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Abstract In this paper, we present two new families of spa-
tially homogeneous black hole solution for z = 4 Hofava—
Lifshitz Gravity equations in (44-1) dimensions with general
coupling constant A and the especial case A = 1, consider-
ing B = —1/3. The three-dimensional horizons are con-
sidered to have Bianchi types /1 and /11 symmetries, and
hence the horizons are modeled on two types of Thurston
3-geometries, namely the Nil geometry and H? x R. Being
foliated by compact 3-manifolds, the horizons are neither
spherical, hyperbolic, nor toroidal, and therefore are not
of the previously studied topological black hole solutions
in Hofava-Lifshitz gravity. Using the Hamiltonian formal-
ism, we establish the conventional thermodynamics of the
solutions defining the mass and entropy of the black hole
solutions for several classes of solutions. It turned out that
for both horizon geometries the area term in the entropy
receives two non-logarithmic negative corrections propor-
tional to Horava—Lifshitz parameters. Also, we show that
choosing some proper set of parameters the solutions can
exhibit locally stable or unstable behavior.

1 Introduction
1.1 General considerations

The non-relativistic power counting renormalizable theory
of Hotava—Lifshitz gravity was proposed by Horava at the
Lifshitz point aimed at resolving the problems concerning
the ultraviolet behavior of Einstein gravity [1-3]. Hofava—
Lifshitz gravity explicitly breaks the Lorentz invariance and
restores Einstein’s general relativity at low-energy limits [4].
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This modified theory of gravity, which preserves spatial gen-
eral covariance and time reparametrization invariance, can
be regarded as a good candidate for presenting a quantum
field theory of gravity [5].

Hoftava-Lifshitz gravity has received growing interest and
a large number of studies have explored the implications
of this proposal in detail. For instance, the cosmological
solutions of Hotava-Lifshitz gravity have been studied in
[6-10], cosmological perturbation and the related properties
have been discussed in [11-18], and some other properties of
Hotava-Lifshitz gravity have been investigated in [19-22].
Particularly, much attention has been paid to black hole solu-
tions and their thermodynamics behavior in the framework of
Hotava-Lifshitz gravity [23—32]. In this context, for instance,
the quantum gravity effects by using Hotava—Lifshitz black
hole have been investigated in [33], phase transition and the
quasinormal modes of a massive scalar field in the back-
ground of a rotating Hofava AdS black hole was analyzed
in [34,35], and properties of the black hole solutions were
researched in [29,36-40].

The Hotava-Lifshitz solutions are usually classified by
the anisotropy degree between space and time, indicated
by the so-called z parameter. Particularly, the z = 3
case has attracted much attention for which the theory
is a non-relativistic renormalizable gravity model at short
distance, providing a candidate quantum field theory of
gravity in the UV [27]. Many works have been done in
z = 3 Hotava-Lifshitz gravity, such as black hole solutions
[23,26,28], Hawking radiation [38], thermodynamical prop-
erties [36,41], perturbation [15], and observational effects
[42]. Soon after intruding the original Hotfava—Lifshitz grav-
ity, the z = 4 Hotava—Lifshitz gravity was proposed in [27],
studied on (4 + 1) and (3 + 1) dimensions for instance in
[3,23,27,39,43]. Despite its importance, the z = 4 case has
been studied much less extensively than z = 3. One of the
main motivations to consider this case is its importance in
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(3 + 1) dimensions, where from the viewpoint of spectral
dimension, the z = 4 is favorable because of its consistency
with the results of lattice quantum gravity numerical simula-
tions [3,44]. On the other hand, in (4 4 1) dimensions, power
counting super renormalizability in UV region requires 7 = 4
[2]. Further discussions supporting z = 4 case have also been
presented [2,27,45].

In this work, we are going to consider z = 4 Hofava—
Lifshitz gravity in (4 4+ 1) dimensions, searching for new
topological black hole solutions. The topological black hole
solutions in Hotava—Lifshitz gravity were first found in [28].
So far, the horizon geometries of topological black hole solu-
tions in Hotava—Lifshitz theory in (4 4 1) and (34 1) dimen-
sions have been considered to be spherical, hyperbolic, or
flat, indicated by the constant scalar curvature of the hori-
zon, namely k = 1, —1, and 0. However, in (4 + 1) dimen-
sions the situation can be more extensive, where the event
horizon of a stationary black hole can be orientable compact
3-dimensional Riemann manifolds, which are required to be
endowed with a metric. Based on Thurston geometrization
conjecture [46], proved later by Perelman [47], the geometry
of such 3-manifolds is locally isometric to one of the eight
Thurston type geometries, including three isotropic constant
scalar curvature cases of spherical 3, Hyperbolic H3, and
Euclidean E3, product constant curvature types S° x R,
H? x R, and twisted product types of m, Solve geome-
try, and Nil geometry [46]. Except for S3 and E3, the other
Thurston type geometries are negatively curved spaces. All
of these model geometries admit homogeneous metrics and
show a close correspondence with the Bianchi types and
Kantowski—Sachs homogeneous models [48,49]. The homo-
geneous spacetimes, possessing a symmetry called the spatial
homogeneity [50], have been widely used in finding cosmo-
logical solution in the context of Einstein gravity [S1], string
theory [52-56], and Hofava—Lifshitz gravity theory [9,10].

Particularly interesting families of (4 4+ 1) dimensional
black hole solutions of some gravity theories have been
presented in the framework of Bianchi type spacetimes,
where the horizons are modeled by some of the Thurston
3-geometries [57-65]. These types of black holes are espe-
cially of interest in the context of AdS/CFT and holography
approaches, where the generators of the translational sym-
metry are generalized to Bianchi symmetries to avoid some
complications for theories in (3 + 1) dimensions [57,64].
So far, no black hole solution with Thurston horizon geome-
tries has been obtained for the Hotfava—Lifshitz gravity the-
ory. Thus, considering Hofava—Lifshitz gravity as a candidate
quantum gravity theory and the importance of investigating
AdS/CFT correspondence in the framework of this theory
[66,67], it is interesting to find black hole solutions with
special Thurston type horizon geometries for (4 4 1) dimen-
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sional Horava—Lifshitz gravity, for which the power counting
super renormalizability requires z = 4.

In this paper, we are interested in spatially homogeneous
black hole solutions for z = 4 Hotava-Lifshitz gravity on
(4+1) dimensional spacetimes, where the three-dimensional
horizons are particularly assumed to be homogeneous spaces
corresponding to Bianchi types /1 and I/1 with closed
geometries of Nil and H? x R, respectively. These negatively
curved homogeneous geometries are non-trivial in the sense
that they are not constant scalar curvature type geometries
that have been extensively studied in previous topological
black hole solutions in Hofava—Lifshitz gravity.

The paper is organized as follows: In Sect. 2, a review
on Hofava-Lifshitz gravity and its action for z = 4 case
in (4 4+ 1) dimensions is presented. In Sect. 3, we obtain
topological black hole solution for the equations of motion
of z = 4 Horava-Lifshitz gravity on (4 + 1) dimensional
spacetimes, whose horizons corresponding to the Bianchi
types 11 and 111 homogeneous spaces, have Nil geometry
and H? x R geometry, respectively. Then, the thermodynamic
behavior of the solutions is investigated in Sect. 4. Finally,
some concluding remarks are presented in Sect. 5.

2 Brief review on Horava-Lifshitz gravity

In this section, we present some introductory remarks on
z = 4 Hotava-Lifshitz gravity [1,2,27]. On (D + 1) dimen-
sional spacetime, the ADM metric decomposition can be
considered as follows

dS* = —N2dr* 4 gij(dx" — N'dr)(dx/ — Ndr), .

i,j=1,...,D, W
where N, N, and gij are, respectively, the lapse function,
shift function, and spatial metric. The Hotava gravity mod-
els exhibit an anisotropic time and space scaling invariance,
given by
x> Xt = [, 2)
where the dynamical critical exponent z indicates the degree
of anisotropy between space and time. Under this transfor-
mation g;; and N are invariant, but N I is scaled as N' —
I'=* N In the inverse spatial length units, the dimensions of
time and space in the Hotfava-Lifshitz gravity are [t] = —z,
[x] = —1, [c] = z — 1, at the fixed point with Lifshitz
index z. The Horava—Lifshitz gravity in z = 1 case yields the
familiar general relativity in the IR limit. In the UV region,
renormalizability of Horava—Lifshitz theory requires differ-
ent values of z, where the theory becomes power-counting
renormalizable with zyy = D, and super-renormalizable
with zyy > D.
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The simplest kinetic for Hofava—Lifshitz gravity is given
by [1,2,27]

2 .
Sk = —Z/dthx@N(K,-jK” —AK?), 3)
K
where g is determinant of the D-dimensional metric g;;, and
L.
Kij = ﬁ(gij — ViNj —V;N;), “

is the extrinsic curvature associated with the spatial met-
ric, K = g K; ;j 1s its trace, « is a coupling constant with
the scaling dimension at the fixed point [«] = % that is
dimensionless in D = z = 4 case, and X is a dimensionless
parameter. Particularly, the 1 = 1 restores the kinetic term
of Einstein’s theory.

The potential term, which satisfies the so-called “detailed
balance condition”, is given by [1,2]

2
Sy = % / dtdPx JgNEY Gl EM, )
where

1 ~ ~ A
Gijil = E(gikgjl + &ilgjk) — Agik&jl, A= D1’ (6)

is the inverse of DeWitt supermetric, defined by G'/* =
J(g™ g +g""gi%) — g™ gI! where Gijn G = (858 +
8! 8’1‘. ). Also, E'/ coming from the D-dimensional relativistic
action [1,2]

Ei — L‘SWD[gkl], )

N

is the detailed balance condition, which establishes the con-
nection between D-dimensional system described by the
action Wp to a (D + 1) dimensional system described by
the action Sx — Sy. A theory with spatial isotropy would
require Wp to be the action of relativistic theory in Euclidean
signature.

