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We present different Taub-NUT/bolt-anti de Sitter (AdS) solutions in a shift-symmetric sector of
Horndeski theory of gravity possessing nonminimal kinetic coupling of scalar fields to the Einstein tensor.
In four dimensions, we find locally and asymptotically locally AdS solutions possessing nontrivial scalar
field. In higher dimensions, analytical Taub-NUT/bolt-AdS p-branes and solitons are obtained, supported
by the existence of p Horndeski scalar fields with axionic profile. The thermodynamic properties are
studied through Euclidean methods and it is found that the first law of thermodynamics is satisfied.
Moreover, constraints on the parameter space of Horndeski gravity and NUT charge are obtained by
demanding positivity of the mass, entropy, and specific heat of the p-branes and soliton. We briefly

comment on future applications in holography.
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I. INTRODUCTION

Stationary nonsingular Euclidean solutions of the
Yang—Mills equations with finite action—also known as
instantons—are extremely important in quantum field
theories [1,2]. They represent nonperturbative effects at
the quantum level and they appear as the leading contri-
bution to physical observables. In the path integral for-
malism, instantons provide saddle points that can be used to
compute transition amplitudes between topologically
inequivalent vacua [3,4]. Their existence in Yang—Mills
theories implies a nontrivial structure of the vacuum, which
has observable effects at the quantum level [5,6].

The gravitational analog of instantons has attracted a lot
of interest because one would expect that they might play a
similar role in quantum gravity (for a review see [7]).
A particular class of metrics admitting such interpretation
is the Euclidean version of the one found by Taub and
Newman—Tamburino—Unti [8,9]—hereafter referred to as
Taub-NUT—whose possible observational signatures have
been studied in Refs. [10,11]. Their nontrivial topology is
characterized by a nonzero Pontryagin index that gives the
number of harmonic self-dual and anti—self-dual forms in
the middle dimension [12]. They are connected to the index
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theorem of the Dirac operator [12] and they contribute to
the axial gravitational anomaly at the quantum level
[13,14]. When the Lorentzian signature and spherical base
manifold are considered, the presence of Misner strings (the
gravitational analog of the Dirac string) is usually avoided
by imposing periodicity on the time coordinate. This
condition, however, implies the presence of closed timelike
curves and one is usually left with their Euclidean counter-
part that is commonly interpreted as a gravitational instan-
ton. It is worth mentioning that the analytical continuation
of this spacetime with locally hyperbolic and flat base
manifolds admits nonsingular solutions without closed
timelike curves [15-17]. Additionally, the Kruskal exten-
sion can be obtained in Lorentzian signature by abandoning
the periodicity of the time coordinate [18]. In fact, recent
developments show that the resulting spacetime is geo-
desically complete, free from pathologies for free-falling
observers, and its extended phase thermodynamics is
absent of negative thermodynamic volume [19-21]; some-
thing that is not guaranteed in the Euclidean case [22,23].

An interesting application of Taub-NUT geometry is the
construction of the Kaluza—Klein monopole [24,25], which
has motivated different studies from theoretical physics to
differential geometry [26—29]. The Taub-bolt solution, on
the other hand, is endowed with a horizon and it resembles
Euclidean black holes [30]. Due to this, their thermo-
dynamic properties is an interesting and active research
area, ranging from their extended phase structure to holo-
graphic heat engines [21,22,31-35]. One of the most
remarkable properties of this space is the breakdown of
the area/entropy relation by the presence and nontrivial
contribution of Misner strings [36—38]. Additionally, the
magnetic charge of dyonic fields on Taub-Bolt spaces is
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found to be of topological quantum nature while the electric
charge is quantized similar as in the case of the Dirac
monopole [39]. Holographic aspects of spacetimes pos-
sessing NUT charge have been studied in the context of
Kerr/CFT correspondence for the Kerr—NUT-AdS black
holes [40—-43]. Indeed, holographic fluids with nontrivial
vorticity can be described at the boundary by considering
bulk geometries with NUT charge [44—47]. Some Taub-
NUT/bolt solutions have been found beyond general
relativity (GR), for instance, in the low-energy limit of
string theory [48-51], in Lovelock gravity [52-56] and
beyond [57], in conformally coupled theories [58,59],
Chern—Simons modified gravity [60], and in gauge theories
of gravitation [61,62].

On the other hand, the low-energy limit of ultraviolet
completions of gravity theories [63—-66] usually predicts
scalar fields in their particle spectrum [67,68] as well as
higher-curvature corrections to the action principle [69]. In
fact, the dimensional reduction of the latter also induce
scalar fields on the effective theory [70,71]. From the
viewpoint of AdS/CFT correspondence, scalar fields are
relevant when describing strongly coupled systems
[72-74], since they introduce new sources in the dual
quantum field theory at the boundary. They can be used to
describe holographic superconductors [75-77], as well as
mesons through the AdS/QCD program [78-80]. These
facts show that scalar fields play an important role in our
current description of nature.

In gravitation, the most general scalar-tensor theory in
four dimensions having similar features of GR, namely
diffeomorphism invariance and second-order field equa-
tions, is known as Horndeski’s theory of gravity [81].
Its space of solutions is endowed with hairy black holes
[82—86], boson stars [87], and neutron stars with polytropic
and realistic equations of state with and without rotation
[88,89]. In the context of holography, different aspects of
this theory have been explored, for instance, asymptotically
Lifshitz black holes with fractional critical exponent [90],
holographic entanglement entropy [91], and models with
spontaneous momentum dissipation [92-97], among others
[98,99]. Recently, holographic heat engines were analyzed
in Ref. [100], as well as complexity growth [101], and the
holographic AC charge transport [102]. The thermodynam-
ics of these solutions has been explored in Refs. [92,103]
and it has been shown that Euclidean methods do not yield
to the same result for the entropy when compared to the
Noether—Wald’s formalism [104] (see also Ref. [105]).
From a cosmological viewpoint, these theories produce the
accelerated expansion of the Universe without the cosmo-
logical constant problem (for a review see [106]) and a
particular sector is compatible with the constraints imposed
by multimessenger astronomy [107-114].

The aim of this work is to show that Taub-NUT/bolt-AdS
solutions also exist in a particular sector of Horndeski
gravity. To this end, we focus on the nonminimal derivative
coupling of the scalar field to the Einstein’s tensor and
found different solutions. First, we obtain the zero mode of

the Horndeski scalar propagating in a Taub-NUT back-
ground and show that their energy density vanishes at the
fixed points, while the norm of the conserved current
associated to the shift symmetry diverges. However, it is
well known that this condition can be removed by demand-
ing the radial component of the scalar current to vanish.
A finite scalar current on the horizon is a desirable
physical conditions even in absence of scalar field’s back-
reaction. Then, we consider their backreaction and demand
regularity of the conserved current at the fixed points. We
obtain a locally Euclidean AdS solution sourced by a self-
gravitating scalar field whose on-shell energy-momentum
tensor gravitates as a cosmological constant. The thermo-
dynamic properties of the solution are found through
Euclidean methods [115] by introducing proper counter-
terms that regularize the on-shell action [116]. Afterward,
we analyze the behavior of the metric near the one and
two-dimensional set of fixed points and solve the system
numerically to find asymptotically locally Euclidean AdS
solutions. We compute the mass of the numerical solution
analytically by evaluating the renormalized boundary
stress-energy tensor at infinity [117]. In higher dimensions,
we found Taub-NUT/bolt-AdS analytical p-branes by
considering a product space between the Hopf-fibered
Kihler space and RP”, supported by p nonminimally
coupled Horndeski scalars with axionic profile. We obtain
constraints on the parameter space by demanding positivity
on the entropy and specific heat.

