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Fig. 1. Each particle emitted from the particle source is
measured by P or @, and the choice of measurement is ran-
dom. The uncertainty relation indicates that we cannot pre-
dict the outcomes of both P and Q.
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Fig. 2. A guessing game between players Alice and Bob.
First, Bob prepares pa and sends A to Alice. Then, Alice
performs measurement Q or R with equal probability on
A, and stores the measurement options in @. Third, Alice
stores the measurement result in the K bit and tells Bob

about her option ©. Bob’s task is to guess K (given ©).
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Fig. 3. The guessing game with a quantum memory system.
First, Bob prepares pap and sends A to Alice, Then, Alice
performs measurement Q or R on A, and stores the meas-
urement options in ©. Third, Alice tells Bob about her op-
tion ©. Bob’s task is to guess K correctly.
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Berta SFAUEE R ARG & iP R 2I50IE 2728
WA NHEH T I 4 NI S D O R RiE AT 5
UE PO B SE LISk, A0 T RSB B O R
RIS AE AR R R | 03, ik Lo SR A
ToRMEE TR,

3.2 # E

3.1 W EENHE T B TI4E NRATEE LR
FIRF SRR, 35 TR RN AR I SR S T R
T AN A B O 2R 1 R T Tm) S AR

321 METAARETAETOMIHR L
£ 7
P A PTRL T i T AR RN 2 R
i, 4k Berta 2 J5, 15 %2 % W AW IR,
(T % T SR T A, B IO - 560, 7T LAAS
S 1 (34) R R AR AL F R Pati % 90 L0 T
(34) 3T L5 B

S(Q|B)+ S(R|B) > log% + S(A|B) 4+ max {0,6 },
(37)

Hip 61 =D (pap) — C(pan), Clpan)it LM
B, D(pap) e Ri1E B Fegkih A (31) X

A (32) 2. E B 7 R B G2 S(X|B) = S(X)—
I(pxp)(X #RME Q,R), I(pxp) < C(B|A)FI
H(Q)+ H(R) > quu, XERW Y wmFRIFERTLIM
KHRIT, Pati 5542 H O ASHA 2 B T A48 (34) i)
TARENE. MRF RS E T E paplaifl
[Vapc), BT IIERIZEHICHR 2 (] Y 22 5 18005 HA il
I@éj\@a [32,33]. .

§p = D(BC|A) — D(B|A) — D(C|A), (38)
WA ERTE pap 4k Y apc) 6 B
AR D (BC|A) > D (B|A) + D (C|A)I, Berta %5
PN E BN A i &

[FIRERY, (35) =T Al Igh it hy

S(Q|B) + S(RIE) > logé +max{0,0)},  (39)

Hrh, 61 = C(B|A) - D(BE'|A), D(BE'|A)EE
A4 A M BEZ BB EFRIE, B8 ABE 4l
ARG, Bl page = Trp (|V) appe (Y]).

|13 (34) 20 F SRR |-, 2014 4, Coles
1 Pianil® 78 B BOR 5 A T8, AT A
{cij} HEE ZRINS L co St T 0 TR AN 2 i
KR
S(Q|B) + S(R|B)

1 1-
> log— + Ve log£ + S(A|B), (40)
c 2 Co

It —BUE] T T T R E AN E S AR A
S(QIB) + S(RIB) = q(pa) + S(A|B),  (41)

iﬁ: EF‘ E/‘J q(pA) = maX{Q(f’A? Qa R)7 q(pA7 R7 Q)}) )L_l»
BT

q(pa, Q. R) = Zp? log e (42)

9(pa, R, Q) = Zp C o (43)

ﬁ¢ﬁn@1thQmmaéwmﬁﬁ
pRASE—FE. AFHDREAT LUK, R RS A 4k
r;:d =2, (41) ST RIR A € BE G RTR FHA
Berta (1 N30, (B2URAEREd > ¢2, (41) 20
FIZE R T BB EL Berta [ F FU8E R EL
BT LITERER pa ot /MY g(pa) , Wil
g =min,,q(pa), Coles Fl Piani #&H X Ff e/ Mb AT
PLIE i LR AP BRI
¢ = max Amin[A(p)], (44)

0<p<l

)\min[A(p)] i“:‘éi_\‘ %E %VarA(p)
R/ NAIEE, o

1
Agr = ;l()gQ(man. Cjk) ‘%QH 'RE

=pAgr + (1 —p)Arg

A = Y togy (e BN WE], (49
k

[, (40) AN (41) AT & T FaT Dl 7E
ANGFEAL M N0 MY —I max {0, 61 } AR5
HE

Adabi 435 L)% Haseli 1 Ahmadil8 )\ Holevo
HAEF RN &, fE T A FRsA

S(QIB)+ 8 (RIB) > log , + 5 (A|B) + max {0,xa}
—I(pge) — I(prB), (46)

VACFHE Bob X} Alice Bl Q T FRHL
I(prp) L RE—FE, LY EAFEB I(pan)

x2 =I(paB)
H I(pos
HfE B,
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KT Bob A 3KHUAMF B Z A, (46) XA HET
ks H Berta 25 H B T SR AL, X TR T
7S, KIFEA 6 = xo, WL, (46) XGHIT
FEHg 2 (34) 2R (37) 2R AR 3L, BRIk
Z 4k, Adabi 45 B 381518 T X Werner 2%, (46) 2
T (37) X TR EA, (FEXF IR
XTSI 7 HURE X2, Adabi A9 F S 11
VAT (34) LA (37) .

