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Abstract Hotava-Lifshitz (HL) gravity was formulated in
hope of solving the non-renormalization problem in Einstein
gravity and the ghost problem in higher derivative grav-
ity theories by violating Lorentz invariance. In this work
we consider the spherically symmetric neutral AdS black
hole evaporation process in HL gravity in various spacetime
dimensions d, and with detailed balance violation parameter
0 < €2 < 1. We find that the lifetime of the black holes
under Hawking evaporation is dimensional dependent, with
d = 4,5 behave differently from d > 6. For the case of
€ = 0,ind = 4,5, the black hole admits zero temperature
state, and the lifetime of the black hole is always infinite.
This phenomenon obeys the third law of black hole thermo-
dynamics, and implies that the black holes become an effec-
tive remnant towards the end of the evaporation. As d > 6,
however, the lifetime of black hole does not diverge with any
initial black hole mass, and it is bounded by a time of the
order of Kd_l, similar to the case of Schwarzschild-AdS in
Einstein gravity (which corresponds to €2 = 1), though for
the latter this holds for all d > 4. The case of 0 < €2 < 1is
also qualitatively similar with € = 0.

1 Introduction

Black holes radiate once quantum mechanics is taken into
account [1,2]. Hawking radiation now serves as a tool to
study the relations between different areas of physics, includ-
ing general relativity, quantum field theory, quantum statis-
tics, and quantum information. Due to the Hawking radiation,
if there is no incoming matter to balance the energy loss, the
black hole would keep losing mass and thermal entropy until
it evaporates away. This raises the problem about the infor-
mation loss paradox [3,4]. For a static uncharged black hole
with initial mass My in four-dimensional asymptotically flat
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spacetime in Einstein gravity, it has a lifetime ¢ ~ Mg [5].
Similar analysis can also be carried out for rotating [6] or
charged black holes [7,8]. For the rotating black hole, it will
lose angular momentum several times faster than the mass,
thus any initially rotating black hole will evolve into a static
Schwarzschild case (unless there are a lot of scalar particle
species [9, 10]). Compared to the lifetime of a Schwarzschild
black hole with the same initial mass, the presence of angu-
lar momentum can increase the lifetime by at most a factor
of about 3. For the charged black hole, although both mass
and charge are decreasing functions of time and the black
hole evolves toward a Schwarzschild state eventually, some
charged black holes can increase their charge-over-mass ratio
very near to the extremal Reissner—Nordstrém limit during
the evaporation process [7,8], and the lifetime of these black
hole may be extended by a huge factor, compared to the life-
time of a neutral black hole (rotating or not) with the same
initial mass.

On the other hand, features of the evaporation process of
black holes with nontrivial asymptotic behavior can be very
different from their counterparts in the case of asymptotically
flat spacetime. For a spherical black hole in asymptotically
AdS spacetime, with the usual reflective boundary condition
imposed, Hawking radiation from a sufficiently large black
hole can be re-absorbed and eventually thermal equilibriumis
achieved. However, if an absorbing AdS boundary condition
is chosen so that the radiation particles cannot reflect back
[11], the lifetime of black hole in d-dimensional spacetime
does not diverge even if the initial black hole mass is taken to
be arbitrarily large. Using geometrical optics approximation
we know it is bounded by a time of the order 091 where ¢
is the AdS curvature radius [12].

However, all of the above analysis on the black hole evo-
lution is carried out in the context of Einstein gravity, which
possesses a dimensional gravitational coupling constant in
mass units [G y] = —2.Itis well known that, when we apply
the quantum field theory to Einstein gravity in an attempt to
obtain a quantum gravity theory, we will be facing a seri-
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ous resistance: Einstein gravity, at the quantum loop level,
is not a (perturbatively) renormalizable theory [13—-16]. In
other words, from the point of view of quantum field the-
ory, Einstein gravity is only an effective theory which will
break down in the high energy regime. Power-counting anal-
ysis shows that in order to have a renormalizable theory,
the dimension of gravitational coupling constant should be
larger than or equal to zero, otherwise the perturbative effec-
tive quantum field theory will break down at high energy,
which is exactly what happens in Einstein gravity.

