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Abstract Lovelock gravity containing dimensionally con-
tinued Euler densities can be considered as a natural exten-
sion of Einstein’s theory of gravity in higher dimensions such
that the associated differential equations of motion are still
second order. In this paper, the Lovelock gravity is coupled
with a scalar field and dimensionally continued hairy black
holes in the presence of quintessential matter and cloud of
strings are analyzed. Thermodynamics of these black holes is
discussed as well. It is shown that the thermodynamic quanti-
ties satisfy the generalized first law. The generalized Smarr’s
relation is also derived and thermodynamic stability checked.
Finally, black holes of general Lovelock-scalar theory are
also briefly discussed.

1 Background

The inclusion of higher powers of curvature corrections in
Einstein’s theory of gravity (ETG) attracted a lot of attention
as it describes a new way for the quantization of gravitational
field. ETG comes out to be a non-renormalizable theory, how-
ever, it is possible to construct a renormalizable one [1] if
one makes higher power curvature corrections. In the case of
AdS/CFT correspondence, new couplings among the opera-
tors of the dual CFT are formed as aresult of these corrections
and a more generalized class of dual CFTs is introduced [2—
4]. The most interesting modified theory containing higher
power of curvature corrections is the Lovelock gravity [5].
This theory possesses a remarkable property that it reduces to
ETG in four dimensions. It should be noted that this theory at
linear level is free of ghosts because the differential equations
of motion are still second order. The Einstein—-Gauss—Bonnet
gravity theory can be formed by including only the first non-
trivial higher curvature term in the gravity Lagrangian along
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with the cosmological constant and ETG terms. The action
function describing the Einstein—Gauss—Bonnet gravity (or
Lovelock gravity of order two) can also be derived from the
low energy effective action of string theory [6-8].

Although the Lovelock gravity is truly a higher dimen-
sional generalization of ETG, it possesses some unwanted
features as well. First, for spacetime dimensions greater than
four, the time evolution of fields does not appear uniquely:
given a surface at some initial instant ¢ = #y, the fields at val-
ues ¢ greater than #) cannot be completely specified from the
equations of motion. This is due to the involvement of higher
powers of velocities in the action functional [9,10]. Second,
along with cosmological and Newtonian constants, the action
contains [(d + 1)/2] arbitrary coupling parameters as well
[11]. This arbitrariness makes it difficult to investigate the
properties of black holes and construct explicit solutions for
the field equations. Apart from these problems, some phys-
ical consequences of these arbitrary parameters were also
reported. For example, (i) the field equations have at most
n — 1 different solutions, (ii) all of them possess horizons
corresponding to both signs of energy, and (iii) the entropy is
not monotonically increasing function of horizon radius, so
that violation of the second law of thermodynamics appears.
Due to these consequences, it is convenient to make a spe-
cial choice for the arbitrary Lovelock coupling parameters.
Therefore, Bafiados, Teitelboim and Zanelli proposed a suit-
able choice for these parameters due to which an explicit
solution can easily be obtained. On the basis of this spe-
cific choice, a new special case of Lovelock gravity known
as dimensionally continued gravity (DCG) was constructed
[11]. Recently, many exact dimensionally continued black
hole solutions have been derived [11-14]. The thermody-
namic and physical properties associated with these black
holes have also been studied [11-18].

The most fascinating and exciting gravitating objects
which appear in any gravity theory are black holes whose
physical properties could provide new insights for the formu-
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lation of quantum gravity. Hence, itis important to investigate
black hole solutions and their thermodynamic behaviour in
different theories of gravity. In recent decades, physics of
black holes in diverse dimensions, in particular, the black
holes of Lovelock gravity got a lot of attention. For exam-
ple, solutions representing Lovelock black holes in the pres-
ence of different matter sources have been derived in litera-
ture [16,19-38]. In this paper, we are interested in studying
dimensionally continued Lovelock black holes with a cloud
of strings. We also study thermodynamics of such black holes
under the effects of one-dimensional strings. It is concluded
that the mass, temperature and specific heat associated with
DCG black holes could have exciting features in the presence
of string parameter, however the entropy remains unchanged.
It may be noted that black holes with a cloud of strings are
physically significant as the universe is assumed to be com-
posed of these one-dimensional objects which are consid-
ered to be fundamental objects in nature. Here, we study
the gravitational effects of matter which is in the form of
a configuration of strings. The relationship between count-
ing string states and black hole entropy was first described
by Strominger and Vafa in Ref. [39]. Letelier demonstrated
that the model of a configuration of strings can be consid-
ered as perfect fluids [40]. After this black hole solutions in
different theories were derived under this assumption. The
very first solution describing a generalized Schwarzschild
black hole surrounded by strings was determined by Letelier
[40]. He then generalized the string-cloud model by intro-
ducing the pressure that forms this cloud and obtained a
Petrov—Pirani type solution of the gravitational field equa-
tions [41,42]. The Gauss—Bonnet and Lovelock black holes
have also been investigated in a string-cloud model [43-46].
It was also shown that the spacetime contains string fluid mat-
ter around static spherically symmetric object when the mass
of the black hole is taken as a function of radial coordinate
[47,48]. Recently, a black hole solution of Rastall gravity in
a string-cloud model has also been found [49].

