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Fig. 1. Sketch of conditional shift: (a) Both links con-
nected to x site are connected; (b) one link connected
to x site is broken; (c) both links connected to x site
are broken. The solid curved arrow denotes the par-
ticle with up coin state walking to right neighbor site
while the dashed curved arrow denotes the particle
with down coin state walking to left neighbor site, and
the circled arrow means the particle does not move but

its coin state reverses.
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Fig. 2. (color online) When percolation probability pg = 0.95, the average probability distributions of

percolation quantum walk are plotted for different time steps: (a), (b) Are the static percolation cases; (c),

(d) are the dynamical percolation cases. For comparison, the solid black curves in Figs. (a) and (c) are the

probability distribution without percolation.
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Fig. 3. (color online) When time steps ¢ = 50, the av-
erage probability distributions of percolation quantum
walk are plotted for different percolation probabilities:
(a) Is the static percolation case; (b) is the dynamical

percolation case.

TE 5147 78 MAH T 5L 08 1% 4 21 22 e 8L

GRS RE S B T K 2 RS
AP BN K A 4N, @B RN KNG
K. BRI Z S CA% RGN 210 @ )
HH V2tpo 5. 1EE 3 (a) FIE 3 (), A4
it = 50 RS @B E AT EMN SIS EE &
TFATEEAR BB MR po F MR 546, b i@
BERIED, R E L W T I 2, KA
AR (it AR SR, AH L) JR AL 9 B B R B4 B
FH g,

4 MBETTANYE ¥

HATA SRR T A BT R 2 R AR K5
A, WS- 2 RN BT R A
ARSI, B2 1 B A3 0 73 3L 8]
ATAEIAIZS, N b B R I ) BE LT T I
T2, B RGN RIS AL TSR 2 KRR, Py DLEEAS
RGie—BERFENAS. X, AT DL -
WK ERREEE TATEME A B MM E h
JEZ TRN R 8. 35 - 0 200 b o7 B 2 1) el T 4
[R] ) 240 A0 5 B SR AR A5 oK E 3C, T L 3 5 SCHA &5
Rt —8 P H 2B RGN EEET A
p(t) = [(t)) ((t)|, AFRET [ o1 LA E B sk

8, W] SRAG AL A R s TR] ) 21 B R A 4
b

pp(t) =Y (v () (1))
%

pc(t) = Z(xlw( N (b(B)]).

XAEPTRN E H 1] B’J?HI (45 - WK B8 7E SO

E(t) = — Tr(pp(t)log, pp(t))

= — Tr(pc(t)logy pc(t))-
PATT I HUAE 1T A% (W) 29 40 2 B SR pe(t) SRy
g, — i, po(t) ERE TS {|o)} TR IR R

FEIE R
t t
pelt) = art(t) apy(t) ’
oy (t) apy(t)
HAPHRETC ac,e () 5T () PR R A(x,t) 2

A RA KR,
an(t) =Y Az, 1),

ap(t) =Y Az,
A )
t)=> Ap(x,t)Aj(z,1).
R RS pe(t) 1 ZIK?HE% A1 (8) A A2 (2), W)
AR — bR RN
E(t)=— > Xi(t)log, \; (7)

1=1,2
HREWEEAE®R € [0,1], W FRRXMHES
E@) = 1, MM FASBEEEW = 0. it

ar)(t) = aiT(

130303-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 13 (2017) 130303

e, A = 0, B logy N = KB, E IR EL

Ailogy Ay = 0.
558 35—+, WATEIUT A2 (6) A 73 SLif
I‘Eﬂ%?ﬁﬁﬁﬁ%ﬂ , TR 5 B B A [F BUE T,

K4 (a) FIE 4 (b )ﬁz\ﬁU?AtﬂTﬁ%*L/’% TATHEAN
B EATEPE AR EAET A HEL
ﬂﬂﬁéﬁl+fqﬁ1ﬁkﬁilﬂE’JEE{JGHH%%. GIESYE ()

