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1 Introduction

In 1934, Born and Infeld [1] proposed an elegant nonlinear version of electrodynamics
that successfully removes the divergence of self-energy of a point-like charge in Maxwell’s
theory of electrodynamics. The Lagrangian density of the Born-Infeld (BI) theory in D-
dimensional Minkowski spacetime is given by

Fu
L’,:—bQ\/—det <n,w+g> + b2, (1.1)

where 7, = diag(—1,1,1,1) is the Minkowski metric, Fy,, = 20),4,) is the Faraday ten-

sor and A = A,dx" is the Maxwell gauge potential. BI theory contains a dimensionful
parameter b, and in the limit b — oo, BI theory reduces to the Maxwell theory,
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In the limit b — 0, the Lagrangian in four dimensions becomes I’ A I’ which is a total
derivative. The limit is generally singular in higher dimensions.



BI theory has enjoyed further attentions since the invention of string theory. It turns
out that the BI action can arise from string theory [2], describing the low energy dynamics
of D-branes [3]. We refer to e.g. [4, 5] for some comprehensive reviews on the BI theory
in string theory. The special Born-Infeld-like nonlinear form is also very useful to con-
struct analogous new theories, such as Dirac-Born-Infeld (DBI) inflation theory [6, 7] and
Eddington-inspired Born-Infeld (EiBI) cosmologies [8]. BI theory can also be adopted to
explore issues of dark energy [9, 10].

In this paper, we focus on the study of black holes in Einstein-Born-Infeld (EBI)
theory. The most general static type-D metric of the BI theory in four dimensions was
constructed in [11]. (See also [12] and [13].) The spherically-symmetric solution was
generalized to arbitrary D dimensions in [14] where the black hole thermodynamics was
studied. The black hole solutions was also generalized to include different topologies [15].
The Born-Infeld black hole solutions were also studied in Einstein theory with a dilaton
field [16] and in the modified gravity theories such as Gauss-Bonnet theory [17], Lovelock
theory [18], Brans-Dicke theory [19], f(T') theory [20], massive gravity [21] and so on. The
extended thermodynamics [14-20, 22-24], geodesics [25, 26], and AdS/CFT correspondence
properties [27-29] were studied too. Other Born-Infeld solutions are also studied, for
example, thin-shell wormholes [30].

(A)dS black hole solutions in BI theory considered in literature typically involves only
either the electric or magnetic charges. Although the dyonic black hole in EBI theory was
constructed in [11], it is written in the general (static) type-D form. The global structure
in the spherically symmetric form was analysed in [25] for the asymptotically-flat case. In
this paper, we shall first study the dyonic (A)dS black holes in the EBI theory in four
dimensions with general topologies, focus on analysing the black hole thermodynamics and
singularity structure. We then construct dyonic AdS planar black holes in arbitrary even
dimensions, where the solutions carry both the electric flux as well as the magnetic 2-form
flux along the planar space.

Interestingly in almost all the previous works on constructing black holes, the equiv-
alent action in four dimensions was used, rather than the original one. In D = 4, the
Lagrangian can be equivalently expressed as [1]

L= -\ /1+1+ 1, (1.3)

where
1 B? — E? 1 ~ N2 (E-B)?
L= —F, " —=2""""" [ —_ (FVF’“’> =2 1.4
oo b2 27 et A bt (1.4)
in which £ and B are electric and magnetic fields, and
FH = le“”p"Fpg = S eMPP oy, (1.5)
2 2 vV det(nab)

where £#7P? is a tensor density with €123 = 1.

The equivalence of (1.3) and (1.1) is only true in four dimensions; it is no longer valid in
higher dimensions. However, if one considers only static solutions carrying electric charges,



one can nevertheless use the reduced Lagrangian (1.3). In fact in this case, one can even
ignore the Iy term. This was indeed done in many previous works, for example [12-15].
Since one of our purposes is to construct dyonic black holes in higher dimensions, the La-
grangian (1.3) is not suitable for this purpose and we shall use the original Lagrangian (1.1)
instead for all our constructions.