One way to have an improved ultraviolet (UV) behav-
ior is to introduce higher order derivative corrections to
the Einstein—Hilbert action [17], such as the quadratic term
R, R*¥ used in conformal gravity [18] and Lovelock grav-
ity [19], so that the gravitational propagator is modified at
high energy and UV divergence can be cured. However, this
modification in turn causes the field equations to have time
derivatives whose order is greater than two. For example, the
field equations are fourth-orders in the quadratic case. This
will introduce a ghost that makes the theory non-unitary. In
addition, according to the theorem of Ostrogradsky [20], such
asystem is not kinematically stable, thus the higher derivative
gravity theory with Lorentz invariance is problematic.

Another possible way out of this problem is to violate the
Lorentz invariance in the UV, so that we can have high-order
spatial derivative terms in the Lagrangian, while keeping the
time derivative terms to the second order. This model, known
as Horava—Lifshitz (HL) gravity, which was proposed by Petr
Hotava in 2009 [21], suggested that there is an anisotropy
between time and space at short distance, which is measured
by a Lifshitz-type dynamical critical exponent z. Essentially,
HL gravity describes a non-relativistic renormalizable grav-
ity theory at short distance, and the UV behavior is power-
counting renormalizable at large energy scale. Lorentz invari-
ance, on the other hand, is presented as an accidental sym-
metry at large distance, and the classical Einstein gravity is
restored in the IR limit.

It should be emphasized that, usually, Lorentz invariance
is taken as one of the fundamental principles in physics. It is
also strongly supported by observations [22,23], and so far
there is no conclusive evidence that indicates such a sym-
metry can be broken at high enough energy scales (there
are, however, some suggestive signs from high energy astro-
physics [24-26]). However, according to our current under-
standing on the quantum gravity theory, space and time are
quantized at the Planck energy scale, and continuous space-
time only emerges as a classical limit at sufficiently low
energy scale. Since Lorentz invariance is derived from the
continuous symmetry of spacetime, itis reasonable to assume
that it can be broken in the UV. This is what Hotava did in his
original work, and this idea has been extensively developed in
the past 10 years. Related work includes, but is not restricted
to, the self-consistency of the theory, cosmology, black hole
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and thermodynamics, non-relativistic gauge/gravity duality,
quantization of HL gravity, etc. See e.g. [22,27-30] for
related reviews.

There is a caveat here: due to the violation of Lorentz
invariance in HL gravity, “black holes” are rather tricky to
be defined, as the horizon radii generically depend on the
energies of test particles [31]. In fact, once Lorentz invari-
ance is broken, particles can travel as arbitrarily large speed.
In the words of [32], “it is not clear when and for whom they
are black”. It was later discovered that there is still a causal
boundary in HL gravity, which was called the “universal hori-
zon” [33-35], a concept first introduced in the context of
khrononmetric theory of gravity [36]. For an asymptotically
flat Schwarzschild black hole, the corresponding “universal
horizon” is the hypersurface r = 3M /2, instead of the event
horizon r = 2M [35]. The universal horizons exhibit ther-
modynamical properties [37-39], and should be thought as
being associated with the Hawking temperature in HL grav-
ity and Lorentz-violating theories in general [40—42], much
like the event horizon is associated with Hawking radiation
in general relativity. Nevertheless, in the geometric optics
limit, the effective emission surface is not the event horizon
even in general relativity. Therefore, in our analysis below,
this subtlety of universal horizon vs. event horizon does not
arise. There is of course the issue that whether it is the tem-
perature at the universal horizon that should be considered
instead of the standard Hawking one associated the event
horizon. Leaving this technicality aside, in this work we will
employ the latter. In any case, this probably would not affect
the qualitative pictures — which is what we are concerned
with — by much. See e.g.[43,44] for more discussion on the
instability problems in HL gravity.

The first black hole solution in HL gravity, which describes
a spherically symmetric black hole in four dimensional AdS
spacetime with a general dynamical coupling constant A [45]
, was discovered by Lu, Mei and Pope soon after Hotava’s
original paper, followed shortly by solutions of topological
black holes [46]. Similar analysis was also extended to cases
with various critical exponent z, spacetime dimensions d,
and detailed balance violation parameter € [47]. In fact, even
in the limit A = 1, in which the asymptotically AdS solu-
tions can be obtained in the large distance approximation,
these black holes also have very different behaviors from
their counterparts in Einstein gravity. Therefore, it is impor-
tant to study the various properties of HL black holes. In this
work, we shall consider the black hole evaporation process in
HL gravity and compare the results with the AdS black hole
in Einstein gravity [12] or higher derivative gravity theories
[48-50].

