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Abstract We construct black hole solutions to the lead-
ing order of string effective action in five dimensions with
the source given by dilaton and magnetically charged anti-
symmetric gauge B-field. Presence of the considered B-
field leads to the unusual asymptotic behavior of the solu-
tions which are neither asymptotically flat nor asymptotically
(A)dS. We consider the three-dimensional space part to corre-
spond to the Bianchi classes and so the horizons of these topo-
logical black hole solutions are modeled by seven homoge-
neous Thurston’s geometries of E>, §3, H3, H>x E', SLyR,
nilgeometry, and solvegeometry. Calculating the quasi-local
mass, temperature, entropy, dilaton charge, and magnetic
potential, we show that the first law of black hole thermody-
namics is satisfied by these quantities and the dilaton charge
is not independent of mass and magnetic charge. Further-
more, for Bianchi type V, the T-dual black hole solution is
obtained which carries no charge associated with B-field and
the entropy turns to be invariant under the 7'-duality.

1 Introduction

The low energy string effective action contains a rich vari-
ety of black hole solutions, which being characterized by
charges of dilaton, Yang—Mills fields and the antisymmetric
tensor gauge field (B-field), possess qualitatively different
properties from those of general relativity [1-4]. In this con-
text, the rotating and charged dilaton black hole solutions in
string theories have been obtained, for instance, with con-
stant dilaton for the dilaton-graviton system in [5] and with
including a coupling of dilaton to the Maxwell field within
a generalized class of theories that arise in low energy string
effective action in [6]. Furthermore, taking into account a
non-trivial B-field, or more generally the p-form fields, the
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charged and rotating string black hole solutions have been
found for example in [6—12]. In this category, the well known
Kerr-Sen rotating charged black hole solution in low energy
effective field theory of heterotic string theory is the first con-
structed solution by transforming the Kerr solution using the
twisting method [8].

The equations of motion of low energy string frame effec-
tive action are equivalent to the one-loop B-function equa-
tions which are the conformal invariance condition of the cor-
responding o-model. Being differential equations, like Ein-
stein field equations, they characterize the local properties
of spacetime and not the global structure, namely the topol-
ogy of spacetime. The restriction on the topology of black
holes was first noticed in Hawking’s theorem where the event
horizon cross section of a stationary asymptotically flat 4-
dimensional black hole, which satisfies the dominant energy
condition, was determined to be S% [13,14]. A generaliza-
tion of this result to the higher dimensional black holes was
then provided in [15], where the event horizon of a stationary
black hole in arbitrary dimension is required to admit a pos-
itive scalar curvature metric. The Emparan and Reall black
ring solution with S% x S' horizon topology is a relevant
example in this category [11]. Nevertheless, the black hole
solutions with non-trivial horizon topology, namely the topo-
logical black holes, are allowed to be considered if some of
the assumptions of these theorems are relaxed [16—19]. For
example, in the asymptotically anti-de Sitter (AdS) space-
times, where the dominant energy condition and asymptotic
flatness are both violated, the black hole solutions with com-
pact Riemann surfaces of any genus g as horizon have been
studied in [20-24]. Also, the rotating generalization of these
solutions in AdS4 with g > 0 has been presented in [25,26],
whose horizons are not compactificable and their described
spacetimes are rotating black branes [27].

Usually, the horizon geometries of topological black hole
solutions are considered to be spherical, hyperbolic or flat.
For the five-dimensional black hole solutions the situation
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can be more extensive. The geometries of three-dimensional
homogeneous manifolds has been classified by Thurston into
eight types [28], where in addition to three isotropic con-
stant curvature cases of spherical S, Hyperbolic H3, and
Euclidean E3, there are five anisotropic alternative three-
dimensional geometries of S22 x R, H? x R, EEQ_E, solveg-
eometry, and nilgeometry. Admitting homogeneous metrics,
these model geometries have close correspondence with the
homogeneous geometries of Bianchi types and Kantowski-
Sachs [29,30]. The Bianchi types are defined based on the
simply-transitive three-dimensional Lie groups classifica-
tion. Since the isometries of the Riemannian manifold form
a Lie group, the Bianchi classification is widely used for
studying the spatially homogeneous spacetimes in relativity
and cosmology [31-35]. The spacetimes in these models are
assumed to possess a symmetry, namely the spatial homo-
geneity [36]. Families of five-dimensional black hole solu-
tions of gravity theories where the horizons are modeled by
some of the Thurston 3-geometries have been presented in
[37-41]. Also, extremal black branes whose geometries are
classified by nine Bianchi types have been studied in [42].

Recently, the black hole solutions in string theory have
attracted an increasing interest [43—49]. Nevertheless, the
effect of the magnetically charged B-field has not been dis-
cussed so much in previous works [6—11]. In this work, we are
interested in five-dimensional black hole solutions in string
theory including a dilaton field and a 3-form field strength
tensor of B-field associated with a magnetic charge. The
inclusion of B-field in this class will affect the asymptotic
properties of the black hole spacetime where the asymptotic
flatness condition can be violated, which brings up the pos-
sibility of considering the unusual geometries. The three-
dimensional horizons will be assumed to be homogeneous
spaces corresponding to Bianchi types with closed spatial
sections.

Generally, presence of a non-trivial dilaton, which intro-
duces a dilaton charge, leads to dependence of mass on the
asymptotic value of dilaton at infinity, ¢ . Dilaton charge has
a critical role in the physics of black holes. The no-hair the-
orems, for example in Brans-Dieke theory with minimally
coupled dilaton to gravity [50], indicate that the dilaton is
not allowed to carry a charge. However, in some cases, the
scalar field can have a non-trivial profile introducing a dila-
ton charge which is not an extra independent characteristic
of the black hole. This is usually referred as the scalar hair
of second kind [51]. For this kind of solutions, a cosmologi-
cal scenario has been provided in [52], where ¢, does vary
and so the scalar charge appears in the first law of thermo-
dynamics. The problem with this modified first law of ther-
modynamics is that the dilaton charge, not being protected
by a gauge symmetry, is not a conserved charge [53,54].
This charge is non-localized, exists entirely outside the hori-
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zon and usually corresponds to a secondary hair [52,53].
Also, in the AdS spacetimes, scalar charges are not compat-
ible with AdS/CFT since no such charge exist in dual CFT.
In fact, it is proved in complete generality that for asymp-
totically AdS black holes the first law is satisfied without
charge changes [55]. Noting that, even though the energy
does depend on ¢, in general, see for instance the holo-
graphic stress—energy tensor expressions (from which the
energy can be computed) in [56,57]. An intriguing physical
discussion about the variation of ¢, is presented in [58],
where using the solution phase space method and integra-
bility of charge variations, it is shown that for black hole
solutions of Einstein—-Maxwell-(Axion)-Dilaton theories the
¢ 1s a redundant (non-physical) parameter, whose varia-
tion is not included in the first law of thermodynamics. Then
consolidated by the idea that some redefinitions based on
shift symmetry can eliminate the dependence of the mass
and charges on ¢ [53,54], the applicability of the result in
any other theory is asserted, declaring that the ¢, is gen-
erally a redundant parameter. Alternatively, inspired by the
counterterm subtraction method which has been developed to
define the conserved charges of AdS spacetimes in [59-62],
it is shown in [63] that a well defined variational principal
can be obtained by including a boundary term (counterterm)
for dilaton field in Brown—York formalism which leads to a
total energy with the contribution of scalar field where the
first law of thermodynamics for this total energy does not
contain the variation term of ¢,. Motivated by this, we will
consider an appropriate boundary term for the dilaton field
and investigate its consequence on the first law of black hole
thermodynamics.

The paper is organized as follows: in Sect. 2, a review
on low energy D-dimensional string effective action and its
equations of motion is presented. In Sect. 3, the string equa-
tions of motion are solved to obtain new five-dimensional
black hole solutions whose horizons are homogeneous spaces
corresponding to the Bianchi types. Then, the thermody-
namic behavior and the extremal condition of the solutions
are investigated in Sect. 4. Furthermore, for Bianchi type
V case the T'-dual solutions and their thermodynamic prop-
erties are investigated in Sect. 5. Finally, some concluding
remarks are presented in Sect. 6.

2 Low energy string effective action and one-loop
B-functions

For a o-model, the one-loop B-function equations of the

background fields of metric g, dilaton ¢» and antisymmetric
tensor gauge B-field are given by [64,65]

1
Ruv — ZHjU —V,Vy =0, (1)
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VH (C¢Huvp) = 0, (2)

1 2 % 2
R_EH +2V, V¥ + (0,¢)" — A =0, 3)
where Hiv = Hypo HP° and H is the field strength of B-

field defined by Hy., = 39[,B,p]. These equations can be
also obtained by variation of the following string frame effec-
tive action with respect to metric, B-field and dilaton

— 1
D 2
2)LDZ/dx\/_e(—EH+

(Vo)? + A),
4)

where A; is the string length and the A is related to the central
charge deficit of theory which is given in non-critical D-
dimensional bosonic theory as A = 2(26 D) [66]. We will
set A = 0 in our analysis. This may be a good approximation
if the curvature and/or kinetic energy are large compared to
the A,i.e. A K R, V¢, H 2 [67]. Alternatively, the Einstein
frame can be introduced whose metric g, is related to the
string frame metric g,, in D-dimensional spacetime by

2

G =eD2%g,,. )

Performing this conformal transformation, the FEinstein
frame effective action for bosonic string can be obtained as
[64,65]

1 p (s (VO 1 s o,
S=——1 dx\/§<R 55 15¢ zH), (6)

in which V indicates the covariant derivative with respect
to g, and k3 = 87Gp = AP = 15’2, where 1,
is the Planck length and Gp is the D-dimensional gravita-
tional Newton constant. Principally, understanding the grav-
itational phenomena is more convenient in Einstein frame
in which the dilaton coupling to Ricci scalar in (4) has
been eliminated. In this frame, the one-loop B-functions (1)-
(3) can be rewritten in the following form of Einstein field
equations that can be also obtained by the variation of the
action (6) with respect to g,,, [65]

- 1 -~
Ry — ERg,w = KDT(eff) @)

where the effective energy—momentum tensor is defined as
follows

T =79 + 1), (8)
and
1
kpT\0) = 2( ViV — = gw<V¢> ) ©)
Dl
AT = ( Hype HE — —H2g,w), (10)

Also, the equations of motion of dilaton and B-field are given
by [65]

- 1 4¢

Vi — —eD2H? =0, 11
) ¢ (11)
- 4¢
v, (efu—zHﬁp> =0. (12)

3 Black hole solutions of equations of motion of low
energy string theory in five dimensions

In this paper we focus on D = 5 case, looking for black
hole solutions of low energy string theory effective equations
of motion on five-dimensional spacetimes where the » and
t constant hypersurfaces are given by homogeneous space
corresponding to a Bianchi types. In this regard, we start
with the string frame metric ansatz

ds® = guvdxtdx" = dr? + gizalal

(13)

—Fdt?
+ FU?

in which the metric components are function of radial coor-
dinate, F = F(r), U = U(r), and g; = gi(r), where
i = 1,2,3 and o' are left invariant basis 1-forms. The
Bianchi type classification and their left invariant 1-forms
are presented in Appendix A. Respecting the homogene-
ity of spacetime, the dilaton field is taken to be a function
of r only. The contribution of field strength tensor H for
Bianchi classes with diagonal metrics can be classified based
on the orientation of its Hodge dual with respect to the three-
dimensional hypersurface of homogeneity sections. Here, the
field strength tensor of B-field, satisfying d H = 0, is chosen
to be in the following class [32]
1 2 3

H:aba ANOC“NO (14)
where b is a constant. Then, using (192)-(194), the (¢, ),
(r,r) and (i, i) components of S-function of metric (1) and
B-function of dilaton (3) reduce to following coupled set of
differential equations

1F" 1
_E?—ElnF<Zlng{+¢’+an’):0, (15)
1F" 1
BV o /A U InF’
8i 2 F 2
1
_5(21nU’~|—ln F’)(Zlng;+¢’) =0, (16)
8

-2t —lng£<Zlng; +¢’+an/+lnF’>
8i .
J#

1
—Ebz(glgzg3U)72F71 -Y; =0, (17
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1/ 4
2¢”+Z(2%+?f+21ng{(¢/+1nF/+1nU/)+Yi>
1 1
1
+2¢’<1nU’+1nF/+§¢’>+1nU’1nF’
1 o
+2) Ingiing + b (a102630)PF 1 =0, (18)
i<j

where the prime stands for derivative with respect to r and
the Y; terms are Bianchi type dependent terms which will be
given in the following subsections. Furthermore, the equa-
tion (1) imposes the the following constraint equations in
Bianchi types of class B which possess non-diagonal com-

ponents of Ricci tensor
Ry =0, (u#v). (19)

Now, adding (15), (16), and summed over i of (17) to (18)
leads to the following equation

2
9" + ¢/< > Ing] +In(FUe?) - bz(glgzg_%U))
F'=o. (20)

Also, adding twice of (16) to (18) yields the initial value
equation as follows

¢'(@ +InF)+) Ing/2¢' +InF')+2 > Ing/Ing)
J#i
1 Cp
+§jn+5#@wmﬂnzFl=o. 1)

In order to have black hole solutions with regular horizon rg,
we impose the following boundary conditions

Fy =0, Fj; #0, (22)

with finite g;y, ¢y and Uy . Here and in what follows, the
subscript H indicates the quantities evaluated at the horizon.
Also, from (20) we get

b2
(g1ug2mg3nUn)?

o (23)

In the asymptotic region r — o0, we are interested in non-
logarithmic branch with F(r) = ¢ + O~ and

D C
¢N¢oo+7+ﬁ, (24)

where ¢, D and C are finite constants. The relevant asymptotic
behavior for metric functions are

U~ r2 (uoo + ”r—l) , (25)
8il
&~&m+fa (26)

where 1o, U1, gico and g;1 are finite constants.