1 Berta % 1§ H A0 R B 2 B 6 RaE T
PHAN ORI 8 A I O, SEBR_ B S E R T LU
FITHE— R, R 2 R B, TRE XA
Rk, R WA XA Jr ) B T o P R
I 25 KK s — R PEAY A OE T A, Berta 4542
B A S T X R PRI (Q N R), R4 2
LR EARE? AR Liu % B8 42 H A 3
TAF T A B B O &R, B X 1 S T A
N AW (M e, B4

S SOIB) > g + (V- DS, (D)

i=1

N—1
b:max{ Z max c (v, vh)] Hc(w’” Zﬂ)}’

N lig~in 1 m=2

(48)
Fop bRBH e (opvn) = max | )],
{|vr ) 451 M,y E’JZL‘{E% S (47) KA,
BN =2, WEREMWIER, b=c, ¢c=max;;{c;},
(47) K T FHE 2R B H (36) X —FE G L.
Bl JE K e Fem il { M} BRI, B el R
R Mo SR HE e NFHEF AR SR, FEBLSERT L
Zhang 55 P 158 T —ANHHXT (47) XA BN T
B, BrEak LT

N
> S(M;i|B) > max{L:} + (N —1)S(4|B),  (49)

=1
A
- Zpsg\]N log Z
in

in, N>k>

n+1
Zn+1

pey, = Tr([e)(EX] ©T8) pan

W Ah, o ay DL H A 7 Ok AEAE (49) 2
T, Dolatkhah %5 10 5% H Adabi 45 7F X s (3
Hh— R A

N
1
;S(MilB) > log o + (N —1)5(4[B)

+ max {0, xn}, (50)
Hpxny = (N =1)I(panp) - 211 I(pm;B), R
E (50) AN (49) a1, 24 C(BIA) < I(pw, )T,
(50) BT FARXT T (49) X EBP T A LA
BRULLASR, R Pati 5 BHON S0 7 2 U,
WA FEMET N TIERA & TAE S L T 2
D2 (R AN o 3 DG AR B8

Zs >1ogb+(N—1)S(A), (51)

AR

N N
ZS(MAB) = ZS(M,) —> I(pu,B)

> 10g% + (N —1)S(A) — NC(BJA)
_ log% +(N=1)S(AB)
+ (N —1)D(B|A) - C(B|A). (52)
B (52) Kt TG WAL, 7T LIS 2] —A e Liu %
BIF S ((47) 2R) B EEF 5, #manh:

N
"5 (Mi|B) > log g + (N ~1)5 (4]B)

i=1
+ max {0,0n}, (53)

Xy = (N —1)D(B|A) - C(B|A).

Hu F1 Fan™ ]\ 55 401 £ B2 ok 73 B7 2 1176k
T HR AT E R, AT Berta 5542 ) 19 45
W ((34) ) i, AT E WA AE B T XA
o, A NIRRT pas, ByByy, ITH
DU AE XA S EAIE R T, Iu Alice, JF
LBK B1By -+ By Z B8 B A2, TR 4T 55
SCRT Y Alice 1 FITERLT A LRSI E52R, ﬁ’i
T R 2 A R I AR A AR A T A
LA

N
> S(AB) =0, (54)

i=1

M (54) 2 ZR BB AT )T B0, T LA RE g,

070302-7


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 Z 3R Acta Phys. Sin. Vol. 71, No. 7 (2022) 070302

Alice Xf L 1 A B & 25 R A GE P H R IL K
BiBy -+ By [F] I HERG TN, XA £ BE 0 A 4%
HHY (54) ABEAE IR FFP B AT E R

322 ZETRAETAMTORIHZTEL
2009 4F Renes #l Boileaul! 25 H{ T =k T &
S AEA TR B R B

1
S(X|B)+5(Z|C) > log, = = quw,  (5))

X AT DA R RO TR S . AT 4 PR, Rk
MR —NH =R T RAEE papc FWEFTHE, 3
HFHRG A, B C515llki%4, Alice, Bob il Charlie
=N\, ¥#, Alice X R4 A #H17 X o Z0H:, Wi
PERE XA, % £E4E IR Bob, Bobf4T 555k 2 LA
e /N AN 8 A R A R TRIRE, AN Rk R
Z &, B EEE & UF Charlie, Charlie s 2 DAf /N
ANHS E AR I I 2 R R AR L B
% Bob Ml Charlie 5B K Alice &% T, 7E Alice
REM LR K IR RS0 Bob Ml Charlie
Ja, RAEXPA BRI AR KB, ]
PN AR T B Alice. (H2M (55) AT LAF H,
il e X F1 Z 9 E M4, Bob A1 Charlie X}
T I 285 5 AN i MR — Rl R AR B DE &R, Bidn
RIEDK Alice WHEEZESE N X 1], Bob e HSE I
TSN K, IB4 Charlieslt 7 Alice | £

VA

- @

Bob

K4 =RFEFAAERRE R 5% MRS pase,
I ¥ A K 7 4R Alice, B &% i% %4 Bob, C% Charlie. #% %5 ,
Alice 78 A it 47 X3 Z0 &, SR J5 75 & & 43 Bob kL T
BIWEBL T, #117) Bob 3¢ F Alice 1 X I i 25 1 1 AT o
P, 75 B & % Charlie B2 T C 9 1% i T ¥ 7] Charlie 47 3¢
Alice 1 Z M 25 R BOAHHE M. BA MATH A 5 i 5% 1 45
B K XA A BEH Bob 1 Charlie JH:F

Fig. 4. The tripartite quantum memory setup. First, the
particle source prepares papc, and sends A to Alice, B to
Bob, and C to Charlie. Next, Alice performs measurement
X or Zon A, and asks Bob about the uncertainty of Alice’s
X measurement outcome, ask Charlie about the wuncer-
tainty of Alice’s Z measurement outcome. Only both of
them guessed that the output is K, the game can be con-
sidered a victory for Bob and Charlie.