Specifically, in the present work we investigate the spher-
ically symmetric neutral AdS black hole evaporation process
in HL gravity, focusing on the A = 1 and z = 3 with vari-
ous spacetime dimensions d and detailed balance violation
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parameter 0 < €2 < 1. Just as [12], we consider the case
in which one starts in AdS with a large black hole, whose
horizon radius is much larger than the AdS length scale £.
This black hole solution and its thermodynamics in HL grav-
ity have been investigated in [47]. In the next section we will
present a brief review of the black hole solution and its ther-
modynamics. In Sect. 3, we investigate the black hole evapo-
ration process in different dimensions d and different values
of €. In the final section we give some concluding remarks.
We adapt the natural unit system, setting the speed of light in
vacuum c, the gravitational constant G y, the Planck constant
h and the Boltzmann constant k equal to one.

2 Thermodynamics of Horava-Lifshitz Gravity

For the d-dimensional spacetime in HL gravity at the z = 3
UV fixed point, the gravitational action can be written as [47]

S = /dt [Lo+(l —eZ)Ll],

2 ..
Lo = /dd—lx@N [—2 (Kl-jK’] Y Kz)
K

2

AW (G- HR— - DAw)
8t 1 —(d— DA L
2
!
L= [ dx/gNE
! / e 8cd, 1 —(d — DA

d—1 2 ij
[(1 —T—/\>R —(1—(d—1)A)R1R,~j]
(1)

The first two terms in Lo are the kinetic actions, while
the others correspond to the potential actions. R;; and R
are the Ricci tensor and Ricci scalar respectively. K;; =

ﬁ(gi, — ViNj — VjNi) is based on the ADM decom-

position of the higher dimensional spacetime, i.e. ds§ =
—N2dr?+g;;(dx" — N'dt)(dx/ — N/dr). The lapse, shift and

s 4d — DAY rd —4d —2)(d — 3)*Awr? + (1 — €2)(d — 2)*(d — 3)*(d - 5)

approximation. The e parameter satisfies 0 < € < 1, where
€ = 0 corresponds to the detailed-balance condition and
€ = 1 recovers Einstein gravity.

The spherically symmetric neutral black hole can be
described by the metric [47]

dr?

2_ 2
ds® = — f(r)dr +f(r)

+r2dQ2 ,, )

where dei_2 is the round metric of the (d — 2)-sphere, and
the function f(r) takes the form

f(r) _ 1 . 2AW rz
a (1—€2)(d—-2)d-23)
e €0 . €2 473, rd-1
1-€>) (A—€e)2(d—-2)%d-3)?

3

Here ¢ is an integration constant related to the black hole
mass by

Qi_» 1 €0
=———Cc=——, @)
16w (d —3)Aw Aw

where we have chosen the natural units and without loss of
generality we set 25— = 16(d — 3)m. The black hole event
horizon r; is defined as the largest root of f(r) = 0 in
AdS spacetime. In our case, for d = 4 there are two roots
of f(r) = 0, which corresponds to the black hole event
horizon and an inner horizon. For d > 5, there is only one
root corresponding to the event horizon. We can write the
black hole mass as the function of r.. This gives

4Awriil

_ 4rd=3 (1 —e2yrd=
(d —3)%(d —2)? '

d-2)d=3)  Aw

&)

The temperature is proportional to the surface gravity of the
black hole horizon

8m(d —2)yr (—2Aw(d — 3)r42r + (1 —€e3)(d —2)(d—3)?

(6)

(d—1)-metric N, N' and gij are all functions of # and x! and
the dot denotes a derivative with respect to . There are five
constant parameters in the action: Ay, A, €, k¥ and k, corre-
sponding to the cosmological constant, dynamical coupling
constant, detailed balance violation parameter, gravitational
constant, and the speed of light respectively. We will focus
on the case in which A = 1 and Ay < 0, where the Einstein
gravity in AdS spacetime can be obtained in large distance

The other thermodynamical quantities, such as the entropy
and specific heat, can also be evaluated. We shall omit them
here.

Since we are considering the system in AdS spacetime
with a negative cosmological constant Ay, from Eq. (5) we
know that the black hole mass is always positive. It is a mono-
tonic function of 4 and it goes to zero as r4 — 0. However,
it is worth emphasizing that the features of the black hole
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temperature (6) in ;. — 0 are determined by the last term
(1 — €2)(d — 2)*(d — 3)*(d — 5) in the numerator.