@ Springer

To solve the set of equations of (15), (16), and (20) subject
to the initial value equation (21), we choose

U(r) =r*(g18283) e ?. (27)

In this case, the equations (15), and (20) read

F'+2r7'F =0, (28)
b2

¢ +¢' In(r* F) — —e?? = 0. (29)
r4F

Also, using (18) in (17) we get
In(g?e?)” + In(g?e?) In(r> F) +2Y; = 0. (30)

The solutions of (28) and (29) give the F(r) and ¢ (), inde-

pendent of the type of three-dimensional Bianchi part, as

follows

F=c+ 2, (31
r

¢ =—In (ch%—" - sz%“) +InQnecs), (32)

where the c1, ¢, ¢3, and n are real integrating constants.
For dilaton ¢ (32) and ¢’, which is given by

& — _c_l(n—i-%)szz" +c3 (n— %)
r2 F (c3 — b2F?)

, (33)

to be regular at the horizon and consistent with the boundary
condition (23), the restriction of
1

E )

is required.

To have black hole interpretation in the solutions, the ¢
constant is required to be negative with positive c;. Also, to
have well defined dilaton field given by (32) in the black hole
solutions we assume that

(34)

n—=

3—b*>0, c3<0, ¢ <0. (35)

In some cases of topological black hole solutions whose hori-
zons are constant curvature spaces, the requirement of solu-
tion to be asymptotically AdS spacetime, i.e. Einstein space
with negative cosmological constant, relates the integrating
constant of type ¢; to the curvature constant of horizon [24].
Here, considering (5), (7), (13) and (14) the components of
Ricci tensor in Einstein frame are given by

T TR R

3y 3y

(36)

where y is the determinant of the Einstein frame metric of
three-dimensional homogeneous space in (13), defined by

7 =(818283)% = (g18283)% e*. (37)

Noting the (31), (32) and (36) it can be checked that our
solutions do not admit asymptotically Einstein spaces, with
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R,v = k g,,v. Hence, having no explicit condition to fix the
¢y parameter, we set co = 1 for simplicity. The asymptotic
value of dilaton (32) is then given by

qboo:ln( cles ) (38)

2 _ 12
cs—b

So far, we have not considered any special kind of geome-
try for three-dimensional homogeneous space. The effective
energy—momentum tensor (8) satisfies all of the energy con-
ditions but the Ricci scalar in Einstein frame

—b2e 39 4 2rt¢ 2 Fe 30

R= : 39
67 (39)
has the following asymptotic form in » — oo limit
4
N 3 p2e3P
R="T7—(*-4}). (40)
2c3 Voo
where 7o, = lim,_, Y. Evidently, the presence of the

field strength tensor of type (14) has affected the asymptotic
behavior of these solutions. In such a way that, as long as
¢3 # —+/2b and the 7 is finite, the solutions are not either
asymptotically flat or (considering the (36)) asymptotically
(A)dS.! Therefore, having violated asymptotically flatness
condition, the considered spacetimes are not fundamentally
forbidden to have negatively curved horizon geometries. In
other words, besides the flat Bianchi type I and positively
curved Bianchi type I X, we can consider the other Bianchi
types with negative three-dimensional curvatures.

Determining the Bianchi type dependent terms Y; in (30)
using relations of (192)—(194), we are going to find the solu-
tions of (30) in all Bianchi types in the following subsections
to establish the form of metric of the string and Einstein
frames.

3.1 Bianchi type 1

This Bianchi type has ¥; = 0 and solutions of (30) give the
components of homogeneous part of string frame metric (13)
as

¢ =e PF (41)

where p; are integrating constants. Substituting them into the
initial value equation (21) gives the following condition on
constants

_zzpi_4zpil’j20~ (42)

i<j

1 As we will see in Sects. 4.1-4.7, all of the Bianchi type solutions have
finite Yoo.

Also, the conformal transformation (5) gives the Einstein
frame metric by

2
ds* = — W3 Fdi® + W53 (F_(I_ZP") dL4

r
+ Z F+2p,‘ ((Ti)2>,

where the W () function (here and hereafter) is given by

(43)

c% —b2F

W= e P, 44
c%—b2 @4

If the conditions (35) hold, the W (r) is positive everywhere,
finite at ry = —c1, and blows up at r = 0.

3.2 Bianchi type 11

In this Bianchi type the Y; terms of (30) are given by
1 -1
_m:nzﬁzzgggyw). (45)

The solutions of (30) give the string frame metric (13) com-
ponents as

gl =c PV FInD), (46)
g3 =Be Wg 2R, (47)
g3 = e g 2 FPs, (48)
where
2piciqi
y = Al
pray T (49)

and p1, p2, q1, > and [3 are real constants. Substituting these
solutions into initial value equation (21) gives the following
constraint on integrating constants

1
—pt =2 (p2+ p3) —4paps — 1= 0. (50)

To preserve the signature of metric at spatial infinity and
near horizon, the g; and p; are required to have opposite
signs with ql2 — 1 > 0. Also, using (5), the Einstein frame
metric is given by

ds* = —W 3Fd?+W3V-1F-2-p

x (Z%I§F2(P2+P3) a;Lf + V2F2p| (0'1)2
+I%Fl+2p2 (0_2)2 + Z§F1+2P3 (0_3)2> . (51)

3.3 Bianchi type 111

Belonging to class B, this Bianchi type gives the following
constraint equation by (7, x3) component of (19)

In (g7!) =0, (52)
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which essentially requires SO(2) isometry with g; = g3.
Also, the Bianchi type dependent terms in this model are
given by

Yi=Y;= (g%FU2)71 . Y2 =0. (53)
Then, the solutions of (30) are
o = gF = Hg2v2En 54
g =l F, (55)
in which we have defined

- —;1224’: 1;‘2‘11711 : (56)

and p1, p2, g1 and [; are real constants. Substituting these
solutions into the initial value equation (21) gives

—4 <p12 - p%) F2prt1=0. (57)

Respecting the signature of metric at infinity and near hori-
zon, the g1 and p; constants are required to have the same
signs. The Einstein frame metric is then given by

ds®> = —W3iFdi® + W3V2F2P

2
x <l§V2F4<P1P2>3 —dz + V2 B3(0?)?
r

L F2n1-4m ((01)2 + (03)2) ) (58)

3.4 Bianchi type IV

In this Bianchi type of class B, the constraint equation (19)
leads to

/
e’ =0, In(gl(g2e™") =0, (59)

and so this Bianchi type does not provide any non-singular
solution.

3.5 Bianchi type V
The Bianchi type dependent terms are given here by

2pr2) !
Y1=Y2=Y3=2(g1FU> . (60)

Also, the following equation is given by the (r, x!) compo-
nent of (19) in this Bianchi type of class B

In (glz(gzg3)_l>/ =0. (61)

It imposes the constraint of g% = g» g3, which is satisfied by
the following solutions of (30)

g = VFP~1e~?, (62)
g5 = F* g}, (63)

@ Springer

g5 ="F "l (64)

where we have defined

1411

= Fin o (65)

Here the p1, p», and ¢ are real constants and the g; and p;
need to have opposite signs. The initial value equation (21)
gives

3
—3p%+4p%—Z=0. (66)

Also, the Einstein frame metric is given by

2
ds? = —W 3Fdi> + WiVF 2+ (szﬂl’l2 _dr4
.

+o)2 + PP (a?) 4 F2P ("3)2)' “n

3.6 Bianchi type V I,

In this Bianchi type we have
W+ 17 =+ 1)
=+ D7 = (gbF UZ)_I. (68)
Also, the (r, x1) component of (19) is
—(1+h)Ing; +hings+1Ing; =0, (69)

which imposes the following restriction

h h—1
838> 12
5 = I (70)
gfl’l-'rl l/l’H-l

where /] and [, are real constants. In this Bianchi type, the
h =0, 1 cases give rise to Bianchi types 7/ and V, respec-
tively. Excluding these two types, only the VI_; admits
closed spatial section [30].? Since the black hole is usually
assumed to have compact horizon [41], here we investigate

the solution of the 7 = —1 case which gives the following
solutions

g} = P2 1607 BE g, (71)
&3 =4bpdegr Fmie ™, (72)
&=h"g (73)

where p1, p2, and g are real constants. Assuming the [, to be
positive, g1 should be negative. Substituting these solution
into the initial value equation (21) gives

3
—p3+pa(dpr + 1) + 7=0 (74)

2 The closed spatially homogeneous hypersurface is compact without
boundary.
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The Einstein frame metric is then given by

2 _2 2 1 1
ds*=—-W 3Fdt-+ W3F 2

— 2
2.3 _ 725 dr
X(l6p§c%q12F 2T2p1=2p2g qiFP2 T

+acihplar FP ((02)2 n 12—2(03)2)
161)%

+F%+2ple_q%F2P2 (0,1)2>. (75)

3.7 Bianchi type V11

In this case, the Bianchi type dependent terms in (30) are

4_ 4
yo__ 818
2F (g18283U)%
4 _ 4 2
g8 —8 h
V= s~ (76)
2F (g18283U)°  Fg3U
2,2\
Yy = i) _ h*
2F (518283U)*  Fg3U?
Also, the constraint equations given by (19) are
/
nin(g3g:") =0, h(gder?) =0, W)

which restrict the solutions to be of type 4 = 0. In this case,
the equations of (30) can be integrated only with g1 = g2
which, leading to ¥; = 0, reduces the equations to those of
Bianchi type I and consequently the solutions can be recov-
ered from there.

3.8 Bianchi type VIII

Here the Y; terms are given by

Y, = —% (g% - (8% +8§)2) ((81<¢>’2(%'3U)2F)_1 ,
2 (g% — (st + g%)z) (wns0?’F) . a8

1 2 —1
Y; = ) <g§ - (g12 —g%) > ((818283U)2F) .

Y,

Then, the solutions of (30) give the metric components of
string frame (13) as follows

gl = g3 = e POVIFIN T g2, (79)
g2 =e PV FPY, (80)

where

- 2c191p1
g} + F’

_ 2caqp2

= e 81
2 T (81)

The p;, g1 and ¢q» are integrating constants, where g, and
p2 should have the same sign and q22 — 1> 0. Also, as a
consequence of initial value equation (21), p; are subject to
the following constraint

3
p%—4p%+z =0. (82)

Performing the conformal transformation (5) on (13) we get
the Einstein frame metric in the following form

2 -2 2 o - 4=l ppy—2 A1
ds*=—W 3Fdt+ W3F 2P| V'V, F™P1 1
,

+ V220N + ViV, T FP (1) + (02)2)).

