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ABSTRACT: We study certain bi-scalar-tensor theories emanating from conformal symmetry
requirements of Horndeski’s four-dimensional action. The former scalar is a Galileon with
shift symmetry whereas the latter scalar is adjusted to have a higher order conformal
coupling. Employing techniques from local Weyl geometry certain Galileon higher order
terms are thus constructed to be conformally invariant. The combined shift and partial
conformal symmetry of the action, allow us to construct exact black hole solutions. The
black holes initially found are of planar horizon geometry embedded in anti de Sitter space
and can accommodate electric charge. The conformally coupled scalar comes with an
additional independent charge and it is well-defined on the horizon whereas additional
regularity of the Galileon field is achieved allowing for time dependence. Guided by our
results in adS space-time we then consider a higher order version of the BBMB action
and construct asymptotically flat, regular, hairy black holes. The addition of the Galileon
field is seen to cure the BBMB scalar horizon singularity while allowing for the presence
of primary scalar hair seen as an independent integration constant along-side the mass of
the black hole.
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1 Introduction

There has been a renewed interest in modified gravity theories due to cosmological obser-
vations pointing towards an accelerating Universe [1, 2]. Gravity theories resulting from
the Horndeski Lagrangian [3] belong to a general class of scalar-tensor theories which have
been under intense investigation recently. Apart from their mathematical generality, there
are two special reasons why Hornedski theories are attractive. First of all they are con-
sistent and technically manageable. This stems from the fact that they give second-order
field equations. Secondly, a subset of these scalar-tensor theories of modified gravity share
a classical Galilean symmetry around flat space-time (Galileon theories) or around curved
space-time (Generalized Galileon theories) [4-6].

In four dimensions, the most general Galileon theory with second order field equa-
tions was given a long time ago by Horndeski [3], and can be written in the simpler form
presented in [7],

SHorndeski[X>g] = /d4$\/jg |:K(X7X) - G3(X7X)51 (11)

G5,X5

+Ga(x, X)R+ Gy xE + Gs(x, X)G W VIV x —

where X = —%(Vx)Q, En = !V, VX -V, Vi and commas denote differentiation

ie. Gyx = %. Note that the functions G; appearing in (1.1) are in general functions



of the scalar field x and its kinetic term X. In a nutshell Horndeski or Galileon theory is
the most general scalar-tensor theory with second order field equations in four-dimensional
space-time.

Few local solutions are known, due to the complexity of this higher order theory (1.1).
One way of approach is via known black hole solutions of higher dimensional metric theories.
It has been known since a long time, that Lovelock theory (for a review see [8-10]) yields
several Gallileon terms by Kaluza-Klein compactifications [11-14]. Following this path, four
dimensional analytic black hole solutions of Horndeski theories were first found by Kaluza-
Klein reduction of higher dimensional Lovelock theory [15]. Interestingly the higher order
solutions cloak naked singularities of lower order Einstein-dilaton theories, by introducing
a novel event horizon. They are however not asymptotically flat. At about the same
time a nice no hair argument was introduced concerning asymptotically flat solutions for
Gallileons [16]. There it was argued, under some generic hypotheses, that static, spherically
symmetric black hole solutions for the gravity-galileon coupled system could not sustain
primary scalar hair, for vanishing boundary condition at infinity (see also [18]). To prove
this the shift-symmetry of the galileon action and the regularity of diffeomorphic invariant
quantities at the horizon was used. Ways to circumvent the no hair argument have been
discussed in [17, 38] and we will exploit these here explicitly.

One of the elegant terms appearing in the Horndeski Lagrangian is the derivative
coupling of the scalar field to the Einstein tensor

R
I= /d4:rx/—g — = (¢" = G(X)G" )V, xVux |, (1.2)
167G

pictured here alongside with the canonical kinetic term. The above, gives second order
field equations due essentially to the divergence free property of the Einstein tensor. The
Einstein scalar tensor term is one of the Fab 4 terms [19, 20|, having interesting implica-
tions on the cosmological constant problem. Furthermore, on cosmological backgrounds,
this term with the function G(x) constant, leads to an accelerated expansion without the
need of any scalar potential, as noted for the first time in [21]. The presence of this cou-
pling in the Lagrangian gives second-order field equations [22] as part of a Kaluza Klein
reduction of Einstein-Gauss-Bonnet theory. These features attracted much interest in in-
flationary cosmology [23, 24], particle production after inflation [25] and also late-time
cosmology [26-28].