When € = 1, this term vanishes and the system reduces
to Einstein gravity, which possesses a Hawking-Page phase
transition [51]. The temperature 7' admits a minimum at

.
re= -G pas@ ™)

and the corresponding temperature is

_ 1 [a-T1, )
2\ a—2"W

c

However, if € # 1, the features of the temperature 7 depend
on the spacetime dimensions d. In d = 4 dimension, the
temperature

3A2 4 —2Awr? + €2 -1

8rri(Awry +€2—1)

becomes zero at

N7 |

3Aw

re = - (10)

Ind = 5 dimension, the term (1—€2)(d —2)*(d —3)*(d —5)
vanishes, and the temperature

_ Awrg(Awri —3)
© 6m(Awr? +3e2 - 3)

(I

becomes zero at v = 0. In d > 6 dimensions, the tempera-
ture resembles the Schwarzschild-AdS black hole in general
relativity and admits a minimal value. In Fig. 1 we present
some examples on the behavior of the temperature T as func-
tion of the horizon radius r, namely ford = 4,d = 5, and
d =6.Wesete =0.5and Ay = —1 in all three cases. For
different values of €, there may be critical phenomena in the
thermodynamical phase space, but this is not the focus of our
study. See [52] for more discussions.

3 Black hole evaporation in Horava-Lifshitz gravity

In this section we consider the black hole evaporation pro-
cess in HL gravity for various spacetime dimension d and
detailed balance violation parameter €. Due to the Hawk-
ing radiation, the black hole would keep losing mass, so M
should be monotonically-decreasing functions of time. For
simplicity, we shall assume that the emitted particles are all
massless. Applying geometrical optics approximation, all the
particles should move along null geodesics. If we orient the

@ Springer

extra (d — 3) angular coordinates in dQ§_2 and normalize
the affine parameter A, the geodesic equation of the massless
particles reads

dr 2_ YA
(J) =B - 2L (12)

where E = f (r)g—i and J = rzg—i correspond to the energy
and angular momentum of the emitted particle, respectively.
If we consider a null geodesic that is coming from just outside
the black hole horizon, it will turn back towards the hole when
there is a turning point satisfying (g—;)z = 0, thus this particle
cannot be detected by the observer on the AdS boundary.
Defining the impact parameter b = J/E, the massless quanta
can reach infinity only if the following condition is satisfied:

1
&1, (13)

forallr > ry.

The maximal value of f(r)/r?, which can be used to
define the impact factor b., depends on the exact form of
f(r). Once we obtained the impact factor, according to the
Stefan-Boltzmann law, we conclude that in d-dimensional
spacetime, the Hawking emission power is [8,50,53-55]

dM d-27d
T Cb. -T". (14)
The above formula implies the emission power is propor-
tional to the (d — 2)-dimensional cross section and the
photon energy density in (d — 1)-dimensional space. The
photon energy density in (d — 1)-dimensional space (spa-
tial dimension only) is proportional to 7¢, and the cross
section of d-dimensional non-rotating black hole is b2
Since the 79 term possesses the higher order, the behav-
ior of temperature T, especially the asymptotical behavior,
is extremely important in black hole evaporation process.
We will find the the evaporation process is largely depend-
ing on the features of T presented in (7)—(11). The constant

C={- 2)71%_152‘1,2%;(51). Since we are only con-
7

cerned about the qualitative features of the evaporation pro-
cess, without loss of generality, we set the constant C = 1.
Now let us study the black hole evaporation for various values
of €.

31 e=0
In the € = O case, the black hole metric reads

2Awr2

5—d
—(d—Z)(d—3) —r 2 —MAw. (15)

fy=1-
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d=4 d=5 d=6
12 0.5
0.34
4
0.4
0.84
0.34 0.2
T 0.6 T r
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ry ry ry

Fig. 1 Behavior of the temperature 7" as function of the horizon radius r, corresponding to d = 4, d = 5, and d = 6. We set ¢ = 0.5 and

Aw = —1in all three cases

In large distance approximation, the asymptotically AdS
spacetime can be recovered. For convenience, we shall define
the “effective AdS radius” to be

(d—3)d-2)
T 2Aw

then the black hole metric, mass, and temperature can be
written as

14

(16)

r2 5= [M(d—=3)d—2)
f(r)=1+£7—r 2 T, (17)
M Zrifl 4r_‘,i_73 erffsﬁz
d=3)d—-202  [d-3)d-2 d-3)d-2)
(18)
and
d—1r2 +(d—5)¢
T:( i+ ( ) ' (19)

8nr+E2

For any d > 4 and d # 5, the function fr(zr ) admits an
extremal point at

207\ 75
r*:((d—3)(d—2)(d—l) M>d5. 20)
3242

For d = 4,itis a minimum and the f (r)/r? reaches maximal
value at r — oo, while for d = 5, f(r)/r2 1S a monotonic
function of r4, so the impact factor is b, = £ ind = 4, 5.
For d > 6, r* corresponds to the unstable photon orbit, and
the impact factor is given by b, = r*//f (r*).

