36)

'Qp-,) is the area of the unit (D — 2)-dimensional sphere.
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The new solution generated by the Harrison transforma-
tion is
dr?

ds? = Az/(u—s)(1+a§,)[ AP P +
e+ 3

+ r?cos’0d0;,_, + r2d02:|

+ A*Z/(lJra%)) r2 Sin20d¢2, (37)

_ 2 2
e 2ap’ AQaD/(lJraD)’

D -2 b

_3)m

This solution reduces to that of the EM gravity [49] for
a=0.

The constant b introduced by the Harrison transforma-
tion parametrizes the strength of the magnetic field. In
order to find the relation between the parameter b and
the asymptotic magnetic field B let us consider the invari-
ant

r2sin24.

1 D -2 b?
5 FunF" = ED 3; 1+ a2 [A(r)sin*6 + cos*6]
X A[Z(D—4)/(D—3)(1+a%))]—4‘ (38)

This invariant takes the constant value B? at the “axis”
0=0
(D—2) b2

B = —_
D—=3)1+ a3

(39)

which gives the relation between the asymptotic magnetic
field and the parameter b.

The magnetized solution (37) has a single horizon lo-
cated where A(r) = 0, i.e. r, = u. As in the case of EM
gravity the location of the horizon is not affected by the
value of the dilaton and magnetic field. The horizon is
regular and the spacetime can be extended across the
horizon by the standard techniques. The curvature invari-
ants diverge at » = ( indicating the presence of a curvature
singularity there. As an illustrative example we may con-
sider the Ricci scalar curvature

45>

R = _ARHD- D31+ )
1+ a3
D-2 2 D—4
x|Z—<_9 5 r>sin?g +
D-31+ad D-3
woo
X [1 = smze} (40)

For r — oo the solution tends to the D-dimensional
dilaton-Melvin solution (25), which can be obtained by
setting . = 0. The connection between the coordinates of
(25) and those of (37) is given by
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p = rsiné, A1)

B+ + -+ )2 = rcosh, (42)

d(rcos)? + (rcos0)’dQ3,_,

=d2 +d+ - +dd (43)

The solution (37) can be interpreted as a black hole in
the dilaton-Melvin background (or dilaton-Melvin
Universe). As should be expected, the background deforms
the black hole horizon and its geometry is now different
from that of the round (D — 2)-dimensional sphere of
radius r;,. The geometry of the horizon is given by the
line element

— aZ
ds2 = A2/ P-Irah)

[r7 cos?0dO3,_, + rid6?]
+ A2 G204 2, (44)
where

A, =1+ b*r; sin?6. (45)

A good illustrative measure of the departure form sphe-
ricity is the Ricci scalar curvature of the horizon

—2/(D-3)(1+a3)

A
Ry=2n [(D —2)(D-3)
s
4?12 A
D cos?6 — (D — 3)sin%0

T+l D - 3)[ cos ( )sin?@]
_Abtry A7 5 1 D*-5D+38

1+a§)(D—3)[ 1+a2 D-3 }
X sin2000s20} (46)

As can be seen the Ricci scalar curvature differs from
that of the round (D — 2)-dimensional sphere of radius r;,,
Rp—y = (D — 2)(D — 3)/r2. The background deforms the
horizon but preserves the horizon area since the Harrison
transformation leaves the determinant of the horizon met-
ric invariant. Therefore the horizon area of the magnetized
black hole is that of the Schwarzschild-Tangherlini black
hole

ﬂ n= Qszthiz. (47)
The horizon temperature can be found by
Euclideanizing the metric and the result is
1 (D-3)u 1 D-3
T=——F——=— 48
20 P2 47 1y (48)

and is the same as for the Schwarzschild-Tangherlini black
hole.
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It is interesting to compute the magnetic flux across a

portion 3, of the horizon. The flux is found to be
Y B2 sin?6

ox" 1+ D31+ ad)B2 A sin?6

(49)

For weak magnetic fields the flux is proportional to the
magnetic field strength, while it tends to zero for B — oo.
There is a maximum of the magnetic flux for intermediate
values of B which is a consequence of the concentration of
the magnetic field under its self-gravity.

