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Introduction

Why alternative theory of gravity ?
The Horava-Lifshitz theory

Black hole solutions: there several solutions in
3+1 and 2+1 HL gravity in the literature

Why two-dimensional black holes ?



The HL gravity

Einstein Gravity:
Einstein-Hilbert action




The HL gravity

EH = T+\/g
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The HL gravity
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Kij = 5~ (9ij — VilN; — V;N;) K = g7 Ky

shift vector field }

extrinsic curvature
tensor

ds® = —N?dt* + g;j (dz' + N'dt) (dz’ + N7dt)

lapse function }




The HL gravity
M2
Spg = 2Pl /dedth(R+KZJKZJ Kz)

_ D—z
[MPZ] — T 9
\ v Horava, PRD(2009).
M? g
SHL — P /dDZC dtN\/g(KwKw — )\I(2 — V)

UV anisotropic scallng between space and time:

t=b%, 2t =b 1=1,2,...D



The HL gravity
M2
Spg = 2Pl /dDwdth(R+KZJKZJ Kz)

_ D—z
[MPZ] — T 9
\ v Horava, PRD(2009).
M? g
SHL — P /dD$ dtN\/g(KZJKZJ — )\I(2 — V)

Power-counting renormalizable for z > [)
and 2 — | corresponds to the GR regime (IR)



The HL gravity
M2
Spg = 2Pl /dDwdth(R+KZJKZJ Kz)

A Horava, PRD(2009).

SHL — /dD$ dtN\/g(Kme — )\I(2 — V)

{HL gravity: kinetic part




The HL gravity
M2
2” / d°z dtN\/g(R+ K;; K" — K?)

A Horava, PRD(2009).

/dD$ dtN\/g(Kme — )\I(2 — V)

HL gravity:
potential part




The HL gravity
M2
Spg = 2Pl /dDwdth(R+KZJKZJ Kz)

A Horava, PRD(2009).
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ot / d°z dtN\/g(K;; K7 — AK* — V)

S =

Horava-Lifshitz gravity:
A<l




The HL gravity
M2
Spg = 2Pl /dDwdth(R+KZJKZJ Kz)

Vv

M? g
Pl D 2
p
Horava-Lifshitz gravity: A>1 Blas, Pujolas and Sibiryakov, PRL(2010);
(”healthy extension") Jacobson, PRD(2010).
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The HL gravity

VY = —¢R — na‘a;
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o

“proper acceleration”
(healthy non-projectable
HL gravity: N(t,x))

A

/

Blas, Pujolas and Sibiryakov, PRL(2010);
Jacobson, PRD(2010).



The HL gravity

_ 7 | 1 | 1

~

(dim 2) R, a;a’

/

Blas, Pujolas and Sibiryakov, PRL(2010);
Jacobson, PRD(2010).



The HL gravity

_ 7 | 1 | 1

4 N
(dim 4) R;;RY, R*, RV;a', a;Aad’

o /

Blas, Pujolas and Sibiryakov, PRL(2010);
Jacobson, PRD(2010).




The HL gravity

_ 1 | 1 | 1
V——fR—UCL a; MJQDZL4 | M;‘_f, L6
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(dim 6)
N

(Vz-Rjk)z, (Vz'R)2, ARViai, aiAzai

~

y

Blas, Pujolas and Sibiryakov, PRL(2010)
Jacobson, PRD(2010).
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The HL gravity

S=SHL+S¢

Matter (scalar) contribution

S, — / AP diN G| (006 — N'Vi0)* — a(V6)? — V(0)
— BeV'a; —16a'V,0)]

with the GR regime at a=1, f=y=0



Two dimensional HL gravity

2
Mz,

/d:cdtN\/g[(l — NMK? +ng'taiai]

(Mp] =

S =

5~ =0, D=1,z=1
where at one spatial dimension: R = 0, K;; K% = K?

and

So = [ drdiN G35 (00 - N'V107 — a(Vi0)* - V()

— 5¢V1a1 — ’Y¢CL V1¢)] Li, Wang, Wu and Wu, PRD(2014)

ao=1, B=y=0 (dimensionless parameters)



Two dimensional HL gravity

There are two “free” parameters left in HL sector: A, n

2
Mz,

SHL = /da?dtN\/§[(1 — MK? +ng'taiaq]

This term vanishes for static
solutions = no dependence on A

Li, Wang, Wu and Wu, PRD(2014)




Two dimensional HL gravity

There are two “free” parameters left in HL sector: A, n

2
Mz,

SHL = /da?dtN\/ﬁ[(l — MK? +ng'taiaq]

This term vanishes for homogeneous (time-
dependent solutions) > no dependence on n

Li, Wang, Wu and Wu, PRD(2014)



Two dimensional black holes in HL gravity
ds®* = —N?dt* + g;; (dz* + N'dt) (dz’ + N7 dt)
_ _ 1 _
where ¢gi; = J11 = 72 N = N(x)

