#) 32 2 3R Acta Phys. Sin. Vol. 73, No. 16 (2024) 164201

JE ER A 1 T 188 18 ¢ = i S B F FR- B 1]
Xf R AR =R
KEA BR OAEE AFM PR

(FFEREY S TRE2ERE, T 416000)
(2024 4E 5 A 14 HIk#); 2024 45 6 A 25 HUEEUR)

D2 2R G v i S 9 ) = R T e R0 A B S AT S R R R R S B, S 0L T U K Bl AR S R T BE
F1 20, FRR-IFE] (PT) X FROG AT R S8 G ) 1% 58 T LUIE 5 F 399 981 ) ok R AT A Rdieds . A SCilent 1 — b
T JE] B0 8 1) O e 5 0 2 AR R IR U A8 U A B PO RR M A SRR RY  E E E LR S T R
XHAR ZRBETE (9 R2 M, d e 205 B AVEUEL I D7 i 4 7R 1 OCAE AR JE R DU S DI~ 3 S b i 3h g~ il 45 2R %
W, 55 LATE J 0 90 ] 15 96 2 280 WO 90 5~ A ) 3 3 D' 2 8 S A ZR A B, S (AT LA ok ) 39 9 o)

PR S8 A SRR AU AF TR, AT DL R O B S RE . s Ah, S B A, DO E S 5 A AR X G A

e I N RS . IZ BB TS I T — R A AR B IR PO B A AL 2.

KR TR RCRR, JE RS, DU
PACS: 42.15.Eq, 42.25.Bs, 42.50.Ct

1 5 =

1998 4F, Bender Fll Boettcher!! #8575 T HAG T
FR-SF ] (PT) S 38 R PR A R JE oK e 238 it 1t 1) A
fE{E, 75 PT M8 FTRE PR RN 4508, PT AP &R
Gt 28 38 I 1] B2 36 2 8] SRR S IR R A AE, 3X
—FPEMETS PT X RAE K = IR R R
B RGEBORAANF W RRE, 51 & T Z o5
DL 12-5],

I IUEARE R E SR RIS 2R3, Kbk
FNRRE AN AR IO R BT O ). — S R
B, AR PT XPFRPEXTHA @ JE K & AR R 094 Hh
PRI s R S SRR Y R, A, PT X
FROGIE T BEFN A R iR G2 Ve o Ry 52 5 B 5%
HEAK PT XPFRPE | SERETE DA S HhFhm: i f i 1
5, BAEROGERFOGT SRSy A =2 g 1E

*ER A RPIASESE (RS 12165008) BB AIRAR.
T SE{EVEH. E-mail: 912012237@qq.com
© 2024 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.73.20240690

I HHME. 2023 4, Witonski 28 6 J347 7 HA PT
X BRI B — S 5 S AR 1 B TR AR BT 1) 1 25
P, $5E A AT BT (A5 R A5 RS ARk ] R ) B
AT R BT 33 G B AR AT 98 A T RE. it
Ah, Li %6 0 NFRS EWFoE T —Fh 3 THE TR R
4t H 5 RLC H - EA A RIER I KOG PT %
FRPE M G2 oK L B, 3 A K FL X 1 S B i K
RO Y2 M5 36 JEH R SRR & O A
B . AL, Seker 45 Bl LIS R T —F
38 e 7 K T RRUOSURSE SO s 1) — A A A i B
Z A ST PT X AR R 52 B i T 36 % S A v o
VAR BT TR R SR R IR %k O e ik 0
TAEB R T PT XFRPE7E A i HLAT 150 4 B
FIOEER R RO, i, EJER R G A LA T
ST FE IR AR AR R ] SRS 55 1) Sl 3 A
BHE ST — A HAT PT XFRIG R 40K SE A T 56 52
W, BT a1 R AR RS AR 2 LU R G

http://wulixb.iphy.ac.cn

164201-1


http://doi.org/10.7498/aps.73.20240690
mailto:912012237@qq.com
mailto:912012237@qq.com
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 16 (2024) 164201

FE PT XRS5l Bl i 2265 i i P AR AU A — LM 5K
B $EH T PRI A S S A T S S RS 2R
PRI, X FRERIN AR G T LT3 T2 52 4 5 8 S
TELRANBEXT I F) [ L, Xof S R UL SRR IR HL A 48
SRR MBS, JEJEK RGN A B B B A
fE{E, BT 2 AN ek RGBT 25 8500, 4N
HERALR 10121 A S0 03] A3 3% iR 7 () Kk
1) 2 iz 1] 4.

