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ERRFE

— 42 4& Bohr “HAW=#H#" Kk—8HAF,
BlrA¥MEER AL -BREF

(—) BELzZzA, ATUHEE

2013 4F, R TdbmRFEWH LW ER - T AELE —DEK, HARMW
P35 4, RIS T N Bohr “fi KE=#M” (The Great Trilogy)? kFE—
A AR, WOCHTT 7R Al i e R T, Z R JL4E T, 1E Bohr BLAH
MISZI T . A W B2 G SR 85 0 >4 I 5 A 2 A8 BRI/ [ 22
T #B Copenhagen ) Bohr BFFEFT, WA A 2N & T B2 41 58 ol 7Edb st
KPR RE WY 2R T Z PR, (BRRITNRAES A, 1921 —
1930)% — BT bR M A KM EAML. “Blhiz A, TR E"S, #EE a0 H
fift, XEFE AL

(D REHATASHEHTEIMHAREZENEAZR, AR TEHMBAREX
MAZERENESEBRENARFTENEEVIREZTAEY (p. 127). Bohr iy
JEF 25 IS S TS Y A P S B, — 2L E A E. Ruth-
erford fil J. J. Thomson K FeBK A XY B L5/ A S50 A B, 55— 2 18 [ Py 3
K M. Planck fll A. Einstein 5|5 #5¢ T A KA B9 BIE B (p. 61). RAE
Bohr #1578 BT 00 47 6 0 A& — KR 45 N TR ZIED R W PE R Y W) 322 K 44 o, TR AF
TETEXNERPIRTH N EERMN. AWM A b s B8, SE Y
FRAK T R AR T, R SR AL T — A B 5] R P e v g i R EE R
Bohr ANJ& —> AP TAE . #EHA E RIS BRAY . A R R A i UL ) ) 3
FREREMAEERMER K EIE. B 1= BEE N Heisenberg vl . ©
Science is rooted in conversation”® (p. 134). XH& T Sy 2= FA XS = T 1 M0
TN BTER Y Dirac 7E3K13 Nobel ¥y Hl22 % )5 45 Bohr BYfF 23] “ FIEF| e Fr

@ N. Bohr, Philosophical Magazine, 26 (1913), Onthe Constitution of Atoms and Molecules , 1-25,
471-502, 857-875.

@  BURBITEBTIRAES A, 1921-1930. MR, was b, BHE . dbat, BReE e, 1985 .
¥ H P. Robertson, The Early Years. The Niels Bohr Institute, 1921—1930 . Akademisk Forlag, 1979 .
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A B2 WA, RS2 T AR IR GE 19 BRI AT #i 195200, B 1 5 HABAT AT
N BR G , BIG 3 M s e I AN R AR TR F AR b, B A S IE FE AT W 5E 1 — 1)
FTEATRI”® (p. 153). Bohr AHAE . [ B & F 6 75 4 3 2% & Ji& v % 35 R 14 £
. 7E 20 42 20 4248, Bohr BFFERT C AL 1 45 &t 5L 2% [ 4 B2 50 52 AN 5 P 11
A SRAR U — AT (p. 155).

(2) MXFie 58 Jr 2% & 20 22 Y3 0 WA R B A 5Tk, A, Einstein
(4 44 o A s AR TE AR P A% . AT RE A RO A XIS B R d A — A e k. St
AN, B S0 R W R ME RIS A, R AT B — A A7 58 . 7E IR
AR b, INERE S R OL 5 0 — BB KW 4 5. M. Planck, A. Einstein,
N. Bohr, W. Heisenberg, W. Pauli, L. de Broglie, E. Schréodinger, M. Born,
P. A. M. Dirac 5. HFFEEMWE, MNBRESTERR (<45%) WEFH
ZFEPHMETARHTE, 25317 Nobel Y H222. Bohr #F5E r i — K HE &
Wit AMUINEREVERZRAEANAE, MEEAHBEUHELHHENEER
A, iLNAEBRERARNERE A X REXH, TREEAEELAHEY
FiaE. FEERSAHBEERAITEHY (p.32).

(3) HTEREARIE, 2AS—HAEERHNXIHBINERE LI
Lb8, REARREST A B HIEE. XM TR & 77
R R Z 0T, Bohr MY F 1 ML 50 2 25 1 B X T 4k 2% 0 2 5 WA A o 2 45
KITAEH. /RKJG. Pauli 5 4 A 7 BORUN A 25 5B A 2 ), o TR 52 S .
“Bohr iy E K Jj 2 — 16 Tl G2 A Al 27 1 LWL RE T i BRI . iR 2B
Kb B RS RS R7Y (p. 116). [FFE, XBARITEHELASE
CHREVES, IHETUBDLETENTEMEY (p.15). XRERKZER
B— 1 EAMNFERERERTAREEMFIE.

(Z) ETREMFLEHEIREBLENMERINNER

WA 100 FAEZER, YA RMERAN . "EFLERHNZFEFET
BABHRIENMERIINER"Y. BF ¥R EMRSIR JRTF50 40,
TG, RMTEE ., RN EARREE (R, SRE, B, DX
KARY IR, FH 1055 R 2 2 SR AT T4 N R, (B TR 150
FEA S PEAE 2 5 AT H AR TS S R W AR RS R A, TR B B B A R
WIFETE. J. A, Wheeler {84 T J12# R HAE “Merlin principle”®.  (Merlin 1%

@ D. Kleppnerd. R. Jackiw, Science 289 (2000) 893; A. Zeilinger, Nature 408 (2000) 639; M.
Tegmark&. J. A. Wheeler, Scientific American 284 (2001) 68.
® S. Popescu& D. Rohrlich, Foundations of Physics, 24 (1994) 379.
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Wi A — A JBE AR L At W] DA B S 2 3 TN AR AL, B A R R O . B2
FEH — 0 ZAER IR Dy, RGP, ZMMIE], 200 X ik 5 H .
N. Bohr £t : “Anyone who was not shocked by quantum theory has not
understood it”. R. P. Feynman® tijiid: “I think I can safely say that nobody

today understands quantum mechanics. ”

20 22 4f . Planck Ml Einstein DA & Bohr B4 5 O6) FSE YR F 17 BE &2 1
=TT BN ) B B (discreteness) 5 48 ML) $1 8 1) #% 22 % Ccontinuity) A &
A AR AL 1927 4F Heisenberg® (1) A8 E 14 R 3 (uncertainty principle) 813 T4
ity 2 vp FHRH 25 8] CIE D) A AR 0T W) 2l 6 23 ) il R kL 10z SR S i HE &L 1935
4, EPR R OXEN | T 122 IE GBS 1 56 4 M h i B [ 2200 Sk vR 8
JLR R BAE A S A R “JER/E M (non-locality) ], [AI4FEF§ -,
Schrodinger S ASEB O ) “L4E” (entanglement) , X 1 J7 2 IF 48 8 /&
T WA AR BT BE. 7ER R KGR L HAERHE B, EPR £ 5 Schrod-
inger S —~HB N AMNFRIRE. HZ5MAEXLRAVNBEE FHESE
1£18 (local realism) M ;L 2K Bell REX(CHSH AEXOFFH, MEEFHE
M —". E2FIEFBEMEA R P. Feynman 419 “ #1243 (path-inte-
graD B 1, 45 B 76 AB(Aharonov-Bohm) &4 % . 26 8L A 45 51 B B9, 4l
. gt — A Je R Ry A E) R R B0, BT s T8 LU RS G S AL
A N A A B A BEAEN, 5 ABROY —H#, #EA A AEE.

RUE R T 2B 09 T A WU (predictions) & 8 32 4 T A7 52 56 000 7 31 52
MIMESZRAEELRE M AWEE. (BIAA X &7 712 #8119 1E 5 # 8 (Co-
penhagen 28 2 H AE I, KW EZ “RAJLITH#EZE” (the fog from the
north) ™. FEHEXT FHFHNETH LW LK. Feynman® IR “ETF T
AR R FET W SR T, AT R R e W — R AR T B A T
Wht by, ii— B AATRER RS W — 44 (BB 5 — SR CE — 1~
M AL E AL . T AR BUM S ZITH K. Copenhagen 12 BRI . X
=W T2 L ES B AN AT 8 5 B0 F #E (¢ unavoidable measurement disturbance”) fiF

© T. Hey & P. Walters, The New Quantum Universe. Cambridge University Press, 2003, page xi.
POSCREA, TR, B, WM AR ML, 2005,

@ W. Heisenberg, Zeit. Physik 43 (1927) 172; 3% AR W Quantum Theory and Measurement , J.
A. Wheeler&W. H. Zurek ¥4, Princeton University Press, NJ, 1984, p. 62.

® A. Einstein, B. Podolsky, & N. Rosen , Phys. Rev. 47 (1935) 777.

©@ E. Schrédinger . Naturwissenschaften, 23 (1935) 807.

@ A . Aspect, Nature 398 (1999) 189; S. Groblacher, et al. , Nature 446 (2007) 871.

@ M. Schlosshauer, Nature 453(2008) 39.

@ The Feynman Lectures of Physics, vol. 3, Quantum Mechanics. Addison-Wesley, Reading.
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H. LW Durr FCER T FHMUEMT —4 “WEHEMHEE” (which-way
experiment) , B — #¥% T XF 65 I (standing waves of light) B AT . 0] W00
BN X L6 BEAR & B A S AEAE . TR 250 R ok F B OBLAE o AN W E T T Y
7 2 D1 1 A BB 28 SR A i It R A S ) 1) B A2, HIRE A Sk 4B A S BV OH 2%
TEMSE B, “the “back action” of path detection is too small (about four orders
of magnitude than the fringe separation) to explain the disappearance of the interfer-
ence pattern”. M1 A A 26 £ B 00 5 S8 B9 AS BT ) A4 Pk 10 B e BE 42
T4 5 —FEE: . B “correlations between the which-way detector and the a-
tomic motion”, BIFH “#%” (entanglement) B #EAH. P. Knight® #5H .
“Entanglement is a peculiar but basic feature of quantum mechanics. In-
dividual quantum-mechanical entities need have no well-defined state;
they may instead be involved in collective, correlated (°entangled’)
state with other entities, where only the entire superposition carries in-
formation. Entanglement may apply to a set of particles , or to two or

more properties of a single particle”.
(Z) MAEEBRABEEXRNRIR

I, TR SR A AW ORI E OGRS, R T IEM T, B
7E B X & (uncertainty relation) il # RARUT . X FALE A ] Wl & A f1 B,

AAAB}%MI:A,B]H 1)

ERXH. [A.B]I=(AB—BA).AA= /(A®) —(A)? 5 AB= /(B") —(B)? & HrifE
2, (A =<(YlAl¢p) 5 (B)=<(¢|BlpEr MM A 1 B =75 ¢ FIF
I, AHERE LR (D E %M Robertson®, Kennard® Fl Weyl® 25 1y, 75 1
FIFHM R B E BE O R (D &3 T I R B SE 112 B Schwartz A48 45
B, ENHTE R M TFEEHEHENKREETFS(MRE), ARNE A
B KM MENRERENRVZINRAC. THEEXEHRTFRE—IN
ENBESTH, MRAENETFS ¢ AENTHEERERN, RAMERHBTFE

S. Diirr, T. Nonn &. G. Rempe, Nature 395 (1998) 33.
P. Knight, Nature 395 (1998) 12.

H. P. Robertson., Phys. Rev. 34 (1929) 163.

E. H. Kennard, Zeit. Phys. 44 (1927) 326.

® ®

e &

H. Weyl, Gruppentheorie und quantenmechanik , Hirzel, Leipzig, 1928.
C. Branciard, PNAS 110 (2013) 6742-6727.
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MEHEENNEY., HEEEFSETRHBINELY, BEESUM. HAMEE X
AW HPRME T X THENETE (¢, WRQILB,ATlg#0, MAFIARE
Xt A F1 B B4 Gointly) [ 35 AH 4k H (successively) JHEAT I HE® . 56 T A& LR
T AR, AT S WAL 431 R .

AN A B G ZR B9 W B T R B A O S 88 ZE 1% IR 2 (uncertainty principle). $§
B X — AR TR bR S i A=2, B=p,.C=h.J&— 0 BH &L Kk,
— PN FE—HLNLREMHEAFTEETETERENE; HNEF R, — MR FR%L
HRMHEARF]EEREERES.

Schrodinger R L8 46 1@, 5 AR 2 56 & (1) (1497 J5 AR R A 2R 2K 4
M A0 b — T S B PR 35

(DA (AB) = | L (g|AB—BAlp | + L L(PIAB + BA |9 — 1<p|Alg) g | Bl T

(2)

TE— BT, A E LR (DL AL (AB)” /NF Schrodinger 45 H 1
K (2).

N iZte i, Heisenberg JFR 18 B9 2 Ml 2 1% £ -F $# £ & (measurement er-

ror-disturbance relation)®
e(A)(B) = L ([A.BD| (3)

HrfreCA AT & A B9 1R 22, p(B) R a] S & B 32 3] i I 5 (&% 19 T
PG S b 45), FRIE & — Y B2 K EATE S A Heisenberg R IFIR 1 R %
HMAAEXR, BARPERN. SCRYC T, WERE THRXRGEL LA%ES
EFR. JEk, Ozawa® JEH], IR E-THICR G RIZBITH

e(A)r](B)+€(A)AB+7(B)AA2%\<[A,B]>\ (4)

I, CHRYD A T Ozawa R 22 - T30 6 & (4 95 BT i 55 00 &
(weak measurement) FUSEIINIE. ML, 5% T ¥ A AHE MR AR L1308,
HNINK, MizEA CHNEG & T IEEM P L, A AN F Ozawa B9 £

@® L. A. Rozema, A. Darabi, D. H. Mahler, A. Hayat, Y. Soudagar, and A. M. Steinberg, Phys.
Rev. Lett. 109 (2012) 100404.

@ O. Nairz, M. Arndt, &A. Zeilinger, Phys. Rev. A65 (2002) 032109 , LAK T3] 3CHk.

@ E. Schrodinger, Sitz. Preuss. Akad. Wiss. 14(1930) 296-303 ; 3£ i¥ A& WL arXiv : quant-ph 9903100
v2 15 Jun 2000.

@ L. E. Ballentine, Rev. Mod. Phys. 42 (1970) 358.

@ M. Ozawa, Phys. Rev. A67 (2003) 042105; Phys. Lett. A320 (2004) 367.

@ J. Erhart, S. Sponar, G. Sulyok, G. Badurek, M. Ozawa and Y. Hasegawa, Nature Physics 8
(2012) 185.



RE-TMEZFAR M AS, FiF, C. Branciard®2 T %4 — 1K R,
fFR 2Z R X F I LBE S Il & (approximate joint-measurement) [ error-tradeoff

relation

1

(5) K AA 5 AB BApififi 2, ey 5 e BWEREN T IRINE, C=iK[B,AD.

TEG M 2, — AR 7 A — B 20 1) A b A 2l it w] DUKS B i 2 . KL 932
SR 2 AH 25 8] CIE W) A BR 5 0E W 3l & 25 8D o i) — A mOR iR X T 4 E
Hamilton &t (R 5, Hiz gl RS Bl BT ] 09 3 Ak, F 8 78 A0 25 18] 59 80 46 a5 07 1 A
IENTF R SE e . Xt 28 ) 2 b A DE I8

e 1%, 52T Heisenberg AN & PE IR, — AN K0+ A9 [F] — B 220 19 A
PRANS A A B E (. RBAE R TS R Hilbert 25 [ A9 — K& [ g(0))
KAk, X F 45 E Hamilton EAER, &7 & BERE 0 E R E 00 6 E
1 ¢C0)) Ml Schrodinger T FESE M E. Heisenberg NfEMEF L, &8
R — AN R AR A R R B ) b g E P P (indetermi-
nacy) 5 2 M f1 Z Y 38 (determinism) JE AR SR [ 22, EfrGE T 1
52 W77 PR I A T Y 22 5

EATAN, MERE-FHXR(MAEXR)EFTHEEXRHNSNAE,
AARA—K. EAAHENERE-THXREEIAHEHFRERAI —K. WEIR
E-FHXEZREIT, F2FE Heisenberg A EMREMNEEEMEF HFIE
WHYE .

(M) YENBIIS X ENEHETR CSCO # 1

WA AATE 2w IAIE], 1935 4F Schrodinger 2 1 i 24 48, & — e A
HXARFRHOMSY., AHEEXR S AN ET R, HE AT
SR g AR T T A S A S

T —AEFailnmalgs, —MERE.: "SRI-NF_gUEB TR T
FHR, EFNEZVPFRABINF?. S—HEZR: dEFAFT—TFEFAEN
WF, MABRABEHEN(ZD)BAIMRENSHARME. X —7E P
Knight B CEAY R B4R K. 7E V. Vedral® SCrp o B4R 5] .

R. Cowen, Nature 498 (2013) 419, LK fi5| 3C#k.

M. Q. Ruan&.]. Y. Zeng, Chin. Phys. Lett. 20 (2003) 1420.
A. Aspect, Nature 446 (2007) 866.

V. Vedrel, Nature 453 (2008) 1004.

® 9 8 8

o« oyl e



“What exactly is entanglement? After all is said and done, it takes (at
least) two to tangle, although these two need not be particles. To study
entanglement, two or more subsystems need to be identified, together
with the appropriate degrees of freedom that might be entangled. These
subsystems are technically known as modes. Most formally, entangle-
ment is the degree of correlation between observables ( pertaining to
dif ferent modes) that exceeds any correlation allowed by the laws of
classical physics.”

H B BAAS KL A AN [R] 1 FRRE A PR X5 B 19 P O i ) 2 4 2 285 110 S 9 ol 4
EAfEMREL R E P T, B, 78 Dirr F8 W8 H, Hl4& T — DT 1050 )
HHERNEE AN, 78 C. Monroe 25285 h, 52T 7E Paul B AY
—MBe BTHINES BTFMAS SHE.LEE) (e FranbhEsh) ma
GRALAS. FESCERDOH, T T —AN AR/ 2 BRI FIE S FLER AR G 4] JE .

X PN i A SR R, AR Z B TAE, HIRBIR
1 BUARGfff e. 1 THT 25— Al 2 0 2] A 9

— MM E, & RO E A RS S 0 A L Ry B R
Wy MDA, DAY, BT AR A (245 X 5y 1 ] WL & i
e [ 0 2 22 E] A DG IR L, XS A AN AT WIN B A 1 B A R4S, AR
AR D

(a) MEEZHT, AMB#HARAFENE (BIAR A M B ILFEAIER.

(b) A F1 B i) 3 [w] I 58 {8 2 18] A7 4 D10 104 SC 3K CRBE R PR )

WATEED], AT ERRR, —BUiR, X5 9 a] WL & A G [F] i B
AHEE, SEU, ENAREALRAMESY RMEEXRAS, AHEW
K H T EER TR, 0 2R P nDULI i TN A R R —E X By . AN
WRATERE SRR, ML G0 2 KA R A bR A 2822 4> al WL & (R —
FE X ) (AL [F (B 2 R OCHR. T LA, RO S NS B RN KR —
MKFR. BIEM, —EaW k2 AmEKR.

—NZHMERZ R FARRME TS, EM XS W a5 4 4
(CSCO) iy 3 A AAE 252K 58 A2 52 © 0 10— L% B ml WL &k J 001 2 ] L) 3t e )

@ C. Monroe, D. M. Meekhof, B. E. King, D. J. Wineland, Science 272 (1996) 1131.

@ T. Pranmanik, et al. , Phys. Lett. A374 (2010) 1121.

@ A. Mair, A. Vaziri, G. Weith& A. Zeilinger, Nature 412 (2001) 313 .

® J. Y. Zeng, Y. A. Leis S. Y. Pei & X. C. Zeng, arXiv: 1306.3325(2013).

® P. A. M. Dirac, The Principles of Quantum Mechanics, 4. ed, 1958, Oxford University
Press, o{ L4 14.3.4 75,
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SEM. FESLH b AT R AT — 458 45 ) O A 0 L DA S8 A E 1R R B —
AETFA. — XS 0 a] I 5E 4 A A L [ ARAE S . Sk TR &R 19 Hilbert 25 7]
M — e 4 3L, R ZR Ml — A it P A AR 0T LA X — 41 58 2% ok R T

BWA LA, DR R A — 241 CSCO, HIER AT N A AL )},
FFE, ¥ (Bis Byy o) KRR S —4H CSCO, HILFEARMESIEH{IB),
By, B SR C=C, HEMILR N C,y=i[B,. A, LI
(A WA, o) AT —AS TIN5 (B, L B, o +++) AT AR] — A4S AT WL 14 %) 5 56 2R
SARWEERLRZMML, A, 5 B, Wik e 500 & X R ER,

8ABB, = LIALBD = 1 1C,) )

%, 76 CSCOA, Ay s =) R -G E LRI AIES T, X5
(1945 T & (B, By o -++) A LRI B 2 R B9 SCHE. DL 25 1 — > 4l 25 18 4] 4 )
W DEA WAL, 3.4.3 7]

(a) WHEME CWE—1TiG=1,2,), BEPVA—-DHEEILE C; AR o, LRI
A7 i WITETEC, G=1,2.), R4k 0].

(b)) XFHAEp=1A" AL ) (PICIY ARTEEH 0.

WP EWA AR 2, MaEsE Sy =1A". AL )} &TF, X B,
By oo ) HEATSE A DI, e AT A4 00 R O B S B A L) . B [ = [ A",
Ay ) V(B By ) YA S

WER A &M oW R, W& (b AR, WA A& 78
(A AL ) VB, BRERAR R, (B 2By s ) UL 2 ZS

ATUEN, ERE TSN A S A e EXR, W EAMHELZ
Ab, AT HERAMEEXLRELZ AR BRI T M. 55 AN — L2
OO A A G Al SR A TIRAE (BT, 3.4 79).

(H) EFHFERET XHEXEH i

LA A — A AAEZ PR, Amelino-Camelia ™48 J¢ . 5 F 36 5 4 X
WO 20 Y B A E I B P ENE. T SO IS — el 2 LA B, B
Jih 3R 8 25 (8] — PF 18] B9 JLAT 2 1 SE DG AG . TR 1 ) S A ) W B — RO O3 5L
(. XA BRI R AR A (EARTEAS BB ) B 0BG BRI ) (R AR
WRERAN) . T 2 i M W] T O SR L R — S SRR TR R — S B R Y
M, T SO IR RN B T U — SE . JEAR R IE S T R A S
A, TR AT A — A B R RS, T 75 fiff T W 2 b 5 ) i A op AT RETE AR B
HUE7/BEUCSSINE N

@ G. Amelino-Camelia, Nature 408 (2000) 661; 448 (2007) 257.
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KT gAAE R OEH . N Gisin® iR . “HEIEFYHY T, 92
WRAK), Wiz BRI RER, 207 TFEBIh &2, SREIEA L1
B R RUOR G R AR IE L B B S . MR A T, as R) A ]2
AN, WA LR ROCHR. 7

v e g8 AR R e B py T 9 T4, R K Schrodinger B 28 (steer-
ing)® VIR AE B E M (information causality)@. B2 — & T AR R i
PIE, BN TSI REYEZ E. F R RS — DR, X TRt
B fE BB RS T — 1 BRE. $EB 8% 5] J. Oppenheim & S, Wehner®
(R AN B S P D 3 5 U D) Bl ) % U0 OC R O AL AR F

“HET 1A DS 2 B Heisenberg A2 4 i HE 5 Einstein FRZ N
CEEREAEN R A R R B 24, XA BEAC R MR A ()
LS. AT, MELESH, IFEEMKRE K. EFAENEREYE
AEREBEAREEREMRS. 55 L, X ThAYEEI, Nt 5 A8 R
PRI R AR, RN S, AR EIe P YRR % (degree of non-locality)
H AN DR 3R R« AN P T A ) B R 0 T B A DR A — 1 b S
ik py AT, WP AT LITE 95— A Hb S g A ok,

AT BARERIS -, & RTEARI R P15 RE, T H
Feui . B ERA 0 M JEOR B Rk Z KA CE F g meie, C
Teche® i .

“The paradoxes of the past are about to the technology of the future.’

M, ek LR 20 Z4E, BEFE R AR, & P8 TR, 99K E
RS TR R .

1E 20 22K E5 SR Z PR, P. Davis Hif© .

“The 19™ century was known the machine age , the twentieth cen-

i

tury will go do down in history as the information age. 1 believe that

the twenty-first century will be the quantum age.”

XU, AAFEARFEFL, IO 21 2R 2 A Y i a2,
X PR EIE AR — s B A [ A U R A A A B,
N, WERBA YRR BERE, B, Stiker, BB, X M SRR
A B Wy 2 R~ 1) R e gl X L PRt PR BE TS 2 B AR R BE A Y, H

® N. Gisin, Science 326 (2009) 1357,

@® N. Brunner, Science 326 (2010) 842, LK Mrs| k.

@ M. Pantowski, ezal. , Nature 466 (2003) 1101; S. Popescu&. D. Rohrlich, Foundations of Phys-
ics 24 (1994) 379.

® J. Oppenheim & S. Wehner, Science 330 (2010) 1072.

8 C. Teche, science 290 (2001) 720.
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RS U SO LA PR M. AR SRR R R ARG 2, BN RES
PR R B PRI OC. W LU, 7R 21 fha, sk S4B AT Ak
P FAT T RORZ A A

PR (BRI B2 A ) 22— A5 AN 1981 4R R LAR, 32 37 REEH I
WOB AT LR E. HIEER T p ik e, A B8 2L, Jf A
RRAFARRARELED. ZAELOK ., ABWEETRA R GERERTT. =24
KT, AR (U A AA) T R= ST AT R ME—FAE. A BRI s ST
G WRAGTE. SRR, B, STh. |RUERRAEMBCTAE, RIE T A4 R
1 e i, AS P55 IO R A 4% B ) REA TR AN AR %, AT 2 ISR R RS I 3 (i
T2 2R SR (BEaE i, 2011, A A5 55 FOMAY 2 8 5 DY R
[, KRR, FEHEMBRNABE LB TR Z ol fEEE—
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HPWMEL, Ca—a2E. BT ¥ ELCA 80 FER k. fi g
I —F E PR AR I 0 — S8 SR B 5 PR SO QSR 25 L, X 2
A AR Y.

L S TiiEA: 100 F4EZBR, D. Kleppner & R. Jackiw HiE?,

“Quantum theory is the most precisely tested and most successful theory in

the history of science.”

G F E S U N R B R, T R T A A RE A A R (R
Bk RS RS G B, B A S 0 R R R, N E G
54 SAMHAEAGERR ™ EA A, AMTEZERAGRIMERE. Ea N, Bohr
P -

“Anyone who is not shocked by quantum theory has not understood it. ”
X N A S 1R B, — EAFTERRZE e, MR ip s
1EE 4 ) EPR (Einstein-Podolsky-Rosen) £ @1 Schrodinger 3 S 4E B O 4>
Iia] f P

%t F EPR £ 048, M. A, Rowe % (200D T~ %Kik .

“Local realism is the idea that objects have definite properties whether

or not they are measured, and that measurements of these properties are

not affected by events taking place sufficiently far away. Einstein,

Podolsky and Rosen used those reasonable assumptions to conclude that

quantum mechanics is incomplete. ”

RAC — B fa], 4 — ELA5 b 2l e v s B gk . (RO
“Starting in 1965, Bell and others constructed mathematical inequalities

whereby experiments tests could distinguish between quantum mecha-

@ D. Kleppner and R. Jackiw, Science 289(2000) 893.

@ A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47(1935) 777.

® E. Schrodinger. Naturwissenschaften 23(1935) 807-812, 823-828, 844-849; & F UL, Quan-
tum Theory and Measurement, ed. J. A. Wheeler and W. H. Zurek (Princeton University Press, NJ,
1983), p. 152~167.

@ A. J. Leggett, Science 307(2005) 871.

©® M. A. Rowe, et al. , Nature 409(2001) 791.
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nics and local realistic theories. Many experiments have since been done

that are consistent with quantum mechanics and inconsistent with local

realism. ”

Bell R QO /R BRI AER (local realism) 58 F J1 22 H 7 & 24
TR, Bell ASEREXS 2 & 7 IR A TEA 212 (A BERE) M fs .
Greenberger, Horne & Zeilinger % Bell 0 TAEM THE©, M1 T N (=
3) WML (GHZ &), KM 125 %k 5t 2 n] 08 I 5 (% 5 1) #i 15
(perfect prediction) 595 WL &7 G AYOD . Jo ok i 52 56 00 25 S 5 &
T e —8 M5B EERRYE TGO, A, Zeilinger FF 40 & i TR
Az 100 ARy S O 5 3

“All modern experiments confirm the quantum predictions with unpre-

cedented precision. Evidence overwhelmingly suggests that a local rea-

listic explanation of nature is not possible. ”

Schrodinger B &SAFZE—3CH T — D FEM], B “5 7y 2 X0 2 Wt 52 &
W27 XA i Ma e R LR, AT “ZM” (classical)
5 UKW (macroscopic) FE[FER ] UT4Ek, TERFER LR AT, T4k
il & A WL RUBE A W RUEE (9 Schrodinger “Af 2577, H. D. Zeh #1 W. H.
Zurek YO0 3 R AT (decoherence) W s, 5 4 i 3 WA i L 5] 22 WL A 44 5
P ABATINRY

“States of quantum systems evolve according to the deterministic, linear

Schrédinger equation

o d _
lhg l¢> =H ¢

@ S. J. Bell, Physics 1(1964) 195.

@ J. F. Clauser, M. A. Horne, A. Shimony and R. A. Holt, Phys. Rev. Lett. 23(1969) 880.

@ D. M. Greenberger, M. A. Horne., A. Shimony. and A. Zeilinger, Am. J. Phys. 58(1990)
1131.

@ N. D. Mermin, Phys. Today, June, 1990, p. 9~11.

® J. W. Pan, D. Bouwmeester, M. Daniell, H. Weinfurter and A. Zeilinger, Nature 403(2000) 515.

© A. Zeilinger, Nature 408(2000) 639.

@ C. Monroe, et al., Science 272(1996) 1131.

® C. H. Van der Wal, et al. s Science 290(2001) 773.

©® H. D. Zeh, Found. Phys. 1(1970) 69. W. H. Zurek, Phys. Rev. D24(1981) 1516; D26(1982)
1862.

@ W. H. Zurek, Phys. Today, Oct. 1991, p. 36~44; Rev. Mod. Phys. 75 (2003) 715.
@ D. Giulini, E. Joos, G. Kiefer, J. Kipsch, 1. Stamatescu and H. D. Zeh, Decoherence and Ap-
pearance of A Classical World in Quantum Theory, Springer, Berlin, 1996.
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That is, just as in classical mechanics, given the initial state of the sys-
tem and its Hamiltonian H, one can compute the state at an arbitrary
time. This deterministic evolution of |¢) has been verified in carefully

controlled experiments. ”

[F) INp A 7T SCH H L F T S A B % L) A AN T G A 5 ) B PR A AR, AT 52 3
M PERBNE . FE— MBSO . ARREI 22 W& TS X, G .
Myatt %5 iH D,
“The theory of mechanics applies to closed system. In such ideal situa-
tions, a single atom can, for example, exist simultaneously in a super-
position of two different spatial locations. In contrast, real systems al-
ways interact with their environment, with the consequence that macro-
scopic quantum superpositions (as illustrated by the Schrédinger’s cat’
thought-experiment) are not observed.”
Xt T T I AR MR LE ZAE 48, R. Blatt (20000 iFigiE©,
“The apparently strange predictions of quantum theory have led to the
notion of ‘paradox’, which arises only when quantum systems are

viewed with a classical eye.”

Mi C. Tesche A9,

“The paradoxes of the past are about to the technology of the future.’
MNTER, AR FE, 222 R g, flingE FERIe (BT
W, BTRERES, B TR, BTHAS, BETFSTRE, EXMNAL.

MR, R R T T AR W2 R AR 2 GBS B S AR B R, 19 i
LRV ZNTLARERTE. BT RE0 KEm TAERIE T —]
BhoE s BRYIEE0PE AR AT S B T K 45 R B BE. {H i ) e O AR 4 0 UL
PR RCA . WA BEC P AT — AR AR AR B, AT R e £
Feynman i 41°F 459 .

“We should always keep in mind the possibility that quantum mechanics

i

may fail, since it has certain difficulties with philosophical prejudices

that we have about measurement and observation. ”

WAh, fEF T XS R G, ERMRRY. RT R IFN S, BF

@® G. J. Myatt, et al. Nature 403(2000) 269.
@ R. Blatt, Nature 404(2000) 231.
@ C. Tesche, Science 290(2001) 720.

e
9

r. Amelino-Camelia, Nature 408(2000) 661.
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S — AR Z R AT R AR ) R — 843 O 1E A v [ AR R R A T Y
(BEIE) ATt

“HRFEMGRS, EHETEHRE
TEHE— B RE A . AT AR P A7 e 8 s0ORz sl il . siirid
A HARA A 78

HTRRRF
2007 4 1 A

@ M. Tegmark and J. A. Wheeler, Scientific American 284(2001) 68.
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F=M (2000 F) F5§ (#HxX)

A, BATHR T gt — A 4. mr o hmdsr, ettt
#. BTN SRR, G 20 2 B A R AR R SOk, v RLZ R
Sk U, WA BT E SRS S, S0 AR AR BT S

TR R AR KR T X A e AR R, R R R T
PSR b AT RO A LU e, AT LA A W — 1T B B2 1 O3 S KA Y
NG RHER T & 7 X DAL, fln, By BT 50 T a B0t
PR, BT EAS S RE AT OB R R T 80 . R T e & T e
WA WRRE . REY L, R, SR, RIEYH, #7ER
BRoE S, SCHEMELLEEL.

SRIMAE 12 1 J7 2 A 0 R AEAR AR N R Bk AN FE AR B Y ) Il 107 FH i
S m, AR ANREINIRE], A — H & 2 o S A e a1 ORI A H R BT
W B EA. [FAE, QAR AR B T T ) AR T R R R 1 [ A A B
AMUFEASETE T M af sk, S, EREZ07 “Tett A0 T 2B
HFRIG " Rt a G . GRS Z 577 SRR A R a8, k5]
KV B IR AR AT FEHLH AR Y AR, T S i X AR B SC R A TR MERY
A

EER R IR Y. RE R T FEAIISERTTE 20 et 20 440
SEARK, RAFIEGERY BT 5 B TR UL A R SE I IR AN AR ) Iz U Y
C IO A ALY Bl s HL LS8 i1 ) 2 B A AR R it Y LA S Wy PR . —
BEAFEMA R e, FRATM AT i B 3], AR R & 1 ) 22 e 52 5 A S Jy T 2 R
154 N8 H iy 8 i . 78 B bR b — SR8 22 R Fl9 (U Nature, Science,
Phys. Rev. Lett. %) AW —RAIHGE. —FiH, XT&ETF¥FEARM
SMEIARE, ENBHHMEITREEZIESEHR [ EPR 42, Bell A5
X, EFEPIEEE SR SL RS . Schrodinger S ATE A/ W REE (%9 S8,
LGS S S AR FI W (which-way) SE5G, AE 8 i 5 25 0% I pR R 0% 52 56 0
i, AL XSERURA BT ATE R B ) e n SRR S e B, DL KT
JFEMEMIIH R R, —HH, —RINFHNEREFIAL AT HLI, 4
m, 4kEoe. MFABRIE . Josephson W % 2 5, ¥4k & B & T Hall
MOV, SIS, Bose-Einstein 858 4. #8358 M A # A 4 IE 75 8 & FF &
fhitHoe 21 ey, &7 A S e AT . — T 0 58 SRR Iz T
A, g, TSR, & TEER RS
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JIT A X SR Y E SR 25 AT BN — & 1 07 2% B AL A R 5t 24 1) TR 2 T
KT R RN RS, BIERWAMNERE SR, ERMNEHNEES — MR KA S
REE. wFhniE— PR RE, Wirsxt 21 e A0 i SC ] A 33T i
M, H—rm,. AMIER, BT Mg A NS . CROCRL I &
ERR. 8K, AATTG R 7 2 S A A R0 5 B 1) B A A S AT TR Ak . RRT LA
G, RLENRSHYRBFERINOBEET, &7 =0k R IR ZIE
.

AAEMRIEEETEIL B R N F & T 2B 40 LR 5 . F
R — A, 3R RIAT B R 2= TR UE A O X s i — LR kL

FOM P IR BT 2 N2k, B4, B a7 Wf e SR 22, 2241
A7 AT AT R AR TN — AP S R BN, AR R R TAERAIR, WAL
EEEFFENABZ &, =2 o) 0 HER G &,

X KBRS E AR FEIET OCR. PR A . ARk, Ui
Waf, RAFERHEE. ROEMH, “44E” AR—HMFR, MEANRER “F
SR”. WK, N T AR AT IR R M TAE, AL LS Sk R T N B R A
ARE . Rk k2 BRI RS AR 7 AT T RSN, AT

o BRSO sm G2, oA —F K, S8 — D AR ShIL S W &
JER N INRIE SR % 7.

ETXAAE, st RIBEXWBEANX. FAv—TTik,
S EN S B b B g R Rl . — DR EOm . N Y g e A ik S A
HEE%, EEECHERBE—ENEIRAR, BEIoMMBEEXSHITAZIA
WRBEBHE? HRRE AT — A8 A REF B, B 7R TH A A& 0 s B 500 1
LRI E A G e R, HFREARDE S 2RIk RERYE, (B %
ORI XFTE ., kA A KA E, A BEE - MRIRTERN TR, E
R, BMEES T, WA, S nT DU AR B 5 5 A A ST T AR RE T
PR WERBARM R T R 5L B oR R A — A, IRt sy, BleE s
LEREE AR S B N EERY . XX R E A N A AR, AT L R S I
BN Bl H R A A A LR B A A

A TR, A STEBARMB A B S mar TALEFE ¢ CRE B
T, MERENEREZRBROIRI. —UI3EE AR A 52 B 1Y o H) 5 5r
RBFUI L A, RATIRME, WHEITANMIRES, BAFEXRE, HAAE
BAEME. XM, A sia T 7638 i B 2% 2 5 0 A B8 B U B o 0 7R P 42 R
BE. XX THFARIE R AA R B OCE BN, RN AR Y 2 KURIN A 5C R
(il “HEZ A, MZ e, IR “B 25, B E ) BN xEH
FHREFHE A XK. Heisenberg ¥iit: “BIZFEHER FitiezF.”
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LHAE WA A HCE, BINA L ERTH A SRR, B i A
HOEWR T IE . RS TR (9 2 A N R I BT ST

MELAERE . BOM PR — A8 S FoE BB . B TR SR ZFERINR
TR HEEEMARN. MG, U, AMEEZRENZIMER, SA ML
WA ISR, MR — . 5RO i T UM [ OO )R B K.
BeAh, YRR S, ANRES o A v ad 5 MR SRR B R YK ROk UF, HEAT 2R
FO D) o M RE AR A 2 ROA I T EL 27 A X3 7 74 ) P s 2 B TR ),

TEHFNE L, B0 THRE T X A SRR IE, A iE A
IRZ MBI RS RGE R , IREBERAV, AT ANST E. RKER AT
B (T ) (HERD B & TP A D E “SRE 2R, BOf RS sk 2.
COlI A2 AL AR IS TR R 1 (R DA ) B4R R I T R B
by BE . DU B Y 3 S ROV AT 5 b pR RO RO R S (HLX R TIE R B R
A, ZUTIAEISF RS ESRBITHE, dad WA, A4t & X fl
RR A WU BB ARG B AR £, Xl T 7S SR AA A ERY R T, B
WS INEESERN A fE 2, IFE I MRS C “H I TR MM T8, KA T K
1M 7€ F K" D).

P AL HUN . BRECEZ AN, B ARA e B AR FL S F U SUS AT B R — A58
WA PP LERAR A, W T 2RARE, EEASRTR LR XFTA
TTERENAIEN T, ERENERES R WAL TR B EMNNERSR, W — T
IR, AR SLERA R A EN, EUFE — DR SRR, RS EEETANE
HAARTRITHENEE, MAZBEERN —HERMWIIREEREFE. R
HOAEd 200X Er R, BIRSPRR—AN R, Wi A 27 % ST G ST i
W RN TAE, JhEARS “RARM”, “ZHER”, JFME “RAK
W7, CHERERT. Rz, R BRI E I ARG, AN HGE B — 2.

AL HUM M F BB A P A RIS — A7 AT BE M B B R e rp it 28
ARASPE B R, X T R AR A s i, TR LOEE R Eq]. 51—
AR RN RET IZ MR Z AR R e A ORBHE MBI T AR, B2 — S H 2 A5
AiaE, ZARGRAE R R A A, ORI R, RSB ERE A
Ko R EAADREG EREA ST R B, i B R — Le B AR T
HETTEL. B, R. P. Feynman (38 § 722 e Ae BU BRIE . i 72 BF 5 A2
WrBese . AT, RAEFCE T, X R B G i 2l BIFEE
SIS HL, AT 28 F AT AR AR ARTE R . T2 A2 B A FE Rl AT LA T R
PFAY IR, W — 7 Al 22 RS Hh— AR BT 5, ST LR, 4 T R IE T A AL
St WP RORE, A ) T D RO T A SR A R R e T A A

O W OCHTF - MR, H, W T, mE T vk, Koz, migE Tk
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WVFEUL, KRR R KAk, AIRMARKR XY, HEXT¥RRELERE, X
FERY ]8R HE LG 2, (HE T SO 8T 2 0 MO R TT. M8k, sCRE Y )&
R B AR B wE, (BN T 1 005 A A 5 3R A Rk .