In order to compute the black hole mass we use the
quasilocal formalism approach (see Appendix A). Fol-
lowing this approach we decompose the metric into the
form

ds” = —=N2dr® + y;;(dx' + N'dr)(dx/ + N'd1),  (50)
where

N2 = AY/(D=3)1+ah) \(p), (51
Ni — 0’ (52)

2
Xijdx'dx) = Az/(D3)(H“%)[—j(r) + r?cos?0d03,_,
r

+ #d(ﬂ} + AY(+aR) 26in20d g2 (53)

Further we consider the (D — 2)-dimensional surfaces
S7 with the unit spacelike normal n, = ,/x,, = and metric

Oy dxixt = A2/ (P=3)1+ap)[}2 cos?0dQ3,_, + r’d6?]
+ A~V (+a}) 2 6in20d 2. (54)

The extrinsic curvature is
k= — (D = 2)y/A(r) A1/ (D=3)(1+a})
’

- A—l/(D—3)(1+af,)]€’ (55)

where k is the extrinsic curvature for the Schwarzschild-
Tangherlini solution.

The natural background is obviously the dilaton-Melvin
spacetime for which

ko = — (D - 2)/\—1/(1)—3>(1+a§,) — A V/O=30+ap)
,
(56)
Taking into account that
JIN = YA P 2AVO-0+6) [T,
— Al/(D—S)(1+a%)\/(_]~.—N (57)
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we find

E(r) = %W*%M(nu AL 68

These explicit calculations show that the contribution of
the background cancels out and as a final result we obtain

u(D —2)Qp ,
167 ’

which is exactly the Schwarzschild-Tangherlini black hole
mass. In this way we see that the mass of the black hole is
not affected by the background. This a general result for
the mass and angular momentum of black holes in the
dilaton-Melvin background and it is proven in
Appendix A. Moreover, we have shown that all thermody-
namical quantities of the black hole remain the same
independently of the external magnetic field. Moreover,
as shown in Appendix A the physical Euclidean action of
the Schwarzschild-Tangherlini solution and its magnetized
version coincide:

M = lirgloE(r) = (59)

Ip = Ip. (60)

Therefore the black hole thermodynamics is not affected
by the background just as in the four-dimensional case
[57].

V. DILATON-MYERS-PERRY-MELVIN
SPACETIMES

The Myers-Perry black holes [8] are generalizations of
the four-dimensional Kerr solution to higher dimensions.
These solutions are described in different forms depending
on whether the spacetime is even or odd dimensional. Here

we consider the odd dimensional case. The even dimen-
|

(D-1/2
ds? = A2/(D3)(1+af))|:
i=2
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sional case is treated in the same way. In spacetime with an
odd number of dimensions the Myers-Perry solution with
one of the spin parameters set to zero (say a; = 0) is given
by

(D-1)/2
ds* = —di? + Z (r* + a})dui + pidd?)

(D-1)/2 2
(dt+ Z a;uid >

I1F
+ = ur ur dr* + r’du? + rPulde?, (61)
where
b-n/2 2 .2
F=1- Lt (62)
= ai T
(D-1/2
m=r7 ][ (*+ad (63)
i=2
(b-1/2
u? =1 (64)

i=1

The Myers-Perry solution (in odd dimensions) admits
(D —1)/2 commuting spacial Killing vectors /9 ¢;.
What is important for us is that the Killing vector d/d ¢,
is hypersurface orthogonal since we have set a; = 0.
Therefore, we can apply the Harrison transformation asso-
ciated with this Killing vector to the Myers-Perry solution.
Doing so we find

(D-1)/2 2
—dt+ Y (P +a))dp] + pidd}) + —(dt + Z a;pid >

[1r _
t—=——— > dr’ + rzdu%:| + A 2/(1+“%>)r2p%d¢2,
D —2 \1/2 b
o A1 2,2
A(b1 =A (2( _3)> T,