There is a significant evidence from recent astronomical
observations that our universe is expanding at an accelerat-
ing rate. Currently, it is believed that this acceleration is due
to the existence of an exotic thing known as dark energy.
According to recent cosmological observations, dark energy
fills all of space with negative pressure and almost 70 per-
cent of the energy density of universe is composed of it
[50-52]. A time evolving, spatially non-homogeneous com-
ponent having negative pressure called quintessence can be
taken as a candidate for dark energy [53,54]. It is defined
by the equation of state which relates the pressure p, and
density p,; by p, = wyp, , where the parameter w, has the
range —1 < w; < —1/3 [55-57]. It is worthwhile to men-
tion here that it cannot be considered as the only candidate
which causes the acceleration. One among different other
contenders which can generate the accelerated expansion is
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the cosmological constant [58,59]. In the presence of dark
energy and black holes in the universe it is significant to inves-
tigate the effects of quintessence on black holes. The presence
of quintessential dark energy in the black hole surrounding
could produce some consequences at astrophysical scales,
for instance, out-coming null rays from distant stars are more
deviated as compared to the situation when no quintessence
is present [60]. In the scenario of quintessence around grav-
itating objects, the first solution of the gravitational field
equations was computed by Kiselev [61]. Generalizations
of Kiselev solution have also been worked out, for example,
charged [62], Nariai [63,64] and higher dimensional black
holes [65]. Studies related to quasi-normal modes for these
black holes in the presence of quintessence [65,66], and their
thermodynamics [65,67—69] have also been undertaken. It is
shown that the thermodynamic quantities are modified by
quintessence, while black hole entropy remains unchanged.

The Event Horizon Telescope (EHT) [70] supports the
current theoretical analysis of black hole shadows based on
recent astronomical observations. It is also confirmed that
black hole shadows can now directly be observed through
EHT. The effect of accelerated expansion of the universe
on the shadow of a black hole has been studied [71]. Simi-
larly, the shadows of black holes influenced by quintessential
dark energy have also been considered [72,73]. The gen-
eralized form of Kiselev solutions with axially symmetric
background was also determined [74,75]. Recently, thermo-
dynamics and Hawking radiations of Lovelock black holes
in quintessence background have been studied [76]. Simi-
larly, uncharged and charged Lovelock black holes with both
quintessential dark energy and string-cloud matter have also
been analyzed [77-79]. The combined effects of the cloud
of strings and quintessence on thermodynamic criticality of
black holes have also been investigated [80,81]. Similarly,
the shadow and photon sphere of a black hole with both
quintessence and configuration of strings has been examined
[82].

The well known no-hair theorems say that it is impossi-
ble to obtain asymptotically flat conformal hairy black hole
solution in ETG [83,84]. However, when the cosmological
constant is zero, the existence of hairy black holes in (3 + 1)
dimensions is possible where the real scalar field is diver-
gent at the horizon [85]. For higher d-dimensional space-
times, such that d > 4, it is stated that these gravitating
objects simply do not exist [86]. Three- and four-dimensional
non-asymptotically flat black holes for which the conformal
scalar field is analytic everywhere were recently introduced
[87,88]. Until recently higher dimensional black holes with
scalar hair were not found which are subject to no-go results
[89]. Recently, gravitational field has been non-minimally
coupled to real scalar field for the investigation of such black
holes [90,91]. The action function in this regard can be writ-
ten as
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d—4p gH1--H2p qvivy V2p—1V2p
x(bpw shltar gy g2 )

(1.1)

where

Si = YPRLY = 2885y VPy — 4¢5{ZV“]V(X]V/(1 2)

+ 880 vy vely,

Here pjux = [d%l] such that the brackets represent the inte-
ger part of (d — 1)/2, Sffll_:;gi” is the generalized Kronecker
delta, g is the determinant of the metric tensor g, ¥ is the
scalar field and R}j,,,, represents components of the Riemann
tensor.