TELAAEIIEGE R, FERRES (] S RO AR &R
ENE RS 6 NIk o DS TTRE i R I
PT XfFRUERISZ AR, R AZ 5 PT Xt
PRME BB ARG AR, a0 PT R FRIGAAR R
45 v BB TP O D R R 00201 3 R K
I P SO 2 34 S A R AR A ) SR 12524
MO, AT PT X RRE B R IR T T 32
MIRIESE, TR 227 @4 PT MR RS
TR 28| PR A 2950 4

TE PT XFFR R G0 T A I PT X FRME: 6 18 2 2
ARA 2, (AR FH A BARAE S E A 2ok
“HRGEIEPRER. AR, 3 SR R ] ik
FONTIAT. BUAN, FENCEE R G, 5 AR R
7R RIG AL, AT LA 1 s i 8 1 5
Jt2E R P H A O A 4 R T R D R
O TR AR R B2 B TR M M R R R
Prifpe B, ok, 5P A PT XHFR A&
V4 FET IR T ) T A 7 S T i - RE R g
() RSO AN TR] A SO YR T K R A 1 e 5
L5325 AU FEHOR I T 22 SOBCE 17 5K, Dok
FERZRR PT Xkt Sibed, it 53k (35) 4
R S5 40 I BE T AR R AT X H, BAIE T X R
BT E5 M A S0P, e, i — 28 X0 L o R o
FIIEEER, T AR A AR RCR , i
TS T —FP 8 R = AL FoE i % PT X AR
PR,

2 PR

AMFFE BT —TEAS (8] LR 2 1 TE 1)
DU SR (AR B AR ARY | RDRE: S HA 8 i 8 R
SIAE L PT XHRAYRGETE I 57, HARSE RN
1.

HR 4 B R A ) F A AR e B A Al
U, YEre PUEIE I T s ALy B AN R

o>

Bl IS HIRUR L G L 43k 5 A% I RRE RICE
S, PO SRR PR R o A b e AUARERAS DL T
22 [ R R

Fig. 1. Schematic illustration of the theoretical framework
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depicts gain (G) and dissipation (L) waveguides, alongside
periodically modulated neutral waveguides (P), the coup-
ling strengths between these optical waveguides are de-

noted by symbols a and b, respectively.
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Fig. 2. Plot of the imaginary part of the quasi-energy spec-
trum with the parameters A/w and 7.
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Fig. 3. For varying driving amplitudes (A4), the quasi-energy spectrum undergoes modifications in response to the non-Hermitian

parameter (7), with the driving frequency fixed at (w = 10), the analytical solution under the high-frequency approximation is rep-

resented by solid lines, while the numerical solution derived from Hamiltonian Eq. (2) is depicted by circles: (a), (b) A/w = 0;

(c), (d) AJw =1.2; (e), (f) A/w = 2.4.
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Fig. 4. At a modulation parameter of (A/w = 0), the system exhibits a unique configuration encompassing Hermitian (v =0,
(a)—(d)), non-Hermitian with real reference energy (v = 0.3, (e)-(h)), and non-Hermitian with complex quasi-energy (v = 2.4,
(i)—(1)) states. The configuration of light sources is specified as follows: the first column corresponds to light injection from the gain
wave, the second and fourth columns signify light introduction from a periodically modulated neutral wave, and the third column
represents light injected from the dissipative wave. The relative intensities of light are distinguished by color: red for the gain wave-