Local solutions for the action (1.2) and with the coupling function G constant were dis-
cussed in several recent papers [29-33]. Spherically symmetric black hole solutions which
are asymptotically anti-de Sitter were found. They all rely on switching off the primary
hair integration constant by imposing a specific geometric Anzatz. This bifurcates the no
hair argument of [16] since it allows the scalar field to be non-trivial. Unfortunately this
is not enough to completely evade singular behaviour of the scalar field and solutions are
generically singular for the derivative of the scalar field on the horizon. This is after all a
common problem in theories with a scalar field coupled to gravity [34, 35]. To circumvent
the problem of regularity of local solutions one can break shift symmetry of the scalar
field by introducing a mass term for the scalar field [36, 37]. Another way to remedy this



problem, while keeping shift-symmetry, [38], is to introduce an additional, mild, linear
dependence in the time coordinate for the scalar field (see also the recent generalization
of [39]). This yields an additional integration constant while the shift symmetry is essen-
tial in keeping the field equations time-independent and consistent for a static space-time
Anzatz. This permits asymptotically flat (or de-Sitter) solutions and crucially gives reg-
ular scalar tensor black holes [38]. Although the role of time dependence is essential for
regularity, the physical significance associated to time dependence, as a genuine scalar hair
charge, is not as yet understood. An important question arises: is it possible to generate
an asymptotically flat black hole with genuine primary scalar hair? This is one of the
important questions we will treat in this article.

Towards this end we will consider theories of the type (1.2) where the coupling function
G(x) will be non trivial.

The strategy we will follow will be to upgrade the coupling of the scalar-tensor (1.2)
interaction G, to full conformal invariance using results from Weyl geometry. This will
effectively introduce a second scalar field and we will thus consider a bi-scalar-tensor theory.
We will then look for black hole solutions in close analogy to a scalar field conformally
coupled to gravity [34, 35].

Gravity theories having conformal invariance have many advantages. Conformally in-
variant actions seem to play an important role in early universe cosmology [40—45] and
black hole physics [46]. Additionally it has been shown that the holographic renormalisa-
tion procedure in four-dimensional General Relativity (GR) can be achieved by adding a
topological invariant term, which in turn gives an on shell action equal to conformal grav-
ity [47]. On the other hand it has also been proven that starting from conformal gravity
and requiring appropriate boundary conditions an equivalence with Einstein GR can be
made [48]. Concerning local solutions in scalar tensor theories, adding a non-minimally
coupled term of the scalar field to gravity, respecting conformal invariance, is the only
coupling allowing for black hole geometries [34, 35]. However, the resulting solutions are
problematic since the scalar field blows up at the event horizon. This pathology can be
cured by adding a cosmological constant alongside with a self-interaction term of the scalar
field [49-55]. Another question we will successfully treat in this article will be to look for
regular asymptotically flat black holes of the BBMB type with primary hair.

Recently it has been proven [56], that in four dimensional scalar tensor theories, the
only combination which respects conformal symmetry for a single scalar and has second
order field equations, comes in the form of the the well known action [57]

/ d*z\/—g [—;VM¢V“¢ - %¢2R —agt|. (1.3)

The full case for a single scalar theory in arbitrary dimension is discussed in [58]. Despite
the fact that the discussion so far has been in the context of a single scalar case, we can
also include higher numbers of scalars in our theory. A wide class of actions that consider
a multi-scalar version of Horndeski’s theory has been proposed in [59]. These theories do
not possess full generality [60], but in Minkowski space-time they are the most general
ones [61]. Full conformal invariance in these theories can be found by applying the method



of Ricci gauging [62]. In this way an efficient method has been presented, where at least
for the bi-scalar case we can have the most general Horndeski action (1.1) promoted to an
action having a full conformal invariance that avoids Ostrogradski ghosts

Stoca [303] = [ /=5 | K€ (6.X) - G (6.X) & (14)

+G1 (6, X) R+G, 5 (6,X) &2+Gs (6, X) G ViV Wég ,

where the composite fields ¢ = O/, G = WQgW have the following transformation prop-
erties g — Q) %, ™ — 7/Q2), ¢ — ¢/QU).

The work and our main results are organized as follows. In section 2 we will set up our
bi-scalar tensor theory explaining how the scalar field coupled to the Einstein tensor can be
transformed to a fully conformal invariant term with the addition of an extra scalar field ¢.
In section 3 we will introduce a cosmological constant and an electromagnetic field and look
for static black hole solutions. They will end up being of planar horizon sections and will
thus necessitate a negative cosmological constant. In section 4 we will allow for the scalar
field ¢ to be coupled conformally to gravity and find the according planar black hole. In
section 5 in order to render the solutions obtained in the previous sections regular we will
allow for the time dependence of the scalar field. This will lead us to eventually consider
a different coupling function G non conformally invariant but tailored to the lower order
BBMB action [34, 35]. Then for this theory we will obtain two asymptotically flat black
hole solutions of spherical symmetry where the BBMB scalar ¢ will be regular and have
genuine primary scalar hair. Finally in section 6 are our conclusions and in the appendix
we give some technical details.

2 Setup

Before we set up our theory we will review the black hole solutions resulting from a scalar
field conformally coupled to gravity with an action given by (1.3) supplemented by an
Einstein-Hilbert term with a cosmological constant.