The paper is organized as follows. In section 2, we review the EBI theory and then
derive the equations of motion for all dimensions. In section 3, we obtain the exact dyonic
(A)dS black hole solutions in four dimensions with a generic topological horizon. Then
we study the global structure, black hole thermodynamics and the singularity structures.
In section 4, we generalize the results to all even dimensions. We conclude the paper
in section 5.

2 EBI and its equations of motion

In this section, we consider the EBI theory. The Lagrangian of BI theory can be naturally
generalized to curved spacetimes and the Lagrangian is given by

Fl
L= —bQ\/— det (gw, + g > + b2/ — det (9u) (2.1)

where g, is the metric. The Lagrangian of the EBI theory with a bare cosmological
constant Ay can be written by

L=+/—g(R—2Ao) —b2\/— det <gw,+ Fg”) (2.2)

where Ag = A — b?/2. Here, A is the effective cosmological constant. The variation of
Lagrangian (2.2) gives rise to

0L =/—g(—E" g, + EZ0A, +V,J") (2.3)
where g = det(gu), J* is the surface term and

b’ V/—h ()
EM =G + g™ Ny + —~—— (B )",
oty )
Vohy o [W]]
EVl=V,|—=b(h , 2.5
A 1% |:\/jg ( ) ( )
in which G*" = R™ — g™ R/2, b = guw + Fu /b, h = det(hy,,,), and (h~1)" denotes the
inverse of h,,,, satisfying

(2.4)

(" 1)#P by, = 51 hyp (h™1)PH = 68 (2.6)
We further defined
v 1 v 1% v 1 v v
e R [y S ) A IO ) W= (s G () S X

The equations of motion are then given by E*” = 0 and E) = 0. These equations are
derived from the original Lagrangian (2.2) of the EBI theory and hence are applicable in
all dimensions and for all charge configurations.



3 Dyonic black hole in four dimensions

In the previous section, we obtained the equations of motion of the EBI theory. We now con-
struct the static dyonic (A)dS black hole solution with a general topological horizon in four
dimensions. We shall then study the global structure and the black hole thermodynamics.

3.1 Local solution

The static solution in the type-D form in the EBI theory was first constructed in [11]. The
spherically-symmetric and asymptotically-flat solution was given in [25]. In this section,
we study the properties of the dyonic (A)dS black holes. The most general static ansatz
can be written as

du?
1 — ku?

ds® = —h(r)dt* + % + 72 (

where £ = 1,0, —1 denotes the metric for the unit 2-spheres, 2-torus or the unit hyperbolic

+ (1 - ku2)d<p2> . A= ¢(r)dt +pudp, (3.1)

2-space, and p is magnetic charge parameter. It turns out that the equations of motion of
the metric g, imply that h(r) = f(r) and the equations of motion for A, imply that ¢(r)
can be expressed as

Jr)=———o, with Q=\p+g, (32)
,,,4 + Q72
b2
where and thereafter, we use a prime to denote a derivative with respect to r, and ¢ is a
integral constant that is related to the electric charge. The function f(r) satisfies

2
() + £(r) :k—AUTQ—I;\/r4+b;. (3.3)

Thus f(r) can be solved and expressed in terms of hypergeometric function 9 F}

_2 2 @ [115.<f]

4 v - ..
mhart 124 g2l

gV T el (34

1 %
= A2+ k- E
f(r) o™+ .

where p is the integral constant corresponding to the mass of the solution. The electric
potential ¢(r) is expressed by

©  qdr q 115 Q2
= — =L, F |-, = - ———] . 3.5
gb(r) /T m 7’2 1 |:472747 b27a4 ( )
b

In the limit b — oo, the solution recovers the dyonic Reissner-Nordstréom-(A)dS black hole,

A 2
fy=—ar k=R D =

On the other hand, in the limit b6 — 0, the Born-Infeld field vanishes and the solution is
reduced to the Schwarzschild-(A)dS black hole in pure cosmological Einstein theory,

g . (3.6)

)=k — % - 272. (3.7)



In the large-r expansion, we have

flr) = j;r +k—+f22+0< ) ¢()+O<T5>. (3.8)

Thus we see that the first few leading-order expansions match those of the Reissner-

Nordstréom-(A)dS black hole.