(83)
3.9 Bianchi type /X

Here, the Bianchi type dependent terms Y; are given by

G- —g

= (84)
2F(g18283U)

where (i jk) is taken to be cyclically as (123). The equations
(30) can be integrated by setting g1 = g3. Then, we get

gt =gl =ViF?rle 2042 (85)
g3 = VyFP e ?, (86)
where

2c19ipi .
V; = e 1,2, (87)

where g; and p; are constants and the g, and p; are especially
required to have opposite signs with q22 —1 > 0. Substituting
these solutions into the initial value equation (21) yields

3
—4p%+p%+1=0. (88)

Furthermore, the Einstein frame metric reads

2

ds? = — W iFdi + WiF~1P (Vf‘Vle‘”"_z dL4
.
+ F22vy(0h)? + VIV, TP (0D + (a3>2)>.

(89)
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4 Thermodynamic properties of the topological black
hole solutions

Having found the solutions of low energy string effective
action equations of motion in the previous section, we come
to investigate the physical properties of the solutions. The
black hole interpretation of the solutions with a horizon
located at ry = —cj requires the p; constants to have some
appropriate values such that the g, change its sign crossing
the rg. Assuming that the solutions are black hole solutions,
the relevant values of p; will be obtained demanding some
special properties of the solutions. Also, the singularity prop-
erties of these topological black hole solutions and verifica-
tion of the first law of thermodynamics will be investigated.

All of the obtained solutions for various Bianchi types
have finite Yo, in (40). Therefore, as we mentioned ear-
lier, with ¢3 # —+/2b the solutions are neither asymptot-
ically flat nor asymptotically (A)dS. Hence, the considering
of Bianchi classes with negative three-dimensional curvature
as the horizons has no conflict with the area theorems [15],
whose asymptotic flatness condition is violated.

For calculating the mass of these non-asymptotically flat
solutions we use the Brawn—York formalism which defines
the quasi-local conserved mass by [68]

M= iz f Bx Ve (Ka,, _ ﬁabK) neEb, (90)

KS 3B

in which ks is the five-dimensional Newton constant, 3Bis
the three-dimensional boundary, n¢ is the time-like unit nor-
mal vector to the boundary 3B, K,p is the extrinsic curva-
ture of the 4-dimensional boundary 9 M with induced metric
hap, and K is the trace of K,;. We assume that the metrics
have a normalized asymptotically time-like Killing vector
EH = e_q%.o(S;L such that €2 = §“§”g,w — —1forr — oo.
The & is determinant of the metric of 3B in Einstein frame
where, noting the relation between the coordinate and non-
coordinate basis (191), we have 6 = )7|6Z|2 in which y
has been defined by (37) and |€Z| is determinant of vielbine
matrix whose components for each Bianchi type are pre-
sented in Appendix A. Then, considering the metric (13)
along with (27) and (37), the mass expression (90) recasts
the following general form

M= K—?rl_i)ngo F2ws <%ﬁ7> s, 1)
where the volume element w3 = % [o! Ao? Ao and the
F(r) and W (r) functions have been given by (31) and (44),
respectively. Using the obtained solutions with considering
the given conditions in (35), the mass per unit volume for
Bianchi type solutions reads

@ Springer

—1600 2
cie” 3 b A
M=— +oa—=], 92
K2 (2(c§ —b?) 2) ©2)

in which, being different for each Bianchi type, the A and «
are given for each type as

1&VIIp: A=2) pi. a=0, (93)
_ 1 D1
I1: h=5+2p2+p3) —pr.a=—5——7 (99
2 gy — 1
4
II1: »=2—4p1+2py, a = 2P1 , 95)
‘h"‘l
3 3p1
V: )\.23 - =, 0= b 96
3 —16p3
VILj: h=—2+2p —2py, a=—22  (97)
2 qi
3 4p1 P2
VIII: A=4p  —pr— =, 0 = —4——— + ————,
(98)
3 4p) P2
IX: A=4pi—pr— =, a = .
2 @?-1 g-1
(99)

It is worth mentioning that the quasi-local mass (92) coin-
cides with the mass obtained by the Abbott—Deser approach
[69] using the normalized killing vector /.

Also, the area of horizon is generally given by

AH = VH ®3, (100)

where yg is determinant of induced metric (37) on the hori-
zon. A common feature of the obtained Bianchi type solu-
tions is that their 7 is proportional to F* multiplied by a
factor which is finite on the horizon. Therefore, to have non-
zero area of horizon the A = 0 is required and then the last
term in (92) vanishes.

Furthermore, the surface gravity is defined by>

K= \/_%(ﬁuév) <6M§U)|r:ry

doo
_eT — — -
=5V =& (r) 8" re) &y, (rur)-

The finite and non-zero surface gravity demands finite non-
vanishing g"” g’ on the horizon. Noting (27) and (37) and the
fact that y is proportional to F*, the g"” g’ is proportional to
F~*. Hence, the finite surface gravity requires again A = 0.
Then, the following general form for surface gravity can be

obtained

(101)

_ ¢
P L (102)

2\/vH

3 Here, we need to choose the normalized killing vector to have the first
law of black hole thermodynamics satisfied.
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Also, the Hawking temperature can be derived from the
Euclidean regularity methods [70] in our considered metric

by4
V (gi;l)/g;t |}’=VH
4 \/ &1 ’
which is infinite on the horizon and has the finite non-
vanishing value at infinity, given by

Th(r) = (104)

_ %0
—cje 3 K

" e

Furthermore, the black hole entropy can be obtained using
the Wald’s formula [71]

5L
S = —271/ a6 —
H

Hvpo

(105)

€ua€py

= —Z e e Ay, (106)

3
which is evaluated on the horizon and ¢, is the binormal
to the horizon whose normalization is usually chosen as
€uvelt = =2,

Presence of the 3-form field strength tensor (14) intro-
duces a charge associated to the antisymmetric B-field. Hav-
ing no H;;,, component, the Noether electric charge of B-
field is zero, as well as its electric type potential, which is
actually defined by the difference of the values of By, com-
ponent of tensor gauge field at infinity and at the horizon
[11]. On the other hand, a topological magnetic charge can
be defined here by [72]

1 / b
= = H = C()3 ’
«/§K5 3B ﬁ/@

whose conservation is associated with the Bianchi identity
dH = 0. In the following, we will mention this charge by its
density defined by Q,, = %KS. To calculate the conjugate
potential of this magnetic charge, similar to the derivation
of electric and magnetic potentials in Einstein—-Maxwell—
dilaton theory [73], we can use the electric-magnetic duality

[74]. The equations of motion in Einstein frame are invariant

under the transformation (H — H = *He’%, ¢ — —¢),
where the * stands for Hodge dual operation. Considering the
field strength tensor (14), the H is a two-form corresponding
to an electrically charged Maxwell field

be*?

H=——di Adr,
1272

Qm (107)

(108)

4 The same result can be obtained via the normalized temperature def-
inition [18]

V= (Vo) (VEEY) | r=py
N

which is independent of the normalization of the horizon generator.

Th(r) = (103)

whose vector potential in a gauge where the scalar potential
vanishes on the horizon is

@H) dt, (109)

~ C3
A=———
<12bW(r)

(c2—b?)e?>

where @y = They The electric charge of this dual
1 oo 4 17
vector field, defined by Q, = NTS f5 B e3? % H, equals

O (107). Also, the electric potential is given by the time
component of the dualized tensor gauge potential by

1 —C]be_d)Too
Vaks (3 —b%)

Hence, our solutions can be alternatively described by
Maxwell electric Hodge dual field to the three form H (14).
Now, as a matter of fact that the roles of Maxwell electric and
B-field magnetic charges are exchanged under the extended
Hodge dualization, the magnetic potential @,, in our solution
can be interpreted as the electric potential in the dual frame
&,, which can be rewritten in the following form using (38)
and (107)

ée = §~A|r=ry - é-‘ﬂr:oo = (110)

2¢
C1 QmefC>C

3

®,, = (111)

To check the first law of black hole thermodynamics, the
relation between the solution parameters and physical ones
are required. Reminding the conditions (35) where the c; and
c3 have been required to be negative, the inverse relations for
Bianchi type I are given by

2 Y 2442
o0 e 3 —4dksM
B 5 , (112)
2M
200
Qe 3
—y = 113
v (113)
where for the other Bianchi types we have®
m(/csz./\/l
—C] =¢ 3
o
2 Q%lewTw )
M+ 8 (@~ Daig? Qe + M2
(114)
KIM + \/8 (0 —1)a Q2™ KM’
—c3 = T (115)
2073

5 Since in D dimensions for a p-form a we have % % a =

(—1)P=14P(P=P)y the Q,, and Q. have the same sign.

© The « (or equivalently the g;) will be considered as non-varying con-
stants which will be fixed by the first law of thermodynamics. In fact,
the « are related to the curvature of three-dimensional space part. This is
in analogy with the topological black hole solutions where the constant
curvature k of horizon appears in the mass [16—19].

@ Springer
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Before considering the first law of thermodynamics, let
us have a closer look at the dilaton field (32). Having a non-
trivial configuration, the dilaton introduces a dilaton charge.
Based on the definition of this charge [2]

D= /d%:ﬂvﬂqs, (116)

where d X, = 4%0:1:1301300” A o® A c® is the dual of
3-area form and the integral is evaluated at spatial infinity,

the dilaton charge per volume w3 is given by

c1b?

D=
c%—lﬂ

(117)
which is negative holding the conditions (35). It is worth men-
tioning that, the same D can be obtained from the asymptotic
expansion of the dilaton field (24) in which the C is given by
214 2
ctb D
C=—="——=—. (118)
2(c3 —b?) 2
In addition, the Einstein frame effective action (6) is
invariant under the following scaling symmetry in five
dimensions

¢ —> ¢+do. Bu — e INB,, (119)

which is a constant shift in dilaton accompanied by a scal-
ing in the gauge B-field. When a theory exhibits the shift
symmetry of dilaton, the associated Noether current can be
considered to identify whether or not a non-trivial configu-
ration for dilaton is allowed [51,75,76]. Especially, this kind
of current and its conservation have been used to establish
the no-hair theorem in [75], where the J* which is given in
terms of ¢’, respecting the symmetries of metric, has only the
J" as non-vanishing component and the finite value of J,, J*
on the horizon requires the J” to vanish on horizon. The
last step of their proof utilizes the conservation of J, which

being rewritten in the form of 9, (‘/ —-gJ “) = 0 leads to

p2(r)J" = const where the p function measures the area
of spheres with constant r. Then, since the p remains finite
and non-zero even on the horizon, therefore the constant in
this equation is zero and so the J' has to vanish everywhere
implying that dilaton needs to be constant with forbidding
the dilaton hair. Following these steps in our considered case
with a field strength tensor of (14) and a ¢ (r), we can inves-
tigate the related Noether current to (119) which is given
by

T = ke — %e%¢HfL”Pva, (120)
and is conserved only on-shell, using the equations of motion
(11) and (12). This current (120) does not generally respect
either the gauge invariance of B-field, i.e. By, — By, +
9, A, — 0,4, or the symmetries of the metric (isometries).

