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Abstract. In this talk we discuss black hole solutions in five dimensions in the context of Hofava-
Lifshtz gravity. There are several classes of solutions which are characterized by an AdSs, dSs or
flat large distance asymptotic behaviour, plus the standard 1/r2 tail of the usual five-dimensional
Schwarzschild black holes. In addition there are solutions with an unconventional short or large
distance behaviour, and for a special range of the coupling parameters solutions which coincide
with black hole solutions of conventional relativistic five-dimensional Gauss-Bonnet gravity.

1. Introduction

A lot of attention has been addressed lately to Horava-Lifshtz model of gravity [1],[2]. The
model is based on an anisotropy between space and time coordinates, which is expressed via the
scalings t — b*t and x — bx, where z is a dynamical critical exponent. In the particular model the
four-dimensional diffeomorphism invariance of general relativity is sacrificed in order to achieve
power-counting renormalizability. Instead we have foliation preserving diffeomorphisms

b — 2 =2 t), t—t =t(t). (1.1)

The action contains a kinetic plus a potential term, which both respect a restricted (3 + 1)
diffeomorphism invariance. Due to (1.1) we can add higher order spatial derivative terms, which
improve the UV behavior, rendering the model power-counting renormalizable. However the
absence of full diffeomorphism invariance introduces an additional scalar mode which can lead to
strong coupling problems or instabilities [5], [6], [7], [8], [9].

Originally the potential term, [1] was formed under the so called ”detailed balance principle”.
An alternative way for constructing an action is to include all possible operators which are
compatible with the renormalizability of the model. This implies that all operators with dimension
less or equal to six are allowed in the action (for the exact form of the action see [3],[4]). There
are two versions which are known as projectable and non-projectable. In the projectable version
the lapse function N? depends only on the time coordinate, while in the non-projectable version
N? is a function of both the space and time coordinates.

Issues connected with broken Lorentz invariance were studied in the spherically symmetric
solutions of 4D HL gravity. In the case of detailed balance, such spherically symmetric solutions
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were found [10], but they exhibited an unconventional large distance asymptotic behaviour. The
correct Schwarzchild-flat asymptotic behaviour can be recovered if the detailed balance action is
modified in the IR by a term proportional to Ricci scalar, and the cosmological constant term is
considered to be zero [11]. A similar study, in the case of non-vanishing cosmological constant, has
also been carried out [12]. A generalization to topological black holes was obtained in [13]. Finally,
a systematic study of static spherically symmetric solutions of 4D HL gravity was presented in
[14],[17] where the most general spherically symmetric solution for A # 1 and general coupling
parameters was obtained.

In this talk we present a full study of spherically symmetric solutions in the non-projectable
version of the five-dimensional Horava-Lifshitz gravity, for z = 4, [16]. For the construction of
the 5D action we do not use the ”detailed balance principle”, but we include all the terms which
are compatible with the renormalizability of the model. In particular, we can include all spatial
curvature terms with dimension less than or equal to eight. However, the large number of possible
terms, which are allowed in the action, leads to equation of motion of great complexity. For this
reason we restrict our study only to terms of up to second order in the curvature. Also, we
suppose that in the IR limit 5D the HL gravity reduces to the 5D General Relativity plus a bulk
cosmological constant. A class of spherically symmetric solutions of the 5D HL gravity has been
considered previously [15], but only for a very specific choice of the couplings.

2. Action and equations of motion

The 5D action of the model is constructed from a kinetic plus a potential term according to
the equation

1 d.. |

in which d (D = d+1 = 5) is the spatial dimension and Gj is the five dimensional Newton constant.
The kinetic part in the above Lagrangian of Eq. (2.1) can be expressed via the extrinsic curvature
as:

3 1
L = (KUKZ‘J‘ — )\K2), Kl']' = ﬁ {—atgij + VZN] + VjNi}, 1,7 =1,2,3,4 (22)

For the construction of the potential term we will follow the approach, according to which
the potential term is constructed by including all possible renormalizable operators, that have
dimension smaller or equal to eight, hence we write

Lyv=Lr+Lg2+Lps+ Lap2+ Lrs+ Lags + Lazp? - (2.3)

where the symbol A is defined as A = 0'9; (i = 1,2,3,4).
The dimensions of the various terms in the Lagrangian read

[R] =2, [R?] =4, [R?] =[AR* =6,[RY = [AR®] = [A’R)] =8. (2.4)

In this work we are mainly interested in the lowest order operator Lr and the operator Lpg2,
which contains contributions of second order in the curvature:

Lr="n0a+MaR, Lp2=mn20aR>+nuR"R;j+ WQCRijklRijkl . (2.5)

Note that in the case of three spatial dimensions the term R% klRijkl is absent, as the Weyl tensor
in three dimensions automatically vanishes. However, in four spatial dimensions this term cannot
be omitted from the action.
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The first term Lpg is necessary in order to recover 5D general relativity with a cosmological
constant in the IR limit. The second term L2, includes all possible quadratic terms in curvature,
and becomes important in the short distance regime of the theory. Moreover, 19, plays the role
of the cosmological constant, while 114, 724, 725, and 7. are dimensionful coupling constants with
dimensions

[77111] =6, [772(1] = [772b] = [772c] =4. (26)

In the present analysis we ignore higher order Lagrangian terms, of dimension six and eight.

