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Analog geometry for acoustic waves

No flow With flow

Ray’s trajectory = straight line Ray’s trajectory = curve
ds® = ?
Light rays in flat spacetime Light rays in curved spacetime

ds® = Nupdztdx” =0 ds® = gudztdx” =0



Acoustic Black Holes
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Black Holes

O Solutions of Einstein eq.

Einstein eq. metric

G = kT, =2 ds® = guvdxtdx”
curved spacetime
O Physical Properties
Horizon
Ergoregion (rotating BHSs)
Photon sphere

No hair theorem

O Phenomena

wave amplification

Hawking radiation
Black Hole Shadow
Quasi Normal Modes

ergoregion

Kerr BH W
superradiant condition

w < mfly

Superradiance

Acoustic Black Holes

NO !

Effective geometry for acoustic waves

Fluid Dynamics plg—zﬂv-wv] = —Vp + Fex

Partially YES!

Acoustic horizon _ _
_ _ > sonic point
Acoustic ergoregion

PhoNon sphere
Beautiful-theorems

Partially YES

Hawking radiation

\./

<

BH physics in Lab.

Superradiance

supersonic subsonic

theory: Unruh (1981)
experiment: Steinhauer (2016)




The motivation of our work

Acoustic BH in labs

sonic points _ _
BH physics = Fluid dynamics

Analog model

(Astrophysical)

BH physics <ge=mmm [|yid dynamical phenomena

Analog model

e.g.) Hawking rad,
Superradiance etc.

Our work

e.g.) Jet QPO Magnetic field

1. We discuss how to define the analog BH for MHD waves.
(This talk)

2. We “use” Black Hole physics to understand fluid phenomena.
(Future works)



The motivation of our work

Accretion disk

| \
MHD wave instability

Alfven wave in z-direction

~

=alD| vertical magnetic field

Our work

BH physics

N

< —

Analog model

(Astrophysical)

Fluid dynamical phenomena

e.g.) Jet QPO Magnetic field

1. We discuss how to define the analog BH for MHD waves.

(This talk)

2. We “use” Black Hole physics to understand fluid phenomena.

(Future works)
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Acoustic metric

O Perfect fluid (irrotational)

dp Background Perturbation
StV (w)=0, v=-V® |
velocity potential v Y5 D — D+ 5D
0
p[a—:+(v-V)v]:—Vp+FeX, p:p(p) p—p+op

O Wave eq. for §/P

0| o (00D 5 (00D B
pm [cs p(W—F’U-V(S(I))] +V- HCS p(WJr'v-VcSq))}v—pV(S@] =0

Klein-Gordon eq. in a “ curved” spacetime

s ~ Acoustic line element
1 O Va(gq) 752 T Moncrief (1980)
— = (\/—83“ (9:1;”> =060 =0 | ¢ 7 Sp@ @t Unruh (1981)
\\’ S ) Acoustic metric

Acoustic waves feel Riemannian geometry



Acoustic Horizon & ergoregion

O Acoustic line element

R2
2 _ v __ P ) 12 (/. R\2 $\2 2 b d 2 7.2
ds* = s, drtdx” = - { i — ((v™)% + (v?)%) ] dt* — 20® Rd¢p dt + I (R /e, )2 + R d¢ }

For stationary & axisymmetric BG flow, there exist Killing vectors ‘S(t) and €(¢) :
v =v(R)

5(275) = () = {Cs = \/(”UR)2 + (v?)? J Acoustic ergosurface

n = &) + L&)

const 9 v® : .
N° =0 ==t [ Co = e j == Acoustic horizon
Ry
stream line
horizon Acoustic BH in laboratories
""""" . Hawking radiation Superradiance
) —_ tream line
: R Ly s
l\ . \{" < f “Hawking rad”
> supersonic subsonic ey
ergosurfac theory: Unruh (1981)
experiment: Steinhauer (2016)




Draining Bathtub Mode|

(2 D) M. Visser, Class.Quant.Grav. 15, 1767 (1998).
O Axisymmetric inflow with the sonic surface
o ™ |
UR x — 1 v¢ ~ i (R, ¢) 1 tream line
VR R cylindrical coordinates
_ y

Wave equation

5¢:0 5¢:¢(R)€_iwt€im¢

radial part
2
thort

+ (W = Veg)p =0

O Acoustic superradiance

Wave scattering by the acoustic BH The Superradiant condition
e & Kerr case
Vg amplified wave e (RH) 0
WW ol = 1A w < Mily
purely ingoing RH
<Y\ <YWW W Pl

Angular velocity of the BG flow
> R at the acoustic horizon
tort




Acoustic superradiance in the eikonal limit

O Eikonal approx. Ray

Klein-Gordon eq. (WAVE) Eikonal eq. (RAY) Wave front

6P x e S dr?