The field equations are,

G,uzx =+ Ag;w = 87TT;W ) (2'1)
1
O¢ = gRgb + 4o, (2.2)
where the energy-momentum tensor is given by
1 1
Ty = 0,00,¢ — §gﬂygaﬂaa¢aﬁ¢ + 5 9w 0 = ViV + Gy ¢? — guag?, (2.3)
and 0 = ¢"V,V,. Since (1.3) is invariant under conformal transformations

Guv — Qg(l')g,uua o — Q_l($)¢a (2'4)



the stress tensor is traceless and as a consequence, the scalar curvature is constant
R=4A . (2.5)

Adopting a particular spherically symmetric ansatz for the metric

1

ds? = —f(r)dt* + dr? 4 r2dQ? 2.6
(1) + 51 (26)
because of the relation (2.5) we get,
A, ¢l C
= o242, 2 2.7
fr) 3" +1+ . + 3 (2.7)

The 1/r% term appearing in (2.7) is sourced by the presence of the scalar field which plays
a similar role to an EM field.

Solving the full system of equations (2.1) and (2.2) the constants ¢; and ¢y are specified
and we obtain the solution

A 2
2y <1 _ GJW)
3 r

—1
A M\?
—§T2 + (1 — 7G’r > ] d7"2 + 7"2(192 ) (28)

ds®> = — dt® +

this is known as the MTZ hairy black hole [49-52]. It is important to note that for a
solution to exist a consistency relation should hold connecting the constants of the theory
a = —%WAG. We note here that the presence of the cosmological constant in the action
from which the field equations (2.1) and (2.2) result makes the scalar field regular on the
horizon, hiding irregularities of the scalar field behind the horizon. The black hole, not
having an independent integration constant associated to the scalar field has secondary hair.

We will follow a similar strategy to find black hole solutions in Horndeski theory (1.1)
including in particular the term

\/ng(X)GIWVuXVVX (2.9)

appearing in (1.2). We will fix the coupling function G(x) and add additional terms in
order to achieve conformal invariance. We will construct our conformally invariant action
in such a way that it encodes various conformal weights for one of the scalars [63], through
the use of Weyl Geometry.
Let us suppose that the scalar field x has conformal weight w, or equivalently that it
transforms as
X — Q%% (2.10)

and the metric has the usual transformation
Guv — Q2guu . (2.11)
Now let us introduce a second scalar field that transforms as

b— Q1. (2.12)



In order to construct a conformally invariant action we need to promote the metric g,
to g = gbzgu,, which is by construction conformally invariant and modify the covariant
derivative that acts on y as

w _
D,x =V,x — %Xau Ing=2. (2.13)

Promoting the metric to the tilded one guarantees that they will be conformally invari-
ant [56, 58] (see also [64] for an alternative way to construct conformally coupled scalar
theories. This is done by introducing a four-rank tensor, that transforms covariantly under
local Weyl rescallings). Furthermore the coupling function G(x) has to take the form

Gx)=x" (2.14)

It is easy to check that D, x — Q“xD,x, which justifies the choice for the function G(x)
of (2.14).1

If we now want to make a conformally invariant action using the Einstein tensor then
one choice is the following

V=3 G(X)G" DuxDyx (2.15)

2
= VI |GV VX + 2wX§GWvMXvV¢ T (wxz> GH'Y .V,

+4¢T2VHGVY OV XV X + 6wy ¢ XV OV 1 VI XV b

2
+3 <wx;) (VY ,10)° — ¢ 2VEpV e dVH XV X
— 207 VIV OV XV x + 20 0o VH XV X
- 4wxﬁwvy¢vuxvy¢ 4 wxﬁmwﬂxvm

)

9 2
g (wxz> VAV OV 10V, 6+ 267 <wx;> OpV" 69,6

which by construction is conformally invariant. The GH, refers to the Einstein tensor
constructed using the rescaled metric g, and its inverse. A choice that simplifies the
above expression is w, = 0. Setting ¥ = In(), we have:

L = /=GG(x)G" DyxDyx
= @[Gﬂ”vquvyxp +4¢ EVHOVY PV UV, U — ¢ 2V GV VIOV, T
B R ATAC AR AV 2¢—1D¢w\pvuqf} (2.16)

and the action is shift symmetric in W. This term which is conformally invariant will be
our higher order ingredient for our bi-scalar-tensor theory.

The field equations resulting from the variation of (2.16) with respect to g,,, ¥ and ¢
are given in the following.