3.2 Thermodynamics

Now we discuss black hole thermodynamics. The event horizon is defined through f(r4)=0,
where 74 denotes the largest root of f. It is convenient to express the constant y in terms
of r4, namely

b2, Q* @ B [1 15 QT | (3.9)

S et A
220 bt
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Since the metric is asymptotically (A)dS, according to the definition of mass in asymptot-
ically (A)dS space by Abbott-Deser-Tekin (ADT) formalism [31], we find

w2
M=—= 3.10
ot (3.10)
where wy = [ dudy. For k = 1, corresponding the unit 52, we have wy = 4.

The temperature 1" and entropy S on the horizon are easily calculated as

/ k— A 2 2 2
7 I'0) _ ory b Wt 4 @ (3.11)
4 4ry 8mr b2

_A 7"+

The electric and magnetic charges are given by

— ﬂ . -1 [t?‘] e
Qe = 22T,

w2

T Fuplrooo = L oy (313)

q
T W2, Qm = 167

167

Note that the above electric charge as a conserved quantity follows from the equation of
motion (2.5). The electric and magnetic potentials are given by

q 115 @ P 115 @
o, = — - — D, = —oF |- — . 3.14
¢ r+21[424 p2rt | T P D L ) (3:14)

The differential first law of black hole thermodynamics can be written as
dM =TdS + ®.dQ¢ + PpdQ, . (3.15)

One can further treat the cosmological constant as a generalized “pressure” Pp, =
—Ao/(87) [32, 33]. The conjugate quantity V can be viewed as a thermodynamical volume.
The first law reads

dM =TdS + ®.dQc + P dQp, + VdPy, , (3.16)



where
_ w2 3

Since b is a dimensionful quantity, it will inevitably appearing in the Smarr relation. It
is useful also to introduce it as a thermodynamical quantity. Since b? has the same di-
mension of the cosmological constant, we may define P, = —b?/(167), The corresponding
thermodynamical potential is

Q? Q* 115 @
- I S . 3.18
Vi 3”( T T 2 D TR (3.18)

The extended differential first law of black hole thermodynamics is given by

dM =TdS + ®.dQ. + P dQ, + VAP, + VodPy . (3.19)

The above first law can also be expressed as

b (V —=Vy)db, (3.20)

dM = TdS + ®cdQc + PmdQum + VdPy +
T

as was proposed in [22]. The integral first law of black hole thermodynamics, also called
Smarr formula, is given by

M =2(TS —=VPr, — WV Pp) + PcQec + P Q- (3.21)

(See, also [34-36].) When the topological parameter k = 0, corresponding to AdS planar
black holes, there exists an additional generalized Smarr relation [37]

M= 2T+ 20+ Q). (3.22)

3.3 Wald formalism

Now we will calculate the conserved charge M by using Wald formalism [31]. The con-
served charges of AdS black hole has been calculated by many different methods such
as the covariant phase space approach [38, 39] developed by Wald, ADT formalism [31],
and quasi-local ADT formalism [40-45]. The Wald formalism has been used to study the
first law of thermodynamics for asymptotically-AdS formalism in lots of theories, includ-
ing Einstein-scalar theoy [46, 47], Einstein-Proca [48], Einstein-Yang-Mills [49], Einstein-
Horndeski [50-52], in gravities extended with quadratic-curvature invariants [53], and also
for Lifshitz black hole [54].