41+ a%

— 2 2
e 2ap’ — AQQD/(I+01D)’

where
A=1+brul

The outer event horizon is determined as the largest
(real) root of g7 = 0. In explicit form the equation for
the horizon is given by

(D-1)/2
H—,u,r2=r2|: l_[ (r2+al-2)—,u:|=0, (66)

i=2

(65)

[
and coincides with that for the Myers-Perry solution. As it

is known this equation has a positive root independent of
the magnitude of a; for* D = 7, i.e. there exist black holes
with arbitrary angular momentum for D = 7. In five di-
mensions, however, there is an upper bound for the angular
momentum. In the limit » — oo we obtain the dilaton-

’In general, for even and odd dimensions, we have D = 6.
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Melvin background with asymptotic magnetic field

B= [2(’)_2)}1/2 b (67)

©-3] fiva

Therefore, the solution can be interpreted as a rotating
black hole in the dilaton-Melvin background.

The geometry of the horizon is described by the line
element

ds% _ Ai/(D3)(l+ab)|:

(D-1)/2

S (7 + a)du? + plde?)
i=2

Mr’z (D-1)/2
+ hl;h< Z a,ﬂ,dd)) +ridﬂ?]

—2/(1+a
+ A 2 2442 (68)

where the subscript 4 means that the corresponding quan-
tity is evaluated on the horizon. As in the static case, this
metric describes the distorted (D — 2)-dimensional sphere.
The area of the horizon is

(b-1)/2
ﬂh = QD*QVh l_[ (r%l + alz) (69)
i=2

which coincides with that of the Myers-Perry solution.
This is, as we have already mentioned, a consequence of
the fact that the Harrison transformation preserves the
volume element of the horizon metric.

In order to compute mass and the angular momenta of
the black hole we use the quasilocal formalism given in
Appendix A. The contribution of the background cancels
out and the mass, angular momenta, and horizon angular
velocity are the same as for the Myers-Perry solution:

(D —2)
M= ’LITQH (70)
a;
J = Z—WQD—% (71)
ai;
@i = r, +a (72)
h

We also find that the temperature is not affected by the
background and is given by

1 (D—-1)/2

:ﬁz

i=2

I

;. (73)

2
r, +a;

The same is true for the Euclidean action, Ip = I (see
Appendix A). As in the static case, although the back-
ground deforms the horizon it does not affect the black
hole thermodynamics. This seems to be a consequence of
the fact that the vector potential is parallel to the non-
rotating Killing vector and the magnetic field and the
rotation do not couple. In a more general case when the

PHYSICAL REVIEW D 73, 064008 (2006)

Harrison transformation is associated with a rotating
Killing vector one should expect that the external magnetic
field will influence the black hole thermodynamics via the
coupling with the rotation, as in four dimensions [57].

VI. BLACK RINGS IN DILATON-MELVIN
BACKGROUND

The black ring metric is given by [10]

ds? = ng; <dt Oy, VR F( ; ¢>
2
i = F G 6
]
where
F(x) =1+ Ax, Gx)=(1 -1+ wvx), (75
and
Clon W) = [ =) (76)
The coordinates x and y vary within the ranges
—-1=x=1, -0 <y=—I, (77)
and the parameters A and » within
O<r=aA<Ll (78)
In order to avoid conical singularities at y = —1 and
x = —1 the angular variables must be identified with pe-
riodicity
Ay =Ad =2m 11__:‘ (79)

To avoid a conical singularity at x = 1 the parameters A
and v must be related as

2v

A= .
1+ 22

(80)

With these choices, the solution has a regular horizon of
topology S? X S! at y = —1/v and ergosurface of the
same topology at y = —1/A. Asymptotic spatial infinity
is at x — y — —1. The static solution is obtained for A =
v instead of (80). The black ring metric admits three
Killing vectors 9/dt, 3/d, and 9/ ¢p. The Killing vector
d/d¢ is spacelike and hypersurface orthogonal and the
Harrison transformation associated with it gives the fol-
lowing EMD solution:
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o F(y)
ds”? = A1/<1+as>[ (dt L, VRV 4 )
o (1+ v VR T
R? G(y) dy*  dx*
"R 6 6w)]
e y) F(y) G() Gl
+ A0 g2 G0 5de?, (81)
(x =)
A71b
a, =3 e
X —
A1+ as Y
e—2a¢>’ — A2a§/(1+a§)’ (83)
with
A=1+pR2 O (84)
(x =)
The metric has a horizon at y = —1/» with topology
§2 X S! and an ergosurface at y = —1/A with the same