It should be noted that the theory generated by the above
action is also ghost-free since both the gravitational and
scalar field equations are of order two. When p = 1 or
in case of four dimensions, the conformal scalar field in
action (1.1) has a potential defined by V () = %wd' so that
the non-minimal coupling term in the total action becomes
(—1/12)Ry? [91]. Several solutions of the field equations
describing black holes with scalar hair have been determined
in Refs. [91-95]. Note that, the scalar field configuration
gives finite values in the exterior geometry as well as on the
horizon. It is also concluded that these black holes are more
physical and thermodynamically stable as compared to those
with no conformal scalar hair [92,93]. The thermodynamic
properties of nonlinear electrically charged dimensionally
continued hairy black holes are deeply studied in Ref. [96].
In addition to this, nonlinear magnetically charged dimen-
sionally continued black holes have been studied in Ref. [97].
Motivated by the above background, in this paper, we study
dimensionally continued hairy black holes under the effects
of quintessence and a cloud of strings. It is important to note
that the black hole solutions derived in this paper general-
ize the pure Lovelock black holes [45,46,77] into the case of
dimensionally continued gravity coupled to conformal scalar
field.

We make the outline of this paper as follows: In Sect. 2,
the Lovelock gravity is non-minimally coupled to a scalar
field. The higher dimensional black holes in the presence of
quintessence and cloud of strings are also briefly reviewed.
Then the Lovelock field equations for the case of DCG are
solved and the effects of quintessence and cloud of strings
on the black holes with conformal scalar hair are studied. In
Sect. 3 we focus on thermodynamics of dimensionally con-
tinued black holes. Using thermodynamic quantities, valida-
tion of the extended first law and Smarr’s relation is exam-
ined. In Sect. 4, we briefly study black holes with a cloud of
strings and quintessence in general Lovelock-scalar gravity.
Finally, the concluding remarks are given in Sect. 5.

2 Dimensionally continued hairy black holes

The action describing the Lovelock-scalar gravity with mat-
ter sources is given by

1 4 Pmax 1 S eting

Vv V2p—1V2p d—4p qviv
x <apRM2 LR 167 Gl S

. Sﬁif;_l,”j;p) + 47 GLM}, (2.1)
where G is Newton’s constant, L, stands for the Lagrangian
density of matter, Lovelock coefficients «, are arbitrary con-
stants and b, are conformal coupling constants. The compo-
nents SZ’S defined by (1.2) transform homogeneously under
the conformal transformation defined by g,., — w? guv and
Y — 'y as S% — w453 The action (2.1) will give
the description of DCG if the coefficients o, are defined as
[11,15]

_(n—-1 (dy —2p)!
p = p do)[~2(p+1-n)°

where for simplicity we used the notation dy = d — k and the
positive integer n corresponds to d = 2n + 1 in odd dimen-
sions while d = 2n 4 2 in even dimensions. It is worthwhile
to note that DCG becomes Born—Infeld gravity in even criti-
cal dimensions and Chern—Simons gravity in odd spacetime
dimensions [11-13]. Varying the action (2.1) with respect to
the metric components, g, implies

2.2)

Pmax

Dp (viihap ppip2 P2p-1P2p _ (M)v
Z W(SMPL'-PZPRMM "'R)»zp—l)»zp = —167GT),
p=0

—1671GT®", (2.3)
where T,EM)V symbolizes the components of the energy—

momentum tensor such that

7O _ _ 2 Sy

- V=g 8gh’

in which Ij; stands for the action representing the contribu-
tions of matter in the spacetime geometry while T;LS)" denotes
components of the energy—momentum tensor of the scalar
field such that

2.4)

pmax b
7OV — Z P I/,d—4115”*1--*2pSplpz P2p—1P2p
weo 2p+1 WPL--P2p Oy dy *** Phop_idap
p=0
2.5)
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By varying the action with respect to the scalar field, we can
get equations of motion as

Pmax

di—4p 3O1--92p ay1 V2p—1V2p _
Z(d - ZP)bpl/f 5V|~~V2p Smaz T S‘72p—1‘72p =0.
p=0

2.6)

The trace of the tensor (2.5) would be zero if one imposes Eq.
(2.6). This is consistent with the conformal invariance of the
theory. In order to include effects of the cloud of strings in
the background, we need to give a brief review of the theory
on the cloud of strings. The Nambu—Goto action of a string
evolving in a spacetime is written as

— 1
Iy = / Lydg%de", Ly, = (=)t @.7)
>

where u is a positive constant related to the tension of the
string, and £° and &' are the timelike and spacelike coordi-
nates, respectively. These coordinates parametrize the world
sheet 3. Also, /1 denotes the determinant of the induced met-
ric associated with ¥ given by

— oxH* oxV

hap = v ———+- 2.8
ab g,u BS“ 8§b ( )