N,g=1

Ni(z) = 0 (gauge)

static solutions Bazeia, Brito and Costa, PRD(2015)

v ON |
K = ?(911 —2le1) > K =0




Two dimensional black holes in HL gravity

_ M3, 22 2 a2 2
Equations of motion
0S5 2 2
0S5 d 1 oV
=0 — — (N2 =
56 07 W)= 5030

Bazeia, Brito and Costa, PRD(2015)



Two dimensional black holes in HL gravity

/ dzdt (nN%f - izozNzcb’2 - iV(qﬁ))

My, My,

2
_ M,

7=

Equations of motion

2
nai — Ve adp* =0 — a; = £¢, o =nM3z, /2
Pl
d 1 oV
el N2 AR

Bazeia, Brito and Costa, PRD(2015)



Two dimensional black holes in HL gravity

5 = M / dodt (nN2a2 — —2 aN2¢% — 2 V(o)
= — X a] — —5 — —
2 T, M,

Equations of motion

dln N 1 dN , n
= — = N = *?
41 dx N dx ¥ = ©
d 1 oV
el N2 / _
VNP M2, D¢

Bazeia, Brito and Costa, PRD(2015)



Two dimensional black holes in HL gravity

Solutions

i) V(¢) = const. =N2¢' = C4/n —>N(fi];r +M

N(z)*=2Mlz| -1  N(z) = 2(M|z|+C)
¢(x) = In \/2M|a:| — 1. (positive branch)

1
2 _ _ _ 2 2
ds“ = — (2M|z| — 1) dt* + (M| — 1)d:v

Here we patched together the two branches along a delta source

Bazeia, Brito and Costa, PRD(2015)
Mann, Shiekh and Tarasov, NPB(1990)



Two dimensional black holes in HL gravity

Solutions
i) Vy(od(z) = M3, (A+ 5 + &)
d dN 1
% (77N5> — I|ZM2 V¢ Picking just the positive branch:
Pl
N(CE)2 = 2C5 + éx2—201$+ E_,L.i
n nr  3nz?
o(x) =In N?
1
ds® = =N*di* + < da’

Bazeia, Brito and Costa, PRD(2015)
Mann, Shiekh and Tarasov, NPB(1990)



Two dimensional black holes in HL gravity

Solutions

ii.@) schwarzschild-like solution

Co=1/2, B=-2M,n=1and A=C=C; =0

2M
Vo(d(2)) = =5 M},
2_q_ M
N(z)* =1 -
1
ds® = =N*di* + < da’

Bazeia, Brito and Costa, PRD(2015)
Mann, Shiekh and Tarasov, NPB(1990)



Two dimensional black holes in HL gravity

Solutions

ii-a) Schwarzschild-like solution
Co=1/2, B=-2M,n=1and A=C=C; =0

Vato@) = (-5 ) M3

In this case one can invert the funtion V(x) and
integrate in ¢ to find V(o):

B 3B 3B B
174 — _ 2¢ 40 _ 6¢
@) =05 " T st mee

Bazeia, Brito and Costa, PRD(2015)
Christensen and Fulling, PRD(1977)



Two dimensional black holes in HL gravity

Solutions

||-b) Reissner-Nordstrom-like solution

Cy=1/2,B=-2M,C=3Q*,n=1and A=C1 =0

vatota)) = (-2 + 25 ) arg

3 x4
oM  Q?
Ney=1-"+3
1
ds® = —N*dt* A Zd:z:Q

Bazeia, Brito and Costa, PRD(2015)
Trivedi, PRD(1993)



Two dimensional black holes in HL gravity

Solutions

ii-C) A new black hole solution

A B C

f(x) =2Cg+;x2—201x+n—x+3n7 f(z) = N(z)%
Ci1#0,C#0,B#0and A=C=0
f($)=202—201x+n%
1
ds® = — f(x)dt* | dz?
DI 7

Bazeia, Brito and Costa, PRD(2015)



Two dimensional black holes in HL gravity

Solutions

ii-C) A new black hole solution

This solution develops the following horizons

2
it=21VA, A=22428

The Hawking temperature

7 '@

4 I
h Bazeia, Brito and Costa, PRD(2015)



Two dimensional black holes in HL gravity

Solutions

ii-C) A new black hole solution

For the special case

Co=0,Ci =—M and B = —-2M

The horizons are independent of the mass

zy, =+ (1>0)

S

Bazeia, Brito and Costa, PRD(2015)



Two dimensional black holes in HL gravity

Solutions

ii-C) A new black hole solution

and the Hawking temperature is

1 B
-t (- )
NG

or simply

1
87r(

A typical relation between Hawking temperature and BH mass in 1+1 dimensions
Bazeia, Brito and Costa, PRD(2015)

T = 4+n) M




Gravitational collapse

Interior solution

Gravitational collapse of a certain mass of dust confined into a region of the
unidimensional space [-r, r] which metric is given in co-moving coordinates by

ds® = —N(7)%d7m* + a(1)*dp?