BFIRRBOM B WA N R, R F 2k — 1158, R FEH
A2 E, BRALEHRE —ARHM. BRIAHRENZZBAEN, BMHMER
BTERT. it BRI, (FIEART &, AR & R R EOb i B 1A S 1
AR BNESEEHRLZE, BEUALHENESEETFH, (THX
e 2 N RGE A TR B HeE S PR B AR 20 42 50 AR, N4 E R T IR
HF RN EREMRAE., YR — 22 BT /T AP, 5
FHEIENR B3 TR, X LEHETE 5 e i, (H Sz B 382 A A S D [ J
TN AR 5 B GRS, SEF T OO0 AR X FR B, 7R I 3 S
BRI L, ST (EFE) (L B, 1981, BREEdRsE). 90
AW, NHERMWEAR. EREGE, RS BFTBR . X5 AME S R 2 0
W, T R R 2, SCBRIER . IRE TR RCR. R A, IREEIRE
—TZ2HEFERENRG. HTTHE. ARSI E R T I 228022KF L
R FRRE ARG W, WX KRS AR — AR R B 2 TR
TR TTER. AR T LIRE R, N RE R R,

B RAWNHL, 40 A5G WERIHE. AT A9 AL I R K 1 2E. (AN E E, R E
HEFWN, SRFEZMEL, RARKER. RMPEREY A 60D
s, XA BR R SO BOR AR 2 R TR, HE LA Ak, RATEET. —
MEE, MEBFRWER, SATRERRKE R, —IMRENAERALE. wL
FAS TR REZM, fEHH O RIGZ bR, RATSHA K HLA R HiB. X
ARERZILIRAS 1, B —A3m, BRFEFBRTFER R “TERAK, A
ERENT RAGTRATAL R R AN . A 35 B A a5, 8 43 3k

HE TR
2000 4F 1 A
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F£—. Zhr (1990, 1997 &) F& (#R)

10 4FHT, fEHF I (EFJ2E) (k. W, BR2Elibit, 1981 WA R
BEOO 2 I [ N B ) 2 O BB B 1. B AR DIOR . Z BT R EEE R
i, ZWEE, JIAREWEZR. EHE SRR T HME GG, 4
TR S PR, A R R TR ) S e KO R T R AR R L
1988 AE WA A Z Mk TEBEURE ME R RS RINFHAM L, ZBRREN
ANAY A Z —. 1989 4 X ARAFHE —Jm B K P S5 B AL L 75 207 iR 4.

L0 4R LK, FRERF 8RR A T RS, &SRSl 7o
L AR A R AR IR e IR, IR E T REE TR R
WX RGO, ARG, & I ERNARIEAM S E S, mis [ 4E
RS A B S .

TR E AR, fEES T EAMLAAE R I M — 25 2o It s, B2 M
W T AR SRR s b g T TRl IR A T TR AT FRAR A AR O i
L) - S 2 I 5 R

KT EFHFRELRNA, X ENEM AR D B3GR G SCEk, AL
SERY PRI 5 P A AL A S AR [ A — ST 5 A o ) 2 LR R LG SOk, A8
TSHEEITIE. Fln, 5¢F Planck ARG S A L A P55 75 5, Bohr [ Xf
o7 Ji B A%

FEAM S AR YR, DiokE — A RAESA. o BRI CmT I EIRA
YR, “REF O RAR TR RS 24 N F B = MBI TAEM &
B, FE (EF15E) (1981) B 28 X B AS A A R0 3 A AR AR T — SR Y 2%
W, Flan, MEsh-RF MRk #ERENSEITERE, DAV AT
LAFE|IHEFRZBRAMMNE, XTEFEIMEESEMNFEE, REERY.
Ve 25 B 51 S B 25 00 B [n] RN i DR [m) R0, D F 132 38 9 2 2] DGR, 3 5 THI A5 2]
TRZFETAEE NS E. EREARPEE, E&H XM T2, JF4ET —
BERAT NG S L.

HEENE T RO IRE RS EREE R DS, A )25 AR 7]
LT SURTE — € AT KRy #E . XA D s g B L EL AR A 2 A
SR BRI TAE v o 22 R RO oK g 1 = B R AR, A — LE A [R] R AT
VIFAAREBCF e dh W n i . i, 8 3h & A9 Dirac B M Schwinger
R NVRANX DT B AL . A A3 7 5 5 AR AR R) R AR v —

WA — S, A R B 2 R B, EAE o RO e AR
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i, R4EARR, ESHILSETFRREN LR, HIRESRAETHCHR, By
Ak B A9 R 5 R A E S RE A R R . Hellmann-Feynman &2, HARASE, A
P T & H R0 T LA, B ENE — BT ORI . 3T U i 2 A
A 5 ) 2 F R 1) PR, <y A A A A B B Hh A9 EE 2k Born 3 LAY 15 H]
SAFAE, AT BE A TE.

T AT BT IR B A SCHE S R B, A3 b T 0 SR A
AL O MR s AR T A A PR R B RE T . R R Rk TR
RRBEEEH VI, JFBIAT & SRR, 3K 288 o] U A A 2 R e I AR O [ AT 5T
A BRI, R, RIS ] (1 o ) BORG E 5 fl A ) (8
Bw, BiES, B B8 FESH 4.

PR, R 2 o A o I TR ST U DR AR A R TR B (o 2R K
Vo BAPFREE) IR BNy (<<2/3), HARI E P B4R A BB
B XA T A ()RR L R 1Y 2 A e e LR A SO S A . e i H
Fih 5 SR B S A 2R e A [ AR i e PR ) E T A IO SR BR A% B LR Y AL

E TR
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T )RR NS A 7 S R RVRE A S 0 R A B RO ) BTt SR S 15
T AE 20 2R 3] 20 AP I AR M. AT SE R R B, 7 I 5 45 4k
L, KFMEiT A S B E AL TR T M A RN 2R, EX A
WS —FB R HARRE — BFRER, ENINRFIEZEN — %S % & — Planck
W b KRR, MY PE X AR E) TRE IR E, & s 5 M
0 2 T i e 3k S 07 i 1 2ok R vh B 2P e s SR .

B, AN ETF P RESEWRY R IR F5LE, EFAEHN
BANEIMERMER, MEEIHELEZNHER, TLIR MY 28 28T
YR, O ST BRIE P B AR 2 W AR I iy e T A L, S BN
ST AR R — N —RUER TR M I h O R K ) A SO
R IR R, R RO RN W, B A ) A g — AR A L. BN, AT
BLERKAMZzs, SEEF PR FEEFZNZIMEM, #2512
fic, HXTFRIA, TR EMAEER (AhE moR>h, m BITRERE, v
R E, RBRPUE A, Wb, S8 ) RE IR SR A X 1 6 Y.

AT — S G, f %00 A L T SR ok, i, AR R
R/ WEBSRESHERASL; Xfm, ABEATFREEEE (RE/M)
MR CE IR . WE . BB BEEO T B m R/ R (. S&Edm
B, B TRNAERRE, AE2HN. Wik, 2BAAFEE5EFHNZFERTEE
Mok, NEREBEEFINEESETRIS.

/RN R, ZATDY T ARF VR R, &5 1%, FElEIE
FHXT IR 5T ) 22 A B AR S S S AR A, BT ST B AE Y 50 Z4EH, 4
I3 7 IR B e, R FRATREGE ARSI sy TR, W TEF %
FI v B AR Ry, B DR A BRI AU, DL KAk 2R R A ) i S
G B, WAL, EAEYIAE AT S A BB TR, AR EA
A, S b, S O B AR AR AT sl i e SE A

K, AR —TTA AR E —F, & Iyl R 7R AR Wk i rp iy A 6 &
B ONEEF Iy DOk R A S S AR DL O AR R Y — SR
GLAEAEE AR LR 8. X Ty B O o — 20 IR 52 B DA ROR 7 JE 4R R
e A LA S o
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“2.3.2 Schrodinger I 37 & FEHE H 1 7 5B & iR
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PE T BB AT TR S Tl g 15 (8 929 50 B 38 1 R 4 52 4
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Xﬁ?g*ﬁ?ﬁi%%ﬂﬁﬂ 2 R FIRE L, PERE oGy r) TR R 6 4EL B 55 ]
(configuration space) H1 I 8l . BE T 45 T #ER 12 RIS T ik  [H k6 4k 25 8]
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P00, A 5 5 35 v B ok B AR T e 1 R I Bl R T IR M T B 2
(4. I PR ESCT 0 I ARE 238 03 A1 o LR X R U 4 R — P B Cexpectation) , I
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BTV REM G B A NN R, 5 ) 2 X0 W) 0 R SR A R
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principle) Y — > 5 %2 J5 . % oR B0 A9 S8 i B 0y T R A SRR K AE 1. 1.3 5
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S OB R S IR TR A T = r < p A2 R
UESA
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ty relation)

AxaApﬁ>%a¢ (@B = arys) (1.1.6)
5655 b T (A7 2 (TG 2 St i ME ) L 4T LA
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(D sn) = O, (1.1.9

AN, Tyt Z (R OC R B R IMAEAT Z M A G & . i, ﬂﬁ/\jj A %ﬂ B
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B Ay EA FERIAAE 45 76 3 Fh AL R AR AE 28 F A R B [ LA o0 5 14 f;zz,%[/fx,
B 10 ik LA 5 B 7 A [ ELA 0 5 . 77 E 8 0 38 R 1
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FROE , A bR 5 sl B AT A FE AT 5 20 (1. 1. O R A (L. 1. 10) , BPAT 45 H A 1
EEXRZR AL 6)[FE]

AATE K B — A F1 2 0 F O R T8 B 3 — N A AE (A AR 25 1T e 1k
— A B Z IR i I (degeneracy) . J& TR — AR B A 1 AR AE A5 AR — 2 9 IE 52
1B 34 AT LU 22 0F 228 H — 4k (6] a1 2% J1] Schmidt B8 . ASAE 25 (9 18 1 15 5 8 7 10

............
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R4E G AR AR, A T REHE F A3 A 0 800 T ok Ui, M IR S Z Y
EASPERL AT B 315 LLARIIE.

(R — 1% B FORE & 0 R Bt BRI S 15 1 R 9
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[F.A]=0 (1.1.1D)
X522z p AR P8 Poisson $ 5 {F, H) =0 J& 7 1l 37 3K F Wr <7 18 12 A X 6.
KT I R AR [0 8, 38 A LR 4 5]
MRS E 1Y 73 5 BT 5 OC & AT LATE W A 2l = A AN (B L RB 2 1 1 BB 47 B0 A
X F AR AR E Bl B AR (B R 2 22 1Y 0% T Hamilton &, A AE A BE 7T G 2 B3 8
CREEA) 7] (82 3 22 19 Qi 25 A8 B 285
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(3) Iy B S A R A . — 25 L I P XS ) 1 R RSO S 8 g 2 i R B AT RY

............................

..................................
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BE G P35 AT 55 5% 4 6 B J0 2360 B0 R 0 T 1 ol BECL (A0, = AR TR 3 4
MRS (2 oy 2 AN A (B f s B T LU Oy ) 2 B A B 1 4
LRI AT g o SCHT R S R R PR AR FR A — 2 X ) 7 4E 58 42 4R (a complete
set of commuting conserved observables, CSCC(')).‘T\.IﬁjE/‘J.MK./%a HH ﬂ-:r‘lfm FY) X FR
PRI 25 5, sP 8 2R — A HI R X TR — AR R L X ) sy 48 58 2 R 1Y
IS AT S I B0, = 4 PR, (Bs By B0y (L 12, O #0T BA A 5F
R SE 4. 3T J1 8 VG R T (H L T2 T (L T2 ) (H LT

[ #BTT LA 36 S 6 5 < Ak 5 A A {FL 8, < 4k 5 4 4 P S A B RO O R —

=P /2m RS AK IR RS 25T 0 WAGEAR - F /I A
CH PO WK R — 4 11 R T B — SR R 5 49, P 28 Wl R 4%

R P 75 b 30— A LA A R CRE SR 2 11 o B R R L s 2 R T B i %
S S ik 5 4 4 B 4 XS L XS5 S i 5 4 ) — AL TR PO B
THE A TE A TR A A G G %) 0 RN 350 — 2L A 7 40T LR )y (T ke
BRI 5 25 CRLHE RES0A  IF B B0 ). T 6 b 3RS B, 7T LA 22 11150 e <7 AL 9
I (selection rule) ; 78 b PRET S [A] A, D) W] LLAR 98 & AT SR dE 47 43 0% .

1.L1.3 EFSEMERE, REERKETH

—MERRG TR, I F A ¢, LA 18 ], & F B
AR RS2 UIR B F, W5y D AEIME R T F AR AIES SN
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¢ =Ci¢ +Cogy (1.1.12)
U F TR A AR AN R ME— R Y, BE N FL LB N P IR R T AN
Jin B éuﬁifélﬂﬁ%jj (DEI’Jﬁ?AZMEfEI’JﬁJJDKHT ?JEE'FEE{DTJ;(F)

------

------------------

MR R T I Fﬁﬁﬁhnﬁu 1. 12)51“ M F A5 F, ffgRoc |G, |7,
MAFER N F, e |G, |7, [C 1P+ [Co [P =1 Fom IH — A A AF. B 3R L &
T RAR AR A A ERE B e (Crdy +Codn) (a 52) 5 (Cr ¢y +Cogo) 1 7R 1Y J2:
] — A~ a2 {EL S i 25 (8 AR AR 57 002 A W B AL 1 (Crgy +e°Cagh) (a0,

................

S5 (Cy g+ Cogpo) FH TR 02 AR R 1 T 25
LB g, R R AR L L F AP ) 5 ) 2 5 4 4 1 K
KALASF g = Foy (n BRI0 — 20 58 4 0 Bk T A3 28 15 B0 . 52 R A5 78 JEC L,

........

R — 1 T2 ¢ AT LR B AR (g, ) B9 Z B

o= >,C4, (1.1.13)
FIH ¢ BIIESZH—PE, (P s g) =8, » ER T HIE IR ECH
C, = (¢ (1.1.14)

[C, 1P RERTE ¢ B TR F BEF, MR, H—e5% ﬁij\JZ\C [P =1, XEE
U R BB GE TR B O e — LAY R TR RE L %5 %éﬁD*E’JPFHXT?FEuEﬁ%

nig XMKMﬁiﬁﬂTK\“PMfWEEMﬁ R T 1150 40 B

.............

—/I\J'J%ﬁ%(ﬂﬂ F)E‘JZMTj‘ — A S 5 — A 1 U GO AR 2 BR AR 2
BN FG)H B SLRIAMEZS. fan, Ik T IR ¢ e B IR AL B EA
JE bR (BB ED MARNEZS. 76 ¢ B8 M A, Iri 4 R e — A/, INE, =
hew/ 2 BEFEN 1,33 I8t 25 B0 DR S 18 P 40 8 A — T T 00 o 3 A A I G5 SRt

TmmmmTﬁ AGAG S TR T BAE © % oce (o= Vmw/h) , &
Gauss 70 . X 521 T2 B9 R M AR 1 — 1A

TR A T WA B B AAE S I RS 0 g= (g + ) /2 B B R
4/\ﬂ‘|5/t.5”:4\(nonstat1onary state). FEMLAST &= H G = B, TS5 45 St B A

@ WHILI ,A. Messiah, Quantum Mechanics s 1,p. 162:“. .. the wave function completely defines the dy-
namical state of the system under consideration. In contrast to what occurs in classical theory, the dynamical
variables of the system connot in general be defined at each instant with infinite precision. However, if one
performs the measurement of a given dynamical variable, the results of measurement follow a certain proba-
bility law, and the law must be completely determined upon specifying the wave function. ”
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GENE, BNEE AT REHE L E, WA REH L E, A 1/2. O [ BE & A AE 25 89 28 i e
S EC I RE A5 R AN E R X T 2 B L L AR T LB R OR SR AR R Y
PR E B 25 B 0 OB B0 R 2 PN T8 200N SR AR B i v R . o B 2 &

.....

.................

B AR M E R T @ SR AN [ R AR ik A B T S 2 AR — A
T ¢ T TENDFER T A bR A AEZS 02 17 2 A8 AR AR 25 09 B i, il 2 3L
P AR B T AR A AR RE R S A T 3 A SO JR R PR EPR 32 (L
L3 A i e fE R . 7R X 2R TR R ELZ A iy B2 R R, o A7 7E — Fh &

....................

IR A R PR AT e R R R v 7 T
T 25 L% IR DG, X 7E Schrodinger A 25 P I N B GEAITHS WL 1.4 ).
S B RN 5 A 2 A R B LA LB 1540, Rk B R B A

..............

0,0 5 o AHeA LR AMEL B LUEAR A & 255 B AT 00 00 {8 09 S 0 7 8 44 A
"l RERIRE R O, T LG B AxAp, =h/2, i X5k /& Heisenberg A& E K &,
WL 1L ID PR MWRE— T ¢ BT LRR B R —H )25 58
2 F W FEARMES ¢, AT, X0 C, =g, ) ,n=1,2,3-- W[ LUFEH, B
BRTA C, % Wi 738 ¢ B2 ifE. AT —HRITRE D {(C, ) & T
SQTEF %%(representation)qjﬁ'ﬂ%ﬂ?. EEENER.BRT REMETC,|°
B 7S B HE AR B 2 A0 L 2% 28 I 2 BORY AH O AH L o A 2T W B SCRY B ] D e

Jyti A A G R 5 32 BT 4 0 0 36 ) A A A T B — A R R —
1TE A8 5% 6 B 8. B B 1 28 1 £F — B T A 7T LR TR 7D 0 2 Gk A i
I 4 5 2 o33 A L TEAS 9 M 7 3t 2 Dirac, Jordan % 4 19 5t 7
12 3 9 3 T

Dirac %3k — S0 B F 25 H9 SR T B EL AR & 4 BME (R R — A T2 ¢ 7
L Hilbert 25 i o) — 50 5 502 1 | @) KO0 47 5% Cket). B 6 364055 i o
HUN 25 2388 Cp | Bk 8 72 2 Cbra). B0, 36 05 S LK % 4019 R 1 1L A %

@® P. A. M. Dirac, The Principles of Quantum Mechanics, 4th ed. Oxford University Press, Ox-
ford, 1957.

@ Hilbert 75 [f] /& —F“normed complex vector space. ” %5 [A] AT Ad] A~ & 48 (25D ‘ o) Hl ‘ o) AF
TE— 5 B (scaler product) » BRI LUH SR, Wi R LS MPE. Hilbert 25 ) E 80T LUE AT BR4E, HAT
iR B R A B ) B AR (B R R 9 15 00 . Hilbert 25 M 4EECAT U2 MR IY, FEMEN T, &F
BREAT IRy, T HT 2, — DT | ¢ LA Hilbert 25 M P I — 4> ray RE R, B RW KK EK
SRR R T R R T

« 7 .



SR F £ . F WAIESIC N [0 8H 0K | n) s LU ) b VE g 38 % B 3K T
fasia, B F R FE RSP IR 0K | o) FRL

|y = Zc n) (1.1.15)

AP C, =W ¢>j€lﬁllﬂjﬂ<n\¢}> %‘zmjs%\wfﬁ%\mﬁﬁﬂﬁﬁ AC Rl ]
). X —HJRIFRE(C, )i AZI 725 | @), %R (1.1.15)

\¢>=Ecn\n>=2<n\¢\n

=DVl = D Iyl ) = DIP, | (1.1.16)
K1 1160 T P, = [n) (n [ ZUTHERIT 1] [n) B9 BERE SEAF . 5 2
13,,15,,/ —Po,, P;=0"P (1.1.17)
D] =1 (1.1.18)
BT U2 | | ) )0 5 46V 1 2 B,
PhERE T F B ARNE (A R B B0, X T 3% 2235 A9 1 &0, 5K R 45 1 4. an—
Aebi TR (F=2) R G . o ARAE N iE 2 T BH (—co<a<<+oo) , KERILH
|20 MR R R G P i T35 | @) R K

T oo
K2 :J,de‘I“IW :Jf“dnﬂxﬂw (1.1.19)

Kb gl) = (x| BETE | Q1 x RRPEER, B 5 BT 8B TR LR PR
U5 RVR. AT M AR AR R B RO Y S S TE R R

de‘xﬂx‘:l (1.1.20)

EVE R i 225 AR AE s BUE AN BB — AL Y. Dyt Dirac 51 3E & pREOR R B AT

“JEI— @”9
(22" =8 — ) (1.1.2D

Xl W RS e,
w2 IR KRB AR, B AR 2SR EE. 7]
Wt T4 | @) 23 845 L a5 R T4 |
Llp = 1$ (1. 1. 22)

TR A RENESE . TATERR B MR F £%F |2 =

F,|n)), B0 feh R
n|L [ = nl|$)

Z<n\£ 2"y n" ) = (n|$) (1.1.23)
(n| @) n|P)43 %U%?i?ﬁ\¢>$ﬂ\¢>f F RGP RR, 1 R K (column

vecto) T (B ¢, = (n |¢) b, = (n|$))
.« 8 .



C by

Co ] b2 (1- 1- 24)
M= (1. 1. 22) AT R N
Ly Ly, (& by
L21 ng A Co = [)2 (1 1. 25)

Kb L= | L | BV L 7E F 3% i 5 M 4 75 9 6 2. BAF1E UL & 1

RS R IR FE S D BRI, . L —F
F,, = F,8,, (1.1.26)

o A E BV A B AR AE L BT F TR N
ﬁ:ﬁzﬂmmhzzﬂ,

P,=|n)(n| BHEEHELF X R AR AT 193 %K 7R (spectral representation).

mmM:ZRﬁ, (1.1.27)

1.1.4 =FHMEREREWL,Schrodinger 18, EZ

PAETHE IR 545, R AR 5 — I 20 ¢ AR 725005 . R 8 A5 BE R ) 14 78
. T 15 00 55— AR A SRR, B A BE I 8] B A3 ST R 81 Schrodinger 75

in 5—\¢(z)>:= H ¢ (1.1.28)

25 7E A A Hamileon FEAF. T b 2% 85w ) — 00 oy Oy 12 JLUEHR R Y
%UﬁA(zgfo)ikm» ¢(0)) 1 Hamilton £ H %5 EﬁﬂJJ:‘I&AﬂHLlf:fETTHT?ﬂ t 1)
E%U¢u»mé%mF%®®

F, WA W KRR L. X T E W AR RS AT (R m) & T35
FEF V) WL Schrodinger 7 FE(L. 1. 28) FTon i

ny R
%Ewnw—[ &nV+quano (1.1.29)

@ W. H. Zurek, Physics Today, Oct., 1991, p. 36~44, “States of quantum systems evolve accord-
)

ing to the deterministic linear Schrédinger equation, i/ ‘77[ ‘(/)) =H ‘(/)) That is, just as in classical me-
E

chanics, given the initial state of the system and its Hamiltonian H , one can compute the state at arbitrary
time. This deterministic evolution of ‘ ¢ has been verified in carefully controlled experiments. ”

@ J. Maddox, Nature, 362 (1993) 693, “... the Schrodinger equation is perfectly deterministic
equation exactly comparable to the equation of motion of a classical mechanical system,....”

® P. A. M. Dirac, The Principles of Quantum Mechanics» 3rd. ed. 1947, 27 45, p. 108,“When one
makes an observation on the dynamical system, the state of the system gets changed in an unpredictable way,
but in between observations causality applies, in quantum mechanics as in classical mechanics, and the system

is governed by equations of motion which make the state at one time determine the state at a later time.”

e 9 .



E— BN T, X (L1128 BRMHBRAE 2 H AR & ¢ IE R,
X (1. 1. 28) B AT B 2 s il
| () = e MM | p(0)) (1. 1. 30)
AR HBEERZ WA H AN —H =8 T 2L MRS ) HERH
K4

Hlg,) = E, [¢.) (1.1.3D
#
[¢(0)) = >3C, ) (1.1.32)
ML (1. 1. 300, Al 5
() =e M [g(0)) = D 1C, e 5 g, (1.1.33)
K C, I SE A Co= (¢, [¢(0)).
WA Z WS RE—ANRERAMEE. Bl 0 =g B C, =35, . 1
(1)) = e &/ | (1. 1. 30

X R IR BR S »%ﬂﬂi?@?(slalionary state). HIR R FESKN A — R Y| HE
FRRFAIE. B 5 I A 2R 1 B S I i A 235 102 58 0 DD Y L B 55 0] 46 B 20 1Y) i £ AH
[F] CHE 2 SFED o R AR R I B (B X 53 VB R B, e oh o8 A T 91— 2o 45 0 R
(1) 25 [B) ABE 232 43 A 8 5 TR U %85 32 R A i B[] o502 ) oy

p(r.t) =|¢r.v)|* = [¢r.0) " = p(r.0) (1.1.35)

jra) =— 2%[90* (Fat) Vg(rat) — ¢(ra) V" (o) ]

_ %W (r,0) Vg(r,0) — ¢(r,0) Vg (r,0)]
=i (1. 1. 36)

...................

s 15 8 2R B — A~ I 2 1 AR ok B A i AR BE B ] A AR 4
(1)) =U,0) | ¢C0)) (1.1.37)
AR 1.28) .75

i %U<f,o>\¢<o>> — HUG.0) | ¢(0))
BT [ (0 SR AF B/, T L

i %U(z‘,O) — HU(,0) (1.1.38)
Ut 0 Ff E TABEREE B, EXp ekl
i %U* (1.0) = U" (1.0 H" (1.1.39)

e 10 -



FIH H =HUEXRE) U+ (1.1.38)— (1. 1. 39) U, A] 1§

%[U' L OUGE0] =0 (1.1. 40)
F BN S U0,00 =1,
U™ (. 0OUG0) = 1 (1.1. 41

Bl U (2,0) g L IESEAF 32 M ~F 5 19 R 21
YT H A& e 6.2 1. 3) g
U(r,0) = ¢ " (1.1.42)
AR F (1L 1. 30).

1.1.5 X Bohr E#ME R BRI IR R

BH AT “ & T 122 i B A M 34 B (Copenhagen interpretation) it B K
AL /& Heisenberg A1 72 P JR 3 Cuncertainty principle) #1 Bohr B B &4 J7 3
(complementarity principle). BATHI AL T 1ESE 05T 2 BLIS 19 ) B4 B (% LAk, BF
AR R IR MY FE AW 2 Bohr, Heisenberg ., Pauli 28 A 768 T J1 5 FL AL & F 4 3
BRI A e R OO AT Born BY I oK BUAY G5 114 B R AO0 AR T 52 B
H A S B AR SR “ MRk (probability wave) , T A [A] & Schrédinger ., de Broglie
18 S0 JBT U 45 Ay Ao 38t 2 B 42 R ) B I8 B W L, LR B A Elinstein 55 A R4
By 22 ity 2 ) P 58 38 (deterministic) $ifi s W0 A5 (RIS |27 IR AR BEEE T 7).

“YE Bohr i ZE AR A S OC T HAMEME A BT R 46 1952 7LD, p. 1431, “ 3%
ANTT 3kt G (i — S gy 3 2% SR RN PT 2 58 M A i) TEVARL S IR RN R S B X 20 I
A 2R . Bohr — 0] LABF# F AR XEFR ABAT A C XS, “7E5 NSRS Al 1Y
SRR SRR T T T AR 1Y B A AR . ABLTE A S AR I A B 3 ) SO Al 25
B TS I R A S S H AR TR A R AR A R A R T
it AT R A G PR 7, T BRI 5 S A A B 22 S A AT A B BT A b B A R
WA, F i — S AR T SR i R T — O

@ P. Robertson, The Early Years, The Niels Bohr Institute , 1921-1930 (Akademisk Forlag, Copenhagen,
1979); MEAR WK, At il WIS BRI RAES J,1921-1930. B2 i Rk, A at, 1985 % jA7 %5
PEAI A FL S 1 038

@ N. Bohr, Atomic Theory and the Description of Nature, Cambridge University Press, 1922.

@ N. Bohr, in Albert-Einstein : Philosopher-Scientist » ed. P. A. Schilpp, Library of Living Philoso-
phers, Evanston, 1949.

@ W. Heisenberg, The Physical Principles of Quantum Theory , University of Chicago Press, Chica-
go, 1930 A, EIEAT, 25 5L, (it TR A9 9 BRUSTH ) , BL 2% 1 A4 L b 5T, 1983,

® FAHEEF,Bohr 5 Heisenberg AW, 7E R W24 BT 22 S 19Q. f4J » Heisenberg® /A~ J& 75 7K A %
YRS A B B dh 1 RUR R — AN R B TR T Bohr Ak “ 3 3 E & 0 80 5 kL F R A&
—IEMA BT AR Z

©® W op.1Fr5] S, Dirr, et al., Nature 395(1998) 33.
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Bohr Ay« “ 3 8l 5 0L 7l R 2 4> BRAR AY 28 SR L B — DR —

.....................

............

TZﬂNBZJHST*HﬁJEﬁTIE'WEWﬁT bﬂg%%\fjh%vl%gﬁﬁ‘ﬁﬁﬂg. jﬂT?@
ﬁf&ﬁtﬁ*ﬁi&l%ﬁ%%%ﬁ@&iﬁi% s Bohr 21} T“E%I“fi”(Complementarity)
A RIE.

AT AE R 1 g 2 0 B B R R OR L BR T Bohr SR 1 /Y P 3h kLT gtk
(wave-particle duality) X —X%F F M EME & 2 A1, B T PR 30 PR 20 19 % SCibR A 5
Wit i, f?ifi(contmulty)'ﬁr%ﬂﬂl i(dl%cretenew)?’f;%j}l%T@B{Fflﬁ'ﬁ 1]
AT K FR B RE AR N T AR A SR BB TR T AR A A )
L. YIS TR I 7 ) 2 rh BT A ) S R A T A . U SRk (proba-
blhstlc)f" *'ﬁ(j%ﬂilb f?&(determmmtlc)}’“ﬁ,ﬁ:;%)ﬁj%tﬁ’@iﬁﬂfﬁﬂﬁ Mk & b
THE Ty 2 R AL 25 CANRE BEAAE 2, BIRE 28500 IF, 032 ) 2 8 10 IO 55 2R 0 4 i
S TR SE TR A T XS A g 25 a0 0 2 SR A A A T — R M R YL Rt DD
AR A I i 722 56 1 9R T052 (1 i v 0 2 A 8 M .

YE# NN, Bohr 9 B AM: i 300 R 20 9 i8R L 5 AN J2 BT A B9 N 2 38 43 TR 2.
X R IAE T 7 ) 2 AL G A R B A 1 B K g i b AR B RS T NN

TR SN HE— 25 A v, R T R A B 2 AP AT R A

L2 % B

1.1 W aiHE , — MR R R 78 ¢, B Hilbert 23 8] 1 f5 — A4~ % & (5 [])
KA C R | o) EARE KRN, KRR —41% 5 s e . plm, F K
Fe [F] A 2 sb,,’ng,,:F,,gb,,amUIEjﬂ\sl},,%ﬁl‘ﬂ‘liﬂiﬂ‘n%n R — U 58 & =T 5
(BEBCEBUED. VA [ ) MR ELR TN F ELR. X—HIERTEEERI N

Dllmynl= )P, =1 (1.2.D
P,= | n) | BUTFER [n) )5 0] B AT 2
Pl =P,, P,P,=P0,, (1.2.2)
KR AT — A | oy &R AT X — 41 58 & L e
|y = Z\n><n\¢> ZP 1) = Zc ) (1.2.3)
BR|paREELT P, —\n><n\E’JLﬁF’§ﬁEC \n> C, = {n | >R AN 1Y

Tr R RN BARDE . B[ ) 7E [ n) SRR R IR

R P= | ) (n | JERF F ATLFE R R
e 12 .



— EF,,\n><n\ (1.2.4)

Wk F AU 22 7R (spectral representation). [ X # & B A7 & AT HE, & X
HREFPE | QMR ALRT o= | o) (@ | RN H 8T8 | ) A 5% BB 4500,
T UAE N & TR 5 —Fid =, X‘Jfﬁ:?fﬁ,j%?(pure state) | ¢ , 3% P 4l 14 7 =X
EEMACIL 1021 T EX T AREH — A3 R ¢ ﬂé?ﬁﬂilﬁﬁ{w ] ?K(mlxed
state) . 5t 75 2 I3 BE SR AF R 38 CHog UL 1. 2.2 7).

1.2.1 ZEEENETEEK

8 B B ) AL i T 250 | (0 BB IH— 16 (D) | (1)) = 1. 5 X
5 o) A R 1 B4

(1) = | (D) | (1.2.5)

FZ I E S, AR
o =0 (1.2.6)
o =0 (1.2.7)

WoRH— A HARR L GEBO . FIa F RL N5 8T | o) MR Y% 55
5 RT3 I T B 2, B R o R A
ow () = |o) | n") 1. 2.8
= | YD) |a") = C,(OC) (1)
HX ot H
om (D = [C, (D" = [nlp))|? = (1.2.9)
| QETWEF AR F, HHMR, W28 ERNF P, f\¢>*?ﬂﬁ¥i@ﬁ Hi
| (o) I — Ak Z5 A, AT A5 25 B R I 9 % f T 2 AR 1.

tro= >, |C,(0|* =1 (1.2.10)

FEEAT o b 0] LLR IR
p=|¢W)y() | = Z 1) n | (Y (o) [ ) |

fzc WOC; () |y’ | = Zp @ | n) G | (1.2.1D

M (1. 2. 8)7Uﬁtﬂ e, =00 C —odzC =0, "M EH— 2 C, M
Co¥IARN 0 B0, AR 0. BT LA, 55 F25 | @) AH R % B 50 B B9 36 B 0T o, HH R
(RJg OV BT ) P& A | n) F | a") BRI, oo BT [0 |2 2575

@® L. D. Landau. Zeit. Phys., 45(1927) 430.
@ J. von Neumann, Mathematische Grundlagen der Quanten Mechanik , Berlin, Julius Springer,

1931; BPEAR Mathematical Foundation o f Quantum Mechanics ,Princeton Univ. Press. Princeton, 1955.
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| ) 25 Tt B A R RO 3 A 6. T | ) MR PO — A ARAEZS | ),
P = [EY R [0 ) =0, 8,0 = 8, 8 » B S — AN £ 40 42 L 115 HL X £ o6 b A7 — 4ot
 ou NN 0o =D ILJF T H B 1).
HK TR 2 B 0 E ] % AR BRI . R O B T, 2B G
EHIE K
Gy =(p|G |¢) = Z<¢\n><n\G\n’><n’ )

,m
=2,C,G,C, = G
= C, = .

n nn n [071 n m

=DV G = 2. (Go),,
BT LA
(G) = tr(pG) = tr(Gp) (1.2.12)

G T G=FHR.G, =F,8,, (G)=(F)= >, |C,|F, . & F .75
F, {H B Ry
P(F,) =tr(P,p) =tr(oP) = |C, |’ (1.2.13)
A P,= ) n| B RHAAHKLA 2. D]

tr(oP,) =tr[ D, C,Ci [n"> ' |n)(nl]

=tr|:2C,,fC7f [n"y<n|]

=>C,C ullnyn|]=|C, | (1.2.14)
WG TR BT o) BB 8] A9 L. 3075 2245 B Schrodinger J7 &
iﬁ%m(m — H|g()) (1.2.15)
EER IR
%,0([) 9‘¢("><¢<z> [+ 190y 2egin |
_Hlg)) H
= <¢(‘)H‘¢(”)><¢(‘)‘—iﬁ
_1 _
= [Ho() — p(t)H]
L@
4o = L H.00] (1.2.16)
i’ iner s
O EEE,— i F(£ Heisenberg €4 v B i) (] i) Vi £k 38 <7 T 31 7 1
%Ff—[F H]+E
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U — A L 0 8 R e U 1 53— A B B R 0
RFER WL H AL ) WIERIFER H 0 =E, [n)n H— A BT 54
)

L () = (B, — Epu (1.2.17)
Pl T
O () = p,r (0) e m”
w, = (E,—E,))/h (1.2.18)
El]ﬂ.lfx:fﬁ.%f[; p,,,,’(ﬂ(ﬂ#/)l{lﬁji_ﬁ%?w ﬂ%@ WﬁXTﬁUEJ\UTFﬁHTIEﬂﬁﬂﬁ
Tig
TEAPR R G B SEAT 0= | ) (| B REREIC 1] 3R 1
olr.r') = (rlplr’) = (r|g)(@lr) = ¢ (g (1.2.19
H Xt AT R
olr,r) = ¢" (H¢r) (1.2.20)
R 7R AR 23 (A (R %5 B2 N DUS 5 AR Eid W) =¢" (D ¢(r)
=|<rlgy |t
SRR FESh R G % B R ] R
olp.p’) = (plyglp) = ¢ (pHd(p (1.2.2D
K s(p)=<(ply>. “XFTMAIL"H
e(p.p) = (ply><glp> = ¢ (prd(p) (1.2.22)

PIEIE RN W(p)=¢" (pe(p)=|<{p|y>|*°.

BEE 1 TN RARNAF.S4E WEOZE KR FESREMHE? H45E Wip)
ZE I TERGHE? B WOM W)L E G, it 78520 LU E T k7 2 4] LU
B O3 Ok 3 Il 20— 25 S, L R 2 R R R A 47 DD iR R B R T A A A [
i)

BB 2 BB IT B On KL T B ED

K=L0lnalptplmnell=LPmp+ppin] .2.23
2m 2m

REERTE| @ FTHFEHME.

H>$

WIK | :—%[W (" Vo) — ¢(P Vg (D] = j(r) (1.2.24)

BIVARE 5 B4

@ W. Pauli, General Principles of Quantum Mechanics,p. 17. Springer, Berlin, 1980.
@ W. Gale, E. Guth and G. T. Trammel, Phys Rev. 165(1968) 1434.



Bl 1 (DREFHIE o, =1 FARMEETE Pauli #R (6. £5) PR EEHE M. (2)dEmoR
CHE o, TG0 5 B JE .

1
B (DFE o BEDIERIEH | ) = (Oj,\ v = ( j SR oo =1 WAIED. fEIL

Fx4mh, o, = L 1IRARESICH

(! (1
| > =—| |, ‘<_>77 (1. 2.25)
V2 \1 V2 \—1

UL AHESR o, = +1 Fl o, = — 1 BUASTE 25 48 L 1Y 25 ¥ 43531 Ky

§ R
1 (1
()

BN o, =1 BYASAE 25 A0 BT B9 % B 48 M B9 JEBE O o = (A | 0 (> [ A =D AN =
1/2,%%  FRAPXFHAIC po=pn =1/2, TR 0, =+ 1 — DRAIEET 6. Ho.=+1
(B o.=— DRI N 1/2. FEXT A TT oo Al p1o AH 0, "RARTE 0, =+ 1 —DEF M & 0.
W oo =41 MBEREAN 0. FL L

1 1
=)= ([t + ¥, ]<>==(+>—|¥» (1.2.27)
= = 2+ o = 2 h) =

B2 oo = £ 1 BIAGEZ A AR T Z 0 CGEACE , (HAX AR LA D,
()0, KRR —>o, KRG L IELIRIEE Ny

(HM <»¢>) 1(1 lj
— = = (1.2.28)
(<[4 (= ]¥) 20 1 —1

[M—w <¢<—>J ( 1)
S = (1.2.29)
(v =) (v |=<=> J2 1

RHWAE SST =1. Wilt,o,=+1 WA | > ). fE o, BETHBEER N

1(1 1 1
S = S = (1.2.30)
2\1 1 0 0

BRI i —A e E (on =D AR 0. FEHRIUE, 0" =p,trp=1,0" =p.

l\')‘»—‘

i 2 EE,?EDES**G 23 A J7 ] n (sin 0 cos ¢, sin @ sin ¢, cos O 537 6+ nCRH

Pauli %) WM G R R A

cosfl  sinfe
cen= (1.2.31)
sinfe  — cosf
BERAES N
cos %ef“f""z sin %e"‘f"/z
lo, =10 = ; v e =—1 = , (1.2.32)
-0 o o U g2
sin —-e cos e

AN HEE W B AT A 2 B 50 SRR 00 T
.« 16



) 0 g 0

cos’ o sin 7005 70"
o, =1 = |o, =1, =1|= ]
sin —-cos —-e" sin” —-
sin® A — sin icos ie""’
s 7 sin —-cos -
oo, =—1) = |g, =— (s, =— 1] =
— sin —-cos iei"” cos’ i
T2 2 T2
(1.2.33)
M O=n/2,0=0F, FREEIH] 1 K. 2.26). RHERIEF AT
6:n=|o, =1, =1|—|o, = 1), =—1| (1.2.34)
LM 7E | 0, = DA T . (6) =n, B
(o, =tr(po,) = sin 0 cos ¢
(o, =tr(po,) = sin 0 sin ¢
(o.) =tr(po.) = cos 0 (1.2.35)

B3 SKAEN /2 BT IR AL R
AT LIGERA AT AT 2 X 2 45 B ER ] LA R 7R i Pauli 8505 o, o, vo. AT 22X 2 B4 W i 5 b 4 1
Fom. H L5 A BEA | ) ARG A AT RoR R A .
e=alta-o (1.2.36)
Kha, 5 a . ERKBCRIATTZHFD s trp=2a, =1, ¢, =1/2. ERXF 0, Gi=2.y.2),
A3 RT3 trps,) = (o, =2a,, T LA a,:% (o;7, R G:%ﬂﬁ.

