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Motivation

Motivation

Non-canonical (non-quadratic) kinetic terms are rather common
for effective fields theories.
Interesting applications to cosmology:

Inflation without V (� ).
[Armendariz-Picon, Damour, Mukhanov'99 ]

Kinetically driven quintessence (k-essence).
[Armendariz-Picon, Mukhanov, Steinhardt'00 ]

In�ation with cs > 1.
[Mukhanov, Vikman'05 ]

Interesting behavior of exotic matter in the neighborhood of a
black hole:

Decreasing of a black hole mass due to the accretion of phantom.
[E.B, Dokuchaev, Eroshenko'04 ]

Accretion of ghost condensate. [Mukohyama'05; Frolov'04 ]

What happens with k-essence having cs > 1 in the neighborhood
of a black hole?
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General formalism

scalar �eld � with action:

S� =
Z

d4x
p

� g p(X); X �
1
2

r � � r � �:

Equations of motion:

G�� r � r � � = 0; G�� � p;X g�� + p;XX r � � r � �:

EOM hyperbolic if:

1 + 2X
p00

p0 > 0
[Armendariz-Picon, Lim'05; Rendall'05 ]
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! if p00=p0 < 0 then superluminal propagation of perturbation.
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Accretion onto a Black Hole (Background)

Schwarzschild BH

Spherically symmetry

Stationarity

No back-reaction (test �uid)
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Background solution

Accretion onto a Black Hole (Background)

Schwarzschild BH

Spherically symmetry

Stationarity

No back-reaction (test �uid)

ingoing Eddington-Finkelstein coordinates

ds2 =
�

1 �
rg

r

�
dV 2 � 2dVdr � r2d
 ;

rg = 2M; V � t + r + rg ln jr=rg � 1j

looking for solution to:

G�� r � r � � = 0



Looking beyond the horizon

Background solution

Ansatz for �

� (V ; x) = �
q

c2
1 � 1

�
V + rg

Z
F(x)dx

�
; x = r=rg

provides spherical symmetry and the stationarity condition

recovers the cosmological solution at r ! 1
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Background solution

Ansatz for �

� (V ; x) = �
q

c2
1 � 1

�
V + rg

Z
F(x)dx

�
; x = r=rg

provides spherical symmetry and the stationarity condition

recovers the cosmological solution at r ! 1

Solution for F(x):

F (x) =
1
f

 

B

s
c2

1 + f � 1
fx4c8

1 + B2 (c2
1 � 1)

� 1

!

; f � 1 � rg=r

non-singular at the horizon

depends on two constants: c1 and B

How do we �x B?
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Propagation of small perturbations

Propagation of perturbations

� (V ; r ) (depending on c1 and B) !

G� 1
�� � � � � = 0

� � �
�

dV
dx

�

�
=

1
f

+
1
� �

; � � = � f

r

c2
1 �

1
x

p
B2(c2

1 � 1) + c8
1 x4f

c4
1 x2f � B(c2

1 � 1)
:

We choose a cone of future and a cone of past for every event.
� + corresponds to the propagation from BH
� � corresponds to the propagation into BH
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Propagation of small perturbations

Sonic horizon

No sound signals can escape from inside SH;

Being emitted from the outside of the SH they can reach a
distant observer.
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Propagation of small perturbations

Sonic horizon

No sound signals can escape from inside SH;

Being emitted from the outside of the SH they can reach a
distant observer.

physical requirement:
no singularities on the SH or outside it (“cosmic sensorship”).

this �xes B uniquely!

B = 1

similar to the problem of stationary accretion of “usual” perfect �uid: no
singularities on the Schwarzschild horizon.
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Propagation of small perturbations

Background solution
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Propagation of small perturbations

Validity of “test �uid” approximation

Accretion rate:
_M = 4� M2� 2 c2

1 � 1
c4

1

For any c1 we can choose a small enough � , so that the energy
�ux onto black hole is negligible.

The propagation of perturbations on the background does not
depend on � , but only on c1 . Just take � ! 0
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Propagation of small perturbations

Escaping!

Sound horizon is located inside the Schwarzschild horizon:

rSH

rg
=

1
c2

1

As long as the signals are emitted at x > x� , they reach the
spatial in�nity propagating along � + .

At the Schwarzschild horizon:

� � H =
1
2

�
c4

1 � 1
� 2

c2
1 � 1

:

� + H 6= 1 ! Signals can freely penetrate the Schwarzschild
horizon and move outside BH.
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Propagation of small perturbations

Falling satellite
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Causality and stability

Violation of causality?
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Causality and stability

In this simplest case NO
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Causality and stability

Troubles with well-posedness of Cauchy problem and closed
causal curves

Is well-posedness lost?

G�� r � r � � = 0; � = � 0 + ��

background perturbations

G�� (� 0; r � 0)r � r � �� = 0

In Minkowski with � 0 = _� 0t ! � •� � c2
s 4 �� = 0

in a rocket with velocity � along ~x:

(1 � c2
s � 2)@2

t �� + 2� (1 � c2
s ) @t @x �� � (c2

s � � 2) @2
x �� � (1 � � 2) c2

s @2
? �� = 0

If � > 1=cs then Cauchy problem for �� is ill posed

[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi'06 ]
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Causality and stability

Time machines — closed causal curves for inhomogeneous backgrounds?!

y
x

t

[Adams, Arkani-Hamed, Dubovsky, Nicolis, Rattazzi'06 ]
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Conclusion

Conclusion

If such theories exist:
one can send signal from the interior of BH

no quantum phenomena involved
the cosmic censorship hypothesis holds because the singularity is
hidden inside the sound horizon.
The null energy condition is not violated as well.

the universal meaning of the Schwarzschild horizon as the event
horizon changes.

Consequences for the thermodynamics of black holes. (see
Dubovsky, Sibiryakov'06)

More understanding of causality and stability is needed...
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