The action
M
S = d°zN/g11 [(1 — NK? +ng"' ¢"*] + Sp.
Tn N Bazeia, Brito and Costa, PRD(2015)
11
a1 = =0 a=nMp)/2

dx



Gravitational collapse

Interior solution

Gravitational collapse of a certain mass of dust confined into a region of the
unidimensional space [-r, r] which metric is given in co-moving coordinates by

ds® = —N(7)%d7m* + a(1)*dp?

The action

M o (1—/\)a3c'7,2 M 5 | Nng'
5= 2 4’z [ N Ty 2 d'z a

] —I—/dsz\/guLm

Bazeia, Brito and Costa, PRD(2015)



Gravitational collapse

Interior solution

Gravitational collapse of a certain mass of dust confined into a region of the
unidimensional space [-r, r] which metric is given in co-moving coordinates by

ds® = —N(7)%d7m* + a(1)*dp?

The equation of motion

s _
SN

TI_“/ —

0—

energy density
¢$=0
/ \
2N2 / 2a /911 ON |

2 3(y/=gLm)

V=9

09w

Bazeia, Brito and Costa, PRD(2015)



Gravitational collapse

Interior solution

Gravitational collapse of a certain mass of dust confined into a region of the
unidimensional space [-r, r] which metric is given in co-moving coordinates by

ds® = —N(7)%d7m* + a(1)*dp?

The equation of motion The energy conservation

. ” 0
(>‘ _ 1)M}23l0:3a2 = 20 VuT“ =0 — a(0-\/07) —0

Poao Bazeia, Brito and Costa, PRD(2015)

N =1

a




Gravitational collapse

Interior solution

Gravitational collapse of a certain mass of dust confined into a region of the
unidimensional space [-r, r] which metric is given in co-moving coordinates by

ds® = —N(7)%d7m* + a(1)*dp?

The interior solution

20‘00,0

2. .
ra=® Mg, (A —1) -+ /

a= (X367 0)1/3.

ds? = —dr? + (1 — 387)*3dp?

Bazeia, Brito and Costa, PRD(2015)



Gravitational collapse

Interior solution

Gravitational collapse of a certain mass of dust confined into a region of the
unidimensional space [-r, r] which metric is given in co-moving coordinates by

ds? = —dr? + (1 — 387)*3dp?

The density of the dust given by o goes to infinity (singularity) as the scale factor
approaches zero. This occurs in the finite time tc = 1/(3B), that is

(A — 1) M3,

To —
© 180’0(1,0

Recall that A>1 Bazeia, Brito and Costa, PRD(2015)



Gravitational collapse

Exterior solution

Gravitational collapse of a certain mass of dust confined into a region of the
unidimensional space [-r, r] which metric is given in co-moving coordinates by

d32 p— —d'T2 —+ a2 (T, p)dp2 (interior solution)

z(7,p) = pa(r) = p(1 — 3BT)*?

d32 — —A(.’E)2dt2 + A(.’E)_deQ (exterior solution)

Bazeia, Brito and Costa, PRD(2015)



Gravitational collapse

Exterior solution

The constant of the motion along the geodesic
dzt dx”

= T ar

2 2
—c = — A% ﬁ 4+ A2 d_:r
dt dr Bazeia, Brito and Costa, PRD(2015)




Gravitational collapse

Exterior solution

There is a Killing vector that corresponds to energy conservation satisfying

dx™
K ar

dt

=Kt_+Kx

dT

dt

dr ~  A?

E

dx

dr

= const

K, = (—A%0)

Bazeia, Brito and Costa, PRD(2015)



Gravitational collapse

Exterior solution

Using the conditions & = :Z:(p, T), t = t(p, T) and T = pa

oz ox Oa
ot ot C ot

Inthelimit 2 — T eEQ — 02 Bazeia, Brito and Costa, PRD(2015)




Gravitational collapse

Exterior solution

After some algebra ... we find

,82 ,,.6

4

2.6 2.6\ —1
d32=—( '84)dt +( BZ) dz?
T T

where p =7 and T = Ta.

A2 =1-—

That is

Bazeia, Brito and Costa, PRD(2015)



Gravitational collapse

Exterior solution

The curvature escalar is

~208°%r°
==

R

and the two dimensional Schwarzschild radius is given by

H PR— pR—
}m}%l()‘ 1)

Bazeia, Brito and Costa, PRD(2015)
Sikkema and Mann, Class. Quantum Grav.(1991)



Conclusions

We have considered two-dimensional black
holes in HL gravity

Tough the simplicity of our approach due to
some assumptions, the scenario is rich enough
to reveal several black hole physics

The parameters of the HL theory affects the
fate of collapsing dust

We did not consider higher derivatives. One
should consider this elsewhere



Thanks a lot !
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