5 S| ) TR IR AL 2R R

P=(6)=<Jlo | (1.2.37)
D) %85 66 B T R i
o= +P o (1.2.38)
B AR F o, =1 MARAEALWE (1. 2. 32) ], M AL 2. 3D, Ak
cos’ 0 sin icos iefi"’
(CR) ‘2 S
o sin —-cos iei‘f sin” A
27 2 ’ 2

5501 2. 33) A
BERET A EAE 25 )48 7] 56 42 T ML (4% D7 1) S A5 ) DU 2 4 o 1T 2

p= ﬁﬁo(@;gﬁ)d(l (1.2.39)

A (1. 2. 33) AR

_ (b1 1. 2. 40)
7200 1) 2 o

531, 2.38) % P=0 YR AR R 3, 3530 (1. 2. 40D, 0° #p. X3 2 T %5 3 46 I i — i
PRI AL 2. D1 SRR, X (1L 2. D =p HxF—A gl & mlor, m =0 AL 2. 40 iR 1 3S
ChF T2 55 M2 A0 TR AT A 7 A AL RS B —MIRA S I 1. 2.2 99).

o 17 o



1.2.2 BESHEREEE
)20 %% B A HOR R R L IR ARAL T — A A (BN IR AR 5 — 4l 2F ot
ERIEEARMEZS. Bl R A T By F 28 & BRI R T, B ROLIE & H
A i i D6 A5 TR A HH R B9 A R 9 kA L S BB PR A — 1 D pR BIOR i i
AT X FMRETHE TIRR BB T MENEEEAZELAN. L& —MHip
R AHZERARATGELA0E B ik, FEHE L mitied s EREAFN
HE &
Bl (i=1,2,3, ) TR N¥EEEE L WIELH— IR ARMES,
Z (g | =1, Bt 2R R T [0 BIHEE N p(0< p, <1.D,p, = 1),
BiAbF— RIS EFMFITIRAS. RAESHEEASFELNT .
o= Zplw’ﬁﬂsbﬁ‘— ZPAP& (1.2.41)
Krf o= \¢A><¢k\m‘ﬁﬁﬁﬁ\¢,>$ﬁ N ) B A TXEIEED%,LWEI”TE’J&F%
5% o =p NPFRLAL Z A0 B AT 5 4l 25 A0 N 1) 4% B BB AF MR IR A a0 — S R [ S
B (1. 2.6),(1.2.10),(1. 2. 16)]:
o =p (1.2.42)

trp = D putro, = D pp = 1 (1.2.43)
k k

d d 1\

EP —Zk]Pk dtpk i zk)pk[H’{Ok]

_1 _ 1
—ih[H,;pkpk] = [H.p] (1. 2. 44)

;02 = Zl)k/)k/ ‘(/J/c><(/}k ‘¢k’><¢}k' | = Ei)ﬂ)k’ ‘()bk><$bk’ | S
173 ke

:Zpi“/}k><¢k‘< 2pk‘¢k><¢k‘:(0 (pi < pp) (1.2.45)
st 5 UL T A B AT et <1
TN o HIRIR AT 1R P EEA B EUAE[Z A 2.12) ],
il 4

(G = D20p e |G gy = D) patr(pG)
k k

=tr( 2 ppiG )= tr(pG) (1.2.46)
k
L m T EE F RIS [n) (Fln)=F, [n)) NERHESL T .0 FRANWT
5 P R
o = 2001l g (g In') = D pCECE

k k
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Ch = (nlg),Clr = (g |n" (1.2.47)
HXMooh
pw = 2op|CLIP =0 (1.2.48)
k

|Ch|* RAELES [0 Tl FARF, (AR o, ARG TRTE [
fii J& (population) , BITEIR & 8 T M A A R AL T | ) A3, JEXS /1 JC o, FRIETE
o WRERAEZT . |5 | n") M T (coherence). il p,, =0, MFRELRAET
|5 [ ) BT
MFRFER F=L. 0 C. =08, .1l 00 = D, pi0udu = pu8u» p BEIE M1
%

%9;’4‘%% Pnn:pu'
MF Rt ERL (N¥EXT2ENULETAHEKRNWAEH Hamilton &),
H|n)=E,|n),N

%p,,,,'(t) - %(E — Epur (0 (1. 2.49)
LA
o () = 0,y (e ™', w, = (E, —E/)/h (1.2.50)
BEEEXT A TT o, () LLAASICR w,,, I 55 - 10X F1 JT A BERT ] 25 4R 0,, () =p,, (0).
B4 MR 0 B BT CE I /2> 1 9 161 2 5 4 L0 B0 E % 9 160 5 )
7T TR B P R LR (1 2. 40) ]

1 1 0 1 _
o= 2(0 lj— 2] (1.2.51D)

WEFAL T A BN = J7 AR Ak & [;Jvlﬁ]lﬁﬁ 1/2 BEZAE T — = I IR AL S ((1)) D)% B B Sy
10 0 0 1 0
p:%(o oj+%(o 1]:%(0 J:%I (1.2.52)
53U 2. SOAHIE. #4613 (1718 oAb 75 33 Fl 285 B2 40 M 1 348 10 = T8 T AL A BE I AR 4] 7 1 1
W ALK & P=(6) =0.
NLZ SRV W 2F 2 T B R A SR BRI A S IR A S SR E R K |
BE T A5 AR A 2538 WHEAL T | 0. = + D BIALEZS

i O 101 W

:i[‘m:l)Jr‘a,, =—1] (1.2.53)

Jz
By F R OAT 1/2 BRI T |0, = DA BT C A 1/2 BERAT [0, = — D& GX 2

K (1. 2. 52) % B H FF {0:%1 FIE/R TR A5 250 iR W Wb F [0, =+ DR |0, =—DETF
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1 ]:L[\g =1 — |o. =— 1] (1.2.54)

V2
M T HE A 1/2 R T [o.=— DA, R, 0 (1.2.53) 5 (1. 2. 50 F Lk 4347, 72
1

o=+ DEIRA L 2 5D T TFHRA 5 - 5+ 5= 5 BRET |o.—— D& 5044

F B AY. BRI R R O A SRR R T I R BRI I B AR R TE oo = T DA TR
(1.2.5) . i B ERIT AL | o, =+ 1) |0, = — 1) 2580 5 0, 28 0 2R B85 07 . 4 3 o B 19 55
R, Mt ENE o, 188, =+1 o, =—1 BIHERE—F ] Cexpectation) , iF T & 1) 4%
ﬁmﬁfﬂ@(potenllal) ANHeiRIN N TE ‘0‘ =+DET, E 2o A 1/2 *@%EL?\G =+1)AM
lo, =D& IERER . 2. 5D FiR % ¥ %EKiFFﬁ/TE’J/Eé &1

15  Bloch Ek.

TEB) 3 ML g5 T BESN 1/2 RRLT 19 8 e (Y 5 R A B 1 — OB =X

p<P>:—(1+a-P> (1.2.55)

K P=1tr(pe) = (o) TR R AL B (polarization). X A Jig 45 17 25 [8] J5 [7] n(sin 0 cos ¢, sin 0
sing» cos®) {4 5 AR ALZS (] 2) . T LIIE B (o) = n, R L AR I 1O 35 JE A B (P=m, | P| = 1)

o) = +-(1+aem (1.2.56)
Tt T A e 1M 56 & TR A HBER (ILF 4, P=(a) =0, P i 2 B 45 B4 0
o= 1 (1.2.57)
— NN IRE .
E*ﬂ&%ﬁ?‘»ﬁ‘fi%ﬁlﬁ#fﬁ(l-&%)*

) ( 1+ P. PliPyj

o(P) = = . (1.2.58)
2\p,+iP, 1—P.

@mm:%ﬂ,ﬁ>%ﬁﬁ g AT A 57 AR GB35 G deto =0, AT 1 0= | P | <1, B %

BPARTEEN [P =1 1Bk (FRR Bloch B0 i LBk . | P | RAEMALEE, 56 & WAL
|P| =1, —Aaizs. WA P|<DUKZEFHAP=0 KRN RAE.
Bl 6 5K IL B GRS T MR GEN R L0 Ab Tk alids % 5 A

o= et (1.2.59)

iR ,8=1/k T,k & Boltzmann ¥ & , H & Hamilton 4, Z=tr (e ™) FK N Bt 43 & £X (partition

function). fEBE B R LM LK |00 H |n)=E, |n)) B EEHE 4 N
P
Om e Oun
Z= D et (1. 2. 60)
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LR T MBI E, —(n+—>ﬁw,n 0,1,2,0
7 = Z e BOrt/Dhe - e—,f;hwr’z (1 — g Pho )yl (1.2.61)
R T AT E, BEZLH R Ky

P(E,) =tr(pP,) = %tr(ef"%’ ‘n)(n‘ )

— et n]) = Lot (1.2.62)
BT L BT B (A Ry
— _ — i —BE, _ =
(E) =tr(pH) = EP(E,,)E,, = Ze E, 7 7
1 1
= ﬁanfﬁw(7+eﬁ,,m771) (1.2.63)

AR Y T>oo(B>0) I, (E)—> F—M 52 M5 1 (Boltzmann 48 31) 45 1 i 45 B AH ). 41

SRR IR T—>0(B>oo) T . (E) =he/2, B BT A W 4R T 76 IROR A% IR L #8480 15 T 75 J5 7 5
&k

L3 Z a5 KR

5416 R (composite system) 24— Z R TR R 54 B4 B E A T16 7
(subsystem) 195 & (K . BATHBELAT £/ A i HE. W IET 0235 B30 U 4 T —
A2 KR R TP R L T S 0 — B4 1 AR O 0 T DL B
W R A AL R O T R TR R 0 T A T
TR A LI 5t 0745 16 OB -6 3 7 2 5 24 4 5 15 M (redluced density

matrix) .
1. 3. 1 E*/\u_,\'ﬁﬂ{gh"_,\

e AR TR R A M B 1Y T 474 (pure state) . 53 3| i Hilbert %3 [i]
Hi, MTHp RS [ Moy iR, EAERRA+TBMETAEY) .2 Hilbert
2 HiQHp B—ARE. Bk | il IR 587 @) s ME LB
Wy =] ¥ D o) (1.3.1)
TFR | ) s jﬂﬁf/\ A5 (product state) ; TFR T ap ﬂ\]?ﬂéf'ﬁ?}?i(entangled state) .
PAEBHE T LI 2 N (R TR R A A, i N R T IR R A
PAZRIR N
| ¥ apc. =1 @24 @l s @ X0 & - (1.3.2)
Hrp
© 91 .



| W) apc. € Hapeoo s Hape.. = Ha ® Hy ® H¢ @ "t
‘ ¢1>A & H,, ‘ §0>B € Hg,*, ‘ Xe € Heyoer
WAR [ W) apc... R LR 75 W FR S 24 28 245

LJJ:N'I%E@FQT@%ﬁ (EEt':”%'j?(mixed state)Eﬁ?ﬂﬁ?E%%‘% H i
IS ANIE SIS

1.3.2 AUZELNERE

FZREGHWRA+TB). By M TFHRRAMETFEN —HTE24E,
o) M FRR B R TSN —A%2E W)@ le)s=d)ale)s (B¢,
Hleos MEBDMBEAERRA+B WETEN —HuA3E RN ERERE . &
ERERL). EAERA+TB) AT — A5 T80 DLRIR X — 4158 #45 SE i 2 vk
ZJm

| Oap = Zpas | ¢oa l @052 | a, |7 =1 (1.3.3)
HH R 1) 5 B i B
oas = Woapap (¥ | = Sanay, | doal @084l 1o, | (1.3.4)
X T EA KR A+BEYF A,

W Qi BTIKRA B —ATDUI i AR T A B8 124850, it A F A
HAEWARA+TB R FERER, XA LRRA R Q=Qi@ 1. Iy N AL
e RAERTFIR AR B B Hilbert 25 0], 78 [ W) & T Q B F¥ER LIHHE T

(Q) = tras (pasQ) (1.3.5)
ARG RS,
(Q) = (¥ | QX I | ¥ap
=Sa, (¢ sl | Qi @ InZpay | ¢a | @0

= Z.a,aua, P | Qal ¢a (1.3.6)
BRI 1]
(Q) = tra(paQn) (1.3.7)
Xrp
pa = Zyana;, | ¢aal¢; | = trp(oas) (1.3.8)

oA =1rp (,OAB)W%??.’J {{C%ﬂ‘fg%ﬁﬁ?(reduced density matrix). FIH px KiH5H Qi)
iwF AR L 1
(Qa) = tra(paQn) (1.3.9
AFLAIE I A8 B oy =0 BAWTEPERLE 2]

@ H. Harodecki, et al.,Rev. Mod. Phys. 81(2009) 865-942.
. 29 .



(Dpa RHAER

(2Dtrppa =1 (1.3.10)
I o0 1T LAXT A 4K, A A A 3E 7 5285, 10 BT A A AE(E Z AR 1.
AT — AR AR ZR 0 T4 R GRS 0B A 7R Z0 Bl B3R K AR R 1 2 728
JE—ANES AT LUA Hilbert 238 (8] HyQOH,; H g — R ERIR . EX T FA R &
TR AR — R — A — B 75 22 TR A A5 004 B 0 ok i i

(i 1t Coap) =t | W apan (¥ =3, <@ [ Sipap an [ a Lo s (¢ [ala [ @00
:Z,j#a;‘am g anle | =pa
JEHEP (L. 3. 830, #Z 1 o0 MBS,
tra (eaQa) = Zvafer | Ziuana;, | ¢0aald | Qu | @rda = Zjana;, a{g | Qa | @ida = (Qu)
IR (1. 3. 9.
L 2]tra Coa) =Zia Cor | Sipana, [ aa g e da =30,a,a,,0:0,; =3, la, |”=1
TEFHRRANEM D EFEIQ Tooa FHER
(oa> = al¢ L poa | Ya = Zjana,algl ¢oaald | @a =3, | Siauml¢ ¢ [?=0
L 30X F 2 B G R % B B R IE L R pan = =04 Opu - WFR | ) ap N ERE F
T i g 21 G 2
W) B2 REGERR AR pasc. =pa Qs Op. == WK ) ape.. o HIRZS T WFR A 2 g3

1.3.3 Schmidt 4 f#, von Neumann /&

PUFIHE 2 R Z5 i Schmide 70 Y. B TRR A M B iy RET 225 3 51
&) ap 7225 [A] H,QHy l—A K&, H— Rt

| s = D3 cw | 02 Ol s (1.3.11)
[ a B @) 520 B Hilbert 25 [8] Hy 1 H , H i —41IE 380 — 10 %,
Al | s =80l | @) =34, (1.3.12)
BN i 4 IE2E#: LUC (local unitary transformation) s 1| @,) 5= 20
| X0 = Zew | 008 (1.3.13)

TER XA R B L IE AR S 5 BT e B A | ) ap. A IR B L IEAR S L ) as

............

AT LAFR R i B s

| ¢oap = =, ‘ bula | Xn)s (1.3.14)
Jlid i

@ E.Schmidt, Math. Annalen 63(1906) 433-476.
. 923 .



B<X'” H X”>B — EVC,ZPC,,, - P,,S,,,,,(P,, g’;ﬁ) (1. 3. 15)
Aiik 200y H—1k . %

| fuow = j?" X s<full fuds = O (1.3.16)
1M | ) ap AT LAZRIR A
| @as =2, Y L goal fids (1.3.17)
é\
Av = Py n=1,2,+M (1.3.18)

A, B Schmidt REL.M F5HK Schmidt £ W M=1. | g HEBE. X T M>1,
|0 B R S T
o = | P d 1= S Soibn | 600 | £35S 14l | (1.3.19)
i 24 155 12 45 ey
oa =1rppap = E,ﬁ%w 29n | d0n a < |

=300 1 ¢a aldhn | (1.3.20)

o5 = traoas =3pu | £u0u 5 F | (1.3.2D)

AU o4 5 ps Eﬁfﬁmﬂ.’]ﬂ.lf 0 XTﬁUD EURE B 1 4 550nT UAS [R] ORF A 26 Y 0 6 [
T HN AT LIASTED L B o, '3(03 ﬁﬁ*ﬁﬂﬁ’]ﬁ(rank).

MK, Schmidt %t M AUR, Al RER IR R LU 48”7, ol LIUEW], M AR
AP EARKRAER. HAT LA, sn=1,2, -, M} ¥ A 55 — 1~ o8 B0 0 21 28
B »Wﬁ%ﬁﬁy“}@r(partml entropy) » B, # & von Neumann kﬁﬁ o

2 WREUZS [ ) R T GEIE ECL ) an) =SCoa) =S o) » Soa) 7 LA

S(pa) =S(pp) =— tr(paloges) =— tr(pgloges)
=—3M 2, logA, (1.3.22)
XL XTEL log, 2L 2 AN, X T EARE [ = [0 Q@i  EC@rap) =0. X T 2 4

T R ROR AI175 (Bell 3 P FERT— 4250 py =0y = [ E—log2—1. % T2

&R E P AR O IR L L I AR BT AR AR 2 SR A A AN T A R
N ARAEZSHY LY S L 2 PR Al 25 A9 2] 98 3252 45 22 (AL P. 22, SCER@). 4, %o

T3 A A REIR 2 KA AE HEAT Schmidt 43
1.3.4 HERHEITEEHN—MU =S
2 MR ) o IR SR BRAE L D eR EORT L& H O A R R AT 25 D A A 25 58 A

@ C. H. Bennett, D.P. DiVincenzo ,J. A. Smolin, W. K. Wotters, Phys. Rev. A 54(1996) 3824.
. 24 .



WESE 0 TN, SCHRO SR H1 T B0 . T3 b 0 B ) 8 37 248 0
BRI RTINS R T AT FL U 2R 0 D 25 SR 2
TR0 200 2 ) L A0 00 V4 00 4 8 5 4 TR R M TR R T
o 5 R D B

WP 2R G2 AD Y — 4L AT WL 58 42 4R F B SRR ARAEZSIE N [0 4 AR
AIANE(E N F,

Flgoa=F,| ¢goa (1.3.23)
DI g oa b HIER RGP FIAR A E’Jiﬂ“?&lgwﬂui%/%j@
L da =Scn L gdas o =2l | Pas =, |, |2=1 (1.3.24)

IR R AR o, P BRI o) S TFEF %IJF M. 5.4
INF P 5 5 L [ Sy

or =1 aalg = Zcucm | a ald | (1.3.25)
MR RE - EAEXN AT po= e, 7 WEAEXS AT coc,, » BZIIAEN
FHPE.

FEM L A o, R AR A S GE o B SRR R B —ME A KRR, &
DI, FR A R A FTREAL T 1o 0 8 M2 E B AL TAHR M | ¢, 28, 11 2 &K
FA+DB) M FE—BATLUERRA

| W) = S,c, |¢>4|¢>P (1.3.26)
FEAEEFERDE, XA 0 ﬂﬁﬁﬂléﬁ N P 2% B PR R
pas = | Woapap (¥ | = S0, | ¢0a \ @, >,;A<¢ 5o, | (1.3.27)
TE £ )L 38 AT R RRA R A E’\Jm%?&ﬁ LR AR LT IRR A B
AN W 14 249 10 % 5 B
oa =trgCoan) = 2l | pas | @05
=30 CuCo 3@ | @08 | 004 Al =10 | @)
=3l P ¢goaalg, | = Z,p.0. (1.3.28
EXXH po=le, [Poo=1d0a 2 (o [TEBFFAR A B —D2EES. EE. 00 FIEX S
JEE TR RFE X AIT po=c. " »0a T“Jiﬁ’ﬂfeA ) — ARG, p, RIEAEDN

it F I, AR ALT F RS0 BJLR, X TSN R & 2.

@ C.D. Cantrell & M. O. Scully, Physics Reports,43(1978) 499.



FhEE52#8h=HWXxHE
2.1 XF pyp JR OB

Bl

£2E

A e %F W (correspondence principle) ) £ 4t i , 5 7 ULF Bohr 1918 4F
S © i I 2 X R R B s A Y B UL Tl 1920 AF Y SCEEQTY L X R R
BEAR AR T RO R F%T&%M&%E’J TR S T '?Z%Jjﬂjj’i'ﬁigﬂ‘ﬁ
U.?XEWTLI?EE@J Xfﬁﬁfﬁim\f.ﬁﬂﬁ ﬁ f Bohr 1913 @ﬁ%@é’ﬁaﬂ AR Y 18
YK = EB N (great trilogy) ——H AT LI A H L H PSR — ik
S5 3T R SOOI AR B SR AN RNEY L 1913 4R 12 A L FERF ARG AR YY)
Pf 2 B B, Bohr SURRGIER A T X A AR B ZEMET . I Bohr 1913 4 3C
FIFG, 2N 28 10 4E 1, Bohr B VAR T i 4 127 R i 38R 1 R R AR
BWZI ., XA s FHEE, 8 A2 BB & Fi8” (the old quantum
theory) BEFR Sy “ X5 i JR B 44 & T J72%” (the quantum mechanics of the correspon-
dence principle)®. ‘5 Planck-Einstein I ¢ TR E THIL —E . PHE T“A
provisional quantum mechanics of simple system” {1 {6.%. Bohr E’Jﬂﬁyﬁ ?1@}3
20 Mt Wy LS 0 A B T 5 1A 5RI 7 B P R T — PR R 1925 A 48 [ 10 4 5 )
LIP3 Helsenberg 1F 2@ Bohr E’JXTT“J?EEJ_T“TTF%e?@}@iTMﬂﬂﬁi%E’J
Hr S5 — B4 J12%. Heisenberg AO%E FF S22 10 £2 HY, W RUIA R & Bohr X b7 J #
24 R R S5 R

AN D 5L ) B 4 Ok L FE DE R Bohr Iﬂi’aﬁﬁfﬂﬁlfﬁag¥ﬂck#ﬁif
AR 5 M 0 7. 3X P RE Y 0 ) 25 L (H N SR L B 4k 4% 44 JF 9 Bohr 3
W R S BT BB A3 AT SR S SRR R i B i B P AR AR JF R 2 Bohr — A

@ N. Bohr,Proc. Dan. Acad. Sc. (1918),(8)4,No. 1,part, [ , II.

@ N. Bohr,Z. Phys. 2(1920) 423.

@ N. Bohr,The Theory of Spectra and Atomic Constitution (Cambridge University Press,1922).

@ J. Rud. Nielsen %, Niels Bohr Collected Works ,Vol. 3, The Correspondence Principle(1918~1923)
(North-Holland,1976).

® N. Bohr,Phil. Mag. 26(1913) 1,476,857.

© F. Hund, The History of Quantum Theory ( Harper & Row,New York,1974) ; 3 ¥ 4 ; G. Reece
¥,1974, George G. Harap. & Co. ; REAS BT 4 48T 198 (it 10 A9 I 8 36 ) (o S 20 th AR AL
1994).

@ N. Bohr,Fysisk Tidsk 12(1914) 97.
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7 5T kL. F. Hundik & . Bohr & T8 89 18 5Tk A P (L T 51 SCRk®©)
(D29 ) Rydberg-Ritz 44 J5 )

v=F(n =) — FQu,,) (2.1. D
J& Bohr BEE H #4538 25 1 (B 7 BRIE OC R 20
h = EG ) —EG, ) (2.1.2)
R L.
©ALTES
v=[En+o —Ew]/h (2.1.3)

2 FHAR KB (> 100> 0) o BT LR ESUR v (E) Y < £%.

Ji — 5T S B JE B A B 7E Bohr AY AR =3Bl A S —F SCEE O 3 Y
Hh I SR AR XA EAEOR A 5 R U T RE G 3 IR AR TR — T P i Bl AR T R B
I A sl i T A AR

Bohr £ Ji7 48 55 1 25 78 3C 3 OO 2 35 B o MEF5 fil 19 T/ /9. At A S th 4y 21
W PSRRI BT

(D JEFReM% M H S Be U853 € Mo A7 7E T 15 B B0 B X Ry i — R AR L X
BEZSPR A R A DRI o R 2R R 9 AT e A 35 W0 A s A S P T SR S A UL 7
AN A 22 18] LABRIE i 77 AT

(2)TE WG 78 A5 2Z () BR AT B W AT B8 S5 114 6 S 0 36w I M — 1, LB P

h = E — E' R (2.1.4)

5. X B A 2 Planck % &, E 5 EVR TS B WA E S MWEERE (& E'>ED.

e A) 3G UL, Bohr HUS A O W BAEA P4 — RIETFHA R NELNER

............

BB FLNHIS MR R G KRR F A e PR R E T
k.

R FURR A 33 T A 18 AS BE 8 R T 119 25 B BE & A% 52 T oK. Bohr JE/EARK
AR FRE A WE? FEMAY 1913 4ERYEE — R SCEMES 1 W st T SR T RE
TESE 2 1 TR R TS B A RE A SR R 25 R 43 B T &R+ 1 He™ WG 3E , 7658
371 H U] 35 X 7 ) SERAEUOR IS IE A SCTE AR 1 4T rh — SRk i E A . T I
iA—"F Bohr & #%. &ML F7E Coulomb

V() :—f (2.1.5)

@ P. Ehrenfest, Verh. D. Phys. Ges. 15(1913) 451 —XFE4M#rfs Fis shnd, 42 T M sh it e 71 &
. 95— 26, ] W. Nicholson, Monthly Not. Astr. 72(1912) 49,139,677,692, 1% S0 T 42 5, ik dy 7 1y B
FBNRSET h/(2n). Bohr 1“5 Y =36 Ml 19 3C k42 8 T Nicholson 19 T-4E.
@ W Bohr(1913) fy*Hik =#th”.
@ UL BT RO SCHER.
@ N. Bohr,Proc. Dan. Acad. Sc. (1922)(8)4 No. 1,part [Il.
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HIZ P RAE T =2, ZRRM R (E<<0) & J12 B T8 & — D
B, KBl o, Rl o B o= Vo> =0 DR e=c/a, M TfERE E X
TR A (LA TS 9. 1 7 i 5% D

E =—«/2a (2.1.6)
HMYHENESE THRS«(Hm B 56/ E)A %
T? = 47*ma’ /x 2.1.7)

m AL R (AR BRI , L BE B SR

fL:L K mziﬁ 3/2
V=T o /ma - m\E\ (2.1.8)

DL b SE 4 R g My 2R 45 L B R % B AT kAT Tk
Y o T X 2 B HAY) BB B IR R e R AR, Ml fBUE

E(n) = w(E) f(n) (2.1.9
FOO TR WAL E £ ()7 Bohr £, & 14 n AR KBS, & F IS Fr 15 45

N5 22 Sy s A L A

/ 7E/(n) Ei i
S =0 T dn(u)
_E'Gw  E &  dE
Ww(E) m? dE dn
_Em(,  dny
-Ew (1 E dE) (2.1.10)

ZEME T 0 L > DR FMEH (n— DFLIE  An=1, B RERE 2R
NG FER(2.1.10) .15
AE = E'GAn = E (0)

dE
Bohr A4, 18 n>> 1 FE BT o BESR M i 480 51 =2 00 2 55 9 3030 990 2 ol o o
1, e WErR B Jy 24, ] DL R B 4 ) A0 AR 5 T U A8 SR 2 bt AR 4
T 1.0 AE=hv(E) . 7R BBk

:hy<E>f"<n>/[1—E@j (2.1.1D)

}ijgf’(m —1—E di;” (2.1.12)
SR L 0 R 2 ML TE B R N
v(E) oc |E|” (2.1.13)
Fr (2.1, 12) BDEER 0 AR KT
) =1—vy
ESNTf]
f = A —yn+ HH (2.1.14)
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%t T Coulomb [ W (2. 1. )], y=3/2. k. & T —15 n TEME R ZH, G
HEGA[ER N

E() =—%hy<E> (2.1.15)

AR (2. 1.8).145
2 2 2

E(n) =— :2’22’” (2.1.16)
XFRAE T k=2 A

_ e’ Z¢'m _  Z'e'm

EGn == =5 258 == 20 (2.1.17)

Bohr WA, AT LG #3548 20 206 T 40 o /NS BB il Y. Xt B A e 1

(%éi%%)ég BOhI‘ ﬁggﬁi\\ﬁ ’ﬁl'l'l 7’1:1,2,3,"‘ 9%5‘73:35?%.&-
MR Ta EAMEEEE B TRy, ol DIAE 2, A0 N A9 S 2 42t vy 2 & 1 ag.
MFaRTFLZ=1.2 1K@ 1.6)5xK2. 1. 17D ],

R A
a_Z‘E‘_mez_nao (2.1.18)

G
a, = h*/me’

FroM Bohr 248, 2L, A5 LIl i IR TR

V() = EG) /hf (n) =— %Em = 4;‘2’” (2.1.19)
WL U Sk B, W L300 /A 3h & o0
J =ma*w = 2mma’v =, n=1,2,3," (2.1.20)
G B 57 0 BT 26 . TR A6 Bohr SRR 050 T 011 R A HEIE 281 6
M b TS AT AR Y W R R 6 B R AR SR — MR R B T 1E

it B T2 e 26 LI R B 0 HOHE 8 v . — AR 5 J L
WU, S22 4 B A A Bl i i A AR AR D AR, 30 AT LA b A a7 PR b oK T Ak
8 S BE . X WV AR /R 5 JUAR AT T 1 3 0 % 1m0 TR A WF 50 1 3l i 7k i
A Z—.

Xof 7 53 A AT LRI R 43 A B — i 1 BR AT B T ANBE S E () BRIT 3 fE 4R
Em—1) 0> 1, 0>, JUH 0048 56 2R

[E(n) —En—1o]/h
IV Ay 28 BB AR v (ED Y o A B
1 dE

I LA
_ 1 dE
v(E) = h dn (2.1.21D)
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FESP BT 12 P 3 T A SIS 3, 4R 906 R LA MR (2. 1. 35) ],
_dE

=4 (2.1.22)

v
Hrp
J zggpdq (2.1.23)

FRMAE M & Caction) s p 5 ¢ 43 51 2k 15 W 3l 5 F0IE ) Ak A5 AT UE B J j\]é’@?}’hx/ﬁ
ﬁ@)(adiabatic invariant). [ X (2. 1.21) 530(2.1.22),78 dJ = hdn, T F H
#*(2.1.23),18

f:j;/)dq:nh, n=1,2,3,° (2.1.24)
UL B) Sommerfeld #4109 P AL SAF OO, R VR ABFSE K B0 L 5 Bl AH 2 6] B4

2 BTk 2 P 2 5 (2. 1. 24) R HE AT 09 118 A7 I 22 15 10 558 B2 A0 45 529, Ehren-
Fest 526 T — S8 03 B8 01— 5 O, 4 o B8 3 J5 B0 T 1L 45 0 7 7 X
fly 25 31,

AL b B T 3 00 2 8 A — A T 52 0 L B 2%
ARG FE 5 AR 0 B EE MR . 6 ) 0 7 Fb 2% P A2 5 4 Tl )
F (LR X 7 JBCI AT L — 2 B2 FE I b 390 . Eistein % AT 7 32 52k ©.
(8T, % 15T M E o) BE R b 11 % 46 5 BT 31— R AR BB S E (n— ), % Ein-
stein 19 F % 08 S A 5 T T L (5 6 ) 44 0

dE

= A (2.1.25)

AT N RS Ry, ARSI WRIE T AL T UM B R S AR D Y
TR A ARG R . BN AR ALy AR R T e R LURT I — A9 I8 05 HUBE A DY
TR, 25 > 1 >0 B AR F AR SR v, = oo, REZ SLBLGE R o,
9« A8, LA AR B 8 3 O 191, A 22 it v 3 g v R HL R B P A Fourder
JEI¥

—+oo
P = > P.exp(i2nrv 1) (2.1.26)

r=—c

@ W L.D.Landau and E. M. Lifshitz, Mechanics, 3rd ed., p. 154,49 35 (i FL & H H A &, b 5t
1999).

©

A. Sommerfeld, Menchener Ber, (1915),425,429;(1916),131.
W. Wilson, Phil. Mag. 29(1915) 795.
W 26 TTCHR® Hund — 3.
P. Ehrenfest and G. Breit, Proc. Aust. 23(1922) 989;Z. Phys. 9(1922) 107.
P. Ehrenfest and R. C. Tolman,Phys. Rev. 24(1924) 287,
@ Bohr 7 Gottingen ¥ £ VR Hu Uit . “ Up with the correspondence principle! Down with the phase-
integral!” (WL 26 JU ik ® Hund —13.)
® A. Einstein,Z. Phys. 18(1917) 121.
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BR P ONSLLETLL P =P AR
P =— (2m)? > P . expli2no,t]

(P’ = (2my)" ZP P_c*c"?expli2ny, (r + /)t ]
XFEF A SRS R = —¢ IﬁTjilT FJTU

pr— (2.1.27)
it 4 S H By Jy 2 #E’ﬂ%#&%@%%fﬁﬂﬁﬂﬁlWﬁiﬁfﬂjEI’J%ETE‘E;%'
dE 2 %,
R (2.1.28)
WRIRF I RN v, =, S W HEL 2. 1. 27 5502 1. 28) 115
dE 4(271)
5T e (2.1.29)
(2. 1. 25 5R(2. 1. 29) JE B v. =0y, 151 B KRS 250
n—r __ 4(271') 3 2
At = T v, | P. (2.1.30)

AR AJE X 7 i A ] LA AL A B A2 R0 52 DR WA LA B R ) 3 48 s D) 45 ] R

ML Z AR B TR T 5 2 A Bohr 3¢ TR R B R Y KGR (FF KB B R T .
T HE SO ] B 22 g ) Sh B AT S — Rl R IR L B Planck B9 R RG24
Planck %1 h—>0 . 527 4 B~ o] 2] 28 S0y 2 il 19 32048 2 ﬁ?ﬂﬂ?%[ﬁ
U5 A1 ) LA 6 Bl k5 FE 24 5 (Planck Z438) 2 3 A0 5 4 [ 51) 3 T 28 sy gy 3
1 Rayleigh-Jeans A .

Hassoun & Kobe® Ak, W 32 38 A] L [A] #£ {1, “Both formulations are
used concurrently in the sense that the Planck constant goes to zero and the ap-
propriate quantum number goes to infinite.subject to a constraint that their prod-
uct be fixed at the appropriate classical action. ”#|U1, %+ F B, F 1 & %L 12 30 1) f4
i AR T =nh X B M AE R A T A0, R n—>oo,
e TR A T CABRED.

Bohr Xt 57 J§t 3 14 iz A 7] 2 B SCHR©@. X Bohr X R 50 (9 4t 3, 7T 2 8
SCHR©.

@ W | P, | 2 e o AR A LA (— er ) FE )25 FUA 25 22 18] (10 20 B 00 B A S o sk 2 S B T 2
BB g i B R AR R

@ M. Planck,Vorlesungen uber die Theorie der Warmestrahlung (Barth, Leipzig,1st ed. 1906,2nd ed.,
1913).

® G. Q. Hassoun and D. H. Kobe, Am. J. Phys. 57(1989) 658-661.

@ F.S.Crawford, Am. J. Phys. 57(1989) 621-628.

® C. Leubner,M. Alber and N. Schupfer, Am. J. Phys. 56(1988) 1123-1129.
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M

V
51 =
£ /. R — S BE Vo R T 0 2 L 2. 1)
SEAY / BT 3t
| \/ p(E,x) =+ /2m(E—V(x)), a<x<b

(2.1.3D)
E kT (SPE) ya b FEEPT S, p(E,a) = p(E,
b) =0. & X AHZS i) o (i FL 4y

J(E) :j>pdf (2.1.32)

JCED B I B s 32 5 B — AL, i3 B

K 2.1 EIEFHYT S a.0) SHFRERA R U EENSELITE
dJ/dE, R
A p Ja _ J Ir
dELp(E,r)dx = L 9Fd1+p(E ) 22 7E — p(E,a) >+ E ) gde
A it
J
- diEﬂgpdz =3€—pdz (2.1.33)
HRA (2. 1.3 5 TEH ,Jp/3E=m/p=l/v;F)fu
:S#di:gﬁdt:T (2.1.3D)
v
T iz s A B v g,
v = dE/dJ (2.1.35)
YER & J 36 7T 3RIR L
J = 3€pd;1‘ = ﬂQZEkdz‘, = 2E.T = 2E, /v (2.1.36)
L Ec=p/2m MR FEhEE L E R IHEIE. Pk
Ek = LT§E1(C[Z‘

B 1 —4EiE YR T, Hamilton & R

H = p*/2m+ %szxz

S E H = E A2 BIEHE Jy— 618 2B 854590k /2mE # V2E/me® MR TN 0 V/2mE -
J2Efma? — 2xE e i ] — 39de F 2 B 90 1 7 L 7 1

J = 27E/w
4R
dE/dJ = cu/?rr =
Bl 2 RFAE—4EE T O0<a<<a)WiE 3, HE R o, 6l B FBE J5 W) 50 M 5 2 3 4R
v= it E= o’ = 2Zma’y* i



J = épdx = 2mav * 2a = 4ma’v

AR
E=7]?/8ma’
ESRIO]
(SN S
dJ  4ma®

B3 T SRy LA L= oo 450 B E— L Lo’ B LA
J = §Ld¢ = 2nL = 2nlw

E=J*/8x’1

dE _ iy @
57]/47117211 v

BT LIER ﬁfﬁﬁi J jﬂ@ﬁtK . i(ﬁéélﬂlﬂ:ﬁﬁ I, Landau & Lifshitz Mechanics, 3rd. ed.,
4995

2.2 Poisson 5 5 1E N & F1k

Poisson 55 [ & X WL A KM% A. 2,3 (A. 2. 10) & B HBLAE 1809 & Pois-
son 1 — 4 SCE TP O BORE SCEITIE T AT 0 2 A B O (ARG ) AL 0, e A
TR RS T, KRB — 17 A B 1R H0E 255000 far e 28 /Y 6] &L {2 HAE Jacobi
ZViﬂ?’flE'J—"J/}ITﬁT Poisson Tﬁ%%ﬁ$§‘l‘i®2)ﬁal§oisson iS5 M E A SR
MNTERE.

MR S iR R P, Heisenberg R F T H T EHA B S ENM S A2
LAFH 6 A~ F8 b A AR 0 1 AR 3 22 1 77 24 1 O OUF & Born 28 AR 31X /TJEIE%E%O B
T4 SR ik S S — AN X By A AREIEE WO 3 5 22, 2R i g 2 B g o7
VAR TRy 2 BB S AR R (g0 p A5 Hh JIGIEE ST — A QA0 WU A 0

ban Helsenberg T{’EE’]F’ Zi—F Dirac AR F| P01sson e ERE fifT@O T

@® S.D. Poisson,Journal de 1'Ecole Polytechnique 8(1809) 266.

@ C.G.].Jacobi,Vorlesungen iiber Dynamik ,1842~1843(Reimer Berlin,1866).

@ W. Heisenberg.Z. Physik 33(1925) 879.

@ M. Born,W. Heisenberg and P. Jordan,Z. Physik 35(1926) 557.
LB SCHY 5% 3, WL B. L. van der Waerden. Source o f Quantum Mechanics ,p. 261~276,321~385(Dover.,
New York,1968).

©® C. Lanczos, The Poisson bracket.

J. Mehra, The golden age of theoretical physics:P. A. M. Dirac’s scientific work from 1924~1933.

L LW SC#E T Aspect of Quantum Theory , ed. by A. Salam and E. P. Wigner (Cambridge University
Press,1972).

©® P. A. M. Dirac,Proc. Roy. Soc. (London) 109(1925) 642.
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LIEIE I J5 72 £ 57 7F Poisson & 5 #9983 a8 S JH H A 5 20 i 42 10 fR B
Pomson?ﬁﬁﬂﬁﬁ{—ﬁ fHXT,H\EXEE%fﬁm B ﬁélﬂ’]ﬁﬁlﬂifﬂ’]m)(iﬁﬁ**
2 i Jy 24 Poisson 5 By SLCH H E’Jﬁ‘fﬁti’%ﬂ“) ﬁEUwR?ﬁJ QD%FHTXTEME
B2 PR SR A 5 2 A AR AR TS B LG 200V AT S Dirac %

PAE T 1o, 4o i Pomon%ﬁ 4’:Zj9XT5ﬁC®

HHUEY], L Poisson 45 5 Fr i & i ACE0E W LR 5% AL 2, 5 0CAL 2. 1D %8 F
[A,B], 584 1E H.