2.1 Action for z = 4 Horava—Lifshitz gravity in (4 4+ 1)
dimensions

In this paper, our focus will be on z = 4 Hotava—Lifshitz
gravity in (4+ 1) dimensional spacetimes, where the theory is
power-counting renormalizable. In this case, 4-dimensional
relativistic Lagrangian is given in the following general form
[2,27]

W—l
e

1o, 3 )
—l—M/d x@(Rin’f+ﬁR )

in which ky,, Aw, M, and 8 are coupling constants and R;;
and R are the Ricci tensor and Ricci scalar, respectively.
Noting that the Gauss-Bonnet combination is a topological

d*x /g (R —2Aw)
(®)

invariant in four dimensions, the second term in (8) includes
the most general form of curvature square contribution. Now,
according to (7), E is given by

y 1. y 1 ..
EY = —— (G + Awg")y — —LY, 9
k%}( + Awg) i &)

where
Gl = Ri — %gin, (10)

L = (1+28)(g"v? — VIVHR + V2GH

. . o . 11

+ 28R (RU — lg” R> +2 <lejn - 1g” Rm”) Ryn. ( )
4 4

Then, combining the kinetic and potential terms, the z = 4

Hotava-Lifshitz gravity in (4 4+ 1) dimensions is given by

the following Lagrangian [27,68]

L=Ly+L, (12)
2, K2(AwR —24%)
= (KUK —aAK2) ¥ W
Lo = JgN <K2 (K Kij — 1K >+ W ) (13)
2/ . 2 .
2 [T
+mAwL+ WL Lij
(L 2L 1,
_A<W—M(R—4AW)+%R>), (14)
in which
L =2(1+38)V’R. (15)

In order to restore general relativity in the IR region, the
relations between the effective couplings and the speed of
light ¢, Newton coupling G, and the effective cosmological
constant A are emerged as

K> A K%c

w
e Ty 16
¢ RVT—4 VT 3 v (16)

Then, in IR region, the A = 1 case gives rise to general
relativity, provided that the A,, takes negative value to have
a well-defined c. Then, with negative Ay, reality of physical
parameters in (16) needs A > }1.

3 Topological (4 + 1) dimensional black hole solutions
for z = 4 Horava-Lifshitz gravity

We are looking for black hole solutions of z = 4 Hofava—
Lifshitz gravity equations of motion on (4 4 1) dimensional
spacetime, where the r and ¢ constant hypersurfaces will be
assumed to be given by homogeneous spaces correspond-
ing to Bianchi types /1 and I11. There is a correspondence
between geometries of Bianchi type /7 and /1] symmetric
spaces and the Thurston type Nil and H? x R geometries [46],
respectively, where H? denotes two-dimensional hyperbolic

@ Springer
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space. The former space is a twisted product manifold while
the latter one is a product of constant curvature manifolds.

Setting N’ = 0 in (1), we start with the following metric
ansatz

r2

ds® = —(N(r))* f (r)di* + m + gup(r)o®c” 7)

where o = 1, 2, 3, and the o ¢ are left invariant 1-form basis
of Bianchi types, given by [52,69]

—x'dx®, o?=dx’, o’ =dx', (18)

02 =dx?, o3 =" dxd, (19)

Il1: o' =dx?
II1: o! =dx1,

As long as the metric coefficients are independent of x', the
metric will be automatically invariant under the Bianchi type
isometrics [57,69]. The horizons for these topological black
holes are negatively curved spaces that can not be described
by Einstein spaces metric, i.e. Ryg = kgug.

Itis difficult to obtain solutions for the general value of § in
(12). We will restrict our attention to special value § = —%.
Following the method of [26,28], we will obtain the solutions
by substituting the metric ansatz into the Hotava—Lifshitz
action with the Lagrangian (12).

3.1 Solution in Bianchi type II
In this Bianchi type, noting (17) and (18), the metric ansatz
can be considered as follows

2 1, 3)\?
ds* = —(N(r)* f (r)dt* + m +ar" (dx? - x'dx?)

+br <<dx1)2 + (dx3) ) , (20)

where n, m, a and b are constants. The a and b constants
introduce eventual additional scales. The components of R;;,
R, K;j, and L;; for this case are presented in Appendix A,
considering 8 = —%. It is quite difficult to find the exact
solution for general values of n and m. Interestingly, setting
m = n leaves only the two derivative terms in the Hofava—
Lifshitz action'

4r*aN L / -2
/dtdx b%kz (72b4M2 (3b Mn (—f r+ Zf)r
—44a?k%r =" + 33b*Mar™")

1

— (Gn—4)r—2)abPnri2
T @ yabinr22f

( (3n

! Tt is worth mentioning that for black hole solutions with Nil geometry
horizon the requirement of metric of type (20) to admit an additional
isometry corresponding to Lifshitz scale invariance, constraints the n
and m constants to n = 2m [57,60]. In this work, we will consider
only the 3-isometries of Bianchi types, letting n = m. However, if the
Lifshitz scaling invariance on the horizon is the case of interest with

. . . n
m = n, it can be admitted by setting a = ,/rg".

@ Springer

+3 (3n2 4 —1) — 6n) bpAn2r3n=4 2

3 ((SAf — 20— 1)) n— 8Af> bhnr3n=2
13b* 2 Bn — 4+ 40 23 f
TrT 2 (a Qr+ 1)+ 12Ab4r”)

LG =110 a* 5 +16r2"p* A% + 4r’3b2Aa)),
2D

where prim, here and hereafter, stands for derivative with
respect to r. Variation of this action with respect to f(r)
gives the following equation of motion
4In(N)' (= 3ab*M 21 + D) r* ™" + 4 (41 —

+96*M (—n Bn —4+41) f+2nf (L — Dr —24r%))

+ 187~ fnb*M (3n* + 6 (1 —22)n — 8 + 81)

—8a% (4x — 1) (n — 2) k2 r 2"+

—6b*M (2h —S)n +4r +2)ar !

+360*Mnf Gn—4 h—D+2(m(A—1) f"

+ A —=2)r)=0.

1 ) kia2r72n+2

(22)

Also, the equation of motion of N (r) function can be read
easily from the action (21).

In order to guarantee the existence of black hole solutions
which are not necessarily extremal, we impose the boundary
conditions at the event horizon with f(rg) = 0, f'(rg) #
0, and finite lapse function N (rg), where the subscript H,
here and in what follows, denotes quantities evaluated at the
horizon. Then, the equations of motions yield the following
conditions on the horizon

|:4ln(N)/( _ 3ab2M (2)L + 1) ,,Z—n +4(4)L _ l)kiazr_2”+2

T+ optm (2nf’ h—1)r— 2Ar2) )
—8a® (41 — 1) (n — 2) k2, r 2]
—6b2M (2% — 5)n + 4% +2)ar " T!
+36b*M(nf Gn—4)(h— 1)

(23)

2 =1 "+ A — 2))r)] =0,
r=rg

a*r 2 4 /-1 2,2 -2 2
[ (—3b Mnf'r~! — 44022 72" + 33p Mar*")

724 M2
—37% @A+ 1)
+ 124642 + (=112 + 3)a*r ™3

_ 4 3p-2
)nb nr2 (24)

3 n
+16r2"p* A% +4r?b2Aa)] =0.

r=ryg

It is worth mentioning that the negative Ricci scalar of the
horizon in this Bianchi type is R®) = — =% Accordingly,
H

2b%r
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we define the following parameter for further uses
a
T
Now, solving the equations of motion, we find the follow-
ing three classes of solutions:

(25)

o=

e For special case . = 1 we obtain the following solutions

N(r) = Norz 7!, (26)
4r2A 277 "q 16 azkﬁ)rz('_”)

fO="3 "3 Y9 w2
1 P2
5 <9nb8M2 (9C1nb® + 16a* In (r))
1
2
+256 (3b*M — 2%k r ") af’kir—"> : 27

in which the Ny and C; are integrating constants. This
set of solutions satisfies the boundary conditions (23) and

(24), using f(ry) = 0.

When the conditions (16) hold, general relativity in the
IR region can be recovered in the A = 1 case, at M — oo
limit, noting (8) and (9). Black hole solutions in the presence
of a negative cosmological constant with Nil geometry hori-
zon have been obtained for general relativity in [57,60,64],
however with different values for the m and n constants in
the metric (20), as a consequence of applying generalized
Lifshitz scaling invariance on the metric. Here, the obtained
solution for f(r) function with considering only the Bianchi
symmetry and setting m = n in metric (20), recasts the fol-
lowing form when M — oo

4 A 277
fO="3% "3
Lr2 3,8 4 2
- gb—4 <9C1I’l b + 16a™ In (r)) ,
(28)

which compared to the solutions of [57,60] contains an extra
logarithmic term, even with n = 2. However, it is worth
mentioning that (28) may remind the Nil geometry solutions
with intermediate scaling obtained in [64], which contains
logarithmic function at the boundary.

e When A is allowed to have any value, in the special case
of n = 2 we obtain

N(r) = No, (29)

C
F)=-2 4+ 2L (30)
6 r

where C; and C, are integrating constants. Cy is actu-
ally the cosmological constant redefined up to a factor.

These two functions satisfy the boundary conditions on
the horizon, given by (23) and (24).

Also, another class of solution can be obtained for general
values of n and A as follows

N(r) = No, (3D
4r2A 273 "g 16 (xzkirz(l_")
fy=—2Cp SR
3 n 3 n 9 Mn 32)
— C1r®' + Cor*?,
in which

3 3
s1=—Z(n—2)—ﬁ, szz—z(n—2)+f,
(33)

and

3n+2)20—21n2+12n—4
u=( ) (34)
16(L — 1)

The solutions (31) and (32) are consistent with the bound-
ary conditions on the horizon. Reminding the A > ‘l‘
condition required by reality of the speed of light in
(16), we will also exclude the values of A in the range
of ]l < A < %, for which u is negative. Here,
similar to the solutions presented in [29], there are two
branches in (32). It is easy to find that s; is negative for

any values of n and A, but s can have different signs.