topology. The external fields do not affect the location of
the horizon and the ergosurface. Although the external
fields deform the horizon and the ergosurface, their topol-
ogy remains the same while the geometry is distorted. For
x,y— —1 the solution tends to the five-dimensional
dilaton-Melvin background with magnetic field

1—v 3 b

VI—2a 2 1ll-i-a%,

This can be seen by performing the coordinate trans-
formation

(85)

rcosf = (86)
_V x—y
_ Vra—
rsinf = 1 A’R ! x’ (87)
l—-v x—y
. 1—v
= , 88
1 1—)1{// (88)
§-——Tg (89)
-1

The solution then can be interpreted as a rotating black
ring in the dilaton-Melvin background.

As in the previous cases, the background does not affect
the black ring thermodynamics and the physical quantities
characterizing the magnetized black ring are the same as
for the neutral black ring solution:

A
1—v

M = %Tﬂ- R? , (90)
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7R3 JAA —v)(1 + A)
2 (1—v)? ’

Jy = 1)

3 _ )2
A, —gmRy VAL A 92)

(1-20+v)

1 A—v
Co T R\AGF A ©3)

T — 1+v 1—A 94)
47R \vA(l + A)

Here w,, is the angular velocity of the horizon.

VII. DIPOLE BLACK RINGS IN DILATON-MELVIN
BACKGROUND

The dipole black rings are solutions of the EMD gravity
equations given by [23]

R2F(x)
BNEE
B G(y) , dy? N dx?
[ F(y)HY(1+a)(y) G(y) G(x)

G(x) )
4 ] 5)

2
dss =

(H(x)H?(y)!/ 1)

e 200 = <%>2a5/(1+a5)’ (96)

V3
Ay=—C(,

1+x
2,1+ a2 H(x)

The functions F(x), G(x), and C(A, v), the range of the
coordinates x, y and the parameters A, v are the same as in
the case of the neutral black ring. The function H(x) is
given by

97)

H(x)=1— ux (93)

where 0 = p <1.
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The possible conical singularities at x = —1 and y =
—1 are avoided by setting

+ 3/2(1+a?)
A= A — 27 LTRTTTT

V1= A (99)
The avoidance of the conical singularity at x = 1 simul-
taneously with (99) is achieved only if

1= A/l + p\3/0+ad) 1 —p\2
1+A<1—M> <1+V>'

The solution has a regular outer horizon of topology
§2 X S'aty = —1/v. There is also an inner horizon at y =
—o0. The metric can be continued beyond this horizon to
positive values of y until y = 1/u which is a curvature
singularity. The extremal limit when the two horizons

coincide is achieved for v = 0. In addition there is an
ergosurface with ring topology at y = —1/A.

(100)

|
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The dipole black rings carry local magnetic charge [23]
given by

V3R
2,1+ a%

X\/,U«(,U« + v)(1 — )\)_

(1 + M)(Z—ag)/2(1+a§)
(1-v)

Q0 =

= (101)

Therefore the dipole rings are specified by the three
physical quantities M, J, and Q. The local charge is
independent of the mass M and the angular momentum J
and is a classically continuous parameter. This implies
infinite classical nonuniqueness in five dimensions.