The article is organized as follows: In Sec. II, we
describe the particular sector of Horndeski theory we are
interested in, together with their field equations. Section III
is devoted to give a brief review about the Taub-NUT/bolt
geometry and their regularity conditions. In Sec. III A, we
revisit the vacuum solution obtained for Horndeski theory
with a constant scalar field for the sake of completeness.
Then, in Sec. III B we solve analytically the zero mode
of the Horndeski scalar propagating in a Taub-NUT back-
ground. In Sec. III C we consider their backreaction and
present a locally Euclidean AdS space with nontrivial scalar
field and an asymptotically locally Euclidean AdS numeri-
cal solution, alongside their thermodynamic properties.
Next, in Sec. IV we present analytical Taub-NUT/bolt-
AdS p-branes and solitons by considering scalar fields with
axionic profile. Finally, in Sec. V we present the con-
clusions and final remarks.

Throughout this work we use the following conventions:
metric signature (—,+,---,+), the Riemann tensor is
defined as R*,,=0,", + .., the Ricci tensor is
R, = RA# .- and the Ricci scalar R = ¢*“R,,,. Moreover,
the shorthand notation Ay, = (A, —A,) and Ay =
2 (A, +A,,) will be used. We work mainly with Euclidean
signature, although the action in the next section is
given for the Lorentzian case. Thus, one should bear in
mind a global minus sign when computing the Euclidean
action.
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II. HORNDESKI THEORY OF GRAVITY

Horndeski theory of gravitation is described by the most
general action principle constructed out of the metric and a
scalar field that leads to second-order field equations [81].
It has the same symmetries as GR, namely, diffeomorphism
and local Lorentz invariance. In this work, we shall focus
on a specific shift-symmetric sector—also known as
covariant Galileons [118]—described by the nonminimally
coupled action principle [98,99]

1G> @] = In + Iguy + Icrs (1)

where
D 1 v
= [ 4Pxy=3|(R=20) = (a5, ~ G, V49"

_ / 4P /=L, @)
Vv
IGHY = 2K/ dD_1 Vv —hIC, (3)
2%

Ier = / VIR + OR + GRWRY + (4R
oV

+ §5g + gﬁhﬂyqusvud) + §7hﬂbv;¢|:|¢vu¢ + .. ]
4)

Here, k = (162G)~! is the gravitational constant, G, =
R,, —39,R is the Einstein’s tensor, while a and f are
constants that control the canonical and nonminimal kinetic
terms of the scalar field, respectively. Moreover, h,, =
Gu — 1,1, is the induced metric on the boundary 9V, h its
determinant, and n* is a spacelike unit normal vector
with n,n* =1 and n"h, = 0. The extrinsic curvature
associated to these hypersurfaces can be expressed as
K=", V,n,, whose trace is K = ¢**K,,. Additionally,
G=TR*-4R,,R" +R,,;,,R*"* is the Gauss—Bonnet
term of the boundary, whose pieces R*,,,, R,, = R’lﬂ s
and R = ¢"R,, represent the Riemann tensor, Ricci
tensor, and Ricci scalar associated to h,,, respectively,
that can be obtained from the Gauss—Codazzi equation and
contractions thereof.

The Gibbons—Hawking—York (GHY) term [115,119],
Iy, 1s added such that the metric sector has a well-posed
variational principle with Dirichlet boundary conditions.
Indeed, the generalization of this term for scalar-tensor
theories of the Horndeski family was found in Ref. [120].
However, when a scalar field with radial dependence is
considered, the aforementioned generalization reduces
solely to the GHY term for the particular sector of
Horndeski theory we are interested in [98]. The counter-
term, Icp, is composed by the Emparan—Johnson—Myers

counterterm [116] and additional scalar terms proposed in
Ref. [99]. These terms are included to regularize the action
for configurations with locally AdS asymptotics and they
are relevant in the scheme of holographic renormalization.
Moreover, it has been recently shown that, in vacuum, it
coincides with the methods of Kounterterms when the Weyl
tensor vanishes at the boundary [121].1

The field equations derived from action (1) are obtained
by performing stationary variations with respect to the
metric and scalar field, giving

a_ ) P oe
g/“/ = le + Agm, - ﬂT’SD) - ﬂ 1(41/) = 0, (Sa)

5 = V#J” = 0, (Sb)

respectively, where
n _ 1 2
T/ll/ - vy¢vu¢ - Eg/uxv/lqﬁv gb’ (6)

1
T -

= EquﬁquﬁR - ZVﬂqﬁV(ﬂqﬁRﬁ,) —V*pVP PR

HAVp
1
- (vuv/lqb) (vvvid)) + (vﬂvb¢)|:|¢ + EGﬂvvl¢vl¢

30l (08) = (V.V,0) (V°909) =29V R, |
)

= (ag” - PGV, 4. (8)

As mentioned in Sec. I, the space of solutions of this
theory has been widely explored in different contexts and a
plethora of analytical and numerical results have been
found. In this work, we are interested in Euclidean sta-
tionary configurations with regular scalar profile at the
fixed points. These solutions have not been considered in
the literature and they are relevant for their distinct
applications exposed in the Introduction. To this end, we
focus on Taub-NUT/bolt-AdS geometry to solve the field
equations (5). The main properties of the latter and
principal results are presented in the next section.

III. FOUR DIMENSIONAL EUCLIDEAN
TAUB-NUT/BOLT-AdS SOLUTIONS

In the following, we focus on the inhomogeneous
family of Euclidean metrics proposed in Ref. [123].2

'In GR, the method of topological renormalization also renders
the Euclidean on-shell action and Noether charges finite [122].

Euclidean signature will introduce a global sign flip to the
action (1), leaving the field equations unaffected. This change,
however, should be taken into account when computing the
on-shell Euclidean action for thermodynamic purposes.