21n2—12n+4
(3n+2)*

of r in C1-dependent term is negative and in the range of

(%(2 —n), —%n + 1), while for C,-dependent term the
power of r is in the range of (%(2 —n), 2), which can
be either positive or negative, but still less than 2. Also,
with n > 2, for le < A < 1 the power of Ci-dependent
term is again negative, while for C»-dependent term the
power is larger than 2. On the other hand, for n < 2, s;
is again negative for any values of A but s;, being pos-
itive, is less then 2 as }1 < A < 1 and larger than 2 in

21n—12n+4
> (Bn+2)? )
large distance suggests that the solution can have asymp-

totic behavior of AdS spacetime . But, in the cases that
the C»-dependent term, having the power of r larger than
2, is dominant at the large distances, the solutions may
not have clear physical meaning [29]. Considering this
point, to investigate the thermodynamic behavior of this
family of solutions we consider the following two cases:

Practically, with n > 2, for A > the power

range. Dominance of Ar?termin (32) at

(1) Whenn and A are primarily independent and arbitrary
parameters, from the asymptotic behavior point of
view, similar to the solutions presented in [29] that
only the negative branch solutions were selected, we

@ Springer
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will focus only on the C;-dependent term which has
negative power of r for any values of A and n.?

(ii) Another special case appears if, keeping the A param-
eter general, the following relation between A and n

holds
3nn-—2)

=-——+41. 35
4 3n—-2 + (35)

It leads to s, = O for n > 2, where f(r) function
recasts the following form?

4r2A  2r% g
Fo)=-2

3n2 3 n2
+Cy— iy,

16r2(1*”)a2k3j
9Mn?

(36)

where the A term is dominant at large r because the
exponents of the other terms are negative. Withn = 2,
which according to (35) is accompanied with A = 1,
the f(r) function turns into that of (4 + 1) dimen-
sional black hole solution in z = 4 Horava—Lifshitz
gravity with spherical, flat and hyperbolic horizons
for A = 1 case, presented in [43], where the ther-
modynamic behavior of solutions has been also dis-
cussed. Hence, we will restrict our attention in this
caseonn > 2.

Itis worth adding a remark on the asymptotic isometries of
the considered classes of solutions with Nil geometry horizon
for A = 1 and general A. In general, the obtained metrics at
r — 00 contain a generalized dilatation generator whose
action on the coordinates is given as following

t—pt,r— p ir x! —>p%x1,x2—>,o"x2, x3—>p%x3, (37)
with constant p, using a scaling in the constant a of metric.
Note that for n = 2, there is only one anisotropic direction
x2, similar to the Nil horizon black hole solution for general
relativity obtained in [60], while for general values of n, or
equivalently the general values of A, the anisotropy appears

in all x' directions.

3.2 Solutions in Bianchi type III

In this Bianchi type, noting (17) and (19), we can have the
following metric ansatz

2 However, as we will see in the following, a well-defined mass in
the Hamiltonian approach needs n = 0, which practically leaves no
difference between C| and C>-dependent terms in (32).

3 Similarly, for n < 2 we have s; = 0, leading to the last two terms in
f(r) in the form of —Cy + Czr%”_3.

@ Springer

ds* = —(N(r)* f(r)de® + ar
fr)
+ar" ((dx1)2 + 2! (dx3)2> + b (dx)?,
(38)

where n, m, a and b are constants. The components of R;;,
R, K;j, and L;; for this case are presented in Appendix A.
Particularly, setting m = n and substituting the metric into
the action gives

I = /dtdx4m[r_2 6a® fMnr=—% = 3a*>Mn f'r—!
kw2M2a3 | 72
3
32k2, (41 — 1)
3n+2)a M2 f —dna® M 2r + Dr— f/

13M2 22t (—3n2 + 41+ 6n — 4)

+12aMr™" — 4k2 r =2 — (4n(4x

—3n2a* F'M*" 3 F Bn — 4+ 40)
3nat M2 ((x —Onf?—8Af(n— 1))

—4a2M2<(—4A +2)r "
+aA (4+a(3f’r”71n —|—4r”A)) ))] 39)

Variation of this action with respectto f (r) gives the equation
of motion as follows

%Mmﬂ"a2 G= 1) (20772 + 1/ Gn =4y r +4f)
- ln(N)/(% (4x +3n — 4 na’ M fr2m+!
—Mf'a’n (n — 1) r2" 2 4 %Ma QA+ 1) 31"
+2AMPP 3% — g @x — D ky?r?)
—%aM (21 —5)n 4 4x +2) 2t
—é (n—2)(@4r — Dky2r> +a’MA (n —2) r?+?
+§n <n2 T 2—4) n) a2 fMr?" =0, (40)
where the equation of motion of N () can be easily read of the
action. Also, on the horizon, with the conditions f(rg) = 0

and f'(rg) # 0 and finite lapse function N (rg), we should
have

1
|:§Mnr2"a2 r—=1 (Zf’/r2 + 1 Gn—4) r)
. 2
—In(N) (= M f'a*n (A—1) r2"+2+§Ma A + 1) 317

2
+2AMP 0% — 5 @r — 1) ky?r?)
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1
— 5 (=2 W = Dkr? + @ MA (n = 2)r

1
— 3aM (2% = S)n+ 40 +2) r2+":| =0, 41)

r=ry

1
[g ‘a*Mn( = 3r*"Mna® ' (. — 1) + 12" M a? M A

2
+4aM x4+ 1)t — gszr 4r—1))

2
+ §r2kw2 (4r — 1) (3r—"aM — r_2"kw2)

+ a* M2 <2r2”azA2 +2r'*a A — 21 + 1) :| =0.
r=rgy

(42)

The horizon geometry of the black hole solutions with
Bianchi type /11 with metric (38) is equivalent to H> x R,
and the negative Ricci scalar of the horizon is R = — ﬁ
For further uses, we define the parameter « in this Bianchi

type by

o= —. 43)

a

Now, solving the equations of motion we obtain the following
classes of solutions:

e For the special case A = 1, we obtain

N(r) = Nor2~!, (44)
£ 4r2A 2% Mg n 1 rz(l_")szo{2
r)=——— —— —
3 n? 3 n? 9 Mn?

1 r—n+2
9 n2M

(9M2n <9C1n3 +41n(r) a2>
1

2
203k 2" (12M - kir—"a) ) . @5)

which are consistent with the boundary conditions (41)
and (42), without any extra condition on the constants.
Similar to the solutions with Nil geometry horizon (27),
even at M — oo, the obtained f (r) function for metric
(38) with m = n, contains logarithmic function that has
not appeared in the other solutions with H2 x R geometry
horizon, where apart from the 3-isometries of Bianchi
type 111, the metric was required to be invariant Lifshitz
generalized transformations imposing n = 0 [58].

e When A is allowed to have general values, with n = 2
we find the solutions

N(r) = No. (46)

c
fr) = —% +Cor? — r—zl 47)

e Also, for the general value of A and n we obtain the solu-

tions
N(r) = No, (48)
4r2A 273 "g 1 rz(l_")szot2
f)==3"F =35 +3 !
n 3 n 9 Mn
—C17' + Cor®?, (49)

where the s; and s> constants are again given by (33).
Here, similar to what we had in the Bianchi type /1 solu-
tions given by (31) and (32), we will highlight two cases.
First, when the n and A are independent, we will focus
on the Cq-dependent term. In the second case, imposing
the special relation (35) between A and n, we obtain the
f (r) function in the following form

4r2A 25 g 1 p20mmg 22
=3 3 Ty
3 n 3 n 9 Mn (50)
+ C2 _ r*%n+3cl’

in which no inconsistency arises in presence of C»-term.

The obtained solutions in all three classesof A = 1,n =2
and general A for Bianchi types /1 and /1] are seemed to
resemble each other closely. The thermodynamic behavior
of the solutions will be studied in the following, where we
can compare the physical behaviors. It is worth mentioning
that, the solutions in these two Bianchi type classes are not of
the constant curvature type with Ryg = kgug, and the Ricci
scalar of the horizon is a function of the radius of the hori-
zon. However, the o parameters, defined by o = —R(3)r1'fl,
appeared in the solutions somehow similar to the k parameter
of the topological black hole solutions with constant curva-
ture horizons [26-30].

All group of solutions obtained for H2 x R horizon geom-
etry with general A and A = 1 are asymptotically invariant
under the following Lifshitz generalized transformations

t—>pt,r—>,o_1r,x1—>xl,x

(D

with constant p, if one uses the scaling of a. Accordingly,
for n = 2 the solutions are asymptotically isotropic, while
for general values of n, or equivalently general values of A,
the anisotropy appears in x? direction.

4 Thermodynamic properties of the black hole solutions
In this section we are going to establish the thermodynamic

of the obtained solutions, using the canonical Hamilton for-
mulation, where noting the metric (17), the Euclidean con-
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tinuation of the action is given by [29]
Ip = /dtdx4 (nffgi,- —JfNH - NfH,-) +B, (52

in which B denotes the boundary term. In our cases N’ = 0
and we have

oo
IE=—,B[2f drN'H + B, (53)
r+
where f is the period of Euclidean time, £2 = f olxo?xo3
denotes the volume of 3-dimensional closed space, and r
is the radius of the black hole outer horizon defined by the
largest root of f(r) = 0. For static black holes, the constraint
‘H = 0 is required to be satisfied and then the Euclidean

action reduces to the boundary term B. Namely, for the on-
shell solutions we have

Ig=B=B|xw—B|, . (54)

In fact, supplementing the action with boundary term ensures
obtaining a well-defined variational principle on these non-
asymptotically flat space-times.

Regularity of Euclidean black hole solution requires the
time period f to follow the following relation [27,29]

BN(@) f'() |r, = 4, (55)

which yields the temperature of the black hole by

T = l (56)
p

Also, the relation between Euclidean action and free energy
F,

Ig =BF,=Bm—3S, (57)

can be used to obtain the mass m and entropy S of the black
hole solutions.