35(1) =0 e Swjkuky =0 ki = Opt | YT\
tangent vector

We can separate S as l
dSg\’
S=—-wt+ma¢o+ Sg(R) st w? — 25t wm + s®P m? 4+ IR (d—}g) —0

O Radial eq. & effective potential Effective potential

4 )

dR\*> 1 n _ ¢ 2 R)2
) =R w-VHw-VT) =0 v 0 EVE - (0F)
: R

\_ J

Forbidden region for RAYS
level crossing V- <w< V_|_

reflected wave

Ry

transmitted wave <«——%«- S B . .
: <@==incident wave Superradiant condition

negative phase

= > w<mQyg =
i 3 H —mM
velocity mode O .
S~ Ry




Effective potential & Acoustic superradiance

v =0 case W

A

positive w W =const

Forbidden (for rays)

Analog Schwarzshild BH

® > R
Ry
V vV Effective potential
negative w + v? £ \/Cg — (v!)?
V==m
R
horizon
U¢ 7& 0 Forbidden region for RAYS
Analog rotating BH W Vo <w< VT
A

Superradiant condition
level crossing s A

v?(Ry)

RH ; RH
. : — wW=const
transmlttEd Wave h— ------ lonoonoonoonooaoonoon0005E \ )
<¢==incident wave

reflected wave

w<mQg=m

negative phase
velocity mode

horizon
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Difference between perfect fluid & MHD

Perfect fluids

Riemannian geometry

@ single wave mode: 0P =0

@ Isotropic propagation

dispersion relation

w? = cok? = V=924 0

© BH-like structure : rotating BH

Superradiance Vet W
W

> Rtnrt

ds® = ?

@ Multiple modes: fast & slow (2D case)

@ Anisotropic propagation B
dispersion relation L

w? = f(k*, k- B) 9

@ rotating BH ?

Superradiant scat. of MHD waves 7?7



MHD wave equation (2D)

O Ideal MHD
op B oB
E_FV(IOU)_O, g—VX(’UXB) ; V-B=0
Ov Vp 1 _
E—F(’U’V)’U-I-7—|—HBX(VXB)+F€X_O
O MHD wave equation (2D)
Helmholtz theorem
ay

su= (%) ¢
YT \g,0

W\ _
-0, v )

Wave Eq. for multiple wave modes

Oz
ay

—9,

)(5)

~

o () =

-

2 V?
0

0
0

)+

L3
L1Ls

Background Perturbation
v—sv+ov p—pFop
B - B+0B F., — F.

Lagrange derivative

D 0
Dt VY

Alfven velocity
1

B
VAamp

Vi =

L1 = (Va)y 0s — (Va)z 0,

A

L2 — (VA):I: a:c + (VA)y ay

How is the acoustic metric introduced ??



MHD wave & Acoustic wave
O© MHD wave eq (2D) )

D? (@ ((2V? 0 L2 LiL,\] (@ -
_ p— S A A ~ L :V xax V (9
pe ()= |(%0 )+ (h, )] (6) B tmason

© B =(0 case

eikonal limit

1 8 D 8@) o [13%
/s Ozt (V‘““ @) =0 = b

oS oS
oxt Oxv

0 Eikonal equation

( Acoustic metric = coefficients of the eikonal equation )

© B #0 case (MHD) We introduce the acoustic metric through the eikonal equation.
(up to conformal factor)

Eikonal eq. for MHD waves (2D) d=|B|ed, T=|T|e?
oS P , (88 2 ,
E"I_UVS _(CS—FVA)‘VS’ E—F’Uvs —|—(CS|VS‘ )(VAVS) =0
9S 95 85 8S

UV T

— M 7 D’ Dt Do 0 Non quadratic form.....




Magneto-acoustic geometry
Eikonal eq. for 2D MHD waves

MHvAo 05 95 95 05 — 0 Quartic metric = NON Riemannian !