A LUFE 1, 7E Dirac #Us BT A X 5 A8 A AR R A E PR &
—FPJE g B (gnumber) , BT ZERRE —BEASNZH, B —F 2 c (e
number) , B 12 8] A T ik & 5%F 5 #. Dirac tA R B, S B B 55 52 56 00 90 A0 45
AT G B | BE g B % Dirac BRI, £ 80 ) 20 h B R A Y ) 2 i —— TR U AR A
H 5l Z [8] () Poisson $§ 5

laep;r = 0, (2.2.2)
A Z

Caqesp,] = i3, (2.2.3)
B g, A p, JEAKE Zy iy, 30(2. 2. 3) IR S By 5 B S AR Xt 5y 5 sk Fh 35 Bk W IR
IR o o W R F NN (77 e L A8 *ﬁf&@ﬁﬁ 'ﬁJHSKIEJZiTﬂE ik /Eﬂﬁ%
6’7\5/\[5! HﬂfE’Jfﬂi%»TfZJ%?{hdﬁﬂMyHiiiﬁ%\j((k?ﬂl)@%ﬁ it 0
11.2 97.11. 3 WBQTEEEZQ%EI’J%?HS )

Dirac ukiﬂl,§¥ﬁ%*@ylﬂﬂ_fufﬁﬁﬁﬁ?fﬁ@lﬂﬁ?ﬁ% ff1 2l 1 194K
BRI (B 1,100 2 T HUE — DS A Pauli & iz KT 2 L) oK

@ i, *% & Poisson #§ 5 {AB.CD},
— i {AB,CD}={AB,C}D+C{AB,D}=A{B,C}D+{A,C}BD+CA{B,D}+C{A,D}B
¥ —J i {AB,CD}=A{B,CD}+{A,CD}B=AC{B,D}+A{B,C}D+C{A,D}B+{A,C)DB
g
(AC—CAY{B,D}={A.C}(BD—DB)
FOR O E X Poisson 5 AR FFRBOCR AL B
(AC—CA){B,D}q={A,C}q(BD—DB)
# EF A.B.C.D 7£ Poisson i3 /1 (1 Hu v T 22 55, A HL
{A,C}qoc(AC—CA), {B,D}qoc(BD—DB)
MR 2 BT & AE LM% AC—CA=0,TE T f1% N — MM Bk AC—CA=0,H1{A,C}q=0,4k
&ﬁﬁ/ B FTRLESR AC—CAF0, X FEREH B T “ TR i I AR X B V. 15 % 5 51 B 4% 171 1) 28 iy 2, m] LU
BAHIE{A,C oo (AC—CA) /. JLit , B A B 2 0 S 2%, h—>0, 1 AC— CA=0, §E R B &, Hk, % &
Poisson & FCILFFF 5% A. 2) .45 A.C HSPER (A, CHBLZSFIE 8. FARIE(A.CHIERME A {A.Clq E X
PR E— AL ET{ALClo=(AC—CA) /il , 1L}
{A,Clg ={A.C}q
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BT EREF AR ARV, A8 Dirac FIRECHIE H L B T 7% AR BS540 B n T
JE K ELHE Chermilian conjugate) iz &, I8 A 5 B W E KL (AB) ™ =
BYAT . — IR i F AR EE R A A HL Y8 (self-conjugate) , Bl F™ = F. F§ 5l & 1E 0
Ay 5 gl R

G = Qs b = D (2.2.4)
AT AIERT AR A B 72 g p BYEE R W CLE D
hm—(AB BA) = {A,B) (2.2.5)

h—>0 1
%Emu%%ﬂﬁ*ﬁ%yé’%ﬁﬂﬁ%qﬂlﬁ/‘]ﬁm\u%*i qﬁ: {q;q aH} 9ﬁk: {P“H} 9}{%’4{;
ZH

. 1
q, = 7'/'7(%H — Hgqg,)
i

R :.i(pkH—HpQ (2.2.6)
T — ) 7 2 1 B T8] ) i AL, 3857 F 3 5 R .
%?——%?#hf(FH HF) (2.2.7)

25 M Poisson 45 78 1F W A8 #8794 28 P4 (Jacobi & #, UL A5 R B 5% AL 3), 7E
2 R R 3R R AR AR T B B RT A AR EOC &R LR A 8L 2R 4 Csimilar
transformation) T R ARAE PR, Rl 2 AL ZE 4 S T,

g > Q. = Sq, S
pp > P, = Sp,S7! (2.2.8)
QP VA — D)y 20t Z [ AR BOC RTEIE X B AR R A AZ. 29K TR IE A 3
Ptk AN Bl RO A 0
St =5 (2.2.9)
Bk £ 1E 78 # (unitary transformation).

Liz] =R 78 Bl M EAX 5 XL [g. pl=ih AYEIEW] . [g"  pI=mihg" " vm HIE
KB ¢ p = po” -+ mifig”
Z B A=q" . B=p" ,m Fl n JIEEEH, N
AB=q"p"=q"pp" ' = (pq" +mikg" ) p" = pg"p" " Aming" " pr!
= p(pg" +mikg" ) p" FFmikg" ' p = p g p" A 2mihg" ! pt ! HOM®)
== p"q" +umikg" ' p" O
AL T

@ W. Pauli, Zeit. Physik 36 (1926) 336; 3£ % C WL p. 33 Jif 5] van der Waerden AY 45, p. 387 ~415.
P. A. M. Dirac,Proc. Roy. Soc. A110(1926) 561, % 3CHH 4N BEW I FE 45 p. 417~427 4L 5.



lim 7[61”, 2] = mmg" p = (g, p") ()

o 1
HX . HIR A= p' . B=q"p"+ (k. lom.n BEEHO A M H
[ ptsgmp] = ¢ gt p" 1pt + ¢ [t g 1p"
FIH B () 45

11mf[q mpnji m ’pu }pz +qk {pl ’qm }pn
o th

:nkqmﬂ—l pu+/—1 —mlgtp g pr
:nkqmﬂ—lpmﬂ—] 77n[qk+m*lpl+n*l +0UD
={g'p',q"p"}
WA B R R BN ] I
A= Eamqkpl . B= menqmp
&l

mn

LS A TE T 5K (2. 2. 5).
W& BN F TR A — T T

TEAL PR R G LT A AR G I — 1> A T 3l U SR B A 4% IR R T U A
FRFP 38 SR 3 B S
a
g,

P, =—ih (2.2.10)

AR B R IE WX 5 X

Lgip, ] = i3,
AR R, — MRk, X A AT R (2. 2. 10) 'j(ji Cartesian %ﬁi/ﬁ% ’:F'Zrﬂ:ﬁﬁ XTTHH?)%%H‘
AR ANRT AR S RESTAT AT MR A 2 7 M 2 AR R LS U S S B A Hamilton $E4F 9

IEH1 5 % ) L
L JyoE R T Sh RE— kR

T Mo* = L M(ds/do)? (2.2.1D
ds ShokL 5 (R s i 2k 2k Booc. 8 I B A AR R ds =da” +dy” +d=* BT A
T:7(i2+j2+i2) (2.2.12)
TE 3 Ht e L
p, = dT/dz = Mx
p, = dT/dy = My (2.2.13)
p. = 3IT/d: = Mz
B3N}
T——(lerp‘er) (2.2.14)
e W FARRE, b DA R R
A o d A o d A o d
p,1=—1h£, py=—1ﬁa, p:=—1kg (2.2.15)
M1 3l iR AT 278 ik
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A S P TN S s J* J°
T =P 254 8D —ou(am + oy taw)
TEERAEFR R, ds" =dr* +r7d0* + " sin®0d¢® , I LU

T = MG 4 26 4 P sin’lg)

AE D 8y ka3 551

p, = aT/ar = My

py = IT/I6 = Mr*6

p, = IT/d¢ = Mr*sin’0¢
B LA

_ 1 2 L 2 l 2
= W(‘br * 7 Pe - rzsinzﬁp‘;)
T 3o B ik 7 2 R B B4 Ay AR 7 A BRI AT LU 0T R
N L d N . d A . ad
/%»9;07:*1}75! PH*P(;:*W%’ Py > Po=""1h 5~

do
PRI 17 Bh B8 84T R o A

,? _ EZ (’)Z L (/)2 1 (’)Z
- 2M(r7rz > 90" r*sin®0 d¢ )

{3 R AR TE B . 9205 L T A bR A e 5 Rt
x = rsinfcosg. y = rsinfsing, = = rcosd
T i 5 4
r= V2Pt +5, 0=arctan(V2F +3*/2), ¢ = arctan(y/x)
T 0 A A R 28 (2. 2. 16) 7T LS

;]2 (’)_’ (’)2
T=smlor "oy "oz )
VLIS U JOAT NS U DU RS N
oM\ ¥ 9dr  Ir  FPsind I0° 90 r*sin®0 d¢’ )

r dr° rT 2sind 90 90 r*sin’0 I¢*

EZVLQ* L9 g 2L ”‘)
PR 2 J aJ . J 1 a°
(et ot e 205 35 T e o)
A E B 25 5 R (2. 2. 21D R,
A d -
Wb (2. 2. 200 TR B, = — il - FFAR TR SEAT  IE o B 25 L

N (D . ‘
p,,:*lh(er%):*lhL 7r: bl

dr r dr

T TR GIE B R TEOK P SR

(2.

(2.

(2.

(2.

(2.

(2.

(2.

(2.

.16)

1D

. 18)

.19

. 20)

.2D)

.22)

.23)

(2.2.240)

(2.2.25)

b WO TE K R 2R BUAE X £ 27 T A B bR @0 BEOR (g 9,90 = (Do) = (g ) "

BICg, g0 — (s b =0. WK A2 I FH4Y 15

sz‘[g{;" Py— (P ¢ =— ihﬁ“dgoj:sinedaﬂrz dr[¢* % %w) + (% %r«/;) X ¢]

2 i 72 1 AR5y
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J';dr[w* ) S+ () () |- ﬁ;dr%\np\z = |wl*| =0
LA 0 L 2 < G XI5 A B BB ¢ limorg= 05 (b) T3l 2 F 51 2% A lim -V () = 0
B $ R B Gl 3437 B A2 G 25K L 1 pRBCHE r—0 BYBINIE AT LB JE gocr’ . 1=0,1,2, - A &
W ARV, lﬂlﬂ:li{?r«//:O.
A (2. 2,20 555 (2. 2. 2D HEBIO I RAZ 5 BR A 5o 20 S e g e, BRI BB

o o Flle. T (5 r ). He b R A R R

Jd d d
V*B},TI‘FG‘V@‘FBNE (2.2.26)

2 2 2 2
M p= =iV AT T= 7 2M= = g (7 ).

2M\dx*  ay*  92°
EIREIRR T r=re,

R I B A S )
Veegote gt e (2.2.27)
(!
RN
v art * A0 rsin®f d¢
ER A RE[ S W2 2. 20 ]
, 2 d J . . d 1 92
= ot T gt 2.2.2
v 3r2+ r arJrrzsin@ (70“1103 Jrrzsin“@ ¢’ ¢ 8

K (2. 2. 25) FF7R P, (9 JEKAEE 7T 10 F B - — ik %:%r CPHT o M pARRE S ik %

AT . LR 0 O R I R R K A W (e e p e ) =

r

g(ir VYL ).muﬂm(z. 2.27),
ro_ _ 1 9 . 1 d
\ o Vee = Jr e r 366’ e rsind Jgge’
2,2 J d ~
-2 Fl—e, = eys~—e, = s
Ty (969’ €009t gmge“’)
&

1 r r - i L Y A
7( p+p )— 1h(3r+r)fp,fp,

r r

#3022, 25) . AT LK

2 ;)2 ;)
3::7,12( +£f) (2.2.29)

art r dr
A B RE R (2. 2. 20 WFT T IE & 52 /2M, 54 M 12 h 3 g £ R X (2. 2. 19) W45 — I
N NS
XFRL, i AR AR W SR 1 T W3RN
N2
NPl 1
= 2M+2Mr2 !

SV N D I
[r=—h (sin@ 9(95”10 (7(9+sin2(9(7g02)

(2. 2. 30) 45 #1545 000 7R BT 1 1 10 30 R (3 ).
¢ 38

(2.2.30)




X T4 R I 3 HORL T Y Sl R Sl RE S A A R R Sl T AR e e 5E R R R
T A A8 b of A B A2 0 il 2R AR AR R R L dst = do’ +pt dof s S MR T B BE R R SR

_ i ﬂ : _ L -2 2 .2
T—ZM(dt) = MG +0'¢) (2.2.31)
T B
p, =9T/9p = Mo, p, =9T/I¢ = Mp*¢ (2.2.32)
Jir LA
7= Lty (2.2.33)
- ZM(pp p2 p¢) .2,
FE AT 57~ AL, KL 5545 B An o] 267 2 4 552 (2. 2. 200 AL, fR7 Lt 8
n . J A . J
p, > p,=—1kh %, by p¢:71h@ (2.2.34)
B REST AT T [ (2. 2. 3O AR (2. 2. 33) ]
AR
T 2M(9p2 pz (7@2) (2.2.35)
A2 S TE 1.
b, NBREF AT 7E Cartesian 245 R Ay RIR X
N . k2 9% a? B
T = zT/I(axz +ay2) (2.2.36)
% e A bR AR
T = pcosg, y = psing (2.2.37)
o= 2’ +y, ¢=arctan(y/2) (2.2.38)
ALK H
SRS S AU WS S TS SN Ui
T = W(W +{7y2)7 2M(r7p2 A r 9502) (2.2.39)
AR T WEMmERR. B TR 2. 2. 35) I R
(2. 2,30 52, 2. 35) FERAY L H AT R & th
R I -
oG, —ik ﬂﬁikﬂﬂﬁﬁﬁ.ﬁff&%%%*
_ —e 2 1
p=uype,, V=e, aereq, 0 90 (2.2.40)
YL e, Me, IFARH T (p=—ikV)
A aJ
e, p:*lha
N J 1 9
pee, = 1h(e,, %Jr% 0 @) e,
P) 12 P
**ﬂi(@ﬂ‘ ¢ ?Jgoe”) (@ep—e?)
L 1
—— h - [
1 (9P p)

GRS 15
.39 .



1 AN . d 1 d
Lo, pt e, :—1h(%+2—p):— T o (2.2.41)
R s B AT IE 2R N

A L9 1 L1 9 At

T B T I Y (2.2.42

b 1(90 2@) l [”pﬁ P :
B KA AT 40 R < % AT 55 AT B I eR B g T RAEA , (g BLg) — (fs D) " =0, A
ol S Wt U]

—it] ae] o[ fﬂp” ¢([ ap”’) ]
lhj dq{ dp[v2¢ 4—<v2¢> Jog 37(Jiﬁ >]
lhj dsoJm ap Joo |”
—mj do|Jop | * (2.2.43)

CPH A %6 57 7 ] BRI eR 4, nn@ O, T ¥ F 4 B I ] 252 E’J?Jj‘z%%zu{? Nogp=0.)
FieA R~ 2. 39)@711[1?*51
R 2. 2. 40)

2 19 9 19
Vi=V.V= ea—+ep——)-(eu—+e 77)
(‘9P e de fd e de

J? d 1 a 1 9 d 1 d 1 9
———,+ea-—(eh——)+eﬂ-——(el,—)+e,-——(ew——)
W' T e de) o de\ ) o dp T p e

%Lﬁ?ﬂep-eQD:O,%e?:o,Liﬁ?ﬁZIﬁﬂvO,ﬂHﬂa{ e,ﬂﬁsrwﬁ——, L TAE N

PZ’) Z’FJ’LJ‘

R (P10 10
M ZM(JPZ pdo o (7902)
B2 (2. 2. 39).

AR (2. 2. 42) AR

PR ST U W AT U SR 19 1
be=—h (”p+2p)(ap+2p)* k (gpz+ o 9 492) (2.2.44)

, 9

M FE R AR A 2.33), #Eﬁﬁ—h

1‘\@* Dy B BEIEAF B AT LA R A

-

Rt 19 1 B
ZTJ(HPZ o Jdo  p Jgpz) 8Mp* (2.2.45)
HIE# RN 2. 3OM e, B2 —T0 42 /8me*. B XA kR
A /N2 1 AN A
T = [ it Bt 2 16

Kof B, = —ik (” i )5, :ﬂhf 5 = AR T 10 3 2 S L IR (2. 2. 300 T,
b, ~ pp,lz ~ (P,—h/2D(P,+h/2) (2.2.47)
R TE MR AR R (g g g ) L R BT ds BRI
o 40



ds* = Eg,j dq'dq’
ij

g, MZS A BE B 5K B (metric tensor). 4 det(g,;) = g.,g” = %G” LGB AT A || g

% g, MAHR, D GIg, = gd, .0
}jg“gw =0,
STRRN g, 2 AL AR AR R

1 aJ L d
2 __ L+ v ik T
v *&Z (’]qi “/Eg aqk

N hz

T = V?

2m
X R 7R I 2R A A R R Bl R AT I R R RO,
Bl TR Ay —dg ot de? L

1 0
()
0 ‘02

det(g,;) = o*s Jg=p

ANHESR
) 1 0
(g") = X
0 o~
, 1 9 d 1 9°
Vi=—spo—+— -
p 99 " ag
B2 ERAARR A =dr* +7d0 +sin’0dg” ,
1 0 0

(gi) =10 # 0
0 0 r*sin®0
B LA det(g,;) =r'sin?0,+/g =7 sind, Ifij
1 0 0
(g;) =10 r* 0
0 0 (r*sin* ) !
1 9 J 1 J d 1 a°

2 __ - 2 7 P _ - -
V=m0 o s 96" 90 T et ag

(2.2.48)

HoT

(2.2.49

(2.2.51)

= Bl 7E Cartesian A8 %5 & yﬁJﬁ%f@ﬂ’ﬂ%‘zﬂ?iﬁﬂlﬁ;ﬁﬂE@CD 2 1E W X5 2k &R

[2.p.]=ik

TEAFRER P AR 2 =2, p.——ik 71 (B 2 7 5 B

X =aP=ih Lt g
dx

(2.2.52)

@© W W. Pauli, Die Allgemeinen Prinzipen der Wellen Mechanik , Handbuch der Physik ,Bd. 24(1946).
@ R. Shankar, Principles of Quantum Mechanics » Plenum,2nd ed. pp. 213~216(New York,1994).
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g Co) Ay FE— R, S8R T T8 A2 T U 8 5 2% (2. 2. 520 BRI, Bl P, A A E 25 S 22 F 1T 9
Pl S A i 5

N J
sz[fﬁf+gM4%Q0=Mﬁﬁ (2.2.50)

RS P2 /0 i), W B O R 7 libﬁ)ﬂ?ﬂﬁl”’“’ Shankar 5 H Ay, B 7 2 w4 98 R BL
A B I AR B k. AT A SRS g 2 i B AS AE (R UL AR B A R O A B S S AL Bl A
FaAA B EREE, *Hél?ﬁ%(JJTE’JZIKﬁ*M’ET L IEA

lo) = [X) = e V@ 1) (2.2.55)
K
. * ’ ’ (7]
f(x) = J dx'g (x ),T = g(x) (2.2.56)
dx
AR TEM IR AT, AL PR AT 2R R R AR,
:f'\=1'9§=e“” e/ = » (2.2.57)
=y =L — . dJ N
(S B REFR A p,=—ih 5 A2
A AN . (:) d
P, = ¢ M(r)'/,PIeur(.zJ't. = e if(a)/h (7 iﬁ ﬂ)el,/(ﬂ'h - ih % +g(1) (2' 2. 58)

PRI (2. 2. 53). FEUL L IEAE ST LI 45 AR .

2.3 Schrodinger I sl Jj2¢ 5 2 M 122 /) & &

2.3.1 Schrodinger i 3717 #2 5 Jacobi-Hamilton 72K X &
Wk TR V() iz g, a1 Schrodinger Jr BR8N
lh;ffsz;: (—iv +VJ¢ (2.3.1)
T U oR B L S AR AL A I 4

¢ = Re™* (2.3.2)
(R,S AT ARARK (2. 3. 1, Gad 38, 43 WL S0 = 30350, i3 = il , 15
IR 1 (Ry:St2vVR.vVS) (2.3, 32)
dt 2m
as_ 11 2 _ A V'R
o= g, (VO Vo ] (2.3.3b)

JrRE(2.3.3) 5502, 3. DSEREN. Bl ihig Y B X
e AE] L (2. 3. 3a) IR SFAE A9 3> R0 AU R 5 Sl RUE R T
TE 23 [8] R BE R  BE o R j R Il

o= l¢|* =R (2.3.4)

S U 1

J—Zm(gb py+c.c.) = o ( V¢+ccj

=L[R(iVR+RVSJ+C.C.]=&VS (2.3.5)
2m 1 m
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HEOHEWE 2R eIz (2. 3. 3a) . Al RN AL
ip+V-j:0 (2.3.6)

I IE AR S A AR AN B AEAR T [l — A ¢ AR B H AR K (GREAEED W o AT
B 2 KTk B 10725 ] 53 A1 %85 B2 T j 2 on kU % B, 5K (2. 3. 6) RIDKEF 205F
FE 5 R B A 2 e A 3 e R R R SR L AR A B 3 A Ry

v=j/p=VS/m (2.3.7)
ATV B AR e .V X v =0,
HWL LA 7R b BR T .20 (2. 3. 3b) 54 S5 24 vh i) Jacobi-Hamilton
FREMY. FHRY a0 B, 320 (2. 3. 3b) H A7 T AT RG22, 4L Ky

d
7S_‘_(VS>
at

S 52 i 1 B94E 3= (action) #8124 (UL F5 R M5 AL D).
A2 3. DA (2. 3. 8) .15

aS
En

+V =0 (2.3.8)

+ mot +V =0 (2.3.9)

Bowh B, 3R M (2. 3. 7)),
7n(—v+7n<v-v>v+w:o

PR AR 27 v i) 25X

%v—f'v—l—('u Voo

mLy —— v (2.3.10)
dt

I P 22 B G AA ) 2 v ) R 37 938 2 05 AR L J& Newton J7 BETE TR I % Hh g 04

...................

X F 2 0% PR AL

IR o, S mygem (2.3.11)
at dt
(2. 3. 304k B[S W (2. 3. 6) ]
Vej=0 (2.3.12)
Mz (2. 3.3b) kK
(VS)? V'R
5, (E=V) =5 (2.3.13)
M >0 Bf L 153
VS’ _p_vy (2.3.14)
2m

BVAS 5.2 B 8] f4 46 i & 06 2 19 Jacobi-Hamilton 77 F2[ L7 A. 4,30 (A. 4. 10) .
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"2.3.2 Schrodinger i 3777 212 H B9 7 £ & iR

1t Planck-Einstein 6= FIE M S & F . L. de Broglie #2 1 DQ, 556 B AT ik 5h ki 7 W5 4 14
AHZE L SR T G700t 3 B A % sl M, Bk =22 ) I3 % (matter wave).
MMEREAEE TR L B T =B M B R E D — RS b5
RHFZP. Debye # W@ E. Schrodinger #f 58 — F de Broglie 1 # 3C. #£ 7 3k — &k 2 i I,
gChr@dinger Xﬂ‘ de Broglie E"JTf’M’ET | {T;uffﬁ{*** ENRTRCEIR #ﬁﬂ R 48 7E — /l*%*.}‘ﬁlL

chyc ilElH’Eu"H’ ﬁ‘ﬁﬂf 1&@]7]@ ﬁ:jﬂ Sommcr[cld E’J%EE chyc B, %E-IEE}F%&WJ W
A LB T . Schrodinger INFLE R T XA L. JLA B Z 5 b fE — 2 B E 24T
J’{LE’J(B’LZDﬁjfiFD@.

Schrodinger 7E &SI 8h S4B B H, 52 3] T de Broglie B AY)E & . % F 19 40 % /R 2
H% K R. Hamilton €V BBV F 1% 5IUADGS A0 R BT F BT T /. — 5l FERLF )
ML — B0 8RR T 552 L 2 AT B I S
Wt /MIE (88 = 0) I LE CHL A AR B 5% AL, CHBFARTFE S 25 Hamilton S pR%L, B4, 4% I8 Fey-
nman, B35 3 3188 B 8 H &L B H & /NE H TR B, B ] S 28 8l g 2% i 3L R J7 B2 (Lagrange
Ji e s Newton Jy B2 73— J5 11 - #8 JL AT 6 o7 o OB B BORE 7 20 100 A — % e D
Efﬂ(Fermat EI&)AJ}LQ\ - 'Jjﬂj':j' : ‘EJ\[;TﬁﬁiEEﬁ%i ; 'F:f'gﬁj’ ; %”H/JJ%V\ 4% Fermat JRHL,
EI]F'ITE'FL'HILHJ'E%E’J %%Zﬁmﬁ— (DAEX S A BTG Uy B R AL B 5 (2) RO & A (O 3T i 58
A AE 19 i, i i Fresnel, Young 55 A9 T35 FIAT 5 5250, AATTE DR B0 09 8 3h 1, U%
Bt E A ,wmmﬁ%uﬁ%%m«% B Huygens U, AT T 03] 503 K
T i R A B & 382 3 0l 2 1l 2 LA S 24

# [ de Broglie MWL, 56—, SEHRLF Gn==0) o i BAT 8 3h ki P g k. 1A, S
SR Bl BB 2 AU Y 2 B RE Y AR A AN JL MO0 A= 5 Uk 3l 0 A i OC & rh R B AT 4 i S0
Schrodinger it 41 I B # ok # 57 4 fb A9 3 3h S 2 9 @,

TEWE B HGA BOGITE §1 R B i

Z = ae® (2.3.15)
a PR P AR MALAE S ) A AL SR A G, i K—0 i, T AT S AR B2 M %,
T 8 3l 2% FE AR K A 22 Ry JLAT G2 DI Bl 1 W A5k 7 L ART Ol 2% v ol 4R 4 IRUR5 1) 08 11 B A2
A73E (Fermat JE B ™. FEA: FAR Y T W — 208 0] — AL G 1 B2 b, I AR AL ¢ 174 78 1 i
ST B/, Schrodinger A5 A8 G A ARG 6 13- K07 ) 2 T ROV F A S AR 2L T $i 0 S kT

V14990 2l 14 BRI KA 3 T L (LR 7 B

@ L. de Broglie,Comptes Rendus 177(1923) 507;Nature 112(1923) 540.

@ W F. Bloch,Physics Today 29(1976) 23.

@ E. Schrodinger, Ann. der Physik 79 (1926) 36,489;80(1926)437;81(1926)109;79(1926)734. E.
Schrodinger, Four Lectures on Wave Mechanics (1928, Cambridge University Press). i CHY JE F A, IL E.
Schrodinger, Collected Papers on Wave Mechanics (ChelseasNew York,1978) ;Wave Mechanics , Gunter Lud-
wig 4 (Pergamon, Oxford,1968).

@ 2 :D. Derbes, Am. J. Phys. 64(1996) 881.
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g = ReS (2.3.16)
XH S Bk DL Planck 5 %%, /& 1 B 2 X005 18 (A A7 S/k A8 B T & 49). Schrodinger R T f#
Hamilton-Jacobi J7 F& CWLFf 5% Ad)

IS 1 (IS _
= ﬁbx) +V(x) =0 (2.3.17)

EREB T R NG E~PiE 58 —T0S/0t T —E. 58 Wk 7o g, 25 = 10 Ry kr
FHEE. (2. 3. 16) BB AE
as ih d¢

= == — — 2.3.18

% gbﬁﬁ‘é%ﬁ@%ﬁz,ﬁﬁuﬁﬁﬁiﬂ Hamilton-Jacobi J7 FE B W,

+L(§)x(95)+v_o (2.3.19)

2m\ dx dx
B 9\ ( 9
F+2m(</;* 9‘1-)[ ¢ Ix TV=0

V—Erg ¢+ 2(3‘”*)(‘7—‘[’]:0 (2. 3. 20

ax J\ox
BB B Fm i B M. 35 I/ Schrodinger M5, 48 M B AET™ SCAKE ¢ ¢ L ag/dx FI
dg* /Ixl Lagrange fi , X N FIF 5 T BURAE.

(A it

RN

B (" N[
I—JMdz—J[(V E)g ¢+ ( g )(i)]d][ (2.3.21)
dx dx
AR A9 Euler-Lagrange 77 2 G ¢ SRAE43) K
al B
o7 s m]fo (2.3.22)
B AT 5 4
Vg T (2.3.23)
A v . 3. 28

BRI & B Y Schrodinger 77 #2 , I8 BRE F7F #435 V (o) W 1Y BB & AR E 7 2.
"2.3.3 hEExFmaoE

P BHLAE 19 #2290 (1825) , Hamilton £ 28 & BLZ SR 1 2 5 LA D% B AR U VE L (EL R
BERAMEZR, GRILTFEEE AL T, BHE 20 4 20 FRuEh i F R BE . A EH TR
M2 E. 52 |, de Broglie Fll Schrodinger #3573 36 1 24 i o 72 v, i % F 71 = RG24
T 0 AR AP B TR 2 B S T IS AR .

B (2.3.7) 0 =VS/m, W] LLE K F1a 3 P8 Qi 3 BE o (9 5 ) 5 55 AR T

S = WH (2.3.24)
B TR v 5 ) RIS R T 0996 2R O 1), S = R UM 24 Tl 2 rh i I8 TE 5 R LR T PLE AR 2 T L
ek, 4

X=h/p="Hh/ V/2m(E—V(r)) (2.3.25)
M| Jacobi-Hamilton 77 #& (2. 3. 14) W] i B K
1 1
(?VS) == (2.3.26)
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X 55 45 18] [7 94 A I3 (0 L ART 6 2 11 i A O
(VO)? = »’ (2.3.27)
SERMBLCS/hocO,1/x0cn) ,HH n S A BT 3T 5 R AL O FR 4 2 B (eikonal) , K (2. 3. 2D FR Ny
TR PR B2 B O6 R U 3 7 B 7R A B AR BR T B9 45 52 (). @ IR BB I M A 437, 0= 4 B R R
SEARTE O AR XTSI T n= W8 O AR (2. 3. 27) (AR T 3R R AR
O=ar+by+c+d (2.3.28)
BAER ab.c MLEHEME.O=WEME - HFPmE. HELXTHAE N @b o)/

TG WIS 8 07 1 (K504 T e 1 AL 7 514 T sy ) B
[F5) 5 107 S, 55 A T O R @ =& BUnT AW s — 41 ol oo L i 6 4k i 5 ol R TR 0 il 2R AL L B
A S TR I 2 A (WA S JH T o A5 ) SRR AT .

(2. 3. 25) AT UG H A= 0 AL O A Y F a0, X IE & B F % R 28 %0
M. LT LB T 2 5 20 122 A R BRIE 3l 6 R LA 6 24 14 56 2 Al # AL

Ciz ) 2% 1o [F) PR A S50, S CHa ) 82 A9 382 3l 0 A2 A

Vf——”tf—o (2.3.29)
u=c/nsc HEEFHE, £ ARBTG5 T ROKEAIER o,
f(xoy,z,t) = O(x,y,2)exp(— iwt) (2.3.30)
D(x.y. )W
Vi®o+ kD=0 (2.3.3D)

KPR =1/x" = /> = n* /=0 /X ko =1/ky =c/w=A,/21 A, = ¢/ v J& G AE B 23 (1
K. @ R S ARG T . 4
& = a exp(ik,®) (2.3.32)
a0 AL
V& = exp(ik,0) (Va + ik,a VO)

V0 = explik,@[Via+ ikya V:O+ 2ik,Va » VO— ka(VO)? ] (2.3.33)

B A, AR/NCELABRD L B &y ARKFE B HOR B e — 30 AUA (2. 3. 3D) , Bl R
(VO)? =n*, * =k /kD)

A (2.8, 27) L R aL A [ (2. 3. 33) ]

V2O <k (VO?, |Va|<k |aVOI, ‘%Vza

< E(VO)? (2.3.34)

Xt —4E B /D

J? d J aJ
7@<</e(®)’ “<<k0a7—@
e agx
a2 , (d
‘— <k0( ®) (2.3.35)
(1‘
HI0/Ix~n, k,dO/Ix=2nk,=k=1/x, R ALK
21| |21 X
Iz X g x| ‘aaf <
2 ()2
‘— <1 (2. 3.36)

o 46 o



b A — 3R K T R B A AR ZE 8 T A L = ) SR AR K B L PR a1
HAKTAE AL AR /N BV 3R 3 K AR S
“2.3.4 Bohm HIEFEME

1951 4F , Bohm fE# T I 3l 1 4% 5 4 0 7 2% (0 56 R B, 3R T — BT A9 00 A, BB T #
(quantum potential) i HE & ©. 33 Fh W 5, b 1328 3 (09 B BE S SR A 3, T KL 7 a8 3 s 55
Z 8 J) % Y Jacobi-Hamilton J7 B AH R — A~ 7 B2 B 7 B P BR TR F Z RIS R I3 vV 2
Ah B BT — A4~ F # (quantum potantial).

R (23,0 p=R* =0, 1 R= /", FTAVR =10 " Vo, VZR/R:ZLPVZP—
Af?wp)?i‘z#ft(z. 3. 3b) T BAZ 5 1

aS

W**WS) (V4 =0 (2.3.37)
A 2
__ K V'R _ Vi 1 %
U="9n R 4,,,[ o (2.3.38)

FRORET 35, BLAR 4 b0 B U—0, Bk FHO I 2. Y44, ‘?ﬁ?@?xﬂ’ﬂéﬁiﬂ%" VIR TR T
By BT ¢ 1Y % WA Cobjective) BRI BT 38 U RBUT T4 ¢ 4 TR V 5 008 F 0
A ¢ R BT 2B RT3 U SRR 0. 5 ¢ — U RHTF 555 Gl R A ). 1, 30
ST 35 20 T S DR L T4 U AR ) T 7 . 1 9030 ) T it T 4 7 3 7
S RAR AR . 45 5B E 7 om0 11X B, Umoo, BB AR RE 34 0 1L T 1 g =01
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T2, 3. 32) 5 (2. 3. 3b) . HF I ) Ip 38 S 25 SR A IR 1Y Schrodmgerﬁ&(z 3. D). B R

¢ = u+t+iw (2.3.40)
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R = u* +wf (2.3.41)

S = harctan(w/u) (2.3.42)

2.4 WKB #i £ 83z

2.4.1 WKB A 22 B U1K BR 31

Wenzel, Kramers 1 Brillouin® 43§41 T —F3K % Schrodinger J7 2 E‘J{f?é’é

@ D. Bohm. Phys. Rev. 85(1952) 166.
@ G. Wenzel,Z. Phys. 38(1926) 518; H. M. Kramers,Z. Phys. 39(1926) 828; L. Brillouin. Compes Ren-
dus 183(1926) 24;]. de Physique et le Rad. 7(1926) 353.
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2 da? (2.4. 1)
N
g(x) = expliS(x)/k] (2.4.2)

FRFPSORNEERK5 2.3 .2 3.2 HIBE S FL]ALAKR2 4.1,
23 S 2 /Y

L(dSY b 1 &S g
%(dxj + i1 2m da° EEAC2 (2.4.3)
AR Y h—0 B (20 & D, EX T
1 (dSYy .
%[dx) =FE—V(x) (2.4.4)

KR 58 12 d 1 Jacobi-Hamilton 7 BEAHE WL A, 4),S AHMN T £
ﬁ?"*ﬁ"]ﬂfﬁﬁi(faii S hE). WKB iﬁfﬂﬂ‘]*ﬁt‘@ﬁﬂﬁzi‘[ﬂ S(x)?.ﬁ i W%ﬂ?ﬁ
ﬁﬁ I T SR G 2 GG LR A L B A

N h B\
S—SO+T51+ =) Sot (2.4.5)
RAR(2.4.3),75

2
—s/°+ R <s“g+zsgsﬂ>+i(%j (S'2 4+ 25,8, + ) + o
—E—V(o) (2.4.6)
B i [R]RE R I, K IR A5
is’oz — E— V() (2. 4. 7a)
28"S'+S, =0 (2.4.7b)
288, +S?+ 8 =0 (2.4.70)

(2. 4. 70) 5 Jacobi-Hamilton (2. 4. HIERXAHE (H S, R52). (2. 4. 72)
n] 3R H LT B

Sy () :if‘pdf (2.4.8)
Hp
p = V2m(E—V(x)) (2.4.9

LMW R T, p Bk F3h &, S, N1EH&.
A2, 4. )M AKX (2. 4. 7b) , 15
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LR 40 P Fp g Il 25 1 Schrodmger ﬁ*{ﬁﬁ{ﬁﬁﬁﬁ[ ()(h)ﬁﬂlj:lﬁ']ﬁ@(~ AL -
(DV () <E(ZIAIFIX, p(a) )

P(x) = jlexp(;Jlrp dxj+ %exp [* %Jbl‘p dgpj
p b

- (il parre)
— 7g1n Pdl +a (2. 4. 11)
Vb

X G 5 G (B C 5 o) i B A )R 301 26 4 B A — AR A R 7E

(V) >EZHERIX, p (o) R 2K

/7“\

p=1ilpl=1vV2m(V(z)—E)
|

P(x) = J(%exp(+ %J |p| dxj+ /CZTexp( %J lp| dxj
(2.4.12)
L CV 5 ChLth i i 24 B A — 4k 25101 2
WHE G U 093 JH 451
(2. 4. )P LB H L —ZEE R (2. 4. 1D 5 (2. 4. 12) S B &1
RS, < |SY (2.4.13a)
24 ]S, S | < | ST (2.4.13b)
FIHR 2. 4. ) 52, 4. 100, R (2. 4. 130k & | p' | <p? T (2. 4. 13b) 16 Ky
Bl p'/p|<|p|. MEFE#E A ] IR A

hodp d
‘p i ‘ P <1
Hp
‘di‘<<1 (2.4.14)
dx
H
A = = h (2.4.15)
p 2m[E—V(x)]
(2. 4. 1O WA F R T
‘ x(x) Vi« (2.4.16)

2[E—V(x)] dx
A ] A .
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(2) WK ’E“%Tﬁﬁ”(turning point,V(x)=E) Wﬁ(ﬂﬂ?ﬁﬁﬁl¢55%5§
FAE)  pa~ 0 LA (2. 4. 16) AN JRSE PRI — S U (2. 4. 1D 5 (2. 4. 12) A
1. AR S AR Schrodinger B 5 H 53 R 2 (LA B4 B )

IR H WKB 3L 7 32 43 ik 379 28 () 5

2.4.2 BMopFRAEZHRER, Bohr-Sommerfeld 2 F X &4

BERLTFAEA AL 218 3B V(o) iz 8 GE BN E. #4124 0 5 kLK R
HAE a<a<bWWEITIZEE.V(O=V) =E.a 5b KHEFELE 2.2).

M)

& 2.2

— YR A V() PR PR RS RER IR GE T .31 )BT —
e BT H BCR AN PR BT DABCK SEL R FE BB [V (o) <EJAR K& éfié
P 5 A B4 P R, ] AR B (2. 4. 11) ]

; C
Po(x) = sm( J pdx +aj (2.4.17)
Jp

Hrp C A —AH B o BAIERRE. R T H0E o AURITE (o) TR 4T 5 I
W4T R ABAERE YT s I, bR T U SR AL AR X s ?ﬂl‘]ﬁﬂ\ﬁiﬁikﬂﬁf’i
& A COLAS 5 0 BT D MR 30 b ™ A6 i AT 2 0 A 8 T B B a0 Ak 1) 9 3
KRG WKB IR (2. 4. 17) e, BIAT 2 o A fH.

ARG ()T x> a SBUT YA M AT AR AE @ A (2=>a, WIAT 2. 2)
BT o =a BOmAb ¢ (o) T 2R 30, 52 401D L T a=n/d[ LAY
ez B 520 40 55) 1. Bt S BF oL 7 I R AT S Y WK 5 R BT R

o(x) = J%%ln( J pdx+ - ji &%ma(x) (2.4.18)
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P 2. 2) B Kb iy 30 X, o TSR HL A B P B WK 3 ek BCH

s = € sm( de1+ ) = C nao (2.4.19)
Jp Jp

IRV IB I xva BN ea=b W S, BT A5t 60 S5 Bk bk 1 10 5 ok RO 1% — 2. AR Ol
IESX R PEBT, R 2302, 4. 1) 5 (2. 4. 1) P IE X R B S i Z F = /Y
OB BRI L LR L B

b
() + Bla) = %J pde+ 5 = (it Dr

n=20,1,2, (2.4.20)
AL (2. 4. 1) FIRK (2. 4. 19) . AMER B C'=(—1)"C. XFE. PR % (2. 4. 18) A
RENS 5 B2, 4. 19) Y61 i k. (2. 4. 200 AT B i

dex = (n+1/2)wh
7R Bp
§pd1:(n+1/2)h, n=20,1,2," (2.4.21)

P Qda 38 X 5 32 30 B4 — A JE 4, 6 BN Bohr-Sommerfeld & F 4k 4 14, i

B 2D AR e /ME R R/ 2, 52 R 19 Bohr-Sommerfeld & 4 i & 4 19,
B BAR R a s i E AR o TR

FELA BRI RE T V() s 2 IR AZ R AL X T 7 BB R L X A%
PEIEA 58 4 IR0, B0, e BRI TT S B (& 2. 3)
0, a<<x<<b
o, x>b,x<a
TE x=a.b ;. V()ALRRBEER. WL FRE R ARR B SR S MAR X X,
BOR ¢la) =¢(0) =0. I A F . 302, 4. 18) 5 (2. 4. 1D AR Z A

$(a) = fgsm( del)

Vi) — {

; (2.4.22)
$(a) = ﬁsm( J pdx)
T2 (2. 4. 20) )i # Ky
=
Al
3gpdx:nh, n=1,2,3, (2.4.23)
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SEpdx: (n+%)h, n=0,1,2,¢" (2.4.24)

oY) IR

& 2.3 & 2.4

2.4.3 BE2BH

Bk EA—EfE E R T INEZEAS BB HL2 Vo) (& 2.5, % V) 21k
FAS 58 T B A SR F e E AR V(&) BRI A] DL WKB i 6L &b
PR FHBRR2NBER. (NS o 50 R EF 2T, WRGE TR

IR M) R TR 2= a Ab2x BRG], T PR 1 2 25 T DR T 1 )%
PR A —E BB RIE L S R VRS R OU T X R AR/, R AT
A WKB S R334 2 5 20 @R T, AR

b
T:exp[—%u SIm(E —V(z)) xH (2.4.25)

HE AR EY T<<I BAHAE X EHIT .
R AE X [ (r<Za, 4L R X o WKB I UL o8 B3R 7R il

p(x) = j;sin(ijzp dx + %)
e ot ) g~ [ e
— iﬁ[exp(h JPdJ,Jr 4j exp( . Ipd:c 4)] (2. 4.26)
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EXIR I (0 <<x<<b, Z M5 X)) i, WKB I o8 5 BUS2 48 B0k 08 L LI
(2. 4.12) 1. AT RAUE B, GEME 0 X 38k T 5 DX 36k 1T #p A9 38 pR R (2. 4. 26) )l i b 757 42
AL K 119 I8 BRI AN T [ D0 AR Yy Rl B 5, 2 (20 4. 62)
j,sm(hjpd x+ - )x—jgexp(iﬁ ‘])‘dxj

v

(2.4.27)
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16 x>>a KR (BB d p=i V2m(V(x) —E) =il p| el %, bR Ak

5 R
1 J’])dx jexp(l Ui)dx‘) (2.4.28)

:%Ubtﬂ& BT

Losg(~ 1

%Tﬁﬁa%mq—%U§m

L[]
ﬁCXp(h ‘ L[)dx j (2.4.29)

I e PRVECHE B A8 N RS AR T 4 0 o 5 0 Y5 205 T 9.