@ Springer

Although, the later one can be established by imposing an
extra condition especially when the T-dual solutions are of
interest.” Also, considering (14) and noting that the dilaton is
a function of r only, the presence of the second term in (120)
indicates that besides J”, there are also non-vanishing com-
ponents J i At the horizon, this current has finite norm J wIt
and vanishing J”. However, the presence of J/ contests the
last mentioned step of proof of [75] where the conservation
of J does not require J” to vanish everywhere. Then, having
a non-trivial configuration for dilaton field is not forbidden
in our considered case. This does not, however, imply that
the scalar charge is an independent charge carried by the
obtained black holes. In some hairy black hole solutions,
the regularity condition of ¢ and ¢’ has been employed to
relate the dilaton charge to the mass of black hole implying
that the scalar hair is of secondary type [51]. In our case,
it just fixed the integrating constant n by (34). Considering
the mass expression (92) along with aforementioned A = 0
condition, the dilaton charge (117) coincides with the first
term in mass (92) and we have

D=_2 (K§e¢T°°M+ac1). (121)
Noting that the Bianchi type I model has « = 0 and the other
Bianchi types with non-zero o have the relation (114) for ¢y,
the relation (121) actually shows that the dilaton charge can
be expressed in terms of M, Q,, and the parameter .
Therefore, the dilaton charge is not an independent charac-
teristic of the obtained black hole solutions and corresponds
to a secondary hair [78]. Also, considering the (107), (111),
and (117), the following relation is relevant between the dila-
ton charge and the magnetic charge multiplied by its potential

D = —2k2e39d5Q,,. (122)

The horizon radius ry = —c1 in Bianchi type [ is given by
(112), but in the other types it can be also rewritten in terms
of mass and dilaton charge densities

1 $oo
rH=—c = — (2x52eTM n D) . (123)
200

Evidently, the solutions have been characterized by mass,
magnetic charge Q,, associated to B-field and the parameter

7 Inprinciple, the invariance of J* under the symmetries of metric is not
actually indicted by the field equations, but it can be desired as an extra
condition. In fact, considering the homogeneous spacetimes, there exist
some Killing vectors, i.e. L, g = 0, where L, is the Lie derivative along
the generator of the symmetry x. Here, the field strength tensor H (14)
and dilaton (32) have the same invariance £, H = Ly ¢ = 0. Also, the
invariance of o-model requires £, B = dw; however, to make the 7'-
dual transformation valid, one can use the gauge invariance of o-model
under B — B + dw, to choose an adopted coordinate system where all
of the background fields are independent of isometry coordinate [77].
In this case, with £, B = 0 the shift symmetry current (120) respects
the symmetries of metric as well.
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¢Poo related to the asymptotic value of dilaton. The depen-
dence of mass on the ¢ is one of the unusual features of
black hole solutions in dilatonic theories. For this type of
black hole solutions a cosmological scenario has been pro-
vided in [52], where considering the ¢, as a varying param-
eter, the first law of black hole thermodynamics has been
modified as

1 oM
dM = —K dApg +DydQp + | — dooo,
5 99c0 ) Arr.0n

(124)

in which the last term is actually proportional to dilaton
charge. As mentioned in introduction, the nature of dilaton
charge, which is not a locally conserved and gauge symme-
try protected charge, criticizes this modified version of first
law [53,54]. Here, motivated by [63], we consider the case
that besides the gravitational surface term which leads to the
quasi-local mass (90), the effective action is supplemented
with a dilaton field boundary term. In Hamiltonian formal-
ism where the variation of dilaton boundary term is given by
[79]

1 =L 3y
80¢l€] = ——2/5 SpVyupd’ XV, (125)

6kc3

where £+ = &.n with n the unit normal to space-like surface
¥ and & is the normalized time-like killing vector. Consid-
ering the obtained metrics, the d> X" is proportional to r>
and so there is neither divergent term nor contribution of C
in §Qy. In such a way that the only non-vanishing term in
(125) at infinity is given by

1 00
504[6] = —6K—zDe—¢Ta¢oo. (126)

5
In particular, the integrability of this charge needs a func-
tional relationship between D and ¢oo.® In order to obtain a
well defined variational principle we have to add the bound-
ary term

oo
. -1 =Y 3
sg = [ gt/ T (127)
6K5 oM vV Yo
with boundary condition
o dY
D=t Y (90) (128)

doo

Noting (27) and the asymptotic expansions of the metric
and scalar field (24)—(26), it can be easily shown that the
variation of the action which yields the following boundary
term

8 In fact, it was first observed in AdS context in [79] that the integra-
bility of energy in Hamiltonian formalism forces the D and C to be
functionally related.

1 = 1 dD
s 5) =gz [ at V[V (14507

F r doo

D
+ —~]5¢oo, (129)

V7o

is well defined at r — o0, i.e. lim,_, o 8(Sp + S;’) = 0.
Now, considering (90), the total energy is given by

$oo
1 Y 3
Eqp =M+ — | d’x \/ghabn“g"%
b5 J3p VVeo
1
=M+ —5Y (poo) 3. (130)
65

On the other hand, the mass (92) can be expressed in the

following form using the (100), (102), and (1 17)9
1 1 ¢

M=—=\—5De" 3 +akAp ). (131)
K3 2

Therefore, if the boundary term of dilaton with condi-

tion (128) is taken into account, the last term in (124) can

be concealed and so the variation of the total energy in the

first law of thermodynamics will be

1
dEy = ﬁKdAH + @ dQp,
5

(132)

which, interestingly, does not contain the dilaton charge
through the variation term of ¢.

In the following subsections, we present the explicit forms
of thermodynamic quantities Ay (100) and « (102) for each
Bianchi type solution to investigate the first law of black hole
thermodynamics by checking the satisfiability of

IE IE
=KL , Py =2 , (133)
aAH Qm»¢oo 8Qm AHs‘f)oo

using the (112)—(115). As we have seen before, the follow-
ing extra condition are required on integrating constants of
solutions to ensure the finiteness of non-zero area of horizon,
entropy, and surface gravity

A =0, (134)

where A for any Bianchi type as been given by (93)—(99).
It will be shown that these constraints along with the initial
value conditions, that have been obtained for each Bianchi
type viathe Eq. (21), will fix the p; constants with compatible
values with the black hole interpretation. Also, the singularity
behavior of each Bianchi type solution, the classification of
horizon geometries based on the correspondence between
Bianchi types and Thurston geometries, and the extremal
condition of the solutions will be presented.

9 Itis not a Smarr-like formula and is given here to clarify the variation.
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4.1 Bianchi types I and V11

The group of Bianchi type I models is isomorphic to
the translation group of three-dimensional Euclidean space
E3. This model corresponds to Thurston’s geometries of
R3, E? x R and E3 with isotropy groups of e, SO (2) and
SO (3), respectively [30]. In addition, as we have seen in
Sect. 3.7, the constraint equation (19) restricts the V11
model to have 1 = 0 where the solutions are equivalent to
those of Bianchi type I. Hence, thermodynamic properties
of these two types can be investigated in parallel.

Regarding the initial condition (42) and the physical
requirement of (134), in which the A for these Bianchi types
is given by (93), the allowed real values of the integrating
constants are

pi =0, (135)

which means that the generally anisotropic solutions (43)
reduce to the isotropic one by imposing the physical require-
ment (134). Then, in the Einstein frame we have

2
2 _ -3 50 L(dr Z i\2
ds*=—W 3Fdt"+ W3 (W—F (Ul)>. (136)

Also, the area of horizon (100) and surface gravity (102) take
the following forms

An = Jese ws, (137)
0=t creyle % (138)

It is straightforward to check that the first law of thermody-
namics (132) is satisfied by these thermodynamic quantities.
Also, the Kretschmann and Ricci scalars are proportional to
the inverse of W, such that

1
14 ° R T
W3 W3
So the metric (136) has two irremovable singularities at r; =

Cgl_b;. Holding the conditions (35) the r; is
negative. Sincesthe metric blows up near » = 0, without lose
of generality we will study the solutions for » > 0 and rp
can be ignored. Also, it is worth mentioning that for these
Bianchi type solutions the asymptotic value of y in (40) is
Yoo = e 9o,

As we will see in the following, all of the obtained Bianchi
type solutions have the r| and r, singularities and the given
discussion can be applied for all types. However, there may
be other singularities in the some Bianchi types which will
be discussed in any cases.

Ryvpo RMP7 o (139)

0and r, =

@ Springer

4.2 Bianchi type 11

There is a correspondence between Bianchi type I/ and
Thurston’s nilgeometry and Heisenberg group whose isotropy
groups are SO (2) and e, respectively [30]. The solutions in
this Bianchi type have been found in Sect. 3.2. The initial
condition (50) along with physical requirement of (134), in
which the A is given by (94), yields

1

= -, = =0
P1 3 P2 = D3

With this fixed constants, the metric (51) recasts the following
form

(140)

2 -2 2 — 22dV2 2, 1,2
ds* = —WTSFd + WiV BE —— + V()

+3(0H? +13 (03)2), (141)
where preserving the signature of metric at infinity and near
horizon requires g1 < 0 and q12 — 1 > 0. The area of horizon
(100) and surface gravity (102) are also given by

A = |bley | /eqr ws,

2
c o
1 3

K= —————e~
2|bl3]\/c3q1

From the first law of thermodynamics (132) point of view,
if the /; and I, are taken to be non-varying constants, the
first law is satisfied with o = —JT. In this case, black hole
interpretation of the solution is lost because the rgy = —cy
parameter becomes negative. But, a consistent example can

(142)

(143)

be obtained if one sets ) = I3 = (—c]2q1 _1) i which satisfies
the first law by fixing o = }1, ie. g1 = —/3.

For this Bianchi type solution the asymptotic value of y in
(40) is Yoo = —23ﬂe_‘”°°. Also, the Ricci and Kretschmann

. 1 17
scalars are proportional to W3V~ and W=7 V!, respec-
tively. Hence, besides the r; = 0 singularity which has been
mentioned in Bianchi type I, there is another initial singu-

larity at r3 = q;—‘l which is negative and can be ignored.
2_

4.3 Bianchi type I11

The Thurston geometries of H> x E! (where H? is two-
dimensional hyperbolic space) and m locally possess
Bianchi type 111 symmetry with S O (2) isotropy [30].'° The
solutions in this type have been obtained in Sect. 3.3. The ini-
tial condition (57) along with the physical restriction (134) in
which the A for this type is given in (95), fixes the constants
as

(144)

10 The m can also have the Bianchi type V111 symmetry.
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Then, the Einstein frame metric (58) takes the following form

4
dr* +13(c*)?

ds®> = —W-3iFdi® + W§<
l%r4 F
+1;2V2 (01 + (03)2)>, (145)

where the V function has been defined by (56). Also, the
surface gravity (102) and area of horizon (100) read

‘/C3C?

Ag = —— w3, (146)
|l21q}
lblai 14
— 3P0 147
. 2‘/61636 (147)

Similar to the Bianchi type 7/, considering the /; as non-
varying constants, the satisfaction of first law with these ther-
modynamics quantities needs &« = 1. This value can not be
accepted because leads to non-real ¢; and c3 in (114) and
(115). But, for example, choosing I, = ql_z(—cl)% the fist
law can be satisfied consistently with o = JT, ie. g =7
Here the asymptotic value of y in (40) iS Yoo =
- %e“”w . Also, investigating the behavior of Ricci and
Kretschmann scalars, which are proportional to w=3y-s
and W_IT7 y—1 respectively, shows that besides the 71 = 0,

there is another initial singularity at r3 = q}jrl T which is not
1

naked since r3 < rgy.

4.4 Bianchi type V

Inisotropic case, the Bianchi type V has hyperbolic geometry
H?3 with SO (3) isotropy [30]. But, an anisotropic expansion
is not allowed for this Bianchi type if it is required to admit
a closed spatial section [30]. The solutions in this Bianchi
type have been presented in Sect. 3.5, which are initially
anisotropic. To have the black hole interpretation in this
model, the metric (67) needs to be isotropic. Interestingly,
being consistent with this demand, the solution of the set
of initial value equation (66) and physical condition (134),
in which the X is given by (96), restricts the solutions to be
isotropic by

pr=5, p2=0. (148)

1
2

Then, the Einstein frame metric (67) recasts the following
form

2
2 _wlpa2 owiv( Y2 S 012
dS ——W 3th +W3V<ﬁdr —+ (O'l) ),

(149)

where the V function is given by (65) and the g is required
to be negative. Also, the (100) and (102) give

Ap = —c1y/2e3q7 w3, (150)
k= /2g3c; e 39, (151)

It can be checked that with non-dynamical g, the first law
of thermodynamics (132) is satisfied only with o = %, ie.
q1 = —1. 3

Here, the asymptotic value of y in (40) 1S yoo = _Tcie_d’OO.
Also, the Ricci and Kretschmann scalars are proportional to
W=3V=S and W= V! respectively. Then, considering
the W and V functions given by (44) and (65), there are
initial singularities at r; = 0 and r3 = q?i‘l, which are
hidden behind the horizon since r| < r3 < rgy.