Since the conserved charge of dyonic black hole has the same as that with pure electric
case, so for simplicity we calculate the conserved charge for the back hole with the pure
electric charge. The effective Lagrangian is

F2
L=+/—gL, L:R—on—b%/H@, (3.23)



A general variation of the Lagrangian (3.23) was given in (2.3). The equations of motion
are given by

1 / F? F,,F°
ENV = Gﬁ“’ —+ gMVAO + igube 1 + @ — LH‘Q s (324)
2\/1+ &

i
By =V, | ——— | . (3.25)
F
1+ 52
The surface term J* = J§ + J/ is given by
B = gHg" (Vo 0gup — V p00uo)
A, 3.26
Jh =~ (3.26)

V1i+ L

From this one can define a 1-form J;) = J,,dz* and its Hodge dual ©(p_;)= (—1)(P-D) *J(1)-
Considering the infinitesimal diffeomorphism z# — x# + &¥, one can get
J(D—l) = ®(D—1) — ’L'g * L = Eq>5<1> —dx* J(Q) s (3.27)

where i¢ denotes a contraction of ¥ on the first index of the D-form x£. One can thus define
an (D — 2)-form Qp_g) = xJ2 and Jp_1) = dQp_2. Here we use the subscript notation
“(p” to denote a p-form. To make contact with the first law of black hole thermodynamics,
we take # = (0;)*. Wald shows that the variation of the Hamiltonian with respect to the

integration constants of a specific solution is given by

1 1 ) 1 .
H= 1550 [ o= gz [46Ow0) = g5 [ 090 —icOwn). 329

where ¢ denotes a Cauchy surface and (P2 is its boundary, which has two components,
one at infinity and one on the horizon. Thus according to the Wald formalism, the first
law of black hole thermodynamics is a consequence of

OHoo = 6H 1. (3.29)
For four dimensional EBI theory, we have
Frv A A
Ja1a2a3 =E.O.M. + 6061062043qu QV[V&‘] — 7>‘§ (330)
F2
1+ 52

To specialise to our static black hole ansatz (3.1) in D =4 dimensions (note that h(r)= f(r)),
the result for Lagrangian is well established and is given by

¢

201 1—] r2pdd’ | . (3.31)

0Q —ig® = —wor® | == + ®

Choosing the gauge such that the electrostatic potential ¢ vanishes on the horizon, it is
straightforward to verify that

OHL =T6S, OHoo =M — .00, , (3.32)
which yields the first law of black hole thermodynamics dM = TdS + ®.dQ..



3.4 Singularity structures

Although the vector field is singularity free, the general solution has a curvature singularity
at the origin » = 0. To study the nature of the singularity, we consider small-r expansion

near the origin:

2(M — M*) 1 1, s Uy g
e —— - = —(b° —2A - — .
f " +k 2bQ+6(b 0)r QOQT +O(r°), (3.33)
where s
INCI R I
M =—2——Q2. 34
YN (3:34)
The Riemann-tensor squared is given by
oo 48(M — M*)?  8bQ(M — M*)  b?Q? 1
RFPT Ry pe = ; + = +—1+0(3)- (3.35)

Thus we see that when M > M™*, the spacetime has a space-like singularity analogous to
the Schwarzschild black hole, whilst it has a time-like singularity. Note that the time-like
singularity arising from M < M* is different from that in the Reissner-Nordstrom black
hole which has a 1/7® divergence. When M = M*, the solution has a conical singularity
where g4 is non-vanishing. Thus, for spherically-symmetric solutions with k = 1, we have
the following classifications:

o () > %:
— M > M*: Schwarzschild-like black hole with space-like 1/7® singularity.

— M = M*: black hole with space-like 1/ r* conical singularity.

— My < M < M*: black hole with time-like 1/r% singularity, with outer and
inner horizons.

— M = Mey: extremal black hole with time-like 1/7% singularity.
— M < Mey: naked time-like 1/75 singularity.

— M > M*: Schwarzschild-like black hole with space-like 1/r5 singularity.
— M = M*: naked time-like 1/r* singularity.
— M < M*: naked time-like 1/7® singularity.

— M > M*: Schwarzschild-like black hole with space-like 1/r5 singularity.
— M = M?*: anull singularity where the horizon and curvature singularity coincide.

— M < M*: naked time-like 1/7°® singularity.

It is worth noting that extremal black hole arises only for @ > 2/b.



