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|. Lifshitz black holes

It is known that theories such as New Massive Gravity admit Lifshitz black

holes as solutions, whose particularity is that they are invariant under an
anisotropic scale transformation of the form

t— A’t , X — AX, (1)
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|. Lifshitz black holes

It is known that theories such as New Massive Gravity admit Lifshitz black
holes as solutions, whose particularity is that they are invariant under an
anisotropic scale transformation of the form

t— A’t , X — AX, (1)
where z is the relative scale between time and space dimensions.

The spacetime geometry is given by

2 _ Nz oo P,
ds _—<7) 4t + dr? + 5d %2, (2)
metric called the Lifshitz spacetime and this line element is invariant

under (t, r, 7) — (Azt, )Flr,/\7).
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Then, from the Lagrangian (in d =2+ 1)

1 3
[ — 5/d3x\/fg [R —2A+2P2 (RWRW - SRZH . (3)
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Then, from the Lagrangian (in d =2+ 1)
L=1 [ R—2A+2P (RR,, — SR? 3
) xv/—g |R— + wT g ' (3)

and by using the Ansatz

ds? 2 e nde+ on e dR?
s_—(f) (r)t‘—l—rj(r)r—i—/f2 X' °, (4)
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Then, from the Lagrangian (in d =2+ 1)
L=1 [ R—2A+2P (RR,, — SR? 3
) xv/—g |R— + wT g ' (3)

and by using the Ansatz

2 (N\* 2 ﬁ 2 f—>2
ds? = (/) f(r) de + 5 h(r) dr? + - d %2, (4)

the field equations, besides appropriate asymptotic conditions, turn out to
be solved by

2\ 2z 2 2 2\ 1 2
2 r ry 2 / ry 2 r~ ,—o
w==(7) (-5)een(-%) @eper o
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so that for z = 3, we have
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so that for z = 3, we have

2 2\° rer I? rﬁ - 2 2, 2
ds® = — /7 r dt +* r72 dr +rdq0, (6)

where —co < t < oo, r > 0and 0 < ¢ < 2, and ry = [v/M is the black
hole event horizon and M is an integration constant related to the black
hole mass and / is the curvature radius of the Lifshitz spacetimes related
to the cosmological constant through A = —13/2/.
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so that for z = 3, we have

2 2\° rer I? rﬁ - 2 2, 2
ds® = — /7 r dt +* r72 dr +rdq0, (6)

where —co < t < oo, r > 0and 0 < ¢ < 2, and ry = [v/M is the black
hole event horizon and M is an integration constant related to the black
hole mass and / is the curvature radius of the Lifshitz spacetimes related
to the cosmological constant through A = —13/2/.

* See, Scalar field scattering by a z = 3 Lifshitz black hole... S. Lepe,
J. Lorca, F. Pefia and Y. Vésquez, Phys. Rev. D86 (2012) 066008.
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II. Thermodynamics for z=3 Lifshitz black hole
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II. Thermodynamics for z=3 Lifshitz black hole

The thermodynamical quantities of this black hole, i.e., temperature,
entropy and mass are, respectively,

3

r TTr 1
T = 27;/4 . S=2mnry # T+ = ZArea ,
N rt M\ 2
M = £ =
4/4 ( 2 ) '

— TdS = dM.
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II. Thermodynamics for z=3 Lifshitz black hole

The thermodynamical quantities of this black hole, i.e., temperature,
entropy and mass are, respectively,

r3 Tr 1
T = 27;/4, S=2mry #TJFZZArea,
4 2
g (M
M= 4/4_<2)'
—  TdS =dM. (7)

Whether or not the Area/4-law is a universal law which must satisfy all
black holes, independent of the dimensionality of the spacetime in which
they live, is still an open question.
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[1l. The relativistic Hamilton-Jacobi equation
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[1l. The relativistic Hamilton-Jacobi equation

(From here we follow: S. Lepe and B. Merello, Mod. Phys. Lett. A29

(2014) 1450187)
al al
wo [P0 2 _
g (axy) (axy)w 0, (8)

where [ is the classical action, m is the mass of the particle and
xt=(t,r, o).
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[1l. The relativistic Hamilton-Jacobi equation

(From here we follow: S. Lepe and B. Merello, Mod. Phys. Lett. A29

(2014) 1450187)
al al
wo [P0 2 _
g (axy) (axy)w 0, (8)

where [ is the classical action, m is the mass of the particle and

xt=(t,r, o).

