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T
R (Zo= 7 [ Zar ), RIS
RALE, Zo ()2 FHE R 0 By a) 30 R 45 X
I, Floquet A AR (FEEK) Fifi isf [] 14 78 £ 5 A i
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L, Al LR3I, dERE s 1 BN, In(e) = 1 Zq,
PLK (| @) = n(0)e?r Jo Zedt S5cbE T B i ik
FIMEFASFER Floquet 20T aRE R, B |¢) =
Vi) = /e ] @) |@/) e tHm@t RTLURIGE, Jiih
I i Floquet A M ERE T T Za DUE .

4h4 (19), (25), (26) 20, AT LAHHEBEE 15 7
(1) B9 Floquet &S FHERE &, FIEAEILIR (270 # w)
0L, HOE R (17) Zy # 0, 4G vy /1 — Zjcosby =

27 —w 9 A Ll Y Sk B _ N
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_ 279 —w
27,

AR, FEARHIRIEN T, BT Z; 40, X FAEEAE
TR KGR 1, HUERE AR R AL

FET R, AU E TR (270 = w) 1HL
M ANERB RT3l )24k, K50 45 SR 0
=2RE XTI Y Floquet A FIMERE &=
1)7—1/1 < 1. 3XBF, R (15) AP EEOT R E
M. B (Zy,0f) = (0,2 — ) X B Floquet 2%
i Ay

. 1

e=— (v —vcosa). (29)

FHIN—DRE M (Zs,05) = (0, + 1 ) X} N ) Floquet
SR

—1\/ z€
2
HERE ALY
e=—(y+vcosa). (31)
2) 2 = 1. BCI, A A A O A A
3n

<4¢m:<q:)ﬁﬁ@mmem§%w;

2
() a7 o

HERER N e = —y0. X, PI Floquet A ATEARLE
45 —A, XS EOS RN 55 (exceptional
point). RELAEHETE AT S a5 B A AR R F A5 14,
B RV 2B 8T B S RN, AN A5 8 R
R (2728500 JE X BRBE A A RN T A% 4 1) 4.

3)% > 1. B, P JE B R A 2 A
B S (2, 07) = (S e
i Floquet 2/ -

1/}1 1 iefiwt .
(%) B Vite ( e > o )

MR

cosha’ 2

e = ivsinho — 7. (34)
sinha 3n
== —(_ S
I3 — A 8 (Zy, 05) ( wosha’ 3 )XTM

Y Floquet /% -

Y1\ _ 1 ie Wt i
(1/}2) VIfem (ea )e 39
e -

€ = —ivsinha — 7q. (36)

K 2 g5ih TAEJE KR RS (1) fERBEKE) (7) 1E
AT AR (290 = w) 1 OL IR B9 HE BE 5 19 S5 (W
E 2(a)) FIEEHE (WA 2(b)) BESE v /v B K &R
CLL N 2 AR B FA 46 — > 9K 3l i 19 1) ik ]
BALTEATREUE SR, 15 Pl QR 2 UM & TP i 7
XN PV BE B A BT 45 5. AN TR BB 45 SRR
b R e fr A RS (1) EHT,
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PT XFRIE, [H, PT] # 0, {HA] &3, B PT XFR
ARG —FE, fAAE— M ERE TS SO 3142 5500 i A1
Ap L MAEJEK RS (1) ERETE R S5t % P
BLFVE FAE SERHERE TS € = — (70 — v cos a) XTI 1)
Floquet 4R o (to + t)) = %(e’i‘*’(to“)7 —el)T
b, ATRABGHIE, X AT R AR 2 5 o
(sm (to + t))
T
w2 (to + 1)
1 [ e e1(to +1)
= — . C , 37
\/i (elw(tot)> 7é <<p2 (to —|—t)> ( )

A, COMIERE TR XU I SEERE 1 X 1
[ Floquet 7 | (to + ) AN J& PT B 45 () A MF
[RIFRATIE, 53 /h— S S BERE S € = — (v + v eos )
XL Floquet 2 ANE PT B AT ASAEARL. X i
—AU A, ZEJEIER SN (7) 1R I AE)EK Floquet

ARG (1) BAIHEREE, (xR EABA PT X
PRVE.

