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Abstract: <p>One version of the membrane paradigm states that as far as outside observers are concerned, black holes can be replaced by a
dissipative membrane with simple physical properties located at the stretched horizon. We demonstrate that such a membrane paradigm is
incomplete in several aspects. We argue that it generically fails to capture the massive quasinormal modes, unless we replace the stretched horizon
by the exact event horizon, and illustrate this with a scalar field in a BTZ black hole background. We also consider as a concrete example linearized
metric perturbations of a five-dimensional AdS-Schwarzschild black brane and show that a spurious excitation appears in the long-wavelength
response that is only removed from the spectrum when the membrane paradigm is replaced by ingoing boundary conditions at the event horizon. We
interpret this excitation in terms of an additional Goldstone boson that appears due to symmetry breaking by the classical solution ending on the
stretched horizon rather than the event horizon.<br>

<br>

Based on arXiv:1405.4243</p>
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Motivation

The black hole membrane paradigm

properties of a black hole* can be mimicked from the point of view of an outside
observer by a simple dissipative membrane situated at the stretched horizon.

In particular, astrophysical black holes* behave as conductors with resistivity of 377 €2.

The membrane paradigm faced a recent revival of interest in due to holography:
- ﬂUid"graVity duality Son et al., Buchel & J. Liu, Igbal & H. Liu, Minwalla et al.
- renormalization group-based understanding of holography ¢ e ot 4l Son and Nickel

- "holographic’ description of non-extremal near-horizon geometries
Strominger et al., Skenderis et al.,, Rangamani et al.

/14
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The membrane paradigm - modern formulation
Parikh & Wilczek gr-qc/97 12077 lgbal & Liu 0809.3808

Consider a probe Maxwell field in a generic non-extremal black hole spacetime.
S = i /du dix\/—g Fop F°
i n_bl ' the variational principle is not well defined unless
S =S + 6Ssurs With 8Seury = — / A~/ N §/fff F'”’) A, from the stretched horizon
, \/—h
JH.,,.,.J-

Imposing the ingoing boundary condition in the gauge A,, = 0

¢ U ‘ ‘ C T P
(‘)“Af - —\/ g C),-,Ap and C’-,,Ai — —\/ g d{A,‘ at w = wuy
Yt Yt
and using the current conservation leads to the celebrated result
V Y ./:’urf
l:ruj —
\/—!}H \/g:rr::.- I;t:::& 4_4”,,,-}'
2/14
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The membrane paradigm - modern formulation
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Goal

| want to use ideas from holography to understand to what extent,
and in what sense this membrane paradigm is an accurate statement:

- Does it correctly reproduce correlation functions at infinity?
- Does the membrane live at a stretched or the event horizon?

3/14
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1 LAdu? (A= T'L o) J
() —_ =
Aud f(u)

i with  [fiu)

1
J(n)de? 4 SELLL
1]

Near the horizon: o =o==HEr . - uj""’(l Foy(1 =) 4 ) }

il ru]""‘(ll.f.[l i) 4 )1

I with @ = w/2rT

For the modes purely foutgoing at the Ipast honzon we can write

tth .
IJ) : - lu.'rl,whvjrlg (¢
W
W |

o R

The membrane paradigm = using l at a stretched horizen, e, at o = u

AllA with &
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Our membrane paradigm o o
Parikh & Wilczek gr-qc/9/7 12077, Igbal & Liu 0809.3808

Consider a scalar field ¢ in a Schwarzschild black hole background (say aAdSg+):

24,2 7 2
ds? — Lidu”  (A7T'L/d)

7 2
flu)dt® + r7'L/d) di?

4-1[2f(-1l.) U U Wlth .f(‘”,) = 1 — ”_rf/'.:!

Near the horizon: ¢ —e @tk e {rz(,,,,,m — 'u)"":”""(l + a1 (1l —u) +.. ) +

Cin(1 — u)-*@'-’z(l + B (1 — u) + . )} with w = w /27T

For the modes purely ncoinc/outgoing at the "uture/past horizon we can write
QP .
2(1 — u) ,g =itwo,where o = | —1
u=1
The membrane paradigm = using | ac a stretched horizon,i.e.at ©w — us = 1 18]

414 with o < 1
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Testing the membrane paradigm with holography

In holography, invariant information resides in correlation functions of a dual theory.

The retarded two-point function is computed by imposing the ingoing bdry condition
at the future horizon and taking a ratio of the expectation value () to a source .J.

Son & Starinets hep-th/020505 1

. " : s o
Testing the membrane paradigm: imposing 2(1 — ) “*?

) — — iw instead of «,,,, — (.
@ 1nw=1 A
& = u? +{O) - uP 4 ... full membrane
calculation: paradigm:
(be Dirichlet for .J Dirichlet for .J
solving
EOMs
2(1 -‘)d' = FeL
suretched horizon_ W

u 1 &
event horizon

w=1 " [ Purelyingoing

LENTH 0

7 ¢

5/14
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TEST I:
the membrane paradigm
and quasinormal modes
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The near-horizon surprise

Let's do the simplest thing possible:

¢H =W iR {(‘m,,( | )’ (l Fay(l ) 4+ ... ) }
Take . plug into 2(1

Cin(l — u) "‘_""-‘!(l—i-,.'?](l —u)-...)} )

and solve for <2 |

(f}l

The answer in the LO in the near-horizon expansion reads

.. B
nnuf./ciw _— (-l - '“r‘i)l o ?.]

For S(@w) > —1 imposing the membrane paradigm leads to|Cowt/Cin| < 1 (OKAY!)