064068-3



ARRATIA, CORRAL, FIGUEROA, and SANHUEZA

PHYS. REV. D 103, 064068 (2021)

They are constructed on complex line bundles over Kihler
manifolds as

d 2
ds? = f(r)(dr + 2nAy)? + W’;) + (P =), (9)

where 7 is the Euclidean time, n is the NUT charge, and
dZ%k) denotes the line element of the base manifold with
constant curvature k = +1, 0, for spherical, hyperbolic,
and flat sections, respectively. These bundles are labeled by
the first Chern number at infinity which is related to
the NUT charge [36]. The Kéhler potential A for the

different base manifolds can be expressed as (see for
example Ref. [58])

cosfOdg when dZ%kzl) =d#@? +sin’0dg?,
Ay =1 3(0dp—@df) when d=_ =d6”+d¢’,
coshfOdg when dZ%k:_ = d6? +sinh?0dg?.
(10)

The real fundamental form € associated to the Kéhler
metric of the base manifold is defined through Q) = d.A ).
Even though the line element dZ%k:I) is locally isomorphic

to the one of CP!, the equivalence between CP? and S
does not hold for p > 2, since no hyperspheres admit
Kihler structures in that case [124]. The magnetic part of
the Weyl tensor is turned on by NUT charge and the
latter is generically interpreted as the magnetic mass of
the geometry [53,125-127].

In order to have regular Euclidean hypersurfaces with
either zero or two-dimensional fixed point—also referred to
as nuts or bolts [25,30], respectively—, the following
conditions on the metric functions must met

For NUT:  f(r)],_, =0 and ¢f/<r>h'<r>|,n=‘;”,
(11a)
Forbolt: (7)., =0 and VT, =2
(11b)

as well as the vanishing of the metric function A(r) at the
fixed points. Here, prime denotes differentiation with
respect to r, S, represents the period of the Euclidean
time, and the horizon of the Taub-bolt solution satisfies
r, > n. On the other hand, when k = 1, unobservability of
Misner strings imposes that g, = 8zxn. This condition,
when combined with the absence of conical singularity
ensured by the conditions (11), relates r, with the NUT
charge. For the sake of completeness, we review the
vacuum case of Horndeski theory (1) in the next section.

A. Vacuum case

It is instructive to analyze first the vacuum solution,
namely ¢(r) = constant, such that the theory reduces to
GR. In this case, the Klein—Gordon equation is automati-
cally satisfied and the metric functions that solve the
Einstein’s field equations are

f(r)=h(r)
r?+n?\ 2MGr A(r*—6n*r*—3n*)
=k - - .o(12
<r2—n2> rr—n? 3 r?—n? (12)

Here, M is an integration constant related to the mass, as it
can be obtained from the Euclidean on-shell action [116] or
by evaluating the regularized boundary stress-energy tensor
at infinity [117]. This metric reduces to the Schwarzschild-
AdS black hole with Euclidean signature in the limit n — 0.

For the Taub-NUT case, the regularity condition (11a)
implies that

4
MG:kn+§An3, (13)

and it is straightforward to read f, = 8zn/k. The case
k =0 leads to noncompactness of the Euclidean time,
while the case kK = —1 has a horizon before r = n, in
contradiction with the NUT hypothesis. For k =1, the
space is topologically equivalent to R* since it represents
the Hopf fibration of the Euclidean time over S2. In this
case, the Weyl tensor is globally self-dual and the solution
has zero mass when the Pontryagin density is added (see
Ref. [127]). Thus, it can be regarded as a ground state
labeled by the NUT charge, similar to self-dual instantons
in Yang—Mills theory [128].

In the Taub-bolt case, on the other hand, the solution
is endowed with a horizon at r = r;, > n [30] and the
regularity conditions (11b) imply that the integration
constant is fixed as

k A(r} —6n*r: —3n*)
MG = —(r} +n?) = —=2 K . (14
3y (4 7) o (14)
Here, however, the Weyl tensor is no longer globally self-
dual even without the cosmological constant. It is direct to
check that the period of the Euclidean time in this case is

given by

47[}"1)

ﬂr:m' (15)

Additionally, when k = 1, the unobservability of Misner
strings demands f#, = 8zn which, in turn, impose a relation
between r;, and n, that is

14+ /1 + 16AR2 (A% + 1
ry = —LEVILHI6A AR + 1) (16)
b 4An
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The condition r, > n must be met alongside the positivity
of the argument of the square root of Eq. (16). These two
restrictions impose a range of values for the NUT charge
such that the Taub-bolt solution exists.

In the next section, we obtain analytically the zero mode
of the Horndeski scalar propagating on the Taub-NUT/bolt
background by solving the Klein—Gordon equation for a
nonminimally coupled scalar field to the Einstein’s tensor.

B. Horndeski scalar zero mode
in the Taub-NUT background

In the test field limit, the scalar field’s zero mode with
radial profile, i.e., ¢ = ¢(r), satisfies a Klein—Gordon
equation (5b) on the Taub-NUT/bolt-AdS background
that is

a+Apd
2_a2dr [(r* = n?)f¢/] =0, (17)
where f = f(r) is given in Eq. (12). This equation admits
the first integral of motion

NG (18)

where p is an integration constant.

The energy-momentum tensor of the Horndeski scalar
can be defined as T, = aT,(w) + ﬁT,w Projecting onto the
temporal component of the latter through the orthonormal
frame e, i.e., Ty, = €,€",T,,, the energy density of the
zero mode on the Taub-NUT-AdS background is given by

p(r)=To
:f_tht
= 7/42 { (372 + 2n2|[k(r* + n*) — 2GMr]
18f(r* — n?)>
A
—(r*=n?)? - §(9r —41n2r* = 33n%2 — 15n6)}.
(19)
|
0 = [fpn* — (P = n?)(B + alr? = n?])][(AS = a)(r* = n*)?

= Br?[(AB +3a)(r? = n?)? + 28{r* — n?(f + D}f? +

It is straightforward to check that it vanishes at the zero or
two-dimensional fixed points, i.e., r > n or r — r, for
nuts and bolts, respectively. Asymptotically, their energy-
momentum tensor behaves as the cosmological constant
since p(r) ~—Ar?/3. However, the norm of the scalar
current given by Eq. (5b) is divergent at the fixed points. It
is well known that this problem can be circumvented by
demanding the vanishing of the radial component of the
current for a self-gravitating scalar field (see for instance
Ref. [82-84,129]).

In the following, we consider the backreaction of
Horndeski scalars to obtain analytical and numerical
solutions to the field equations (5) by imposing regularity
of the scalar current at the fixed points.

C. Taub-NUT/bolt solutions with self-gravitating
scalar field

In order to find Euclidean solutions with self-gravitating
scalar field, we focus on the particular case k =1 and
consider a radial ansatz ¢p = ¢(r). To ensure regularity of
scalar current’s norm at the fixed points, the restriction
J” = 0 must be met [129], that is,

grr _ﬁGrr)d)/ — 0 (20)

Thus, nontriviality of the scalar field demands a relation
between the metric functions that can be read from the
branch (ag™ — pG™) = 0. This allows one to evade the no-
hair theorem of Ref. [130] and it relates the metric functions
according to

J = (a

ffpn® = (P = n?)[p+ a(r* = n*)]}
By Y

This condition automatically solves the Klein—Gordon

equation (5b). Then, &£, = 0 is solved by the scalar field

_2rk(r? =n? 2 (AB+a)[(r = n*) '+ f1]
fla(r? =n?)?+B(r* —n?) = pfn*]?