e MNEPERN DB, B rATE— IR
FE O M mi L, PR B HRE 2 8] A 20 28, AN 4 ]
Pt BB v A I 8] A 38, wFh B 2 e =
FREA g, PR E A GE RN S I IE R AR
AR, T HX T # S Es a8 mfn g 0
H e AR AL, 4 A ROl AR, Bl
JEEE po = LI, L BRI A )5, &7 2 gEik
B —ANEHUE Eo (~ 0.85), AN FBEE I ) kA2 48
. FREE )R, #AEEE AT E N2 A
AL TE) R 39 I 22 45 /N T B (89— A HUE I T8 # A
(IR, i HLX— Kl 2 Bl A 82 M 1) el T ik
N, BB AR BN, MPEERGLT 0. X 3)
SEBETITE, RAUENRAIRGT N, &
AL TE) (g 0, 21 ZE4E 26 g, I HAESE —
I 18] & KT Eo, R BIAME MG 8 T A ZE 1)
REVE. BEAS [ PR A R e 35 55 3B R 1 R
TR, RSB WA, 29588 N )L 12,
i Eo v w5 A Ta) o, (ERZAE ¢TI0 57 RIRER
T, it E TEE L, 8 lim (E(1) = 1.
B 4 g AT R K 2 A T DL & AT
FE (IR 731 5 PR AT RE, BI04 SR R
HOR, GO AN, HAEEEE N, B TATE
IR A A — A T2, T DLRT ok B B JR T 98
FERIGETH L EARHE R Z (o) SR AR L 70 A1 ) SRR
ROz, Her

= J;xzmc(a:,t)ﬁ — <Zx|Ac(x,t)2>2.

x,c

*T{ET)?H#@/J\ B ESTY AV IS SRR FIVAE SV
RERaE. 5 25 T i B AT E I GE T b v
22 B I T [ A2 A, AN [ 256 B A [R] 110 38 95 i %
BUE. 15 (a) Bon g a5 E8 AT E KA & br ik
i 22 1E po BRI Bt 5 I (8] () 3G 0l 3 el — A4
H BUHE, po BUNN AL — W AUE T IE IR,
X U5 B R 0 A 1 Ve P B AN P I TR e 2R AR

e, RO RN, X+ s &8s & 71T E,
] 5 (b) JU 27 (o B b v (s Z2 Bl 6 1] DA /2 R 2K
FEIR (BAEIX 3 3 it 2k YT 4R35 9 0 ), 1 A
A V6 B8 BB IS TR)IZ AT G 0, TR AR AN e, R I
NERITATA. X T po = LAEBIEI, BT
A7 L B oA O 22 BB I 7] ¢ 2 PR, 2 7R £
SHE AR R RRAE, U TR A A A T2 0 (B
B 2 B ), ASREFE AR R fi Z2 R it IR R 20 A1 ) R
WRLRL. XL A RN 5, R IX T F S ssh A id
BRETATE, BB AR, IR s iy
AR, AR IR A RN e 5, R A AR . 3o
tESEE . sismsm@mE =mEi, hA
A TRy 3G RN (5 AN TS T AT B I SR RN
5k, HAJE(E thitoh, Jois E AT E R E
2% 18] ) A v Bl B, (HLHL M AR 1 B A Jie
OGP NI, F IR AN E 5k T4
B Bh S R AT, Rk A2 Tahdds
I} 121 9.

1.0

! L R

[=2]

(B(t))

—— po=1

(E(t))

0.4F —— pp=0.10 ]
—— po=0.25
0.2} —— pp=0.75
—— pp=0.90
0 . . .
0 50 100 150 200

t

4 (MTRG) BB FFEEME, &7 E/—TH
A EERAL B 1 R A 2 RS A D B fE (a) B
&l (b) DA ME

Fig. 4. (color online) The variations of entanglement
with time steps are plotted for different values of per-
colation probability: (a) Static percolation; (b) dy-

namical percolation.

130303-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 13 (2017) 130303

10 [(a)
81 — pp=0.10 — Po=0.75
= 61 — pg=0.25 —— po=10.90
~ 4 -
2 -
0 -
0.8
0.6
© 04
0.2 |
0 , , ,
0 50 100 150 200
t
oL ® ]
10} — po=0.10 —— po=0.75
< s8f e pp=0.25 —— py=0.90 ]
< o0 ]
4 - 4
2 - 4
0 + t +
1.0} E
0.8 ]
L 0.6} )
0.4 W
0.2 1
0 , , ,
0 50 100 150 200

t
5 (MR E) EECAFFEEME, BT ERMLE
P Z AL D B4 (a) SRS (b) Bh&IEE
Fig. 5. (color online) The variations of standard devi-
ation with time steps are plotted for different values of
percolation probability: (a) Static percolation; (b) dy-

namical percolation.