The Harrison transformation generates the following
new EMD solution:

dslsz _ Al/(]+a§)|:— @(H(X))l/(l#—ag)(d[ n C(]/, /\)R 1+ ydl//>2 n RZF(X) (H(x)Hz(y))l/(H“g)

F(x)\H(y)
% ( G(y)

dy? dx?
—_ 5 — _l’_
F(y)HY(1Fe3)(y)

2 eC AN
WG

G(x)

2,/1 ~|—a§

e*Za(p’ — H(x) 2a§/(1+a§)A2a§/(l+a§)
H(y) ’

(104)

where

A=0b? (7;2_6;))2 <%>2 + <1 + 2—\/2,/1 + a§A4,>2.
(105)

To avoid conical singularities at x = —1 and y = —1
the angular coordinates must have periodicity given by
(99). The balance between the forces in the ring will be
achieved when, in addition, there are no conical singular-
ities at x = 1. Since the ring is carrying a local magnetic
charge there will be an additional force caused by the
coupling between the local charge and the external mag-
netic field. This force manifests itself by the presence of the
external magnetic field strength (via the parameter b) in the
equilibrium condition

1—A/1+pu 3/(1%)/\*3/(”&24_ _(1-wy
1+ A\l —pu =1+ )
(106)

After performing the coordinate transformation (86) one
can show that for x — y — —1 the solution asymptotes the

J3b [ff_GSl (H(y)>2 Pl aﬁ)Aéﬂ’

F(y) (x — y)?
_ » R2G(x) (H(y)\2/(1+a2)
2/(1+a5) V) d 2’ 102
u—w4Hm> ¢ (102)
(103)

H(x)

{
five-dimensional dilaton-Melvin solution with asymptotic
magnetic field

y(1=v) V3 b

VI—2A 2 1/1+a%

The magnetized dipole ring solution has a regular outer
horizon of topology S?> X S' at y = —1/v and an ergosur-
face at y = —1/A with the same topology. There is also an
inner horizon at y = —oo. The metric can be continued
beyond this horizon to positive values of y until y = 1/u
which is a curvature singularity. The extremal limit when
the two horizons coincide is achieved for v = 0.

The external magnetic field does not affect the values of
the mass, angular momentum, and the horizon area and
they are the same as for the seed solution (see Appendix A)

B=(1+ p)3/2+a (107)

M

2 (1 4 )/ (1+ad)
_37R (1+ w) <A+ 1

m(l—A)
4 11— v 1+ a? ’

1+ u
(108)
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3 1+ 9/2(1+a§)
g, =R JAA = )1 + ),

2 (1 —»)?

(109)

(1 + M)3/(l+a§)
(1—)>21+ v

X V3a§/2(l+a§)(lu + V)3/2(1+a§) '/\(l _ )12) (110)

The same is true also for the angular velocity of the
horizon and the temperature

Ah = 87T2’}13

-3/2(1+a2) A-wv

AL+ ) ain

1
w,/,=§(l+,u)

1 p@ed20+ed (1 4 ) [1 -2
T = :
4R (u + p)¥20 e A1+ A)

(112)

The local charge of the magnetized ring is

V3R
2,/1 +a§

« \/M(M AN\
1—u -

1+ M)(Z*ag)/2(1+a§)

2= =)

(113)

The Euclidean action of the magnetized solution is
independent of the magnetic field and coincides with that
of the seed solution, Ip = I p [note, however, that the
balance condition (106) does involve the strength of the
external magnetic field]. At first sight, it seems strange that
the thermodynamics is not affected by the external mag-
netic field. One might expect that the coupling between the
local magnetic charge and the external magnetic field
would affect the thermodynamics. In fact, a similar phe-
nomena is well known in the classical statistical physics—
the external magnetic field does not affect the classical
partition function (the so-called Van Leeuwen’s theorem
for the nonexistence of diamagnetism in classical physics
[58D.

It is interesting to consider the static limit of the mag-
netized dipole ring solution. This limit is obtained for A =
v. In the static case the conditions for the absence of
conical singularities are reduced to

(1 + M)3/2(1+a§)

Ap=Ad =27 N

(114)

and

1+ w\3/(+ad) 1-A
M 5 A—z/(1+a§)|X:1 =[—") (115)
1—n 1+ A

Equation (115) can be solved to determine B as a func-
tion of the parameters A and w. In other words the external
magnetic field can always be chosen such that to cancel the
conical singularity and to support the static ring in equi-
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librium. Therefore, there exist static dipole black rings
with regular horizons in the external magnetic field. This
is possible because of the coupling between the external
magnetic field B and the local charge Q. The magnetized
static dipole black rings provide infinite examples of regu-
lar, static black holes with horizon topology different from
that of the Schwarzschild-Tangherlini black holes, but with
the same mass and asymptotics.