In the case of d = 4, upon inserting the black hole mass
M, temperature, and impact factor £ into Stefan—Boltzmann

law, we have

4096730t (rd + 0
(3r2 — £2)3

dr = dry. 1)

The expression on the right hand side becomes divergent
at r,. = £/+/3, which corresponds to the 7 = 0 state.
Integrating the above formula from any initial black hole
radius to 74 = £/+/3, we can find the lifetime of the black
hole is always divergent. The black hole can lose away a
huge amount of mass from arbitrarily large initial mass to a
finite mass with in a finite time. However, when the black
hole evaporates, the temperature also decreases quickly near
ry = £/+/3, so the evaporation process becomes increas-
ingly difficult. The black hole will take infinite time to com-
pletely evaporate away. That is, it effectively becomes a rem-
nant, which may help to ameliorate the information paradox
[56]. This phenomenon also obeys the third law of black hole
thermodynamics.
Similarly, for the case of d = 5, we have

1287303 (r2 + %)
3ri

dry. (22)

This integral is also divergent near ry = 0, which also cor-
respondsto 7 = 0.

On the other hand, for the cases d > 6, defining x = r /¢
and X = (x2 +x72 +2) x93, we have

2X -3
M=_— "2 43 (23)
d—-3)d—-2)
_ 2 _
po@=DP+@=5) o1
8mwx
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and

Lyid _ \2)T5
be = (X @~ 1) _¢. (25)

2 \2
(f’,;f + (X - 1)2)d5>

Inserting the above three formulas into the Stefan—Boltzmann
law, we have

dr = ¢4 'F(x, d)dx, (26)

where F(x, d) is a complicated function which is not worth
explicitly written. Integrating the above formula from oo to
0, we can find that the integral f OOO F(x,d)dx is convergent
and it depends only on the value of d. Thus, we can conclude
that the lifetime of black hole does not diverge with any initial
black hole mass, and it is bounded by a time of the order of
¢9=1_ This result is consistent with the Schwarzschild AdS
black hole in Einstein gravity [12].

In Fig. 2 we present some numerical examples of the black
hole mass as function of time 7 ind = 4,5,6 and ¢ = 0.
The initial mass My is taken to infinity. In each figure from
left to right the curves correspond to £ = 0.1, £ = 0.15 and
£ = 0.2 respectively. In the case of d = 4, 5, the black hole
loses its mass quickly at the beginning, but evaporation gets
harder when the black hole becomes smaller, thus the black
hole will have infinite lifetime. In the case of d = 6, the black
hole can always evaporate away in a finite time. The lifetime
of the black hole is in order of £°.

32e=1

In the case of ¢ = 1, the black hole returns to the
Schwarzschild AdS solution, with metric function

2 (d-3)d-2)M
For any d > 4, the function f(r)/r? admits an extremal
point at

1 =
¥ = (gM(d —1)(d —2)(d — 3)> , (28)

which corresponds to the unstable photon orbit, thus the
impact factor is b, = r*// f(r*). The black hole mass and
temperature can be written as, respectively,

M= 4rf'|£_l 4rf'£_3 29)
(d—=3)d—-2)¢> (d-3)d-2)
1,2 a2
T (d—1Dry +(d—-3)¢t . (30)

Ay 02

@ Springer

Similarly we can also define x = r;./¢ and X = (451 (x2

1
+1)xd’3) 4=3 then the black hole mass, temperature, and
impact factor can be written as

_ AP+ DO g

, (3D
(d—-3)d-2)
_ 2 _
T — d—-1Dx-+({d 3)5_1’ 32)
4 x
and
b, = %E. (33)
()

Inserting the above formulas into the Stefan—Boltzmann law,
we can also obtain the result that the lifetime of the black
hole is bounded by a time of the order of €41 [12,50].