If this model is to make sense, it is necessary that the 5D general relativity (with a cosmological
constant in our case) is recovered in the IR limit. Although there is no theoretical proof for this
difficult question, we will assume that the renormalization group flow towards the IR leads the
parameter A to the value one (A = 1), hence 5D general relativity is recovered. Also, to obtain
the Einstein-Hilbert action

1
-~ 167G5

Sey /d.%'od4.%'\/§N (RURU —-K? + R+ 770(1) s (2.7)

we have to set 11, = c?, and

. 1 N; N;
e T

where the time-like coordinate zg is defined as xg = ct.
We will present 5D spherically symmetric solutions of the Horava-type gravity model. We use
the following ansatz for the metric

ds® = —N(r)2dt* + [\ (r) dr? + r2d3 (2.9)

in which r is a radius coordinate that corresponds to the extra dimension, and in is the metric
of a 3D maximally symmetric space, where k is the spatial curvature of 3D hypersurfaces and for
k =1,—-1,0 we have a sphere, hyperboloid or 3D torus topology correspondingly. In what follows
it is convenient to perform the transformation

f(ry=k+122Z(r) . (2.10)

Then the action of the model to second order in curvature terms is

1 | L L
= om0 /dtddﬂ?\/ lg| N (K”Kz'j — AK? + nog + MaR + 2o R + 0oy RV Ry + 772cRUkle‘jkl)
(2.11)
can be put into the form
dz +00 az
s [N(r), Z(r), ﬂ} _ / dr L [N(r), Z(r), (T)] , (2.12)
dr 0 dr

after we integrate out the angular coordinates, where
dzZ | N2 AN dz
L|N,Z,—| ~r*\— [P (r— M(Z) (r— z 2.13
[ ’ 7d7’} " f < (Tdr) +M( )(Tdr)—i_Q( )> ( )

P = 3(3n2q + 126 + M2¢) »
M(Z) = 6(1212q + 3n2p + 212¢) Z — 3114
Q(Z) = 12(12m24 + 3120 + 2126) Z°% — 12010 Z + Noa - (2.14)

and

The solutions come from the Euler-Lagrange equations of the aforementioned Lagrangian.
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3. Solutions

3.1. No quadratic terms, n =0 and o =0
If we set n = o = 0 we find the simple solution

Toa
f(r):kj—{—T‘2Z:]€+ET’2+3—;;, (31)

where C,, is a constant of integration and N(r)? = f(r). If we set

C
Aeff:_nOa ) /’L:_?ﬂ ) (32)
the above equation takes the well-known form
o Ner o p
flr) =k — =5 =15 (3.3)

which is the standard AdSs (for Acgy < 0) or dSs (for Acpy > 0) or asymptotically flat (for
Acrs = 0) Schwarzschild black hole solution of 5D general relativity with a cosmological constant.

3.2. n=0and 0#0
If n = 0 then P = 0, then the equation for Z reads as

dZ  moa — 127 + 12022

— = . 3.4
" dr -3+ 607 (3-4)
Integration of this equation yields:
M0a >
307% 37+ ="+ L =0 3.5
0 +o : (3.5)

where éu is an integration constant which is related to the mass of the black hole. The algebraic
equation (3.5) gives two solutions

1 3(3 — omoa)rt — 1200,
Z(r)= % + a\/ 6012 , (3.6)

where o is a sign (¢ = #1), so for the function f(r) = k + r2Z we obtain

omoa\  40Cy
1 1— —
- “\/( 3 ) 3

In what follows we will assume that QC’M < 0, because for QCM > 0 the range of radius r has a
lower bound (r > 7).
The Euler-Lagrange equations for N(r) yield

N(r)* = f(r). (3.8)

This solution is in direct connection with the solutions for black holes in Gauss-Bonnet theory
which take the following form

2

f(r):k+g—g

(3.7)

702

fir)y=k+ 1

[1+a\/1—8an2+8“—’f19 o=+, (3.9)
T
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in which pg is a constant of integration which is related with the mass of the black hole, and the
parameter n? = —2A corresponds to a negative bulk cosmological constant.

If we replace o

&—)%, n2—>%, Mga—?u (3.10)
in equation (3.9), we recover the black hole solution of Eq. (3.7), for the specific case n = 0 and
o # 0 of the previous section.