4.5 Bianchi type VI_4

As we have mentioned in Sect. 3.6, the 1 = 0, 1 cases of V I,
are equivalent to Bianchi types /11 and V. Besides them,
only the VI_; case admits a closed spatial section and is
equivalent to the Thurston geometry type of solvegeometry
with Abelian isotropy [30]. Here, the integrating constants
pi are subject to the initial value condition (74). Taking into
account the restrictive condition (134) along with (97), the
constants are constrained to be

1

pP2=—, D1 =0.

5 (152)

Then, the Einstein frame metric (75) recasts the following

form

2 -2 2 1 2—2_% dr?
ds® = —-W73Fdt"+ W3|ciq, e 1r4F

_4F
+e 1"+ cibg)! ((02)2 n 152(03)2) >

(153)

and the thermodynamic quantities are given by
An = lqi7 Veseros, (154)
= lgilVeresle 3%, (155)

Now, considering the mass of this model given by (92) and
(97), it can be checked that with non-dynamical /> and g1, the
first law of thermodynamics (132) can be verified by fixing
o= %, ie. g = —2.

The Ricci and Kretschmann scalars in these solutions have
analogs behavior with the Bianchi type I and so there is an
initial singularity at the origin r; = 0. Also, the asymptotic

i i i o o= (I+¢m0)
value of y in (40) for this type is yoo = 7€ o),
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4.6 Bianchi type VIII

The Thurston type geometry in this Bianchi type is EIZ/R
and the isotropy groups are e and SO (2) [30]. The solutions
in this type have been presented in Sect. 3.8. Considering
the initial value equation (82) and the condition (134), with
using (98), the constants are fixed as follows
1

pPr=p2= 7
Then, the Einstein frame metric (83) recasts the following
form

(156)

dr?
ds* = W3 F di® +W?<V1V2 r—+V2(03)2

+VEV, (6D + (02)2)), (157)
in which the V; and V; functions are given by (81). The ¢,
can have any sign but g» needs to be positive in such a way
that c]22 — 1 > 0. Also, the thermodynamic quantities are
given by

An = —c1q7*V—c3qa w3, (158)
q12 Lo
K= ——L e 3%, (159)
A/ —C342

By assuming ¢; and ¢» as non-varying parameters, the first
law of thermodynamics (132) can be confirmed if the «

arameter in the mass (92) equals to =, i.e. —2 ! =
p (92)eq pie 2ot

3

i

Furthermore, the Ricci and Kretschmann scalars are pro-
portional to WS Vl_6 Vz_1 and W5 VI_MVZ_Z, respec-
tively. Accordingly, besides r1 = 0, there are two other ini-
tial singularities at r3 =

qi +1

ro<ry <rg and r3 is not a naked smgularlty But, the

requirement of q2 — 1 > 0 implies that the 74 is negative and

can be ignored. The asymptotic value of y in (40) for this
: 1‘]1 (42_1) _¢oc

type 18 Yoo = —qz(qu) €

4.7 Bianchi type I X

The Bianchi type I X has the spherical Thurston geometry S°
and a group isomorphic to three-dimensional rotation group
SO (3) [30]. Solutions of this type are given in Sect. 3.9. The
initial condition (88) along with condition (134), in which
the A is given by (99), fixes the constants as

1

P1=P2=5~

With these constants the Einstein frame metric (89) gets the
form of (157), but the V| and V, functions for this Bianchi
type are given by (87). Also, the g» needs to be negative with

(160)
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q% —1 > 0butg; can have any sign. The area of horizon (100)
and surface gravity (102) are

—C14/€392
AH = —w3’

(161)
ai
2
o= Lo~ 5o00 (162)
c3q2

Checking the first law of thermodynamics (132) with assum-

ing the g1 and ¢» as non-varying parameters, shows that the

first law is satisfied if the o parameter in mass expression (92)
2 1 _3

. . . 2 . 3
for this Bianchi type equals to 7, i.e. pr g Tyl &

This Bianchi type can admit a constant curvature type
horizon, i.e. with R;; = kg;; by constant k, if one sets
+q1 = g». The Ricci and Kretschmann scalars are propor-
tional to W’%VfﬁV{l and W’HV714V272 respectively.

Hence, there are three initial smgularlty atr; =0,r3 = c‘_ T

2 _1 > 0 then r3 < 0 and

and ry = —5
2
can be ignored. However, we don’t have such a condition

on g1 but in the case of +¢q; = ¢» the r4 is negative as

well. The asymptotic value of y in (40) for this type is then

_ 394/39¢3 .
Yoo = ~ 1000

Possessing p0s1t1ve Ricci scalar with respect to the
induced metric on the horizon, Bianchi type /X model is
the only one which is allowed by the horizon theorem [15] to
be asymptotically flat. This limit can be obtained by setting
c3 = —+/2b, as indicated by (40). The first law of thermody-
namics for this solution is verified with « = 0. In this case,
the quasi-local mass equals the factor % times the Kumar
energy obtained by the normalized time-like killing vector

E.

4.8 Near-horizon, extremal and asymptotic limits of the
solutions

To end this section, let us investigate some behaviors of
the solutions in near-horizon, extremal, and large » limits.
We have seen in Sects. 4.1-4.7 that the physical require-
ment (134) together with the initial value conditions on con-
stants, obtained from (21), fixed the p; constants, identify-
ing the final forms of black hole metrics. Also, satisfaction
of the first law of thermodynamics in Bianchi types 77-1X
constrained the « (or equivalently the g;) constants to take
special values. Eventually, the obtained Einstein frame met-
rics (136), (141), (145),(149), (153), and (157) can be written
in the following general form

di* = —W3F dr? + 2 (012,

(163)

dr ~|—Z

where the F(r) and W (r) are given by (31) and (44) but the
X (r) and g; (r) functions are different for any Bianchi types
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and can be read simply from the obtained metrics. To find
the near horizon limit of these metrics we define § = r —rpy
and so as r — rpg,i.e.in & — 0 limit, (163) reduces to

1
3 _2 WiXy de? S~
d5? = —wy* rpledr? ¢ 0 —g +) & @),
H i=1

(164)

in which the Wy, Xy, and g;y are finite values taken by
the W(r), X (r), and g;(r) functions on the horizon. Then,
introducing a new coordinate x by

3 .2
£ = rH_xl (165)
4XuW;
we get

3
—1 .
di? = — <4WHXHr;,2) X’ +dx? +Y gy (01

i=1

(166)

Now, a closer look at the presented solutions in 4.1-4.7

-1
sections reveals that the factor (4WH X Hr,f) for each

Bianchi type solution coincides the square of its surface grav-
ity . Therefore, the (¢, x) part of spacetime in the above
metric is a flat Minkowski space written in the Rindler coor-
dinates.

In addition, the regularity of the black hole solutions can
be investigated to obtain the restriction on the amount of
magnetic charge that can be carried by these black holes.
From a physical point of view, the required condition is
rg = —c1 > 0. For Bianchi types I/ and VI, consider-
ing (112), the black hole interpretation of the solutions will
be lost unless

1

4
— Q2 et
4icg

M?* > (167)
Also, for the Bianchi types I and 11 the first law of ther-
modynamics has been satisfied with o = 41—1. In this case,
the real and negative integration constants c; and c3, given
by (114) and (115), require again the same condition (167)
to hold. The Bianchi types V, VI_1, VIII and I X satisfied
the first law with ¢ = %, where the integration constants
c1 (114) and c¢3 (115) are real, but negativity of them is
again guarantied by the restriction of type (167). In other
words, the condition (167) gives the extremal condition on
the magnetic charge of the all obtained Bianchi type black
hole solutionsé For all solutions, in the extremal limit as
On — 2kcse 3% M, we have c3 — band ryg = —c; — 0.
In fact similar to Einstein—-Maxwell-dilaton solutions [1],
the solutions have two horizons at r = —cj and r = 0. The
r = —c1 is the event horizon and r = 0 is generally singular.
In extremal case these two horizons coincide at » = 0.

Near the horizon in (near) extremal limit the behavior of
temperature and entropy depends on the type of Bianchi as
follows!!

1 & VIly: Ty — 0,5 — oo, (168)
I1&III: Ty — 0,5 — \V2k5Om /43,  (169)
VI_i: Ty— 0,850, (170)

Vi Ty — 2 2k5Q,)"1, 8 —> 0, (171)

Ty — 6112\/2|qu (V2k5Q) 71, S — 0.
(172)

VIII & IX:

For Bianchi types I and V I I the behavior is similar to that
of Rindler space times [80]. In this limits, the /7 and 111
types have finite entropy with vanishing temperature, simi-
lar to extreme near horizon Reissner—Nordstrom black hole
solution. Thermodynamic analysis of black hole solutions
with this behavior has been studied in [81,82]. The VI_;
type solution has finite-valued x /A g in this limit, consider-
ing (154) and (155). This characteristic, along with (170),
reminds the Extremal Vanishing Horizon (EVH) type black
holes [83,84]. However, noting (153), the g; part of near
horizon metric (166) in this type does not have any zero
eigenvalues and hence vanishing of entropy is not accom-
panied by a vanishing one-cycle on the horizon. Therefore,
the V I_ solution cannot be regarded as an EVH black hole.
Also, for V, VIII and IX type solutions the behavior of
temperature and entropy is similar to that of Schwarzschild
black holes in the zero-mass limit [85].

It is worth considering the attractor mechanism [86,87]
here to check the consistency of the analysis. The dilaton for
metric (166) is

¢<x>—§ln(—3”c3 )
T4 \2ex+e)?)’

and no matter what is the value of ¢, near the horizon we
have

(173)

3bcq
2¢3

3
3c1\ 4
¢HEI. ¢(x)= —_— ¢ El /:
© xlir%)e <26‘3) ' ¢H x%qs(x)

In the extremal limit, ¢, vanishes, which is a fixed point and
3

e — (ﬁ;)4 = 0. Also, as discussed in Appendix B,
using the equation of motion we can consider V.rr =
2/<52 Q,zne2¢, where the attractor condition dg Verr = 0 [87]
leads again to e?# = 0.1% Also, using the obtained expres-

1 1t should be noted that in the extremal limit we have ¢; — 0 and
¢3 — b, simultaneously. It can be checked using L’Hospital’s rule that
the ¢ (38) is finite in this limit.

12 In comparison with the cases of Verr = P2e? 4 Q2e~0® where
a1 and oy have the same signs and e(®1T@)% — ‘;2] 1Q>; extremises the
effective potential [54,87], here we have Q = 0 and P proportional to

@ Springer



995 Page 16 of 22

Eur. Phys. J. C (2019) 79:995

sion for yg in (202), noting (100) and (106), it can be easily
checked that in extremal limit, this formula gives the same
behavior for entropy as given in (168)—(172).

In addition, using (38), (107) and (134), the mass of black
holes (92) can be rewritten as follows

2
M= —Smeion L%, (174)
Cc3 KD

In the high energy limit r; — 0 [88], which can be alterna-
tively regarded as extremal limit here, the mass is non zero
and is govern by the magnetic charge term, where in the
asymptotic limit, i.e. as ry — 00, the dominant term is the
second term which is zero for flat horizon cases.

Itis worth mentioning that although the metric (163) looks
singular as r — 00, its asymptotic scalar curvature given
by (40) is finite in this limit, noting that the value of y, for
each Bianchi type solution given in previous subsections is
finite and non-zero. Also, the Ricci scalar (39) on the horizon

4
- =3
becomes R = —%

type solutions.
Furthermore, non-zero components of effective energy
momentum tensor (8) are given by

and yy is finite for all Bianchi

2
T _prem _ é <3b2e43¢ —203F (ﬁ’) e?) ,
dF

12y
2
G- L <3bze43¢ +203F <d—¢> e?) :
12y dF
(175)
In r — oo limit
‘ b* ig0e
T‘z(eff) —_greff) _ __~ <3c§ — 2b2> e 3,
i r 126370
1 (eff) ’ 2 2) %=
~T =S5 <3c3 +2b )e i, (176)
12C3)/oo

indicating that the pressures and energy density do not
diverge at r — oo limit. Also, noting (176), or equiva-
lently the (36), the asymptotic behavior of solutions can not
be regarded as asymptotically (A)dS behavior. Then, as we
have mentioned before, assuming c3 # —/2b in (40), we
call the solutions non-asymptotically flat, non-(A)dS topo-
logical black hole solutions. On the other hand, the y of any
Bianchi type solutions diverges at its irremovable singulari-
ties, the pressures and energy density blow up at these points.