Replacing (21) and (22) into &,, = 0, we obtain the master
equation for the remaining metric function f(r) as

h(r) =—

¢ (r) = (22)

= 2p{r* = n*(f + D}If"

ﬁ 2p7n* (n* +777)f*

— prn2(r? = n®){(AB = 3a)n* + (4 — SABr* — 18ar®)n® + (TAr* + 187 + 2lar*} f

+ (r* = n?){AB(2r° = nb + 4n*r? — 5n%r*

+ BBa(2r® + nb = 3n?r

) —an*(Ap—a)(r’ —n?)’
)+ 2p2rt =0t =P Hf +

—4n?Br3(r* = n®)[2AB(r* — n?) + 3a(r? — n?) + 2p]f> + 213 (r? — n? ) {2A8% + a(AB —

1

( n2)2 [8f3ﬁ2n4r3

a)(r* =n®)}f].  (23)
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This is a second-order nonlinear equation that is rather
challenging to solve analytically. In particular, when
n — 0, it is solved by the Euclidean version of the black
hole reported in Refs. [83,84]. When the NUT charge is
nonvanishing, further progress can be done numerically.
However, before presenting the numerical solutions, we
show the existence of a nontrivial scalar profile that
generates a locally Euclidean AdS ground state with an
effective curvature radius. This configuration is discussed
next.

1. Locally Euclidean Taub-NUT-AdS solution
with nontrivial scalar field

Although Eq. (23) looks challenging, it admits the
following analytical solution with a nontrivial scalar profile

f(r) = a2 (24a)
[r? — n?|[3B + da(r?* — n?)]

h(r) = 1251 : (24b)

¢(r) =y iwm [3f+4da(r?—n?)], (24c)

where ¢ is an integration constant that, by virtue of the
shift symmetry ¢ — ¢ -+ constant, can be set to zero
without loss of generality. Reality conditions on the scalar
field implies that A + a < 0. Moreover, it is direct to see
that this solution has a nut since it vanishes at » = n and
the period of the Euclidean time is given by f, = 8zn.
Thus, their Hawking’s temperature is 7 = (8zn)~!. This
metric has ten Killing vectors and it is locally AdS, with
Euclidean signature, whose Riemann tensor is

R¥,, = ——54 ). (25)

Hv 3[}

The effective curvature radius can be read off from the last
expression as £ = 35 % and it is direct to check that it has a

vanishing Pontryagin density. On the other hand, the stress-
energy tensor of the Horndeski scalar gravitates on-shell as
a cosmological constant, i.e.,

2 a
(Tlgi) + Tl(ll/))|0n—shell = (ﬁ + A) g/u/' (26)

This behavior renders the one of Ref. [86] and it generalizes
their scalar field’s configuration in presence of the NUT
charge.

The thermodynamics of this solution can be obtained
from the quantum statistical relation InZ ~ —I to lowest
order in the saddle-point approximation, where Z is the
partition function and / is the Euclidean on-shell action
[115]. The relevant quantity for computing the latter is the

Horndeski Lagrangian evaluated at the Taub-NUT
ansatz, i.e.,
f'h fh h’ 2hr 20'r
Ly = !
i K[ AT TR —n)f 2=
2((r* = n?)(1 = h) — n*(f — h)] a
—2A| — = h¢"
+ (P —n2)? ) ¢
ﬂh¢’2 " fhr + fin?
—_—. 27
Fapr ey [T 2

To calculate the GHY term and the counterterms that
regularize solutions with local AdS asymptotics, the
extrinsic and intrinsic curvature scalars associated to a
space-like unit vector n* are needed, which are

Vh[(r? = n?)f' + 4fr]

k= 2f(r* = n?) ’ (28)
R — 2[7' (;zf’l_(nz)'z f)] , (29)

respectively.

The higher-curvature contributions and scalar derivative
terms are subleading in D = 4 for the asymptotic expansion
and they do not contribute in this case. Moreover, the
boundary Gauss—Bonnet term vanishes identically for
D =4 and it contributes only if D > 5. The Euclidean
on-shell action evaluated at the solution (24) is finite
provided that the counterterms in Eq. (4) are chosen
such that

2k(Af — Q) k\/3P(AS + 3a)
CIZW and §2:—T. (30)

These values of the parameters guarantee that the action is
finite as » — oo. Thus, the regularized Euclidean action for
the solution (24) is

3af(Af+ 2
tg = 2004 20) 61)

The free energy, mass, entropy, and specific heat can be
obtained from this expression as

Ol,eq
op.

f:ﬁgllreg’ M =

Ol
S:ﬂra—g_lrcg (32)

~ o
respectively. Notice that the Euclidean action (31) does not
depend on the period of the Euclidean time. Therefore,
its thermodynamic mass M vanishes. Even more, since
the solution is locally AdS, its Weyl tensor vanishes
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identically. This implies that its mass is zero, similar to
what happens with the Taub-NUT solution in Einstein
gravity when the Gauss—Bonnet and Pontryagin densities
are included [127]. We interpret this configuration as a
ground state which is disconnected of global AdS by the
presence of a nontrivial stealth-like scalar field. Thus, if a
background subtraction prescription would have been used,
this solution may regularize the Euclidean action as
in Ref. [36].

On the other hand, it is well-known that the Misner string
contributes nontrivially to the entropy in spacetimes with
spherical section, as in the case under study here (see for
instance Ref. [37]). For the solution in Eq. (24), the entropy
arises purely from the Misner string, giving

_3ap(AB + 2a)

S p—
2Ga?

(33)

One can notice that the entropy does not depend on the
period of the Euclidean time either. This implies that
the first law of thermodynamics is trivially satisfied and
the specific heat of this solution vanishes. The free energy is
proportional to the Hawking’s temperature as it can be seen
from F = f; 1Ireg. Thus, in order for the entropy to be
positive definite, the constraint Af + 2a <0 must be
met. Compatibility of the latter with real scalar fields
and the absence of ghosts implies that A < 0, # > 0, and
0<a<—-Ap/2.

In the next section, we obtain Euclidean numerical
asymptotically locally AdS solutions with nontrivial scalar
profiles in Horndeski gravity. To this end, first we study
first series solution near the fixed points of nuts and bolts,
respectively.