1.0 =

0.5F 2

—0.5

—-1.0

(b)
1k

L
°
®
)
© 4

Re(e)
=
=} T
/‘q
o R

Im(e)
o

0 0.5 1.0 1.5 2.0
Mn/v

K2 dRJEkFRGE (1) 7EJA W8S (7) FE R 35 4R (290 =
w ) T8 B0 BT () 7 BE 1% 1 S5 () FNHEFR (b) FES 5L 41 /v 1
RFR . LLLRHE LA ELHET A A — A~ B Bl J5 401 1 e [ 3
PRSEAT I BB 45 2R, 150 BBl AR 3 2 M AR 1] i R 7 0o I 1 e
B EITA . ZHM N v =1, w=2

Fig. 2. Real (a) and imaginary (b) parts of the quasiener-
gies as a function of /v for the non-Hermitian system (1)
subject to a periodic modulation (7) in the resonant (2vyo =
w ) case. The red and blue lines denote the numerical res-
ults of quasienergies computed through direct diagonaliza-
tion of the time-evolution operator over one period of the
driving, while the circles denote exact analytical results of
quasienergies corresponding to the pseudo fixed points in
phase space. The system parameters are set as

Yo =1, w=2.

4 BETAWIEZESNFEMN

FESS 31 HR, E Gl e AR 2 [ v ) 5 A
Mg iE T R4 Floquet AARNMERAIEREE. HiX
26 Floquet AFIERE S, FATT LUR AT E 2 T8
(YR ) AL ZE SRR LR, B AR SOt 5 1Y
Floquet R4 A BA PT XFRME, tAEFERETE 3K
ok 2 HOE S, B4, — BT AR Bh 2%
B S BA AR i PR ? 4 3 R
PSR IRTESEAR (270 = ) H LT I — it T
IAESE LA

1)15 < 1. PAEASY Floquet 25 (28) 0
(30), 4o fi:

1/}1 (t) _ Clel('yo—u cos a)te—iwt + OQei('yo—i-u cos a)te—iwt’

¢2 (t) _ Clel('yg—ucos a)te—la _ C2e1(’yg+ucosa)tela’

(38)
K BIMRELCL, Co HPISIE .
B E t = OB ZIAAS R4, [4(0)) = [¥1(0),
P2 (0)]", WTRIEAL AT E ISR b, Al A
Y1 (t) = U1 (t,0) 91 (0) + Us2 (t,0) 12 (0),
Y2 (t) = Uz (£,0) 91 (0) + U2z (£,0) 2 (0) . (39)

HIRIZ [0 (0)) g (38) KB MARELCr, Co )7, 1
B (38) 1 (39) 2, ATLAG At = OFF IR IAE L IE
P TR A ST (Y A I A P 2

U (1.0 = Un1(t,0)  Ua(t,0) 1
U\ Un(6,0) Usa(t,0) ) 14¢%e

) < edioa* () +b(t) e[a* (t) —b(t)] >
e b (1) —a ()] b () —c¥ea(t) )

(40)
e, a(t) = Vet p (1) = oD,
PIWIIA £ 1 (0) = 1,45 (0) = 0 K44, i (39)
A (40) AT
w1 (t) _ : +lezm {e2io<—i('yo+ucoso<)t + ei(ucosaf%)t} :
(41)
,(/)2 (t) _ 1j1:2ia [e—i(ucosa—%)t _ ei(ucosa-&-%)t} )
(42)
2 J—
WA ) = cos” (o ytcosa), (D)2 =

) cos?a
i t
w, 01(t) = Ly arg[cos(a — vEcos a)],
cos“a 2
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Oa(t) = %t + gn + arg[sin(vt cos )], HiHr, arg{t3%
SR B A, 2 R BUBUE Y (B SR i AH AR
0, 25 PR BCBUE o S S Bt A M . Mo =
% (e SRR 1NF, TTLIAE, [46n (Fo+1)[2 =
lha(to — )|, 01 (to +1) + Oa(to — t) = € —wt, Hrfr,
E=101(to) + 02 (to) = gn + arg [cos (o — vig cos )] +

arg [sin (vtg cos )].