Q,, which, as mentioned before, can be interpreted as electric charge
in Hodge dual theory.

@ Springer

S T-dual solutions of Bianchi type V black hole

In the presence of the isometries of background fields, where
the following conditions are satisfied

Lyg=Lyp=LyH=0, (177)

with killing vectors x, the Buscher’s T-duality transforma-
tions are valid [89]. In this case, a convenient coordinate
system can be adopted where all of the background field are
independent of the isometry direction x and £, = 9 [77].
Then, the T-dual transformation with respect to the isometry
direction x are given by

_ 1 _ B _ g
8xx = — 8xu = ala , Bxp, = ﬂ, (178)
gx.x gX)C gX)C

_ B,y — B

Bp.v _ Bp.v + (gxu vx — &xv /uc), (179)
8xx
— By, B

g’;w = gy — (gxp,ng XL v) ’ (180)
8xx

¢ = ¢ +1In|gxl, (181)

where g1, BW and ¢ are metric, antisymmetric tensor field
and dilaton of the T-dual o-model.

Here, as an example, we investigate the T-dual version
of the black hole solutions of Bianchi type V. Considering
the vielbeins of this Bianchi type given in the Table 1 of
Appendix A, there are two isometry directions of x2 and x3.
In this respect, the antisymmetric B-field associated to field
strength tensor (14) can be considered as!4
B= %beledxz Adx®, (182)
Now, given the dilaton (32), B-field (182), and the metric (13)
whose components are given by (27), (31) and (62)—(64),
we perform the 7-dual transformations of (179)—(181) for
example with respect to x2. Then, the T-dual dilaton, its
asymptotic value, and dilaton charge are obtained as follows

_ 1
¢=1n<V>+2x1+5(4p2+2p1—1>F,

Poo =2x +1In—IL
= 27+ 1) (183)
-l 2p1c
D="LW@pr+2p —1)— ,
3 4 p2 pi—1 pra

where the V (r) function is given by (65). Furthermore, all of
the components of 7'-dual B-field vanish and we have B = 0.
Investigating the properties of 7T-dual metric, obtained by

13 Here, the (181) is given based on our notation for the B-function
equations of (1)—(3) in which the dilaton is minus twice of the dilaton
of Refs. [65,89].

14 The (182) is the general form of B-field which leads to the field
strength tensor (14) with £, B = 0, without including the constant
components of B which have no relevant physical interpretation here.
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(179) and (180), shows that the determinant of the three-
dimensional metric in Einstein frame, y, has been kept invari-
ant. Here, the non-zero and finite area of horizon and sur-
face gravity in (101) impose the conditions of A = 0 and
13 p1 + 8 p» — 13/2 = 0, which along with initial condi-
tion (66) fix the integrating constants again as (148). With
these fixed values, the first terms in dilaton and its charge
in (183) vanish and the 7-dual string frame metric takes the
following form

3

A%
ds® = —Fdt* + dr’ + WV (dx"?

Fr4

+(wv)! (e_le dx®)? + bdx2dx’

2! ((WV)2 + bz) (dx3)2) (184)
where W (r) function is
22
W= M (185)
c1C3

The Einstein frame metric can be easily obtained by perform-
ing the conformal transformation (5) using 7-dual dilaton
(183). It can be checked that the T -dual solutions in Einstein
frame are again hairy black hole solutions where the loca-
tion of the horizon is unchanged, given by ry = —c;. Here,
the second term in shift symmetry current (120) vanishes
but the x! dependence in the dilaton (183) indicates that the
non-vanishing components are J! and J”. This current has
a finite norm on the horizon and, as a consequence of having
the J! component, its conservation has no conflict with the
presence of dilaton charge. Also, the singularity properties
of the black hole have not changed and the Kretschmann and
Ricci scalars of the 7'-dual black hole are divergent at the
same non-naked singularities of r{ = 0 and r3 = q%i‘ T

The invariance of y under 7'-duality shows that the area of
horizon and entropy remain invariant under 7'-duality. Also,
the mass (92) (specialized for Bianchi type V with (96)),
surface gravity (151) and consequently the temperature (105)
will be rescaled under 7'-duality, but their final forms are
similar to the original ones and just rewritten in terms of ¢
instead of ¢ as

) 2
- cie” 3 b 3
M=-La——+5—). (186)
2K7 cs—b gy +1
1 2 3 _
k= — |50 (187)
[l c3

However, except ¢, the other constants’ role has been
changed in T-dual version of mass. The B = 0 indicates
that no charge associated with B-field is carried by the 7'-
dual solutions and the b is just a constant appeared in three-
dimensional part of the metric (184). Also, instead of c¢3, the

q1 is related to dilaton here and the inverse relations for ¢
and ¢ are given by

46%"5”/\;{ 12e%‘i’°°
—c] = - + = = —
B M 4 (B2 4 68) et — N1
(188)
g =p (_Me—ééoo +\/Mze—%43oc .y +6,3>,
(189)

. . 2 S .
in which g = 0211_1,2' Now, considering B as a non-varying

3
constant, the first law of thermodynamics can be verified with
= 1. Then, the dilaton charge can be expressed in terms

of T-dual mass by
-2 e%&o@

M =\ M2 4 5¢30

which indicates that the 7-dual solution has also the scalar
hair of second kind.

D=

(190)

6 Conclusion

We have constructed five-dimensional topological black hole
solutions at leading order of string effective action in pres-
ence of dilaton and antisymmetric B-field associated with
a magnetic charge. The asymptotic behavior of the solu-
tions at infinity have been affected by the presence of the
magnetic charge such that the solutions are neither asymp-
totically flat nor asymptotically (A)dS. The solutions have
been assumed to have horizons with Bianchi type symme-
tries where in the context of violated asymptotic flatness
assumption of the horizon geometry theorem [15], in addi-
tion to flat Bianchi type I and positively curved Bianchi
type 1X, the other negatively curved Bianchi spaces were
also considered. These solutions can be regarded as black
hole solutions whose three-dimensional horizons are mod-
eled on seven types of Thurston 3-geometries corresponding
to Bianchi types, where there exist more possibilities for the
horizon geometry than the known constant curvature types of
spherical, hyperbolic or flat cases, which are given by prod-
uct constant curvature type H2 x R and twisted product types

of SLy R, nilgeometry, and solvegeometry.

Possessing non-trivial configuration, the dilaton field
introduced a dilaton charge in the solutions. We gave an argu-
ment based on the Noether current of shift symmetry, demon-
strating that this current does not cover all of the assumptions
of the no-hair theorem proof of [75] and so the presence of
dilaton charge has no conflict with the conservation of this
current. The solutions have dilaton hair which is, however,
of secondary type in the sense that the dilaton charge is not
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an independent charge carried by the black hole solutions
and can be entirely determined by the magnetic charge and
the mass of the black holes. Hence, the no-hair conjecture
still holds. Also, the dilaton charge turned to be proportional
to the magnetic charge multiplied by the magnetic potential
through Eq. (122). It is worth mentioning that a quite similar
relation has been obtained in [76] between the scalar charge
and the magnetic charge, accompanied by its potential, in
the case of the massless field ¢ coupled to the electromag-
netic field through the second Chern character by using the
Noether current of shift symmetry.

The mass and other thermodynamic quantities depend in
a non-trivial way on the asymptotic value of dilaton ¢oo.
The problem with the drastic modification of the first law of
(static) hairy black hole thermodynamics which contains the
variation of ¢, has been considered. Following the idea of
[63], where a boundary term for dilaton field was included in
the action in the quasi-local formalism of mass, we consid-
ered the case that the effective action is also supplemented
with a boundary term for dilaton. However, only the spheri-
cally symmetric solutions have been considered in [63]. We
applied a similar discussion inspired by the proposed bound-
ary term variation of dilaton in [79], where with vanishing
¢oo, the D and C coefficients in the asymptotic expansion
of the scalar field were required to be functionally related
for integrability of energy. This relation which is usually
imposed as a boundary condition, can be fixed uniquely
where the asymptotic AdS symmetry is of interest. Partic-
ularly, the C = kD? with a constant k, besides preserving
AdS invariance, is compatible with the conformal symme-
try of the boundary [90] and makes the contribution of the
scalar field in energy vanish [91]. When the conformal invari-
ance is broken, the trace anomaly leads to an extra contribu-
tion of dilaton to the total energy with interesting interpre-
tations [90,92]. For instance, in dyonic black hole solution,
this contribution leads to satisfactions of the first law without
including an extra scalar charge dependent term [63]. In our
solutions we are dealing with non-AdS cases, however the
obtained dilaton solution satisfies C = DTZ if the regularity of
¢ and ¢’ on the horizon is required. The ¢ is non-zero here
and § Q4 gives only a term with contribution of ¢, and D,
which following [79], have been considered to be function-
ally related. Similar to [63], it turns out that, the scalar field
gives a non-vanishing contribution to the total energy which
leads to a well defined variational principle in such a way
that even if the ¢ is assumed to vary the first law of ther-
modynamics does not include the scalar charge dependent
term.

Thermodynamics of the solutions and satisfaction of the
first law of thermodynamics have been investigated for all
Bianchi type solutions that admit compact event horizons.
The solutions are characterized by three parameters: the mass
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M, the B-field magnetic charge Q,,, and the constant .
We expressed the integrating constants of ¢y, ¢3, and b in
terms of these parameters where the remaining constants
have been fixed by requiring some restrictive conditions. In
such a way that, the n and p; have been fixed by certain con-
ditions, including the initial value condition, the regularity
of dilaton on the horizon, and the finite non-vanishing sur-
face gravity and area of horizon in the non-extremal black
hole cases. Also, it has been observed that the first law
holds for Bianchi type I solutions and for the other types
its satisfactions requires fixing the integrating constants of
qi-

The solutions have a horizon hiding the scalar curvature
singularities including one at the origin for all Bianchi types
and another one for some of them, where the later singular-
ity actually appears where the g; components of the metric
vanish. At these points, the Ricci and Kretschmann scalars,
the energy momentum invariants 7, lﬁ‘ and 7}, T"", energy
density, and pressures of the effective matter, which has been
considered to include the contributions of dilaton and B-field,
blow up.

The Hodge dual of our solutions can be interpreted as elec-
trically charged black hole solutions of Einstein—-Maxwell—
dilaton theory. The dual transformation keeps the Einstein
frame metric fixed but changes the sign of dilaton. This
implies that the properties that depend on the Einstein met-
ric are not influenced by this transformation (for instance,
the singularity behavior and thermodynamic proprieties).
But, the dilaton charge, which was negative for magnetically
charge solutions, is positive for electrically charged ones. It
is worth mentioning that for electrically charged black hole
solutions the action should be supplemented with a surface
term which is required to make the variation of the Hamil-
tonian well defined [74,93]. This surface term is zero in the
magnetic cases but the variational principle for the gauge
field should be considered carefully.

The extremal and near horizon limit of the solutions has
been also studied. We have shown that in near horizon limit
2-dimensional Rindler space can be recovered in (z, r) part
of spacetime. Also, the extremal condition appeared to be the
same for all Bianchi type black hole solutions so the solutions
are regular only if 4K52M 2_ Q%le%%O > 0. Violation of
this inequality changes the nature of the curvature singularity
where the naked singularities appear for a sufficiently high
magnetic charge.

