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Two	coupled	acoustic	cavity	resonators
§ Two-state	system	of	coupled	cavities
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Cylindrical	metallic	cavities	(Stainless	steel)
Radius	:	15.0mm
Air	:	1atm
Temperature	:	295K

Γ = Γ( + ΔΓ

Intrinsic	loss tunable	loss

§ Acoustic	resonant	cavities

eigenfrequency

) coupling	 tubes	(cross-sectional	 area)

#$ Varying	depth	(#$ =
34

5
, 6 :	speed	of	sound	 in	air)

ΔΓ Inserting	the	assembly	 of	sponge	 and	putty
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Two	coupled	acoustic	cavity	resonators

Measured	pressure	responses	
of	a	single	cavity

§ ℎ = 50.6 mm
§ Red	open	squares	is	the	case	of	no	loss	

in	the	cavity.

§ Fitting	data	with	 < # ∝
+

>? >@?AB
to	find	 resonant	frequency	#$ ,	intrinsic	
loss	Γ(,	additional	 loss	∆Γ
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Two	coupled	acoustic	cavity	resonators
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§ Fitting	steps
1.	To	obtain	#$ ,	Γ(, and	)
2.	To	obtain	ΔΓ using	#$ ,	Γ(,	and	)

§ Green	function	of	 the	system

< # = R S D⃡ # T |T⟩ :	source

|S⟩ :	probe

Measured	pressure	response	spectra	
of	the	two	coupled	cavities

§ Pumping	 and	measurements	are	
performed	 at	cavity	A	and	asymmetric	
loss	is	provided	 in	cavity	B.

§ ) → 2.0mm,0.8mm tubes

§ Two	eigenmodes coalesce	at	an	EP	
when	ΔΓ = 2 )



Your Occasion May 12, 2016 8

Seoul National University Quantum Field Laser Laboratory

Four-state	non-Hermitian	Hamiltonian	with	coupling
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§ Conditions	 for	coalescence	of	states	(CS)
CS − 1± :	Δ+ ± 4 Δ$ = 0,	Δ+ ≠ 0,	Δ$ ≠ 0

CS − 2 :	Δ$ = 0,	Δ+ ≠ 0

CS − 3 :	Δ+ = Δ$ = 0

EP	with	one	state	defective

Two	different	EPs	occur	simultaneously	 and	
each	has	one	state	defective

Coalescence	of	four	states	with	
three	states	defective

eigenfrequency
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Eigenfrequency phase	diagram

§ Each	class	represents	a	distinct	exceptional	
point	 formation	pattern	(EPFP)

§ White	dashed	line	marks	the	state	inversion	line	:	subclasses	"d" and	"e�
with	different	topological	 characteristics

§ Solid	yellow	line	marks	the	coalescence	of	
two	EPs

§ Solid	 red	curve	marks	the	coalescence	of	
three	EPs

CS − 1? :	Δ+ − 4 Δ$ = 0,	Δ+ ≠ 0,	Δ$ ≠ 0

CS − 3 :	Δ+ = Δ$ = 0

Z = 0	or	 Δ# $ = 4)$

Δ# $ = 2 Zh + 4)$Z$ − 2Z$

§ Decrease	 Δ#/2) $ continuously	 from	point	P1(0.7744,	1.004)	to	P8
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Eigenfrequency phase	diagram

System	parameters	:
#( = 3427.59 rad/s
) = −2.5 rad/s
Z = −2.2 rad/s
Γ( = 10 rad/s

§ Exceptional	point	 formation	pattern
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Eigenfrequency phase	diagram	– Class	1

A,	B	:	h=50.6	mm,	putty	150	mg
C,	D	:	h=50.0	mm
) → 1.2	mm	tube
Z → 0.8mm,	0.4mm	tubes

Measured	pressure	response	 spectra	at	cavity	B	(filled	 symbols)	 and	
cavity	D	(open	symbols)

§ Δ#/2) $ = 3.665,	 Z/) $ = 0.094
§ Red	squares	:	without	loss
§ Two	EPs	are	generated	at	3436.2	and	3471.0	HZ
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Eigenfrequency phase	diagram	– Class	2

Measured	pressure	response	 spectra	at	cavity	B	(filled	 symbols)	 and	
cavity	D	(open	symbols) A,	B	:	h=50.6	mm

C,	D	:	h=50.2	mm
) → 2.0	mm,	0.8	mm	tubes
Z → 0.4	mm	tube

§ Δ#/2) $ = 0.79,	 Z/) $ = 0.017
§ State	inversion
§ Central	coalesced	state		at	3450	HZ,	bifurcate	again	as	ΔΓ increases.	

→	This	cannot	occur	in	a	2×2	system.
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Eigenfrequency phase	diagram	– Class	3

A,	B	:	h=50.2	mm,	putty	150	mg
C,	D	:	h=50.0	mm
) → 2.0	mm,	0.8	mm	tubes
Z → 0.4	mm,	0.8	mm	tubes

Measured	pressure	response	 spectra	at	cavity	B	(filled	 symbols)	 and	
cavity	D	(open	symbols)

§ Δ#/2) $ = 0.048,	 Z/) $ = 0.025
§ A	stage	with	3	different	Re[f]
§ A	regime	with	only	one	real	frequency
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Eigenfrequency phase	diagram	– State	inversion	line

4)$ = 4Z$ + Δ# $§ State	inversion	line	:

§ At	P6,		the	system	configuration	meet	the	boundary	 of	
classes	3-a	and	3-b

P5 P6 P7 P8

§ Although	 the	EP	pattern	in	(e)	and	(g)	 seems	to	be	same,	
they	actually	have	different	chiralities.
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Topological	characteristics	around	singularities
§ The	chirality	of	EP

analogous	 to	the	polarization	of	EM	waves	: right

left

§ Class	2-a	and	2-b	share	the	same	EPFP,	but	the	chirality	of	EPs	is	different.
§ Class	2-a	:	two	CS-1	have	opposite	chirality,	two	EPs	cancel	each	other.
§ Class	2-b	:	two	CS-1	have	the	same	chirality,	there	is	a	higher-order	 singularity.
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Topological	characteristics	around	singularities
(a) Phase	rigidity	of	all	the	eigenstates	for	P2
(b) Exponent	of	1
(c) Encircling	the	coalescence	point	(U→V	→W	→X	→U)
:	only	1	cycle	is	required	to	bring	the	two	states	back	to	their	original	positions	

mJ = HIJ
K HIJ

K ?+
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Topological	characteristics	around	singularities
(a) Phase	rigidity	of	all	the	eigenstates	for	P4	
(b) Exponent	of		3/4
(c) Encircling	the	coalescence	point	(U→V	→W	→X	→U)
:	4	cycles	are	required	to	bring	the	states	back	to	their	original	positions	
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Conclusion

§ EP-related	physics	are	expected	to	be	even	richer	with	increased	number	of	
connected	cavities

:	the	symmetry	of	the	network	and	the	topology	 of	the	connectivity	can	serve	as	
extra	degrees	of	freedom.
§ The	new	physics	obtained	here	should	also	apply	to	EM	and	matter	waves.
§ As	singularities	underlie	 the	essence	of	EPs,	the	new	singularities	 found	 in	higher	

dimensions	 and	their	associated	topological	properties	can	serve	as	new	platforms	
for	realizing	new	phenomena.