Php1(0) = 1,42(0) = 0 A RIS B EEUEAIR
HREEE S ITRE (1), 8 3450 T e IE BT, 24
% < 1B R G Bh J1%. MK 3 AT LIA ), PIRES
B o A AR o P (oo B B D R 5, Y
to= S UDT gy ok, P2 E A
A A [ = vl Bt = ~0.605
FBIUEEE T X AN REME. K 3 B, M to B 2T IR,
SR IE 11 (07 161) RIS 25 B AL (—t 7
] ) 76 FRREAT (SCHR M A FL 0 1) F12), 25 (8] )
) BRAE T, MRS AR, By (o + 1)) =
Wato — t)|°. THAMILLZ H1, 01(to +t) + Oa(to — 1),
HANEE T to Y ZIIME € = 01(to) + 02(to), S i B

1.5

@
o 10F N
N 7
= 05t
0 ,
-3 —2
<
74 1
—10 -5 0 5 10
2
,j_;\;'r\ ok (c)
+ o —2t
SE
=& —4r
® —6

3 RO TR RZEN % (L <1) (a) PifiEY
LB AT [P | (n = 1, 2) BERHEREAL; (b) A 05 (n =
1,2) B I 18] 38 1L 5 () BA to = —0.605 N I 8] [Z 78 55 1Y
01(to +t) + 02(to — t) L. RESHEH N v =1, 1 = 0.5,
w=2, v=1H%ERHY1(0) =1,¢2(0) =0

Fig. 3. System dynamics for the resonance case with the
non-Hermitian parameters 771 <1, starting the system
with the state 1(0) =1, 92(0) = 0: (a) Time evolutions
of the occupation probabilities |¢1]? and |tpa|?; (b) time
evolutions of phases 61(t) and 62(¢); (¢) time evolution of
the sum of phases, 01 (to + t) + 02(to — t). Here we choose
the time-inversion point tg9 = —0.605. The system para-

meters are 0 =1, v1 =05, w=2, v=1.

] ¢ 2B fb. o, 7E8UE T, AR 2n A4
BER. B EUESS R e M G EIe TS .
m/v=1. i, RGEL TAa5HFH, RA—
A~ Floquet Z5# (32), {HA] LI H o5 Ah—A~ 2tk
TCR B A
A ite it
<w2>e (t—lll>' (43)
PRI, H X PNt e G A, T DL
FEE TS TR (1) By
Y1 (t) = (C1 + Oat) ie!0=)t, (44)

Yo (t) = {Cl +Cy (t — i)] elnt, (45)

APEMERLLC,, Co MWIASIGE. h (44) F1 (45) 3,
ALAARE], Mt = 0 THRIYAE Z IERT AT N

( (14 wt) e Tt _ipe i3t )
U (t,0) = - e

—ivte'2! (1—uvt)e'2?

(46)

Mt = 0 2SI 1 (0) = 1,42 (0) = O,
RS ALEAT (46) MEHTEL = 0 9SSR b, mlE:

1 () = (1+vt)e '3, (47)
ba (1) = —ivte 3t (48)

TN, %ft0=— 51, [ (to-+0)| = b (g0,
01(tg +t)+602(to —t) = /2—wt.

By (0) = 1,4p2 (0) = 0 MHIE, 4T ELHEELE
BB R aE E 15 TR (1), 4 45 T SR
THOT, My /v =10 RS 80 1 2# k. K 4
ATRLVE Y, PIBEZ L A HER M o = —0.5FF 4f
WA IE M AL (+e07m)), IR 5 i K.
AERE Y — K, BUE LS R BR, [t + 1) =
[a(to —t)|°, FABEZH, O1(to + ) + O2(to — t), &)
ANE LT to BT 2 AR =2 1, 17 2 P A TR] ¢ 2P
AR, FEBUE T, AL EERE 2n A7 S BRER.

m/v>1. HAGEMPAFEAM Floquet &
fif (33) A1 (35), Al LIAGIEFEX AL T Ao fi

¥ (t) = Ciglo—w)t+vsinhat | o ei(o—w)t—vsinhat
(49)
¥o (t) = Cye@einttvsinhat o agivt—vsinhat, (50)
K BIMREC,, CompIHE. [FEE, i (49) F
(50) =X, ATLATE R, Mt = O TFEA AR L TE a1k
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it = O Z 1 2580 4 4 101 (0) = 1,42 (0) = 0
I, SEWREAEAT (51) METRIZAR & L, Wi

e—i%t + vt sinh o e—i%t—ut sinh o

t)= 52
Vi) 1—e 2« 1 — g2 (52)
) efaei%t+ut sinh o eaei%tfyt sinh o
Yo (1) = —i ( et e .
(53)
K My, T RLEE W], Y o= -,
2v sinh v

[1(to + 1)) = |tha(to — 1), O1(to +1t) + Oa2(to —t) =
E—wt, XHE =01 (to) + 02 (to) =7 /2.