4.1 Thermodynamics of Bianchi type /7 black hole
solutions with Nil geometry horizon

There is a correspondence between the geometry of Bianchi
type I1 spaces and Thurston’s Nil geometry and Heisenberg
group, whose isotropy groups are SO (2) and e, respectively
[49]. We have found the black hole solutions in this Bianchi
type in Sect. 3.1, represented in terms of the Hotava—Lifshitz
constants «, k,,, M, A, and the horizon curvature constant
related parameter @ = 2“?. The area of the horizon for this
Bianchi type solutions is

3n

Ay = 2ab*r? Q2. (58)

We would like to investigate thermodynamic of the solutions
using a redefinition of the f(r) function in terms of a new
function F(r), similar to the procedure employed in [29].

@ Springer

For instance, with the obtained solutions for A = 1 (27) and

general X (32) in mind, defining

16r20 = g2k2
9OMn?

4r2A 277 g
3 n? 3 n?

fr) =~

- F(r),
(59)

the Euclidean action takes the following considerably sim-
plified form

320k’ BR2
32k M? (41 — 1)
T+ dh 4 6n —4) +n2FPME (L — 1) r?

Ig dtdrNr37ﬂ_4 |:F2M2nz(—3n2

32
+ S—Iazr“*“" (4r — 1) (2560°k? + M(—96r"ak?,

+9Mr®M) — rn®?M*FF' (3n — 4 + 4)) } + B.
(60)

To have a well-defined variation principle the variation of the
boundary term B should have the following form

8B = 8B — 8B,
3V2ab 282 . 5.
= @ T NG44 F
w

=2r (A — 1) F))§F] 61)

o0
ry :
To evaluate this variation on the boundary at the horizon, we
will use the following identity for the variation of F [70]

SF |, = (8—F) (61, 62)
of ).,
where
d
6/, + <d—’:) Sre =0, (63)
leads to

__(?F\ (4 _ (Y
o = _( af)r+(dr>r+5” B (m),f”' v

4.1.1 The . =1 case

In this case, the equations of motion of (60) gives N (r) and
F(r) in agreement with (26) and (27), and we have

2 8172 3,8 4
F(r) = 5 (Onb*M (9¢1n*p* + 16a* n (1)
1
+256 (36*M — 24727 ) k)T, (65)

The constant Ny in the lapse function (26) can be removed by
a time redefinition and hence it is not a physical parameter.
Also, the mass m and Ny are a conjugate pair, where Ny
should be kept fixed while m is being varied [29]. The only
solution parameter that will be varied here is the C; constant,
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which is related to the physical parameter mass. Using (65),
at the boundary at infinity we have

3 2a Brc*n3b?
Boo = ——F+———
64k3

and on the horizon, using (64), the variation of the boundary
term is given by

V2amic*nbr
OBr = = mk
w

FOAMrL" +3Ma)ry 2" ory. (67)

2NyéCy, (66)

( — Sazklzvm_ -

Also, using (55) and (56), temperature in this class of solu-
tions is given by
3
. N()r_f_n
"~ 3nMn
+12r "M = 3M?A (21 A + @) )

(44 <8r;"otk120 - 3M> Kot

-1
x (6r2" AM — 8a®k2 +3Mria) . (68)

Here, we can calculate the entropy either by using the § B
and free energy or by using the first law of thermodynamics
(assuming its validity) S = f ! %’idm + So, where Sp is
an integrating constant.* Either way, we get

S2ab2c3 3 n _n
S = ﬁ <2AMri" +3aMrl + 8a2k5r+2> 2+ 5.

(69)

The first term is proportional to the area of the horizon. The
entropy does not contain logarithmic correction term that is
common in (3 4+ 1) dimensional Hotava—Lifshitz black hole
solutions, but still diverges at r4 — 0. The first two terms
in the entropy resemble the entropy of (4 + 1) dimensional
black hole solutions with spherical and hyperbolic horizon
[27,43]. Here, for non-constant scalar curvature horizon with
Nil geometry, the entropy included also the Horava—Lifshitz
paramleter ky dependent term which is actually proportional
oA,

Also, using (16), the mass recasts the following form in
terms of the radius of horizon r

2.3
m = —%(17@;”’0{41@4 — 1202 In (ry) nM?
—132r "M ky? + 3AM?r " A+ @) +mg,  (70)

where my is an integrating constant. To investigate the local
stability of the solutions we can consider the heat capacity,
which using the mass and temperature is given by

_Bm
AT

4 The Sp is an additive integrating constant that cannot be fixed using
the first law of thermodynamics [71]. However, in some cases it can be
selected appropriately based on some physical remarks [29].

3
2" 3 2
ri c>A/2ab“$2 2
= _+24M7GA <6r 420 AM — 8aky? + 3Mr_'{_a>

1 88 _ _
X ( — Eu_"AZMZ + a(?r+3"a3kw4 — llazkir+an

! 7
+r " MPa - ZAMZ» (gM (17634 — 13m) it

5
M2 (M = 11263 4) 3 + SAMPP T (15M

—16k5 A) +r" A2 MPa + 13 A3 M3

+%6a5kg (3m = 4r5"ak? ) >‘—1 (71)
It is not straightforward to use the heat capacity (71) in
its general form to determine whether this black hole solu-
tion is thermodynamic stable or not. We would like, though,
to provide some examples choosing particular set of val-
ues for the constants. For instance, with {n = 3, A =
—1/4,ky = M = o = b = 1} the positive definiteness
of temperature demands r; = 1.55, where the heat capac-
ity is always positive. On the other hand, for example with
fn =3M=1/3,ky =1/2,A = =01, = b = 1},
temperature is positive definite between 1.54 < r; < 1.68,
where the heat capacity starting from zero, is positive until a
divergent point at r ~ 1.6 and then negatively approaches
zero at the upper bound of . Hence, similar to the other
black hole solutions of Horava-Lifshitz gravity [29], depend-
ing on the values of parameters, this class of solutions can
exhibit locally stable or non-stable behaviors.

As it has been mentioned before, in the A = 1 case
Hotava-Lifshitz gravity can reduce to general relativity.
Black hole solutions for vacuum Einstein field equations with
Nil geometry horizon have been obtained in [57,60], where
suitable parameters have been selected to provide a horizon
metric admitting additional isometry corresponding to Lif-
shitz scale invariance and hyperscaling violation. Although
we have considered only the 3-isometries of Bianchi types
to obtain the solutions, the horizon metric in (20) can be
rewritten in the form of the Lifshitz scale invariant met-

ric given in [57], by setting a = rJ:Z, or equivalently
o= %riA (4p — 3) in which for further simplicity we set
b = ENETE=Th where p is a constant. In this case, as

M — oo the obtained thermodynamic quantities for A = 1
solutions behave similar to the general relativity solutions
with

S5n
3.2 3 10 n
m:C V+ Q’ SzﬁAh’ T—=—— —3A(3 - 4’p)r_~2_3
Grm G 3mp

(72)

_ 3 2n S
where A; = AT+ and Ny has been eliminated
by arescaling in time. The entropy in this limit, being propo-
sitional to the area of horizon, is in the form of Bekenstein—
Hawking entropy. However, despite the Nil geometry solu-
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tions with hyperscaling violation [60], the entropy is positive
with positive 7.

4.1.2 A non-Einstein case: general A and n =2

To investigate the thermodynamic behavior of this class of
solutions, given by (29) and (30), noting that the C> constant
in (30) can be removed by a rescaling of r, we define the new
function F(r) by

for) = —% + Cor® — F(r), (73)

which yields the action
K /512 o’ 2.3
/
IE = g 20b N,B.Q/dtdr(— 9]\4—2}"5(3kwr MF
— 6r2k, MF — 3M*r* + 32r%k,,*a M — 88k, a”)
n 1
8(4r—1)
+6r (rF' +2F) (3Cy + A)

(3(,\ 1 (F’zr + 4F2r*1)

—6Qr+1)FF —4r3(3Cy + A)2>> + B,
(74)
whose equation of motion gives
F(r)=Cir 2, N=Np. (75)

From the variation of (74), we find that the variation of the
boundary term B should be given by

3v2ab?N 2«2 B

:_W[(Mr(A—I)F —MQrA+1)F

2.2
e 1y \sF >
9r2 ’

r+

+2M (A +3Cy) —

(76)
On the horizon using f(r4+) = 0 and (64) we obtain
—b*k*2an 2
5By, = ——5—— L (SAM (A —4Cy (h+ D)t
1872 MK4 (4. — 1)
+3a @3 — 1) (31 M — 8ak,?) )srs, (77)
and at infinity we have
3Bk2b*2a 82
1) =———F—"—— (A +3C2) NoéC;. 78
0 4kw4(4k—l)( 2) NodCy (78)

Removing the variations from this kind of equations to
obtain the mass and entropy needs boundary conditions to
be imposed [72,73].% In particular, it requires C, to be func-

5 In fact, it was first observed in AdS context in [72] that for Einstein-
Scalar models with scalar filed ¢ = % + g the integrability of energy in
Hamiltonian formalism, which contains §Qg = [ Béad2 + ... term,
forces the coefficients in the asymptotic expansion of the scalar field «
and B to be functionally related.

@ Springer

tionally related to C;. We will take advantageous of the first
law of thermodynamics to determine this functional relation.