VIII. CONCLUSION

In this paper we presented explicit solutions describing
magnetized black holes and black rings in the higher
dimensional dilaton gravity. The basic physical quantities
of the magnetized black objects were calculated and some
of their properties were discussed. In particular we have
shown that the external magnetic field deforms the black
holes horizon but it does not change the horizon area.
Moreover, we have shown that the external magnetic field
does not affect the thermodynamics of the black objects.
This seems to be related to the fact that the electromagnetic
potential is parallel to the nonrotating Killing vector which
means that there is no coupling between the rotations and
the magnetic field. In the more general case of the rotating
Killing vector we expect that the external field will influ-
ence the black hole thermodynamics as in the four dimen-
sions [57]. The general case, however, requires more
sophisticated mathematical techniques and we will address
this question in a future work. We also discussed briefly the
ultrarelativistic limits of the magnetized solutions and gave
an explicit example for the D-dimensional Schwarzschild-
Tangherlini solution. The ultrarelativistic limits of the
magnetized black holes and black rings might be useful
in the theoretical study of the black hole production in the
near-future accelerators.”
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APPENDIX A: QUASILOCAL FORMALISM

Here we briefly discuss the quasilocal formalism in
EMD gravity [59]. The spacetime metric can be decom-

posed into the form
ds®> = —N?dr* + X,»j(dxi + Nidt)(dx/ + Ndt), (Al)

where N is the lapse function and N’ is the shift vector.
This decomposition means that the spacetime is foliated
by spacelike surfaces X, of metric x,, = g,, + u,u,,

3Who knows ...?
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labeled by a time coordinate ¢ with a unit normal vector
ut = —N§&j. A timelike vector v#, satisfying VAVt =
1, is decomposed into the lapse function and shift vector as
v* = Nu* + N*. The spacetime boundary consists of the
initial surface %; (r = 1;) and the final surface 2, (t = 1)
and a timelike surface B to which the vector u* is tangent.
The surface B is foliated by (D — 2)-dimensional surfaces
7, of metric o, = x,, — n,n,, which are intersections
of 2, and B. The unit spacelike outward normal to S}, n w18
orthogonal to u*.

In order to have a well-defined variational principle we
must supplement the action (1) with the corresponding
boundary term:

1

S=__

on dPx/=g(R —2g""9,¢0d,p — e **¢FF'F,)

1 pp 1
+ — K /xyd®? 1x —— O./ydP x. A2
o R IR

K is the trace of the extrinsic curvature K*” of X, . and
0 is the trace of the extrinsic curvature ®@#” of B, given by

. 1 (0Xuv
K,, = _fv< e 2D(MNV)>, (A3)
®MV = _')’Zvan,,, (A4)

where V,, and D, are the covariant derivatives with respect
to the metrics g,, and y;;, respectively.
The quasilocal energy and angular momentum are given
by
14
E = L \/E|:N(k — ko) + M}dsz
8w Jsr VX

1 N A
—I——f Ao(Il7 = TI)n;dP~x, (A5)
4qr s
J = — 1 ”MP;L\/—dD—z . ATVn.aP~2
TR g w Y T
(A6)
Here k = —o*"D,n,, is the trace of the extrinsic cur-

vature of S’ embedded in 3,. The momentum variable p'/
conjugated to y;; is given by

pY = X(x'K = KY). (A7)
The quantity II/ is defined by
N\ Jo o 10
[/ =—-Y= /=gela¢F0i, (A8)
VX

The quantities with the subscript “0” are those associ-
ated with the background. Detailed discussion of the qua-
silocal formalism can be found in [59].