Note, that the condition 1 = 3124 +192,+12. = 0 is satisfied in the case of GB coefficient 10, = @,
N9y = —4a and 19, = a, but there are other different combinations of the coupling parameters
N2a, M2b, NM2c which give n = 0 and ¢ # 0. This is a very interesting result which merits further
investigation. Note also that the relation 1 — @3?—‘1 = 0 corresponds to the Chern-Simons limit of

GB gravity.

3.3 0=0andn#0
Substituting ¢ = 0 and 1 # 0 we find for the function f(r) =k + r2Z(r)

, N N
a2 T (e (Cu Cu
f(r)_k+12r +1677 <WL<T4>+2WL<r4>>' (3.11)

where Wp(x) is the Lambert function, which is defined as the real solution of the equation
VL@ Wy (z) = . The large r asymptotic behaviour of Eq. (3.11) is found to be

N0a C 1
f(r)y=k+ 1—027“2 + —877;‘2 +0 <T_6) : (3.12)

The function N(r)? can be expressed in the following closed form

- Caf(r)
N(r)? = f(r)N(Z(r))* = R (Wg (C—i‘g T (C—i‘)>2 :

In the large r regime we find, from the above equation, that:

(3.13)

C? c3
2 _ M M
N(r)” = f(r) (14‘54'0(@)) ; (3.14)
hence in the large distance limit we recover the standard asymptotic behavior N(r)? ~ f(r).

3.4. Static solutions in the generic case (n# 0 and o #0)
For the generic case where 17 # 0 and ¢ # 0 we will expose the main features of the solutions. For
more details can be found in [16]. First we define the following constants

9
= —3n0an + ?77 , B=o(o—4n). (3.15)

Case (i): B>0and |vVB/o| <1, A >0

In this case we have in general two branches of solutions for function f(r) where both of them
have AdSs,dSs or flat large distance behavior. In the case of £ = 0 one of the solutions exhibits
a naked singularity. On the other hand we can see that the large distance behavior of N(r)? | is
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identical with that of f(r). In the case where A < 0, the radius r must have an upper bound and
the function f(r) has no large distance limit. This case lacks of physical interest.

Case (ii): B> 0and [v/B/o| >1, A>0

Here we have only one branch for the function f(r). However there is an even more significant
difference, as this class of solutions does not have regular AdSs, dSs or flat asymptotic behavior.
Furthermore we see that N(r)? vanishes for large values of . For A < 0 the solutions behave
similarly.

Case (iii)): B>0and A=0

Setting A = 0, we obtain for the functions f(r) and N(r) :

Flr)=k+ %8 r“VB—e (3.16)
and o .

~ _4¥Bte

N(r) N e (3.17)

= T
C3VBlo+ VBl

As we see the above solutions exhibit an unconventional asymptotic behaviour which is not of the
type AdSs, dSs or flat 5D Schwarzschild form.

Case (iv): B<0and A>0

Here if B < 0 then A must always be positive. Function f(r) has several branches of solutions.
In contrast with the previous case (B > 0) the range of radius r terminates at a lower non-zero
bound. Solutions for function f(r) have normal AdSs, dS5 large distance behavior. Again there
are solutions where naked singularities occur.

Case (v): B=0

Finally for B = 0 we have the following solutions

1  ovA C
=k+ = 2y B 3.18
flr)=k+ (29 + o ) e (3.15)
This has the standard form of a AdSs, dSs or flat solution. For N(r)? we get,
2 1
N(r)* = —. (3.19)

f(r)

4. Conclusions

We presented static spherically symmetric solutions in the framework of the 5D Horava-Lifshitz
gravity. We considered an action consisting of terms up to second order in the curvature and we
solve the theory with a non-projectable spherically symmetric ansatz for the metric. The black
hole spectrum we found is controlled by three parameters 7, o and 79,, where 7g, is a cosmological
constant.

More specifically, there are three main sets of solutions: the two special cases (n = 0, o #
0), and (n # 0, o = 0) and the generic case (n # 0, o # 0). In all cases we obtained analytic
black hole solutions which have the standard AdSs, dSs of flat asymptotic behaviour, plus the
well-known 1/r? tail. However, we also obtained solutions with an unconventional short and
large distance asymptotic behaviour. Also, in many cases we obtained solutions with a naked
singularity.

We also found static solutions which, after a proper identification of coupling parameters,
coincide with static black hole solutions of relativistic gravity theories with quadratic curvature
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correction terms. One class of these solutions consists of the Schwarzschild-AdS black hole
solutions of five-dimensional Lanczos-Lovelock gravity theories. Another class of solutions contains
the well-known Gauss-Bonnet black hole solutions. The interesting result we obtained in our
investigation is that the non-relativistic solutions of the HL gravity corresponding to the Gauss-
Bonnet solutions can be obtained for various combinations of the coupling parameters 1 and o
and not just the standard Gauss-Bonnet combination. This may be attributed to the fact that
the HL static solutions are insensitive to the coupling parameter A, so they hold even if A # 1
(the value which signals the breaking of Lorentz invariance).
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