As mentioned earlier, the matter field A is singularity free at » = 0, one would then
expect that there exists a parameter like M = M™ such that the spacetime solution is free
from singularity. However, there is a singularity for the general solutions. To understand
this phenomenon, we note from (2.4) that the matter energy-momentum tensor is

b2 vV —h 1\ (pv)
py 7V 1) (&
Tmat - 2 \/—79 (h ) .

It follows that even if h,, is non-singular and non-vanishing at r = 0, the matter energy-

(3.36)

momentum tensor diverges at r = 0 since \/—g¢g vanishes there. The singularity however
becomes much milder, and the solution with @ < 2/b and M = M* may be viewed as a
quasi-soliton.

4 Generalization to higher dimensions

In previous sections, we studied the dyonic black hole solutions in the four-dimensional
EBI theory, and obtained the first law of thermodynamics for these black holes. Now in
this section, we will generalize these results to arbitrary even dimensions D = 2 + 2n.

4.1 Local solutions

The general ansatz for AdS planar black holes in D = 2 4 2n dimensions is given by

d 2
% + 72 (dx% +dzi 4+ dm%n_l + d:v%n) ,

F=¢ (r)ydr Ndt +p(doy Adag + -+ + dron_1 A dxay) .

2 _ r 2
ds? = —f(r)dt® + 1)

The equations of motion of A, imply that

[ qdr
o) = [ Y Erea 4.2

It reduces to the previous D = 4 case when n = 1. The Einstein equations imply that

- AO . b2 pZ n q2
(7“2 1f)/ = —?7’2 — 271\/<T4 + bfg + 1)72 . (43)

Note that Ag = A — %b2 and hence there is a smooth b — oo limit. However, the limit

b — 0 is singular for n > 3.

Thus we see that the solution to the metric function can be expressed in terms of a
quadrature. In order to read off the thermodynamical quantities, we would like to write the
solution in terms of a well-defined quadrature as a definite integration. To do so, we may
define a function U, (r), which is convergent at r» = 0, such that U, (r) — \/(r4 + %;)” + Zé
has a falloff that is faster than 1/r. This choice is not unique, and we may choose
U, = (r* 4 p?/b?)2. Making use of the identity

T 2. n 2n+1 1 n n 3 n p2
dF ~2”—(~4 Q>2 . Ry |- -2 e R P 4.4
/0 T<T ™ on + 1 8 i it R T e B R




we find that the function f can now be expressed as

F(r) = = — ho o _ ¥ L
el p(2n 4 1) m(2n+ 1)

2 n 2\ " 2
2 - p q
277/[“2n 1/ood { 2) —\/<r4—|—b2> +b2} (45)

4.2 Thermodynamics

Now we study the thermodynamics of the dyonic AdS planar black holes in D = 2 + 2n
dimensions, constructed in the previous subsection. In the large-r expansion, the term
associated with graviton condensation has the falloff of 1/r?"~!. Tt follows from (4.5)
that its coefficient is —pu, with no other terms giving any further contribution. Although
there are slower falloffs due to the presence of the magnetic charges, one can nevertheless,
following from the Wald formalism, define a “gravitional mass” associated with only the
condensation of the graviton modes [37]. It is given by

nwy
M =2 4.6
o (4.6)
where
Agry 2ntt b2t 1 n n3 n p
n@n+1) 20@n+ 1> 4 20 274 20 pd
(4.7)
b2 Ty 2 2 pg n q2
Ton /. ‘“‘{(T tg) - (T“Hz) MR E
Here, for simplicity, we assume that [dzidze = [dasdzy = -+ = [dagy_1dzo, = wo.