WPy Z ), IERSEIN RIS R K, 2K,
X F Renes 4518, 2 BT FAEMASA]
WL BB 2 R R — A, XA —E R
FRYE. Fitt, Ming 45 %1 £ Renes F1 Boileau ) 45
WEE b, 53] T AR TR A, AR
R
S(X|B)+ S(Z|C) = qmu + max{0, A}, (56)
Hp, A=quu +25(pa) — [I(A: B) + I(A: O)]+
[1(Z;B) + 1(X;O) = H(X), I(A: B)EHFE,
I(X;C) = S(p”) =Y piS(p/) /& Holevo ik, EAL
Y& Bob Xf T Alice Wl i 25 R Al AR BUE By 1
Ft, Alice PR A AT X I, 75355 i &
st oo pe=Tewn (1T pan T ). s
w7 pasir s of = (T pan ).
H(X) ARRIEX A B FHATI R X TR,
H(Z) W2 R E S, el BT A TR M
LTI T BRI E R
S(X|B)+ 5(Z|B) = S(A|B) + quu, (57)
S(X1C) + 5(2|C) = S(AIC) + quu, (58)
WP S AT 15 3] — A SE
S(X|B)+S(Z|C) = 2qmu+S(A|B)+S(A|C) (59)
~S(Z|B) - S(X|C). (60)
F ¥ S(A)=I(A: B)+S(A|B), S(A)=I(A:C)
S(A|C), H(Z)=I(Z; B)+S(Z|B)FH (X )=I(X; O}
S(X|C) B, BPATHE Ming R85 8. TR
M2, TEJLFRR TGO T AW AR fRTf: 1) 24 7T
W X Z 2w HANH T REG A REKIREG
AW, AN GHZ 255 2) 24 A WL 2 2 1 A1 £ B
oz, 0. M, FRGSGEIEM T80, #lin GHZ 28
T XH W B H Werner 2525 ; 7EX R T
AT ISR H(X) + H(Z) = S(pM)+ quu, B4 A
AL b A = S(pa) — [I(A: B)+I(A: O)]+
1(Z;B) + I(X;0).
Ffi J5 , Dolatkhah 45 4 £ Ming 55 43 ) T 4E
HEfil EERR TR AL, B
S(X|B) + S(2|C)
S(AIB) + S(A[C)
2

A:B)+1(A:C)
2

= qmu + max{0,0},  (61)

g o — 1L

—[I(X:B)+I(Z:C)],
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5 Ming 25 9 T FAHLL, 2T AL X W 25 KR
B R RS T O BE A 5 TR,

2.0

@ e
1.9¢r SO
~
~
1.8} AN
N
N
1.7 \
\
\
16} .
\

1.5 — Our result \

= = Ming et als result iu Ref.[44] \\
LAT mee S(X|B)+5(2(C) |

1.3

0 0.2 0.4 0.6 0.8 1.0

p
1.5
(b) = Our result
14 = = Ming et al.s result iu Ref.[44]
=T === S(X|B)+5(Z|C)

5 XISk G HZH SO [44] RIS =, TO6R E
Bl R R T Ming % FZ5 5 (B LY Ref. [45]) #iie A X S%
SOk (43]) A Dolatkhah 2825 5 i 5 1, 3 5 P60 9 W0 i J2e
WHME: X =0, Z =0, B #EZER (61) £, 402k
Xbpi A, AR N R A RS A E R ES.
(a) I7 X W it F A7 AR 1 E B2 AR AL R
(b) A = H RS T A7 T AR B 58 BE BT ARy IR

Fig. 5. These two pictures are quoted in the third and
fourth pictures in the reference [44].The picture shows the
comparison of the results of Ming et al. (Ref. [45] on the
picture is the reference [43] in this text) and Dolatkhah et
al.. The measurement selected here is the Pauli measure-
ment: X = 04,72 = 0,. The blue line in the figure is the
left side of the formula (61), and the red line corresponds to
the right side. Their overlap indicates the corresponding
quantum state, and the bounds coincide with the uncer-
tainty. (a) Different lower bounds of the tripartite
quantum-memory-assisted entropic uncertainty relation
(QMA-EUR) for the generalized W state; (b) Different
lower bounds of the tripartite QMA-EUR for symmetric

family of mixed three-qubit states.

3.3 BAHEEXRHIAZE

AAL AT AT AN 78 O RAN B R A e AN 1)
KF T WA & B 56 R I WF 28 12 7% 52 3 AR Y 1=
FRGe sk, Fr AR A FIRAHE ORI
K| T ARGl fi2EE .