AT IR RA , 520 4. 29) T 7 14 % 2R BORE {2 3B 4D (>0, 18] 2. 5 K3 I 19 3%
F 8 O [ WA B2 B 3 . X0 (2. 4. 63) ]

poo( || pae] Jmm e
—exp| — || pdx| |=—=— ——exp pdx TL
Jo holJs Jo
(x << b (x>0 (2.4.30)

Z SR R (2. 4. 28) AT E B HE LA A L >0 K RS WKB 3 R
BGESHO M
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P(x) }exp(i L/)dx‘)- exp( del+ ) (2.4.3D)

v

e LA 38 S 3t 5 2

j,:pv:v‘gb‘z:exp[ %dex‘j (2.4.32)
ISR B Sy 1, T DL S R RO 2
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I B R TR 2 1 A A2 SR A X (2. 4. 25).
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f51n l 7 T]
Jo
H5:(2. 4. 78) BT sind~0) , /] 13
=2/xl, a=mn/4
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5 —2E1E 5 L, AV BY “ de Broglie K74

PO S h (2.4.81)
p 2 (E—V ()
A
p = 2 (E—V () (2.4.82)
22 LT L 4514
‘%‘«1 (2.4.83)
1 H
Vi (2. 4. 84)
dr
TEL AT W5 e 1 45 (2. 4. 67) FIAR 1a] % pR X, () B ME 22 L5 0L 3] 3R oR
% nJ pdr (2.4.85)
p 0 k
T A0V, (DFHFBEEA B LTI r—0 K, B0 # e b — i
BRI B RE V() 3 T2, I R T m\%ﬁa,eng’;ochzumn/(z,ﬂm,
/l
_h o dd 1
poclh/re k= -osf. qLos <l (2. 4.86)

B LAESR 21, 24 LB/ A8 v 0 ARS8 28 LT (LR L.

AR BT — 4R 1) WKB G5 UL R KR 5 A% 1w i ok KRG o 22 i i ) X
A B IE B A"/ (2 ) W 3 SRS AR A8 U5 R B oo BT I 4T D 5K i 2
s. MG, e I8 A BRI LEDZ0% VGO BYSZ IR ] I, WKD ST 8L e £k

C . J pdr
= —s5 2.4.87
X G ﬁsm[ - h +— j ( )
A
b= J2u(E — W5 /2 7) (2.4.88)

ro NI E=/" "/ 2ury = p* /2 =0k /20 B E B vy = s/k. 2 r—>co B,

A
1(r _sm
;J . pdr — [/er 5 )

5 B HORT Y 2 0 ek BRI AT AR AL L 1,13, 4 DA E . T 4R

. . e 2
[©) %J pdr = J kD — s/ rtdr = J R
o ’ g

0 e X

x *

= [«/x — 5% *sercos( )] (x = kroxy = kry = s)
s -
0
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SN
s=1+1/2 (2.4.89)

TE MLl b PRV G W52 e 25 pE HE I, n] SRAS AR ) I pR B, ) 1) M 28 L 3T

(PE

J%sin(iﬁop,,drdr %j (2.4.90)

X[(T) -

Kb p, BRI SR,
h2(1+1/2)2]

pr:JZﬂ[E—V(T)_ 2/,0’?

ro =U+1/2/ks k= J2uE/HK"

(2.4.9D

Bl AR 1] 0k R A 1 22 BGE  FR 2 (2. 4. 90) L TSR A% 43 I 1O BT AR RS O, BT 2
IEAME. #K(2. 4. 90 FI(2. 4. 9D, HE RS VO ERH T RLFIY 1 43 B B AHAL Ry

J" er/ez—(H%/Z)“—Zf‘Vf”Jrl
o r h’ 4

(ORI RIER:E A )

f* & e _GEDT

" r 4
Moot , W H Z /M VHOIERFZ AR 6,. 24 1 B, =s/k=U+1/2)/k WA K, T 1E
[ry o0 )35 Bl VOO RN, AT LIS F BT

[/qz CUE1/2) 2pV ()
' 3 o ]

. k27(1+1/2)2 1z N N4C)
”[ r ] hz[kb(zﬂ)/zﬂ]
2

- fp— a+1/2>* nwV ()
T e aEi”
rZ

5, N—ﬁf Virdr (2.4.92)
e _ A+ 1/2)?

2
r

PR FEME T T

'2.4.5 EHEPETFUERG
AT SCHRO 25 T —HES B V (o) v AR 1 (9 7 A% 7Y F2 140 2% 1 Bk

@ Z.Q.Ma and B. W. Xu, Europhys. Lett. 69(2005) 685.
.62 .



T. #% Schrodinger 72 (2. 4. 1), Rl

j‘f— ZRLE — V) Tpto) (2. 4.93)
x

V() WELE(E 2. ) B BREL R B xc=a.0 HPDNEEIE. S o) B9 X 5%
BoA©
1 d¢(x)

B HUEMH ¢(o) 3 & Ricatti FFE(— B AEL D H )
dbo) _ 2mip vy g (2.4.95)
dx h

FELHAFRLESV () ], B a<a<<b, () bl o« BH T B o B8R0 85 33 ¢ (o)
(B — 5 B, (o) B A — oo BRAE Ry + oo SR JE R . 4
tanf(z) = k(2)/$(x) s k() = V2m[E—V()]/h  (2.4.96)
0(x) = arctan[ k(2)/$(x) ]+ nx
K arctanf Fm ROEY) BB F18 . —n/2<Tarctanf<<n/2,. fEL M AV IX Y
L ) B — A5 50 0 1. B AT A

"d@(r) - k(x ()
J 4y dr =N« }L{}larm%(a) $(b)

N RSO SE. W VO TERRI S v =a Fl o =06 %2, W XA 0 5Pk
0. 1z (2.4.95) 55(2. 4. 96) A 15 . FE & #i 72 iF X (a << <<b)

—+ hmarctan (2.4.97)

do(x) - dk(1) dé(x) 17!
L = k@ P [Tx ] (2. 4.98)
FRBSGE B p (o) =hk() HE MR T3]
b —1
medr _ Nwh+J b (x >dp(1) diff)] (2. 4.99)

I BN A H A ™ % 1) B Ak A 1
MFZgEERXTARB VOO PR F. 4 oG =r "X, (DY (0. 0) [ UL
(2. 4.66) ], 4% RN (2. 4. 67)]

d2 X[ (T)
dr?

THR 2 4. 93 FRL. 25T LA HERXTFR HpL 3 V G Hh R T SR 48 2 R T A
FALEM L p () =hk(r)]
d[)(r) d¢(r)]71

J:p(r)dr: N:rh—l—J # () L e
(2. 4. 99 5K 2. 4. 10D, A M55 — TRk B i 2R B0 Y A5 69 sTEk, 58 i

X (2.4.100)

B {_amEE Ver )]+z<z+1>}

(2.4.10D)

O $Co BRBXFRE T Iy A 0r ki p i #, 0L 9. 4. 2 5.
¢ (3 o



PR N T IE B AR T 35 R R0 T R ISR 6 T RS A A R M
FAR A AU AT A5 T A Y SR A RE L, T S R KORT DL MOR A Ricatti 757&
o X T2 7 BB COC BRI A BRI X FR s X 7O L — e iR 45 T H T 15
WAFRESL . 5 WKB ST A5 i 45 R — B iZsChid it 8 T — 2 O A i — 4
BB AT RE S . A %R 3 1T S %O

2.5 Wigner PRE, &= 000 = 5 1 4%

LM 5, — AR BB 2R A B e R — B 20 09 A2 5 A 3l i, B AH 25
[ H ) — S ROR R R e R TS RN, MR R E TR,
A Hilbert 78 [al i) — A~ K5t OF D SRR I8 WA R [ @) i — D BRI R L
ISR | @) A4 TR T ] 1 43 B R Z0 . e — LR M T A%
AR RR B D B AR RR R R T @) BRI (x| =¢(x). T
BT THRRMAIE L.
P T I35, B GndividuaD R (O 0 BY 57 202 A BRI BY B 7E
JE D)= AN i FH S 6 > 0 2 o (EL X A R R S 3 4 #FT%J%H":%E’J*A?(YMK?)ET
4 LAY 7 £ Censemble) 1Ml 5 ai%fﬂﬁ(ﬂ”%ﬂﬂfﬁ%)&ﬂ’]®® EAESE , A
E’Ji«?\ATVE B — s m gt R, A U BT S A SR TR 2
5 R B R R A AN Y Wigner u?ﬁl@?%fﬁl?*ﬁ S [R] H Y — A~ 52 bR AR
(=2 5. 1], ﬁﬁ/ﬁfﬁﬁ?ﬁ‘?ﬁ : 55_5(!3’] Ji. {3 Wigner R0 HE KL T 4 b5 Al
g A D & o A, R X J& i ) Heisenberg B AN 1 5 & OC &R 19, FF 0l &
Wigner IZ&%IE%EILJEXE{E &TUEX@{E Jo A E AR 28 MM o Y S k. Ak T
=T AAH & L K& F TR (quantum engineering) (EEFR I bR T FE ) 25 450 Jak t, B
A 2 Y 1 J ©,
WS | OEBEERL o= | ¢ (| N K Wigner sREUE LT . Ch R R
{7 2R, R LA — 4R ). 2 4l R B A R MR R A Wigner pREL, 0] 250
E SO

@ A.Royer, Foundation of Physics 19(1989) 3,Measurement of quantum states and the Wigner func-
tion.

@ G.M.D'Ariano and H. P. Yuen, Phys. Rev. Lett. 76(1996) 2832, Impossibility of measuring the
wave function of a single quantum system.

® #ifn,Ch. Kurtsiefer, T. Pfau & J. Mlynek. Nature 386(1997) 150, Measurement of the Wigner
function of an ensemble of helium atoms.

@ E. Wigner, Phys. Rev. 40(1932) 749, On the quantum correction for thermodynamic equilibrium.

©® it .20 T. Hey and P. Walters, The New Quantum Universe, chap. 9(Cambridge University
Press, 2003) ; H1 30, CBr & 7t 5 ) , 75 28 %2 13 () i ) 2 BOR M AL, 2005).
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N

W (e, p) ] LA /R B sl & 25 8] 0 I sR A AL (1 D
Wz p) iﬁ

X dp—pH=<(p—2p" ).

G2 1D R(2.5. DFE Fourier 28 # , 15

7 —iCata ) p o+ 7N LiCa—a ) pl /N i2pa /i
W(x,p) = - 2anJJd "dp’dpe ¢ (pHe $(pe

=7JJdp/dp//8<2p o p/ o p//)e iy //’).:/h,){) % (p/)¢<p//)
h

a(p/’p//)
I(usv)

& p=utv.p'=u—0. W p+p=2u,.p—p'=2v,

Wz, p) = JJdudUS(p*u)e o (w4 v)plu — v)

= iJdve Zorlhig = (p—40)P(p— v)
Th
oo ek p L BN (2. 5. 2).

1. Wigner & % #9 % R

(DWW (x, p) i AH 25 8] H i S5 bR 2L
W™ (x,p) =Wz, p)
(2. 5. DA o' =—2", BiafE s _E L.
OW (s p) EA HERE 4041 (19 5% SC, B (G 2)

Jde(zr,p) = ¢ () ¢(x)

deW(x,p) = ¢ (prd(p)

L}J (x— a2 |o|x 42" e /" da’
:L}J (x— 2 ) pla + 2 e da
v
h

(D Pla— 2D M

J =" lolp+phe M dp’
<p Pl glp 4 p e dp

_ 1
wh)—
- 1hJ (P =+ P/)st(p — p/)e*ib/)’/ﬁdp/
1

e (e =)

(2.5.1)

(2.5.2)

=2.,dp'dp"=2dudv, 5

(2.5.3)

(2.5.4)

(2.5.5)



¢ (PRI (p) b Cp) I R G B KL T~ 15 Ao b 23 18] F1 5l 1 25 ] B4 B 5 73 A

(&2)jﬂﬁ(Z&1Mbkﬁ(2&4%$ﬁﬂjww”“‘:2M8@f):me15,ﬁ

JW(I’]‘))d]) = J'df,gb* (x+2DHPlax— 28" = ¢ (D) ¢(a)
ZemriE X (2. 5. 5).
GOXF T H5 AR KRB Ty £ LInFARE V o) JRERE . v W (s p)

......

RN FE 3
F(x) = dedpwu,wf(x) = ng)* () f() () dx (2.5.6)
X 5 A bR R S T I R o (o) kT (o BRI A R B

G£3) MA@ D,

f( :JJdId[JW(I ) () = %JJJ dadpdz’¢” (x+ 2D Plax — 2 ) " f(x)

:dexdx/gb' (x+2DPlax— 2D fla) = dec/}" () f() ()
PERPEC (2. 5. 6). B AT IIEB (2. 5. 7) . (2. 5. 8).
X U S A K 0 )2 g Cp) (NS G T= p*/2m) 59 (8t T 26 DL 5
mr.

g(p)::Jdedpﬂ/(r,p)g(p) ::J¢*(p)g(p)¢(p)dp

—Jp @i e 2.5.7)
X5 U R AL (o B $Cp) T H g (p) X 1 2 X — 3K
AMEIEH S T TR (o) +g(p) W zEElHw H=p"/2m+V ()], F
NI RCACIR R Il

f(x)+glp) :dexde(x,p)[f(x) +g(p]
.. d
:JW () [fu) +g(— in 9—1)]¢<x>dx (2.5.8)

:ﬁﬁ* (P [f(iii %)+ £ |#prdp
) — LI W (s p) BEVT BOIEAE , W 7] BR A {8, Fr LA B (% 22 gy 3 P AR RE

W (x5 p) B WL FTE ] — 0 Z] AL FRHL 2 Bl i B p AR 23R 9% B GRORP iR 2 i [l A
72 B O R ). SR AT LATE B , X T HE 4 L2 (quasi-classical state) ,W (x, p)=>0.

2.6 45 th T — 2 R T 10 8 16 A B AS AF 5 10 Wigner 5050 P I 4
% PR (Gauss I 6 R ) Wigner BRECH (BUH RN m=h=w=1)
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W, (xsp) = %ef““ﬂ“ =0 (2.5.9)

FLA A 25 (8] v B TE 3% AN AR Pk X TIOR3 U W (e, p) BT IE AT 7, 52 B0 0 (R &2
BARFAE. i&ﬂu%m,wou,p)f 1‘=p=O AW, (o, p) WA — 18— 25,

X IS WRFHTES WG EIES W, (x. p) ML H
Fﬁﬁﬂaﬂ@ﬁt,,\ g 7 & 7E AH 25 IEHWIIIIFJ Z 3.

(a) ZE& (b) B—BEE

K26 WIRTRERAIERN Wigner B £L

2. Wigner & #L KL At 18] 49 7% 4L

FAH Schrodinger J7 2

2 g2

. d
i ait('b(f’t) - 2m d

~ ]gb(x,z) (2.5.10)

W __ p W IV IW (ﬁj i(m )((VW)
AGED) Al

dt m dx dx Ip 21 92 Ip
_ W VW (RN L(PVIWY
= 9x Tax ap Tlai) siler oy )T (2.5.1D
O Win] LA 20 (80*V /9t =0, % A=3) 15 1
IW _ p IW | IV IW

T m ox ar ap (2.5.12)
5 g iy Liouville &2 BUE 20 _E AR (7 5).
W. __ p IW. IV IW.
dt o m Jdx +(71” gp (2.5.13)
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G2 RHE AW, pBE LK 25 DIE K

1

o
= * - . i2py/h
Wz, p) ﬂﬁj,.,dy(’b (x+ Pl —ye

FI I Schrodinger J5 2 Chy ] 8 T L 5 bR 8 b B I AL AR Bt ¢ AR5 dy) , T A5

W 1 J‘

.  whl)- 2m Izt

+%[V(x+y) *V(r—y)jsbx (x4 gz — ) }eiZI)yxh
- 1 "\‘
*EJ,“@
+%{Vuﬁﬁo—vu—yﬂw<m+wwf_ywywh
bR P — U AL L T LA AL R

- . r f
—2f d%¢uvwoﬁL%j¥Q ¢ <+—>35L——}ww
m ) Iy Iy

dm

+o d¢” ; d — o
— 2" gy fgla— ) WD e g gy WL
mJ dx dx

:*ﬁij dyp " (x4 y)plx — y)e» /" :*ﬂnﬁ%W(r,p)

m dx m
55 I AT A A Vet ) M V(e — y) B9 Taylor JEJIT

A A .
Viz+y) — V(r*y)—ZZA'aV(l)

A

dzt

TR ik N
21 1 #V(x) 1

I Al o wh

J dyy*¢™ (2 + ) gpla — y) e /"
AGET)

2i 1 V(x) ¢ 1

).(’77
U1 V() 9
= — Wz, p)
A;W ( 21 ) )\‘ f)f" d p

FRA 2. 5. 1D EHIE.
GE5) R MIE N R L4
Wlx,p)oce ™ ,g=1/kT,E = p*/2m+V(x)
k 73 Boltzmann % & . #| H Liouville 7 #,dW./dt=0. 1
d aJ dJ
dWF:< W)dz+(W)dp+ W.

dr dx ) de ap It
IW. IV IW. | IW.
T dx  dx dp It
LA
IW. _ p IW. IV IW.
It m Ix dx dp

(2. 5. 13)151iF.
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. PE . 9? R
dy{ﬂ[fw¢(1fy)+¢' (x4 J Sb(all-? )

+o 21 —A
o 2py/n, [ 2L
Yl Feaaye mj dyg” (x+ P la— y)e (ﬁ)

]
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2.6 IBEIRTFIMETE

“2.6.1 Schrédinger Bk FH T+ 75

T 208 B B B389 ) Schrodinger 1926 419 TAECD, i I 3R 17
TEXFE—FOIRAS BRI iz s M i 5 28 MO R R AH L. 75 RS TF ik +
(1) g 1 V- P (E (R S REBR A1) 5 20 MR 7 BE 5 AH [R5 1 Al b A 3 6 19 7 34 1 CH £
rl“lﬂ‘lﬁ"]fﬁﬁ*ﬂﬁ]ﬁ)lp@ﬁﬂﬁlE"Jﬂﬁ%@'ﬁﬁﬁﬂﬂﬁ?%é*ﬁﬁa#ﬂ?fﬁ@i:?{kﬁiaﬁ.éﬁi

----------

BEEAH T N ¥ 52T FE IR ZI KR B FE 4 Planck M {5 @425 . A

-----------------

32 15 2 MUK 55 4 AR ). 0 T R T 0O O3 0 T 62 I AR i
Z N T3 (coherent state) 1 —FPRFIARIR A, ML 5 18 . “1 believe that it is only a
question of computational skill to accompanish the same thing for the electron in
the hydrogen atom. The transition from microscopic characteristic oscillations to
the macroscopic ‘orbit’ of classical mechanics will be clearly visible. "X , 7£ 3%
A AT LA R Kepler UE 18 3 Y K AY BB 324 1 R R 3. HIT 4Rk,
Bl 5 Rydberg 45 (i F i F 40 n BYBERD) SE 50 TAE M 5 0% . 3X 7 T B9 TA4F & HUg
A (1 3 e @,

FE 20 4D 60 AFAR AR TR B 12 0 T8 7O S 48U Glauber® (1
Jed M TR XA A1) s Klauder 55O 32 Hb i AR T 25 0k Ab 3856 3 1 A1 T 4
FYGCF G124, 1€ Dirac MR 537 00 & FA B 1, 25 85 (cavity) H A9 HE 5 48
S5 A AE s i A IE A X (normal modes) & N, 48 S 8 F W IC 55 2 ik 7
AL AA ZR L T R S 3 RS S T IR T BB AR 2 b YOG T A A DOR A
A occupation photon number representation (fij #X number representation). {H
J5 R R Bk Aol 6 G AN RGE 5 T4l A 8 S 3 08 0 B AR L R AR R A2 e B T AR
TR RN BT E, AT A B TI5 206 T BORIE S 19— R R 3R 09 A7 T
BN, 5 TR T Z 8 H & 1E45 M (cooperative behavior), R H T A E &4 N

@ E. Schrodinger Naturwissenschaften 14 (1926) 664; 5¥ Collected Papers on Wave Mechanics . 41
(Chelsea, New York,1978).
@ S.Howard and S. K. Ray,Am. J. Phys. 55(1987) 1109, Coherent states of a harmonic oscillator.
K. Pizibram, Letters on Wave Mechanics ,ed. London: Vision,1967,10.
40,2 M Nauenberg,Stroud C, Yeazell J. Scienti fic American ,1994 ,p. 24.
R. Glauber,Phys. Rev. 131(1963) 2766.
J. R. Klauder &. E. C. G. Sudarsnan, Fundamentals o f Quantum Optics ,New York,Benjamin, 1968.
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BETZ B9 7R — B T 1 O R A A B B R RN SRR L REN — L
FOh LT T O R G A T AR

BEAL Tk F V(I)f*mw xR ) AR B 2 (= 0) RSN
Po(x2,0) = ¢ (x —x2,) = p VALY 2 (2.6. 1)
L = J&/mo (BREKE)
Has AP TE 5i Ik 7 JE 20 5B 8L ¢, (o) A TA) S (L 3 A mPots S 7 38 i 4% 10 37 i 05
(x=0),MH x=xa, s. NG 7220 5K F R 6 B 585 i Ik 8h. N+ )
FRTF XA A AT RIS — AR A (Kb T A5 BB T, HL 2 ) G A A8 25 4 B AN i I
I 5 1 B TR ISt 2 T A 5 1 2B T
RS SRR TN 1
¢(x,0) = ZC”(,/J”(I) (2.6.2)

n=0

G, (O E,=+1/2)ho WREEAIES,
¢, (x) = Nye ¥ 2H, (&) N, = [LJr+ 2" enl] V2,6 = 2/L
AFAERA [ 1]
C, = (4, (1) p(2,0)) = &+ e 51/ /27 el
& = x,/L

(2.6.3)

1] C = f ¢ (¢ 0)dr = Jf dee ¥ P H, (e 8 2

FIH Hermite 2270 3K 1) 25 1% bR 4L

f 1/4

e Z HD,
ALK

J‘TA\dE L Z J‘ deH, (e & e/
EREDHERT EHHE RN |

= expl(st &/t — ¢ —gi/2] - [ age e’

= Jmexpl&ys — & /4] = e 0 Z (CM)
n=0
SR 4y
J‘Jrij dSH,I(S)C7(527é<]HE?’"2) _ ﬁggcffgr"l

Uk, AT SR C, =& &)/ nl

@© #40,]. R. Klauder and B. Skagerstam, Coherent states » Singapore, World Scientific,1985.
M. O. Scully and M. S. Zubairy,Quantum Qptics »Cambridge Univ. Press,1997.
OGN, B TR A AR ECE L L 1990,
WL, B F ARG 5, Bl FIREEOR AL, 1997,
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#%X(2.5.2) . (2.5.3) X E, —(n+1/2)hw,—ﬁﬁ'¢tﬂtﬁf?'lﬁ’]/ﬂi BaFE 2

co

_ o/ e e —t1/2)wt
o(x,t) = s ¢, (x)e
UZ:; V2" e nl
1 1 ,
= ———exp|— - (§— & coswt)?
el b
— i(%wt + &, Esinwt — %EgsinZth] (2.6.4)
[k
g, |* = I exp[— (x — x,coswt )’ /L"] (2.6.5)
L
5
| ¢(x,0) |2 = expl— (x — x,)"/L*] (2.6.6)
T

A AT UL [ pCaat) |2 J— AN ZE 2 =0 AR I Gauss {EZ@,E@?%/EZ%K”{(/EZ@
AP HO. WP O BEIE v, =2() =x,coswt A, 5% WP T (WO EBTE x=x, LK
PSR SE A R]. 2 B8 & IR A0 T A TE AL R AR Bl OB 5 RS AR R Y
Gauss WAL, TXT TS, BEH AcAp=h/2(R/NAHEE XL Z). Hik. X FAHT
A W /INASH 2 B G RAG AR ANAE. F)?U*HJF?S % f/l\ﬂf?cf.ﬂf:ﬁ E’J/Eééljﬂj.f
Lz 2] SERIAAAITE T 2 NAEorE, WP RBER D) VBT 3 B R 5y, ()1
GRS
o (x— x,) = D) ¢y (x) = (x| D(xy) | 0D (2.6.7)

. /h

D(xy) = e

2 zﬁ_l:—lh— TR IR AR 4 o o RN

- ’”;‘”m*—a) (2.6.8)

FR D)= 9 0= [P0 =2, 2L =& /NZ (TR 4. F AR BHE % 20 A 4 B st

28T
#(2.5.67)]
e/H»li — e/\ elie C/2 — elie/\ e(?’Z
Fh C=[A,B], 3 E[A.C]=[B,C]=0. flfi[asa” ]=1,0] 1%
Cn(u7*u) ‘O> — C*QQ'Z . Cmf . g ‘O>
= e e | 0) (Walo)y=0
= 07“2"22 C@Hr o
DS - M I CLb LT (2.6.9)
w—o /n! /n
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I LA

(x| DG [0) = DG, (0. € =t S

=0 2" e n!

5R(2.5.3)—%.
iz 3] (2.6, DOF ¢, LIE K,

A 2 _
L/J(.Z'yf) = ¢ “/? ———2Y N, e e “/PH,(&e "™
e R - AW EUY
- eXP( z oz 4 ) _ ;g; ;TI{”(E>( 5 due )
1}
S 1 1 iwt ! _ . LF —iwt : 1 i it
“Z:;Jn*!Hn(f)(zfoC ) 7exp[ (2%6 ) +7(ZEoe )5]
1 2 —2iwt —iwt
= eXp(_ TEOG +e E()f)
T LA

o(xst) =

1 iwt & & 2ot —iwt
cexp[— L S SU(] et g e ]
/Ll [ 4

= ﬁl —exp [* 52 — %Eﬁ cos’wt + & Ecoswt — 1(% + & €sinwt — %EﬁsiHwa) ]
R

= ﬁlﬁl 1exp[* %(E*Socotwl)z — i(%lJrEoésinwt — %EﬁsinZwt)]

"2.6.2 EREFHARES

3 (2. 6. 9) IR T AR T 25 7] LIS B

ala"—a)

0y — =251 @ |y (2.6.10)
; vn!

AT ATE ] o) S 18 HR T RAT @ BIARTERS AR .

) = e

a‘a =a‘a> (2.6.11)
[4E£ 1]
Z B R R T Hamilton 8 H=(a" a+1/2) ko, B[ a, H]F0, L a B AR AF 25— A 7T

AEJE H AZARAES GEZS | 00 BRAM) L 11 AR 2 H VF 2 A ik 2 f0F 25 28 0 imi 9 3R 2 2. 1% 1 5
a|n>=+n|n—1>, AT AW E a MASAE A HAE 2 TEMR 24~ AR IE S 1Y &, 4
oy = ZC,,(&) )

n=0

ale) = D)C(@aln) = D C(@Vnln—1) = ala) = aP,C,(a) |n)
n=0 n=0 n=0
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FEF(m—1| 43 C, vm=aC,—1 s (m=1). HULFH SR 115

C, = icu—l = = o * Lo
o Vn
%‘%%LE\UE*{JC%#Z\C”\Z* ‘C ‘ 2 ‘a‘ ‘Co‘zemz :lvﬁgf‘co‘:e ‘az'rzvﬂ"xca ﬂ\]

n=0 n=0

i’ﬁ%

BRI (2. 6. 10).
[iE 2]
FIflawa 1=1.a mﬁmﬁa:%,ﬁﬁ[a,eﬂm‘ 0 =qe« O AEFIF | 0) I i 2 5

al0y=0,18
[a’eu(a+ o7 ‘0> _ aeu(u+ @ ‘0> _ aeu(u+ @ ‘0>
Kt ER(2.6.11) ,a o) =ala).

LT o AL KBS, AR o A— 8. WiLH T A ERR
(2. 6. 1D Y o AT LA B, AT LU U SRR 2 SCRAH T2 a =, V2L (IO 1ER a
S E AT IE TR, XRE L RATATHE (2. 6. 1) R n A T8 3T 8 B 358 19 TE =

+ =
aa —a a

) = e 0> (2.6.12)
b FHAT R E SR 2.6, 62) 115
@) = e = |0)
— el e e e 0)

=g ld’ e 10)
RHEIGAE |o) 25—k 1, PH A

(0] e “e” 10y = <0 e e aell” 10) = e

%211 TEER TR REAED [0 F EW]

F=0.5=0
27 = (n+%)mhw = (nJr%)L2
= Vh/meo (KB B RPN

P = (7’1+%)mwh = (n+%)h2/L2

Ar = [(a—]V* = V/n+1/2L

Ap=[(p—p" ] = Vn+1/2h/L
Ax + Ap = (n+1/2)h
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%> 2 f»%%ﬁ?*@z?mmmAV—am

N=la|l*sN' = [a|'+ [a|*

N=UN—N>T%=MLAMW=1MM

H=(N+1/2hw = (|a|*+1/2hw = E

H = (N> 4+ N+ 1/Dk o = (|a|*+2|a|?+1/DHw? = E?
=[E—FEJ]" = |a|ho

AE/E = |a|/(|a|?+1/2) = 1/]a| .(|a|> D

B | o | K, AN/N 55 AE/EfI/I.

%3 FH
x = / (a +a),p=1 mwh a"—a)

2t = 7[(5{7)2 +a*+2d" a+1]
2mw

P = %mwh[&ﬁ a—1—a"— (a"H?]

/ Rea, P = V2mwhIma

=@ e 2t 1] = zwm+wa+a*ﬂj
? = %mwh[?a’ at1l—ao —(a")?] = %mwh[l* (a—a” )]
h

Ar= [ — ] =

2mw

Ap = L[pP =P 1V = Jiwh/2
Ax « Ap = h/2

"2.6.3 HFESH—MER
PITF A AR 2. 6. 12)BUE N (G5 EE] o 7] IBRE S a>2)

*
—z a

l2) = e 0) = D(2)|0) (2.6.13)
FEM TS < b RN o WARTES,
alzy = z‘z>
2y = e 2 f (2.6.14)
HHIEW] Do) HA I~ P
D()D(2’) = D(z+2Dexp[ (22" — 2" ") /2] (2.6.15)
D(—z2) =D ' (2) =D" (20 (I D" (x)D(2) = 1) (2.6.16)
D' (2)aD(2) = a—+= (2.6.17)

M EEA T AR
o« T4 .



(DR &M Z
%J‘zﬂz\dzz —1 (2.6.18)

UERIE .

2 ><m‘ * —e|?
)& |dz = | Jz”z el gl g
J‘ ‘ ; nlm!

A d’z = [2]d| 2| de, 2E ~ Pl L HE AT

Yan | [ iy o
o {(z|d’z = 7‘” J P R E L P J e
[12¢) > ] <] =l 0

- 223 ’fZﬁj:zwtlezzdz

= TEE )| = =
AT — 874 | /T UM TSR IF

M>:—%J&Ma¢>&z (2.6.19)
B2 AT 5 % %
(2)3F £ 5

FHR (2.5 14), 718

el 12y, 2z
<z‘z/>:e(‘”‘+‘“‘ )227
wom A/nlm!

* 4
— e (z" 2"
n ’\/n!

_ ef%(‘g\ZA\z’\zH»:{:/ (2. 6. 20)

(n|m)

ES N0

=

(x> |2 = e el meme™y et 1 (2.6.21)
B[ |2y [2520, 0 5 OARESR. RY [z — [>T 8L HMHTE 5 DO A
IIEAL.
(3) A % A&k
BHEW [ REVEAMST Y. 5 m WAEBE AT AL,
0 2, 2n
J‘Zm Z>dZZ — E ﬂj() ‘Z ntm-+1 e*\'c\ ,/2d‘Z‘JO e\(71+/11)¢d¢ =0

vl
(X FAE R w0 (B3 | = [ BRSSO S,

(2.6.22)



FIHZ 2. 6.18) 52 (2. 6. 20) AL — AT & \z/>%mu)%¥ﬂii
l=") Z%J-‘z><z‘z/>d222%J‘z>67 A=l Ydiz (2.6.23)
T LLRRAR T 25 { o) ) (o B SR 5E 4 0. { [=) ) 9 — > 7 48 ok mT BB MY I — 2 56 6 2.

B, { =00 ) (zp IO FEMI L — AL A5 . B, | = | =r(FEE) s 2=re¥. {|)} =
{ e’} AR il — 4 58 45 B, B 40T % AU Gn AR TR 50

27
J lye ™ de (2 = re¥)
0
1 (27 2 .
= /2 2 ‘71>7' J ei( 111111 )gadsg _ anme—/;z ‘m>/ m (2 6. 2/1)

Hr LA
m) = (27()7lr7’”e"2"/2 ’ z>efi’”¢dgp (2 = re?) (2.6.25)

X 1A { ‘ZH o BTEEE RLUR ﬁ%ﬂ’]ﬁﬁﬁﬁij-({ﬁﬁ‘mﬂm AR &
O . Mg IR 7 A AE — & 72525 0] 41 \m> b Om R0 K IEFEHO & IF PR mT LA
{1e) ] =, } RFF.
YER T8 ¥k 7 19 Hilbert 25 0] AL B AT AL BT IFEA TR R L P ERR
Wr

A:%Jj‘zﬂz‘A‘z/Mz/‘dzzdzz/ (2.6.26)

HEHTHTERLEBEZEM.A MEEER 2 |A]) REME—0. F H R
(2.5. 1) (= |AlzH> AT I BERE (B TEO RL P IERE L (0 |Aln") R
ok,

(et )/2 (n|Aln" Ly
(z|Alz"y = e 1< 1 an' < (2.6.27)
FIF Cn | A" AT DL ¥ — AN B4 (1 % bR 8L Centire function)
Az" ,2)) = E Wm\zx\ﬂ% (2.6.28)
ESHTiT}
(2| Alz"y = A(z" ,2/)e (1100 (2.6.29)

FLLACe" 2D AT BEAF A BT8R G WA AR Z A Cn [ A|n") Y Az i R H
(generating function).
AT DAL BRI AIC Az o2 5, R A T 24 3 2 1 58 &5 1 R L.
B an T 2 X T
(z|Alz) = A(z" e s’

= 2 nln' 1 {n

(2.6.30)
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(2| A=) Taylor JBIF L%, v] H
Sl Vn|Aln") = (
B Cn | Aln ) ATRAH X IE ACe” ») FH LT (2 | A D ATRAH (2 | A=) F 1.

a
Iz

d

j" (a—j x| Alze” (2.6.31)
P4 z=0

“2.6.4 EBIRFHEHFHEFEOY

XS HR F B 7= A R 3 AR A — A L AR o LEAF o Fb T,
b= da"+va Aoy HESHO

b= Aa +va"
A=y =1 (2.6.32)
AHMEUE 0 5o W RS a.a MR IE N X5 =K
(bob'] =[asa'] =1 (2.6.33)
TEAAT b BIARIEZSIC A | B) - i 2
blp =Bl (2.6.34)

b BARAERS | B FR N 46 M T 45 (squeezed cohrent state). ‘B HA AR T HH T &K
— S BT AT DIER]  IE AT SR R BN E BE R AxAp=h/2 V18RI
SELHOLLHE 4D

h

2mw

Axr = ‘/‘L*u‘y Ap = mTth+y‘ (2.6.35

WHT ZHx Fy CHoh R — A S BIRE. X5 T8 Ax= Vi/2maw ,

Ap= Vmwh /2B EEEANE. FHIEATAEFISEA FvQ? = =D RE . Ax 85§
Ap ARAFAR/AINCHIRE Ap 8% Ax A8 K. X TE 1 F LA AOGH AR T A 520 H.

[iz4] RABETFAREN h=m=w=1)
1 i
= —(d"+a), p=—W@—a (2.6.36)
a N a Nt a
FIAAS #3K(2. 6. 32) Z Wi F R R
a'=22b"—vb, a=Ab—vb" (2.6.37)

1
= —Q—=w0+b
r 7

p= J%(AJru)(b*—b)

@ R. Munoz-Tapia, Am. J. Phys. 61(1993) 1005, Quantum mechanical squeezed state.
@ R.W. Henry and S. C. Glotzer, Am. J. Phys. 56(1988) 318, A squeezed-state primer.
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xf = %(Af WA 0200 b+ 1D

P’ :*%@ww(b T =200 b= D (2.6.38)
AT TSR 4 | )2 ) 0 F 1
= J%(A—v)(ﬁ* )

g
= —QA+wE —p
P 7 W —p

T = L= @ F 28 B D (2.6.39)
:%u—u)2[1+<ﬁ+ﬁ* )]
= 2G40 =@ 7]
LA
Ar = (22— = [x—v| /2 (2. 6.40)
Ap= (PP =PV = [x+v|/V2 (2.6.41)

BRI RIS (2. 6. 35).

FE 45 A0TSR 0T LA 2] A Ly BB S S ELRF o Fo T E R
b=2da +w"
br=x"a"+via,|r|?— |yt =1
BRI I=C 2P = |v|D[asa" J=[asa” J=1. K45 T2 A K E X 0 %A
50 ARMEZS (S (2. 6. 34))

(2.6.42)

bR =Bl (2.6.43)
LT IR IR 7 B9 7 1 R AR AT B E L CH SR
@ = %uﬂp), at = %u—iw (2. 6. 44)
e 35 75 J
1’=J%(a‘+a), p=7i§(a‘—a) (2.6.45)
A%
1 . 1 A
b= —-—(X+iP), b = —(X—iP) (2.6.46)
2 2
3 AR 4y
1 i
X=—0'"+b, P=-"L-0—n (2.6.47)
2 2o

A (2. 6. 420 AZ (2. 6.47) , 15 H (y p) (X, P)BYIE W) AR 30 5 R
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X=Q +vDxz— @A, —vy)p
P=@Q,+tv)x+ QA —v)p
HAH A, =Red, A,=Imd, v, =Rev, v,=Imw.

(2.6.48)

“2.6.5 EIRFHETEE Schrodinger I 75 H Wigner i £

FIFH AR BN h=w=m=1)
a= (x+ip)/J2, a = (x—ip)/J2 (2.6.49)
T2 o) T LL 2R B
oy = e lal®/2 g’ [0y = ef‘“‘z”ze"("’ﬁ’”’/ﬁ‘O>
= g lol’ /2 1 g T i T 10) (2.6.50)
M. 6. DWEARSANL. L= B (z—2)|0)=n Yexp[—(z—2)?/2]. 1
A

N}
o

’ 1 - 1 /N2 ’
(r —x ‘a}zﬁexp[— ‘012 _017_?(1_1) +«/§a(1—1)]

‘ 2

la|lz+ ') = %exp[* [ *£*%(1+x/)2 —/2a" (x+1/)]

2
I AT L35 AR T S AR N ) Wigner BRET

W.(x,p) = anl et (x— 2’ |y a|x + 27

() -]

= %exp[* (x —+/2Rea)? — (p —+/2Ima)? ] (2.6.5D)

— AN B Wigner BBUEE .a= (1+1) /2.4 F K 2.7 .
T (x| a) FE— DAY B Gauss WAL, WO 2 () =z, coswt (x,=+/2a),
BBl 9 -5 45 (e = ) HiR 55 » SR N w. FHIV Y Wigner pRECTE AH 25 8] o T2 R & — A~
4 Gauss AL, PGB AE (V2Rea (1) 32/2Tma () B (Rexr, (£) 5 Imaxe (). 3% B
2o (D =xz," . % a(t) =/2Rea(t) =z, coswt sb(1) =+/2Ima(t) =z, sinwt. 7] LIF
a’ () + b () =z (2.6.52)
S 2 () h — AN R BLIE A SRR T
W.(orpot) = iexp[— (x—a) — (p—b()*]  (2.6.53)

AHERAE W, (x5 p O R H5 4 Liouville 7 F2 A [FJE XA 5 F2 (WL 1.4 59)

W AW, AV W
0 =P o Tar g, (2. 6.54)

X5 T #HIV /02" =0 A K.
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Wa(x,p) sa=1/2+11/N2
Bl 2.7

& — 2 A REK

[1°] &[A.B]=C,
[A.B']=nCB"
HE B
[A.B"]=[A.B]B"'+B[A.B"']=CB"'+B[A.B"']
Hoa—>n—1, 04
[A,B"'] =CB"*+ B[A,B"*]
AR ) £, 75 1
[A,B"] =2CB"!'+ B*[A,B"*] = «+ = n(CB"
L & AR TTRIFAL B RS W
=
(A=
e
(1) LA, ]=2Ce*
(2) M Bose FreE 5B E AN 5K [a.a" 1=1,111

[a.f(ara)] = a(;/*
. . )
La", fla.a™)] :*%
(3) [aqu“tA)“]:Aeh’*ﬂ}“
P i b
qeld A a 0) = A&t e |0y

e« 80
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58)



‘/\> _ C).u*—).* a

0)
|
aldy =i
Hn ‘/U:e“t“"
(4) & N=a'a,MH[a.d"]=1. % 5 IEW]
[N.a'l=4d"s, [N,al=—a

FIH (2. 6.59) . A7 45
[N.a"] =—ma", [N.a™] = ma™

il
Na" = a"N —ma", Na™ = a™N + ma™
F I FT LLAIE
a"a" = N(N— D+ (N—m+D
a"a™ = (N+ 1N+ 2)(N+m
B F

a™a" = a"™ 'Na™' = [Na™"' — Gun— Da™ " Ja"!