2. Asymptotically locally Euclidean
AdS Taub-NUT/bolt solutions

In order to solve the system numerically, we need
to obtain initial values compatible with the field
equations. For NUT, the regularity conditions (11a) imply
that the metric function admits a series expansion near
r=n as

f(r) = f1l(r=n) + f2(r =n)* + f3(r = n)?
+ fa(r=n)*+ ... (34)

Inserting this expression into Eq. (23) an solving for each
order of (r — n), itis found that f is completely determined
by the field equations, giving f| = ﬁ Moreover, every
coefficient f; with i > 3 can be obtained recursively in
terms of f, that remains as a free parameter. In GR, the
latter is related to the mass and, once the condition (11a) is
imposed, it is fixed in terms of the NUT charge. In this case,
f» remains arbitrary even after the NUT condition.
Therefore, we conclude that this solution is endowed with

an additional free parameter: a scalar hair. On the other
hand, the values of the first coefficients are explicitly
given by

f3= 1 [40An? + 30nf, +9][2nf, — 1],  (35)

48n?
fa =5 160N Fnt = 128Aapn* + 33605’
— 64a’n* + 1264%n*f3
+ 12A8202 + 9B2nf, — 1842 2nf, — 1], (36)

ansoon. If f, = 1/(2n), all the coefficients f; vanishes for
i >3, and this solution reduces to the ground state
discussed in the previous section [cf. Eq. (24)]. Thus, in
order for the numerical solutions to deviate from Eq. (24)
while approaching to (25) asymptotically, f, must be
subjected to the condition f, # 1/(2n). Additionally,
the period of the Euclidean time in this case is given by
p. = 8an.

Then, we proceed to solve Eq. (23) numerically. First, we
notice that the master equation for f(r) is singular when
r = n. Therefore, we introduce a regulator ¢ < 1, such that
the initial conditions read

fr=n+e)=file+ fre* + f36 + ...), (37a)

fl(r=n+e€) = fi(1+2efr+3€e*f3+...). (37b)

We consider up to cubic order in € to enhance numerical
precision. The metric functions and curvature invariants are
plotted in Figs. 1-3 for different values of f,, respectively.

For bolt, on the other hand, the metric function admits a
series expansion near the horizon r = r;,, with r, > n, as

f(r) = Fil(r=rp) + far = r)* + f3(r—rp)?
+ falr=rp)* 4+ .. (38)
The absence of conical singularities expressed in terms of

the regularity conditions (11), relates the free parameter f,
with the period of the Euclidean time f, through

7, = 16721,
L Ba(ri —n?) + B

(39)

where the solution of A(r) in Eq. (21) has been used.
Moreover, unobservability of Misner strings impose the
relation 8, = 8zn for Taub-bolt, relating the parameter f,
with r,,. Thus, the Hawking temperature of this solution is
T = (8zn)~'. Additionally, since a and 8 must be positive
for avoidance of instabilities [92] and for consistency with
solar system tests [131], we found that f, > 0 by virtue
of r, > n.
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FIG. 1. Numerical solution of Eq. (23) with a =4, f =1, A = —10, n = 1, and initial conditions (36). Here, we defined f(r) =
2 — 2 -

f(r) % and h(r) = h(r) %. The function f(r) reaches different asymptotic values when varying f», which is related to the fact that £,

remains arbitrary in Eq. (42). On the other hand, asymptotically 4(r) = r?/ fgff + - - - for arbitrary values of , and y;, with fe‘f% = ﬁ

Thus, 7(r) — 1 as r — co. The case f, = 0.5 represents the ground state given by Eq. (24).

Analogous to the NUT case, inserting the series
expansion (38) into Eq. (23) and solving for each
order of (r—r,), we find that there is no additional
relation between r, and n, in contrast to GR and
theories  with  higher-curvature terms  [52,54-57].

|

- 1

Moreover, every coefficient f; with i >2 is obtained
recursively in terms of f;, and therefore, completely
determined in terms of r; and the parameters of the theory.
The leading term is

(T (e

n*)a + Bl[(ry = n?)(AB — a) — 2§]

(7} 2

+ap(r} —n®)[n*A + 6r2 + (3 — Ar? = 3r,f1)n?]

+ FPl(rpf1 + D)AR* = (Aryf1 + 3Ar} + 2r,f1 — 2)n* + 2r}A + 4r3]].

10

@°(r)

0 T T T T
10 12 14 16 18 20

rin

FIG. 2. Numerical solution of ¢'(r) [cf. Eq. (22)] according to
the evolution of f(r) in Fig. 1. Recall, the energy-momentum
tensor of the scalar field gravitates as an effective cosmological
constant as r — oo since the system approaches asymptotically
locally to the Euclidean AdS space in Eq. (24).

(40)

|

and we do not include f; with i >3 for the sake of
simplicity, since they are cumbersome and not very
illuminating. The key point is that they are all determined
by r, and the parameters of the theory through f,
[cf. Eq. (39)]. Then, for bolt we solve numerically
Eq. (23) with initial conditions

flr=r,) =0 and f'(r=r,) =fi,

for different values of f,. The numerical evolution of the
metric functions and curvature invariants are given in
Figs. 4-6 for different values of f;, respectively.

To obtain the mass of the solution, we need to know the
asymptotic behavior of the metric function f(r). To this
end, we perform the series expansion

(41)

r i 2

H3
f(r):g+ﬂoo_7+r2 3

+ 3 + ... (42)
as r — oo. Replacing this expression into Eq. (21), we find

that h(r) = r?/¢% + ... at large r, independent of the
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f> = 0.5 represents the ground state of Eq. (24a) and all the curvature invariants remain constant.

related to the fact that the Taub-bolt radius r, — co as f; — 0, and r > r,.
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FIG. 4. Numerical solution of Eq. (23) with initial conditions (41). Here, we have used f(r) = f(r)
been defined in Eq. (39). The parameters of the theory have chosen as « =4, f = 1, A = —10, n = 1, and therefore, 0 < f, < 1/4.
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value of #2 (recall ;3 = 37)- Indeed, it yields asymptoti-
cally to the Riemann curvature of Eq. (25) for arbitrary
coefficients in the expansion (24a). Therefore, we conclude
that this solution is asymptotically locally AdS with
curvature radius Z53 = 35 and it generalizes the black hole

Then, we proceed to determine the coefficients of
Eq. (42) from the field equations. To do so, we insert
the expansion (42) into the master equation (23) and solve
for each order at large r. We find that 7, and p; remain

of Ref. [84] by introducing the NUT charge.

arbitrary, while the other coefficients are fixed in terms of
the latter as

1 12pn%(AS + 3
Hoo = —m |:9(Z,B + 3Aﬂ2 + (Zl’lz(Aﬁ - a) - %} N (43)
B 3452 (1A% + 46Aap + 59a%)  4n*(TA*? + 38Aap + 550°)
=~ g |+ - 2 ’ 7 |
_ _mnz _ 3B(AB + 3a)
S [l ar%(Ap - a)] | )

and so on, where Aff—a #0. If the critical case, i.e.,
Ap—a =0, would have been taken beforehand, the
system degenerates as shown in Ref. [86]. In contrast to
the solution of Ref. [84], here the presence of the NUT
avoids one to eliminate any of these free coefficients
through a redefinition of the Euclidean time as it can be
seen from the off-diagonal pieces of Eq. (9). However,
compatibility of the scalar field with asymptotically AdS
symmetry imposes an additional relation between the
parameters of the solution [132,133]. Since Taub-NUT/
bolt-AdS determines its own asymptotic behavior, we
conjecture that a similar relation should arise by demanding

' | -—- =021
] 1 -
. ' ! fi=0.18
1 ' - |
! i H --= f1=015
1 1 -
i ' ] e =012
1 ! p _—J
6 ! 3 §
\ 1 \
\ 1 1
— \ \ v
[ \ \ 1
- " \ \
4 Y N X
A \
S \ N
N N
T NN
2 = s i
=Y
B
0
- - - : - :
10 11 12 13 14 15 16 17
r
FIG. 5.