Furthermore, 7'-dual transformation is allowed by the
symmetries of the considered spacetimes. As an example,
a class of T-dual solutions is obtained in Bianchi type V
which has a non-trivial dilaton and vanishing B-field. This
solution admits hairy black hole, where the scalar charge,
being completely determined by the black hole mass, is sec-
ondary and there is no naked singularity. However, the mag-
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netic charge has not been preserved and no B-field charge is
carried by the T-dual black hole. Examining the properties
and thermodynamics of this solution showed that the location
of horizon is unchanged and the area of horizon and conse-
quently the entropy remain invariant under 7'-duality. In fact,
the T -duality invariance of entropy has been pointed out first
in [94], where the surface gravity and temperature are invari-
ant as well. However, unlike the considered solutions in [94],
the ¢ 1s non-zero here and the mass, surface gravity, and
temperature which depend on ¢, have been rescaled in such
a way that the T-dual versions have a similar expressions to
the original ones, but they have been rewritten in terms of
asymptotic value of 7-dual dilaton, ¢o.

It worth mentioning that families of five-dimensional
black hole solutions of gravity theories whose three-
dimensional horizons are modeled by some of the eight
Thurston geometries have been obtained for instance in
[37,39—41]. Especially, the non-trivial geometries which are
not constant curvature or product of constant curvature types
hold attention. In this category, the solution with nilgeom-
etry and solvegeometry horizons have been studied, but the
case of m Thurston geometry, having somewhat more
complicated field equations, have been left open. We have
found black hole solutions in two Bianchi types 771 and
VIII which correspond to SLyR geometry. The Lifshitz
black hole solutions in these two Bianchi types in Einstein
gravity with cosmological constant have been obtained in
[38]. However, differently from their solutions which have
zero entropy with non-zero temperature, we have seen that
the our solutions admit non-zero entropy with some fixed
values of integrating constants.

The magnetic and scalar charges, masses, and the area
of horizons appeared to have a dependence on the volume
of three-dimensional homogeneous part of space, w3. This
aspect of the solutions is similar to that of four-dimensional
topological black hole solutions where some of thermody-
namic quantities are proportional to the area of w> [18]. The
wy can be completely determined by the topology of horizon
in terms of the Euler characteristic of 2-manifold. But, a dif-
ficulty in the investigating of 3-manifolds has been the lack
of such a good topological invariant, like the Euler character-
istic of 2-manifolds. In fact, the Euler characteristic of closed
3-manifolds is zero [28]. However, in some cases the w3 can
be regarded as a topological invariant and further work is
under progress in this sense.
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A Bianchi type classification

In this Appendix, the classification of real three-dimensional
Bianchi type Lie algebras are presented. The relation between
coordinate and non-coordinate basis is given by

ol = ey (x)dx®, (191)

where {o?, i = 1,2,3} are left invariant basis 1-forms
and e,/ (x) are vielbeins. For each Bianchi type the associ-
ated vielbeins, corresponding Thurston type geometries and
the isotropy groups are presented in Table 1, in which for

Bianchi type V11, we have defined X = ekx! cos(a x1),

Yy = —Lle—k sin(@x!), k=4, anda = V1 — k%
C0n51dering the metric (13), non-zero components of Rie-
mann and Ricci tensors are given by

jkl Flj ka_FW'lFllm_f mFr;Lj’
Rjrl=Fl +Fljrr FmFlm’
’
Ry = [ + 4TS = T,

Ry =1 Dy — T Dy — fid" T (192)
Rij =T}/ + I, + Tl + T, — LT
d d
_Fdzr Fe'r'r _fd]erez’
R"/_Fepde Fdrrjde’
R, =T} —Tj ri-r.rt, (193)

where the prime symbol stands for derivative with respect to
rand f; jk are the structure constants of Bianchi Lie algebras.
Also, the connection coefficients are given by

Il = —g™(fif 8ej + fd 8ei) + fi"

i
r,

lngl{i’ 1—});’ = Frtt =

1
S F (194)

1 1
rj = —EFUZgij’, rr=wm(Fu?, rj= 5F U*F'.

The Riemann and Ricci tensors in coordinate basis can be
obtalned by multlplylng the vielbeins e,/ , for example Ryg =

eaeﬁ Rij and Ry = ea Rio.
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Table 1 Bianchi-type classification

Type Class do' = % f j’ kojok Coordinate basis Geometry Isotropy
I A dol = ol =dx! E3 SO@(3)
do? =0 E2x R SO(2)
do? = R3 e
11 A do' =02 A o3 ol =dx? — x'dx3
do? = o2 =dx? Heisenberg G e
do3 =0 03 =dx! Nilgeometry SO(2)
11 B do' =0 ol =dx!
do? =0 0% = dx? H? x E! 50(2)
dod =o' Ao? o3 = ' dx? SL>R S0(2)
1% B do' =o' Ao+
o2 Ao’ ol =e*'dx? — xle=*'qx3
do? =02 A o3 02 =e'dx3 -
do3 =0 03 =dx!
\% B do! = ol =dx!
do? =o' no? o2 =" dx? H3 S0(3)
do? =c! Ao o3 =e'dx3
Vi, B do! =0 ol =dx!
do? = ho! A o? 02 = el g2
do?® =o' A3 03 =e'di3
VI Solvgeometry e
VI, B do' = —62 n o3 ol = (X —kY)dx? —Ydx?
do?=0'Ao3 0% =Ydx®+ (X + kY)dx>
+ ho?Anod do?=0 o3 =dx!
Vil A E3 SO(3)
VIII A do' =02 ANo? ol =dx' + ((xH?2 = Ddx?
—i—(xl +x2 - xz(xl)z)aix3 S/L\Q/R e
do?=—03 o' 02 =dx' + ((x")? + Ddx?
! = x2 = x2(x1)?)da3 SLyR S0(2)
do? =o' Ao? 03 = 2x1dx? + (1 — 2x'x%)dx3
IX A do!' =02 A3 ol = —sinx3dx! + sinx! cos x3dx? SUQ2) ~ §3 e
do? =03 Aol 02 = cosx3dx! + sinx! sin x3dx? SUQR) ~ §3 SO(2)
do’ =o! Ao? o3 =cosxldx? + dx3 s3 SO(3)
B Effective potential 1 e4T¢
78“ (@a%) = S H”, (196)
Here, we rewrite the equations of motion (7)—(12) to derive & "
the expression of the effective potential, V,sr, in attractor Iy (\/EGTH %p) = 0. (197)
mechanism. We have
Using (195) we have
w Ry =32 Verr @) Ris = (2 Verr @) (198)
e’3
Ry =V, 0V + <HM“H,’)‘
where
“Zp2 ) (195) 49
gl B ) Verr (@) = 25 Oy (199)
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By definition [87], the V, ¢y can be regarded as an effective
potential for the scalar field, where from (196) we get

1
r?9,(r’*Fo,¢) = 100 Verr(@)- (200)
Also, the rr component of (195) gives
. w1 . . 1
248e” 3 (5 ) (ng}) (ngh' — ~¢/
2 &~ 3
i<j (201)
4~ N/ ~y X >
+ @) In(y)e 3 + Verr(9) +Y =0.
2
On the horizon g, vanishes and r2g/, = —ce”3". Conse-
quently, we have
_C%%“:rl.]
y (202)

H = ~ 9
Veff(¢H) + Y|r=rH

in which Y for different Bianchi types is given as follows

I&VIIy: Y =0, (203)
I1: Y =V?, (204)

I11: Y =23V?, (205)
V:Y=12V2, (206)
VI_: Y =ct, (207)
VIII: Y =4V2+ V7, (208)
IX: Y =4V} 4 Vi (209)

where with the given metrics in Sects. 4.1-4.7, the V function
for each Bianchi types can be found in (49), (56), (65), (81),
and (87).

References

1. G. Gibbons, K. ichi Maeda, Nucl. Phys. B 298, 741 (1988)
2. D. Garfinkle, G.T. Horowitz, A. Strominger, Phys. Rev. D 43, 3140
(1991)
3. A. Shapere, S. Trivedi, F. Wilczek, Mod. Phys. Lett. A 6, 2677
(1991)
4. E. Witten, Phys. Rev. D 44, 314 (1991)
5. K.S. Thorne, R.H. Price, D.A. MacDonald, Black Holes: the Mem-
brane Paradigm (Yale University Press, New Haven, 1986)
J.H. Horne, G.T. Horowitz, Phys. Rev. D 46, 1340 (1992)
7. C. Burgess, R. Myers, F. Quevedo, Nucl. Phys. B 442, 75 (1995).
arXiv:hep-th/9410142v2
8. A. Sen, Phys. Rev. Lett. 69, 1006 (1992). arXiv:hep-th/9204046
9. A. Dabholkar et al., Nucl. Phys. B 474, 85 (1996).
arXiv:hep-th/9511053
10. J.H. Horne, G.T. Horowitz, Nucl. Phys. B 368, 444 (1992).
arXiv:hep-th/9108001
11. R. Emparan, J. High Energy Phys.
arXiv:hep-th/0402149v3
12. Y. Bardoux, M.M. Caldarelli, C. Charmousis, J. High Energy Phys.
2012, 54 (2012). arXiv:1202.4458v2 [hep-th]
13. S.W. Hawking, Commun. Math. Phys. 43, 199 (1975)
14. S.W. Hawking, G.FR. Ellis, The Large Scale Structure of Space-
time, vol. 1 (Cambridge University Press, Cambridge, 1973)

o

2004, 064 (2004).

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

. GJ. Galloway, R. Schoen, Commun. Math. Phys. 266, 571 (2006).

arXiv:gr-qc/0509107

S. Aminneborg et al., Class. Quantum Gravity 13, 2707 (1996).
arXiv:gr-qc/9604005

W.L. Smith, R.B. Mann, Phys. Rev. D 56, 4942 (1997).
arXiv:gr-qc/9703007v2

D.R. Brill, J. Louko, P. Peldan, Phys. Rev. D 56, 3600 (1997).
arXiv:gr-qc/9705012v2

S.S. Yazadjiev, Class. Quantum Gravity 22, 3875 (2005).
arXiv:gr-qc/0502024v3

J. Lemos, Phys. Lett. B 353, 46 (1995). arXiv:gr-qc/9404041
R.B. Mann, Class. Quantum Gravity 14, L109 (1997).
arXiv:gr-qc/9607071

L. Vanzo, Phys. Rev. D 56, 6475 (1997). arXiv:gr-qc/9705004v3
R.G. Cai, Y.Z. Zhang, Phys. Rev. D 54, 4891 (1996).
arXiv:gr-qc/9609065

D. Birmingham, Class. Quantum Gravity 16, 1197 (1999).
arXiv:hep-th/9808032v3

D. Klemm, V. Moretti, L. Vanzo, Phys. Rev. D 57, 6127 (1998).
arXiv:gr-qc/9710123

D. Klemm, V. Moretti, L. Vanzo, Phys. Rev. D 60, 109902(E)
(1999)

D. Klemm, Phys.
arXiv:hep-th/1401.3107
W.P. Thurston, Bull. Am. Math. Soc. (N.S.) 6, 357 (1982)

H.V. Fagundes, Phys. Rev. Lett. 54, 1200 (1985)

Y. Fujiwara, H. Ishihara, H. Kodama, Class. Quantum Gravity 10,
859 (1993). arXiv:gr-qc/9301019

G.ER. Ellis, M.A.H. MacCallum, Commun. Math. Phys. 12, 108
(1969)

N.A. Batakis, A. Kehagias, Nucl. Phys. B 449, 248 (1995).
arXiv:hep-th/9502007

M.P. Dabrowski, A.L. Larsen, Phys. Rev. D 57, 5108 (1998).
arXiv:hep-th/9706020

F. Naderi, A. Rezaei-Aghdam, Nucl. Phys. B 923, 416 (2017).
arXiv:1612.06074v4 [hep-th]

F. Naderi, A. Rezaei-Aghdam, F. Darabi, Phys. Rev. D 98, 026009
(2018). arXiv:1712.03581v3 [hep-th]

M. Lachieze-Rey, J.P. Luminet, Phys. Rep. 254, 135 (1995).
arXiv:gr-qc/9605010v2

C. Cadeau, E. Woolgar, Class. Quantum Gravity 18, 527 (2001).
arXiv:gr-qc/0011029

Y. Liu, J. High Energy Phys. 2012, 24 (2012). arXiv:1202.1748
[hep-th]

M. Hassaine, Phys. Rev. D91, 084054 (2015). arXiv:1503.01716v1
[hep-th]

M. Bravo-Gaete, M. Hassaine, Phys. Rev. D 97, 024020 (2018).
arXiv:1710.02720v2 [hep-th]

S. Hervik, J. Geom. Phys. 58, 1253 (2008). arXiv:0707.2755v3
[hep-th]

N. lizuka et al., J. High Energy Phys. 2012, 193 (2012).
arXiv:1201.4861v2 [hep-th]

Ki Maeda, N. Ohta, Y. Sasagawa, Phys. Rev. D 80, 104032 (2009).
arXiv:0908.4151v2 [hep-th]

F. Moura, Phys. Rev. D 83, 044002 (2011). arXiv:0912.3051v2
[hep-th]

F. Moura, J. High Energy Phys.
arXiv:1105.5074v3 [hep-th]

S. Khimphun, B.H. Lee, W. Lee, Phys. Rev. D 94, 104067 (2016).
arXiv:1605.07377v1 [gr-qc]

H. Maeda, M. Hassaine, C. Martinez, J. High Energy Phys. 2010,
123 (2010). arXiv:1006.3604v2 [hep-th]

J. Quintin et al, Phys. Rev. D 98,
arXiv:1809.01658v2 [hep-th]

A. Eghbali, L. Mehran-nia, A. Rezaei-Aghdam, Phys. Lett. B 772,
791 (2017). arXiv:1705.00458 [hep-th]

Rev. D 89, 084007 (2014).