In Fig. 3 we present some numerical examples of the rela-
tionship of black hole mass and time ¢ forind = 4, 5, 6 and
€ = 1. The initial mass M is taken to infinity. In each figure
from left to right the curves correspond to £ = 0.1, £ = 0.15
and ¢ = 0.2 respectively. In all three cases, the black holes
evaporate away in a finite time. The lifetime of the black hole
is in order of £4~!.

330<e?<1

In the case of 0 < €2 < 1, the black hole metric takes the
form

2
.
fry=1+ m
o [@=3@—2m 2pd—1
: 21 =2 16(1 — 2)24

(34)

In this situation, if we directly compute f—r % =0, we can

obtain the equation
64¢2r2470 1 32M(d — 3)(d — 2)(1 — €2)¢*r?73
= M*(d —3)*(d — 2)*(d — 1)*. (35)

For the cases of d = 4, 5 the above equation can be explicitly
solved. For d = 4, we have

S  3M?
=2 427 36
"= T s (36)

where

1
s = (3ze3e2M — 322 M + M+/1024€604 — 2018464 + 1024€2¢4 — 27M4)° .
(37
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" d=4,e=0 d=5, e=0 d=6, e=0

M M

0.30, 0,020
14
12 025

0015
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0.15 0.010
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0.10)
4 0.005,
) 0.05

0 0,

! ! 0 2 4 6 s !

0 10 20 30 40 50 60 o 10 20 30 40 50 60

Fig. 2 The evolution of the black holeind = 4, 5, 6 and € = 0. The initial mass M is taken to infinity. In each figure from left to right the curves
correspond to £ = 0.1, £ = 0.15 and ¢ = 0.2 respectively

d=4,e=1 d=5, e=1 d=6, e=1

M M M
10 1.0, 10

8 08 08

6 0.6 0.6

4 04 04

2 02 02

t o {
5 10 15 0.0 02 04 0.6 038

o t

0.
1.0 0.00 0.02 0.04 0.06 0. Oé

Fig. 3 The evolution of the black hole in d = 4, 5, 6 and € = 1. The initial mass M is taken to infinity. In each figure from left to right the curves
correspond to £ = 0.1, £ = 0.15 and ¢ = 0.2, respectively

The black hole mass and temperature are

Ford = 5, we have

Y 2rd-! 4pd=3 2(1 — eyrd=e?

5 9,9 . (d—3)(d—2)*  (d-3)d—-2) d—-3)d—-2)"

o (BMe“(BM + €74~ — £7))4 _ (38) (40)
€
For higher dimensions, Eq. (35) is a higher power equa-  and

tion, so finding the exact maximal value of f(r)/r? is not
easy. However, if we consider the large black hole limit
M — oo, we will find the constant of the second term of 7 — (d— 1)71 +2(d — 3)r_2J2 + (1 —€>)(d —5)¢*
lhs of Eq. (35) is much smaller than the rhs, thus it can be - 8nr+£2(r3_ + (1 —€2)¢?) ’
omitted. Then we have the photon orbit 41)

39) For the cases of d = 4, 5, since the finial states correspond
to T = 0, according to the third law of thermodynamics,
any initial black hole cannot evaporate away in a finite time.

Since we are interested in the qualitative features of the black  In the case of d > 6, using scaling analysis we know we

hole life, studying the evaporation process of arbitrarily large ~ can write the M, T and b, as the functions of x = r; /¢

black holes, the essential question is whether the black hole and ¢, and we have M ~ ¢473 ,T ~ ¢~ and b, ~ £. The
can lose infinite amount of mass in finite time, and the qual-  value of the ¢ also does not change the qualitative features
itative features of the black hole evaporation depends on the  of these thermodynamical quantities, thus the lifetime of the
asymptotical behaviors of the thermodynamical quantities  black hole is still bounded by a time of the order £¢~!. The
and whether the 7 = 0 state exists, so Eq. (39) can still serve ~ evaporation process is qualitatively similar to the cases of
as an effective approximation. € = 01in Fig. 2. In Fig. 4 we present some numerical results.