5 & W

TE— 45 S TR TATE A, T T i e
HOBEHLEE BN T 51\ TE R, 60 T
By 0 1 20 SRS BT 9 T 60 R0 7 A
. TR SN PR R R —
HAS, BAR R TR b P Bl i
S TFA 1 A IR 50— B LA,
TER T A7 0045 — 2 oA ST R O
AR Hadamard B M A7, HABREVIIER Z] &
TFAFAALT & = 0 f5hLob R BRI AR 1 50 F i
SER AR ATOE T 1/V2(| 1) +i] 1)). £

R G T 44 %%%I@%@%H@m
N, W AEs R T EN SR T AEE
SR 2 th B M TR 1 50 90 0 1 22 R
AR 22 S BT D A A 1 AR R
BT B MR 0K, VSRR, B A R
SRR R YR, T AT P R e

AR T H RE 2 T R 2 28 10 3R B H AN TR ) 3 7 2
ACAT Ny, BARTE DL, & 2H AR SR P I T P
WL B — N BUE Eo(~ 0.85). Fdz g
G/, S RE A T I EOE R IR, 1B AR
SEETAT E I 2 B I TR g hn, e
eI [ AR 0T B H RO, R Bh A
B RE T A PERRE. BEA SRR,
BB B ALAFM IR, HAETETT K
HTIE‘!M&BETKJJ#EL/’% TATER M2 A iR
g B 5 @B R RN R R TATES,
HACRE P T AONLE A AR EE AR, Al
I FE LG KRR, B @B B S @B R L 1k
B RE LUOVE 7E BB AR TS 1 #4712
WATROTE, TP A )R R AT B Tl g1
EREMEBLR 5 IR PP LA,

SE 3k

[1] Farhi E, Gutmann S 1998 Phys. Rev. A 58 915
[2] Aharonov Y, Davidovich L, Zagury N 1993 Phys. Rev.
A 48 1687
[3] Chandrashekar C M 2013 Sci. Rep. 3 2829
[4] Kempe J 2003 Contemp. Phys. 44 307
[5] Zaburdaev V, Denisov S, Klafter J 2015 Rev. Mod. Phys.
87 483
[6] Ambainis A 2003 Int. J. Quantum Inf. 1 507518
[7] Childs A M, Gosset D, Webb Z 2013 Science 339 791
[8] Du J, Li H, Xu X, Shi M, Wu J, Zhou X, Han R 2003
Phys. Rev. A 67 042316
[9] Schmitz H, Matjeschk R, Schneider Ch, Glueckert J, En-
derlein M, Huber T, Schaetz T 2009 Phys. Rev. Lett. 103
090504
[10] Karski M, Forster L, Choi J M, Steffen A, Alt W,
Meschede D, Widera A 2009 Science 325 174
[11] Xue P, Qin H, Tang B, Zhan X, Bian Z H, Li J 2014
Chin. Phys. B 23 110307
(12] Engel G S, Calhoun T R, Read E L 2007 Nature 446
782
[13] Chandrashekar C M 2011 Phys. Rev. A 83 022320
[14] Kitagawa T, Rudner M S, Berg E 2010 Phys. Rev. A 82
033429
[15] Beggi A, Buscemi F, Bordone P 2016 Quantum Inf. Pro-
cess. 15 3711
| LiZ J, Wang J B 2015 Sci. Rep. 5 13585
] Wang L, Wang L, Zhang Y 2014 Phys. Rev. A 90 063618
8] Wang Q H, Li Z J 2016 Ann. Phys. 373 1
| Di Franco C, Mc Gettrick M, Busch T 2011 Phys. Rev.
Lett. 106 080502
[20] Goyal S K, Chandrashekar C M 2010 J. Phys. A: Math.
Theor. 43 235303
[21] Carneiro I, Loo M, Xu X 2005 New J. Phys. 7 156
[22] Vieira R, Amorim E P M, Rigolin G 2014 Phys. Rev. A
89 042307

130303-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/PhysRevA.58.915
http://dx.doi.org/10.1103/PhysRevA.48.1687
http://dx.doi.org/10.1103/PhysRevA.48.1687
http://dx.doi.org/10.1038/srep02829
http://dx.doi.org/10.1080/00107151031000110776
http://dx.doi.org/10.1103/RevModPhys.87.483
http://dx.doi.org/10.1103/RevModPhys.87.483
http://dx.doi.org/10.1126/science.1229957
http://dx.doi.org/10.1103/PhysRevA.67.042316
http://dx.doi.org/10.1103/PhysRevA.67.042316
http://dx.doi.org/10.1103/PhysRevLett.103.090504
http://dx.doi.org/10.1103/PhysRevLett.103.090504
http://dx.doi.org/10.1126/science.1174436
http://dx.doi.org/10.1088/1674-1056/23/11/110307
http://dx.doi.org/10.1088/1674-1056/23/11/110307
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1103/PhysRevA.83.022320
http://dx.doi.org/10.1103/PhysRevA.82.033429
http://dx.doi.org/10.1103/PhysRevA.82.033429
http://dx.doi.org/10.1007/s11128-016-1334-8
http://dx.doi.org/10.1007/s11128-016-1334-8
http://dx.doi.org/10.1038/srep13585
http://dx.doi.org/10.1103/PhysRevA.90.063618
http://dx.doi.org/10.1016/j.aop.2016.06.015
http://dx.doi.org/10.1103/PhysRevLett.106.080502
http://dx.doi.org/10.1103/PhysRevLett.106.080502
http://dx.doi.org/10.1088/1751-8113/43/23/235303
http://dx.doi.org/10.1088/1751-8113/43/23/235303
http://dx.doi.org/10.1088/1367-2630/7/1/156
http://dx.doi.org/10.1103/PhysRevA.89.042307
http://dx.doi.org/10.1103/PhysRevA.89.042307

¥ 12 Z R Acta Phys. Sin.