2013, 38 (2013).

103519 (2018).

@ Springer


http://arxiv.org/abs/hep-th/9410142v2
http://arxiv.org/abs/hep-th/9204046
http://arxiv.org/abs/hep-th/9511053
http://arxiv.org/abs/hep-th/9108001
http://arxiv.org/abs/hep-th/0402149v3
http://arxiv.org/abs/1202.4458v2
http://arxiv.org/abs/gr-qc/0509107
http://arxiv.org/abs/gr-qc/9604005
http://arxiv.org/abs/gr-qc/9703007v2
http://arxiv.org/abs/gr-qc/9705012v2
http://arxiv.org/abs/gr-qc/0502024v3
http://arxiv.org/abs/gr-qc/9404041
http://arxiv.org/abs/gr-qc/9607071
http://arxiv.org/abs/gr-qc/9705004v3
http://arxiv.org/abs/gr-qc/9609065
http://arxiv.org/abs/hep-th/9808032v3
http://arxiv.org/abs/gr-qc/9710123
http://arxiv.org/abs/hep-th/1401.3107
http://arxiv.org/abs/gr-qc/9301019
http://arxiv.org/abs/hep-th/9502007
http://arxiv.org/abs/hep-th/9706020
http://arxiv.org/abs/1612.06074v4
http://arxiv.org/abs/1712.03581v3
http://arxiv.org/abs/gr-qc/9605010v2
http://arxiv.org/abs/gr-qc/0011029
http://arxiv.org/abs/1202.1748
http://arxiv.org/abs/1503.01716v1
http://arxiv.org/abs/1710.02720v2
http://arxiv.org/abs/0707.2755v3
http://arxiv.org/abs/1201.4861v2
http://arxiv.org/abs/0908.4151v2
http://arxiv.org/abs/0912.3051v2
http://arxiv.org/abs/1105.5074v3
http://arxiv.org/abs/1605.07377v1
http://arxiv.org/abs/1006.3604v2
http://arxiv.org/abs/1809.01658v2
http://arxiv.org/abs/1705.00458

995 Page 22 of 22

Eur. Phys. J. C (2019) 79:995

50.
51.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.

72.
73.

74.

S.W. Hawking, Commun. Math. Phys. 25, 167 (1972)

T.P. Sotiriou, S.Y. Zhou, Phys. Rev. Lett. 112, 251102 (2014).
arXiv:1312.3622v2 [gr-qc]

G. Gibbons, R. Kallosh, B. Kol, Phys. Rev. Lett. 77, 4992 (1996).
arXiv:hep-th/9607108

D. Astefanesei et al., Class. Quantum Gravity 27, 165004 (2010).
arXiv:0909.3852v2 [hep-th]

D. Astefanesei, K. Goldstein, S. Mahapatra, Gen. Relativ. Gravit.
40, 2069 (2008). arXiv:hep-th/0611140v4

I. Papadimitriou, K. Skenderis, J. High Energy Phys. 2005, 004
(2005). arXiv:hep-th/0505190

M. Bianchi, D.Z. Freedman, K. Skenderis, J. High Energy Phys.
2001, 041 (2001). arXiv:hep-th/0105276v2

M. Bianchi, D.Z. Freedman, K. Skenderis, Nucl. Phys. B 631, 159
(2002). arXiv:hep-th/0112119v2

K. Hajian, M. Sheikh-Jabbari, Phys. Lett. B 768, 228 (2017).
arXiv:1612.09279v2 [hep-th]

M. Henningson, K. Skenderis, J. High Energy Phys. 1998, 023-023
(1998). hep-th/9806087

V. Balasubramanian, P. Kraus, Commun. Math. Phys. 208, 413—
428 (1999). hep-th/9902121

K. Skenderis, Int. J. Mod. Phys. A 16, 740-749 (2001). hep-
th/0010138

S. de Haro, K. Skenderis, S.N. Solodukhin, Commun. Math. Phys.
217, 595-622 (2001). hep-th/0002230
D. Astefanesei et al., Phys. Lett.
arXiv:1803.11317 [hep-th]

E. Fradkin, A. Tseytlin, Nucl. Phys. B 261, 1 (1985)

C.G. Callan et al., Nucl. Phys. B 262, 593 (1985)

A. Tseytlin, C. Vafa, Nucl. Phys. B 372, 443 (1992).
arXiv:hep-th/9109048

E.J. Copeland, A. Lahiri, D. Wands, Phys. Rev. D 50, 4868 (1994).
arXiv:hep-th/9406216v2

J.D. Brown, J.W. York, Phys. Rev. D 47, 1407 (1993)

L. Abbott, S. Deser, Nucl. Phys. B 195, 76 (1982)

S.W. Hawking, D.N. Page, Commun. Math. Phys. 87, 577 (1983)
V. Iyer, RM. Wald, Phys. Rev. D 50, 846 (1994).
arXiv:gr-qc/9403028

D. Youm, Phys. Rep. 316, 1 (1999). arXiv:hep-th/9710046v2

H. Lii, Y. Pang, C.N. Pope, J. High Energy Phys. 2013, 33 (2013).
arXiv:1307.6243v3 [hep-th]

S.W. Hawking, S.F. Ross, Phys. Rev. D 52, 5865 (1995).
arXiv:hep-th/9504019

B 782, 47 (2018).

@ Springer

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

L. Hui, A. Nicolis, Phys. Rev. Lett. 110, 241104 (2013).
arXiv:1202.1296v1 [hep-th]

K. Prabhu, L.C. Stein, Phys. Rev. D 98, 021503(R) (2018).
arXiv:1805.02668 [gr-qc]

A. Giveon, M. Porrati, E. Rabinovici, Phys. Rep. 244, 77 (1994).
arXiv:hep-th/9401139v1

S. Coleman, J. Preskill, F. Wilczek, Nucl. Phys. B 378, 175 (1992).
arXiv:hep-th/9201059

T. Hertog, G.T. Horowitz, Phys. Rev. Lett. 94, 221301 (2005).
arXiv:hep-th/0412169v1

D. Kabat, G. Lifschytz, J. High Energy Phys. 2014, 77 (2014).
arXiv:1405.6394 [hep-th]

M. Johnstone et al., Phys. Rev. D 88, 101503(R) (2013).
arXiv:1305.3157v1 [hep-th]

K. Hajian, A. Seraj, M.M. Sheikh-Jabbari, J. High Energy Phys.
2014, 14 (2014). arXiv:1310.3727v3 [hep-th]

M.M. Sheikh-Jabbari, H. Yavartanoo, J. High Energy Phys. 2011,
13 (2011). arXiv:1107.5705 [hep-th]

A. Ghodsi, H. Golchin, M.M. Sheikh-Jabbari, J. High Energy Phys.
2014, 36 (2014). arXiv:1407.7484v1 [hep-th]

D.A. Easson, J. High Energy Phys. 2003, 037 (2003).
arXiv:hep-th/0210016

S. Ferrara, R. Kallosh, Phys. Rev. D 54, 1514-1524 (1996).
arXiv:hep-th/9602136 [hep-th]

K. Goldstein et al, Phys.
arXiv:hep-th/0507096v3 [hep-th]

S. Panahiyan, S. Hendi, N. Riazi, Nucl. Phys. B 938, 388 (2019).
arXiv:1812.01454 [gr-qc]

T. Buscher, Phys. Lett. B 201, 466 (1988)

M. Henneaux et al., Ann. Phys. 322, 824-848 (2007).
arXiv:hep-th/0603185v2 [hep-th]

A. Anabalon, D. Astefanesei, C. Martinez, Phys. Rev. D 91 (2015).
arXiv:1407.3296v1 [hep-th]

A. Anabalén et al., J. High Energy Phys. 2016, 117 (2016).
arXiv:1511.08759v2 [hep-th]

K. Copsey, G.T. Horowitz, Phys. Rev. D 73, 024015 (2006).
arXiv:hep-th/0505278v3

G.T. Horowitz, D.L. Welch, Phys. Rev. D 49, R590 (1994).
arXiv:hep-th/9308077v1

Rev. D 72 (2005).


http://arxiv.org/abs/1312.3622v2
http://arxiv.org/abs/hep-th/9607108
http://arxiv.org/abs/0909.3852v2
http://arxiv.org/abs/hep-th/0611140v4
http://arxiv.org/abs/hep-th/0505190
http://arxiv.org/abs/hep-th/0105276v2
http://arxiv.org/abs/hep-th/0112119v2
http://arxiv.org/abs/1612.09279v2
http://arxiv.org/abs/1803.11317
http://arxiv.org/abs/hep-th/9109048
http://arxiv.org/abs/hep-th/9406216v2
http://arxiv.org/abs/gr-qc/9403028
http://arxiv.org/abs/hep-th/9710046v2
http://arxiv.org/abs/1307.6243v3
http://arxiv.org/abs/hep-th/9504019
http://arxiv.org/abs/1202.1296v1
http://arxiv.org/abs/1805.02668
http://arxiv.org/abs/hep-th/9401139v1
http://arxiv.org/abs/hep-th/9201059
http://arxiv.org/abs/hep-th/0412169v1
http://arxiv.org/abs/1405.6394
http://arxiv.org/abs/1305.3157v1
http://arxiv.org/abs/1310.3727v3
http://arxiv.org/abs/1107.5705
http://arxiv.org/abs/1407.7484v1
http://arxiv.org/abs/hep-th/0210016
http://arxiv.org/abs/hep-th/9602136
http://arxiv.org/abs/hep-th/0507096v3
http://arxiv.org/abs/1812.01454
http://arxiv.org/abs/hep-th/0603185v2
http://arxiv.org/abs/1407.3296v1
http://arxiv.org/abs/1511.08759v2
http://arxiv.org/abs/hep-th/0505278v3
http://arxiv.org/abs/hep-th/9308077v1

	New five-dimensional Bianchi type magnetically charged hairy topological black hole solutions in string theory
	Abstract 
	1 Introduction
	2 Low energy string effective action and one-loop β-functions
	3 Black hole solutions of equations of motion of low energy string theory in five dimensions
	3.1 Bianchi type I
	3.2 Bianchi type II
	3.3 Bianchi type III
	3.4 Bianchi type IV
	3.5 Bianchi type V
	3.6 Bianchi type VIh
	3.7 Bianchi type VIIh
	3.8 Bianchi type VIII
	3.9 Bianchi type IX

	4 Thermodynamic properties of the topological black hole solutions
	4.1 Bianchi types I and VII0
	4.2 Bianchi type II
	4.3 Bianchi type III
	4.4 Bianchi type V
	4.5 Bianchi type VI-1
	4.6 Bianchi type VIII
	4.7 Bianchi type IX
	4.8  Near-horizon, extremal and asymptotic limits of the solutions

	5 T-dual solutions of Bianchi type V black hole
	6 Conclusion
	Acknowledgements
	A Bianchi type classification
	B Effective potential
	References