Numerical solution of ¢/(r) [c.f. Eq. (22)] for the bolt
case. As in Taub-NUT, the energy-momentum tensor of the scalar

field behaves as an effective cosmological constant at infinity
since the system approaches asymptotically locally to the
Euclidean AdS space in Eq. (24). Additionally, the distinct
starting points in this figure are related to the fact that the

Taub-bolt radius r, — oo as f; — 0, and r > r,, similar to the
metric function A(r) [cf. Fig 4].

064068-

boundary conditions for the scalar field compatible with the
asymptotic symmetries of Eq. (9).

Next, we employ the formalism of Balasubramanian—
Krauss [117] to compute the mass. The renormalized
boundary stress-energy tensor of Horndeski gravity was
obtained in Ref. [98] for asymptotically AdS planar black
holes coupled to scalar fields possessing radial dependence.
For the solution presented here, the base manifold has

spherical topology and the renormalized boundary stress-
energy tensor is

™" =2 <K + gvmvﬂqs) (IChm — o)

1
-2¢, (R"” ~5 h"”R) + ¢ h, (46)

where the values of {| , are given in Eq. (30) and ¢ = ¢(r).
This expression is equivalent to the electric part of the Weyl
tensor in the pure gravity case [134,135] for asymptotically
AdS spacetimes. Moreover, it is covariant provided that the

intrinsic curvature tensor is expressed through contractions
of the Gauss—Codazzi equation as

Rﬂy =R, - ZnﬁRi(”nD) + R,lf,n’ln/’nﬂn,, — R/Wl,n’ln

- KuK*, + KK, (47)
We define the unit normal vector u#* that generates the flow
of Euclidean time in J)V. The mass is obtained by
integrating T, u"&" over the codimension-2 boundary at

infinity, X, where & is the Killing vector associated to
Euclidean time symmetry. This yields to®

The minus sign on the right-hand side of the first equality
stem from the fact that we are working in Euclidean signature.
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Fig. 4, the different starting points are due to the fact that 7, — oo as f; = 0 and 7 > r,. The asymptotically locally AdS behavior of this

solution becomes evident from these plots.

M:—/dzx\/ETﬂyu”cf”:—'ulf“’(Aﬁ_a) (48)
z

4G\/3af

where o is the determinant of the induced metric on X (for
details see [117]).

Some comments are in order. First, the mass of the
solution vanishes in the degenerated sector of the theory,
i.e., a = Ap (see Ref. [86]). Second, positivity of M when
%y > 0, alongside the absence of ghosts (a > 0) is
guaranteed by reality of scalars fields in the asymptotic
region as long as A < 0 [see Eq. (24)]. Third, although the
series expansion of Taub-NUT and Taub-bolt solutions are
different near the fixed points, they have the same asymp-
totic behavior as r — co. The unobservability of Misner
strings, on the other hand, implies that the Hawking
temperature in both cases is 7 = (8zn)~!. Remarkably,
there is no relation whatsoever between the bolt radius and
the NUT charge, in contrast to GR and higher-curvature
theories. This stem from the fact that the metric functions
f(r) and h(r) are different for nontrivial scalar fields. Thus,

the solutions presented here have more free parameters than
in GR and higher-curvature gravity and we conclude that
this is evidence for scalar hair.

It is worth mentioning that one can match M with the
coefficients f, and f, by fitting the numerical solutions with
appropriate polynomials to read off the coefficients in the
asymptotic expansion (42). For bolt, we find that M satisfies
a quadratic relation in terms of r,. For NUT, however, we
find that there exists a range in the parameter f, where M
turns out to be negative. This can be avoided by restricting
1/2 < f, < 4.1 for the choice of parameters assumed in the
numerical integration (for instance see Fig. ).

In the following, we explore higher-dimensional
p-branes and solitons with NUT charge in Horndeski
gravity supported by axionic fields.

IV. HIGHER-DIMENSIONAL TAUB-NUT/BOLT
BRANES AND SOLITONS WITH AXIONIC FIELDS

Axionic scalar fields have recently attracted a lot of
interest, since they can be used to construct homogeneous
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black strings in AdS [136]. These fields are characterized by
nontrivial dependence on the coordinates of the target space
and it has been shown that they might avoid the Gregory—
Laflamme instability at linear level [137], regardless the size
of the Schwarzschild-AdS black hole located on the brane
[138]. Axions support the existence of homogeneous AdS
black strings in Einstein—Gauss—Bonet gravity [139] and it
was shown that they must possess particular kinetic coupling
in order for these solutions to exists. Rotating black strings in
Chern—Simons modified gravity [140] are supported by
axionic fields as well, representing the first analytic rotating
solution with contribution of the Cotton tensor [141] in such
a framework. Here, we extend these solutions by including
the NUT charge in the context of Horndeski theory.

In order to construct D =4 + p Taub-NUT/bolt-AdS
branes analyticall, we consider the action (1) nonminimally
coupled to p scalar fields y; withi = 1, ..., p, whose target
space is R”, namely

iH[gyw Wz] = / d4+17x\/ -4 |:K(R - ZA)
v
1 o
-5 (a = p6), Y| 49

where §;; is the p-dimensional Kronecker delta. The field
equations for this system are similar to Eqgs. (5), but with
additional scalar fields, i.e.,

a1 P
__T/Su) _Z_KT/(AL/> == 0,

S/w = Gyz/ + Ag/,w 2K

(50a)

&=V,J" =0, (50b)

where we have defined
. 1 . .
TW =6 <V,,w’prf - Eg,wvw’ww’>, (51)

1 , . ) .
2 ; ;
T,(,,,) =9 (2 Vy'Vy/R -2V, V(”l///Riu)

- vil//ivajRﬂﬂy/)

- (vﬂv/ll//i) (vuvﬂl//j)

o o
+ (V. V') Oy + 3G, V' Viyd

2
1 o _ _
=5 9u[(Ow) (@) = (VV,p ") (VVPyd)
-2V RM) ’ (52)
T = (ag - PGV, (53)