* A (M(d— 1)(d—2)(d_3)>/_3
" 8¢ :
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d=4, e=0.5

d=5,€=0.5

d=6, €=0.5

(} 0.
0 20 40 60 80 106 0 2 4 6

8

lDL t

10 12 14 0 1 2 3 4 s 6 7

Fig. 4 The evolution of the black hole in d = 4,5, 6 and € = 0.5. The initial mass M) is taken to infinity. In each figure from left to right the

curves correspond to ¢ = 0.1, £ = 0.15 and ¢ = 0.2, respectively

4 Summary

In order to solve the non-renormalization problem in Einstein
gravity and the ghost problem in higher derivative gravity
theories, HL. gravity chooses to violate the Lorentz invari-
ance. Although Lorentz invariance is one of the fundamental
principles of modern physics and is also strongly supported
by observations, it seems there are indeed some good rea-
sons to do so. Due to the anisotropy between time and space
at short distances, we can have high-order spatial deriva-
tive terms in the Lagrangian action, while keeping the time
derivative terms to second order, thus the UV behavior is
power-counting renormalizable at large energy scale, and the
classical Einstein gravity is restored in the IR limit.

In the present work we explore the black hole evaporation
process in HL gravity with various spacetime dimensions d
and detailed balance violation parameter 0 < €2 < 1. For
the case of € = 0, with d = 4, 5, the black hole admits the
state of 7' = 0, although black hole can lose infinite amount
of mass from divergent initial mass to some finite mass, the
lifetime of the black hole is always divergent. When the black
hole evaporates, the temperature also decreases quickly, so
the evaporation process is increasingly difficult. The black
hole will take infinite time to completely evaporate away.
This phenomenon also obeys the third law of black hole ther-
modynamics. As d > 6, the lifetime of black hole does not
diverge with any initial black hole mass, and it is bounded by
a time of the order of £¢~!. The case of 0 < €2 < 1 is also
qualitatively similar with € = 0. When €2 = 1, the black hole
solution and thermodynamics reduce to the Schwarzschild-
AdS one in Einstein gravity, so the lifetime of black hole is in
the order of ¢4~ for any d > 4, which is consistent with the
result in [12]. The black hole evaporation process in € # 1
and d = 4,5 is different from Schwarzschild-AdS because
of the existence of the state 7 = 0 and the third law of the
black hole thermodynamics. The black hole evaporation in
HL gravity is different from the other higher derivative grav-
ity theories, such as the conformal (Weyl) gravity [48,49]
and the Lovelock gravity [50], because the black hole mass
in HL gravity can be written as M ~ ¢¢73, thus according

@ Springer

to the Stefan—Boltzmann law, the lifetime is in the order of
¢~lind > 6.

In the present work we only consider the qualitative fea-
tures of the black hole evaporation, so we omit some coeffi-

cients containing d, such as the factor 6?2’(1‘33) in M, as well
d .
as the constant C = (d — 2)mr 2! Qd,z%‘j))g(d) in Stefan—
b

Boltzmann law, where I'(d) is the gamma function and ¢ (d)
the Riemann zeta function. If we consider these coefficients,
we have

dM

_ _ 4 T(d) d—27d
- =16 — 2 3)n2—r(%)§(d)bc 74,

(42)
In any finite d > 4, the qualitative features remains the same.
However, if we consider the large d — oo limit [57], the
coefficient on the right hand side of the above formula goes
to infinity. We also have M ~ 1/d, T ~ d, and b, ~ £. Fur-
thermore, due to the huge increase in the phase space avail-
able to high-frequency quanta at large d, the typical energy
of Hawking quanta is of the order of d T, so the black holes
at large d behaves as large quantum radiators and they evap-
orate away quickly. See more discussion in the large d limit
and black hole evaporation in [57,58].

Lastly, we suggest some topics that can be further investi-
gated. First of all, our work may be extended to black holes
with electric charge. For evaporating charged black hole, we
need to consider charged emitted particles come from the
Schwinger effect as well as the mass loss due to the Stefan—
Boltzmann law. Recently, the d-dimensional charged black
hole evaporation in Einstein gravity and its relation with
cosmic censorship have been investigated in [8]. It would
be interesting to consider the differential equations describ-
ing the evolution of charged black hole in HL gravity. In
the present work we only consider the gravity in A = 1,
so that Einstein gravity can be recovered in large distance
approximation, but of course the case for general A could
be interesting, especially its modification to the AdS/CFT
correspondence. Since the spacetime is no longer asymptot-
ically AdS in A # 1, a non-AdS/non-CFT correspondence
may exist [59]. Various values of z and different topologies
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of the black hole are worth investigating. In addition, the grey
body factors and different quantum field theories [60,61] in
HL gravity background can also be considered.
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