The temperature of the black hole can be computed using
Euclidean regularity, which gives

T 1R2ary

(12622 — ). (79)
The first law of thermodynamics
dm =TdS, (80)

is then satisfied if the C, constant takes one of the following
forms

o (3Mr_5_2 — 8ak120)

CCX — ,
2 18Mry4

, = 1)

o
12r3
which also gives the relation between C; and C» using
f(r+) = 0. The first expression, being denoted by the “ex”
symbol that here and hereafter stands for the extremal case,
coincides with the determined C; by the condition of degen-
erate horizon f(r) = f/(r) = 0. Generally, the C, parame-
ters in (81) are accompanied by the following C expression,
respectively,

ocr_%_ . 41(120012
2 T T Tom

ex __

o — (82)

Considering these points, the extremal radius of horizon is
given by

ex 4/ 3aMk,, (83)
r =
* 3M

Now, performing the integrals, the mass and entropy are
obtained as follows

_ S VaNe@ (Mria (3M — 3242 A)l 4
= Seacmaz Mrie (MR menrt
2.6 22,2 3200k
+3AM ] + R2aky,Mry — ) + mo,
\/20[[726‘39 3 2 2 -1
S = “SMAC (2MAr+ +3Mary + 8k ry ) =+ So.
(85)
Also, the heat capacity is given by
c_ b2t (3Mri — 16aky)
24MG A ry (Mry — 16ak2)
X (6MriA +3Mrila — 8k5,ot2) .
(86)

Evidently, the thermodynamic behavior is independent of the
value of A. Generally, the heat capacity vanishes when r
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equals to one of the following radii

2 16ak2
3IM 87)
3=~ (3M F 1920403 + 9M2 ).
’ 12M A bt
and diverges when
re=3ri=r (88)

Temperature is positive definite for r > r| and ry is actu-
ally the extremal point indicated by (83). Obviously, the heat
capacity divergent point 74 is in the positive temperature
range of . But for the zero points r, and r3, depending on
the values of parameters, we can have different situations:

(i) If a set of parameters is selected for which
192AMK2 +9M? < 0, there are no real r; and r3 and
the solutions at ¥y > r| range are stable until 74 = ry
and then become unstable.®

On the other hand, if 192AMk2 +9M? > 0, the r, and
r3 are both real. Then,

(i1) If one selects a set of parameters for which r; < r; <
r4 < r3, then the solutions are unstable inr; < ry < ry4,
stable after the divergent point r4 in r4 < r4 < r3 range,
and then become unstable.”

(iii) If a set of parameters is selected to have rp, < 7] <13 <
ra4,the solutions with 7 > Qareunstableasr; < ry < r3,
stable as r3 < r4 < r4, and then become unstable.’

4.1.3 Non-Einstein case: general A

When the Hotava-Lifshitz coupling constant A is allowed to
have any value, the black hole solutions with Nil geometry
horizon have been obtained as given by (31) and (32). As we
have mentioned earlier, we intend to consider two cases in
this class of solutions. First, in the most general case when n
and A have general and primarily independent values, noting
the asymptotic behavior of metric, similar to the solutions
obtained in [29], our emphasis is on the negative power of
r branch in (32), indicated by C| term. The second case is
when there is a special relation of type (35) between A and
n, which leaded to f(r) function of the form (36).

In the first category, for which only the C| termin the f ()
function (36) is present, to investigate the thermodynamics
in Hamiltonian formalism we consider the F(r) function

=1}
7 For example with {A = —0.1, M =4k, =a = 1}.
8 For example with {A = f%, M = %,kw =0.6,a =1}.

6 For example with {A = 7%, M = %,kw = %,a

defined by (59), where the Euclidean action takes the form
of (60), and the solution for its equations of motion gives

F(r)=Cir®, N = Ny, s:—%(n—Q)—\/_, (89)

where 1 is given by (34). Noting the variation of the boundary
term of Euclidean action, given by (61), it is easy to find that
a definite and non-vanishing § B, demands

3
25+ 50 -3=0, (90)

which, practically, relates the n constant in metric to the A
parameter by

L 2?1+ 4 oD
4 12n+4°

This is, on the other hand, equivalent to . = 0, which prac-

tically leaves no difference between C; and C, dependent

terms in (60). Applying this condition we get

3Bk2n3b* Ny 3n +2)
§Boo = V2aC18C 22, 92
> 32(5n — 2) K4, o ©2)
2amnb*c®> (3n +2
5B, = — arnbk” ( n—: )(_ 8r+72"052k5)
12M (5n — 2) ky, (93)
%n—l

+6AM +3r"aM)ri 2.

Also, temperature of this black hole solution is given by

Nory. 2,2 -2
T = iy Baky 2 =5myr™
+3aM (n—2)r;" —6AM (3n +2)). (94)

These thermodynamic quantities satisfy the first law of ther-
modynamics. Also, the C| constant can be written in terms
of radius of horizon as follows

3 1
2rd 2
+

Cl=——""FT"—
! 9Mn?

(—8r;2"a2k§ + 6AM+3r;”aM) . (95)

Noting this, we can perform the integrating to obtain the mass
and entropy as follows

Rb>Nov2ac (5n —2) 3n+1
= — r
576w 3n +2) GAM2n T
— 4r;2"a2k120 + 3r_7_"aM) (96)

(— 1602k2r 72" (6AM

+9M? (442 + 4Ar "0 + a2 7") ) + mo,

3 2 3 n

5n—2)b°Q 3 1

_con=?d */&( 2AMr2" + 820221,
8AG(Bn+2)M (97)

+3aMrl) + So.

The first term in entropy is proportional to the area of hori-
zon Ay, given by (58), and there is a divergent in mass and
entropy at ¥+ — 0 limit. The heat capacity for this class of
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solution is given by
93V 2a (5n — D) ini e
RNAGGn+2 T !
x (8ak2 (5n —2)ry™ —3M (e (n —2) ry"
—2A (3n +2)))(— 8 2n — 1) (5n — 2) k2 r ™"
M (a(n—1)(n—=2)r;" +2A3n+2)) ",
(93)

which vanishes when r; equals to either of the following
radii

2n _ @ 2 2
iy =~ <3M:F,/192AM/<W +om?),

1 ) (99)
347 Ter2 Gn—2a MO =2

1
X F(9 (n —2)> M? — 192M A% (3n +2) (5n — 2))2),

and diverges when r equals to the following radii

—2n 1 2
= M (2 =3n+2
56T T6k2 (1012 —9n + 2) (321 (u7 = 30 +2)

2
+(om? (n2 3+ 2) + 192AMK2 (30n°

—Tn® — 12n+4))%). (100)

Noting A < 0, r3 is not real, even for odd valued n. As
ry = ry, this category of black hole solutions becomes
extremal with vanishing temperature. The reality of these
radii and local stability depend on the values of parameters.
For example, choosing the set of parameters {n = 4, A =
—0.02,ky, = M = o = 1} that keeps only the r| < rg <1
real, the temperature is positive as r > r4 and in this region
the heat capacity is negative until 7 = r,, and then becomes
positive without any divergent. As an another example, if one
sets{n=4,M =2, A = —0.01,k, = 0.1, = 1}, the real
radii are in the order of r| < r4 < rg < rs < ra. Here, the
positive definiteness of temperature demands, again, ry >
ra. In this region, the solutions are unstable as r4 < r4 < rs,
then become stable between two divergent points r5 and rg,
and then the unstable phaseinrs < r4 < rp rangeis followed
by another stable phase where 1 > 7.

In the second case of this class of solutions we consider
the category of parameters for the solutions (32) in which
A and n are related to each other by the relation (35), and
consequently the f(r) function reduces to (36), in which no
asymptotic problem occurs in presence of the C, constant.
As we have mentioned before, the A = 1 case in this class
of solutions, which corresponds to n = 2, is similar to the
solutions for A = 1 presented in [43], however with differ-
ent horizon geometries of flat, spherical, and hyperbolic. Our
focus here is on n > 2 case. The solution contains two inte-
grating constant Cy and C», while the only physical parame-
ter characterizing this black hole is mass. In topological black

@ Springer

hole solutions, whose horizons are constant curvature Ein-
stein spaces, the requirement of asymptotic AdS behavior of
the spacetime relates the integrating constant of type Cs to
the curvature constant k£ of the horizon [74]. However, the
Bianchi type /1 space does not admit Einstein space metric
and the horizon curvature depends on rg. Hence, we con-
sider C; as a yet undetermined constant. Then, rewriting the
action in terms of the new function F (r) defined by

47204 22 g 16r20=mg2k2
Fr)=—=— — = w
3 n2 3 n? OMn? (101)
+Co— f(r),

we obtain the Euclidean action

3375220k N (3 M2 (2 — n) F™
Ig = —B82 | dr — 5

32M2k (n +2) 4r2(n — 1)
+3M% 03 (n —2) (F — Co)%r ™
+4AM?nF' (F — Co)r 3

320
—% n+2) (256r_4"ot2k3)

—96Mr 3" ak? + 9M2r2")> + B, (102)
whose equations of motion gives
-%43
Fry=Cir— 27, N = Ny. (103)

The variation of the boundary term for (102) should be given

by

32 k2b*n* 2

T 64(m+2)(n— 1k
+8(m—1)(F—Cy) )aF]fj.

5B [Nr2" (@ =n)rF’

(104)

Then, using (103), at infinity and on the horizon we obtain

3820 Non3k2b2 2
8Boo = — C28C1, 105
00 R ) 26Cy (105)
3
B Kznn\/Zabzrfrn.Q
5B, = — 20 +2)
96M (n +2) (n — 1) k4
x (3n —2)ry?" N (—8a?k2 + 6r2" AM
+3raM) — 27Con* (n — 2)> Mr?)éry.  (106)

Similar to (78), removing the variations from these equations
to obtain the mass and entropy needs boundary conditions to
be imposed as a functional relation between C» and Cy, or
equivalently r . To obtain the explicit form of this functional
relation we establish the first law of thermodynamics. Noting
that, based on Euclidean regularity, the temperature is given
by
r—_ o
72r Mn?sx
~9Con* (n — 2))M — 16k2a? (n +2)ri "), (107)

(=3Qa(n—2)ri"+4r2A(G3n—2)
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the first law of thermodynamics revels that the obtained ther-
modynamic quantities satisfy the first law if we have

°

= —2em
+12M (o« (n —2) ri" + A(Bn — 4))
£2r T (—12AMr2" + 3Ma (n —2) 1"
—16k% 0’ (n — 1)),

( — 161{5,012 (n—4) r;zn

(108)

which also fixes the relation between C; and C, using
f(ry) = 0. Substituting the expression of C» with posi-

tive sign in (108) into f(r+) = 0 leads to clré("’” — 0,
which is not an interesting case. On the other hand, the neg-
ative sign in (108) gives an expression for C, coincided
with the C; obtained in extremal case from the conditions
f(ry) = f'(ry) = 0, which is accompanied by the follow-
ing form of C; constant

sn—1
e LTt
V' T 27 —2)n?M

—12M (e (n —2) r{" — 44)).