Associated with the world sheet of string X, we can define
the bivector as

_ _ab 9x? 9xP

05 9ga” (2.9)

Xap

where ¢, refers to the two-dimensional Levi-Civita tensor.
Within this context, it is possible to write the Lagrangian
density for a string as

1 2
Ly = M( - Ez“ﬁzaﬁ> : (2.10)

from which one can obtain the energy—momentum tensor for
one string as

PP

—h

TG0 w

@2.11)

Hence, associated with the cloud of strings, we can write the
energy—momentum tensor as

LD
J_n

where pc denotes the proper density corresponding to the

T©%b = pe (2.12)

cloud of strings while pc /v/ —h is called the gauge invariant
density. Moreover, by employing the identities

sulesBr]l — 0, Vﬂz}ﬂ[“zﬁ)’] =0, EudzaﬂEﬂV = hXVH,
(2.13)
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one can show that 9, (v/—gpc ") = 0. So, the energy—
momentum tensor for the configuration of strings becomes

TV = —:’—2[1, 1,0,0]. (2.14)

The generalized Schwarzschild black hole with a cloud of
strings [40] has the line element

2M 2M -
ds2=—<1———a>+<1———a> + r2do?
r r

+r2 sin® 0d¢>. (2.15)

One can easily verify the above metric by solving Einstein’s
equations with (2.14). The generalized Schwarzschild—
Tangherlini solution within this setup is written as [44]

16 M 2a
ds> =—(1- - dr?
s ( d> Edz rds dzrd4 )

L (1 160 M 2a
d> Edzrd3 dords

—1
) dr? + rz(h,-jdxidxj),
(2.16)

- (2.17)

stands for the volume of d>-dimensional hyper-surface. The
components of the energy—momentum tensor needed for the
line element (2.16) are given by

cw__ 9
T "_—rTZ[l,l,O,O,...,O]. (2.18)

Note that, M signifies the black hole’s mass and the parameter
a is related to the strength of the cloud.

The line element of the four-dimensional black hole sur-
rounded by quintessence [61] can be expressed as

oM q oM g \ !
2 _ == 4 == 4
ds® = (1 , r3wq+1> + <1 , rawq+1)

+r2d6? + r?sin’ 0d¢?, (2.19)

where ¢ refers to the parameter of the quintessential matter.
The energy density p, corresponding to this case is given by

3qwy

~ A (2.20)

Pq =

The components of the energy—momentum tensor for the
quintessential matter are defined as

) 1
T = 19" = o, T = ng‘m’ = —5pgBwg +1).
2.21)
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Similarly, the generalized Schwarzschild—-Tangherlini black
hole in the presence of quintessence [26] is defined by the
lime element

167 M q
2 _ _ _ 2
ds® = (1 DT rd]wq+d3)dt

| l6n M q
+ - d22d27d3 - rdlwq+d3

—1
) dr? 4+ r¥(h;jdx'dx’).
(2.22)

The components of the energy—momentum tensor required
for this solution are written as

@t _ plr _ _ quqdidy
L =0 =P == G
1
T\ D% — — Py (drog + 1), (2.23)
2

wherek =1,2,3,...,d — 2.
Let us choose a static and spherically symmetric line ele-
ment as

dr? )
ds* = —g(r)dt* + — +r dEd , (2.24)

g(r) ?
where d 252 refers to the line element of d)-dimensional
boundary surface whose curvature is equal to a constant value
drdsk . Here, k is a constant such that the casesk =0, 1, —1,
correspond to flat, spherical and hyperbolic horizon topolo-
gies, respectively. This sub-manifold possesses a volume
>4,, whose value in the case of a spherical horizon topology
is given by (2.17). Choosing the scalar field configuration in
the form

V) =— (2.25)

the function v (r) will be the solution of equations of motion
(2.6) if N satisfies

Pmax
N?>72P =0 2.26
Zp Y a2 — i : (2.26)
and
Pmax 2 2
d\l@d*—d+4p* _,

b P =0. (2.27)

2 by (d —2p)!

p=I1

The above equations show that there is one unknown, N, so
one of the equations defines a constraint on constants b,.
Hence, by choosing values of the coefficients «, from (2.2),
using the line element (2.24), the energy—momentum tensor
components related to string-cloud (2.18) and quintessence
(2.23) along with Egs. (2.5), (2.6) and (2.25)—(2.27) for scalar
field configuration, we have found the following solution for

DCG field equations (2.3)

r? 161GM 84011 16md2GHy
g(r)—:<+l—2— I:Edzrdl +—3 pr
. (2.28)
8nGqdy 16w Ga |1
- r1+d1wq - rd2 ?
where
Pmax d—2
dr!N4—=P
Hi=Y b (2.29)
Z P (dy—2p)!’