'See [63] for a general discussion on Weyl geometry and conformal invariance.



e Field equation for the scalar field W:

—2G"'V,V, ¥ — 8V, (¢ 2VF¢V ¢V, V) + 2V, (¢ °V" ¢V,.oV )
— 4¢TIVINY OV OV 0 + 4¢ T R, VIOV T + 49 VIV GV, V, T
+4¢20¢VH OV, U — 4610000 = &y . (2.17)

e Field equation for the scalar field ¢:

— 8 IVHPVY PV, UV, T — 8V (¢ 2VY @V, UV, T) + 26V ¢V ¢ VHITV T
+ 2V, (¢ 2V PVHIV, ) + 49 2VHEVY GV, UV, U — 4¢ 206 VFUV, T (2.18)
— 4¢TBVHOVY OV UV, U + 4¢3V ¢V, ¢VH UV, U — 46 2VH$V UV, V, U
+4¢2OUVHOV U261 (OV)?+2¢ 'V, V,UVIV T +26 'RV, UV, U =E,.

e Metric field equations:

1 1 1 N
= 3G VUV 426 MV, UVAT 4 SRV, UV, T — SR, VUV, ¥ (2.19)

1
+ 39w ((O0)? - Vo, V5IVVPT — R, s VOVAT) + V, VIV, V, U - OUV,V, U

+ R, PVLUVRY = 29,0 2V VPGV UV + 8 >V 9V, UV (,¢V,,) ¥

+ %gﬂu¢_2V“¢VK¢VA\IIVA\II — ¢V, OV, VUV, U — ¢ 2V GV, 6V, UV, ¥

+ G d TVOVIEV LIV T — 41V, V5OV, TV, T + 2V, (¢~ 'V (,0V, TV~ T)
—Va (¢7'VVL UV, T) = g,,¢ TSV UV, W + 267V, V, ¢V UV, U
+2¢'0¢V, UV, U — 2V, (¢7'V, oVIUV5T) + g, Vo (¢ VIVIUVET) =€, .

As can be seen from the above expressions we have labeled the variation of (2.16)
with respect the scalar fields ¥,¢ and the metric g,,, as £y,&y and &, respectively.
It can be seen that the trace of (2.19) is identically zero by virtue of the scalar field
equation (2.18). Despite that these expressions are long and complicated, we will see that
they can be tractable. In the following sections we will solve the equations (2.17)—(2.19)
for various cases.

3 Planar black holes with a cosmological constant and a Maxwell field

Consider the following action

R—2A
167Gy

1 -
S:/d‘laz«/—g —’y/d4x\/—g m—wF’“’Fw + 8 /d‘*m/—gGWDuqu,,w, (3.1)
where 7y is a dimensionless coupling constant used to switch on and off the Maxwell field,
and the last term is by construction conformally invariant (section 2). The field equations
for U and ¢ are respectively (2.17) and (2.18), while for the metric we have

1

1
167 Gy

1
H,, = (G +Aguw) +v (gu,,FaﬁFa,B ~ &

o F, Fm> +B8Ew=0. (32)



The metric ansatz we consider is the following
1
f(r)

ds® = —f(r)dt* + dr? 4 r2dQ? (3.3)

where

dQ? = da? + 22dy? . (3.4)

1 — ka2
Taking the trace of (3.2) and using the field equation for ¢, we get R = 4A from which

we get,

C1 ()] A 2

Although conformal symmetry nicely (seems to) close in to a solution, the above is not in
general a solution for the theory (3.1).

3.1 Planar stealth solution

With the inclusion of the cosmological constant (we set v = 0), we consider the metric
function with a flat horizon x = 0
2

)=z (36)
where A = —3/)\2? Then from H,” = 0 we get
H."=0=> (¢+r¢) (3md¢' +r*A(¢+1r¢)) =0. (3.7)
If the first bracket is zero, then the field equations are satisfied with
o(r) =2, (3.8)

U(r)=Co+Ciln <T3/2 + V3 — m2)\2> . (3.9)

Notice that the scalar ¢ in (3.8) is regular everywhere apart from the origin and we have
a scalar charge cg. The scalar ¥ is regular up to and including the horizon at r = 7y,
where f(rp) = 0. Its derivative however is divergent and the scalar ¥ is imaginary for
r < rp. Calculating the on shell action, particularly for the \/jgé’“’DM‘IJDV\I/ term, we
can see that it is actually zero and therefore regular on shell. This irregularity of the scalar
field encountered in similar solutions [29-33] can be completely remedied by including time
dependence in the manner of [38] as we will see in a forthcoming section.
Now if the second bracket is zero then the field equations are satisfied with

$(r) = Com _C(;S 7 (3.10)

U(r) = Cy + ;f/’% In [2 (r3/2A + VAVFA + 3m) } . (3.11)

Here however, the solution (3.10) for the scalar field ¢ blows up at the horizon. If we want

to have regular behaviour of the scalar field on the horizon then the scalar charge Cj has
to be zero. In this case the action (3.1) (with v = 0) has a local solution with one regular
scalar field. Note that in this case the derivative coupling of the scalar field to the Einsten
tensor is not any more conformally invariant.



