Coupling
Acoustic - Vorlici

Acoustic with flow
and > 7-symimetry
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It is a concept coming from quantum mechanics.

It is commonly believed that the Hamiltonian must be Hermitian in
order to ensure that the energy spectrum is real and that the
probabilities are conserved in time.

Although this axiom is sufficient to guarantee these properties, it is
not necessary.

Carl M. Bender (C. M. Bender and S. Boettcher, Phys. Rev. Lett. 80, 5243, 1998)
demonstrates that there is a more physical alternative axiom, which
he refers to as space-time reflection symmetry (PT symmetry). This
symmetry allows for the possibility of non-Hermitian and complex
Hamiltonians but still leads to a consistent theory of quantum
mechanics.
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Hermitian acoustics

Y

Non-Hermitian acoustics

$

Gain

No Loss, no gain Loss

Particular case : Gain = Loss

can lead to fP’f-symmetry
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Scattering

Scattering matrix :
object

)=l =) )

matrix S,
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Scattering matrix
b1 _|rL tR aq
ba) |tr TrR| \a2

s _tg oy t=tr=ts

Reciprocity
Time-reversal invariance S/SF =y
Energy conservation tS¥S, = g
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Hermitian acoustics

Energy conservation

. . (2 of those proprieties
ReCIprOCIty imply the third one)
Time-reversal invariance

S, is a unitary matrix
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o2 and 05 are the eigenvalues of 'S* S,

A1 and Ay are the eigenvalues of S,

o1 < |)\1| < |)\2| < 09

)
I singular values for S,
(real and positive)

For Hermitian acoustics:

op=09=1 = |)\1|:|)\2|:1
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Introduction to PT=symmetry
2 diaphragms
in a tube
Gain
with Gain = Loss
P operator (Parity operator) r— —7
T operator (Time operator) t— —t
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Scattering with PT=symmetry

- b\ _|rL tr| (@
= s ()= ol ()

matrix S,

ay

e

a2

b2

*

I

l- — a§ _ L tR b;
l?“‘f?\.b’{ > <CL>{> [tL Tr bT
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Introduction to PT=symmetry

Unusual conservation relation ]
5, [

(Sro) (S70) =1

or 0':|:

StSj: = I

Pauli matrix
Different from the energy t rg
conservation relations: St =50 = rp t
tox*
. . . SI" Sr == I
S is a unitary matrix
SttS;k — I
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Introduction to T‘f—symmetry

TETL —+ thE =1
TZTR—f—tLtz =1
5:5f =1 &

rptr, + TRt =0

ritr +rpt; =0

[ rore 2 =1 |

Generalization of the more familiar
conservation relation |r|* + [t]? = 1,
which applies for energy conservation
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Introduction to PT=symmetry

s1, Sg eigenvalues of S SU; =s51Y;
U, U, eigenvectors of S SUy; = 55Uy
PT-symmetry implies:  |s1][s2| =1

if  |s1] = [$2| = 1 = exact PT symmetric phase

if  |51] =1/|52] # 1 emmmmmmd broken PT symmetric phase
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How to make acoustic gain with flow

Thick diaphragm:

Powell-Howe analogy

P o~ —po/ (ﬁor.ﬁpot>dxg
1%

5, =11 N

U — — N
d fcor =) x Uconv
P >0 : gain P <0 : loss
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How to make acoustic gain with flow

Thick diaphragm:

co velocity

— t< f conservation

7)1’—/\/_“? ’\,—pp; “_

uy =uy = py —p; =p3 —py

Resist {ifR>0:>Loss
esistance . .
if R< 0= Gain
p1 = p2 + Zus
Reactance
Impedance Z = R+iX
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How to made acoustic gain with flow
P ~ —po/ (ﬁor.ﬁp0t>dxs
|4

Potential
flow =
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How to made acoustic gain with flow .

L. <
: | Q= Qe Ur sin(w(z/Ur — 1))

— v, = v.(x) sin(wt)

| — —Qu, B
% | P~ 7p0/ <fcor -ﬁpot>dX3
1%
; x : Averaged in 15
3 time 7)
—(Q UT ! Gain

2
& 0.5
1
Loss
o 0
zone of Gain Integrated | \\/

|:> in space Loss

15 . . .
X 0 02 0.4 0.6 0.8

Sy = ft/Ug
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How to made acoustic gain with flow

Thick diaphragm:

M=0.02 :j

l | == Metallic grid

2 T
I e
o 05f 0
N s
z o0 e
S - I’ I
% 05 A
! .
~15F . - |
_§OO 1000 1500 2000 2500 1500 2000 ‘ 2500
Frequency (Hz) Frequency (Hz)
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An acoustic PT symmetric system with flow
Gain
L
Preliminary measurements:
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An acoustic PT symmetric system with flow

Gain

2 T T T I T T T
1 1
1 1
1.5F i | i
i/ %\
1 I
1 .
0.5F lr =1L T
0 1 1 Il Il 1 1
1.7 1.8 1.9 2 2.1 22 23 2.4
k D/2n
0
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An acoustic PT symmetric system with flow
Gain
A
2.5 ; — .
Unidirectional : Unidirectional
27 . invisibility \\il invisibility
U
1.5 R 1
Ay |
1 > ol
[
0.5¢ /rL i
0 L I I 1 L) 1 1
1.7 1.8 1.9 2 2.1 22 23 2.4
k D/2n
0
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An acoustic PT symmetric system with flow
Gain

Unidirectional “invisibility”:
Zero reflection only form one side
(r =0o0rrg=0)

|

rerp 4 [t =1

1.8 2 2 2.4
%/27‘(‘ K
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An acoustic PT symmetric system with flow

Gain

12 ' Non-unitary S
10 . ' (energy not

- ||Sctsc — 1l I / conserved)
S oelsess -1 i |

PT symmetric
property for S
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An acoustic PT symmetric system with flow

Gain

4 T T T T T T
Broken PT’ ! | Measurements
- symmetric phase ; 1 ]
@ ’ / P i I SVD
(=] 1 .
% Exact PT | —eig(St)
5 2 . = t
E symmetric phase
=]
3 )
o “
0 1 I ! 1 I 1 | 1
1.7 18 19 2 2.1 22 23 2.4
ko L2n
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An acoustic PT symmetric system with flow

Gain

1

: Taking into account
\ additional losses

\ in the tube

t
W
T

eigenvalues of S

Wave Propagation in Complex and Microstructured Media

5 ’ Y. Aurégan: Guided Waves & Flow Interactions 101
Cargese, Corsica - August 20th - 30th, 2019

29/08/2019

12



An acoustic PT symmetric system with flow

— incident

scattered \/\/M WL
— total > «

-

Broken PT’
symmetric phase

cigemaluesof
v

Exact PT
symmetric phase
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An acoustic PT symmetric system with flow

Gain

PT symmetric

CPA-Laser

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
k. L2n
0
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An acoustic PT symmetric system with flow

eigenvalue of S¢

PT symmetric
CPA-Laser

03

Coherent Perfect Absorber (CPA) Laser

NS\
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