Vol. 66, No. 13 (2017) 130303

Vieira R, Amorim E P M, Rigolin G 2013 Phys. Rev.
Lett. 111 180503

Chandrashekar C M 2012 arXiv:12125984v1

Li Z J, Izaac J A, Wang J B 2013 Phys. Rev. A 87
012314

Yin Y, Katsanos D E, Evangelou S N 2008 Phys. Rev.
A 77 022302

Schreiber A, Cassemiro K N, Potocek V, Gabris A, Jex
I, Silberhorn C 2011 Phys. Rev. Lett. 106 180403

(28]

130303-8

Tormé P, Jex I, Schleich W P 2002 Phys. Rev. A 65
052110

Chou C I, Ho C L 2014 Chin. Phys. B 23 110302
Wang D D, Li Z J 2016 Acta Phys. Sin. 65 060301 (in
Chinese) [EfH}, 2281 2016 #EL4R 65 060301]
Lam H T, Szeto K'Y 2015 Phys. Rev. A 92 012323

Bennett C H, Bernstein H J, Popescu S 1996 Phys. Rev.
A 53 2046


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1103/PhysRevLett.111.180503
http://dx.doi.org/10.1103/PhysRevLett.111.180503
http://dx.doi.org/10.1103/PhysRevA.87.012314
http://dx.doi.org/10.1103/PhysRevA.87.012314
http://dx.doi.org/10.1103/PhysRevA.77.022302
http://dx.doi.org/10.1103/PhysRevA.77.022302
http://dx.doi.org/10.1103/PhysRevLett.106.180403
http://dx.doi.org/10.1103/PhysRevA.65.052110
http://dx.doi.org/10.1103/PhysRevA.65.052110
http://dx.doi.org/10.1088/1674-1056/23/11/110302
http://dx.doi.org/10.7498/aps.65.060301
http://dx.doi.org/10.1103/PhysRevA.92.012323
http://dx.doi.org/10.1103/PhysRevA.53.2046
http://dx.doi.org/10.1103/PhysRevA.53.2046

) I8 % 48 Acta Phys. Sin. Vol. 66, No. 13 (2017) 130303

Properties of distribution and entanglement in
discrete-time quantum walk with percolation®

An Zhi-Yun Li Zhi-Jian'

(Institute of Theoretical Physics, Shanxi University, Taiyuan 030006, China)

( Received 18 December 2016; revised manuscript received 1 April 2017 )

Abstract

We investigate one-dimensional discrete-time quantum walk on the line where the links between neighboring sites are
randomly broken. Two link-broken ways, static percolation and dynamical percolation, are considered. The former means
that the broken links are fixed in position space at each time step, while the latter is that broken links are varied with
time step. Our attention focuses on the effects of these disorders on two physical quantities, the probability distribution
and the entanglement between the coin degree of freedom and position degree of freedom. Choosing Hadamard coin
operator and assuming the walker to start from the position eigenstate |0) and attach itself to a coherent coin state
1/vV2(] 1) +1i| 1)), we give the statistical average results after making numerical calculations many times. The choices
of coin operator and initial state, resulting in a symmetric probability distribution about origin in the ideal case, is
helpful in comparing with different cases in different disorder strengths. It is shown that the probability distribution of
static percolation quantum walk can change from a coherent behavior at short time to Anderson localization at longer
time, while the dynamical percolation quantum walk can change to a classical diffusive behavior. With the decrease of
the percolation probability, these transitions become faster. The entanglement for ideal case without disorder reaches
a constant value after a short time evolution. The static percolation makes the entanglement less than that of ideal
case and fluctuate irregularly around a certain value. The situation is very different for the dynamical percolation:
the entanglement increases smoothly with the time step and can exceed the constant value in the ideal case at some
time. Both of entanglements for two types of percolations decrease with reducing percolation probability. As a striking
characteristic, the entanglement in dynamical case can tend to maximum regardless of percolation probability in long
time limit, while the static case cannot. In the model for our study, the randomized unitary operations, induced by the
static and dynamical percolations, can lead to some noticeable effects on the transport and entanglement of discrete time
quantum walk. The results about the interplay between disorder and entanglement not only assist quantum information

processing, but also give more options to further explore and understand disorder physical processes in nature.
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