3.2 Electric solution with a flat horizon
We now switch back on the Maxwell field (v = 1). The field equations for the metric are

1

Hy = m(GW +Agu) +

1 1
O F Fap = o F " Foa + 88w = 0. (3.12)

From the Maxwell equation we obtain
V., F" =0, (3.13)
(3.14)

From the trace of the field equations for k = 0 we find that the metric function is

Fr) = a,2 ﬁr? (3.15)

r rz2 3
In this case the equations are satisfied only if co = 0, or if ¢ = Q% G'x. If we choose ¢ = 0
then the electric charge () must also be zero, so we end up to the previous solution that we
have already discussed. So ¢y = Q? G is the only choice. Setting this value for ¢y, from
the H,” = 0 equation we get

H'=0=>(¢+r¢) (=3r"c1 ¢’ + Q*Gn(¢p—3r¢)) +1'A (¢ +r¢))) =0.  (3.16)
Choosing the first bracket to be zero we obtain
o(r) = — (3.17)
Substituting the value of ¢ back to the field equations we can solve for ¥’

7“3/201
B \/37‘61 +4Q%*G N \/—37“01 —3Q2G N + A '

U'(r) (3.18)
Because of the shift symmetry we only need ¥’ and ¥” since only these expressions appear
in the field equations. If we calculate the value of \/—7§C~}WDM\IJDV‘IJ we get once again
zero as a result and therefore the fact that ¥’ is divergent on the horizon is a somewhat
milder iregularity.

Now if the second bracket is zero we find that the solution for ¢ is

407 ol (3.19)
r) = .
(=3rc1 — 3Q2Gyn + r4A)1/37
and again
3/2
o(r rG (3.20)

)= V/3rer +4Q2G v \/—3rer — 3¢2G N + A '
The introduction of a Maxwell field fixes the value of ¢y in (3.5) to be proportional to
the charge. However, as it happens in the case of a constant coupling constant [29-33] the
scalar fields are not regular on the horizon. It seems that another scale is needed in order to
hide irregularities behind the black hole horizon. The on-shell value of v/—g G* D, vD,¥
is again vanishing.



4 Introducing a conformally coupled scalar ¢

In the previous section we saw that the scalar field ¢ is either regular or irregular on the
horizon depending on the branch we choose (3.16). Since we want to eventually close in on
BBMB type solutions [34, 35] we will now assume that the scalar field ¢ has a conformal
coupling to gravity. We consider therefore following action

R—2A 1 1 1
_ 4 — T 2 o 4 - pupv
S /0“’7V 9[167TGN 39 VoV = 5 " R = a g = g F
+ 8 /d4x\/—gé“”D#\I/D,,\IJ. (4.1)

Then the field equations for the metric become

1 1
H,, = (G +Agu) =T + ——gu F*P Fop — gFuaFm +BEL =0, (42)

167 Gn 327

where

1 1 1 1
T/i(zé) = §Vu¢vu¢ - Zguu Ve Va0 + 12 [gw/D - V,uvzz + G;w] ¢2 - 59#1/ @ ¢4 ) (4'3)

and the field equation for the scalar field ¢ changes accordingly from (2.18) to
1
D¢—6¢R—4a¢3+65¢20. (4.4)

Setting again x = 0 we find the metric function

C1 C2 A 2

[ =T+ m g (4.5)

r rz2 3
while the Maxwell field reads,
Alr)y=—-=". (4.6)

<O

Now if we choose the scalar field to be ¢(r) = <2, then the equation H,' — H,” = 0 is
automatically satisfied. We can now take the H,' — H,* = 0, (z is a coordinate in the base

manifold whose curvature x we have set to zero) and solve for ¥’

H'-H*=0=>-3r%+3 (Q2r2 +2mcE(rel + 2c2)) Gn
— 21 8GN (97“20% + 4co (902 + T4A) + 6¢1 (71” co + T2A)) 2
— 4mr B(3rer + 4c2) Gy ( —3(re1 +c2) + 7“4A)\I/’ V'=0=> (4.7)

V() = + 3r2cy — (r2(3Q2 —2mr BCY) + 770(2)(3r 1+ 402))GN
27 B (3rc1 +4e2)Gn (= 3(rer +c2) +74A)

(4.8)

Plugging back the solution for ¥ (the sign of W is irrelevant according to the field equations)
we have the following constraint for the integration constant co

cp = (Q2 + 87racé) Gy . (4.9)

,10,



This is a consistency relation between the constants and it is analogue to the consistency
relations that appear in the usual conformally coupled scalar field solutions, [49-52]. Similar
to what we have seen in the previous sections, the value of \/—g G* D, VD,V is vanishing.
This solution is analogous to the planar black hole found in [65, 66]. There it was found
that in order to support a planar MTZ black hole [49-52], one needed to include two axionic
fields. Here the same role is played by the Galileon ¥ although note that the space-time
metrics are quite different.

The above solution may not be the most general, since there was no systematic way
to find ¢. We started from an obvious ansatz for ¢ which at the end turns out to be a
correct one.

Additionally if we start from

é(r) or'’? (4.10)
r)= :
(—3re1 —3Q*GN + 7“4/\)1/3

and we set o = 0 and ¢» = Q>Gy we see that

2 2qg
32, |C1— 2Bcg (3re1 +4Q2G ) -
r r1/3(—3rc173Q2GN+7'4A) /

28+/3re1 +4Q2G N/ —3re1 — 3Q2G N + A

U(r) =+ (4.11)
solves the equations.