The constant M in the resulting metric function refers to
the mass of the object and the additive constant 64 2, —1 would
correspond to those values for which the condition M — 0
makes the gravitating object shrink. The behaviour of solu-
tion (2.28) for different values of spacetime dimensions is
shown in Fig. 1. The horizon’s locations are determined by
those values for which the curve meets the horizontal axis.
Similarly, Fig. 2 shows that the parameters a and ¢ affect
the location of the event horizon and behaviour of the metric
function as well. Selecting b, = 0 or by using H4 — 0, the
new family of dimensionally continued black holes with no
scalar hair in a quintessence and string-cloud background can
be described. Moreover, the hairy black hole solution in the
absence of any matter sources can be determined by choos-
ing ¢ = 0 and a = 0. The metric function (2.28) shows that
the hairy black holes exist only for d > 5 because in four-
dimensional geometry Egs. (2.26)—(2.27) cannot be satisfied
when any of the conformal coupling constants b, is not equal
to zero. Hence, it is noted that dimensionally continued hairy
black holes with a cloud of strings and quintessence do not
exist in four dimensions. Thus, we should emphasize that the
metric function (2.28) has the same behaviour as determined
in Refs. [96,97].

The curvature invariants for the chosen ansatz (2.19) are
calculated as

— d? 2d> d
R(r) = |:dzd3<—K rf(r)> S —2—f1|,

and

K—g(r)) (d2 2d2<dg 2
r2 drz) +r72 E) i|

(2.31)

K(r) = |:2d2d3(

It is straightforward to verify that both the curvature scalars
associated with the metric function (2.28) are divergent in
the limit » — 0. This implies that there is a true curvature
singularity in the spacetime.
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g=05,15,3.5
2=0.05,05,1.5 W-..
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Fig. 1 The plot of g(r) (Eq. 100000 —
(2.28)) vs r for fixed values of
I=1,M =103 6842, = 100,
w;=-07,242=1,¢=02,
a=0.05and Hy = 0.5 500001
= 0
-30000 +
-100000 “H———
0
Fig. 2 The plot of g(r) (Eq. 100000 Fr————
(2.28)) vs r for fixed values of r
I=1,M =103 842, = 100,
w;=-07,242=1,n=2,
d=6and Hy =0.5 50000 |
= 0
-30000
-100000

3 Thermodynamics of black holes

In order to discuss thermodynamic properties of dimension-
ally continued hairy black holes with a cloud of strings
and quintessence backgrounds, we compute thermodynamic
quantities in terms of the horizon radius r. Consider, for
simplicity, the case of spherical black holes, x = 1. From the
condition g(r4) = 0, we are able to write the expression for
finite mass as

a4, [m(l 1)”‘ 167G Hads
M = re |l -5+ > —0don—1 — —————
lexG [ " \r2 " 12 " rh
8and2ri‘
+167tGar+ + W (31)

Figures 3 and 4 show the behaviour of the black hole mass
in terms of r for different values of parameters d, g and a.
Note that, corresponding to all the positive values of M in
(3.1), there may exist one or more horizons. However, the
mass of the extremal black hole can be obtained from the

@ Springer

conditions g(r) = 0 and dg/dr = 0. So, we have

Xd, a1 1\N™" 16mGHaddy
M, = 2B )~y dy — —— A2
¢~ TonGd [ Te <r3 e d.2n=141 re
87Ggdr(1 +d &
167 Garedy + 24 Z(d: 10q)re ] (3.2)
ro !

e

The Hawking temperature [98] is defined as Ty = «y /27
where «; stands for surface gravity. Therefore, for the hairy
black hole structures described by Eq. (2.28), we obtain the
temperature as

1 =24 [ 167G Hads
Ty =

2rry Ax(n — 1)(12 + ri)n—z
d rin7312n—2
i e

8 Gqdy(di(1 —wy) — 1)
+ diwog+2 :
Ty

d_y
-

16w Ga(2d — 3)

(3.3)
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Fig. 3 The plot of mass M (Eq.
(3.1)) vs r4 for chosen values of
I =1, 84,1 =100,
w; =-05,2;2=1,¢=05,
a=0.05and Hy =1

Fig. 4 The plot of mass M (Eq.
(3.1)) vs r4 for chosen values of
1 =1,6840,-1 =10,
w;=-052X42=1n=2,
d=5and Hy =1