Ot da¥ Oz O Magneto-acoustic metric
If we define line element as

1/4
[ ds® = F(z,y) = (M" yp9790) ' ] Yu = O

F(x,y) satisfies the homogeneity condition: F(x,0y) =ocF(x,y). o = const

Finsler geometry

unit “circle” in a Finsler manifold

1. Generalization of Riemannian geometry ’
2. Distance depends on the direction.

Anisotropic propagation of MHD

analogue geometry
dispersion relation

w2 = f(K2, k- B) % # Finsler geometry



Unfortunately.....

I’m not familiar with calculations of Finsler geometry.
(for now)



Reduction of metric

Riemannian magneto-acoustic metric M**

In strong (or weak) B case

B
A

0.5+

0.0

-0.5+

wave front of fast mode (v =0)

w2

— 1 =0.29

n=20.1

LU

Vi> ¢

or

VK < cg

magnetic pressure ~ V7

gas pressure

- Vi(kL A k)

2

Ncg

Dispersion relation of fast mode

The Finslerian magneto-acoustic metric M*¥A?

o

bk

k

;

T

Alfven velocity
|

VAamp
sound velocity

cs = +/0p/0p

VA = B

Almost isotropic propagation

of MHD waves (fast mode) for small 7]



Reduced Magneto-acoustic metric

O We solve the eikonal eq. for (%—fw-VS) b= B/B
oS > V2 I|VS)? _ o VaN? (B VS\2 + fast mode
<—+v-VS> = M 1+ 1—4(82> (—)
ot 2 Vi V5] — slow mode
Vi = Vi + ¢
L Cs VA ’
n = V2 K1l ey can be expanded
O Two eikonal egs.
oS V2 (VS —n(b-VS)?) fast mode
—+v-VS| = 5 )
ot nVy (b-VS) slow mode
assign the - ~
coefficients
0SS 085 0S 08 .
MHY — 0 MM — (0 Are these “metrics” ?
m—p | Ve gpop =0 Mg =0

—1 _,Ui —1 —t
Mot = (—vz Vis 6% — (vz v 4+ n Vi bzb3)> - Mo <—v" — (vz v —n Vi bzbﬂ)) by =1,2



Fast mode M.~

' We can define the inner product

M has the inverse ( Mtact ) 0
fast ( )“ Distance ds’?ast = (Mtast) prdz* dz”

O Magneto-acoustic line element

dstog, < — (Vi — v%) — 0 (b-v)?] dt® — 2 [v; + nb;(b-v)] dt dz" + (6;; + nb;b;) dz'*dx?

plt v 0? + bR b? VS dR
dt — dt dR do — d M
T VE V2 R)E = (0R)? ¢ Aoty R — (v R

4 h
dstoge < — [(Vig —v%) —n(b-v)?] dt* — 2 [v® + nb®(b- v)| Rdtd¢

) dR? AN2T 2 g2
T R (0RV? + (147 (b%)%] R*d¢

= _/

O Magneto-acoustic horizon & ergosurface

Magneto-acoustic horizon Magneto-acoustic ergosurface

(o =va-waen? || o =k

Propagation speed in the radial direction




Slow mode

|74 . .
ME no inverse — no inner pruduct

slow

The eikonal eq. for the slow mode is advective equation

a_S+v:tVS:O V4 'U::(CSVA/VMb

ot ) BN

BG MHD flow

Slow wave mode propagate along U

It’s impossible to introduce acoustic metric
for the propagation of the slow mode.




2D Background MHD inflow

Analog rotating black holes in a MHD inflow
2D Axisymmetric MHD inflow



Basic equations & Conserved quantities

O Ideal MHD eqg. (stationary)

4 )
V:(pv)=0 |, Vx(vxB)=0 V-B=0 Equation of state
I
1 X 1<T <4
g—z+(v-v)v+@+ﬂBx(V><B)+FeX=0 pPop -
_ P P Y,

axisymmetric inflow

v=v"R)es+v?(R) e; , B= B"(R)ej + B®(R) e;

O conserved quantities

pv 'R = const. <0 | RB" = const. >0
inflow outward
BR
Rv® — Amp ok RB® = const. Eé angular momentum

URB‘b — U¢BR — const. = —Qp RBR angular velocity of the magnetic field lines



Can our BG flow satisfyn « 1 ?