Again we observe irregularity of the scalar fields on the black hole horizon, while also
the value of é”“DH‘IIDV\I/ is once again zero.

5 Introducing linear dependence and regularity

In this section in order to address the irregularity of the galileon field on the horizon we
will introduce a time dependent scalar field in the manner described in [38]. As before, we
will first study the case of a W-dependent derivative coupling (2.16). We will then, using
the construction ideas of [38], extend the action to include a particular form of energy
momentum tensor. In this way we will obtain asymptotically flat and regular solutions.

5.1 Regular planar black hole

Start as before with (3.1) without an electromagnetic field (y = 0). For the metric we
consider the general planar ansatz k = 0,

1
ds® = —h(r)dt* + ——dr® + r2dQ?, 5.1
(r) o (5.1)

where
dQ? = da® + xdy® . (5.2)

Consider now that the scalar field has also a linear dependence in time, ¥(¢,r) = qt +
¥(r) [38, 67-69]. The field equations, due to the shift symmetry of the field ¥ will still
be ODE’s. Furthermore, the field equation H;. = 0 is now non trivial and controls the
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flux of the scalar field ¥ which is time dependent while the metric is forced to be static.
Verifying this equation actually also kills the scalar field equation for the ¥ field. From
the latter equation, apart from the obvious solution ¥ = const, we get two other possible
solutions for ¢

m
as before (and regular away from r = 0) and
m
= —. 0.4
SNCIEITE oy

We reject the latter for it will be singular whenever h(r) = 0. We can then immediately
solve for Hy;; = 0 to obtain,

o) =152, (55)

and then inputting the result in the H,, component we obtain h(r) = f(r). Finally the
Hyy = 0 equation gives us ¥(¢,r) to be

U(t,r) —qtzlz/

The solution we found in section 3 is simply obtained for ¢ = 0. Going to Eddington-
Finkelstein (EF) coordinates

dr . (5.6)

vq

dr
v=t+ [ —, 5.7
(7 o7
one finds as usual a regular future chart
ds* = — f(r)dv? + 2 dvdr + r2dQ? . (5.8)

Applying the same transformation for ¢ gives

v.r) = qu C’/ dr
’ 2
l q+/q®+ Sh(r)

which is regular at the future horizon for ) only for the plus branch of (5.6). The minus

U (5.9)

sign in the denominator of (5.9) is excluded, since it can cause infinities. Hence by including
a time dependent scalar field 1) we obtain a regular planar black hole solution. Note that
the scalar 1 still has a light like singularity for v — oo but that is independent of the black
hole solution and the derivative of ¢ appearing in the action is constant.

It is straightforward to switch on the electric charge in the action and obtain the electric
version of the solution with ¢ (¢,r) = ¢t + 1 (r). The metric has the previous form (3.15)
with ¢ = ¢o/r but the scalar field 1(r) is quite more involved. The regularity mechanism
works in the same way.
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5.2 Constructing an asymptotically flat hairy black hole

Up to now we have obtained solutions with a negative cosmological constant and a pla-
nar horizon. Our action (3.1) was constructed so as to have conformal symmetry in the
higher order term (2.16). We would obviously like to extend our results to get solutions in
asymptotically flat space-time. In order to do we will use the insight gained in the previ-
ous sections and consider a slightly different action tailoring it to the construction method
of [38]. Consider therefore the following action,

S =5y+51 (5.10)

where . /dijg [<R+n (_;(%)2 - 112¢QR)} (5.11)

and
S = / /=g (BCu VUV — T, VUV T) | (5.12)

where T}, (¢, ) is precisely the energy momentum tensor of a scalar field ¢ conformally
coupled to gravity,

1 1 1
T = §Vu¢vu¢ - ZgWVaqbVad) + 12 (90 = ViV + Guw) ¢ . (5.13)

Here, only the part of the action Sy multiplied with 7 is conformally invariant. Moreover
contrary to the previous cases we do not need to set any conformal weight for W, which
means that not only g is dimension-full, but also v. The reason for considering such an
action is the following. Consider the U field equation (obtained from (5.12)) which due to
shift symmetry can be nicely written as a current conservation equation,

VP =0,  JF=(BG" —yT")V,T . (5.14)

Then note that the current vector J# “contains” the metric field equations of the BBMB
action (5.11). As such we can refer to action Sy as being precursor of the higher order
action S7. We will see that this will enable to obtain our desired result even though the
field equations associated to (5.10) are very complex. We give the field equations for the
scalar field ¢ and the metric, in the appendix and let’s denote them £y = 0 and H,, = 0
respectively.