guide, blue and black for the two neutral waveguides, and green for the dissipative waveguide. For the remaining parameters, a = b =1
and w = 10.
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Fig. 5. At a modulation parameter (A/w = 1.2), the system manifests in three distinct states: Hermitian (v =0, (a)—(d)), non-Her-
mitian with real reference energy (v = 0.3, (e)—(h)), and non-Hermitian with complex quasi-energy (v = 1.8, (i)—(1)). The source
configuration is consistent, with the first column depicting light injection from the gain wave, the second and fourth columns signi-
fying light introduction from a periodically modulated neutral wave, and the third column representing light injection from the dis-
sipative wave. The relative intensities of light are represented by distinct colors: red for the gain waveguide, blue and black for the

two neutral waveguides, and green for the dissipative waveguide. For the remaining parameters, ¢« = b = 1 and w = 10.
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Fig. 6. At a modulation parameter of (4/w = 2.4), the system assumes both Hermitian (7 = 0, (a)—(d)) and non-Hermitian (com-
plex quasi-energy, ¥ = 1.8, (e)—(h)) states. The arrangement of light sources is as follows: the first column signifies light injection
from the gain wave; the second and fourth columns represent light introduction from a periodically modulated neutral wave; where-

as the third column denotes light injection from the dissipative wave. The relative intensities of light are color-coded: red for the

gain waveguide, blue and black for the two neutral waveguides, and green for the dissipative waveguide. For the remaining para-

meters, a = b = 1 and w = 10.
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Abstract

The control of parity-time (PT) symmetry in cosmic-time PT symmetry system is of great significance, but
the experimental realization of such an optical configuration using current technology faces enormous
challenges. On the contrary, the periodic modulation method is a more feasible alternative. It is worth noting
that periodic modulation in optical system is mainly performed through the cyclic change of complex refractive
index materials. Unlike the traditional method of aligning periodically modulated waveguides in parallel to gain-
dissipative waveguides to satisfy PT symmetry, an innovative physical model introduced in this work, features
the cross-placement of these waveguides, marking it the first instance to use this configuration to manipulate
PT symmetry. In this work, the influence of periodic modulation on the energy spectrum of the system in the
high-frequency approximation is studied, and the dynamical evolution of light in a non-Hermitian four-channel
optical waveguide is elucidated through a synergistic method of combining analytical method and numerical
method. Adjusting the modulation parameter A/w reveals a dual capability: it modulates the range of the real
energy spectrum and precisely controls the PT symmetry of the system. Notably, at A/w = 0, this structure
exhibits a completely real energy spectrum, which is different from the traditional parallel four-channel
waveguide configuration. Furthermore, as A/w varies from 0 to 2.4, the relative intensity and optical periodicity
in each waveguide exhibit enhanced stability compared with their traditionally arranged counterparts.
Furthermore, our examination of PT symmetry’s effect on light tunneling dynamics in individual waveguide

reveals that in the unbroken PT symmetry phase, light oscillates periodically between waveguides, whereas in
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the broken PT symmetry phase, light propagation in each waveguide becomes stable. In the presence of
waveguide coupling, it is observed that each waveguide in the system can obtain steady-state light regardless of
the initial light injection point. Furthermore, under weak coupling between the gain-dissipative two-channel
waveguide and the neutral waveguide, light, regardless of its entry point, will localize in the gain waveguide
with propagation distance, disappear from other waveguides, and ultimately reach a steady-state configuration.
The findings reveal that unlike the scenario of traditional four-channel optical waveguide system, the periodic
modulation not only narrows the range of existence for the fully real energy spectrum but also enables its earlier
observation. Furthermore, the relative light intensity and optical periodicity in the four-channel waveguide
exhibit greater stability against variations of modulation parameters. Hence, this theoretical exploration not
only profoundly summarizes the universal principle of PT-symmetric tetramers, but also elucidates that
spontaneous PT symmetry breaking greatly changes the optical transmission characteristics, transforming
periodic light propagation into steady-state illumination, and providing an enhanced and more robust

configuration for the manipulation of PT symmetry.
Keywords: parity-time symmetry, periodic modulation, four-channel waveguide
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