For entire region, Condition for reduction of the magneto-acoustic metric
s Va\” 05 2 p2ys) Va2 (b-V5\>
= <1 hdad , _ M _ s VA
= (%) (5o vs) =257 ey (57 (o)
mag-pressure dominated gas-pressure dominated
V> c? cg > Vj Which is allowed for our BG flow ?
010——m7™Mm——————————— _ B _ 5 5
| (v, B) = (0.1,0.04) Near R=0 and far region, Vi > c;
0.08} |
0 06:- Ne(a, B) | Only Mag-pressure dominated flow
SJVa): | _
(€a/Va) 0.04! can be realize for BG flow under 1 < 1
0.02]
| | 2
oool—— o L . . ] n= (C;/ZA) < 1 i 776(@,6) <1
M



Brief summary so far..

17%% . . . .
1) n= <6V2A> <1  (Riemannian) Magneto-acoustic metric for the fast mode
. (coefficients of the eikonal eq.)

Magneto-acoustic metric

4 N

dstse o< — [(Vig —v*) —n(b-v)?] dt? — 2 [v? + nb?(b-v)| Rdtde
dR?
1 —n(b%)* = (v"/Va)

_I_

S+ [1 470 (b%)%] R%d¢”

. w

@ Analog horizon & ergoregion for the fast wave mode

Magneto-acoustic horizon Magneto-acoustic ergosurface

[wR)Z = Wi - nVﬁ(bR)Qj W=V nbw)? |

@ Background flow  Magnetic-pressure dominated B>0

Flow & wave velocities are characterized by («, B) Equation of state

| r
_ X p 1<T <4
= —c,(R,) /vy >0 ~sound velocity @R, oy PP

B = QFR*/U*R ~angular velocity of B @ R. o B R



Magneto-acoustic geometry



How do we examine?

Motion of magneto-acoustic ray
separation of variables

[kwf@fsz’aS mﬂwmwkMW({j S =—wt+mo+ Sr(R)

dX st Gav

tangent vector

O Radial part Forbidden region for RAYS
dR\? 1 _
— | = [1—n(bR)2} (w—VH(w—-V") Vo <w<VT
dA Vi
O Effective potentials
_<Mfast)tq5 + \/(Mfast)%(b — (Mfast)cbqb(Mfast)tt
V:t =m w
(Mfast>gbq5 v+
_m u? b (b-v) £ Vg — (0F)2 = (0F)? — (b9)? V] i
R 1+ 7 (b%)2 Ve

v =0 Magneto-acoustic horizon Depending on («,B), these condition

V- =0 Magneto-acoustic ergosurface



Classification of Magneto-acoustic geometry

0.14 S |
(c) . :/0.1 0 S = —c4(R *)/vf > () ~sound velocity @ R,
0.12 / R
B =QrR, /v, ~Angular velocity of B@ R,
0.10
5 0.08 Effective potential for rays
0.06

(Mfast to =+ \/ Mfast (Mfast)qbqb(Mfast)

0.04 +
V:==m
0.02 [770 ’6 <<D <Mfa8t)¢¢
0.0Q 7‘
0.0 01 02 03 04 05 06 07
o 3 types of geometry

|||||||||||||||||||||

|||||||||||||||||||||

Normal scatt ()’

horizon

5
4: .
3
X

1

0

1

uuuuuuuuuuuuuuuuu
\d

20 0o 5 10 15 20 0 5 10 15 20
R/R. NO Horizon R/R. NO ergo R/R.

Rotating BH Star with the ergoregion Star



Type (a) Analogue rotating black hole

Superradiance for MHD waves

The magnetic pressure

Vimi% Var 4 '
3__ Amplified wave _
W e R — ]
WF/R) | v
1] :
Of ~___

p i - o v

0 5 10 15

Magnetoacoustic horizon

effective potential for type (a)

R/R,

8%

positive energy mode

: negative energy mode



Type (b) Ultraspinning star

Ergoregion instability by MHD waves scattering

p

NO Horizon

4

effective potential for type (b)

Forbidden

15

T ,
21421 (c) 770/:0.1 03 /
. 'IERe;a,/j/l:o Q-5 y
0.10 ( ) //9.70 F
0.08 : (S
oosl o f

0.04 - /" H(Rysa,B) =0
0.02 g

008501 02 03 04 05 06 07

«

positive energy mode

] negative energy mode



Applications (Future work)

Magneto-acoustic horizon Magneto-acoustic ergosurface

[(UR)Q = Vg — nVﬁ(bR)Zj [ v? = V3 —n(b-v)? ]

Magneto-acoustic BH in astrophysical situations

Alfven wave in z-direction

~

Accretion disk s====mmml D[ vertical magnetic field

,,

|
HD wave instability

© Central object does not have to be a BH MHD Flow makes analog BH

© MHD-analog superradance or ergoregion instability MHD Wave around a star

© QNMs of a Magneto-acoustic BH peculiar motion of accretion disk ?