We now proceed to adopt a spherically symmetric anzatz

ds® = —h(r)dt* + Jflzf) +r2d0? (5.15)
where df2? is the line element for the 2-sphere, while for the scalar fields we set
p=o¢(r) and ¥ =V(t,r)=qt+(r) . (5.16)
Assuming that
BGrr =T =0, (5.17)
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kills the dangerous J” component of the current satisfying the regularity requirement of [16]
without imposing a trivial ¢-field [17, 38]. Equation (5.17), is a solution to Hy = 0. In
fact the primary hair charge? associated to the Galileon W is in this way set to zero. Now
having an extra scalar, ¢ we may hope to keep the primary hair charge associated to that
field. Indeed this is what happens; we solve (5.17) for the function f(r),

¢*(r)h(r)(128 — 7 ¢*(r))

1) = B2 h )Y — 7 (r o)) (r 63 ()

(5.18)

The above result for f(r) satisfies the field equation of ¥ and the flux equation H; = 0.
Then we turn to #,, = 0 and solve for ¢'(r),

v@2&425+v¢%h'0425r+;«%r%6—42m<—5n>(@?%h%3y+3ww¢%wwj

L =128+ 8

(5.19)
One can attempt a brute force resolution of the final equation Hy = 0 in order to obtain
the metric component h(r). We did not manage to solve this equation in all generality.
Guided however by our previous form of the scalar field ¢, namely (5.3) and (5.4) we note
that they simplify considerably (5.18). We choose therefore to impose the former ¢ = ¢q/r
for it is regular apart from r = 0 whereas the latter is singular for h = 0, the location of a
possible event horizon. The integration constant ¢y is the scalar hair associated to ¢. We
get that
h(r) (128r% — ycf)

Fr) = 12B8r2(rh(r))

(5.20)

and

/ \/67’(’yC — BB (R*(r) r2) + (1272 8 — v &) b/ (r)126r3
V(r) =Fq .

W) (1275 =) (5:21)

Going back to the equation H; ! = 0 and substituting all of the above expressions we see
that setting,

_ k1 k(r)
e Sy Bvrs ey o2

then equation H; ' = 0 reduces to just an algebraic equation for k(r),
¢B(—12r B+ ) + k(r) (=24rB¢ + (¢ + Bn)ef) — Crr k2 =0, (5.23)

where C is an integration constant. Any solution to the above cubic gives a solution to
the full system of equation, retracing each field step by step. Generically, these solutions
will not have usual asymptotics and will be quite tedious to write down.

2This is the integration constant emanating from the scalar equation (5.14).
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Let us therefore look at some particular solutions. Start by assuming f = h. This
immediately leads us, using (5.23) to,

2
Fr)=h(r) =174 o0 (5.24)
o(r) = =2 (5.25)
mr — LC%
() = g oo h(r)m : (5.26)
Bn+v(’B-¢) =0, (5.27)

and C? = 123 (ﬁq2 —2¢ )2. We see that we have a black hole solution with primary scalar
charge c¢g playing a similar role to an EM gauge field for the metric solution. Going as
before to EF coordinates (5.7) we see that,

dr
¢_qU_Q/1i1_h(T) (5.28)

which is regular at the outer event horizon h(r,) = 0 (once again only the plus branch
of (5.28) is taken). We have therefore obtained a scalar tensor black hole which has primary
hair charge ¢y for the scalar field ¢ while it has a regular scalar Galileon field v with
an additional charge q. The geometry of the black hole is similar to that of Reissner-
Nordstrom.

The second possibility we consider is to take C; = 0 in (5.23). For simplicity we impose
Bn —~C =0 and we get,

2
i =1-" = (1-") (1- 75) (5:29)
and
r_ 4q mr _— 5.30
Y Th i (5.30)

Taking v5 < 0 is enough-for example-to ensure that the only relevant zero of h(r) and f(r)
2

is r, = m. Otherwise we need m > % Then again, as before the EF chart, which in

this case reads as

v==t+ (5.31)

|

is regular and we get,

(5.32)

¢=qvq/ ar :
V() (05 V)

Again the plus branch is the acceptable one.
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6 Conclusions

In this paper we have studied certain bi-scalar-tensor theories and found hairy black hole
solutions. The theories we have investigated are characterized by the property that part
of the action is conformally invariant. As a result one scalar is a Galileon field with shift
symmetry, while the latter is coupled conformally to part of the action. Our aim has been
to combine older techniques developed for conformally coupled scalars [34, 35, 49-52] with
newer ones [38] with the ultimate goal of finding black holes with primary hair. This was
eventually achieved, in a step by step manner in the last section.

The bi-scalar tensor theories we studied emerge from the general scalar-tensor theory
put forward by Hordenski [3]. Indeed taking one of the Horndeski scalar-tensor interaction
terms G(V)G*'V,¥V,¥ and requiring conformal invariance with the help of an extra
scalar field ¢ we constructed conformally invariant terms which yield second order field
equations. Fixing the coupling G(¥) in this way, our aim was to construct a theory where
regular solutions may be found due to the underlying conformal symmetry much like in
the case of the BBMB and MTZ solutions [34, 35, 49-52]. In order to do so, we had the
freedom to choose the conformal weight of our fields without the need of adding canonical
kinetic terms. These theories are a subset of the full general conformally invariant bi-scalar
theories that have been recently introduced in [56].