4 TEHRFATHRGEDNE (n/v=1) (a) PifE
G LRI [ | (0 = 1,2 ) BTN (b) AR 07 (n =
1,2) Bl ) e () BL to = —0.5 2 B[] f2 3 8 /Y

O1(to +t) 4+ 02(to — ) L. RESEW A v =1, 1 =1,
w=2,v=1WEHNP1(0) =1, ¥2(0) =0

Fig. 4. System dynamics for the resonance case with the
non-Hermitian parameters ~i/v =1, starting the system
with the state 11 (0) =1, 2 (0) =0: (a) Time evolutions
of the occupation probabilities |¢1]? and |tpa|?; (b) time
evolutions of phases 601 (¢) and 62(t); (c) time evolution of
the sum of phases, 01(to + t) + 02(to — ¢t) . Here the time-
inversion point is given by top = —0.5. The system para-

meters are o =1, 1 =1, w=2, v=1.

K5 gyt THEIHRIEOL S, Sy /v > IR
Geah A, AR, XL (0) = 1, 2(0) =
0 MR HARBUE RN, T A6 B € 15 07 A (1).
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i i) ¢ £ R

2000
\ (a) 0.5
o \
§§ 1000 | \ 0 —0.380
AN
0 . , ,
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K5 TERAREA TR ¥ /v >1. (a) PifE
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01(to +t) + O2(to — ) BEfb. RESHI N v =1, 1 =2,
w=2, v=1HENY1(0) =1, ¢2(0) =0

Fig. 5. System dynamics for the resonance case with the
non-Hermitian parameters ~yi/v > 1, starting the system
with the state ¥1(0) =1,¢2(0) =0. (a) Time evolutions
of the occupation probabilities |¢1]2 and |t2]?. (b) Time
evolutions of phases 61(t) and 62(t). (¢) Time evolution of
the sum of phases, 01 (to +t) + 62(to — t). Here the time-
inversion point is given by tg = —0.380. The system para-

meters are o =1, 1 =2, w=2, v=1.
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Abstract

In recent years, there have been intensive studies of non-Hermitian physics and parity—time (PT) symmetry
due to their fundamental importance in theory and outstanding applications. A distinctive character in PT-
symmetric system is phase transition (spontaneous PT-symmetry breaking), i.e. an all-real energy spectrum
changes into an all-complex one when the non-Hermitian parameter exceeds a certain threshold. However, the
conditions for PT-symmetric system with real energy spectrum to occur are rather restrictive. The
generalization of PT-symmetric potentials to wider classes of non-PT-symmetric complex potentials with all-real
energy spectra is a currently important endeavor. A simple PT-symmetric two-level Floquet quantum system is
now being actively explored, because it holds potential for the realization of non-unitary single-qubit quantum
gate. However, studies of the evolution dynamics of non-PT-symmetric two-level non-Hermitian Floquet
quantum system are still relatively rare.

In this paper, we investigate the non-Hermitian physics of a periodically driven non-PT-symmetric two-
level quantum system. By phase-space analysis, we find that there exist so-called pseudo fixed points in phase
space representing the Floquet solutions with fixed population difference and a time-dependent relative phase
between the two levels. According to these pseudo fixed points, we analytically construct a non-unitary
evolution operator and then explore the dynamic behaviors of the non-PT-symmetric two-level quantum system
in different parameter regions. We confirm both analytically and numerically that the two-level non-Hermitian
Floquet quantum system, although it is non-parity-time-symmetric, still features a phase transition with the
quasienergy spectrum changing from all-real to all-complex energy spectrum, just like the PT symmetric
system. Furthermore, we reveal that a novel phenomenon called quasi-PT symmetric dynamics occurs in the
time evolution process. The quasi-PT symmetric dynamics is so named in our paper, in the sense that the time-
evolution of population probabilities in the non-PT-symmetric two-level system satisfies fully the time-space
symmetry (PT symmetry), while time-evolution of the quantum state (containing the phase) does not meet
such a PT symmetry, due to the fact that time-evolution of the phases of the probability amplitudes on the two
levels violates the requirement for the PT symmetry.

Keywords: parity-time symmetry, periodically driven two-level systems, non-Hermitian physics, dynamical

evolution
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