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physical singularity = Kelvin-Helmholtz instability

horizon = ergoregion instability 

effective metric for relativistic ripplons
(surface waves in shallow water)
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Interface between two superfluids in rotating vessel:
shear flow without viscous dissipation

 instability of discontinuity in tangential flow at v > vc 

v=Ωr

v=0 

 vc  = ?  



Interface instability at T=0 
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B-phase
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vsA 
ρsA = ρ

ρsB = ρ

* Kelvin-Helmholtz criterion
(dynamic instability of interface under shear flow)  

 ρ(vsB -vsA )2 = 4     

  F =g(ρ2-ρ1)      F =∇(χBH2-χAH2)    

√ Fσ 

ρ(vsB -vsA )2 = 4      √ Fσ 

 √ F/σ kc = 

gravity in liquidsmagnetic forces in 3He

ρ = ρ∼ ρ = 2ρ2ρ1/(ρ2+ρ1)∼

∼



3 criteria for interface instability at T=0 

* Thermodynamic (ergoregion) instability criterion 
(negative free energy = ergoregion at T=0)   

* Landau criterion 
(excitation of quasiparticles --
ripplons = capillary-gravity waves)  

ripplon spectrum in deep water
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v = min      k
ω(k)

* Kelvin-Helmholtz criterion
(dynamic instability of interface under shear flow)  

ρv2 =      √ Fσ 

ρv2 = 2      √ Fσ 

ρv2 = 4      √ Fσ 

 √kF+k3σ

 √ 2ρ
ω(k)=

k

 √ F/σ kc = 

 √ F/σ kc = 

 √ F/σ kc = 



* Conventional Landau criterion (one superfluid velocity)   

* General Landau criterion (two superfluid velocities)    

General Landau criterion

ripplon spectrum
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vn=0

ρsA = ρ

ρsB = ρ

ω( , s)=ω(k)+ s <0  

ω( , sA, sB) <0  

v = min      k
ω(k)

ω( , sA, sB) = 

( sA + sB)/2 +
 √ kF+k3σ - k2ρ( sA - sB)2/2

 √ 2ρ

Coincides with thermodynamic instability criterion 

 √ Fσ ρ(vsB -vn) +ρ(vsA -vn)  =2 
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* Friction force between interface & normal component

Kelvin-Helmholtz analysis

this modifies dispersion relation for ripplons

find Re ω(k) and Im ω(k)
instability occurs when  Im ω(k) crosses 0 and becomes > 0

interface

B-phase

A-phase
vsB
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vn=0

ρsA = ρ

ρsB = ρ

friction=-Γ( AB - n)

ω= ( sA + sB)/2 +
 √kF+k3σ - k2ρ( sA - sB)2/2-iΓkω

 √2ρ

Coincides with thermodynamic instability criterion 

 √ Fσ ρ(vsB -vn) +ρ(vsA -vn)  =2 
2 2
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 Im ω(k) and  Re ω(k) cross 0  together

 (thermal environment)
establishes connection with

preferred reference frame



increment of growth of critical ripplon

slope ~ interaction

with bulk Γ

 Thermodynamic - Landau - ergoregion
instability

vs
original Kelvin - Helmholtz instability

interface

vsB

vsB

vsA=0

vn=0

 √ F/σ kc = 

 √ Fσ ρvsB =2 
2

 √ Fσ ρvsB =4 2

KH instability condition
at  Γ=0

or at fast acceleration
  Ω >> λΓ 

.

Thermodynamic-Landau-ergoregion 
instability condition 

 or at slow acceleration
  Ω << λΓ 

.

a(t) ~ exp( t Im ω (kc) )  

amplitude a(t)

ergoregion

Result depends on observation time
or on acceleration rate Ω

.