(64k20® (n — 1) ry ™"

(109)

Hence, the consistent solutions in this class is the extremal
case. Temperature vanishes for this solutions and entropy is
given by

. b2 a0

" 16MGA (3n —2)
+160%ky,% (n +2) (n — Dy ry
+3Mo <n2 +4n — 4) "—E)

Sex

3
(4MAGn—2)r2"

S

(110)

The near horizon geometry for this extremal solutions can be
obtained by using the following change of the variables

1

_ €\ 22 t
r—)(r_%_zn—l——) ot
r €

(111)

and then sending e — 0, which yields the near horizon metric
as follows

dr* 1 dr? 2
ds®> = —NgW — + _a + ri(a <dx2 — xldx3)

r2 W r2
1 2 3 2
+b ((dx ) n (dx ) )) (112)
where
rin—Z )
W=——3  (16a%k2 (n+2) (n — 1
72Mn? (n — 1)2( w ) )
+3Ma (n —2)*r — 12 (3n — 2) M Ary ™).
(113)

By a scaling of time, the above solution can be rewritten as
a product space of AdS,> x Nil with different radii

1 —dt®> +dr? 2
dS2 = —# + ri(a (dx2 — deXS)
W p

+b ((dxl)z + (dx3)2) )

(114)

4.2 Thermodynamics of Bianchi type III solutions with
H? x R horizon geometry

Thurston closed geometries of product constant curvature
type H? x R and twisted product type m can locally pos-
sess Bianchi type /711 symmetry with SO (2) isotropy [49].
In our considered case, for the Bianchi type /11 symmetric
spacetime metric (38) the geometry of horizon is equivalent
to H> x R. Families of black hole solutions for this Bianchi
type have been obtained in (44)-(49) for A = 1 and general A,
given in terms of horizon curvature related parameter @ = %
The area of horizon for these solutions is given by

Vb

AHZ—}" .
a T

(115)

Having found the solutions for f(r) function beforehand,
to investigate the thermodynamics of the solutions (45) and
(49) we can rewrite the action in terms of new F (r) function
2ar?™ 1 otzrz_z”ki

3 n? 3 n? +§ n’M -0,
(116)

which gives the Euclidean action

3
9b —4+‘7n 2N M2
\ﬂ—’([i (1—2) (F/2r2
16M2akd, (4 — 1| 3
—4FF'r +4F?)n? 43 (F (n —2) + rF') FM?

Ig = fﬁQ/‘dtdr

20(2 n n 2
~S5 W - DM (3mr" —2430)

+k;a2)r4*4"} + B. (117)

Here, the variation of boundary term B must have the fol-
lowing form
32V’ pR
160k, (41 — 1)
x[(BnF +20.— 1) (2F = F)) Nr3"3sF |

oo
Tt

(118)

The solutions for this Bianchi type have similar structure to
those of Bianchi type /7, and to study the thermodynamic
properties we will follow the same procedures here.
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4.2.1 The . =1 case

With A = 1, the solution of equations of motion of action
(117), being in agreement with (44) and (45), gives

—n+2

F() = 5o (20, " (12M _ kir*na)

1

+ 9M2n (9¢in® +41n () a?))2.
(119)
Using f(r4) = 0, temperature in this class of solutions is

given by

Nor2
T = %( (kir:’a — 6M> ri"a’kl
+6M* (—84%2" + o (—4Ar} +a)) )

(12Mr2"A k2 o+ 6Mr+oc)

(120)
Also, using (118) and (119) we have
3VbBR3K2R2
6Boo = ———— NpéCq, 121
00 320kl 08C (121)
—5-1 2
bk m 2
5B, = —$(12M&”A
12ak4 M
—k2 o + 6Mr!a)dry. (122)

The first law of thermodynamics is satisfied and the mass and
entropy can be calculated up to additive constants as follows

be3 2N,
m=— Lz()(kioﬁm.ﬂI (rinkfva — 12M>
384namr M+~G A (123)
+ 12M? ( ne? In (r+) + 4A2r+ +4Ary" a) ) + moq
b »3(2 3n
- SQ;GA <4AMr+ +6Mar? + o2, ) LS. (124

Also, the heat capacity is given by
3,
V223, ?
~ 4608aMG A
x ( (6M = r7"ak?) 17" o + 6% (313" A2

(12AMr42_" — o’k + 6Mria)

n 2 ot 2 2 ap,—n
+AAr e — )) (% (146,24 = 17M) K2 M}
1 2.3
+ oM (m

5
+ 5t AMP! (3M 22 A >+A3M3r+3"

1 r+ aék
16 w 192

— 1263 A) + A2

(125)
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Depending on the values of parameters we can have sta-
ble and unstable solutions here. For example with {A =
—1/3,ky =2,n =3, = M = 1}, temperature is positive
definite at r4 2 1.02, where the heat capacity is always pos-
itive. Also, as an another example, with {A = —1/30, k,, =
2,n =4, a = M = 1}, respecting the positive definiteness
of temperature, the solutions are stable at 0.645 < r. < 0.68
and r4 > 2.12, but unstable in 0.9 < r < 1.95 range.

For this class of solutions, to have Lifshitz rescaling invari-
ant horizon metric, similar to that of H> x R horizon geom-
etry solutions for Einstein field equations with negative A

presented in [58], one can set a = —%r;" or equivalently
a = —4TArj“r Then, at M — oo limit, when the Hofava—

Lifshitz theory tends to general relativity, the thermodynamic
quantities are obtained as
3Vbc3 3

"2, S=——Ap,

_ Vb (126)
WAt 4G

8
T:—r+2,
T

where Ay = 3 A|\/E and we have eliminated Ny by
rescaling of time. The entropy is explicitly in the form of
Bekenestein—Hawking entropy form obtained in the solu-
tions of general relativity.

4.2.2 A non-Einstein case: general A and n = 2

Noting the original form of solutions obtained for general
A and n = 2, given by (46) and (47), here we consider a
different F(r) from that is given by (116), as

F(r) = —% + Cor? — f(r), (127)

which leads to
2 | dtdrN
ﬂ / : \/_|:144M2 5(-

+ 12r2kﬁ)MF +6M*rt — 4r?kiaM + kjo?)

(2 ao (
(41—1)( *-=D
+ 5 (3C2 + A) (3rF' — (3C2 + A)r* + 6F)

6k2rMF’
F” 4 4F2)

3
— 5(1 + ZA)FF’)] + B,
(128)
whose equations of motion gives

F(r)=Cir 2, N=No. (129)

The variation of the Euclidean action requires the variation
of the boundary term in the following form

—3b2B2N

= P N (MP3O = DF — MFr2(1 + 2
2(4k—1)onki[( =D ro(1+24)
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4 1 2 2 -2 oo
+r (3C2+A)M—%kwa @r—1))r2sF| ,
r+
(130)
where, using (129), we get
3 Vb2 BNoS2(A + 3C)8C
SBooz——\/_Kﬂ 0§2(A +3C2) L (131)
2 ko @ —1)
6/b2mic?
5B, = Vb2« (M (=4C2 o+ 1) + A) rt

T2 G- DkbaM

o
oo 1) (62 M — kua) )ors.. (132)

Also, the temperature based on Euclidean regularity is given
by

_ 2N()V+

T = 133
247 (133)

(6C3 — ).

Satisfaction of the first law of thermodynamics by these ther-
modynamic quantities restricts the Cy constant to have one
of the following forms

o o (6r$_M — asz)

o= : 134
12720 72 36r M (139

5 =

where the first expression is identical to the extremal case.
Using f(ry) = 0, these two C, are accompanied by the
following C; constant

ougzF . azki
TV

€XxX

ex _ 2T (135)
12

It is worth mentioning that, in this case the extremal radius
of horizon is given in terms of Hofava—Lifshitz parameters
as follows

o — V3§‘4akw. (136)
M

Now, using the second expressions in (134) and (135), and
performing the integrals we obtain

2 Nov/be? 4 )
— NP (o4Mar <2Ak —3M) In (r
1152nGAM2ri( AT )
~72r8 AM? + &3k} — 1802k Mr2) +mo,  (137)
Vb 3 2, 2 1
S = m <4F+MA+6V+M(¥+O[ kw r+ )+S()
(138)
Also, the heat capacity is given by
B Vb2 (3riM - aki)
- 2
12aMGA ry (riM — ak2) (139)

x (1264 M A+ 6r2 Ma — ko).

which vanishes when the r equals to the following radiuses

7=
o (140)
R N )
and diverges when
ry =31 = ra. (141)

Behavior of heat capacity of this family of solutions is similar
to that of the Bianchi type /1 solutions, given by (86). Tem-
perature is positive definite for - > r; and rq is actually the
extremal radius of horizon introduced by (136). Depending
on the values of parameters, we can have different behaviors:

(1) If a set of parameters is chosen that makes
12AMk120 +9M? < 0, there are no real r, and r3 and
the solutions at 4 > rq are stable until 7 = r4 and then
become unstable.”

If a set of parameters is chosen that holds
12AMk5) +9M? > 0, giving rp, < r; < rq4 < r3,
the solutions are unstable at r{ < r4 < r4 region, and
then, after the divergent point 74, showing stable behav-
ior at r4 < r4 < r3 range, becomes unstable at ry > r3
region.'?

If a set of parameters is chosen that yields
124 MklZ,j—}—9M2 > 0, giving the real radii in the order of
) < rp < r3 < r4,the solutions with 7 > 0 are unstable
when r; < ry < r3, stable when r3 < ry < rq and after
divergent point 74 become unstable.!!