Fig. 5 The plot of temperature
Ty (Eq. (3.3)) vs ry for fixed
values of [ = 1, §4,2,—1 = 100,
w; =-07,242=1,¢=02,
a=0.05and H4 = 0.5
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Fig. 6 The plot of temperature 1000 — ————————
Ty (Eq. (3.3)) vs r4 for fixed i ]- : ]
values of | = 1, 84,24-1 = 100, : ' ]
w;=-07,242=1n=2, - | H / E
d=6and Hy =0.5 800 .| . " ."’ N
L - - / |
l : " “\ r‘l' ]
L “ / s N |
600 ' " ,‘:’ .. -
:; r \l. " .' ’ / % 4
— ' -
B [ ’ *.
=~ I | l' Yo
400 + | ¢ . s 4
L r‘ l|| | "' ; ~',~" -
r .‘|' ‘; - t‘ ) / \ _ _ 4
200+ \\ Y q=35,15,0.2 -
[ — a=1.5,0.5, 0.05
0k il . s N 1 s L s N 1 . L L L 1
0 1 2 3 4

The plot of temperature Ty for different values of the
spacetime dimension is depicted in Fig. 5. Similarly, Fig. 6
describes the effects of quintessence and string-cloud on tem-
perature of the black hole. The positivity of temperature for
the values of ry implies that black holes of such horizon
radii are physical. The entropy of the black hole (2.28) can
be obtained by employing Wald’s formulation [99, 100], and

we can write
oL
S=-2n % ddzxﬁ
8Rabcd

in which L refers to Lovelock Lagrangian density, ¥ is the
determinant of the induced metric ¥, defined on the hori-
zon and €, stands for the binormal. Thus, the entropy cor-
responding to metric function (2.28) can be obtained as

Sy NS pbpda! NP (= DEgrd

(3.4)

€ab€cd,

T 4G — (d—2p)! 4G(d —2n +2)
p= 1 ) (3.5)
1 1\"~ d d—2n+4 —ry
=+ = Fll, =, — ,
x (ri + 12) 1[ 2 2 2 }

where F| symbolizes the Guassian hypergeometric function.
It should be noted that the contribution of background mat-
ter i.e. quintessence and cloud of strings comes from terms
containing r through Eq. (3.1) in the above mathematical
expression of Wald entropy. Again, this behaviour is sim-
ilar to that obtained in Refs. [96,97] where effects of the
nonlinear electromagnetic field (matter sources considered
in [96,97]) comes from the value of r. through the expres-
sion of black hole’s mass. The extended first law [26,67,94]
corresponding to the dimensionally continued hairy black
hole with quintessential dark energy in a string-cloud model
can be written as

Pmax

dM = TydS + Aqda + Wdg + Y B db,.
p=0

(3.6)

@ Springer

Note that, A, and W are conjugate quantities associated with
the parameters of strings a and quintessential dark energy ¢,
respectively. These quantities are mathematically expressed

as

oM
Aa = — = 2d2r+, (37)
da
and
oM 2%y,
W = — = —
T+d) (wg—1) (3.8)
dq 2r, !

Similarly, B’s are conjugated to conformal coupling con-
stants b’s and are determined as

— Sd, A 4d)!
D D (3.9)
T4 s (dr —2p)IN-P~

Similarly, the generalized Smarr’s relation [26,94,101] asso-
ciated with the above thermodynamic quantities takes the

form

;M = Ty S + dyAga + (d3 + w,d))Wq

pmax
+dy Z E(p)b D
p=0

(3.10)

We have noted earlier that all the conformal coupling param-
eters b's are not independent because of the two constraints
(2.26) and (2.27) on metric function (2.28). Therefore, it must
be emphasized here that variations of b’s in the generalized
first law (2.30) are not all independent.

The specific heat capacity [102] can be defined as

Cy=Ty—. 3.11
H H (3.11)
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Differentiating the expression of Hawking temperature (3.3)
with respect to r yields

Ty 1 (n =217 4r G (ry)

oy 2mrl 2mw(n— D)2+ 2yt

The first order phase transition of the black hole corresponds
to those horizon radii for which the curve of specific heat Cy
meets the r-axis. The second order phase transitions take
place at those values for which the specific heat capacity is
not convergent. One can also check this type of phase tran-
sitions from Fig. 8. So, when Hawking temperature has an