= Na™'a" ' — (m— Da" o}
— (N—m+Da""a""!
=(N—m+D(N—m+2)a"?a"?
= =(N—m+D(IN—m+2)-(N—DN

[2°] &[A.B]=C,iii HLC.A]=0.[C.B]=0,M

eMP = MePe @ = eFete™?
iE 4
fO=e"e® A ZH0)
BAR F(OO=1,f(1)=¢e" « e FHERH

dl — eAA (/\‘FB)GA”
da
R (2.6.57) ,F A =& (A+210) . AT
j—{ = e P (A+B+2C) = fF(DOA+ B+20)

df/f = (A+B+210) A
X ARG HIER C 5 A B X5 .44

InfQ) — Inf(0) = (A+ B)A+ %cﬁ
Jiv LA
QO = /~(O)C4A+Bu+%(‘).2 _ C(;H»H)/H»%(‘Az

Fide e =,

=0
dm

MATE) M 4B g C

€ e e 2

0) B FAF a BIAAER ATEMN A, — B ZHL [0 BT,

(2.6.60)

(2.6.61)

(2.6.62)
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il BeAEH O JEH

AATE) B A g’ e
4 A=1,0113:(2. 6. 62).
15 )
(Dt " am g’ o ag 12122 (2.6.63)
(2)8:’\ +B :eA eBe*LA.BJ'Z :eB eA e*LB,AJr'Z :eB eA eLA.BJ,’Z ,ﬁ).l',u
etel = efetelh B (2.6.64)
(3] e“Be’A=B+[A,B]+%[A,[A,B]]Jr%[A,[A,[A,B]]]Jr--- (2.6.65)
iE
A F) = MBe™ B F(0)=B, f(1)=e"Be *. % Ak &
df AA —AA AA —AA
a:e (AB — BA)e ™ = e""[A,Ble
df
dT{ — ¢V (ALALB] — [A.BJA)e™ — M[AL[A,B]]e™ (2. 6. 66)

FIH Taylor BFF.
_ !
£ = f(0) + Z:; n—,(
B EIE (2. 6. 65).

ERA - €1
G ), = BHIAB) A LA+

i %
Bre™ = (MBe ™) (2.6.67)
M f(B)e™ = f(*Be™) (2.6.68)
A
atet =o' 4,6 qe ' = a—2 (2.6.69)
éflaaHe™ = fla,a"+ 2 (2.6.70)
& flarahDe™ = fla—2asah (2.6.71)
é\
DGO =¢ e =g i Tagm 12l P (2.6.72)
oy
D)D) = eA“% eﬂx ‘e e"‘“* ef"x “eC Al Bl Bz o em")“+ efux b agClal Brlnl Do
DA+ = e“"‘)“+ @7 e gl it | R
Jir DA
DD = DA+ per® ' w (2.6.73)

FIH DO =1,91% DQ)OD(—0=1,81 DQ)'=D(—0. & X} D'
D' = D(—2) = ¢t (2.6.74)
BHBIE D'QODW=1.Wik.% =D |0,
D' = |0
D' (WaD () = a+2 (2.6.75)
e 82



D'Wa'DQ) = a" +2* (2.6.76)
D' flasa»HDQ) = fla+Aa" +1") (2.6.77)

"2.7 Rydberg 0, PO R AL 5K K

Fie B8 Bohr BYX0 W 3, AE K i PR BR T, & F IR R AT A e T 5
gl R R AR BB i BRI S (&5 7 i 75
=100 BZS) W FR N Rydberg 2. XF T H AR £ b 9 R & T ROR R 412, I 15 B
R A Rydberg 5. ISURF RHH, Ab FRE & (A sl ) RIEZE ¢, LRI HEF, 1210 4
b r 09 I{H N

ro= L[E’mzfl(l—ﬁ—l)]a 2.7. 1D
a=h"/me*=5.29X10 *nm~1/20nm,a A Bohr 4. X} T“BHE " (n,=0,l=
n— 1, A2 P RETC ) . —[ 2+%ja~nza,(n>>l). Xt T n=100 1Y Rydberg

A =10'a~0. 5pm. B4 TR WL . ILA, Rydberg BB — 478 L MM
Fan K AbF Rydberg M 5 F (FR 0 Rydberg JiF) HA — & e PE. ik,
Rydberg 7 EAEH?EE}%MW@E*D?"M&RE’J@E%’j%$¥j§% '3%1&@7‘3%
35,

B B AL T AN B iR R 7E 2 ) RE 3 43 A0 J2 R BE I ) A2 A 0. BT
LA 28 BORE T Y B iz 3 X A A AN A B R AR T AR R A

s A AT T R T . T S0 T L0 3 1

f [8] 1z 3l B9 %8 75 WY JR) 383 £2 (localized wave-packet). 42 Rydberg &5 4H
TE&IIE WA, R Rydberg Bt FATIE B H, Pt — Bt 247 HY. X
7 Ehrenfest 38 (5 1 ,5. 2 45 fE FHG 7. 145 W6 0 0 T 10 40 T 245, 2
— PR EE TEMIERFHOEC, EHEHF 2D ESH — & WRE
(Pmssonﬁj\fﬁ)*H?%ﬁﬂ@fﬁéﬁiﬁgﬂ/\fﬁﬁﬁﬂ@{ﬁ@e,\FF/J\EI’JT%A‘ET“
(AzAp=Hh/2) , A F O Kz S MRS & IR T 56 £ M 6. Schrodinger ¥ 242
FIANFR IS |4k T &0 v i i 26 i KeplerﬂyﬁﬂﬁLLZﬁJﬂ/‘]KTfkﬁﬁE@/ﬂi@,
(EREL N eI

UEAF SR, T Bk vh IO B R B U, B AT REE S50 5 o i A ARG I 4% Al A

@ *‘J‘:%'J%ﬁﬂﬁ%*ﬂri;’?fﬁ'ﬁiﬁﬂﬁﬁﬁ,ﬂ%ﬁ%‘ﬁlﬁﬁﬁfﬁﬁi&&VﬂiﬂlTiﬂﬂ/Ji’éi‘ﬁ FHE WL
BT K B4 Rydberg 25 125 i 1E SC 8 1 WF 5T Rydberg 45 180 AT fiE. FeRH O S AT ML RE GRS 2R
I 250 J B HOE. BRI EROR T A AL TR SRS A — MOk S A R B T RE gL A TR AR £ fE
9 BRIT . A7 — 6 Yook T LR LT 5 5 i LT A0 B 7 K A0 B . 197 JH IR TR L 2 O — K
LRGP
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RURF 0 F LRSS bl 70l 2 8 &M TS ErE & R
WAL D, 3 R A A E AL RN B )2k, R AT 9 R Ak 2 AR 2 A0 e AR SR % R Y
PRA. B an , Bk s BOC IS AL TR W IR 7L, B T a N E M A Bl & 75
n R KB — R GIAH 2P 9 e 9 I, ¥ i Rydberg % 61, n 45 o 78 H P Y18 B
U A — A58 o BT ik oh B0 B S 285 R L T o 045 006 Bk e R 22 8 B
W]z R oo /r(RE AT EE K R tAE~K/2, B A0~ 1/2 .0~ Aw B ik #
PR B T )

LT 15 R J B0 A0 10 J 4 (4% 2 285 e B 20 42 Gauss 4340 GX R g2l T
THE T A T S 0 S e, B

= L ot (2.7.2)
270"
1//%77%”3*“’4?(2 C |z = 1),%[&@]71)%5@@77 BFF 3T, AS B 2 A e 1
n=1

E, 8 Taylor J&JF

E, =E,+ —E, +2i!<n—ﬁ>2pff, +3i!<n—ﬁ>3E’”,, e (2.7.3)
FE SCATR JUAS B R RUBEE (B R =1)

To =2/ |EL|. Tw =20/ 5|E . T, = zn/;—!\E’”i, RS

X} T30 H RS — B R R LA T << T < T XL B ZI ¢ 0 9% 2R BT 2678 i
PR B AR R )
(n—mt , (n—n)it (71—ﬁ)3t]}

P(rst) = Z(f,,(/;,,(r)exp{fZTci[ T + T + T
n cl rev sr

(2.7.5)
TR R 2 M JE . 7E Rydberg 398 1805 (009 8 B ) P9 (29 LA B0 5 4 g 48 i
LR FE S J B 3 2 RV T ). B A ) %) 328 308 5 2H 8 30 0 1) 45 2 A5 1 A 6 258 3 3
WA YHE (collapse). fH 2 I — B B[] )5 , I A0 08 R 3E v] BER 2 sl 0 IR 2. T B
K (revival) BFE], T T B8 N #B K & (superrevival) B8], 3% JLAS 435 4F st e 59 K
MM T RES E, B 80 n (19728 A0 A0 DA K B9 R4 B DA DUJLAS B WAK 2 ok
Ui,

WRT

ﬁlég& Eu:(n_’_l/Z)’n:lev'“(HXE{7j§${ﬁ 71’1:771261):1) F)?u E/Hzl’E””
:E///":"':Oyﬁ T(1:27T($"fj a(Uil ) 7El]ééﬁﬂi‘E%yﬁ%}fﬁ%?]‘mv:w7’1‘sr:o®'

© #n, 2 R. Bluhm, A. Kostelecky and J. A. Porter, Am. J. Phys. 64(1996) 944, The evolution
and revival structure of localized quantum wave packets.
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T T 1 53 S 4 L 905 9 57 80 2 A8 B 1 9 BB 2o 340 D 2258 —
FELI0) 2o 55 A 5 2 RS IR LD 2. 8. 50 ] 4 1 0 L 2 5 R
A 105 SR 8T VA5 AR 0 T 1 AR 23 11 o R I 188 80 30> 1 B S

‘fi@),H:%(xz +p*). FATEZE A 2.8 Fin Rydberg ¥4 44 1L, | C,
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A. Einstein, B. Podolsky, N. Rosen, Phys. Rev. 47(1935) 777. [EPR ffi#]

D. Bohm, Quantum Theory. New York, Prentice-Hall, 1951. [ EPR £ Bohm £ (]

J. Bell,Physics 1(1964) 195.

J. F. Clauser, M. A. Horne, A. Shimony, & R. A. Holt, Phys. Rev. Lett. 23(1969) 880.
A. Aspect, Nature 398(1999) 189.

@ N. Gisin, Science 326(2009) 1357.
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TR (py s po) HY LR ASAE 25 (simultaneous eigenstate) A T2 @,

0y — 22 — @) :J 'dpsb,)(xz)up(.rl) (3.1.2)

Hw, (e =e""ERF 1 W mARMESIAIE pl. ¢, (x) =e P2 @M ERLT
2 BB AR S AMEE — p] . (—oo<<p<<-oo), LMk T 1 (19302 0 E K
P WKL 2 1) ol I o 45 SR — 58 2 (— ) T 22 [B) 5 1 D10 1% S K, BRI 19 4 s 7
FHEE o AROR. 32 2 20 25 BT B 7 1Al JR B8P (non-locality) . Einstein 1A 24 W
AR FHEE AR K A9 TEJ/RT(WHID a—>o0) R 1 A B 45 RN 23 52 ) B X TR
2 10 [] B 000 - 4 SR L 4 D) _kﬁ':%ﬁﬂﬁﬁﬂ-ﬁfﬁﬁﬁ(spookyacuon at a distance) ,
Lzefl%fi?l‘ﬁﬁ %U(EI’J({ BAG 3 A RE R JEHD . 48 I, Einstein Xt & T J1 24 1) 1E

Fi it ﬂ‘ﬁﬁ%ﬁmfaﬁx’ﬁﬁwu HFAG L DR T 2 [ ik 19 F x4
br o=x) —x, MARIES (RIEE 2 =a) IS, BB E R T BB P=p, +p,
FIARIEA (P=0), I F&G. 1. D (e, P) B E AL, \1~=a,P=o> Hime
ZARF, (pro p) WAL —4E 2 KL (T B BE) 1A FR 19— 4w WL &2 5¢ 4 4. BT L,
(3. 1. 2) SR F e (o, P AL ARGE S, \x—a,P—OW’i‘fﬁﬁ(pl,pz)E"J/\IEJZI—‘
TR I 1.

AT R A B L DS LRPIA A Bk 6 B0t R — A IEEAS
B AE G ] 1803 4228 ) AR BAR RAEWIR I 2 =) &b FRFA 3. 1. D AE ¢
>0 la,

4o

_ 1 J ip' (o) —x —a)  ip”
o > 0) = 7«/ﬁ dp’ex p[ . h ]
zm(11 17*a) iz
= / 4] (3.1.3)
Fir LA
Z_
[pa=0 [F = (3.1.4)

XA 6 P AN E TR I E T . F I A ¢ EPR fF B W48, KT
Bohm [ 2] Nk,

[ 1]

RAELp s P1=[p. » P1=0H0 p1 s x]#0,[ p2 s ]F#0. (&, P) W ARMES AT BESZ (p1y p2) BY
ARAEAS T Cpr s po) S FIARIE AT 2 0. B0, 76 (2y s ) RGBT

1 J R .
E— dp e i h¢ Pb/2 (.Tg) Uy (1‘1) (-3. 1. 5)
V2hw

<1‘171‘2 ‘ T = a,P = /}> =

S

@ M. Q. Ruan& J. Y. Zeng, Chin. Phys. Lett. 20 (2003) 1420.
e 08 o



1
2hm
1
v 2hw
GYRE py KN py WIARIEZS A 50K pr=p' +06/2, po=—p'+b/2.
HHEM, (2 W —4 CSCO, Rz a0 |x=a, P=0) WA LIS F R IT
1 ih(x) + x5)

(x1s22 | x=a P =10b) = exp[
] V2hT 2h

expli(p +b/2)x)/h

Up'+p)2 (11 ) =

exp[—i(p — b/ xs [k

</J Pb/2 (1'\) =

]de/auz — 2 )8, — )

(3.1.6)
ER 6, —2 )R o BERIES (o =20z — 2+ & 20 WARIER (2, =2"—a).

WA LAER , (X, p) R —4E A B R PR R 1 —41 CSCO, X = (ay +a5) /2 J& B0 A
Frop =Cp1—p2) /2 AN . (X, p) B ILFEAIES AT 682 (21 22 B (py s po) B LRI AAE
A0 H AR e AT R 3 R AR A 9 AR T & . 1 4n

(x1.20 | X =a,p=0b

_ 1 exp[ib(xl —x3) ]8(1‘1 — )

W/ 27h h 2
_ 1 ib(x1 — a3) J ‘, o o
= Znhexp[ ; ] dx"28(x; — a 2a)0(xy — ) (3.1.7)
<P|9P2‘X:ayp:b>

9 —

«/Znhexp[ h ] ( 2 ))

1 Cxp[fia(pﬂrpz)
W/ 27h h
[ 2] EPR 4%i%% Bohm % X (& 3. 1)
20 4 50 4E AR, D. Bohm Xf B €N A/2 9 2 KL FIR R A eS8 BEAT T 4041 (W 3. 1.2

]de/Zﬁ(pg*p'—b—Zb)é‘(pl — ) (3.1.8)

e

1)
|¢>1Z=%§[M>l\M—HMM] (3.1.9)

AP AV OFRBF VO ABE = A0k s. =+ h/2 8. ATEEER M) V), MO 4,
IS TEM. T AIEREMN 2 R FIRRNWE A S=0,H « Fi S, =0, &4 [l 8 #
B AE B BERASTT AR T 1Y HOBERY = 4 ik i 2 [R] I i 45 S 2 A b SR Bk Y, ARl 3. 1 R, i
M T ) 22 G, R 1A B BE 2 40 AT I AR B AR R s, =+ R/2(3K—h/2, JL
RA&N 1/2) BT 2 (9 EBE = A I IE R s, = —h/2(F+h/2) B 2 18] A 1 10 1Y 56 B8k
Xk 4 48 A HE 2. Einstein A, BESR BIANRE T 0 B A IE B 001 1 000 4 45 S R £ 5% i 1) hE
T 2 A5, X & EPR /2 89 Bohm £ X (WL 3. D).

[ 3] Einstein %8 F A % ®ib E % b B0 £ 2 A 5 &

(D)%% BB 55 3114 B, Einstein 5 — ] 4% & : “1 do not think God plays dice”®. Einstein

@© UL W. Heisenberg., Physics and Beyond , p. 81; 8% Albert Einstein , Philosopher - Scientist, A. Schlipp
FE4i, p. 218 JiF# N. Bohr 3¢ 3.
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K 3.1 HtH C.D. Cantrell & M. O. Scully, Physics Reports, 43(1978) 499.
We=0 BT ZI, 0o 8 AR F U AR Sy 1032 3, BAR G 8. ARy Mk v R 51k A s &
kT HARRM B REAS, BT LFE B B s sP1E L (R S=0. 1O Rk A R KBS R 5
(=T, BASRLF B B ARGE B, 4% 6 © JC A BAE . 4% 18 EPR M08, 0 TR 1 A9 I & 45
LI AS 23 5 ) B 6 TR 2 B0 A5 AR Ie A, A e A (3. 1. 9) 0 4% 1) (R M 0Y , JIT LAX T H i
W AR AT J7 1) £ 43 2 (0 St (B0 40 o 7 L DL EL 3. 1, TR AR A0 AR A 2Ll SR 38 G Bk

JRUEE RET 2 3 I M T L 5 5 T SR T  LET 4% 10 45 B B o, £ F 25 0 P of 1 3
4, Einstein [ 47 W% Ph 20 57 1 F ) 2 B 3 55 06 55 00— B FLAT [ 10 7R 0 52 1.
RO 300 — 2 5 2 A VA0 306 763 T o, B RLHE 0 9 4 T Ll ) s
TR PR LS. 2 2 9T T 7202 0 28 S s ) R SR ik O,

(20 B T 972 M BLAG AF R BI0E DAy 2 o B B 5 1 1 2 i ST 3 0 X Y
O BE B R BEOLD.

(3) T “¥) ¥ 3L AE £ (physical reality), Einstein & — /%) 4 5 : “I like to think that the

moon is there even I don’t look at it . 7”@,

KT YA R0 % N Gisin 7 — AN EZE M, 0L 3. 2. 19, [1F 2.

@ BRWIF T R4S T, (1921-1930) AR 2R 5 26 8, B9 1 5 198, Jbat B2 kL, 1985, pp. 144,146 .
@ E.Mooij, Nature Physics 6(2010) 401.
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3.1.2 2EFYHUHESR, Bell &

FEEL 9.4 A HET 2HFRAMN AR E. 2 HFRIERZFIC A S=
§1T85

s%:ﬁ+@+n&w2:lﬁ%3+m-@> (3.1.10)

(7. SO FLFARMERIC NS M) 8" AN N S(S+1)K*.S=0,1,S. ARTE
R Mh(M<S),

10,00 = 2014, 14—V, [4).]

/2
\1,o>:%m>lw>z+w>] 4,7
‘191>:‘¢>1‘¢>2
1o —1 =¥y | v, (3.1.11)

He[S=1,M=1,0,—1|FH HE =& (triplet state), |S=0,M=0)F K H JiE
P (singlet state). [1, 1) AW EFA, W 0,00 1,0 MM, XA L HH, A
NG ST 2 R HRAAT S, ik A e B4

Q2R A BT AT ) 3 [ AR A 2SR ] e h 2 A 1 AR A A X

.........

by S 7 e e A BRI SR A ZS . ASXEUEBA - X T 2 EE?PF%
(61,62,.)(01,02,) (61.6:.) =— 1
(61.02,) (01,0,.) (01.65,) =—1 (3.1.12)
(61,02.) (01.05,) (01,05,) =— 1

X 6, N Pauli 85 .i=1,2,3,a=x,y.2. UL F4& AT — A 2 M) 3 4
2 UK A BEFEAT T AR 0 A R AR R 1) — L1 X 5 Ty 2 ik 58 A 42 (CSCO) . EATTHY
e ARME AR Bell 3,3 3.1].

£3.1 Bel &

Bell % 01,02, 51302y 6102
\¢+>m=%[\$>.\¢>z+\¢>.H>2] +1 -1 +1
\WMZ%UMHMﬁWMWM] —1 +1 +1
\¢*>12:%2,[\¢>1H>2+H>1M>z] +1 +1 —1
\¢m:%mmmwﬁwmwnj 1 —1 —1
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A A] PLE R
(61,05,)(01,02,)(01.02.) =+ 1
(01,04.)(01.02,) (61,05.) =+ 1 (3.1.13)
(61.02,)(01,05.) (01,05,) =— 1

AN K AT — W ZE MY 3 A 2 A A e EAF R AT AR P A L B A A &R ) — 4l
CSCO, Tzﬂ‘]ﬁ@ ERIARAEZS B R A 5. 3 3. 2 T A& (0,,0,,) 5 (01,0, B S [A]
AAER A2 (01,00 FUATEZS.

%3.2 (o-lxo-ly)ﬁ(o-lyo-b()M%EZK?IE?&EZK?EE

J%EMMHMJHHMWM] +1 —1 +1
J%mhmzfimlmz] —1 +1 +1
%mmwmmlwzj +1 +1 —1
%mmwmmlmzj 1 —1 —1

(i 4] R3IM3.2HMIA 2B FEWLMEE M EHEWT EHRSWENEWNHETZE
S X R TR T Pauli LW (0.0 TR, R BERE HA LS, W AT 58S 4 T 40 dn, A H
B TFEN o HSo, REMIERZMM KR,

by =L +1<7, ¥ = 20> — <] (3.1. 10
| ﬁ‘ | | f‘ \

) <) BIRIR 0, = 21 BFIARMES WTE (o1, 500, ) G T 514 HBUES R RIR N

1
A0 4 = =[1=) [ +=) [« +<) [ +]<) [«)]
1 /\/?

1
IO ¥ = =[] [>) = [>) [« =< [>) +[~) [<]

1 ﬁ

ML >=10,00MFKR N

y— L _
\¢>—ﬁm>1|¢>2 [V Or 4, ]

:%[\w | =) ==y <) ] <) [==) ]~ | <]

AHERUELFR 3.1 A 3.2 T I 2 B F 25 1) Bk 40 25 B 4R IR 38 o
1 1 0
o= :7(0 J (3.1.15)
BV 9 Bk Cranto r=2,, BT LA AT DUAREI 538 iR 5 R G L E TR R o R 2 T AUS W
AT E 0, 3 ﬁl%%%lﬂﬁ”dﬂ)mﬁ%%%O AR AR A R L P A RER R b ARSI X &

@O M. Q. Ruan&. J. Y. Zeng, Phys. Rev. A 70(2004) 052113; M. Q Ruan, G. Xu. J. Y. Zeng, Sci-
ence in China, Ser. G, 47(2004) 36; Wi 5.2 &, 7 b B, 28 =48, Jb 50 i 18 K2t At
2003.
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R R =1,

xy 1
YR | yx | yy | Y% | yx 713151713
x| xy | Xz 8 1 6
zy 9
(@) (b)

B 3.2 94K HIESAF 01000 (FIEN afsasf=a,y. ) H BAHUEAE 9 AS/N T
e, Myl — A 33 iRy He, B 3. 2Ca) AORLER Bir BBl 1 ok 7 e, 32 0 ok O Bk i)
A bR A R R B 3. 2C ). B R BT R IY 45 ML 3 AR
IR S 2k LB 3 AN M e S AT AR L K 4 B A T £ 1L sk kA (3. 13) 2 A
(3. 12) KX T E R SU.QSU, X FRPERI . & 3. 2() 5K 3. 2(b) ZETE X LA
J& B R P B B SRR ) R B LR L 3.0 2. Ch) 1 R ZR I AR A L I L
—FF @D 3 ASEOHITA AR 15, XA 2R 3 AN EOR n 43 Bl 2 1
Y31 a5 b 7 AL A O B 02 0 Bt VR AE RS | ¢*>12:%[M 3
N — 0 4 1 E (e » a) (6, » B) I3 N

(61 ca)(6, * b)) = 1,<¢ | (61 )y * D) | D1y =— (a+ b) (3.1.16)

R FMGe +6) ¢ )=0,Ll (6 a6+ b)—a-+ b+ic+ axXb.

3.1.3 XFHRIRSEEXNAXAFUES

HFRHHGET . AR 1. F T E N 0, NMIXH LS R, AESR A2
5o6F iz 3 Jr a2 B 3 R Bk 28 3 L G S R UL R S W3 07 ) S AR R
] 0 B (DL F BUE R 5 7o = Bl RO QW = By D). 250 O 3 07 ) A A Bk
] AT Aol 41 285 34 T G e T A B I LAY e O iR AL 1 An L oK O ) (o) R B
I () B i AR 25 L 320 | o) R | ) (181 3. 3). 58 = BhiEs% 0 fA )

|z) = | 2(®) = cosO|x) + sind|y) (3.1.17)
|y) = [y(®)) =—sinf|x) + cosO |y (3.1.18)

| x(0)) cosd  sind\( | x> | 2>
— ' = R.()
| y(O)) —sinfd  cosf )\ | y) |

LE N
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cosf  sinf
R.(O) = ( ) (3.1.19)
— sind  cosl
vy
[(0))
|x(6))
0
0
o |x)
A 3.3

RO JESCIE S W, 40 IR A AR R 58 = eSS 0 fA. h T 58 € T A9 HE 46 1 4 Abel
R ()2 1] 4L . A MEIED] L R. () B ASAE 25 7T LR 7R A

1 |
R>%(,], L>j§(;j (3. 1. 20)
1

A3 SRR R A e RN 22 e R A s MV B9 R () FIARTEAE ]y 7 AMEFR H LR, () = e
(A T (I g5 /N Ry ©
5. = (O _lj: s, (3.1.21)

1 0
M RYA L) J& s. BIARTMES s, RMEESH A +E1,s. [R)=|R).s. |[L)=—|L). X
WO T ARE s=10MA 2 1/2).
EET N2 AR AT T8 B Eid k| AT —)

1 .
+) = —(la) +ily
| ﬁ(\r [3))

(3.1.22)

1 .
—) = —(|x>—1|y
| ﬁ(\ [3))

AHEF W s, | Ey="4 | ) B[+l —) s, RIER AR N 1,591 b A
TG T 28 22 e T-25.

PRAE SR H AU FIR R, B — AT+ oy G #% . 55— E— = Gy i
4% R 51 SO 1 B 25

T R S EE P B (3.1.23)
JERUE TR 5 B FERER S. =51+ 5. =0 BIAGE 25, T T4 = il R e S s

HLEE R o6 A BE I 1% 36 7 170 B BERE L B O R 5E I Chelicity). i F A6 1 1% 18

O HE.AERERMB o, HEFFIBR TR A ER 1/2.
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05 VR R+ BT LA AN I A M5 7 2 A ) A 1. 2, 2R0C30 1. 23) BT/ i 9 25 96

e g 25, RAE Bh B AT AT LUK i

N 1

“/’ >lZ __ﬁ
BRI T 1 w21 28 745 5% 2 B Y S. =0 I ARTEZ.

VLR = FER: 0 MG R« FoR y BlJ7 ml AR R IR ZS 2 BHE R |2 () Fl | v (0))
(IR (3. 1,19 ). % XEAF S THFI o U5 0 /710155

7(0) = |2 @) (x| — | 3Dy | (3.1.25)

(1= £ =0 [2) (3.1.24)

o [2(@) =+ [2(), @ [y(@) =— [y (3.1.26)

B 2 () F| y(O) )2 e (D P ARMEZA , ARIEME N 1. (3. 1. 25) BELF (0 1y i
Fon[W 1,19 .03 1. 23],

23 2 FEAESOETAES . 1. 20T 7, (07, (0,) B F- .
HREH] | o0, AR = BhE R B A A
(Pt | 1 (0D, (0 [ ¢ =0 |0 (0,0, —0) | ¢,

:%[m-\rz(ez—el)\x>2+2<y\z2<02—@1>\y>2]
ST (D
2G| (80,8 | ) = cos® (6, — ) — sin® (8, — 6,) = cos2(f, —6,) (3.1.27)
(FE)4 0=0,—0,
x| @] 20 =< | 2@y « @@ | 20 — x| 3@y « 2y | 2,

cos 0 1 —sin 0 1
=1 O (cos @ sin ) — ({1 0 (—sind cos®
sin 0 0 cos 0 0

=cos’ 0— sin %0
eI

z<y‘r2(€) ‘y)z = cos’ 0 — sin® 0
3.1.4 N (NZ=3)EFItHEMaER,GHZ &

AT LGEB ©L 0 F 3 PR R 4 A SR A RSB FHIKE R
(61,09,03,)(01,69.63,) (01,69,03.) (61,65,65,) =— 1 (3.1.28)

EHVZEMIEY 4 A4S 34K A BEE AT ATAT 3 ANEAS BL—AS CSCO. ]t , B

@ M. Q. Ruan & J. Y. Zeng, Phys. Rev. A 70(2004) 052113.



{A] 9A2 9A3 } — {(O‘]J-O‘zydgy) ’ (U]},O'Ql»(fgy) ) (O‘]yo'zyo‘gl»)} (3. 1. 29)

AT I FE AR 2 3.3 Fia . Fioh GHZ 7.
R3.3 3EFILEWGHZE

(012 5020 +03:) B R 01.0203y 0140203y 01,0240 32 01:02:0 3,
%mwmwm T T T1 41
%mwmwm 4 4 T +1
%mumum 4 T1 41 41
j—?mwmwm T 4 4 41

%'ﬂy\ 9Eﬂué}$ﬁ 4 i%tt’*%ég GHZ Jj‘ll%' &(O‘]adg'go'gyﬁw)ﬁi%‘;{ﬂ:\‘ﬂ‘j(aﬁya) ’
(17,89)/98:1"})’2. EIUJEED%
(xxzxx) (yyyy) = (xxyy) (yyxx) = (xyxy) (yryx)
(3.1.30)
= (xyyx) (yxxy) = (2zz2)
X9 A 4 KRBT PARAT 4 A4S BREOM ST B 4 RBEAT BB R R 4 i ERAR IR R — A
CSCO . #lln, { (xzxx) s (xxyy) s (xyxy) s (xyyx) LA B — 4 CSCO. 248K, 7EiX
A A RBELE P AT AT — AN R (rr22) s WA —AS CSCO. BATT I 2 [/ AAE 25
G T3 3.4 .

x3.4 4EFIEHGHZES

(zez0) R vxzz | zayy | ayry | zyyx o
%E\M%Miwwwj 41 T1 T1 T1 +
%muwiwwm +1 41 4 T1 -
%mwwiwum 41 4 T1 £1 -
j—fmwwiwum 41 T1 4 +1 +
%E\M%Miwwwj 41 T T £ -
%EMM‘HiW¢H‘>] 41 41 T £1 +
%E\M%Miwfﬁwj +1 41 4 Tl +
%mwwiwwm 41 Tl 4 +1 -
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3.2 Bell 2

3.2.1 Bell 7%= ,CHSH ~"&X,5EE&EE

20 t2 60 4FAL. J. Bell” J3#7 T EPR ££32 9 Bohm JE . 785 K2 48 4t (lo-
cal hidden variable) B € T A T — AL B 4 17 Bell N4, SCKHIER
HBER 1/2 KT 1 B IE s=6/2Ch=1) W ATAa] J5 [n) 1 43 1 0 0 50, HA P R T
RELBI1/2, B0 ¢ USRI 7 10 20 i HAE £ 1. B A BE N 1/2 BY 2 KL 741 49 K
A MTAHRES ¢ Y(SW 3. 1.19,% 3. D).

WAL 18 e IRZEMTT 0 a BHRZ M EZERIEH A @0 ERET I a
MR R A AGa. D) =+ 1. SHEML IR T 2 0 6, FEZS 710 b 455 /Y I 5
5900 B (b, 0 BT 5 1) b FBRAE & AL 1 B(b,A) = £ 1. FIASRLF (1 A i
AT a b AIHSE R I A (a ) B(b.A). % B 15 LA 5256 v faas & 2

KBTS 21K B A — A5 p ) [dip (0 = 1 ). 73250 b
S0 I L 12 B 201 S BT T 05 A 45 58, B

IR TEMGEITTRE, Pla. MY TR b Al 1/2 1 2 AR R AT
W5 (61 va) (o, DY TE AR | ) T HIF I,

Pla.,b) ~(y | (6, *a)(e, *b) | ¢y ) =—a-b (3.2.2)
Bell iEB T FHIASER GIEB WL 1
| P(a,b) — P(a,c) | <1+ P(b,c) (3.2.3)

EHIMEARAET.ARN 1/280 2 FEREN 6, Mo, 3 AR a. b,
c %05 P(a.b),Pla.c)fl P(b,c) Z JA1AY B, It Bl Bell A2,

JG ¥, J. F. Clauser, et al@ 18Ry B E T2 — L0 T HIEN 1/2 1Y
2B TRZN 6, Fl o, U5 A DA a,b.a’ b B4 50 2 ] i 6 45 R 51
5,

| P(a,b) + P(a’.,b) — P(a,b’) +P(a",b') | <2 (3.2.4)

BT CHSH A%, Bell A& 5 CHSH /4 2 #82 Jk T Jmy B e 28 15 1 S o (H
J5 BB T R SE S I HE AT AL (3. 2. ) A ZE AR K Be L5 5 (Bell s signal).

fie I CHSH AR50, BellfF 5r=<<2. M i+ Jy 2= 8, 20 (3. 2. O ZE M FTR
Bell {55 B KAE R 2/2=2.828CF 1), 5 R IEE & (LH V) B0 FT A5t 9 4538

@ J. Bell.Physics 1(1964) 195.
@ J.F. Clauser, M. A. Horne, A. Shimony, R. A. Holt, Phys. Rev. Lett. 23(1969) 880.
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. 5 K BT F R B 5250 L 4% SR A 2 T L0 F 45 0, Bellfi B> 2, 5 3 ok B s
CLHV) BSE B 00406 716 T 55 ¢ S 0056

(2 1] #eMEF =8 0 F AN 1/2 0 2 MR RIS W3 2. 2], M B 57 7
K4k a.b.a’ b Z A KA R 0—=x/4 I B
cos(a + b) = cos(a’ » b) = cos(a’ + b') = cos(a,b’) = cos(n/4) =+2/2,
JIiTBL Bell fi5 5 =21/2.
B B S R O IR ROG T AR AT AY. 52 3. 1.3 45,2030 1. 27) AR S R f BE B R 20=n/
4,8 =r/8=22.5".
L 2] RBSAER I a bl & X
X#TE@?%EKB(IOCM realism) , M. A. Rowe@ G T ] 3k .
“Local realism is the idea that objects have definite properties whether or not they are
measured (7 It Bl physical reality # %) ,and that measurements of these properties are

not affected by events taking place sufficiently far away (7 : Il B[l locality #&). 7

H) e
“Physical realism suggests that the results of observation are a consequence prop-
erties carried by physical systems. ”*All measurement outcomes depend on pre-existing
properties of objects that are independent of the measurement. ” (4 # 52 7E38)
“Locality means that local events cannot be affected by actions in space-like regions.” HfI
ey —r 2= — )% K. Rtk
[ 3] Bell REEMIEH
(. 2. DR A

Pla—b) —Pla—1b") :Jd/lp(/\)[/\(a,/l)B(b,A) —A(a.VBW )]
:Jd/\p(/\){/\(a,/l)B(b,A)[l + Ala" . OBW D 1)

*Jd/\p(/\){/\(a,A)B(b/,/\)[l + A . OBW D)

%R
—1<AW@MDBGB,D <+1, —1<AGW@DBG® . <1
Gk

| PCa,b) — P(a,b) |

< Jd;{p(;{)[l + A . DBW D] +szp<x>[1 + A’ ,)B(b,) ]

| Pla.b) — P(a.b") | <2+ [P .b') + P .b)]

@® M. A. Rowe, et al., Nature 409(2001) 791.
@  S. Groblacher, et al., Nature 446(2007) 871.
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milka’=b'=c, %ZIEF] P(c, )=1, MiH P(b.¢c)=Plc,b),N7E
| P(a,b) — P(a,o) | <2+ [— 1+ Pb,c0)]
HF—1+Pb.e)<<0, EXTT{LN
| P(a,b) — Pase) |<2+[—1+4+ P(b,c)]
B
| P(a,b) — P(a,c) |<<1+ P(b,c)
Bell RAEHEEE.
[ 4] CHSH A% 41k e
CHSH R WIEH 5 Bell 45 M IE A L, 03 1 o WATAT 4 SAIE 19 a,b,a’ b
B 435 B LI B S 1 A R IR T e+ @) (e 2 b (o e a) (e WD BITEIE N a, b
a' b EE a bea 0 =217 AHEIEW,
(a+a)db—(a—a)b =+2
325 EE P FPEB L B a+a"=0,a—a" =0, FIFN G B0 R UEBH. ) X BR AR i 4r i o (D) SR TR,
(CHY
Caby 4+ <a'by — <ab") + (a'b') = (O
R 0==%2, 1<) [<2. HIt,
| Caby + (a'b) — Cab") +<a'b") | < 2
ERES
| PCa,b) + P(a’.b) — P(a,b') + P b)) | <2
CHSH A4 ik 5.

3.2.2 Bell "&ERSLBALEE

Aspect 7E3CHR VP X} 1999 4F LIRTA 5 Bell & HH A9 5250 TAE M9 Rl T R4
M RIS TR T 20 gl 70 4RARQ, & RO F 4R &k 24719, i T
WOLY BRI M HE R 7E 80 ARARE Y TA 2 RO B [T T Tk
M2 IR R AR S AR R O RO XL A 2 R SR s A R S
ARAER B AT 10 A ARAE B, 55 3 AR R AL s T 80 AERE W OO. SCik”
VA3 90 47 AN Tnnsbruck BFFCALH) T A0, 6 T 56 50 L f 60 e A
{Iﬂ ” (light-cone loopholes), R f#iiE 5Z 5 o % A K H Ot HE (light cone) Z 4b

A. Aspect, Nature 398(1999) 189.
S. J. Freedman &. J. F. Clauser, Phys. Rev. Lett. 28(1972) 938.
A. Aspect,P. Grangier, & G. Roger, Phys. Rev. Lett. 49(1982) 91.
Y. H. Shih & C. O. Alley. Phys. Rev. Lett. 61(1988) 2921567 ZY. Ou&.L. Mandel. Phys. Rev.
Lett. 61(1988) 50

Z.Y.Ou, S.F. Peirera, H.J. Kimble & K. C. Peng, Phys. Rev. Lett. 68(1992) 3663.

® P.R. Tapster, J. G. Rarity & P. C. M. Owens, Phys. Rev. Lett. 73(1994) 1923; W. Tittel]. Bren-
del, H. Zbinden&.N. Gisin, Phys. Rev. Lett. 81(1998) 3563.

©® G. Weihs, T. Jennewein, C. Simon, H. Weinfurter &. A. Zeilinger. Phys. Rev. Lett. 81(1998)
5039.

® 6 0 6
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[Cre—r) = o =)D JRRAE B, IR B AR UE = Pk, 21 28 9] 1] Rowe. et
al. VSIS T AT 9 A A SR T O Be T BT L SEE LI A ) Bell 155
N 2.25+40.03, 45 CHSH A% X CHP Je 38 A8 B F38) B S 19 Bell 55 <2
JE. jCT‘ﬁj((@i@ﬁ'i@T“X{Wﬂﬂﬁﬂﬁ”(deleclion loophole) [A]#1 , F-4g i .

“In contrast to previous measurements with massive particles, the
violation of Bell’s inequality was obtained by use of a complete set of
measurements. Moreover, the high detection efficiency of our apparatus
eliminates the so-called “detection-loophole. ”

%5 Bell A% (CHSH A% B EEME,A. Aspect® IS IHE .