3.3.1 BRARAEDLRAAKSRE

MSEBRI A BE &, T RGEE 2T R
40, HL RS VR AH RN 2 52 5D ML AN
Bl 8 FE R/ XA T S 1, 7 Bl
T B 0] 5 e AN 2 PR A R /NS A5 AN AT Bl
Mz xEE. B HETCH L, fEAFRAREE S T 1 &
T T AN E B O R A9 T i TR
I TAE, — kUi, IREEA AT DLy ok B /R B
TR LRBERIAEE. W —A RS 5 B DL )
7 N R G I AEE, A (5 B, sh s
SR AR M, RS E D R G I E
SUBTE RGNS 2 RIOAUR] i s Y, e fe (s
SEFE RO, MIFRIZIRE AR L /R ] IR

AN O FEWFSR T 1R =T AEE AR T
OUTF, M— T R D7 SRR R AR B R B
HIAC B, AN E M Bl 1% X R G — 1
BEMR T H—1MEAHE (— RN — 122
AT FA A, 3B ST R B, IR P A
XoF s i AR A 5 B AT DAV AN e . B 5 1
Z AR 4 i (A R 5 B A R R B Y
BRI T 555 R 5 e B ) 2 S 3 R AT R R s
Arom R, {5 Bt S R R R T, HAREREY
W H AN 28 B 3R . (EA T B, YR
P50 B2 0 T I R & 5l BE R, ANHff o BE AR DA
FANE A2 BE AT R N IR, YR T IR A /N T
I S 5t BE IS, AN R AN BT/, A R s ]
FRU I P 21 T 5t

BitiJe , 75 SRR AR B R BHR 2 AR LT
VHE T PSR & B S5/ % 66 %2 i R 1
PO RGP R AR T AR B C R 1T
AN 22 O ZR FH A IS R A B S50 B 61 2
) AR O = e A T v iE0: I R N WAER i A D) A e o 2
R AN B R ] Rl B AR AR s ZIryaE
Ly R AT R 2 S B0 B N 0 B AR B 9 R R
KSR . AR, X F SR AT il B AN E
PR BR 23 Bl 2 s (B B HE RS S 35 I 8% s s 2 31—
A EE. Bk, iR —2 T AE M50 Sk Az 4k
Ly 7R AT KA 5 ] B B AN 2 PR 1 801 ) 2= E
332 JLMHERMAGFTHRIAARE,E

7%

T2 F &4, Feng 55 P AE 2015 4F IR
WL 3 7E Schwarzschild BAJRAEZL A A & T4 T
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B AN 8 S 2R, 3X 1> Schwarzschild 22 # I
AR Al B S ) — A, WA DU, AR
SR DAXEANER 8 VE T SR T B . X T A R
RRMER 5 A S50 T RGP AE
1) A i RS B AR 2 8] AN PR
IR T8 4 R A A5 B 25 AT s A b 5 BUR
FE PR B3 AN AN PR R A B i A
fiti i RS A DL SO S 2 5 R T 2R 1T ) R B AR
UG, BEAR, A T S A B G kR N
EE S HAMAH & B, Bl Aharonov-Anandan
Al BEREANERE BE T T HUER.

7 83 A S B 5K =2 A AN M TR
Alice F5A 19 & 245 A Fil Bob 7t 4 & T 1A ifi#%
1 B 38 AT DL o — % W g g 5 R IR A B
(1) JC 5T i -t A AR SR AU, 28 A qul T
DERRE A RERASIRBTE. 5L 0, F5
4t A Wi 5 B R e A i 2 kAL
A T AR T Y. (EA R, AT
it S(A|B) < 024k Hfi 3.

iz it , Huang % P 5¢ T 78 Schwarzschild
PR ML, A B BEFIIE A BER Dirac 377 19111
WA E B S 2R, UEBH T H 3 B nT LU Holevo &
HE. EREE, 5HGEAMLI, Holevo AL
R b, M A TR B, ANER P
TR T A2 ()i 22 A8, IF HORKGS T 22
TR AR . ek, S %3 P R T 1
Garfinkle-Horowitz-Strominger 75 5= I T Dirac
R R B AT R AN DG &R

FATECTE T A TesE R G0 b iAo e B G
%, Heisenberg H iEEE A L2728, —4E Heisen-
berg #) X Y7Z HEMG i 1] LR A

n

1 X T z __Z
HZ§Z(Jz0k0k+1+JyUzUZ+1+Jz0k‘7k+1)v (62)
k=1

op(y =y, 2) 840 kAL E AR BAF, T, BT
I E- E AR FAE IR SEPral & o . sk J. =0,
H J. =J,, ¥ 1) Heisenberg §% FR Ky XX A5 A
B — I A T RSB S B O R N B
R XX AR Huang 55 PO b AITHYSE R
B, WIS F e B~ ) A S R BB 25 A
NHRE BE , R T ARXT R R R A R AL, Ao E i
HELRBNE. Mif5, fFHAM Heisenberg H BEREARL
I FIEL A Dzyaloshinski-Moriya (DM) #H H.4E i

Y Heisenberg FERI A7 — 2656 F i F A& T
TANH R B2 OC R A5 5759,

AR, HIBAERT T FEAE Y 2G5 vh— i A%
18 XY Z R PRSI E B S i DK Z A O
F WL EAEENE, RATER A4
(55) X FRI T A AT Lk S

1
Ur = S(pas) — S(ps) + logzg

1 .
= 10g25 + ggi[s{nf}(pMB)} - D(pap), (63)