Γ ∼ T3 (Kopnin, 1987)
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Ergoregion for non-relativistic ripplons
living at the AB-brane

non-relativistic

analog of g00>0 

v<vc 

v>vc 

non-relativistic

analog of g00=0

v=vc 
ergosurface

boundary of the AB 
interface 

at side wall 
of cylindrical

container

ergoregion:
region where
the energy 
of some quasiparticles
is negative
in rotating frame

AB interface

A phase

B phase

ripplon spectrum

ω( , sA, sB) <0  

ω( , sA, sB) = 

( sA + sB)/2 +
 √ kF+k3σ - k2ρ( sA - sB)2/2 

 √ 2ρ

AB-brane is interface between the static B-phase
and the A phase circulating

with solid-body velocity v=Ωr
(velocity is shown by arrows)



Ergosurface & horizon on brane 
between two sliding superfluids

A-phase
vacuum

A-phase

B-phase
vacuum

Brane

B-phase

0.5 0.6 0.7 0.8
0.4

0.6

0.8

1.0

1.2

1.4

1.6

I valve  = 2 AI valve  = 3 AI valve  = 4 A

Ω c  
 (r

ad
/s

)

T / T
c

 √ Fσ ρsB(vsB -vn) +ρsA(vsA -vn)  =2 
2 2

 √ Fσ ρs (vsB - vsA)  =4 
2

brane
ds2 = -dt2 + dr2c2-W2-U2  
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Kelvin-Helmholtz instability = physical singularity
                                              within black hole

Kelvin-Helmholtz instability

Landau criterion= black hole horizon

Landau criterion

* current experiments:
ripplons (surface waves in deep water)
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* future experiments: ripplons on surface of shallow water
obey effective relativistic metric 



ripplon
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 h2

vnA=vnB=0

vsA

U2
 =α1α2(vsA-vsB)2 W =α1vsA+α2vsB

 h1

Ripplons on surface of shallow water are relativistic
Schützhold & Unruh

 `Gravity wave analogs of black holes'
PRD  66 (2002) 044019  

Effective metric for ripplons in radial flow

Relativistic spectrum of ripplons

`Speed of light' - maximum attainable speed for ripplons

ds2 = -dt2 + dr2c2-W2-U2  
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α1(ω- sA)2+α2(ω- sB)2 =c2k2

c2=(F/ρs)h1h2/(h1+h2)    

Relativistic quasiparticles
living on brane
between two shallow
superfluids

α1+α2=1



Landau
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Kelvin-
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instability

Artificial black hole
for ripplons at AB-brane

ergoregion

lesson
from AB-brane:

r

horizonsingularity
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slope is proportional to friction 
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may collapse

due to
vacuum instability

singularity

ergoregion
g00>0 

brane

ds2 = -dt2 + dr2c2-W2-U2  
c2-U2 

1 

c2-W2-U2 
+r2 dφ2

W2+U2=c2

W2+U2=c2

 U2=c2

 U2=c2

Im ω  &  Re ω
cross 0 simultaneously:
behind horizon
attenuation transforms
to amplification
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increment of growth
of critical fluctuation

slope ~ interaction

with bulk Γ

 Thermodynamic - Landau - ergoregion
instability

of vacuum inside black holes

ergoregion
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 Im ω (kc)    Re ω (kc)   

horizon

singularity

v = ∞ 
ergoregion
instability

of quantum
vacuum

Landau criterion

v > c 

ds2 = - dt2 (c2-v2)  +  2 v dr dt  + dr2 +  r2dΩ2 

black hole in Painleve-Gulstrand metric

 g00  g0r
Schwartzschild black hole

 

v2(r) = 2GM = c2 rh____ __
r r



white hole horizon: 

Im ω and Re ω
cross 0 simultaneously:
in ergoregion
attenuation transforms
to amplification

KH
instability

ergoregion
instability

vsA=v2

v1

vsB=v1

Artificial black hole for ripplons within AB-brane
(azimuthal flow)

ergoregion
φ

φhorizon
φsingularity
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g00>0 

g00=0 

slope in Im ωis proportional to friction it is caused
by interaction of branewith 3D environment
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Ergoregion in rotating BEC & vortex formation

Laboratory frame

Rotating frame

which excites
surface waves

generating vortices

rotating normal component
on surface of BEC

produces normal wind

static normal component
on surface of BEC

region of
Kelvin-

Helmholtz
instability

ergoregion

Static BEC

& rotating bulk BEC



  

* Vacuum in ergoregion can be unstable due to
   interaction with extra-dimensional environment
    ( ) 

* Horizon can be constructed at AB-brane

* Brane physics can be simulated in 3He

* Physical singularity can be constructed at AB-brane

* All possible 2+1 metrics can be constructed at AB-brane

 We need a lot of theoretical and experimental work
and

contribution from: 
hydrodynamic/gravity/brane/hep communities