“Bell proved that Einstein’s point of view (local realism) leads to
algebraic predictions (the celebrated Bell’s inequality) that are contra-
dicted by the quantum-mechanical predictions for an EPR gedanken ex-
periment involving several polarizer orientations. The issue was no lon-
ger a matter of taste, or epistemological position: it was a quantitative

question that could be answered experimentally, at least in principle. ”

TELL TSR — T RAR Y 30 L AL Zeilinger® $61 :
“All modern experiments confirm the quantum predictions with un-
precendented precision. Evidence overwhelmingly suggests that a local

realistic explanation of nature is not possible. ”

A. Aspect® PEipIE .

“The experimental violation of mathematical relations known as
Bell’s inequalities sounded the death-knell of Einstein’s idea of ‘local
realism’ in quantum mechanic”s.

S. Gréblacher, ez al. QRIS .

“According to Bell’s theorem, any theory that is based on the joint
assumptions of realism and locality is at variance with certain quantum
predictions. Experiments with entangled pairs of particles have amply
confirmed these quantum predictions, thus rendering local realistic the-
ories untenable, ”

RS U L 096 5K 10565 105 96 T 5 164 9 449 el
(CHSH) A3 S I 07 005

. A. Rowe, et al., Nature 409(2001) 791.
A. Aspect, Nature 398(1999) 189.

A. Zeilinger, Nature 408(2000) 639.

A

S

©
=<

. Aspect, Nature 446(2007) 866.
. Groblacher, et al.,Nature 446(2007) 871.
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{H Aspect XHEH .

“But which concept, locality or realism., is the problem?”

Groblacher, et al. #8724 4856 1 % 19 52 5 i%%%'—?%?ﬁ%ﬁiiﬁl@
(non-local realism) M5 () Leggett %55 Ot 27 J& 1. BT LLAATIA R

“Giving up the concept of locality is not sufficient to be consistent
with experiments , unless certain features of realism are abandoned. ”

B RUFE “locality” JEANE A . B DA A9 J “reality” [A] 8. & F “reality " # 4 ,
Gisin B SCHER R 3 FR I EE AT, A B IAE L (realism) 5 e 52 P (determin-
ism) RN —IR. 2 F) .

“realism is often confused with determinism, an uninteresting ter-
minology issue”.

FTTIA « 50 ™ Creality) 36 A5 — 5 HE R L3 09 M« K S 4050 2 15
“PERE LR B — IR, X TR OIS FT 2 W 3. 2.1 75, [T 2.

R R 4 B K ML B LI LR B0 F 05
AR NI 0B . T 1 409 1 0 F 50 A R B 0
B R AR JFE (T A S B R A
Yy B 5 (4 BE— PRV K AE 3. 5. 4 TR A 4.

3.2.3 GHZ &

N7 245, ST 5 Bell A 4520 (CHSH A %520 09 W AR 87 G . i 5 & 1
ﬁ%?ﬁ/ﬂ}q%ééﬁ’%?ﬁﬁ”@%,Eﬂi%fﬂ”%ﬁﬁiT%%Ei’t\,ﬁ’ﬂ?fﬁﬁ“ﬁ,ﬁﬁ(statistical
prediction) , T 5 /B SEE IS (LR ARG 7 J&. TmEIMINZ GHZ EFOO P ) i
= IR A R BUSE TR IR Tl.ﬁ Jﬁﬂ ﬁﬁ ,ﬂﬁ (perfect prediction) BN & B AE. X B2 &
NONZ=3) 1 R R 59 20 275

SHFILFHARMMUMECAE 3. 1.3 Wrhgs . a4k

1
“/’>123—ﬁ[‘f A =y v ¥ D] (3.2.5)
) e BRUR BRI, HEN A/2 B 3 DRTF I 6 v o A (a=x,y,2) B 50 &
mi, (i=1,2,3), H FIIRARLE 3.3)

mymoms, = lymymomy, = lomymom,, = 1,

@ A.J.Leggett, Foundations of Physics 33(2003) 1469.

@ N. Gisin,Science 326(2009) 1357.

® D. M. Greenberger, M. A. Horne&.A. Zeilinger, in Bell’ s Theorem »Quantum Theory, and Conceptions
of the Universe (ed. M. Katatos) 73-79 (Kluwer Academic,Dordrecht, 1989); D. M. Greenberger. M. A. Horne,
A. Shimony&. A Zeilinger, Am. J. Phys., 58(1990) 1131.

@ N.D. Mermin, Phys. Today, June, 1990, p. 9.
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HAN, R ml =1, NiZA
(mymoymsy) (myygmy,ms,) Gmyygmams,) = mymom;, = 1 (3.2.6)
I Jrg S AE I B V) TYT. T4 MR T oA e (L3R 3. 3) L, A AR (8. 2. 5) i
S 01.02.05, El@ji{ﬁjk@ ZIKTE{Ej‘Jfl Hp
mymomy, =— 1 (3.2.7)
3. 2. )5 3 2. DAL AT LA L T 3 87 A GHZ & T 2 W
NS LR JRBUF . M I BT D 5 LR e
XT 4 T HORRR) GHZ ST DIRRUETE. ¢ T 4 & 1 AR CSCO 454
AT LAGIE B ©
(61,62,03,01,)(01,02,03,01,)
=1(01,02,05,04,) (01,02,05,04,)
=(01,04,03,04,) (61,62,03,6,,)
=(01,04,03,04.)(01,62,03,6,,)
=(01.02.03.64.) (3.2.8)
M E AT 4 X FEAF 8 B — X AT A BT R 4 S 4 K F R SEAT . B
4 1 HRHA R 0 —41 CSCO. i,
{(61,60.63,61,) +(01,62,03,61,) + (61,02,03.61,) (61,62,035,61,) }
B AT A4 i — 2 CSCO. EATTHY S [ AR RS /I 4 g%tl:fhﬂﬁ GHZ & MAAEE . E 51
T3 LAaWIER AP LGHZELIA M A ) =1y v v v il 2 IR s
1EIE

MMMy, =— Lomymomym,, =+ 1,mymomzm,, =+ 1
, e
ZEE mL, =1, ATA
P 5 5 I g & M 2, I 5 gy & T o M5, 00 gy = Dy 0 gy Mg, —— 1

(3.2.9)

M BT B (LR 3. D ETFELIA A A~y v v v i8R 6,040,
o1 ARNEZS  HOARNE(E S + 1, i LA

mymamgm,, =+ 1 (3.2.10)

tl:ifi(s. 2.95@3. 2. 10 aT LU H X6 T 4 57 AR GHZ 48 51 Iy 7 3

'ﬁ)%’ﬁ;&fw%ﬁ’]ﬁﬁﬁﬁﬁﬁﬁﬁmm%’fﬁ%lﬁﬂﬁ S5 I A 2 AR R O S B A Al

...............................

.....................

3.2.4 ERTETE

Bell(CHSHD A28 05 9240 LI A5 R 09 7 i, 5 1 s B 3. (R e (725K

@® M. Q.Ruan&. J. Y. Zeng, Phys. Rev. A 70(2004) 052113.
@ J.W. Pan, D. Bouwmeester, M. Daniel, H. Weinfurter, A. Zeilinger, Nature 403 (2000) 515.
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il 5 R OR BT AR L B A 98 2. PR b A A AR 2 Y A 2 R A T A (2
) IR 1 X AR

B g BB A E

(1) MDA E A BEERN DR &2 FIRTE.

(2) MR A5 B By 258, 576 AT (S 30E B BT S A o W & %
A IRF Rl W 5 A F1 B 2 A 25 79 Ccompatible) ”. 33X 5 & Ba 48 & FLiE Hh Y
non-contextuality W&,

KT g% (A 8) BB Y non-contextuality #&, SCHR[ 1142 %) .

“An intuitive feature of classical models is non-contextuality: the
property of any measurement has a value independent of other compati-

ble measurements being carried out at the same time. ”

ik Kochen&.Specker® and Bell® iiF B . B 7% £ 45 % 38 o 1Y non-contextu-
ality B 57 I 2 R A0 AY . HE T 2 AR B R B (NH V) E B J5 R . AL Peres®
5 N. D. Mermin® Xf F it % BEASC T #F — 25 40 Hr. 4% 5152 . Mermin 1A 4, JFK 3C
B BYIE R T2, i ek A T E G, R 45 Mermin SCHER A IR TIE.
WA LT S 0 AT & (TR AT AL B, Co 0 2 F 5 R ELC R
FCALB.Coee) = 0 (3.2.11)
Fe BB 72 B0 B AT AT DAL [RII0 . B 5w AT A e [R)30 E 0E 43 501 e T A AR
HZ— A"\BC e AR R D Z A R AL F AR 20RES, T 9126 R 282K
T
fA B ,C'ye) =0 (3.2.12)
B X — > 45 8 7R R AR AR X ST i AL B, C, - B9 T AHE 53 500
v(A), v(B), v(O) s, LEMALER AL B, C, - ARMEEZ — . f1 T X 2e0]
SO0 St T DA S [ 3000 L 40 R SR sk 26 ) 5 3 £ non-contextuality I i & & F )
BNl = W AV
S W(A) ,w(B) ,w(C),++) =0 (3.2.13)
Mermin 43l LA 2-F1 3-5 + LU RFAAR 22 R 0] R 8k , 3 2 AN AT RE Y, 17 B3 S 3E W R
MM TR R T Ak R3S

S)

G. Kirchmair ,et al., Nature 460 (2009) 494,

B. Blinov, Nature 460 (2009) 464.

S. Kochen and E. P. Specker, J. Math. Mech. 17(1967) 59.
J. Bell , Rev. Mod. Phys. 38(1966) 447.

A. Peres, Phys. Lett. A 151(1990) 107.

N. D. Mermin, Phys. Rev. Lett. 65(1990) 3373.

©

©@ 6 e e
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2-F F AR 2
% 8 Pauli BAFHI ALY 3X 3 JEFE ((Peres matrix)

O1r 09, 01, ® 09,
Gy o1y o1, & oy, (3.2.14)
O1, @ 02y O1y @ 02, Ol @ 02
ATLLE
(1) Peres i M (1 5 —47 (B — 1) 1918 TC R 2B XT 55 1.
(2)Peres Hi [ 0 B —17 LA S B — 31 0918 o0 R B3R R 5300
R =R, =R, =C, =C, =1,C; =—1
(3. 2. 13) B AT T 41 6 G R
v(o1 ) v(oy, )v(o1,00,.) =1
v(oy,)v(o1,)v(01,0,,) = 1
v(oy,)v(0y,)v(01,05,) = 1
v(o, ) v(oy,)v(o1,05,) = 1 3219
v(61,65,)v(61,6,,.)v(61.6,.) = 1
v(01,062,.)v(01,02,)v(01.05.) =— 1
A b —A X7 22 R — By 1. B e 3 18 AT H
B — AR BORr B0, B DL 218 AR i A AR R + 1L H B A T A R AR
— 1 XA FTRER . I B, i1 ) 7 3R 5 B2 5 S TP Y non-contextuality
MR A AH A .

3 FF b4k 4
A LLAER

(61,09,03,) (01,69.63,) (61,69,03.) (01,65,65,) =— 1 (3.2.16)
RS A AT RS 50, TR AR 3 A ER AL 3 T LR R R — 4
CSCO. 7 IEW F 31 4 NRAF KRR,
(0'11.0'23,0'3), ) (O'IJ. ) (O'gy ) (0’33‘) - 1
(Glyazl-dgy ) (0]}, ) (021- ) (63y) =1
(3.2.17)
(01,02,03,) (01,) (05,) (05,) = 1
(61,62.05,)(01,.) (05,)(05,) =1

Fm AKX TR DR 4 AT ER B S . e, 7 BB, 2. 14) A T 5
5 AR AN

@ M. Q.Ruan&.]J. Y Zeng, Phys. Rev. A70(2004) 052113
o 114 -



V<O—1~I’o_2y63y ) V(U] 302203y v (Ulyo_ 230 32 ) V(O_l‘z»o_ 220 32 ) =—1

v(01,02,03, )v(01,)v(0y,)v(0s,) = 1
v(01,05.03,)v(01,)v(0:,)v(0;,) = 1 (3.2.18)
v(01,02,03,)v(01, (05, )v(03,) = 1

v(01,02,05,)v(01,)v(0oy, )v(os,) = 1
PLE 5 AR A 3 20 A A B 19 7T BB U £ 1, {H 454> PR P s
B, — I 10 XF L AT EUE S+ 1. BT RLRL B 5 AN 0 22 i i T Y R
B+ 1. (L5 B T TR0 — 1 B TR, P UIEN) L BT 255
/}{‘%IE{QEPEVJ non:contextuality *E ﬁ%miﬁﬁﬂﬁ
M, Cabello® ER . % T T A non-contextuality #if, T 7 A & 2 (57,

Xs? = AR +ARy) +(Ry) +(C) +(Cy) —(Cy> <4 (3.2.19)
(e >%§%Xﬂ‘%?§l§@ﬂzﬁl(ensemble average) , I I # & Kochen-Specker A~
S M R 7 538, AT LATEW] (M) = 6. T 27 JE 1.

ZIEAALG. Kirchmair et al. @i A S2 5645 5, #5 Kochen-Specker A %%
KA JE. AT S5, X R4 T4t Pauli Bf 9 — X" Ca™ B+ 19 45 F it 1
BOHY T 2 51 LoAe 0 25 Fh 21 28 25 A Al 2] 98 2850 BB E AT 7 0 &, BR AR 45 2R (s =
5.22(10) >4,

3.3 Schrodinger Mi&SfEE BT

3.3.1 Schrodinger 3 75 {£2

i) B T B T OO T B Ak 22 BRGS0 T A5 L Ak
SRR R RS, BT e I — S AR R 5 IR H AR T L AR A
AA.EPR B O W, PSR T 8 E ) B9 2] 28 25 [0 (3. 1. D2 Pr e e AF Jm
bﬁ?‘?ﬂ?ﬁ(nomlocal correlation) , RUAAE PR/ R F-FHIE Z 0 , R 1 090 & 45 R &3¢
e k- 2 Y ] B0 235 2R 75 2 5| F 2 A7 Y | BE A . Einstein W i R XS
PR AR LT

Schrodinger i A EE C— SCH PE— 2 JﬂLi?jj?E"]fl:?ﬁIEl@Xﬁ:Fiﬂﬂﬂﬁ
4 S 8 1 5 BE CREIDR B A8 0 LR 2 B S & s D . Schrodinger 15

A. Cabello, Phys. Rev. Lett. 101(2008) 210401.

5. Kirchmairez a/. , Nature 460(2009) 494.

A. Einstein, B. Podolsky& N. Rosen ,Phys. Rev. 47(1935) 777.

E. Schrédinger. Naturwissenschaften 23(1935) 807-812,823-828, 844-849. #i¥A, Il J. A. Wheel-
er &W. H. Zurek ¥ %i, Quantum Theory and Measurement Princeton University Press, Princeton, NJ,
1983.

® e
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W AE AR WA AT RO — S AN R R4 Y B T L G
%ﬁ*ﬁ\ﬁfﬁ#ﬁ,ﬁﬁ?ﬂﬁﬁﬂéfﬁ*/ﬁﬁi% PR T . YR A TR A A O R,
B AG AT I IS TG E 0. LR A — 5 M LSRR IT 3 L3, 2 R 7 BT 3 3%
Ay BB & S — AN, DN S 2 35 250 171, 7 25 0 R s R L A i 2 W R AT
Schrodinger T 81 i pR K $if i 3 Ff otk 25

) =a |2 TR +B1v) | 5D, lal”+[B1"=1 (3.3.1
UEBD Schrodinger 4 4%, #% M F AN G E R, [ o | R T 4b T 380& 25 mi A &
TG LR | B1° 2 7R JRUT Ak T 2 24 T A 2 6 A0 L3, 00 4 G A 8 1 LAY IS
1!1 MJ%ET%HL %%%zﬁ,aﬂzﬁﬁ EI]ZEHL:J: /\E);mﬁ ﬂz%mﬂﬁﬁ D‘z%

(counterintuitive). T?Z%%ﬁkﬁﬁ* sﬁm%ﬂ"m{ﬁ ,E‘JEIEZfE ,Wi%%%,ﬁ\* ; Eﬂ 3]5
I 2 26 o 0 S {6 T A6 B 6 8 L T LA T < BE A
SRR R
KT IR 54 A A A2 57 7 P Ball® SCP T 40 R 4SS .
“Classical world is an ‘either/or’ (ﬂ.l3 lt.[ﬁ E.l] 1?(') kind of place. The
quantum world ,by contrast, is ‘both/and’ (ﬂ:]‘ﬂ:ljﬂtﬁfgi); a magnetic at-
om, say, has no trouble at all pointing both directions at once. The
same is true for other properties such as energy, location or speed, gen-
erally speaking, they can take on a range of values simultaneously ,
that a quantum object is in a ‘superposition’ of states.”
Einstein X T it F B A8 75 H DL 8 25 00 30 G2 o 15 08 B8 25 B Al s % 4n R 48
A HIEEWYRBAT Hy, 5O F B0 H e —FE G SF 1A R A
BRI N AR ILRR R, “#/I\%Xﬂ%ﬁ?ﬁﬁﬁ&?’flﬂﬁ/l\iﬂﬁ%fiﬁﬁj
EI./‘J(counterfintuitive)”. fib i 3 @
“I like to think that the moon is there even I don’t look at it.”
1% B8 Einstein )4 RS2 75 (physical reality) BB AR LI K H 5 A 06 256, 76 22 W

A —DYAAFTE S A R ATEARIL LB AP BT A T A2 75 WL &

-------

3.3.2 YUESEHEF.EFAFSLRHBNZNXER

JUE T ) E G0 B T 45 A B TR L Bl T BRI 5 P E S L R X T
THOULTH 50 45 L 52 045 7 T AR B 0 U6 B . (R i 7 D) 2 B G e S5 3R AT v
FIH 8 250 2 A 44 N A, Einstein 55 Schrodinger 45 26 i+ 712 9 IE SE 14 B
R S BE . Schrodinger 3216 IE G (10 i+ 2 e b i 78 0 JL 3 e B L

@ P. Ball, Nature 453(2008) 22.
@ W J. E. Mooij, Nature Physics 6(2010) 401.
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YT I)5EE jﬂﬁﬂ“ﬂﬁﬁkﬂj‘fﬁ”ﬁﬁ%%@1%55&“]Hﬁi(ﬁ?ﬁé@@?ﬁ’]“ﬂkﬁ[ﬁ
W (A A

BT AS T2 VU5 3 050 FH 2 06 46 A 5 T b )
A X I ) N T AN B 28 i (classical) ” 5 ¢ 22 W (macroscopic) VIR —
e PR T B X R T I
SRS IKE

7 F 712721 Copenhagen i%*%ﬂ@gﬁ%:%?ﬁ%'ﬁ%\;ﬁﬁizrﬂﬁgﬁ\ﬁﬁ
é£)®®. A Bohr 58 , X A~ 43 A 2k 2 % 2l 1Y (mobile). X B, %&?)@U%(mcasurcmcnt)
(B, T 2k R R M. G T B 2 B A MU A O R TR A R, R 2

..........

IS — RN B EREMNF T US RA L EY
¥ B T S, — A i R R A S BE R 3 4R # BE Schrodinger
kAT
i % 16> = H [$(1)) (3.3.2)

K Hamilton it H 2B KRBT, 545 —H, HE 45 E KR D Hamil-
ton 1 H DA KAR R RIGGET 21900 o ATk ar LATE5 H DUG AT AT i 20 ¢ 1
T2 BT A BE I A AY X B g g P B9 7 4K (deterministic evolution) B 0 A 40 5 il
(1) S 56 i UE SE© 1 1 7 25 RO 25 B R B AT DDA R R 2Pk 5 R (3. 3. 2) [ dfEiS.
T S A SR O T R T S A M e O R IR A,
H. D. Zeh ¥ %4 5% J . Schrodinger 7;7*%(3. 3.2) F\ﬁfﬁ?lﬂ é‘ﬁig il 4,
W. H. Zurek©. $#£3],

“Macroscopic quantum systems are never isolated from their envi-
ronments+-+. They should not be expected to follow Schrodinger’ s
equation, which is applicable only to a closed system. As a result sys-
tems usually regarded as classical suffer (or benefit) from the natural
loss of quantum coherence, which ‘leaks out”’ into the environment. ”

Myatt, et al. ©. $2£5,

@ H.D. Zeh, Found. Phys. 1(1970) 69.

@ W. H. Zurek, Phys. Rev. D24(1981)1516; 26(1982) 1862.

@ W. H. Zurek, D Phys. Rev. D24(1981) 1516;D26(1982) 1862.

@ W. H. Zurek, Rev. Mod. Phys. 75(2003) 715.

® M. Schlosshauer, Decoherence and the Quantum-to-Classical Transition (Springer , Heidelberg/Berlin,

©® W. H. Zurek, Physics Today, 1991, Oct., pp. 36-44.
@ C. ]J. Myatt, et al. Nature 403(2000) 269.
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“The theory of quantum mechanics applies to closed systems. In
such ideal situations, a single atom can, for example, exist simultane-
ously in a superposition of two different locations. In contrast, real sys-
tems always interact with their environment, with consequence that
macroscopic quantum superpositions (as illustrated by the Schrodinger’s
thought-experiment) are not observed. ”

Schlosshauer® #5 H} .

“A key ingredient is ‘entanglement’: when systems interact they
lose their individuality and must be described by a shared wave-func-
tion. Entanglement is ubiquitous. Physical systems cannot avoid inter-
acting with their environment, so a system’s behavior is dictated by the
wave function involving both system and environment. This is the
physical process of entanglement. ”

P. Ball® $& H .

“The quantum-classical transition is not really a matter of size, but
of time. The stronger a quantum object’s interactions are with the sur-
roundings. the faster decoherence kicks in. So larger objects, which
generally have more ways of interacting, decoherence almost instantane-
ously, transforming their quantum character into classical behavior just
as quickly. ”

“Decoherence is unavoidable to some degree. Even in a perfect vac-
uum, particles will decohere through interactions with photons in the
omni-present cosmic microwave background. ”

“In summary,decoherence offer a way ‘to understand classicality as
emergent from within the quantum formalism”.

W T R A B R R 4R R B Hamilton f H R LK R 5 F
PR RH ELAE . 33X T IROUL TS B0 #1414 28 2 T LARS. {3 4 Ak 30 S5 I gl R e it
TR TH T AT )M 7 Z 18 B HE 5 7. 00 R T e 5 B R A AR B A A
FEH.

X T EMAER, l:ﬂ]T_IJEr‘ﬁ'a 5 J B B AT A AR L DR — A LA AR
7 o0 RE % R E S B b g 3 ] (2 28D I R ﬁﬂ%iﬁﬂ It Lh i 251 2% JE AR R 5 M <R 35 b
Egﬂ[gﬁ,;_ i %ﬁkﬁﬂﬂﬁ*ﬁﬂ“ fi)uﬁi/%é’éTT 'ﬁi‘HQBfoﬂ*ﬁﬁﬁi 1EHE AR
JE b GRS ARG Y PR B A g A A R TR S T B SR

@ M. Schlosshauer, Nature 453(2008) 39.
@ P. Ball,Nature 453(2008) 22.
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SSF B D6 B R ELAE P AN W R AR T 2 AR R 0 B A OGP S O W S R B A
Bovh A AR R O T L 2 W AR R T LA K & 4 B
R TS LA R T A A RN RO T S A A BRI A AR
PRI R BE . — fBeisd ok, — A ER A 44 5 4 Bfo“E’J*HFM"EFHE’JEﬁjC LE*H:F:QL
ﬁﬂﬂiiﬂﬂkét o, — /\jtéj\?%ﬂiﬁ?' A A IS MBS ~ 10A, 76 A
4R Tl » 25K 20 10 '74*’/"|7~]JE IR
Zurek NH[FIFATHE H TURE /J\jCIX”E’]U‘ S Y9 P, Ball IR 8 4
NREFRRCEL.

“Different quantum states have very different resistences to deco-
herence. So only the resistant state will survive when a system interacts
with its environment. These robust states are those that feature in clas-
sical physics, such as position and its rate of change., which is associat-
ed momentum. In a sense, these are the ‘fittest” states”’—which is why
Zurek and his colleagues call their idea quantum Darwinism. ”

“In summary.decoherence offers a way to understand classicality as
emergent from within the quantum formalism. Indeed, this picture
means that the classical world no longer sits in opposition to quantum

mechanics ,but is demanded it. ”
MHELE AR B SR F B A T RIS R AT 47 1. 10 N 256 5 AR Rk i, 8 A 1R K i i 22
T A DL R A RT LA ) R O ) Sk

3.3.3 A W5 ZEIW Schrodinger I 75 B # &

Myatt,et al. P35 ;

“Macroscopic superpositions decay so quickly that even the dynamics of
decoherence cannot be observed. However, mesoscopic systems offer the pos-
sibility of observing the decoherence of such quantum superpositions. ”

SR ARE T B 2R A U S A B A2 0 B R A R Y A
T & A ML Z A7, C. Monroe et al. Oﬁf‘ﬁﬁ:ilﬁ??kslzj:y\igﬁj:%ﬂ
& HZEPLTF Schrodinger M SR E T Be ' BT &M

|¢>:%EM>|II>+M>\IZ>] (3.3.3)
A A ANy ) Zr R Be " YA BT O A TEEZS . L) B ) 23 514 A

@ H. Ollivier,D. Poulin & W. H. Zurek, Phys. Rev. Lett. 93(2004) 220401.
@ R. Blume-Kohout & W. H. Zurek,Phys. Rev. A 73 (2006) 062310.
® C. J. Myatt, et al, Nature 403(2000) 269.
@ C. Monroe, et al., Science 272(1996) 1131.
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‘Be” MBIz BB PR ZE 1Y Gauss L, AT OB ALE 5T 20 S 2
1. Gauss PALHY 58 BE ~ Tom > Ji F RJE ~0. Inm, {HZ8/NF WA 3 A H O 10 BE 25
MR Gauss PAL”. HHL(3. 3. 1D A3, 3. 3) X AT LU HY L b)) 425 T [ 16 4D
1M e ) A 24 F [ FEA) . 2 (3. 3. 3) /R B9 Schrodinger i 4%, FX A A W Schrodinger
WA, ¥ M Schrodinger AT (kitten) 28 @,

AR FER 2B, 30 D PR A G  IF AW RIS Sk 1 i H R — A 52
YR T’ Be WAz 3 A W& 785 K0 E s iy & mas g5 , Jf
AR B A R ) . B 21 5 B 0 19 A e B A AR 5 4 AL R
(3. 3. ) PR g RW, [7 — ALY kL Be ™ AT L[] Ak F 25 [A]AS [ b s (oey 43
oo, ).

F

-

NNV \AT{ i

\1/ n/ZT
W

A B C D }E/

¥l 3.4 Monroe et al. i°Be™ B FAI/ W Schrodinger 4 25 (0 i & 1 72 1) 7 2 1K

PR F AR Be MR TR A ANETFRA S5 MR FOR RS K 4 AN EF R4 A4
B X, X A% B BEC BTk, TR BT AT R AR pn RER BT LU A HE N 1=3/2.
‘Be' BTA 3 AT (TP Coulomb ), Hidh 2 4N P AT JH T AR T2 151,
REZL, Al F AL T 250, BESL. BT Be” B TR R MBI R F=1,2. FIM D' Be BT
WEMEWEE R F=2,Mr=—2), i8R V. MEB R IF=1.Mr=—11,id 7 M. 40 L4 %
N wpr =1. 250GHz (Y ik o it B F S ZETE 1V 5 1) Z 4R 5 .

‘Be" BT 1AM Schrodinger &M H 4R, 408 5 AN E R ILE 3. D).

(A)FE Paul BEH9° Be™ B F 4 HOGRHIUG L B T M A b F 238 v o 1 032 3 0 J=)
BT IR TR E R (x=0) 1 Gauss £, [x=0).

(B) & n/2 fkopfEA)E B PR L FEIME~LIV2=0 + [Hx=0].

(O &P RERF IO FEMER S FAFERE c=10p) J5 . B FEKZE R D 20 5 V0
AT B i, B 35 22 8] — A L 25

D) XMBEFME a— kb, fEFRHABES LS vEMTR. BFHELTS
10> 5 1) ) M T B 2.

(E) Fm LR B 85— Fa fEA, BEFAFIN 205100 2 BAHT S, %
BT — 2 X (S 3 D PR T,

~

@ G Taubes, Science 272(1996) 1101.
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L[] Monroe ez al. f—A 1 A4 5, 78 SCHE IR T8 9 KK A KB 56 F “ Schrodinger 2 4”
B E X, FBEZ A~ | 2>+ |2,y JWFR A Schrodinger A5 2. #5528 FOobd BRI
WA TR Z S
lat) =Nl El—a] (3.3.4
WFr Ny Schrodinger A 75, 2 N, A — AL HEL (o) HIERF R TEDLE 1, 3.4 79
(@ = D0 1w, =L ey o 17/2] (3.3.5)
L=a '=h/m)"* IR TR E ARBEAL. Yol >1, N, ~1/V2. ERETHG. 3. O F . fi
PR F AL F AN R A7 8 0 T B F A AT S s

TR WA VR B ] 8 25 09 SE 0 ) 5, S A 21 22 0 A A5 LS B 4N, Fried-
man 2 V7 — A S B 7 T WY (superconducting quantum interference device,
SQUID) F52# T4 F & 14 : B SQUID Ak F PR (magnetic flux) RZSAYHH
TN, AR TR A B 1) OB B 55 52 B ) ) B4 R S0 H 3 A8 4 T 28 n 2 HL Ui
3R JE 2 LA mA.

5 JLF[F B}, Van der Wal 289095286, 75— HA 3 4 Josephson T 14 2 W1
S (macroscopic superconducting loop) YR, B — 4~ DC-SQUID 5 Z AH#H
B2 AN SNEE S I L O E F ER R BN . [ S A Y

—DREFRBCE B R B RE ORAS. ] SR 2 W S B o A S
D, 1Y EE AL WG B A U AR I 7 o) 1 7 oA 28 L A5 8 P P . I S 6 ke R
RG A  WLERRE PR 2S5 B FRAS B AR & .

3.3.4 WETHHMNELE

Feynman®® A Jy 1 7 0L4E T 15 DL 4 R LT 1 2% B e o B o B 460 7

LA 22 3 p J5 SOR 14 FE
“a phenomenon which is impossible, absolutely impossible, to ex-

plain in any classical way, and which is in the heart of quantum mechan-

ics. In reality, it contains the only mystery. We cannot make the mys-

tery go away by ‘explaining” how it works. We will just rell you how it

works. ”

Heisenberg Ay . 8 5 i 8 1 WP 4% 4% (P8 2 L 70 B B 000 ey 0 4
SR B9 AN T B 2l L T A Sl A — /\TﬁﬁﬂzEsMﬁ'ﬁlﬂiﬂﬁﬂéﬁ’J*#‘f@
{%. Bohr By A A [ Al A Ay - 5 3h i 5 4 5 1R 2 48 St Cradiation) 15K 4 kL

J.R. Friedman, et al., Nature 406(2000) 43.

C. H. Van der Wal, et al., Science 290(2000) 773.

R. P. Feynman .et al., The Feynman Lecture on Physics, Vol. 3, Quantum Mechanics, 1965.
M. Arndt,et al., Nature 401(1999) 680.

® 6 0 6
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T (i B i 72 0) #B LAY B P AE B AN RT3l S B9 41k . 5 25 07 4 3R e 7 AR Y

ziﬂmw 15 /'\1‘5%/'*%'5% : ?\%rﬁéﬁ@ﬁm&@é],,Ld'ﬂﬁzﬁémi ' /'\z'-rsﬁbs&ﬁ)f

Qijﬁff;&?&* M%%E’J?ﬁ? @ﬂéﬁ “Each electron either goes through hole 1 or
it goes through hole 27, {HJ2 , i & br 380 12 WF 2% 4% A9 AE ] L0 , #0525 & 2o 4% T
WL B R T 9 G I B P B RRAE.

AL IR (R R, A MBS R g T o 2R S
WESE. 20 22 5 21 42 2 58, K43 F Coo (fullerene) 1 2 F T ¥ BL 4 C 4 8 1 F
Zeilinger WF5Y4H B S BTS2 Q. 7E Arndt e al. WISZEEH, MR BEZY 900 — 1000K
(R e il A 2 R ORI Co 43 7 R, 223 SING AT S DG HE CF ~ 100nm , 4% 58 ~
50nm) Ji , 7EBE AL 2 AT S LG AT B RAESE T Coo 20 1 B S 2 B — A4
Cor FHOCHHC T, 808 UL TS LR b, Coo 43 T T —Fh & s, g4l ik

A Coo 231 [A) I A2k 75 25 (B AN (] 618 b 3. 9K T 58 Y — A #, 7 88 Gl 5 25 0L & (ot
BTN R — A 00 LB R XTI, AL Zeilinger WF iRk 7 -k 3
B H.AME (complementarity) W5 [ W P. Ball®].

“If you scan with a scanning tunnelling microscope a surface to
which fullerene molecules stick, you see the little soccer balls sitting
there as classical objects. But if you choose our interference experiment
set-up, they are quantum mechanically delocalized. In other words, the
same object can behave as a quantum system in one situation, and as a
classical system in another.”

Zeilinger BFFE4L 0 HEAT T HL B R B9 23 7 [ Coo (Cop Fig) A (Coy Hyo Ny THY 52
IO AT K B X R R R B AT g AR Y R T 3% T T
Je. X A I G v] LU AR AT (decoherence) BRI 45 T 15 B Bl 044 110 285 2 386 K, ixX 46
R3-SR 31 0 Rl 48 A0 B, PRI 3R AR T 25 B AR T 90 R0 2 AR 1Y T
RN S B 25 8 0 D 3 Y R B

VA EAr 2 B T ) SR IR G X T XEE T 9 B R i B A AR i
DGR B AE T3 4. Dirr S53EAT T80 7F 5250 @ Sef R 7 Ru il 46 76 2625
(AT 5% s, BRSO JNIR 445 Ru B9 B EN J =5/ 2[ #5805 37 4>
TRTAET £ BRG] BT AN T B 28 B B A s i F=(5/2+1/2)=2.3. @u)?
T (A BEMEE D S R F=2, BMMM A SN F=3. 2012k [2) F[3). X

M. Arndt, et al., Nature 401(1999) 680.

P. Ball, Nature 453(2008) 22.

L. Hackermuller, et al., Phys. Rev. Lett. 91(2003) 090408.
D. Diirr » T. Noon & G. Rempe, Nature 395(1998) 33.

+ 122 -

)
©
(©)
@



P BE AR RE L B4 181 AR /)N T EL 27 2 4 S A At A IO BE SR I i — > AT i RS
AR 2 BB AR,

3.5  Diirr %5525 1 7R 2 &

£ Diirr %5 (1 5256 Qv Je 080 1+ A & 7E 345 [ 2) B SRR aEAT FALA 38 - LI 3. 5).

(IR F R G —A /2 S kb, g F A gl & e T A~ + 12> ] k.

(b) F 8 3 — 43 R 35 E (beam splitter, 1 a standing wave of light ¥ ). % Bk ) 6%,
P81l o - < o 12 R VA R Vo 50 o0 KV S T o | ¥
I B ik 5 0 G AR B A AR L AR Ak 8 A R B Ru SR U4 WO, I 4 4 B AR
SHHlER BRC, T84 0R

[ @) ~ (13 [ geds gy~ (13>—]2)) | ¢g (3.3.6)
(o) 43 2t —A =/2 Bk fikowb, Wi o R F i i T AN
[y ~—12) [duds 1> ~13) |¢ed (3.3.7)

HEIE 3 B AN C W02k B AR B9 JRL T 2R, © 2800 0 R 7 RO N R A [ 20 [ 3) BEAT T 4. X
(3. 3. DIEJFT BN M A5 B0z 3 AR A 24 28 25, A AT LA ELT el 280k H5E Ru Ji7 B &
Y B A

WOFZET—ANREE., FTHR BXARAND ME PR METHRCHENF MG H
WAL — B RIS D RE BiRGH Z20, F A G W3 SRR A D0 22000 1 35 A 0 4 o7 =5
] LA 2 I 7250 SRR A

@ P. Knight, Nature 395(1998) 12 .
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[y ~—12) [gp> 13> 1>y 1> ~12) Iged +13) 1o (3.3.8)
KB F T NS M IERSTE 213> =0, 1 D F E 5 4% 57 5 i F 35 78 2% . B e i 4%
SNSRI N
P(2) = |¢()]*
o | (|2 4| (D7 — ¢y () e (€2 | 3) — i (2D (2)(3]2)
=g (D |* +[¢ge(D]* (3.3.9)
IR AT F R G 5% 8T S TR 1A 2% S0 B8 B
P(2) = [¢()]*
oc [ (D% + e (D2 4 g (D ()2 | 3) — ¢ ()¢ (2)(3]2)
=|¢gr () |* +] e () |? (3.3.10)

3.3.5 BEFSIE

EEY) P4 4 1959 4F Pasadena 23 |-, R. P. Feynman f T — /8 H
“There’s plenty of room at the bottom” B4 % ©, @l #5 & & “an invitation to enter a
new field of physics”. fRZ NIAR XA 2 bRk “ 94 K B R ” (nanotechnology) ) &
B, BT GUOKRBR 7 SRR X L AT 4K (nm) RUBE A9 #RAE. Inm=10""m=10""p,
Y TF~20 NS JRF Bohr 242 a K E (a=0. 053nm). Feynman %48, 7F #]— H 6E
SIS ) 5 T AT SR A S A R A T HE. A5

“..+it would be possible, in principle, possible (I think) for a phys-
icist to synthesize any chemical substance that chemist writes down.

Give the orders and the physicist synthesizes it. How ? Put the atoms

down where the chemist says, and so you make the substance.”

1 T AR A TR 3 7R AR A — B 8] Y Feynman Y 3¢ 88 3% A fE 0% 52 8L 2
20 &R AF LA TR RS, f4n, 78 3¢ B JH 19 IBM B 58 0 /9 D, Eigler
Al B9 TR 2547, A 49 4 % 18 2 7085 ( scanning tunneling microscopy, STM) X} B4~
J5 - BEAT BRAE L A SR B /N IBM R AR B 28 (UL RT3, 6) o LA S AR LAY
F &+ (quantum corral) ¢ VLI 3. 7). A i1k L — A~ — A~ 19 Ji - HE 51 AL Ok, 44 A%
— 6 A T 43 (artificial molecule). Weinhacht %5 B9 38 45 @ v, F| I 3% 85 384 56 ik b
(tailored laser pulse) XF i ¥ H 4 B, 1~ 5 oK BR 4% IR %% 5 B T IR 9E 47 38 L. Schleich®
AR 3 S8 A X T i 1 1 B 0 R B A 2 A W T A R A 52 T DR X
— 7 THI 14 3k JiE .

@ T. Hey and P. Walters, The New Quantum Universe , chap. 9, Cambridge University Press,2003. H 3C ¥
A A T 28 4 W R AR R L 2005,

@ T.C. Weinacht, et al. , Nature 397(1999) 223.

® W. P. Schleich, Nature 397(1999) 207.
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€ 3.6 D. Eigler 54804k Xe ¥ T — Pl i Ni By K im T£1EEiu%(N4K)T X
— A=A Xe 7 HEATHRAE OIS E WAL E. B 5 35 A Xe JU7- iR IBM i 3 45
B A L BUCHY  p. 85

3.7 & T &HAF (quantum corral) , B H b 5T CHERY L p. 184.

3.4 2|98 58 E M

Ak EPEI'JTEE/:E ir‘?fﬂ(uncertalmy principle) J& Heisenberg 7F 1927 4
RIEL. HPE 8 42 5 » Schrodinger® 2 H T?H?E’Jff%u T EPR A9 d 1y

@® W. Heisenberg,Zeit. Phys. 43(1926) 172.

@ E. Schrodinger, Naturwissenschaften 23(1935) 807,823,844,

YPEA, W J. A, Wheeler & W. H. Zurek £ %, Quantum Theory and Measurement ,Princeton Universi-
ty Press, Princeton, NJ., 1983.

® A. Einstein, B. Podolsky&N. Rosen ,Phys. Rev.47(1935) 777.



JR S AR ST R A Bell RAFX VR CHSH AR, 557 J) 2% B 1Y
U2 J& . 2R 05 I AR T Y B A7 S 30 AR UESE 1 B I B BN 17 5 Bell A
AU (CHSH RSO HIFJE©. ARk i T2l Q25 A 2 ., HAe
T BT R B AR TP )02 0. EL R T4 5 A o U 8 ) 56 R
CESEINIEE SRS DXL S e EEN TS S LA DR L4
B 2R (LI T S0 BSR4 4 O W 0 4 .

3.4.1 YEMHEVISX

A — AW A ALA. Aspect, 197,

“In contrast to wave-particle duality, which is a one-particle fea-
ture, entanglement involves at least two particles(%?ﬂii@**}i??%‘l’i
BRI WA D R )"

BB M0 B S 29 BB 5L R (50
/l\?EZJHﬁX‘TEJ EfJF:fX{rJ,?)r}ﬂi(observables). Fl4n,P. Knight &3 .
“Entanglementis a peculiar but basic feature of quantum mechanics
introduced by Erwin Schroédingerin 1935. Individual quantum-mechani-
cal entities need have no well-defined state; they may instead be in-
volved in collective, correlated ( ‘entangled’) states with other enti-
ties, where only the entire superposition carries information. That may
applyto a set of particles , or to two or more properties of a single
particle.”
V. Vedral ®® 5 B 11 $2 5] .