M (63) AT LU, TR S 8T D(pas) &
AR BRI . L Ah, Zheng 4 [ Fl Huang 45 (01
R T RGPS TR ZAOCR, Heisenberg
B R EA DM A EA FH P AN B B 1) SRk
Ming % 2 A T DM AH B AR H A [R]350 20 %)
TR AT B B2, IF HOR AN 2 SRR 5
HE T, (B 208 T8 AT
Yang 5 01 i 55 7 B A DM A B AE 9 — ik
Heisenberg X YZ A AR ANEA 1 BE (1) 8 1 2R
Zhang 55 [ F1 Shi 55 5 iff 5% T &) 4k Heisenberg
TRV A4l DA E B OC R, Al Li 45 00 J¢
Ju ZE O HFSE T A TR A HE T R AT E LR,
Br T LIV PR RS, A AR bR R 08, 4
NI H g B G a L Hpos 29 ) AR g (6970148 R g v
AN 2 DG R T AL

SEPR B AR B TE AR AR TR T RS
HRAN AT ik kb 2 55 ] FRI A AH BAEFH, AT B0R
AT BRAEHL, XX ANH = A e (1) 25
FX— i, FEP T AT 55 75 2 RO i R A
T W0 T ARAS ORI B A AR, — BB  5
O B SRR 25 R AR QA AR 4 270 5
UEHERAE 077 R LK FRAE 75-51 SR AN ff o 32 i
TR,

4 A E K RAE LT H LA
4.1 =ETFREES

(34) A i TAEAH T AR A L SC Rl
PARIARPUNAR £ SRR AL 45 B2 Bk 2T
TR SR

11
Fo =5+ cTVTIT, (64)

SE SRR AR S, WA T LR SRR
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TRAIER), JUT R, 58 i fE TR
TEOUAH L, AEREXTRE T Berta 5542 H AN & B A
IS pap X T T RIEA R U A . dt
S, M — A ANWEE ] — TR 26 1R S(A|B)
I, ] DR E ORI BE R R AR R 2/3.

4.2 S3|RERK

TE 1935 H Schrodinger® 1 /¢8I, 55| )&
— P S A AR T REM S (REATS
FHAD). FIEAP NS5 Alice Al Bob W J7 #YiL
R A, RS A EIREE RS A B.
SHIFRR—INT ARG A NIRRT —
NFRG B FIIAFREES. HAZIA N E
FRHEZETTRTH, 28061+, 7B S EAT]
FH1 . AN R BRI I DR SR 2T
S0, DURAS G5 R MR A Jay 0 B A s A A 4 1Y)
Wiseman 55 B 55 [ A SIE AR LA 72
VFJR B B S AR (LHS) 2 pap, LHS B AT L
XHAMRE, RS BA— MRS, E58R%
A AR DU Py 2 B AR O . X FPIE A R A
IR A RSB T R5IA%K, 5IURASE
AL

Walborn 45 8] I Schneeloch 5 86 Ji& 75 T 11
AT AR AN 2 PR O ok HE S 2 IR A R
B —JRRaAs, A2 10 I AR 201 i DA B
REWIATEER, B EATZDL A 1R a2
R AR, AR UL, LHS BEAIE R E A Ml
B L RYESHOTIRN & Xa, Xp BIERA RS0 H

P(X4,Xp) =

D P(A=NP(Xa|A=\NPo(Xp|A=)), (65)
A

X HL AR IR E Bob HRARIRAS R &, N ZixX
AR ] DU — MR RE(E, T Po(Xp| A =X) LAY
AR QERIA TR AR A TR T KA
Gl

H(Xp|Xa) > H(Xp|Xad) (66)
=Y P(A=MNH(Xp|XsAd=)) (67)
A
=Y P(A=NH(Xp|A=N), (68)
A

X B H(Xp|XaA = N) Al LSO B2 DL Xk 46
8, LLA = A 55 R Xp 0. (R, XTI

B AT 5 X g F Zp AP TE A W]
NI 5 X o F1 Z 4, WT LA E]
H(Xp|Xa)+ H(Zp|Za)
> ZA P(A=N[H(Xp|A= )\ + H(Zp|A=))].
(69)
B H 5 Maassen-Uffink BYAHHE R (31) HH
54, MR 35 AN L
H(Xp|Xa)+ H(Zp|Za) Z quu, (70)
Hr, quo XN Bob BRI, £ 21 LHS
BERIPAPRAS pap 200 /2 (70) 2. Ak, (70) =iy
S SOAT LAKE B 5 | R s . R TR S AR ) Al
AT DS U T 5 AN A L
Zhen 5% 7 3@ 3 JRy OB 2 R BRAIE R T EPR
(Einstein-Podolsky-Rosen) S:5|. i 48 H Wf T
A GE T, A2 LU S pap A& AT
S50 (A ATLLR5] B), AT

252(%.41' + B;) = Cp, (71)

e, 8(M)=(M?)—(M)?, Cp=min,, )  6°(Bj),
{ai} BN

4.3 [EHIEL

BEMLECRVF 2 B # {5 B AL BT 55 o i ST
U5, N HIVE Rl =2 ) AT LA FEZR I T 2 R 240 Fn
T, DR TSI 8 SR S A 7 e PEHRAE, Ir LA
FEAILECE: — R Bge R . 2 iy A e PR Ay,
ATERUL, ANSRIREE XYL 2E R G R AR A R
LR G L HATERAEAR 58009 T i, 52 M 2
R S0 ) B — 45 SRS AT DA A S T
T DR FREATL A BT 5% e 1 0 A ) (1] AT (881,

1 A N E A RV AT %
REMLIE B O ME A, BIZEAR B U2 i Fok 5, Bl
MR L. A L, AEN— 1 REYLAS & L A]
DA S) e e K | LT AE LR {0, 1} L.
AN, FRATIE A B X ABEMLAS Tl S, TS T RE
WA AR E B TS L B AT fr
RIRHESR L WBEYLRD . S TR