Having fixed the higher order conformal term (2.16) with a particular simplifying
conformal weight we added to the action an Einstein-Hilbert, a cosmological constant and
an electromagnetic field breaking the conformal invariance for the full theory. Indeed, had
we worked with a theory admitting conformal invariance the solutions would have had one
free function as a result of the symmetry. We also considered the case of an additional
conformal coupling of the second scalar ¢ in the manner of [34, 35]. In all cases we found
anti de Sitter planar black holes where the second scalar, akin in some cases to MTZ [49-
52|, was everywhere regular apart from the black hole singularity. The Galileon field was
shown to encounter problems on the horizon and within but we went on to show how
this singularity could be eliminated by including linear time dependance in the manner
of [38]. Motivated by the differing approaches of [34, 35] and [38] we then went on to
consider a slightly different bi-scalar-tensor theory which invoked some of the ideas of both
approaches. In this way we eventually succeeded in finding two asymptotically flat hairy
scalar tensor black holes where both scalars are regular and furthermore the one associated
to the BBMB action carries primary scalar hair.

The construction we have put together in the last section of this paper can be extended
to other terms appearing in the Horndeski Lagrangian and this will allow to find differing
black hole solutions of the Horndeski theory in a closed form. It would also be interesting
to understand the role of the integration constant ¢ associated to time dependence of the
scalar field. Is it a real charge? After all it is not the Galileon ¥ that appears in the
action, it is the derivative. In this sense it is also not clear that one should worry about
regularity of the field W itself, one should maybe worry more about its derivative in the
same way one does for the Maxwell field strength rather than the potential. A careful
study of the underlying thermodynamic properties would also be interesting. This would
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most likely shed some light in the question of relevant and non relevant charges of the
solutions and how they make compare to possibly GR solutions-if one can find a common
thermodynamic bath.
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A Variations
Varying (5.10) with respect to ¢ we get:

&= (D0 5r0)

1 1 1
+| Vo (VIUV,6990) = 2V (VadV,UVHD) + SV (VogV, UVHT) - ZO6V, UV

1 1
= 3 Vi (V' UV, 0V ) + 2V, V, 6V UV T
1 1 1 1
— GOCW VIV 4 2V, (VUV,6VHD) 4 00 V69" + 6 (O0)°
1 1 1 1
+ G VeV UV, T 4 6V, T UVIVT — 2V (Vag T, UVHT) — 2V,69, 0V V"0

1 1
~ 3OVAVLUVIVIT — 6 R, VUV | =0, (A1)

where when collecting similar terms, the above expression is written as

o= (00 o)

5 1 1 1
+7| 5 Vo (VVUV,071 D) = 2V (VadV, 0VHD) — 06V, UVHE + 2V, V, 07" IV T
1 1 1 , 1
~ GOCW VUV + OV VY,V + 6 (OF)° — ZV,0VH IV, VT
1 1
~ GO VAV VIV — 6 R, VIUVIT | =0 (A.2)
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The metric field equations are

Huw= (G — 1 ( VoV — g;w VapV@h + % (9= ViV, + G ¢2>
+ B (— %guyGaBVQ\I/V5\I/+2G(#)‘V,,)\I/VA\IH—%RVM\I/VV\IJ—%RM,,VO‘\IIVQ\I/—&—%gMV((D\I/)Q
= VaVaUVrVAT — R VOUVAT) + V, VUV, V¥ - OVV,V, ¥ + RV, \IJVB\I/>
+ v [ingawﬁwa\w% — VOV IV VT — %ngaw% VLAV
%vﬂwm vgxwﬁxwivaw%v#@vu@rigﬂum(&)va\waqf—%v#vm?va\wa\p

1 1 1
+ —v(ﬂ (Vo) (¢%) Vo UVOT) — Qfngﬂ(vﬁaf V,IVew) — Em(gs?)v#xwuqf

1 « « 1 «
249,“,V VbV wﬂqur v Vud® ViUV = V(Y6 V,) UVT)

+ﬁv o(V¥¢?V UV \11)+ (;5 29, GV, xwﬁqf—qu?(;(# *vy)wvAm—fqz)?Rvumvyxy
1
+ ﬂquwvwva\y + Evav(# (¢*)VOUV,) T + ED\IJV(# (¢°)V, U

- %vawv(u(&)vwvaqf ~lv, (6°)V(, VUV, ¥ + %VQ (0*) VUV, V, T

12

1 1 o 1 o
- ﬂm(qﬁ)vumquf — 51 ViVy (0*) VUV, T — 579mVaVs (¢*) VUV e

1129,“, o(¢?) VOUOw + ngwva (?)VaUVOVAT + igwm(&)vwva\p
_7¢2( 9 (OT)? =V, VUVVAT — R, VUVAT) + V, VUV, V, T

—D\pvuvywmaﬁvamvﬂmﬂ =0. (A.3)
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