The relation between the mass and the horizon radius 74 can be determined by f(ry) = 0.
We can now treat (q,p,r+) as independent parameters of the solution. In terms of these
parameters, the temperature and entropy are given by

f(ry) Ao e A
T_ __ L R 4.8
A7 Ang T 8n7r T b2 + b2’ (4.8)

A wy
S =1 =222 4.9
4 4 (4.9)
The electric and magnetic charges are given by

_W21ﬁ [tr] _ 4 .n _ w2 e P 4.10
Qe = for VR e = gwls Q= 7o 167 % (4.10)

It follows from (4.2) that the electric potential is given by

o, = / gdr . (4.11)
T4

,10,



It is easy to very that &, = OM/0Q.. By assuming the differential first law of black hole
thermodynamics (3.15) is still hold, we can obtain the magnetic potential

oM b2l p* 2
o = 2wn ! + 14+ 2| —oF |—
" 0Qm 2 dnp [ +b2ri] ? 1[

noon
27 2’

o
|3
|
RS
|
—_
N———

=

+p/” (T +b2>§—1 1— ((T4+€i>n dr . (4.12)

2 Jeo r4+%§) —i—%;

The generalized “pressure” Py, = —Ag/(87), its conjugate quantity V

oM wy p2n+l
= 4.13
4 0P, 2n+1 T+ (4.13)
The conjugate term of P, = —b?/(167) is given by
2n+1 2\ 5 2
T P 2n—3 9,41 1 n n3 n p
Vy = —2nwh | — 1+ —— B o B AT I .2
e B (+b2 4) TSen ) P Ta T T2 T 2 e
1 Ty 2. n 2\ "
+/ (7"4+]L>2— rt 4+ 2 q dr—i— /
2n Jo b2 b2 b o \/ n
i) +
b2
1 4 p? "
2 Ty 2\ 2~ (r + —2)
Gl () o || (1.14)
o0 (7“4 + %2) + &
The extended differential first law of black hole thermodynamics is given by
dM =TdS + ®.dQc + ©,dQp, + VAP, + VpdPy . (4.15)
The above first law can also be expressed as
b
dM =TdS + ®.dQc + ©,,dQy, + VdPp + S—W(V —Vy)db. (4.16)
The Smarr formula is given by
2n 2 1 2
M = TS — LiiJ - . 4.17
om—1 o — VP + eQe o — QO — 1Vb Py ( )
The generalized Smarr formula is given by
M= 2" (TS +.Q.) + 0,,Q (4.18)
C2n+1 S Top 41 M '

— 11 —



In order to show the above identities, we need to use

T4 2. n 2\ " 2
/ {@u;)u\/(ru;) +gz}dr
2\ 2 2N 2 2 -
4, P72 N |  2ng dr
(rt+5) \/<”+62> R o
(r4+€—2) + &=
p?

n

n_ 4

2np? T4 P2\ 2 1 (7“ + bg)

+ (2n + 1)b2 / <T4 + 2 1= ~n 5 | 9r- (4.19)
. (e5) + %

_
2n+1

N

Note that the definite integrations in all the above equations are well-defined with no
divergence. It is remarkable that although the general solution is given up to a well-
defined quadrature, the first law of thermodynamics, and Smarr relations can nevertheless
be fully established.

4.3 Some explicit examples

We obtained the general dyonic AdS planar black holes, up to a quadrature. Here we
present some explicit examples where the quadrature can be integrated in terms of some
special functions.

4.3.1 Pure electric solutions

In this case, we set p = 0, and we find

1 Aor? br? gl 1 1.1 1 >
)

J(r) = 2l p(2n+1) 2n(2n+1 2° 2 4n’2  4n’ bArin

] . (4.20)

Although our ansatz is for even D = 2n 4 2 dimensions, the above solution is applicable
for odd dimensions as well so we rewrite it in terms of D:

. 1% 2A0T2
I ===~ B =1
b27"2 1 D-1 D_3 q2 (4.21)
fo-ym-nh [_2’ “2(D-2)2(D—2) _b2r2D—4]

Furthermore, we can add a topological parameter k to f so that f — f + k. The solution
becomes that for general topologies and was obtained in [15].

4.3.2 Pure magnetic solutions

In this case, we set ¢ = 0, and we find

Ay 9 b2r? 1 n n3 n p?

_ ol e TP
n@2n+ 1)  2nEn+ D)4 20 274 2

f(r) = —Tgf_l - (4.22)

Note that when n = 1, corresponding to four dimensions, the two solutions (4.22) and (4.21)
takes the same form with ¢ <+ p, indicating electric and magnetic duality.