2[
1 N
e = o > iyl @ g, (72)
i=1

fild T SL T HA S SGAE B8 LAY B
Bl BA TR AR R XA, Wt
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PR EES

<6, (73)

Tr

2l
1 N
PLE ~ 5 E [i)(ilL ® pE
i=1

AT LI pre ik T —A L 6 1L 1%
BEMLEL H AN, T E R, X A ||, AR 4L
BB LATHL (1 + ) BRI M
— N B ST A BEAILAS B Pl XA TR XL
SR AT G R HESR A% 0 B0 o PRI T
SECE YRR T L2 Ak AT e AR s
DL

A A B2 OC 2R T LA B 3RATT S B LR Y B
PUEL BT T 00 i ™ A i B LA
ANHERY. SR, A T IG5 At 57 i B AL
B, FTE DRI, Wi TREN 4R

ST AR MBI . R MBTER Y
2 ) FE B A0 VA D T R R A R B (leftover
hashing lemma)l®'=%] % JFHFE | 774 — AR %K
16 { fsts (fs o x = [2']), MUASCNS 5 BRER, XA, 24790
BRI S5/ IV AR S DRI, ik IO 25 A 2 ST BEHL IR 3%
FP 5 SRR AL f AR BB B L = fo(X) 4%
ISIRENLEL, HYS S TEK.

HIEC R U, Renner™ 1 Konigl®! J@7R T
PO ER. X TR Hon(X|E) > k4
M2

pxp =Y Px(@)|z) (z]x ® pf , (74)

HAEAE —ZH A A5 BB, A3 B FH R BN fs Z SR &
M -2 M pres N

pres = 3 O fs(a) o)l @ 0 15) ol

s,z

(75)
TR AT L 6 BT IR AT RE AL
$EAS T E RS, X6 =25
TETFEHURR | 3IREE BT FLI Rk 11
FHAT T2 e, BT A R g s i
T, AT R R 10 B A B 2 AR MG 1, L
AT A T S XA — R T
RARLSL . 2T, SR B A
TS B BAE e T TAERE B R IS 2T A 7T
AR AN CL Y, RIS, AR W] A% LTS B

il TAE R 2 (5 B, BRG] UL Gavinsky 45 9
B SCEE

il 15 % J& e — smooth Fe/Mili (I8 h HE,, (X |E),
Hrpe > 2)pya8 4k, 7T LIXF X —45 Rk T, X
S T I RARAS B B/ IV R 7 S, ik BE AR AL 7
FIZEAs p JEIRRIEAR A e ROERD. HET IS RORIAIA A
|17 Wi AR PR { £}, AR XA
B HLL(XIE) 2k A pxe, K L= fs(z) 2
O+ e ik I HEPLEC H A S, T EAL S, X AL
B & FC75) e O —HE. 3E) 5 i Es RAE D
TR R EE, AR L = fo(z) ST E AR
O { fs s 2 e BRI BENIECH B, T EFlS,
IR 2k T AR 2] He (X|E) > 1, XH e = V2e.
XA BB ISR, A B UL, ST R MR A
T (BRI 5HIRE EACHREALE X Fa]
DASEER Z /D34 5 BEHLEL.

SEBR B AR AT LIS S He (X TE)VAR K, R4
YUE TR TR TEENLE U ok, B M
T I AN A B DG R AR F X AR 55, HE
AT DABHIE R BT 5. AR 2 0 R R XA~
1155, i 2355050 K 128 e PEBO T4 3 ol
fiiHHIRE J1. 26401, Vallone %5 DL T THFSE T
B KM AR/ M AN 2 5 2R

Hpyin(X|B) + Humax(Z|C) = qmu, (76)
IR

Huin(X|E)p = logyd — Huax(2), (77)
XA X HZ 02 d A R AR R 23 6] vodE B G I 55
Wi, BRI R GRS, 5 KW Ha(2) =
Hy »(Z) Al LRSS Gt 2R Al AT 1, S 80T %)
Huin(X|E) T 5O IEWTHSBIREE, FIAWA A
SIERARVF X RIS S BERLEL.

Miller 1 Shil'® #E 5 H THE T 20T 5L, 1
AJEEAE, B X T Z R —A R R B AR
) e, 84T A 5E R AR 2R T :

H,(XB), — Ho(B) > q(a,8) ac(1,2], (78)
XHAY 6 i T RS Y
Tr[(2°Ipas| 2°)°] = 6Trlp3].  (79)

g A lim q(a,6) =1 — 2h(0) Y BREL. IR 4k
i X A5 SRR FR A2 smooth F5e/IMVii, -4k 2L R
B SRR A | L
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44 ERIZKRME

PR — R BT RGBT IR
WrAT R, AT DA R VAT S i SR A 2
To i it BE NS [F] B s B FP AT A A T 5. 3X
— W5 A58 Feynman EPEHLHE T, B Wooter
F1 Zurek'™  Jaeger 192 Englert!'%] F1 Bergou!'!
F A2z NS AT T JE e, X sese
HRAZUERT 1) N RN BORL — P 2 RANE LW
N. SRJG7E Mach-Zehnder T¥#WALT, #ES T 56
FH)—SEAOC R TR A X e 500N, k1
18 5 BRI FAR RS ARARDE, A N T —
XU Z A1 A A XA S, AT R FITE AR i
AT HRINDE R B B IRG A,
which-path AN K780 Z = {]0)(0], [1) (1]}, ki
FHEAT R AT L i B AR T B P = 2pguess(Z) — 1
Km Ak, B AR T A RTOA VS AR Y AR R
Pauess(Z) A K. WAT RIE 2] UL EE R =AY

e
pglax _|_ ])IOIIIH7

ma: min

o = m(glxpo; Py = IIgnpo, (80)