To solve the field equations, we consider the product
space between the family of inhomogeneous Euclidean
metrics of Eq. (9) and R”, written in local coordinates as

r
dsz = f(r)(d‘r + ZnA(k>)2 + m + (r2 - nz)dz%k)

+ 8;;dz'dz/, (54)

where the Kihler potential Ay, has been defined in
Eq. (10). Although this metric is homogeneous along the
coordinates z/, we do not impose translational symmetry on
the scalar fields along R?, i.e., y; = y;(r,z'). The Klein—
Gordon equations (50b) are solved by scalar fields with
linear dependence on the coordinates that span the brane,
that is

wi =27, (55)

where 4 is an integration constant usually referred to as
the axionic charge. Remarkably, the on-shell energy-
momentum tensors associated to the solution (55) has
the same isometries of the line element (54), despite the
linear dependence of the scalar fields on the local coor-
dinates of R”. This is a consequence of the shift symmetry
in the scalar fields’ space and it can be seen as a Freund—
Rubin compactification [142] where the internal manifold
is flat and, instead of magnetic gauge fields, scalar fields
support their existence.

The ansatz (54) alongside the scalar profile (55) allows
one to decompose the field equation for the metric as

pPpAI? pai?
Ev = [1_ 4K]G’”+[A+ |90 =0 (56)
1 (p —2)pa* (p —2)ar?
| =M s R (AT s
€ij 2[ 4x I T i

—0, (57)

where barred greek and latin characters denote components
of transverse and brane sections, respectively. Taking the
trace on both equations, i.e., ¢**&;; =0 and §7E;; =0,
one obtains

R 4[4Ak + p052/12] ’ (58a)
4k — ppi
~ 2[4Ak+ (p - 2)ai?]
R= = (p-2p2 (58b)

Compatibility of these two equations gives rise to a quartic
equation for the axionic charge whose solution, for p # 2,
fixes the latter in terms of the parameters of the theory as*

4, . .
The case when p =2 fixes axionic charge according to

2 _ %A

Am = Ap+2a
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B = alp +2) = AB(p—4)
B (D= 4PN+ 2apA(p? = 2p +8) + o (p+2)°).

(59)

Reality of the scalar fields impose conditions on the
parameters of the theory since 13 > 0. Moreover, the
argument of the square root must be either positive or
zero. When positive, these conditions imply that a > 0,
A < 0, and that A, must lie in the range provided in Table I
for different values of p. Here, for p # 4, the parameter p.
has been defined as

Ape _ (PP-2p+8)£/R2(p-2)p
b -4y . (60)

When 4k — ppi3 # 0, the transverse components of the
field equation for the metric can be cast into the form

Ep = G[m + Acffgﬁz’/ =0, (61)

which resembles Einstein—AdS equations with an effective
cosmological and gravitational constants given by

4xA 22 72
N POLL nd kg = k= PP

Aegr = ,
eff 4Keff 4

(62)
respectively. The appearance of an effective Newton con-
stant is a consequence of the nonminimal coupling of the
scalar fields to the Einstein’s tensor in Horndeski theory.
Solving Eq. (61), one obtains that the metric functions are

f(r) = h(r)
- k<r2 + n2> 2MGeffr Aeff (r4 — 6}’12}"2 — 3”4)

2 _ 2 2 _ 2 3 2_ 2 )

r-—n

(63)

where M is an integration constant and G can be read
from Eq. (62) as

G

= (64)
1 —4zGppit

Geff

TABLE I. Conditions on the parameters of Horndeski theory
for the existence of Taub-NUT/bolt-AdS p-branes in different
dimensions. Notice that the first case is allowed only when
22 > 0. The definition of p_ is given in Eq. (60).

0<p<2 £>0 2 >0
2<p<4 0<p<p_ 2 >0 2 >0
p=4 0<p<-2 2>0  2>0
p>4 O<p<p_Up>p, 2 >0 2 >0

Regularity conditions (11) on the hypersurfaces at constant
7', implies that the integration constant M is fixed accord-
ing to Egs. (13) or (14), for nuts and bolts, respectively,
with the replacement (G,A) — (G, Aesr). Moreover,
when k = 1, the unobservability of Misner strings on the
transverse section implies that the period of Euclidean time
is fixed as f, = 8zn. This, in turn, impose a relation
between the radius of the Killing horizon and the NUT
charge according to Eq. (16) with an effective cosmological
constant dressed by scalar fields as (62).

To compute the thermodynamic properties of the sol-
ution with metric functions given in Eq. (63), we focus on
spherically symmetric transverse section, i.e., kK = 1. First,
we notice that the scalar fields with linear profile generate
an energy-momentum tensor that behaves as a cosmologi-
cal constant, producing an asymptotically locally Euclidean
AdS, x R? space. Thus, the renormalized Euclidean action
is obtained when the counterterms (4) are chosen such that

_ _1 _Aeff
)

3
G ===/ ———8k—ppi1), (66)
8 eff

respectively. Of course, this does not mean that the
counterterms depend on the integration constants of the
solution since, recall, /lzi is fixed on shell in terms of
the parameters of the theory and the dimensionality of
spacetime through Eq. (59). Thus, the renormalized
Euclidean action for the Taub-NUT/bolt-AdS p-brane with
axionic profile in Horndeski gravity is given by

_ BapkeV

Iren - 3 (3MGeff - 3nzrbAeff + rZAeff)’ (67)

where V is the volume of R”. For bolt, we obtain that the
free energy, mass, entropy, and specific heat are

4 \% A
Froot = TEett [7127 +n? 4+ Teff (rp + 3n4)} ., (68)
r'p
8 %4 Aopr?
Mbpore = m;eff [(”i +”2><1 +n2Aeff) —%rb(ri —3”2)} )
b
(69)
3217 nke; V 5 5
bolt = m[”b(’”b +n?)
+ Aete (15 + 127203 + 3ryn* — 4n°)
+ 4A§ffn3(ri + 4’127”2 - ”4)]’ (70)
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641 ke V
r?,(l + 4nrbAeff)3

Cbolt = -

[r2(r2 + n?) + 2ry A (13, + rin + 16r7n® + 3ryn* — 5n°)

+2nA2%(ry +n)(3r§ = 3rin + 12rn® + 68rin® — 23r3n* — 17r,n’ + 8n%)
+16n* A2y (515 + 18r3n + 27r}n* — 16r3n® — 9rin* + 6r,n’ + n®)
+32r,mO AL (375 + 2174n% — 11r2n* + 3n%)], (71)

respectively. The NUT case can be obtained by taking the
limit r, — n on these expressions, giving

Fout = SﬂnlceffV(l + %), (72)
Mo = 167m1<effV<1 + g/\effnz), (73)
Sout = 647702kt V(1 + 21 Agr) (74)
Cout = —1287%n%k sV (1 + 4n* Ay (75)

where the contribution of the Misner string in both cases
becomes evident. It is straightforward to check that the
mass density reproduces the result of Eqgs. (13) and (14) for
nuts and bolts, respectively, by performing the substitution
(G,A) = (G, Aegr). Moreover, we corroborated that
these expressions satisfy the first law of thermodynamics,
namely

dM = TdS. (76)

Notice that the axionic charge does not enter here since its
value is fixed on shell in terms of the parameters of the
theory. In order to have a positive mass, entropy, and
specific heat, the nut charge must satisfy

! <n< ! (77)
- n - .
4Aeff 2Aeff

Finally, we notice that a regular soliton can be obtained
for p = 1, by performing a Wick rotation z — —it on the
metric (54), giving

d 2
ds? = —d2 + f(r)(dy +2nA ) +Jﬁ+ (2 = n)ds?, .