However, for 3(@w) < 1 it goes completely wrong: |Cous /Cin|

6/14
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The near-horizon surprise

Let's do the simplest thing possible

o gy Pl A {r...,,l! u)'™ '(| my(l = m) J

\ , plug into 2(1 - u)=*
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oL =00 21 4 3 (1 = ) ) )

J

and solve for

Ihe answer in the LO in the near-horizon expansion reads

l‘lml./"-m < (1 = III»')I_"I o ii
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L]
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ar-horizon suprise
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)
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The near-horizon su‘.'pr!s e
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Example: planar Ad$+) black hole (BTZ)

At |k = () the quasinormal modes appear at & = ~2in with n = 1,2, ,,

R(@) =0

retarded

LN, g 0.9and uy {).99¢)

oximation lails
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Example: planar AdS>+, black hole (BT Z)

As an example, let's focus on @ with m = 0 in the BTZ background dual to dim-2 O.

At k = 0 the quasinormal modes appear at w = —2¢n with n = 1,2, ..
R(w) = 0 ) R(w) =5
1/1 Gra 1/1Grial
r4 | [
Et \/ 1005}
Tial retarded N
e '0.04f
SRR | ' advanced i :
So2f . e 3
; \ TS
1 \ / q{oz ~—
L \\“JL
P E— > 4 @ el ) 2 s 1m@)

Membrane paradigm approx. to retarded Green's function: us = 0.9 and «s = 0.999

Result: indeed, for 3(w) < —1 the membrane paradigm approximation fails

and we cannot use it to compute the gnm.
8/14

Pirsa: 14120032 Page 39/48



The near-horizon surprise

Let's do the simplest thing possible:

¢$ =W ok {(‘m,,( | ) (l a1 ) 4+ ... ) }
Take . plug into 2(1

Cin(1l — u) "‘_""-‘!(l—i-,.'?](l —u)-—...)} )

and solve for < |

(f}l

The answer in the LO in the near-horizon expansion reads

.. B
nnuf./ci'n - (] - '“r‘i)l o ?.]

For S(@w) > —1 imposing the membrane paradigm leads to|Cowt/Cin| < 1 (OKAY!)

However, for 3(@w) << —1 it goes completely wrong: |Cout/Cin|

6/14

Pirsa: 14120032

-

> 11
>
— .

Page 40/48



Sound waves and the membrane paradigm

Playing the same game as before, i.e.

Z =J+ (O) -u?+ ...
1=0()
Dirichlet
solving
EOMs
2(1 - n]d:,‘/d it ow
stretched horizon ¢ lu=1-8
Tl 1 ) N ™ i
cvent 'lUl' LZOoNn = &
I here we keep
o a generic
parameter

we find two long-wavelength quasinormal modes*

1~ ~ 2~ ~
: ~ 44/ -k + O(K? 0| w:l:\/jk O (k2
s |5<<1 \/; +O(k%) and &3 51 3 + O(k%)
@1 is the approximation of the sound wave (OKAY!).What's up with wsa?

A clue: we kept o arbitrary and the result does not depend on o .
10/14
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Sound waves and the membrane paradigm

The fact that we kept o generic and the result does not depend on o suggests
that the unphysical mode is a property of spacetime ending on the stretched horizon.

If true, we could have hence set, say, Dirichlet bdry condition at us and get the same!*

Let's examine this possibility backtracking a little. We have 4 variables

N |
Ohee. Ohyy, Oh,, and dh,, = 2(0/1,,_,, b Sh..)

. : 1 §
and 7/ independent equations (G, = R, — 5 190 — I—),zg,,,g,):

Git = Giz = Gz = (:?I’.'I =0 and Gtuw = Gauw = Gpu =0

OSEn+cco
Additional 3 equations GGa.. = 0 come from  §(5h,,) -Let's not set ONhaw to O and

examine now perturbations satisfying Dirichlet bdry conditions at « = 0 and u = wus.

/714
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Sound waves and the membrane paradigm

The fact that we kept o generic and the result does not depend on o suggests
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Solving the equations in the long-wavelength limit

We can solve Gy = Gy = Gup = Gyy = 0 for hye, Shiw, Shae, and Shg,,

and the resulting expression is going to depend on dh,. through (schematically!)

s
Wa ~ / diudlg,
Jo

Evaluating the constraints (G, = G4 = (G, = 0) leads to

> 1-, _ 2~ ,
({L-" — gk“)-q's_r = 0 and (w2 — q’i.’z)'g,’g = () when 0 75 O < 1
and
-a_ lea .
(@ _31.. ). = 0  when 6 =0

Conclusion: the additional unphysical mode indeed disappears (as it should) when
the stretched horizon is taken to coincide with the event horizon.

12/14
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Interpretation

Long-wavelength gapless modes can appear as a consequence of SSB (e.g. pions).

Are hence ¥+ and v+ the Goldstone bosons? Yes!
Nickel & Son 1009.3094

A supporting indication is the following:

“we cannot use a diffeomorphism to
perform 2 independent translations at
and « — 1 — o without

stretched horizon
1 1l — o

((((( nt horizon .

We suspect that on the stretched horizon the SB pattern is to diagonal Poincare
and it changes when the stretched horizon becomes null (when «; decouples!).
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Summary and conclusions

| used ideas from holography to understand to what extent,
and in what sense the following membrane paradigm is an accurate statement:

Oy 2

2(1 — u) -

7w

u 1 —&

Q: Does it correctly reproduce all correlation functions at infinity?

A: It fails for complex frequencies in a way that does not allow to
obtain the spectrum of the quasinormal modes!

Q: Does the membrane live at a stretched or the event horizon?

A: Appearance of an additional Goldstone boson on the stretched
horizon suggests the membrane is actually the event horizon.
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