X B po G Do M BN AL, AT LITER] 6
& F|. Wootter Al Zurek!'0 JEB] T

K6 Xk SIH A 2% 30k [105] 045 18 IR &, éon
M52 —> Mach-Zehnder H6F T WAL, — G F L5 )
#, R E I Z RS |0), | 1) bRid X B AN AT RE Y R AR, O
TR S T WAL AR5 EAEEMN. AR —A
FABL @ Wi TR B4R, FRKE X PIAS B AR T 5 AN I 40 R
i L EH A G )5 7E Do B Dy AR K I B ¥

Fig. 6. This picture is from the 18 th picture in the refer-
ence [105]. The picture shows a Mach-Zehnder single
photon interferometer. A photon hits the beam splitter, and
then we pass the ground state of Z (]0),|1)) to mark these
two possible paths. The photon may be related to an envir-
onment in the interferometer F Interaction. Then apply a
phase ¢ to the lower path, and then recombine the two
paths on the second beam splitter. Finally, a photon is de-
tected at Dg or Dj.

P? 412 <1, (81)
Bl p =1/, v=0(WER, Bk § 1T h
EME B PATN), IRZIRK.

e, BRBOGF 5 TN R85
A4 EMEAEH. & ErREHE s —L b anii o
THFEEARN — L5 B, FTDAR A SR M R AR 1Y
Ao HEPE

D = 2pguess(Z|E) — 1. (82)

Jaeger 45 102 1 Englert!' UEB T (81) =iy Jinsi
fRAS, B
D?+1° < 1. (83)
% (81) SN (83) AR — R X RS L &%
PN RAR T E R R, REX S —EVREAF
TE48. W Diirr A1 Rempel'%9 ) & Busch 1 Shilla-
day[7 J B HE 26 3k — 2 P & R 5 Robertson
W KbR fE 25 00 AN B E BE OC R Z M AR FE B &R
Coles 45 108 Z27R (81) AN (83) 2K LA Iz Hifth— st
Wk G e K RSB R P RN B G R
RN, BTN T (76) 2B/ N K A 1
FEFERER, W T HAME A A . B (81) =X
FMFATEE LR
Huin(Z) + min Hyax (W) > 1, (84)

Hrp Wneli)r(lyxﬁ@?%/w Bloch ¥k 2y -1 [ r
Al [FREH, (83) I T A E R R
Hmin(ZlE) + Wnél)?Y Hmax(W) > 1. (85)

ORI — G M PR S AR A M R R G — R, Ui
BT 5 B — .

FI R |, HA IR AT LR AR AR e /N R KA
AR AANTATRETCIE A5 2 5 PO — P R R
XFEEIR AR, AHREE R T RESRAHLAY. Bosyk 45 109
KT AR R 2 AR e K e/ IV 1 1%, At A
AY 2405 T Renyi B 10 A8 2 ¢ & . Vaccarol!)
MR HAF B R AR R R b — 2 MR, Ik
Gh, BFATE T — S, R FR 891 T o 4
KRR AR X RS 6. Englert®: M1 387% (8T H
A PIA DL BEAR 1 T A0 8 RORE 17 A 1

il

4.5 ETFZEHAN X

WY1 T E B AR R LS A P T i i A
M@ IE AT, DY A PUE MR X 55
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B, PNk AL = B S L. 25 b iR IR
BRI T B Alice Fil Bob, 161 W7 &
BN Eve. 8 5 {7 B X FRISUE, R R, Wk
HERAMGE R, BHASTCREATRER, B Eve
SR FTA Alice X Bob 143, 7E MY AATE R A
|, iz Bob A RFEZHIET Alice #H1H
5 E., W Bob il Alice )% 4, A4 Eve WL
iE. Bennett 55 M2 4o P40, BES
H Ekert3 $2 11 T AT 22 ML | THER R
A ve B 1 17 BARAE 191 2 Alice A1 Bob dh:=2
BT R TR E T, XPRRIERIE s
AN T R, AN H U E A A RHE S5 1E
EFATAHEAEH, XPRF AT, i fT AR
AN 3k L 7E AR A A R e A RS R, At
fITRERE AN I 7 B 28 1k BipisL.

X B S 28— A T B BN, SR FH R I hi
i) Ekert13 Bl B e HE4S TAE: Alice 11 Bob fdi
FH A {5 38 e 5 — A i K] 28 () 3G A
Eve 1 DL 55 B HATHESL A B AR, 285 I
M fITREHLIA]E (6F A 3@ i), 755 Z = {10)(0],
() (L} BEX = {|+)(+], |=) (=} AT, FFAEALR |
W25 H R e (X P R ERE TIRZIK).
SHOTAL: Alice 23 M AYIN 4553, W23 19
W25 R AR R 240 nl A R — 20y, g a] DA
590, WOl Z A CHRAEAE — SL (R 3 1, SRS gk sk
TEASTRIFHE I — 380 . %A, Alice, Bob X
D7k kPR

B — et T ) R o R e
i1 Mayers!'6, Biham 5% 17, Lo fil Chaul''sl DL }
Shor Fl Preskill"'9) 1F 0 HE . 76 T A5 X 2o 22
PHE T, B AMAE SN )5 DL SRR )8 F R
WIEAIR Alice F1 Bob 7 — A&l F I & (1Y i1
Lo A AR R —F:, IR4 Eve ¢ T 78 B ML
DAY LERR A AL SRR Y.