(78)

Here, the metric function f(r) is given by Eq. (63) and it is
supported by a time-dependent scalar field w = —A1,it,
whose reality condition implies that 2 < 0 [cf. Eq. (59)].
Remarkably, we found that there exists region on the
parameter space where this condition is fulfilled for

a, > 0, namely (i) A2 <0 for A >0, and (ii) /13_ <0
for A e R

To compute the mass of the soliton, we first note that
there is no horizon associated to the timelike Killing vector
& = 0/0t. Since entropy arises from obstructions to foli-
ating the spacetime with hypersurfaces of constant ¢ due to
the presence of fixed points, it is direct to see that the
entropy of this regular soliton vanishes. Therefore, the mass
can be obtained by multiplying the Euclidean on-shell
action by the inverse of an arbitrary period of Euclidean
time, as a consequence of the Gibbs—Duhem relation
S =p.M — I, [143,144]. In fact, it was shown that this
method coincides with the conserved charge associated to
the boundary stress-tensor of the Eguchi—-Hanson soliton in
five-dimensional GR [145,146]. For k = 1, the mass of the
soliton is

2
M gy = OAT* 1Koy (1 + gnz/\eff), (79)
3272 nk 1
‘%boll = ; eff |:7% + n2 + n4Aeff + § r?,Aeff} s (80)

for nuts and bolts, respectively.

Some remarks are now in order. First, we notice that
there is no analog of these solutions in five-dimensional GR
with cosmological constant. This stem from the fact that the
compatibility of the field equations would demand the
vanishing of the latter, as it can be seen from Eq. (57). Thus,
the presence of scalar fields is crucial for its existence.
Second, this odd-dimensional solution can be interpreted
locally as the direct product between R and the U(1)
fibration over a two-dimensional Kéhler manifold.
Moreover, this configuration cannot be obtained from
the analytical continuation of the solutions presented in
Ref. [147] due to the absence of a warped factor in the
product space and, therefore, it represents a new
everywhere regular solution supported by Horndeski
scalars. Finally, we notice that when A. s <O and

n > +/=3/(2A.;), the mass of the NUT case is negative
and this solution has lower energy than FEuclidean
AdS, x R. This result represents an additional example
of the one found in Ref. [146] where a soliton with less
energy than global AdS space was obtained.
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V. CONCLUSIONS AND FURTHER REMARKS

The Taub-NUT/bolt-AdS solutions bear a close resem-
blance with instantons in Yang—Mills theory. They re-
present regular stationary Euclidean configurations whose
vacuum is characterized by topologically inequivalent
sectors. For the NUT case, the Weyl tensor is globally
self dual; the latter being the AdS curvature for Einstein
spaces. Their distinct properties have been widely explored
and several applications in theoretical physics and differ-
ential geometry have emerged. In this work, we show their
existence in Horndeski gravity: the most general scalar-
tensor theory with second-order field equations.

To do so, we start by solving the Horndeski scalar’s zero
mode analytically on a Taub-NUT/bolt background. The
energy density in the test-field limit vanishes at the fixed
points, however, the norm of the scalar current becomes
divergent. To circumvent this problem, we take into
account their backreaction and impose regularity. This
condition implies that the radial component of the con-
served current vanishes and, to avoid the no-hair theorem of
Ref. [130], a relation between the metric functions arises.
The system reduces to Eq. (23), representing the master
equation of the metric function f(r) that we solve for nuts
and bolts.

First, a locally Euclidean AdS space with a nontrivial
scalar field is found, whose energy-momentum tensor
gravitates on shell as the cosmological constant. To obtain
the thermodynamic properties, we compute the Euclidean
on-shell action by adding proper counterterms [116] and
found that the mass and entropy are zero and constant,
respectively. This ground state cannot be obtained contin-
uously from global AdS, due to the presence of a stealthlike
scalar field.

Afterward, we solve the system numerically and found
asymptotically locally AdS solutions with NUT charge.
Performing series expansion near the fixed points, we
obtain precise conditions under which the numerical
solutions deviate from the locally AdS with self-gravitating
scalar field. The mass is obtained by integrating the
renormalized boundary stress-energy tensor over the boun-
dary at infinity [see Eq. (48)]. Reality of the scalar field and
positivity of the mass impose that # > —a/A and A < 0. It
is worth mentioning that the solutions presented here have
more free parameters than in GR, leading us to conclude the
presence of scalar hair.

In higher dimensions, we obtain a p-brane solution
described by the product space between the Hopf-fibered
Kéhler manifold and R”, which is supported by p Horndeski

scalars with axionic profiles. The first law of thermody-
namics is satisfied and constraints on the NUT charge appear
from the positivity of mass, entropy, and specific heat.
Moreover, there exists a particular region in the parameter
space that admits a solitonic solution obtained from the
analytical continuation of the coordinate that span the brane
with p = 1. This everywhere regular configuration has zero
entropy, nontrivial mass, and its U(1) fibration over the
Kéhler manifold belongs to the transverse section.
Interesting questions remain open. For instance, it is well
known that scalar fields with axionic profile can be used to
construct holographic models with momentum relaxation
[92,148]. It is worth analyzing condensed matter systems
with vorticity from the AdS/CFT viewpoint, since it has
been conjectured to be the holographic dual of the NUT
charge. Moreover, studying the influence of the latter in the
holographic heat current is certainly valuable, since it can
be obtained directly from the Noether procedure as shown
in Ref. [98]. Additionally, the holographic two-point
function of dual quantum fields theories can computed
by introducing the NUT charge to describe quantum field
theories with vorticity, following the prescription of
Ref. [99]. On the other hand, the relation between the
electric part of the Weyl tensor and the boundary stress-
energy tensor has been explored for asymptotically AdS
spacetimes [134,135]. Since the Taub-NUT/bolt-AdS sol-
ution is asymptotically locally AdS and it has magnetic
components of the Weyl tensor, their relation to the
boundary stress-tensor is worth exploring. Finally, the
relation between holographic renormalization and
Kounterterms has been recently clarified in Ref. [121].
The role of the latter in regularizing the entropy of the
Misner string in spacetimes with AdS asymptotics is
relevant and we left this for a forthcoming publication.
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