— 12 —



Note also that when n = 2m is even, corresponding to D = 4m + 2 = 6,10,...
dimensions, the hypergeometric function in (4.22) solution reduces to some polynomial
functions. Here are some low-lying examples in 6, 10, 14 respective dimensions:

Aoy op PP p*
DR S N A 4.23
n=4:f(r) 36T 7202 T 326 ( )
A 2 4 6
n="6:f(r)=——r h_ b P P

78 rll36r2 0 200276 12b4710°

Note that when n = 2, corresponding to D = 6, the metric is independent of b, which
implies that the energy-momentum tensor for the Born-Infeld model is the same as that of
the Maxwell theory.

Here we present the thermodynamical properties of pure magnetic AdS planar
black holes

B A07“+2n+1 bQT‘inJrl 1 n n 3 n p2 (4 24)
P h@n 1) 2n@n+ ) a2 27 2 ] '
Ao bzr_lF_Q" . PP 2 wy np
dnm T snr '+ * b2 ’ 4+ @ 1672 (4.25)

o, ot |, P [l n3
m 2 4np b2ri 4 27 274 27 prd
2n+1 2 5
T+ P
Vo = —2nwy <_ 8n <1+ b%i)

2n —3 1 n n3 n 2
77“1”“2171 T T 5y T T 5 T 54 )
8n(2n +1) 4 27 2'4 27 b

(4.27)

4.3.3 Dyonic solutions

The quadrature cannot be integrated for general n in terms of a special function, except
for n =1 and n = 2. The n = 1 example was discussed earlier. Now let us consider n = 2.
The function f(r) is given by

10T r ( )
4.28
1 1 1 15 b2t b2t
I v | b2 2F .- .. .
2V S USRI V=R 4?2 02 —p? |

where F} is the Appell hypergeometric function. This form of the solution is not convenient
for extracting the asymptotic infinite behavior. Another equivalent form of the solution is

,13,



given by

+3p4—|—b2q2F §1 1_Z_\/T2q2—p2 \/W_Zﬁ (129)
T P R A e 2 :
P P) [T 111 VR PP
3spirt0 472 24 2t 2

The large-r expansion of f(r) is given by

[T LT G S U S i )

100 42 ¢ T 240 56K 352ptpld (4.30)
| PP — 4p)
48006718

It is then clear that the parameter p is related to the gravitional mass. Since this solution
is a special case of the general solutions, we shall not discuss its thermodynamics further.

4.3.4 A more general topology

We may consider more general ansatz with the following general topologies in D = 2n + 2

dimensions
2 2 dr? 25n 2
dS = —f(T)dt + +7r E’i:link’ (431)
f(r) ’
F=¢(r)dr Ndt +pX}_idz; A dy;, (4.32)
where
dml2
g, = ozt (- ka?)dy? . (4.33)

The ¢(r) is given again the same as (4.2) and f(r) is given by

fr) =

k u Ao 9 b2r? 1 n
_ _ i S I
n—1 21 p@n+l) 202+ 17| 4 2

b2 r ~ » p2 % ~ p2 n q2

It reduces to the previous result (4.5) for & = 0. The horizon topology now becomes

May X Mo X --- x My, where My can be sphere, torus or hyperbolic 2-space.
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5 Conclusion

In this paper, we studied the EBI theory and derived the equations of motion that is
valid in all dimensions and for all charge configurations. By contrast, the Lagrangian (1.3)
considered in many previous works has limited application in higher dimensions. We then
constructed the dyonic AdS black holes in four dimensions with a general topology. We
analyzed the global structure and obtained the first law of thermodynamics. We classified
the singularity structure of these solutions. We then constructed the dyonic AdS black
holes in general even dimensions, where the solutions carry both the electric charge and
also the magnetic fluxes along the planar space. The general solutions were given up to a
quadrature; nevertheless, we show that the first law of black hole thermodynamics can be
established. We also give many special examples where the quadrature can be integrated
in terms of special functions. These solutions provide new gravity duals to study the
AdS/CFT correspondence.
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