=4 dG
+ L. (3.12)  extremum, dTy/dry = 0, the specific heat is singular and
4 (n — )12 +r2)n=2 \dry
+ the second order phase transitions take place. The effects
where of quintessence and cloud of strings on the local thermody-
namic stability and phase transitions of black holes can also
167G Hydy 161Ga2d —3)  dyl2=274=5 be seen from Figs. 9 and 10. Gibb’s free energy density [102]
G — + .
10r1) 123 R @ty is defined by
81 Gqdy(di(1 —wy) — 1) n—1
+ — , (3.13) o, [ a1 1
D2 G(r+)=M_THS=l67[G ry E+l—2 — 8d,2n—1
d 167G Had 87 Gqdar®
an _ oo A® + 16w Gary + —Hilih” :|
dGy _ 16nGHado(d —2n +3) T+ ry
dr. d—2n+4 1 p2n=2p2m—4
" T+ - [ - + - n—2
8t Gqdy(d (1 — (,z)q) —1) 2y 4 (n — 1)([2 + r_2‘r)
(21 — 4 — dyog)~1r{ T (167TGHAd2 167 Ga(2d —3)
| 167GaB —2d)d —2n + 1) rd+l rd
pd=2n 2 | 81Gadadi(1 —wg) — )
di 122 (4n — 5)r4" 0 ryet?
(2 +riy-! N dlri"312”2):| [H L - 1)Zq,r¢
 \j2n—24n—4 Ty -1 Y 0 Gd —on+ )
di@n 2z)z n=2p4 i (2 +12) 4G —2n+2)
(3 + 1) o\t d d—2m+4 —r2
X _2 + l_2 Fl ]" 59 T’ 12 9
Substitution of Wald entropy (3.5), temperature (3.11) and "+
Eq. (3.12) into (3.11) yields the expression for the specific (.17
heat
S (n = DSar 202 + 12" Z1 ) (r 124G (1) — 2(n — D2 4+ 12)"72)
" 8GI2"(d — 2n +2)(d — 2n + 4)
1
x 3 iyl _ a4 3 I I , (3.15)
=Dy + 1) =10 = 2)ry G (rq) + 219" %ry (ry +19)d Gy /dry
where
where
Zi(ry) =12(d = 2n+ 4 (r3d +1*(d —2n +2)) Fy , i
Yi, X pbydy! NP
H| = Zdy popar: N (3.18)

Lo, ——= -

4 d=2n+4 r?
2 2

2
—2r2d(r2 + 1) Fy [2, 1+ g, 3—n+ %, —;—;]

The specific heat capacity is helpful for the investigation
of local thermodynamic stability. The behaviour of specific
heat (3.15) in different spacetime dimensions is shown in
Fig. 7. When Cy becomes negative then the black hole does
not exist. However, the region in which it is positive implies
that there is local thermodynamic stability of the black hole.

T 4G d—2p)!
i p)

1

Note that in the above expression of Gibb’s free energy
density, F; denotes the Guassian hypergeometric function.
The global stability of a black hole can be explored from the
negativity of this thermodynamic quantity. The behaviour of
Gibb’s free energy as a function of r for different values of
quintessence and string-cloud parameters is shown in Fig. 11.
One can clearly see the regions where the black holes are
enjoying global thermodynamic stability.

@ Springer
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Fig. 7 The plot of specific heat UL I 2
Cy (Eq. (3.15)) vs ry for fixed I \
values of [ = 1, G = I, 4 ]
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and H4 = 0.5 Al :
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[ 1 1 1 1 1 1 1 1
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Fig. 9 The plot of specific heat | — — — Y T T T
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. dr,
Fig. 10 The plot of ﬁ (Eq. 2000 ——T — T T T T T
(3.12)) vs r for fixed values of - 2
I'=1,3842,—1 =100, &t
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4 Lovelock hairy black holes B 2p
ap = Hdiap. (4.2)
The polynomial equation generating solutions that describe i=3

Lovelock hairy black holes with quintessence and string-
cloud background can be determined as

Pmax
Kk —g(r) _ [k —gm7”
P 2 ]Z;)O‘p[_ 2
_lenGM 81t Gq
T bz T pdi(teg)
161Ga 16mGHy
— 4.1
d2rd2 rd ’ ( )

where the contribution of scalar configuration (2.29) and
energy—momentum tensors corresponding to quintessence
(2.23) and cloud of strings (2.18) have been used in con-
struction of the above polynomial equation. Note that for
simplicity we have also used

_ (200]

0p=——,a; =1,
0 dids 1

It is worthwhile to mention here that the general expression
for @, in the above holds only in case of p > 1. Differ-
ent black hole solutions can be constructed from the above
polynomial equation.