Near the horizon

/6

gtt(r):—m- g"(f):,T(f—er)v g% (r) =
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so that by replacing (6) in (5) and by doing | = —wt + R (r) + j¢, where
w and j are the energy and angular momentum of the particle m and

R (r) represents the geometric content of the spacetime under
consideration, we obtain

I*w dr 2\’ j2
R(N =55 r_r+\/1‘2f+</3w) (m#+52) (=0 00
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so that by replacing (6) in (5) and by doing | = —wt + R (r) + j¢, where
w and j are the energy and angular momentum of the particle m and

R (r) represents the geometric content of the spacetime under
consideration, we obtain

I*w dr 2\’ j2
R(N =55 r_r+\/1‘2’+ (7) (m+5) = 0o

where we rescue the imaginary part (classically forbidden process) which is
related to the Boltzmann factor for emision at the Hawking temperature

w . Fw . _
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The = sign in (8) correspond to outgoing and ingoing particles,
respectively. Given that in the classical limit all is absorbed by the black
hole (with no reflection) we write Im / corresponding to outgoing particles

e w  mlw o =
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The = sign in (8) correspond to outgoing and ingoing particles,
respectively. Given that in the classical limit all is absorbed by the black
hole (with no reflection) we write Im / corresponding to outgoing particles

e w  mlw o =

We note that 2Im / = w T /2 (non-thermal nature of the emission). For
thermal emission 2Im/ = wT.
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V. WKB approximation
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V. WKB approximation

When a particle with energy w tunnels out, the mass of the black hole
changed into M— M—-w— IVM — I\/M = w, where I\/M is the

horizon radius before pair-creation and /v/M — w the horizon radius after
pair-creation.
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V. WKB approximation

When a particle with energy w tunnels out, the mass of the black hole
changed into M—M-w— /\/M — v/ M — w, where I\/M is the
horizon radius before pair-creation and /v/M — w the horizon radius after
pair-creation.

So,

nl (Mew . ~3/4 1 w\1/4
Iml—>—25T/M d (M —w) (M- w) :—4[(1—,\4) —1]

by recalling that S = 27r,.
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In the WKB approximation, the tunneling rate (tunneling probability for
the classically forbidden trajectory from inside to outside the horizon) is
given by T' ~ exp (—2Im /) so that, in the present case

- o (L05) 0o
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and we note that (14) differs from the result
I' ~exp(AS), (15)

which is valid for black holes that satisfies the Area/4-law.
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In the WKB approximation, the tunneling rate (tunneling probability for
the classically forbidden trajectory from inside to outside the horizon) is
given by T' ~ exp (—2Im /) so that, in the present case

- o (L05) 0o

and we note that (14) differs from the result
I' ~exp(AS), (15)
which is valid for black holes that satisfies the Area/4-law.

If we repeat for the BTZ black hole (z = 1-Lifshitz black hole), we find
I ~ exp (AS). And, for this black hole, we have S = A/4.

(PUCV) 07/04/2016 11/ 15



Final Remarks

07/04/2016 12 / 15



Final Remarks

@ It is not yet clear how to compute conserved quantities in asymptotic
Lifshitz black holes and so, we can not visualize the scope of our
results if we are thinking in a complete thermodynamical description
of these type of black holes.
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Final Remarks

@ It is not yet clear how to compute conserved quantities in asymptotic
Lifshitz black holes and so, we can not visualize the scope of our
results if we are thinking in a complete thermodynamical description
of these type of black holes.

@ Nevertheless, we apologize that the difference in the tunneling rates
obtained can be a signal to discriminate between black holes which
satisfy the Area/4-law and those who do not.
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e Finally, in the literature we can find discussions about dependence on
the type of coordinates used to describe black holes and then
calculate tunneling rates.
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e Finally, in the literature we can find discussions about dependence on
the type of coordinates used to describe black holes and then
calculate tunneling rates.

@ However, we believe that the thermodynamic properties of these, if
they do, must be independent of that choice, as it should be if we
accept (assume?) that black holes are thermal objects.
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Whether or not black holes are thermodynamical system?
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Whether or not black holes are thermodynamical system?

Whatever it is, the future will say!
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Thanks!
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