Radial Alfven point

O Regularity condition

vEB? — ? BT = const. = — QO R B v® = QO R Mi LR™> QF1 — 1
— M2 1

B~ 2T 2 -1

Rv® — 1 = RB? = const. EL_ B — QrRB"™ M;(LR™> — Qg ")
TPV e UR Mi — 1

When Radial Mach number

R\ 2
MZX(R) = (%) becomes unit R = R, | v? and B? are singular. [L = QFRij
A . / ]
Radial Alfven point Regularity condition @ R,
O R, vP — (R/R,)vE
v =
oR MZ — 1 RHS is written by v'" and B
—
B¢:_BRQF RQ—R*2 RB" = const. >0

— We just solve UR_



Summary

2
_ _ cs 'V,
O Magneto-acoustic metric for the fast mode n = ( V2A> <1
M

. . no metric for slow mode
Magneto-acoustic metric

4 )

dsts, < — [(Vix —v2) —n(b-v)?] dt® — 2 [v? + nb®(b-v)] Rdtd¢
dR?
1 —n (%) = (vf/Vn)

_|_

S+ [14n(b%)%] R?d¢”

.

O Analog horizon & ergoregion for the fast wave mode

7

Magneto-acoustic horizon Magneto-acoustic ergosurface

[<vR>2 = i - nVﬁ(bR)ZJ =V bw)? |

O Analog superradiance & ergoregion instability for MHD waves

B>0
/ Analog wave phenomena
t rotating BHs MHD wave superradiance
(x, B) ultraspinning star ergoregion instability
- 1 ratatmgstar ............................................................ n ormalscattemg ..................




BACK UP



Equation for v’

Euler’s equation

dv’*  v?  1dp 1 B? d Eq. for
R @ R __ R R
4= RB?) + FE =0 «—— d F
Y dR R+de+47rdeR( )+ Fex v A fex

(D Give F and solve this equation for v

draining bathtub type inflow

J@ There exists one Fej?c for a given ’UR » E}R _ UR < R )1/?

R,




Background flow & propagation velocities

O Background MHD flow

R —1/2
R,

O Wave velocities

Alfven velocity

2 = 2(?}

8

o = —cs(R.) /vy’ >0

~sound velo @ R,

BG flow & Velocies are characterized by & and 5

Equation of state

pxp 1<I<4

~ang velo of B@ R,




Acoustic superradiance

O Wave equation for the acoustic disturbance Separation of variable

: 88 <\/—755W * =0 0P = R(Zf_(f))/m !l mwttme)
\/ —S8 oxH i

m==0, £1,---
radial eq. effective potential
d*1) 1 mo?\ (T—TY9+T)g(R) 7—Tdg(R) m?
dR2 T Vea(fw,m, D) =0 Ver = 2 (w_ R ) _g(R)[ 4096 R?  16R dR  R?

1 — (v/cs)?

8/8Rt0rt = g(R) . 8/8R

WKB sol ’ . .
) tort 1 mu
exp (z/ — (w - p ) thort> for R~ Rpu
w - < Rtort w Rtort W
Cin exp <z/ Cthort> + Cout €Xp (z/ Cthort> for R~ Ri> Ry
. . . i out
Conservation of Wronskian scattering with amplification C > 1
1
‘Cout 2 cs(Rp) w—mQy | 1 2 _ ; Superradiant condition .
Ci Cg (Rf) W Ci U¢(RH)
. w<mQg=m
reflection rate transmission rate . Ry
_ y




Future work

© The magnetoacoustic BHs in

3D

, Astrophysical situation

/ . . =
Alfven wave in z-direction

Accretion disk i I —

D, .
==t/ vertical magnetic field

| |
MHD wave instability

© Magneto-acoustic BH (or geometry)zZ& 2% ETld. FOKREKIGBHTHZ L THRE L,
© MHD-superradance*®ergoregion instability &JET/R EDRMAERR I 7

© 3RXJcIlc T B &, Alfven wavedb HTK %,

MHD wave A 2=
D?6v
Dt?