(i)

(iii)

4.2.3 Non-Einstein case: general A

When X and n constants are arbitrary, the solutions for
Bianchi type Bianchi type /11 spacetime are given by (48)
and (49). There is a resemblance between these solutions
and those of Bianchi type I/ spacetime, given by (31) and
(32), whose thermodynamic behavior has been studied in
Sect. 4.1.3. Similarly, we would like to study the thermody-
namic behavior of this family of solutions in two cases.
First, we consider the case that n and A are essentially
arbitrary and independent, where concerning the asymptotic
behavior for C1 and C» dependent terms in f(r) function
(49), similar to the solutions of [29], we keep only the Ci-
dependent terms which has negative power of  for all values
of n and ). Using the Euclidean action (117), written in terms
of the F(r) function defined by (116), where the variation of
boundary term is given by (118), the solution for the equation

9 For example with {A = 4—10, M=% k,=4a=1)

10 For example with {A = —0.05, M = 0.5, k,, = 0.6, ¢ = 1}.
n For example with {A = 72—10, M = %,kw =2,a =1}
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of motion of (117) gives the F(r) by

3
F(r)=Cr®, N = Ny, s:—z(n—2)—ﬂ, (142)

where p is given by (34). It can be checked that in order to
have non-vanishing and definite § B, the constraint of type
(90) and (91) is again required for this Bianchi type solutions.
Applying this condition we get

3VbBK*n3 Ny 3n +2)

8Bso = C18C 152, 143
> 3aGn—2ks ! (149
SB. — Vb2n (3n + 2) wk?
T 12Makd (5n—2)
( r+2"k2 a® + 12AM + 6r;"aM) - 18r+.
(144)
Also, temperature of this black hole solution is given by
Nory 22
T=——7-+-(2-5 ki r
144Mn?r (¢ n)e

+6aM (n—2)r;" —12AM 3n +2)).

(145)
These thermodynamic quantities satisfy the first law of ther-

modynamics. Noting that, the C; constant is given in terms
of radius of horizon by

1
9Mn?

c = ( 20262~ 124M — 6r+"on) 3 +2, (146)

the mass and entropy are obtained as follows

3
§n+1 3
r 3 (5n —2) Ng2+/b
m=_lt__On=2D Mo (—azszrf"(zmM
1152anM?2 3n+2)7G A

+o ( r_znotk2 + 12Mr:_"))

(147)

+ 36 M2 (4Ar_7_"a + r72" 24 4A2> ) + my,

VP 5n-2) 0

3
an -5.2 2
= SaCnrpmGa M e ke

(148)
+ 6r_Eon) + So-

Also, the heat capacity for this class of solutions is

o’ c3f(5n—2)szc R
e NbOn=2)82
16G3n+2)GAa 't

+6 (= (1 =2)r" +2Gn+2) A) M)

((5n —2) k2 r7 ™

(149)
x (k2a? (5n —2) (1 —2n) r 7" + 6M 2 (3n +2) A
fam—1)m—2r M)

which vanishes when r equals to either of following radii

(3M F m)

2n __
2=~ 12AMb?
1
2n 2 2
=  (3M@n-2)F (OM*(n—2
34 kg(sn—z)a< (n—=2)F (9M* (n - 2)
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—124AMK2 (15n2 +4n —4))5>, (150)

and diverges when r equals to

rsd = k%a (10n2 —on+ 2)_l <3M <n2 34 2)

T (124MK (300 = T — 120 + 4) (151)

+9M% (n? = 3n +2)2)5>.

Similar to what we had in (99), the r3 is not real with A < 0.
In addition, positive definite temperature requires ry > r4,
where r4 is the extremal radius of horizon.

To explore the thermodynamic behavior of heat capacity
we choose some values for the appeared parameters in the
solutions. As an example, setting {n =4, A = —0.02, k,, =
M = o = 1} that keeps only the r{ < r4 < rp real, in
the 4 > r4 region the heat capacity is negative until r, =
ro and then becomes positive without any divergence. Also,
as an another example, if one sets {n = 4, M = 2, A =
—0.01, kyy = 0.1, @ = 1}, the order of real radiiis r| < rq <
re < rs < rp. Here, the solutions are unstable in r4 < ry <
rs5 region, then become stable between two divergent points
rs5 and rg, and then there is an unstable phase asrs < r < r2,
which is followed by a stable phase in r4 > r region.

The second group of solutions for (49) is indicated by the
S (r) function given by (50), where there is a relation of type
(35) between n and A. To study the thermodynamic behavior
of this kind of solutions, similar to what have been done in
Sect. 4.1.3, we rewrite the action in terms of the new function
F(r), defined by

4 r2A 2 arZ—n 2 2 2nk2

F)=Cr—3—5 -3 oy 0. (152)

which results in

= _ﬂQ/
M (—6r”k5)a + 9Mr2”) >a2

+M2n? (272 = n) (F — C)*r ™

r3"JBRN () B2 —dn 4 2
" a8k aM? (n+2) [7 2 (kwa

—36F' (F — Co)r 3 + %F’z n—2)n—1) r_z)i| + B,
(153)

whose equation of motion gives

—343
F(r)=Cir 27", N = Ny. (154)

The temperature of the black hole based on Euclidean regu-
larity is given by
No

= 2nirMx (- kol (n +2)



Eur. Phys. J. C (2021) 81:865

Page 17 of 21 865

13M ((9n2C2 - 2ari—") (n2) — 4r2 A (3n — 2)) ).
(155)

Also, from the variation of the Euclidean action, we find that
the variation of the boundary term is given by

3VbAn3K2$2 :
8B = Vbpn' r%("_z)(g (n—1)(F =)
320k} (n+2) (1 —n)
0 (156)
—rF'(n—2) )NSF] ,
r+
which, using (154), leads to
3 VbNoBKkIn3 2
§Bo, = ——mczacl, (157)
4 akd(n+2)
3JTK2n\/l_7N().Q 1
8By, = — )2 -3
+ = T6aMkL (n +2) (n — 1)(9 (n+2)(@2=3n)

X (12r2"AM N 5ar”M) rijil

3 30—
+ SMn’Cy (n - 2)? 2 2)>8r+.
(158)

Satisfactions of the first law of thermodynamics by these
thermodynamic quantities demands the C, constant to have
one of the following forms
- 2 2 2
Cr=—rt (B2 —n)r >
2 27n2M(n—2)( war” (G =mry

+12M (1 =2 r " + A Gn - 4)
+2 (ki (n— Do =31 ((n —Dary" - 4A)) ).
(159)

Similar to what we had in (108), the positive sign is not an
integesting case since substituting it into f(r4) = 0 leads to
Clr_z(n_z) = 0. But, with the negative sign, the expression
for C, constant is identical to the expression given by the
condition of degenerate horizon f(r) = f'(r) = 0 [36],
where the C constant is given by

3
sn—1

Cex _ ry
= 2
27n2M (n — 2)

—12M ((2 —n)yar]" — 4A) )

(40’2/{3 n—1 r;zn

(160)

Then, we have T = 0 and
ex _ Vb2
8(Bn—-2)GAM«

+ %k (n+2)(n—1)r?
+3Ma (n2 +4n — 4) rE)

3
(4MA (Bn —2)ry 2"

(161)

The near horizon geometry of the above solutions can be
found by using the following change of the variables

1
_ €\ 22
r—>(ri 2”—1——) "
r

(162)

t—> -
€

’

where sending € — 0 and scaling of time gives the near
horizon metric as a product space of AdS, x H? x R with
different radii

g2 L—dr+dr?
w r2
4ot (a ((dxl)z e (dx3)2> + b(dx2)2> ,
(163)
where

. 63\/5.(2}"_,_%"
T 83Bn—-2)GAMu

(oﬁkﬁ) (n+2)(n—1)r™

+ M (30 (n? +4n = 4) 17" +44 Gn - 2))).
(164)

5 Conclusion

We have found black hole solutions to z = 4 Hofava—Lifshitz
gravity in (44 1) dimensions, assuming that the horizons pos-
sess Bianchi types /1 and /11 symmetries. These solutions
can be regarded as topological black hole solutions whose
negatively curved three-dimensional horizons are modeled
on two types of Thurston’s closed 3-geometries, namely the
Nil geometry and H? x R, which are twisted product and
product of constant curvature type, respectively. The consid-
ered negatively curved geometries do not admit the constant
curvature type metric on the horizon, i.e. the Einstein metric
Ryp = kgup. The solutions have been found for g = —%
in two cases of A = 1 and general A. The thermodynamic
properties of the solutions have been investigated using the
canonical Hamiltonian method. Interestingly, except for the
differences in the coefficients, the solutions for two Bianchi
types /1 and 111 have similar forms of metric component
functions f(r) and thermodynamic behaviors.

Generally, the solutions and their thermodynamic quan-
tities are given in terms of some constants, including nega-
tive cosmological constant A, Hotfava-Lifshitz constants k,,,
and M, the horizon Ricci scalar dependent parameter « that
appears similar to the k& parameter of the topological black
hole solutions with constant curvature horizons [26-29], the
constant n of metric that is used to provide distinct classes of
solutions, and the two integrating constant C and C, which
are not independent and can be given in terms of radius of
horizon using the first law of thermodynamics. Also, the a
and b constants in the metric, which can provide additional
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scaling, besides being interpreted in terms of «, have been
used to establish generalized Lifshitz scaling invariance on
the horizon and asymptotic region.

For A = 1, one of the interesting outputs of the considered
horizon geometries for z = 4 Hofava-Lifshitz gravity in
(1 + 4) dimensions was existence of a logarithmic branch
in the solutions for metric. Even though, similar to the other
(14-4) dimensional z = 4 black hole solutions, their entropy
does not contain logarithmic correction that appears in z = 3
black hole solutions in (1 + 3) dimensions. Also, it has been
shown that when the Horava—Lifshitz terms are neglected at
M — oo limit, the A = 1 solutions can behave similar to
the solutions obtained for vacuum Einstein equations with
negative cosmological constant [58,60,64].

For general A, we first considered the special case of n = 2.
In addition, allowing n to primarily have arbitrary value, we
considered two cases using the asymptotic behavior of the
solutions and imposing relations between n and A. Then,
the appearing n constant in these classes of solutions refers
actually to the general value of A. It turned out that for the
solutions that possess two integrating constants C; and C,
the energy in Hamiltonian formalism requires more informa-
tion to be integrated, and the two integrating constants need
to be subject to a boundary condition imposed as a func-
tional relation between C;| and C,. In fact, this feature and
the necessity of imposing the boundary condition were first
observed in Einstein-Scalar theory [72], where in the Hamil-
tonian formalism of mass the functional relation between
dilaton charge and the dilaton asymptotic value is required,
which can be fixed uniquely if the asymptotic AdS symmetry
is of interest [73,75,76], leading to satisfaction of first law
without including the variation of the non-physical charge
of Dilaton [63,77]. Here, having only the mass as the phys-
ical characteristic of the black hole solutions, we employed
the first law of thermodynamics to determine the suitable
functional relation between C; and C,, which enabled us to
calculate the well-defined mass in terms of the radius of the
horizon.