The mass of black hole associated with Eq. (4.1) is written
as

pmax
M Xy, Zap"p”il_zp 81 Gqg 16w Gary
16w G| “— e dy
p=o0 +
16rGH
_ oA A] 4.3)
T+

The Hawking temperature corresponding to the black hole
characterized by Eq. (4.1) can be expressed as

1 n—1 _

Z apk?(d; —2p) n
4T B (ry) = riP‘H

16 GHy
d+1
ry

Ty(ry) =
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16w G 8w Gqd
d2r ! r+|wq
where E(r4) is defined by
Pmax —  p—1
- popk
Bry) =)~ — (4.5)
p=0 T+

The entropy for these black holes can be calculated again by
Wald’s method as

B (d _ 2)Ed_2 Pmax p_l ap d 2[7
S= "G pX_; P \a=2p™
bp(d — 3)IN9=2P
S (4.6)

Using entropy (4.6) and temperature (4.4), it is straight-
forward to compute heat capacity as

dy—2
u(}’+)d22d2< szgc pr 1= pr+1 P)

Cy =
4G(A1(7+)E(7+) - A2(V+)dE/d"+>
Pmax —  p
apiP(dy —2p)
X |: Z 2p+1
p=0 ry
16rGa 8nGqwyd; 167tGHA:| @.7)
dor !t rfrdlwq gt .
where
8r Gquwydi (d + diwy)
A](r+) = d+1+d o,
s
L @pie? 2p 4 1)(dy — 2p)
- Z 2p+2
p=o "+
167 GHap(d +1) 167 Gad,
_ e — — (4.8)
r+ d2r+
Ag(r) Pmax apkP(d; —2p) 8nGqwyd; 16w Ga
2(ry) = -
167 GHy
o (4.9)
+
and
Pmax 2— pP— 1
Pk
dr+ =-2 Z 2p+1 (4.10)

One can easﬂy determine hairy black hole solutions in any
nth-order Lovelock gravity from the polynomial equation
(4.1). For example, the Gauss—Bonnet hairy black hole can
be illustrated by simply putting @ # 0 and &, = 0O for
p > 3in Eq. (4.1) as follows

@ Springer
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2
fi(r)=K+T[1i {(r)], 4.11)
200
where
o o 167tGM 8t Gq
¢(r) =1— 4 +4012010<d22d2rd_1 - rd|<1+wq)4 "
167 Ga n 167 GHy (4.12)
dor® rd ’

5 Summary and conclusion

In this work we focused on the new solutions of Lovelock-
scalar gravity in the background of quintessence and a con-
figuration of strings. The Lovelock gravity is non-minimally
coupled to a conformal scalar field, and the matter sources
for gravity were taken in the form of quintessence and a
cloud of strings. A specific choice of DCG for the Love-
lock coefficients is used and the gravitational field equations
are solved. The metric function (2.28) representing dimen-
sionally continued hairy black hole with quintessence and a
cloud of strings is calculated. Moreover, we also examined
thermodynamics of the hairy black holes. The finite mass of
black hole, Hawking temperature, specific heat capacity and
Gibb’s free energy are calculated in terms of the event hori-
zon radius. It is shown that the thermodynamic quantities are
significantly affected by the contributions of quintessence
and cloud of strings except for the Wald entropy which
remains unchanged. We considered the entropy S, parameter
of strings a, quintessence parameter ¢ and conformal cou-
pling coefficients b’s as extensive thermodynamic variables
and computed their conjugate quantities as well. We used
these quantities for validation of the generalized first law and
Smarr’s relation. We also performed thermodynamic stabil-
ity analysis from both local and global points of views. The
results for Hawking temperature and heat capacity in differ-
ent spacetime dimensions have also been presented graphi-
cally. The region of positive heat capacity and Hawking tem-
perature shows that there is local thermodynamic stability
of the black holes. It is shown that larger DCG hairy black
holes are more stable than the smaller ones because as 74
increases both the heat capacity and Hawking temperature
also increase. The possibility of both the first and second
order phase transitions is also visible from the plots of spe-
cific heat capacity. Further, global thermodynamic stability
of black holes can be analysed from the plot of Gibb’s free
energy as a function of r .

Finally, the hairy black holes of general Lovelock theory in
the presence of quintessential dark energy and string-cloud
model are also studied. In order to do this, we determined
the Lovelock polynomial equation which can generate d-
dimensional black hole solutions of any nth-order Lovelock
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theory. The thermodynamic quantities corresponding to this
polynomial equation have also been computed.

It is worthwhile to note that for H4 = 0 or b, = 0,
the metric function (2.28) again describes a new class of
dimensionally continued non-hairy black holes surrounded
by quintessence and a cloud of strings. Similarly, topological
black holes obtained in Ref. [77] can also be recovered from
polynomial equation (4.1) for H4 = 0. Moreover, by taking
g = a = 0, the metric function in each case describes neutral
black holes with scalar hair.

It might be very significant to study the phenomenon
of thermal fluctuations, Hawking radiations, quasi-normal
modes and greybody factors in the framework of a cloud
of strings and quintessence. Similarly, the study of charged
black holes, black branes and cylindrical black holes within
this setup could also be very interesting.

Data Availability Statement This manuscript has no associated data or
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work and there is no experimental data associated with it.]
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