Wt g =— w(k)fs

Y ?

—c2V(V-60)+ Vax VX (VX (v X Vy)) =0

wal = w(k) Al



Future work 3
eikonal TIXR DIBIRERZF(IETE TE /R0

TEMEDZE d:
- 1 L 00D
%;\EZ}'? 7§I\J T \/7 By (\/ ssH =0

17

MHDDES BERT 2wl

MHD wave /5123 ==——p= KGHY 7777 B=VaxVp
BE or JRAE Clebsch R7> v )L%&ZE{FEDS ?

h‘@”

>ﬁT
dg

=
% L/_C\g 7—:’50 (o] (o]
Magneto-acoustic BH @ Quasi Normal Modes > Bomb®DEt&

WQNM ° WBomb & DEETDORFRIE ? HAZHIRENF ?

KK BR5Y

MHD wave




R, B

MHD flowZAcoustic BHE UTR TH B & RETEEI RS

(v")? = Vi — nVi (b™)? Magneto-acoustic horizon
(MHD waveh\#EAMEICH KL S & ULTHHSNEWE)

DED

v? =V —n(b-v)? Magneto-acoustic ergosurface

Background flowh N5 Z i\ I DM TRE - o
horizonPergoD&ES

i
FADHRREZOEERNT. MHDOHE.ET 2124
LROREEFEEREDRDON? RELEHORLEE?

Eiol

(i< &5

O

Dflow Tld)

IcH

Magneto-ergoregion instabiliry <feslp MRI%Z & DORZEE M

Analogue BHOARZEIEBG flowD AL E 1%



Superradiant condition
Klein-Gordon eq. (WAVE)
0,00 =0 , 6¢ =P(R)e '™

di
thort

+ (W = Veg)p =0

Asymptotic sol

. ¢
6_7/ (UJ_ ﬂ;%q;_l ) Rtort

Cine_'LWRtort + Cout 67/WRtort

Conservation of Wronskian

reflection rate transmission rate
Cout ° CS(RH) W — mQH 1 ’ —1
C.., cs(Ry) W Cinl
¢
VP (R
Cout >1 =P vw<mdy=m ()
Cin RH




Superradiant condition in the eikonal limit

Klein-Gordon eq. (WAVE)

00D =0 , 6¢=(R)e “We'™?

dp

2
_ ‘/e — ()
thort " (w H)w

Asymptotic sol

6_7; (w— "”}{;j ) Riort

Y =

Cine_uJJRtort + Cout e'LWRtort

Conservation of Wronskian

Eikonal eqg. (RAY)

05 do

oxk - SWW

tangent vector of RAYS

W 05 85

oxt Oxv )

S

S=—-wt+mao+ Sr(R)

(Z—f)2=i<w—v+><w—v—>zo

2
Cs

4 )
Forbidden regio

reflection rate transmission rate
Cout ° CS(RH) W — mQH 1 ’ —1
C.., cs(Ry) W Cinl
¢
VP (R
Cout >1 =P vw<mdy=m ()
Cin RH

V:l: Uqu:\/cg o (UR)Q
:m
L R JV <w<V

IEECEDHED
level crossing

TR

—

= A5

2 L4838 (for rays)

erga

Ry Rg




Black Holes

O Solutions of Einstein eq.

Einstein eq. metric

G = kT, =2 ds® = guvdxtdx”
curved spacetime
O Physical Properties
Horizon
Ergoregion (rotating BHSs)
Photon sphere

No hair theorem

O Phenomena

wave amplification

Hawking radiation |
ergoregion
Black Hole Shadow

Quasi Normal Modes
Kerr BH W
superradiant condition

w < mfly

Superradiance

Acoustic Black Holes

NO !

Effective geometry for acoustic waves

Fluid Dynamics plg—zﬂv-wv] = —Vp + Fex

Partially YES!

Acoustic horizon _ _
_ _ > sonic point
Acoustic ergoregion

PhoNon sphere
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theory: Unruh (1981)
experiment: Steinhauer (2016)
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