S AN 28 O R IR Cerf 45 1200 Fl Gross-
hans & 121 X 1. 5552 Koashi F| ] Maa-
ssen-Uffink JCRENT 12k, SR, A & T
Sttt Z MR R4t T — D Binik
7k QKD M % et SEuk g ek, nr
7. 1% HUEAR Berta 55 O BRI RGBS EEEER,
TEHER LB, Gir A T Re & T4, LA NA
WAEES L TSE UG, Alice 1 Bob /& 93t =
R AP, SR, FEAR— ek Hr 4 T, mT LA

15 Alice, Bob il Eve 7£ il 85 20 B J5 L = — >
LB page, Hp AR B2 & 71, EJ& Eve
FAEMIEERTRE. & O R—1METRELRE
PR ZJER FFAEAS, BEORE T FALETER X i
Bz g YRR Alice I & A9 Hi
. BT A5 H(Y|BO) = L [H(X|B) + H(Z|B)
i H(Y|EO) = %[H(X|E) L H(ZIE). W, 1L
BB BT ) =R AN L

H(Y|EO) + H(Y|BO) > gy = 1, (36)
quu = VEFETIEIL Xl Z 5 H . 76X Alice
wEPHTIES, XA pyeps TR, £
EHXT B T, XA —A YRR Y,
PR 4l £l e Ak AN 45 00T DL ARt H(Y'|BO) <
H(Y|Y), W 4545 th H(Y|EO) > 1 - H(Y|Y).
BHUFRIE T HBAIHR H (YY) AR/, Eve %FF Alice
W 3 25 52 0 A B € B2 (B von Neumann i 11
) SRR, XL N i R,

B LR AN, A1 Z2 A E LN, L
TP Ty g A 122 124] 2 g [ o 1251260 45 A
ANHE FE R R S AR 1271800 g2 g 181 2
TR 3032, 132 S [A] YK R

5 kG EZE

ARSI FRAAIIASE B A, S8 T RN
FERE RIS SHE T AR AN & SR BB 1Y
BHRMAE R R S ok . JE WhniE2 | i
AT L A BE BT T AN E R, 55 A
I T AT A B G R IARE, ikse5¢
ZHFZ 815 BT S BHEAR XK. 2221
TERBEAME XR, &P THEA 2R IF
Pl 4 H B BN E S &R . U Majorization Jri%k,
Majorization J5 3 B 5 AN i BEATS A AR K A&
JERT S T NI E B OC R, Dupuis
S5 120 AE 2015 AFEEST T HER A E R M TuE HEL.
B T i, JEASR TR R AR O R AR
L Sl SRR S U ) | LS

AR B I 2 AR I AN i 3 8 o R A
SR ARAS TERE 2 %) AN DG R AR E T B 0. 1Al
i, FEUE BV SRR LA I B o R EIMS
Y2 A, AR EER RN E B G R, B i
TAFAEFN 22 U & R AN E B G R X —
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B, BIUER A AT 5 & ARA B BEATLBUR: 75— Fif
TSI, AN 5 S DG AR AR T I IR A T
JIH.

XTI ATIRE BEOC AR, BR T X2 A E AR H
AEWEAEH], B iE NIRRT HR
0 fige. AR A AN R S8 G ZR AN S i R
TRk R AN E B RN T
WAL, AR AT BE RN B AL O — R AL —A> [ SR AE
28, IR, &1L A — R BRI B AR
P AR AT LA ] 5 AN 5 L A& 5 m ] 3 e A
45 13 AL AR AN E B G AR AR IBMISY 41
S EIRE, AN E G R ARSI A A
B 22 ke D137 R FIARRIAN, WA E
KA ] RETEBESR S W B B A AR W 5T 1981990 Hp g 44
YRR, AR SR AR Y 5 T 10140 g AT
THEFE. TR TR B AT S 12 A Ok
B LA, A AR, AN O R AE T
WA = AR R R ATE
FETEARRAFR T ZHYTE, 7ee# i IRILF S5 1T
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Abstract

The Heisenberg uncertainty principle is one of the characteristics of quantum mechanics. With the vigorous
development of quantum information theory, uncertain relations have gradually played an important role in it.
In particular, in order to solved the shortcomings of the concept in the initial formulation of the uncertainty
principle, we brought entropy into the uncertainty relation, after that, the entropic uncertainty relation has
exploited the advantages to the full in various applications. As we all know the entropic uncertainty relation
has became the core element of the security analysis of almost all quantum cryptographic protocols. This review
mainly introduces development history and latest progress of uncertain relations. After Heisenberg's argument
that incompatible measurement results are impossible to predict, many scholars, inspired by this viewpoint,
have made further relevant investigations. They combined the quantum correlation between the observable
object and its environment, and carried out various generalizations of the uncertainty relation to obtain more
general formulas. In addition, it also focuses on the entropy uncertainty relationship and quantum-memory-
assisted entropic uncertainty relation, and the dynamic characteristics of uncertainty in some physical systems.
Finally, various applications of the entropy uncertainty relationship in the field of quantum information are

discussed, from randomnesss to wave-particle duality to quantum key distribution.

Keywords: entopic uncertainty relation, quantum memory, quantum correlation
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