Let us denote by a tilde all quantities which refer to the
seed solution. Then the Harrison transformation gives a

PHYSICAL REVIEW D 73, 064008 (2006)

new solution which is characterized with the following
quantities:

N = Al/(D73)(l+a%))N’ (A9)
Ni =N, (A10)
N =N’ =0, (Al11)
xijdxidxi = NYP=I+aD) gy dx]
+ AT 0rad) g dy?, (A12)
o pdxdx? = Az/(D_3)(1+“%)&a};dx&dx5
+ AV0E ARG dy?, (A13)

where 7 and @ take the same values as i and a except for
i =yand a =y.Itis easy to see that

¥ = AYD-3)(+ad) 3 (Al4)
o=d. (A15)

For the cases considered in this paper we have
k= A~V (D=3)1+ap)f (A16)
ko = A~V O=30+ah) (A17)
K = A*l/(D*3)(l+a§))]€l{{ (A18)

Taking into account these results and the fact that in our
case Ag = 0 and II’ = 0 we find

1 KN,
- ] \/E[N(k — k) + L}UID—ZX
87 Js; VX
| AN, )
= ] \/5|:N(k — ko) + L}dD_2x =F
8w Jsr ﬁ
(A19)
73
Ji = _SL —nf/lil JodP2x
T Jsi X
L[ At ;
=3 Mbi Jzar=2x = .. (A20)
o \4 X

Therefore the Harrison transformation leaves the quasi-
local mass and angular momenta of the seed solution
unchanged. In the same way one can show that the
Euclidean action [i.e. the Euclideanized version of (A2)]
of the magnetized solutions with respect to the dilaton-
Melvin background Ip coincide with that of the corre-
sponding seed solutions (with respect to the Minkowski
background)

Ip = Ip. (A21)
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It is worth noting that the Euclideanization of the dipole
black rings is subtle. In fact, as shown in [24], we are
forced to work with a complex geometry. Nevertheless, the
final result gives a real action.

APPENDIX B: ULTRARELATIVISTIC LIMITS

The ultrarelativistic limit of the Schwarzschild-
Tangherlini spacetime is obtained via the Aichelburg-
Sexl procedure, i.e. by boosting the Schwarzschild-
Tangherlini black hole to the speed of light [60].
Performing a Lorentz boost in the z; direction and taking
the limit V — 1 while keeping the ratio p = M/v1 — V?
fixed we obtain the ultrarelativistic limit of the
Schwarzschild-Tangherlini spacetime

ds* = 2dudv + dz} + -+ - +dz5_5 + dp* + p*d¢?

+ H 8(u)du?, (BD
where
Zl — 1 Zl +t
- - B2
u 7 v 7 (B2)
H =-8Lphhp (D=4, (B3)
167/2p

(D — 4)QD—3(Z% + Z% 4o+ Z%)—S + p2)(D—4)/2
(D > 4).
(B4)

The ultrarelativistic limit of the dilaton-Schwarzschild-
Melvin solution can be found by applying the Harrison
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transformation® to the ultrarelativistic limit of the
Schwarzschild-Tangherlini spacetime and the result is

ds? = NP ddudy + dz3 + - + dz}y_s + dp?]
+ A205ad) p24 2 4 N2/ D=3+ 3 §(u)du?.
(BS)

The dilaton field and the magnetic field are invariant
under the Lorentz boost in the z; direction and remain
unchanged. The metric (B5) represents an impulsive gravi-
tational wave propagating in the dilaton-Melvin back-
ground (Universe) along the z; direction. The impulsive
wave front corresponds to the null hypersurface u = 0. On
the impulsive wave front the metric is given by

ds? = A2/(D—3)(l+a§)[dZ% 4o+ dz%)73 + dpz]

+ AT 0rap) p2q 2, (B6)

This metric does not depend on time and, therefore, the
impulsive wave is nonexpanding. In addition the explicit
form of the metric shows that the impulsive wave front is
curved (for b # 0).

The ultrarelativistic limits of the other magnetized so-
lutions can be found in the same manner by applying the
Harrison transformation to the ultrarelativistic limits of
their seed solutions (see [61-63]).

“This is possible, since, in our cases, the Aichelburg-Sex] limit
and the Harrison transformation commute as one can see.
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