A generic feature of the obtained solutions is that the
entropy for all classes of solutions with both horizon geome-
tries of Nil and H? x R, besides containing a term propor-
tional to the area of horizon A i, receive two negative correc-

1 1
tions of type A}, proportional to A~!, and A ,* proportional
to Horava—Lifshitz constant k,,. The latter one, which shows
adivergentatry — 0limit, is a particular consequence of the
considered unusual horizon geometries and does not appear
in the entropy of (1 4 4) dimensional topological black hole
solutions of z = 4 Horava-Lifshitz gravity with spherical and
hyperbolic horizons, obtained in [27,43]. However, similar
to the constant curvature horizon (1 + 4) dimensional z = 4
solutions presented in [27,43], the entropy for our obtained
solutions with horizon geometries of Nil and H> x R did
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not receive logarithm correction that is common in (1 4 3)
dimensional black hole solutions in Hotava—Lifshitz gravity
[29,36,78]. Furthermore, investigating the behavior of heat
capacity, it is found out that with proper choices of parame-
ters, the locally stable or unstable phases can appear for all
classes of solutions.

In addition, classes of extremal black hole solutions have
been provided for both Bianchi types /1 and /11 models. We
have shown that with general A if there is a relation of type
(90) between A and n, the consistent solutions are restricted
to be in the extremal cases. The near horizon geometries for
these extremal black holes were obtained as AdS?> x Nil
and AdS?> x H? x R for Bianchi types 11 and I solu-
tions, respectively. These solutions possess finite entropy at
zero temperature, similar to extreme near horizon Reissner—
Nordstrom black hole solution. This is also similar to the
behavior of Bianchi type /7 and 171 charged black hole
solutions in extremal near horizon limit that we have studied
in [63] in the context of string theory.

The (4 + 1) dimensional black hole solutions for z = 4
Hotava—Lifshitz gravity with flat, hyperbolic and spherical
horizons have been already studied in [29,39,43]. There
is a correspondence between these geometries and Bianchi
types I, V (isotropic expansion), and /X. It would be also
desirable to investigate black hole solutions for Hofava—
Lifshitz gravity withgg\ri/zons modeled on the other Thurston

type geometries of SLyR and solve geometry, which cor-
respond to the homogeneous spaces with Bianchi types
VIII and VI_; symmetries. A difficulty in finding solu-
tions with these symmetries is that the equations of motions
contain higher derivative terms that can not be eliminated
by suitable choices of constants, however, further work
is under progress in this sense. Also, in view of applica-
tions of black holes with Thurston horizon geometries in
AdS/CFT context, where the symmetry requirements on
spatial directions are slightly relaxed considering homo-
geneity instead of usual translational symmetries [57,64],
it would be interesting to further analyze the (1 + 4) dimen-
sional black holes we obtained for z = 4 Hotava-Lifshitz
gravity.
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A Appendix

In this appendix, we present Ricci scalars and the components
of R;j, K;j, and L;; tensors for both Bianchi types // and
111 models, where the i and j indices run over the radial
coordinate r and the Bianchi space part indices {1, 2, 3}.

A.1 Bianchi type 11

For this Bianchi type, with the considered metric ansatz (20),
the non-zero component of Ricci tensor are given by

Ry = —m (f’r(2m +n)+2mf(m—2)+nf(n— 2)) ,
(165)
1
Rit = = (1 2m 4+ 20 2 m G — 1)
+nfb* M m + 2ar"+2), (166)
ar
Rn = =3 s (Fr¥ 20 4 2 f b2 (m — 1)
+r2M £p2n? — 2ar"+2), (167)
ar’x!
Ry3 = W(f’rm“bzn +2nfB% M (m — 1)
+r2™ b2 n% — 2ar"t2), (168)
R33 = i ( - (an(xl)zr" + bmrm)rf/
4r2
—fem+1-2) (mbrm + an(x1)2r")
—2arn+2(b_lr_m _ ab—zrn—2m(xl)2)>. (169)
Also, the Ricci scalar is
_ 2 2m+1 pr
k= 2b2r2m+2 ( —b (2m + n)r " f
—(Bm* + (2n — Hm + n* = 2n)b* fr" — ar"t?).
(170)

The extrinsic curvature tensor K;;, defined by (4), does not
have non-zero components with the metric (20). Also, for L;;
defined by (11), we have the following components, consid-

ering B = —%

1 4 4m+2 2 /" ”
er=W<br (m—n)"\ —4ff "+ f

—4r—1f<m 24 ﬁ)f’) — =2  @m—n
2

—6)r 2 + 20ab’r" 22 f(m — n)? — 16r2n+402), (171)

11
T 48 p3,3m+4

81 I 3 o) "”_3 1 ) 2
_<er +f(m+zi’l— ))f — (m+§}’l— )f

1 7 11
—2m—=1,-2( _ * 42 2 o o
+20r b ( 5fb (m + <2n 9>m 5 n

L (r*m2p% (m — n)( —4rff"”

+12>r2’" + ar"+2)_f’ — [ THQ =) fBR(n — 4
+m)(n + 6 — 4m) + Sar 22— 2p 4 2)))
+48a2r2"+4>, (172)

5 r'"a

1
— 2" (A, — L AmH3 e
L22 - 3 b4r4m+4 (b (m n)( lOr ff

1 1 2 8
—Zr2<grf/ + f(m +gn - g>>r4mf”
1 3 1 13
+7b_2r< - —b2f< ——n’+ (—m - 3)n +m?

2 10 6 6

20 ! 3
_?m + 8>r2m +ar"+2>"2mf/ - R(m + gn
_?>r4m+2f/2 _ %(m _ 5 — Zn)fz(}’l — 2)(}’”

8 1 1
-3+ 5n)r“'" - Zr2’"+"+2fazf2(m —3n +4)>

+r2"+4a2>, (173)

5 arlx!

1 1
_ 4 4m R/ 2( 1
L23_§W(b r (m—n)(—ﬁfr S ~ 20" <j r
2 8 1/3 /1 13

5 < 9 noo (2 (2,2 (22 -3
+<m—|—5n 5)f>f +2<10<6n 5" n
—m2+ 23me _8>b2fr2m +arn+2>r—2m+lb—2f/

I 5 3 12\ 3 3

16" (m+5" 5>f 20\" 72

L) 2 - (m- S L
——n n— m——+-n

4 33

1
_Zrn+2fab_2(m_3n+4)r_2m>+r2n+4az), (174)

! 4 am(gone 12, Lo\ 3 om
L33=W<(m—n)b r 8(r(x7) a—gr b)r’f

+4(r<r"(x])2a - %r”%)f’ + <— 2b<m + %n - 2>rm
+r"cH2aGGm +2n — 8)>f>r2f” +r2(=b@Bm +n

—6)r™ + r"(x")2a(5m 4 3n — 12)) f?

7 11
— b2 2 (4 m? 4+ (2n —9m — —n
2 2
13 20 1
+12>b3fr3m - 12a<m2 + (Fn - ?)m - 8112

—3n + 8)r2m+" (x1)2p% f — 20abr™ T2
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4022212 (x1)2)
+(n+6—4m)(n — 2)b(n — 4 +m) f2r™
—ar"(n +6 —4m)Bm — 8 + n)(xH2(n — 2) £2r
—20ab~ ' M2 Fm — 20 4 2)
+20a2b72r2n72m+2(x])2f(m _3n +4))
48T ITA 2 80r3”+4a3(x1)2). (175)
A.2 Bianchi type 111

For Bianchi type 111, with the metric ansatz (38), the non-
zero components of Ricci tensor are

Ry = —— (r(m +2n) f' + f(m* +2n* — 2m — 4”))
T A ’
1
Rit =~ (Far™ i tanfon 420 2" +47)
b
Ry = _Tmrm—z (f'r + f(m+2n —=2)),
erl
Ry =—73 (f'ar"t'n +anf (m +2n = 21" +4r%). (176)
r

The Ricci scalar is given by

R =

n+1 / 2
Ry (ar" (m+2n)f" + fa(m
+@2n — 2)m + 3n% — 4n)r" + 4r?). 177)

The extrinsic curvature K;;, defined by (4), vanishes with
metric (38), and the non-zero components of tensor L;;,
defined by (11), considering g = —%, are as follows

1 1
48 frantdg2
—2a%rf(m —4+2n) f +a® f2(m —2)
x(m —4n + 6)) — 16r4),

1 1 1
Zgarn+4 (an(m _ n)<4a2r3ff” + 6a2r2f”(§rf’

+f(m + iﬂ - §>> +a*r?(m +3n - 6) f?

3'73
18 noo2
7 )T Ty

—a? frm—2)(6—4n+m)(n —4 + m)> + 16r4>,
(179)

Ly = ((m _ n)2r2n( _ 4a2r2ff” +a2r2f/2

(178)

L=
2,0(2 2
+14ra“ ff'\ —n“+ | m

—r'b

1
2n( 2.3 o1 ’
T3 A ((m —n)r (a rff 4+ (7rf

5 3 5
+f<m + " —4)>r2a2f” + §r2a2<m + 3" —4)f’2

Ly =

Lo 2 _ 2 B ,
4a (m~ 4+ (18 — 13n)m — 6n“ + 40n — 48) frf

—éfzaz(m —2)(6—4n+m)3n — 8 +m)) +2r4>,
(180)
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I3 _ €2x1 B )2 o 2 3 ) 1 ,
3B = gamnta (m —n)ar gfrf +r §rf
i _§ 4 1 2 _ 7
+f(fﬂ+ U 3>>f + 43— 6)f
+%rff’(2n2 + (Tm —18)n — 11m + 24)
I, 8 4
—gf (m—2)(=4n+6 +m)(n — 4 +m) +3r)-
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