“What exactly is entanglement? After all is said and done, it takes
(at least) two to tangle, although these two need not be particles. To
study entanglement, two or more subsystems need to be identified , to-
gether with the appropriate degrees of freedom that might be entangled.
These subsystems are technically known as modes. Most formally, en-

tanglement is the degree of correlation between observables pertaining

@ J. Bell,Physics 1(1964) 195.

@ J.F. Clauser, M. A. Horne, A. Shimony, R. A. Holt, Phys. Rev. Lett. 23(1969) 880.
@ A. Aspect, Nature 398(1999) 189.

@ M. Q. Ruan& J.Y. Zeng,Chin. Phys. Lett. 20(2003) 1420.

A. Aspect,Nature 446(2007) 866.

P. Knight, Nature 395(1998) 12.

V. Vedral, Nature 453(2008) 1004.

S. Diirr » T. Nonn& G. Rempe, Nature 395(1998) 33.
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to dif ferent modes , that exceeds any correlation allowed by the laws of

classical physics.”

Knight 843 T Diirr 55 N ° BSE56 TAE. 78 Durr 55 AR SE 560 AT A
BT B 5 0 PR TS 8 A 2 SR AR B T e /2
FHH AR UL, £ C. Monroe % AN TAEOH il T — 0L Ay 2

G BRATTE Paul BF ) — ' Be' B FHOMA (B F#MA D) 5HBLLIE T
(BB vy =5 Wiz 3h) | il R 2 9578,
c’ﬁdiﬂtﬁﬁT}: ﬁ‘i)” = Mi?ﬁa—'—ﬁ J:ﬂ%ﬁ ﬂﬁT = ,i?éqéfiﬁjﬁﬂ

.......
..................

XTE;TXDW'J%A %[IB f14 21 91 2 25 ﬁﬁﬂ?%/\%ﬁo.
()M 2 F A M B HRA HA 0 & B (RIA R A F1 B By SLRIARIEZ.
(b)A F1 B B [a] sk 0 £ 235 2 22 (8] A 8 U0 9 QBB LR PR ).

3.4.2 YEETHEEXRNER

BT LRAE L RATEER B2 90 5 5 E LR Z A U SC AR,
P T 2 R ST W RT  Heisenberg 9N 6 5 14 B 0 42 1R L SR Bb 2 ol | —
AE?C%#F %9‘5']%,H’iHETE)%%‘@)?IE,—/\*¢¥E’JI_]—HT?'JE’J:[:TT$HEJJ —

..........................

Tééﬁﬂijj%qj ,é/\ﬁ?é’h.ﬁw(*ﬁﬁ?l‘ﬁ IEﬂ (EWJ:TT%HEJQUEJJ%Z%IETJ)*E@*

/.\%‘EH.*MH' %%ﬂ%ﬁ rﬁ%f%‘f?ﬂ! . Vﬁ*#%ﬂﬁ%%%@ f %:%%i—ﬁﬁ Hilber 1

.....................

1IJTU%§§1,TE)%ZEJQ%52LI§LZIEHT Z’?T nz)ﬁ? B I E XE%&&%E
HIEE IR A,

. Pranmanik, et al., Phys. Lett. A374(2010) 1121.
Monroe, et al., Nature 272(1996) 1131.

. Hasegawa, et al., Nature 425(2003) 45.

. Mair, Nature 412(2001) 313.
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3.4.3 YEHBSH—I1HIE

FEYETFHFENERED . AT UWNE A M B HAHEERRERN
AAAB}% IC| (3.4. 1

3L AA T AB A3 BIFR RS B TR | ) REFMES T UL & A A B I A Y
HE BE OF BIRRAR 22D . AA= /(@I A% [ ) — (@[ Al ? . AB= /(G| B [ ) — (@[ BIp)? L i
CEASBMEXRMHR.C=i[B.A].C=(p|CP.

BT LR AT BB TFA [ T A AN S 5 nl WL &, —
B L A i TR B ELAT B (L BB TR n] R B AT LR A AR A5, AN L 6 T AR
(125 L) o A SR ol 2

C=|Cly =0 (3.4.2)
W] XL A RN B AT R A B EL A R AL B, [ 8 T — R R sh A iR AL
EAA B 1WA RN A 2 . BN, .0, 1=kl BT LA L R L, — O RETR]
i EA . BT (=0 Wk E T (=0[[L ., ]/=00=0.0( 51, 7]
LA [m] By B 0 2 {E, BIAEAE S [ AR AR &S ARAE (348 0.

ATV R+ A FE 56 AR A G R T G 9 R Y ey B G ) L (R T L
it AMB EFR—MNMERWFE—AHE,A B A RREAN S (C HIERA
PO T ATELZERERTEIQF.CHFEHMHEC) =@ Cle) BTN 0 N
L EHE A R R, — e S W R AR ERR . SRR R

— N EZAMELZ R T RR N E T, 0T LUH — 4050 5 i mr 0 & 5w 4 4
(CSCOH WY LR ANEZS K 78 20 E [ S WA 4 1,4, 3.4 75 ], B—AH X5 /a0
O£ D) T DA [0 Y. AR SEEG b A X R — 450 A T O A DA
il £ A 2R — A 58 A B 1Y TS

BE(AL LA, DMK R — 4 CSCO, HILRIAMERIE N IA AL, )
% (B, By s ) AR R B9 5 — 4 CSCO, Kt R AMERiC N (B, By ) ) %
JE(AL LA, ) AT AT — D 5 (B, By s o) HAT A — AN BRI 5 6 R L X5 =
HiRE C =C

C, =i[B,.A.] (3.4.3)
SR R R R G4 DAL R
AAQAB,@>% KC) | (3. 4. 4)

IR (Cp> | = [<[ALB D [0, A, 5 B, ANBE ] I B A 72 A
DA FAT4 th— A~ 4 5 14 1 25 1 — - 2] 4 45

® J. Y. Zeng, Y. A. Lei, S. Y. Pei, & X. C. Zeng., arXiv. /1306. 3325.
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OB C B —17iG=1,2,)  BVHA - MEBF LR C, AAE.

DX FIA R FE, (|9 =[A" AL )} (@I Clg) 70 FBRLTL.

AR AT (O M )AL ITE T 25 A o) V(B By s o) B2 ZH S

TSN o 2 Cad SRS B AR (o) A IRSE B T R A {90 = [A LAY
=)o@l Clg) =0, BEAREHIE BT A B i 745 | AL ALy o) BRI SRR A2 (B
By o) MO BEAS. (1A, 200 3. 4. 4 97 00 4. FEMIEI 5 R LT LD

Liew ]

FR AL Ay ) YR B Bl o) ) 43 BIHS K R 2 A9 Hilbert 25 [ ) — 41 58 %5 A R
BT 45 2 B B F AT LR — R R, Wt E&F @ T, [ALAL O BB ERNE
(By s By oo+ ARAT — AN e [ AAE S (O AT LURIFF R,

AL = 3

MTFHRENETEIALAL ) B RBUB B, [A AL ) ARS8 2R 0,1 & 58
SHE R AR F | BBy [(BL By [ATAY ) [P SR TAL LAY ) B T (B
By =) B L [R)I0 AEL 43 51 Ry (B L B 5 =) M LS. B, (B By, -+ (19 2 [0 B {8 2 18] 4 5 B (9
Kl CRIERD . Bl T AL LA, ) 2 (By By, ) A 255,

PRI L b ad T AU B A A0S SO E R R — E IR L. A

(B By AL AL =) BB (3.4.5)

..........

=i[B.A17#0. A M1 B ANREF B A5 E H. 0 A M1 B AHAILFEAIE SRR
BT R CGIClg) =0, BRAM . T F ik & 5 A A 5, Wi /e 2k 1 502
FIER A 2R (X 5 1 T UL £ 58 2 4R (AL Ay ) IR ARAES ([ ) = A" LAY,
)} 5 AT B AT WL ¢ 4 5 (B, By s o) (9 S [R) BE 22 T)AEAE AR T G IR
(AL B9 25 AF S B B T8 5 sURE RS C =108, A R P B H 1K

3.4.4 JLATRBA

LI A LA a7 5 10 48] 7 X6 b 3 i 7 2l 285 Y 24 26 0] 90 10 47 38
fl1 EPR#&ZAFFH 2 AdEF(RARGYES.
Al DAUERT, EPR AR — S0 i () g i 725

dpexplip(x) —x, —a)/h] (3.4.6)
S 1

2 A A B (4D R I — A5 T S 2 (AL A = (2 PYIERIAREA D, a=2, —
X2 %*erj—%*ﬂ? 7P:P1 erz%;é\idj%- ﬁj’;um((Bl 5Bz)z(p1 5p2)*u(1'1 713)9'}!”@@5"] C %Eﬁﬂ‘j

1 0 0 1
C:h( ), C:h( ) (3.4.7)
—1 0 0 1

S BUE M W RE A (O M (D). RBIE T [2=a, P=0) BEAR S (p15 po) WIERIAMES , R

oy — a2 —a) =

@ M. Q. Ruan&. J. Y. Zeng, Chin. Phys. Lett. 20(2003) 1420.
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() ) B IE R AIEZS L T A LB B (pr s po) B2y s BYSERIARIE S B A T B2 . R EAT]
F 21 .

Bl2 ¥BFTHEADTARES

Bl PR B =1t LRBGE M i s S A M Sl i, (L7 O M B — 4L %t 5 AT W
Wi, AraE, EMNMEEAMESEILARE L 9.2 W] I8 H [ Gm),j=1+1/2,|m; |
<j.m;=m+1,

L (AT v
X‘Tﬂ:] = l+1/27(1:071729"'577!j) ‘]‘mj> —
20+1 /I —m yyr!
L (v
MNFj=0—1/2,(U=0,1,2,,m;) | jm;) =
R W e R
(3.4.8)

th BT LA W T E LI Ly Y25 0 Fll s 0 3 ) 00 218 2 4 8 1
X j=0+1/2, BATMMHIILE R U+m+1D/A—m)
MF j=1—1/2, EFTMHXNILER —m)/U+m+1)
TEGE L IEOL T (AL A =700 s (By s By = (L ,s) WA LB C 36 B
((4\',134“!’531,) O\J
C=2h (3.4.9)
(—s.ly,—s,l.) 0
Wi A O AN (h) . BRI UE T (3. 4. X F/R A F (A E DM A B ARIEDS | jm,) 2
LAl s BODIAS . TR 2 (3. 4 )W BT 8 L S SR T A 1 BE 43 ik AN L T
S 5y A 2.
5] 3 Bell &
AXEIER % T 2 87 AR R R kB (AL A)) = (61,04, 401,00,) 5 (B2 By) = (6, QI?,
02, QI (0, DI 162, DIV (0. DT? 10, DI U C HLFF 4351 Ry
(O 0‘1;0‘2),) (m:cz, Oj (—o O m,,dz},j
—2 . 2 , 2 (3.4.10)
0 01,02 01,02. O — 01,02, 01,02
Z Ak CO M), X B AE T AT A 2089 Bell 2EBE 2 (o1, 000, ) - IO A 825, B2 o1y 2 00, ) AT
(m:,oz:)ﬂ’ﬂéqéﬁ/&.
B4 (§7.SH89EFRIES
LA EBA RIS P A B T, 3. 1.2 75,2 B FAY [ HEAE 2538 % 1% %t 5 m] Wi 4
SERHE(S, SOHORILFAMEL S, M), Hid S=s5, +s, M EHE.S WAMEMEIC ] S(SH+1),S. =5,
+ 500 s ERIAAEEIC N M, IMI<S. [S=1,M==+1,0) & =HE 2 (triplet) , | S=0,M=0) & L7 (sin-
glet). NI BB TE 2R A, 10,00 AN 1,00 2 50 B s MO ZH IS T | 1, 1 A1, — 1) IR E AL, X
— T LA bR T Al A A A 4 R R IR, oA X T (AL A = (82,S.) . (B By) = (sies
Sz:)sﬁ?%
1 01,02, — 01,02, 0
C=——W (3.4.11)
2 (al,,azy — 01,02, Oj
T R A Ca) S AEAS R A (D) S [T RISE R %) F A = A RIS, (@I Clg) = 0. BT LA B
UE (S, SO WY A S [ AR AR A # 2 B AR S Csie s 200 ML RIAAE S
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PN @%ﬁ TE(A LA =(S, SO RE S 2 2 (R AREAFH S, ik | A
25 BT L b S5 2 7T LB A

Bls 3 z‘%kb%ﬁi %4 GHZ &

31T HARA RN T I 58 2 EMEEHTTE 3. 14 Wb ihigid. 3 & F ILH W GHZ
BB TE 3P, EMNE

{A1L A Ay = {01,00,04, 501,62,04,+01,02,05, |
B SR AES. 0B, 2By By} BURH (01, 00, 02, )+ (01, 4000 100, ) 01y 0 50 )+ T C R 0
0 61.02.05, 01:02,073,
— 20 —o01,0.04, 0
0 0 — 01,09,03:
— 01,605,053, O 0
— 2| —01.00:05y, 0 01,0205,
0 0o — 01,0 2,0 3.
— 01,062,073, 0 0
., . oo 0 (3.4.12)
01.02,0 32 01y02:032 0

BRI 3 B PN GHZ SR ARYES. X T 4 MHEZEFHEEN
(;HZ?S,LTLMQMH‘ & EAT Y 21 g e

3. 5 i?{ﬂu_»fiuﬁr

#T7E BHe W M & T8 (quantum computation) , B T 2 L2 £ # (quan-
tum teleportation) , f F # & (quantum searching), & T % % (quantum cryp-
togragh) , it F % (quantum game) 5§ 1 T + J7 % 5L FR A9 & R 7 B filﬁ'ﬂfiiﬁ

AT (R B R 5 T S AR R B VDA G — T N A R B e
RGN, 0] LS ) Sk O

3.5.1 EFHESEFFEREEREM

fg?ﬁr%ﬁﬂg?h EHE T ARAE RO U T IR AR (bio 22 T
BSOS A FEARE R, BT HAF (quantum-bit, FIC4 qubit) & HAFHIHE) .
ﬁTEjﬂJ,tt%iﬂf’ﬁjﬂéﬁﬂtt’% — A AR BP0, 8] 1 L BT AR
(A T BEIR 25 A9 Dirac #5528 20 9138 M 100 A | 1), &1 Ho 4% 09 4 B0 52 9, 491)
U LT R — A 1l B A T BRI 1 E A L O I T R AT BE A O PR A L

@ N. D. Mermin, Quantum Computer Science-An Introduction. Cambridge University Press, Cam-
bridge, 2007.

@ M. A. Nielsen & 1. L. Chang, Quantum Com putation and Quantum Information. Cambridge Uni-
versity Press, 2000,
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62N ST DS T 9 T I RN 7 N S e
[0) A1) ¥ i — A~ 7 FL B 9 Hilbert 25 [8] () — 28 1%t IF 22 A9 6. & 7 Fo b
B —BOIRZS H 2 4k Hilbert 55 8] ) — DR 8 H @) R Eow,

[ > =a |0)+0b |1 (3.5. 1)
RO D MM TLESN. ZEETFSMILRER, [al” Flo]” 5513 7R 0
A B R BIAL T L0 R 1) Ay L. 58w BUH —fb A5 1

la|* +|6]* =1 (3.5.2)
H& W IWREAR, —A i R AT UL T3 2 15— 40 o) Fn [ D) AR &
LB, R 3.5 DIk E ik

) = e”[cos% 09 + esin 5 D] (3.5.3)

B v, 0 MARESEL BT eE T, — A T SRR AR AR R T e T AT
IO, T A4S 25 BT L (3. 5. ) AT KLk

_ i It . i I
[¢) = [cos 3 [0) + e¥sin 5 \1>] (3.5.4)

| > T LWt A ) B R AT AT — (O ) 14 R R O L I A BR AR
Bloch #k. (3. 5. )X — M0l (0=n/2,0=0) j&

1
¢y = —[]0) +]1)] (3.5.5)
Yk

ERAMNE TSN RRLETF 01D LS N 1/2.

N(NZ=2) BT & 728 2V 4 Hilbert 25 8] o7 i — 4> 2% 5 R i k. )
L2 AR R TS 4 4 Hilbert 25 0]t A — AN . 4 4k Hilbert 23
8] £ H A — 21 3% L B Bell 3%

1 1
) = —[]00y +[11>], —[]01) +]10)] (3.5.6)
G} 7

ABEE L 9w T HBER B TR TSN IIELBERN Ay ).
M 2 HFIR R4 28 H e85 Bell 5
1 1

\¢>—ﬁ[\¢f>i\¢¢>], ﬁ[MWiWM] (3.5.7)

R, BATE 2 87 AR —Fh Py 2 S0 3.
N 2T E 78 2N 48 Hilbert 25 [E ) — PR R,
l¢) = ZAI.39._._\Va,31,32...,,‘\; | s18p°0sn (3.5.8)

A s TUIE 0 E 1,5,=0,1(G=1,2,+,N), [ s;5, =+ sy> Fen 2V 4k Hilbert 55 [H]
) — SR T oo, = (s e [ @) BT T 25 W) TE |10 veesn ) BRI R 12
(2N — 1)/ ST A 52 880 i R U3 — Ak A 1

D lagge 1P =1 (3.5.9)

192N
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FJ?LAN ;?Hﬁ%TﬁHUﬁfﬁé(? *I)ATXFE%'J E’JE,%IT“LEI’J{E. B 'ﬁZzJJﬁH:

--------------------

%N ?Hﬁ%lﬁ’ﬂ‘ﬁ?i Jgﬁé?}r,é?*\<,I)>I3EHTIH?E’J@'§HC?JE?EEE
Schrédinger 77 #8 #E 47

i 9 19 = H | (3.5.10)

B | ) 4 B — A X IE AR ?%Uﬁ)fe)cp[*sz‘/h]{ﬁWc(u HARE )
| $(0)) = exp[— iHt/h] | $(0)) (3.5.11)
KT EEE E 2 g BT — KRR, B IER S
Aigh

1 0
o>¢>|@1>LJ, 1>w>@—1>hj

(3.5.12)
ST ANBEEHR—A 2 X2 RN, W HNEARIESR 3 4 Pauli 6%, Had-
amard |] H, FIAH 28 #e S

0 1 0 —i 1 0
X =90, = s, Y=o0,=| s L =0, =
1 0 ’ 1 0 0 —1

(3.5.13)
[ 1} f(a +0.), H H=1 (3.5.14)
0
S:(o j 2B .STS =1 (3.5.15)
25 5y Uk W
1 1
HI0)=—=[|0)+|D]=]e,=1), HI|l)=—=[|0)—|1)]=|0, =—1
Jz Jz
(3.5.16)
. a a
S0y =[0), S |[1)=¢€" 1), S[ j—( j (3.5.17)
b be'

ﬁlﬁﬁi%#ﬁiﬁ%%m:%uﬁahﬁﬁ?xa¥ﬁ¢%xﬂﬁz%
(I 5 12k F . 28 n 7 TR ERE @ R B ELAT

R(n.0) = ¢ ™" = cos % —i0 » nsin% (3.5.18)
AN HEE B
. 1 :
Rn,nx) =—i6 +n=—1—(o, +0.) =—1H (3.5.19)
2
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Shor =-F %

1994 4£ P. W. Shor® 4 T —4 8 75 % (quantum algorithms) , H 1244
i DKL N B R 2K A0 1D N =y X, A 29083 =127 X229,

-----

IEEE RN (1 R i 0 22 5 R R 8 1>/ NZ S HIBR @,
R AL (R oc /N = ZeXp[%logzN]N ¢ty L =logN (3.5.20)
Prgifil s Lk R EIRBOCR L £on e 2 dEHl b N BKE. 4 N JE% KAt

3 S — R H TR 0 1) R R0, 7 1994 4F % —A> 129 57 f8 R B AT I =4 i
1600 &5 TAES A6 T 8 AN H B, IR ASERL. X —4> 250 {7 i K47 I X 4
fi#f T3 B[] ~8 X 107 4F. 1 X — 4~ 600 v A K H ik 47 I8 X 40 il 75 BF ~ 10%° 4R
CFH AR X SR AT R Y.

Shori?%%xxzﬂ%i%*m*ﬁ?%bnr ¥ TR TLMEED% %’fﬂﬁ

.....

/%,EDETWETIEHOCPOI(L),Wjﬂ P [l 7 . WJZZ[I,XT? A~ 1000 ujtzﬁﬂﬁﬂféj\
fifp R LY U ~ 1 PRI AT S8 A 3l 5 1 A0 o 3530 3k, R T B 45 B B Ry T
2R SEBURETk  E BIREAE T A RIE TS 2o A A AR P Y ) AL

Liz] P InjjEt, B 22 3 X o] &,

NP (1] 5, B 4k 22 31 53X (non-polynomial) [A] 85, 43 4 B Fl . Bl NPC [a] 81 NPI [a] #5
NPC(complete NP) [n] # , 4§ & Z:9E ] 2 NP [n] 8,

NPICintermediate NP) [f] # , & i K fig iE 91 > NP [n] 5.

i IR 28 B, B R =40 2 — > NPT [R] L

Grover 7 &

BTARMRETIIET LK. Grover™ i T, i deriy ol B . 26 45 %
CRFLIETO G N A 42 52 R A

ZMRI R 13/\5‘52 (one by one) , &H— K KWL R . B (yes or
no). &JJi N/2 R K5 . ?‘Z@Uﬁﬁﬂiaﬁﬁﬁﬁ?éﬁjﬂ 1/2.
e B PR R B T A Z RS 718 & X85 Fh gl B A0 LR I8 A5

..............................

o, (BERT LAY 0, Bl Sy . B F 8 A 280, B — YR S5~ —

.............

@ P. W. Shor, Algorithms for quantum computation: discrete logarithms and factoring, 3 T Proceed-
ings, 35" Annual Symposium on Foundation of Computer Science.

@ N. D. Mermin, Quantum Computer Science—An Introduction. Cambridge University Press, Cam-
bridge, 2007.

@ L.K. Grover ,Phys. Rev. Lett. 79(1997) 325.
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2. AT EIGEW] 5 4 2R /N R SR B 0 40 L%~ 1/2,
B 42 100 77 A LRSI 0 2 2 AFRA A5 0. M
F7Hk Load 50 TR B ILR ~ 1/, T I TR 507k 28— Tk

HWRF LB IR ~1/2. B N 88, i 3 R 000 8P ik i 2.
3.5.2 EFAAREEE
Wotters&Zurek® i,%ﬂig? %ﬁlﬂ?ﬁﬁtﬂ?ﬂ KT *Aﬂ%%ﬂﬁﬁm?

rem).i%xmﬁ@iiﬁ%i%@%ﬁﬂ)EIEE‘J*/I\E%?&VE. IZ3C LA 1Y s 4
A K8 k. H Rk G T AR — A 2 B R, IRl — A &7 LR
Wotters& Zurek WS UEFIAUNTT - CF 418 AiE i . WL AR SCRk. )
— A IR Hilbert 25 M1 A —ZHE S H —FE 4010 2 [ 00 F [ 1), #i Bf
TFARSMEHE, — A5 F AR R T | el LRAR 0D AT
.

) =alO+b]1, |al>+lb]*=1 (3.5.21)
HHEENENA . BETENZEEHEH B IRRIT .
[ AY | ) = Ap | ¢ | ¢ (3.5.22)

| Ay 2 i 52 e B BT Ak IR A B T DR, T DR R85 T Bk 2 Y i
Al &0 5| 1)AT LA XA~ il 256 B 56 20k i 2 6 L B
A O = AD [OY[0), A [ 1)—=]A) 1)1 (3.5.23)
WA AR R AT — A 2 [ @) & A AT DA X S 52 i 2 2 o0 A i 2 il 7 [al
BERBEMN. HAWT %K G.5. 2D,
A [ =lAG@]|0+b[1)=al A |0)+0b|A)]|1) (3.5 24)
M= (3. 5. 22) W BLE
[AY [ ¢ —>a | A [O)[OY4+b AN 1)] 1D (3.5.25)
PLTR 43 9 i A7 B0 R T 1
(DBNADFA A W E 27 52 ] R i i F b TR A 25 A 7] BE 2 22 52 1l
A ) | ) ORTE R IH— Ak ] L K R
| ¢y =Ca | 0)+b| 1)) X@|0)+b] 1M
=a? | 0) |0y +2ab |0 | 1)+ | 1] 1D
OB |AD=1A) W (3.5.26) Fr 19 & 6l ok iR R AL T T a7,
~alO)[0)+6[1) 1), J— A giA, A n] fgJ& X (3. 5. 25) iRk A.
GIEP 52 58)

(3.5.26)

@ W. K. Wotters&W. H. Zurek, Nature 299(1982) 802



H. P. Yuen® X} T A 0] 5 B 5 BN T — 20 TAE. Mtk W« 8380 52 ol i 7 T
uﬁﬁ AL IEZR At 2, HACS P A IS 1A LR — A

............................

[ﬁ@%] WA ETE 0 5 g0 0T KLY R — A 52 il 256 B v b
UlA | ¢go)—= A | ¢ | ¢o? (3.5.27a)
UlA [ ¢)—=AD | ¢ | ¢ (3.5.27b)
KXhU U=0U" =1,U ik & il 219 L A2 . (35, 27b) & b, 5
(3.5. 27a) LN T, 145
(O | ) =L | g (A | Ap (3.5.28)
BT (A TAD [T, BT RLEER
(o | o) < I gy | gg)? | (3.5.29)
MR ) =0, LA EXAGRH L ERWANTFEHMETFS o0 5
| o) IEZE. (UEES)
ULTTI/EEGIEXT%%QEﬁEﬁ?J H. Barnum, et al. @3 iﬁﬁﬁﬁﬁ?{ﬁg%%‘lﬂ"]i
ﬁ?ﬂ S Ti%]fj?iﬁj_iﬂ.zl‘i(non—broadcastlng theorem). A. K. Patti & L. S.
Braunstein® $#&H T —4~5 8 7 A 0] 55 B HA L & 1A 1] BR 2 B (quantum

non-deleting theorem). /43 & 1A 1 5@ [ o B (1 B} 3% SCRik L 38 7] 2 3 ©.
3.5.3 E?lb\ $;1§J‘3_§’.

1993 4E,C. H. Bennett, et al. @, 42 1 & B T 4 25 25 LI AT B 725 19 i FR 4% 33
M) —AJ7 % NEEARTF I Foke b, I B R T i S MR DL F RN S e
e H I R EaR T .
I R H AR ER &% A B Alice E—/N 7 AR S
le =al t)>+b] v (3.5.30)
53k 45 b B BRI B Bob. Alice 5 Bob 2 [A1 45 — 4> 48 #4138 38 () 40 fL i) o A%
B P AR FRE B LR T AR5, Alice X TEMABMRFA ST HE—T
T
Bennett A FAZBEEHE T ENERF,. 20T 4 4.
(DFE Alice AbfFilcE T A 1 & T8
[y =al A +b ¥ lal?’+lb]?P=1 (3.5.3D)

@ H. P. Yuen , Phys. Lett. 113A(1986) 405.

@ H. Barnum, et al. ,Phys. Rev. Lett.76(1996) 2812.

® A.K. Patti & L.S. Braunstein, Nature 404(2000) 164.

@ FOhl, Bkl M B 27(1997) 54

® C. H. Bennett, et al., Phys. Rev. Lett. 70(1993), 1895. Teleporting an unknown quantum state
via dual classical and EPR channels.
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Allice R Bob

16,

s
[ 3.8 DBennett & FAZEBELS T ERER
O &RETFHF 25 30— Bell 22—, filn
- 1
>23 = — >2 >3_ ¢>2 >3 (3. 5.32)
| ¢ ﬁ[\ A | v | | A0 ]
I TSR I 2 B%E4 Alice, ML T A WS F L 3 k%
% Bob.
(3) Alice ff FH AT IR BI 4 4> Bell A, X5 F o ds 112 gHf7a. 51t
[, Bob Xf i F Lo 4F 3 #EA7 00 . BRA Rk B ™) 3 & F AR IR R AT T
— eI,

) 105 = |90, ‘¢7>23 (3.5.33)

XN EFEVTULEBE TR 1M 2 8BS E 2% Bell 2,0 3.1 77,8 3. D
SKRIT. HEH R, AT LIS

), :%{mﬂw(—a A% —b VDT + L (—a [ 4 +6 V)]

F+ Lo A)ysFalvoDl+LIsDu(—b A —alviD])
(3.5.34)
XHL3.5. 33T AR 2 5 3 el gsh (3.5 30) X i i+ R
1A 2 e gizs. I x5 3 & 19 T HS G (angular momentum recoupling) A
1. 24 Alice k7 1 1 2 HE47 Bell 3% (% I & i, 4 — 4> Bell 2 A9 JL R # 2
1/4. Bob [AIBy X F LUAF 3 MM B 45 2 . % 5 Alice Xf it F Lb 4 1 Fil 2 (19 Bell
S P 0 2 235 SR AE G N, DL 3.5,

() Alice XKL F 1 Fi 2 1) Bell MM AR 45 0 (U, (i =1,2,3.830 Oy
B~ il 4,45 UF Bob . T4 Bob JH U fEHI T UL |65 bl 1T 15 2 7544 3% Y
HFSIE, L WUU S =19, ), MR REAERNEFEIS, —A8
A, HORGERL 1 k1 3 B3 7.
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£3.5

Alice I 547 F X X . N
i} e 3B HEAT AR R T AR B 00 2 i=1,2.3,
(1.2) Ff Ak Bell 3 Bob X F H AR 3 9 E 47 AH R I £ oy 75 21 7 U i=1,2.3.4
-1 0
[¢~ e —alA)s—bl ¥ ), :( ) =Ui|$)s Ulz(o 7})
-1 0
[¢T )12 —alA)st+olv)s= ( ) =U,|$)s Uzz( )
b )s 0o 1
0 1
[67 )1 b‘ﬁh‘ﬁﬂ%h*( ) =U;|$); Usz( )
1 0
b 0 —1
[ 1, f/»M>g+a|¢>3:[ ) =U,|$) Ulz( )
a 3 1 0

1997 4 TF fiy 1 A Y AL 3 i R A9 S5 8 B Rl 2k SE B 4 . D, Bou-
wmeester, et al. Qhﬁﬂ&j‘ﬁ?ﬂﬁ%iuﬂui?u 9 B A 3. 5 0k LT R B
D. Boschi, etal. @, I T — M F RS ME L. A. Fursawa, et al., VF]
FAYCR) 4 A T | F A m R L%, M. A, Nielsen, et al » VI 4% i 35 31 52 B
TRFAREBLS. MEENILE ETFZEREP UL TSR TES
L R A 3 000,

KTRFET 7F$1'§L

(a) & F A7) b B o

fi??&E’JLE%Lﬁﬁ*7E%Tiﬂﬁ#? 1 MEFE
R 1520 kAT G, X IE 25 780 5 2 B R .

(b & T35 B 1% 1% F ¥ (Quantum no-signaling theorem)

Bennett 55 (1 i 1 S L B AL 3 07 58— SO B 45

“Our teleportation cannot take place instantaneously or over a

AT RN ZTE R

¢ B & PR

space-like interval, because it requires, among other things, sending a

classical message from Alice to Bob.”
B AT Y 25 A R AL 8 T SR AN RE R AT B T AR RO B (L . X
EJEEETI%‘%?EIHF.M%@E?E WJQD N. Gisin® - B'CEP?an

“It is important to state that the nonlocal correlations of quantum

@® D. Bouwmeester, et al., Nature 390(1997) 575.

@ D. Boschi, etal., Phys. Rev. Lett. 80(1998) 1121.

® A. Fursawa, et al., Science 282(1998) 182.

@ M. A. Nielsen,E. Knill, & R. Laflamme, Nature 396(1998) 52.
® Y. H. Kim, etal., Phys. Rev. Lett. 86(2001) 1370.

© M. Aspelmeyer, et al., Science 301(2003) 621.

@ M. Bicke, et al., Nature 429(2004) 734.

® S. Olmschenk, ez al., Science 323(209) 486.

@ N. Gisin, Science 326(2009) 1357.



physics are nonsignaling. That is, they do not communicate informa-
tion. This should remove some of the uneasiness .”

{HZAth48 1} : “In a non-signaling world, correlations can be non-local only if
the measurement results were not predetermined. ”Gisin 3R ¥ 13X — 55 5 24 8 2%
(5 SO — S0, Blan, A, Mair® 46 H

“The measurement of the state of one particle in a two-particle en-
tangled state defines the state of the second particle instantaneously,
whereas neither particle possesses its own well-de fined state be fore the
measurement.”

{H Y 2438 H . “Quantum mechanics as well as classical mechanics obeys the
no-signaling principle, meaning that information cannot travel faster than light. ”
Bk, no-signaling” R A0 X 4 LT 13 55 20 ) 2 945 .

(o)t T A Y A% 326 15 SEAR B T 2 G

E Bennett 1 1 2528 f {5 18 07 S8 T LUAF 2 5 3 P A A0 4 4 25 (Bell
O M EEREFENR =2, R E TR 2 53 L THRES A RH#ETE T
AL s . A HEIE

‘¢>1 ‘TT>2% _|TT>H{(1J +|¢ $>H[bj
0), 0),

#9014 0a =14 mU H1 ()

+\M>13 Ojl

‘¢>1 ‘ ¢ T>23 :| f ¢>13 {Zj +‘ ¢ ¢>13 (Zj

SCHRY WAER 2 B CABE 1/2) M (8™, SO Ry LA AE A [BY £ o Al A £ L0 5
%\SM%SZI M=1,0,—1(triplet) ,S=M=0(singlet) |, W AHEHH 47584
WU B AR AR AL . SR AR A3 0,0)0,[1,00) Ea i,
F ka1, 1>,|1, 1) W& AR,

(DOFBIT N 27 WA GHZ & A fefeid 2 Al i 7 AT

O A ETA N B (JHzﬁE’JMﬂWJ{Jc&I“%E%(k 1,2, [N/Z])

(3.5.35)
‘¢>1 ‘ f ¢>23 :|¢ ¢>1%

EI’J%’E o r=2. R 74T b BT IR AAE B T AL AU B T 2105
JERE MR B =k B9 H AR AL B 25
(e) 295572

@ A. Mair,et al., Nature 412(2001) 313.
@ J].Y. Zeng, H.B Zhu & S. Y. Pei, Phys. Rev. A65(2002) 052307.
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Kl 3.9 s b e FILAE 1 b T — D EM R T8¢, IR LH
12— AR AN A LN, 02 2 B LR IR R (1 AN O I — 4> & g
2,00 Bell #[¢ >y, MIFR H 2 28 %5 7% (entanglement swapping) @, AMEUE B (Z
3. D

| Pz =1 ¢ | ¢ s
=TTl |+l g [ g+ 00 100+ #0 [ #,]

(3.5.36)
Ealgis g, =ém AN — ¥ | A, T BT A 1 AR T A R
24 5 5 (B 5K T30 |- 5 £ 3 i B4 (angular momentum recou-
pling) A AR 22 Ak o (FL £ 20k T 2 b 240 00 08 S % 2 1R o £ 3 it 7 B 3 96 %
A5 B T 0 2% (3. 5. 36) 5 F 4 A ff S ik B T B A SRS KT 2 AT AL
Zhb,
w( (]1]1 )JM (jzj:a)Jz:z 9JM)

= D WG O T Goj) T s IMD ST+ D@ + D 2T+ D 2T + D

Jig T g
JiooJe Ju
X {fz Js st}
le j-lS ]

v g Ju
{jz Js o Ju
le ]13 ]
AR, 7.4.2 7).

(3.5.3D)

R 9-j ZEGEME 4 DMASTEPAD A RS ZE KR (S

3.5.4 ERBMSEFYUENE— TR

TE 3. 2.2 WP B4 K 384 i A S 50 WL I 4R 55 Jay 8 5 72 18 (RO 1 509 o8 I .
HAR A A i T 29 5 AR/ O & — DA S ik pg 58 JF C e i 715 B4k
RS 7 R T B T 16 J I 45 19— F0 942, %1, Brun-
ner® —3CHEF]

“Quantum mechanics predicts that measurements on spatially sepa-

rated particles can yield non-local correlations. ” “Quantum non-locality

@® ].W. Pan, D. Bouwmeester, H. Weinfurtrer& A. Zeilinger, Phys. Rev. Lett. 80(1998) 3891.
@ N. Brunner, Nature Physics 6(2010) 842.
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is arguably the most striking and counterintuitive: spatially separated
quantum particles can behave in a way that drastically defies our intui-
tion about space and time. Apart from its obvious fundamental signifi-
cance, quantum non-locality is also the key ingredient in promising ap-
plications in information process.”
KT AR R B A 4] 28 . N, Gisin® #2351

“In modern quantum physics, entanglement is fundamental; fur-
thermore, space is irrelevant—at least in quantum information science,
space plays no central role and time is a mere discrete clock parameter.
In relativity, space-time is fundamental and there is no place for nonlo-
cal correlations. To put the tension in other words: No story in space-
time can tell us how nonlocal correlations happen; hence nonlocal quan-

tum correlations seem to emerge ,» somehow, from outside space-time. ”
iz

Brunner A 4, Schrodinger B #:45 (steering) M58 Q4 B T AT 5 47 b 2 A £
FAE R . B FIEREPE 1935 4E B 5% F Einstein, Podolsky, & Rosen(EPR) @3
H. Schrodinger W ERIEHE S, 0T LA R & EPR A2 B A #ET. Schrodinger JiE
O AR TE SCHR OrP A8 LA R G4k, Brunner B9 SCHRZ T AR R B0ME A = Fh AR A B
XL 8.9

25 a Ml e? BIX AR ELRET B TFA%H, 8 EHE? ETF Gavalcanti 55
) TAED, Saunders % O45 T — AT 5L 1 i 25, AT T 2581 Bell A&

“steering inequality”, f§ Bl T LA G520, AT DUHIB & A5 & A T “ g,
T 5% . Bob ZR Alice Xl 1956 1 JEAT — 28 T REAY R AF IR LM UEAT 1 RS A
ZBRAEA YR, Bob XA 7 34T # A A5 0 S B BT b RS 2 it
2, LI B6 I “ steering inequality” & 75 B 37, WS H E WL 45 3R 16 ) T “steering
inequality”, Jt o] A FI W Alice BB & T — 2l 3.

MER AT B W, X S S0 R A R Bell test B — A CLWIERE
SO T ) g AS AT AT DL AT R AR T ELAS 2 BT A AT 4R 4R AR R BE R Bell A
RG50S R R MR R T AR R BUE R A T g S 3R R A 2 ]

S)

N. Gisin, Science 326(2009) 1357.

E. Schrodinger, Proc. Camb. Phil. Soc. 31(1935)555; 32(1936)446.

A. Einstein, B. Podolsky&.N. Rosen, Phys. Rev. 47(1935) 777

H. M. Wiseman,S. J. Jones & A. C. Doherty, Phys. Rev. Lett. 98(2007) 140402.

E. G. Cavalcanti, S.J. Jones, H. M. Wiseman & M. D. Reid, Phys. Rev. A80(2009) 032112.
D. J. Saunders, S.]. Jones, H. M. Wiseman &.G. J. Pryde, Nature Physics 6(2010) 845,
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*

* e

B 3.9 JEJRsitEn 3 B RDE R
a it 7448 (EPR ££2 49 Bohm JE ). Alice X b 956 T T — 4~ W0 . Bob #5% T
W43 3 BV BICAE O i O A I BN A RS, (A Alice 5 Bob Z ] 19475 B 1% 2 A E it
.
b 51 72 J6 5 W Ak JR bk
cBRYE. AT R Z . Y6 TIRAE Alice . Kt & B — 16 T 45 Bob i, 7
PR Il R 45 72 7E 8 A8 (1 Bob 196 T BARZS. 15 Bob HAIME H O A4 5% 8 (4 0L I 45
I I ARARE X7 W AT ] 5 0 (VA B D . At A ] JBF Alice ¥ B 3 fh 7 (451
w, Alice £ T — A KRB — BT 41D,

28R R RE

S B T NS FLAT S A L T
§¢)5%1TEI'J£EJ_H Xﬂ?@fﬁ%fﬂ'%%ﬁ%*ﬁﬁ@ Eﬁtéﬁﬁmlﬁlaﬁ?@ﬁﬁfﬁél‘@
Y — RN A Eﬁﬂﬁ?ﬂﬁﬂflﬂfi@irﬁr@q HE N EAWMT —
Ji“%“'ﬁfﬂﬁﬂ J’i : ﬂifﬁ/ﬂ,—l\_,i$jﬁ Eéfﬁﬂ?fﬁﬂ’]?ﬁ@ﬁ(non determinism).
ﬂé*f'ﬁiﬂix%lﬁlﬁﬁﬂm%s—ﬁiﬁ@% {WEE—D&#&IK?E/J’U\?S 5 IHAH 2C 1Y REAE
'L'Hf)uﬂlf)z‘!i"ﬁiﬁfﬁﬂmf EAT DRI, — A R A & BN /Eﬂ?ﬂﬂ@(no—clo—
ning). Ak, L E?fﬁ%ﬁ?&ﬂ%ﬁ?@ﬂf 15 AL 18 2 AN RE M i 6 Y (no-
signalling). X 7£ 1 17 B BIS F4E A B E A5 2] 2 B a0, & 7 259, R 5
A I R 3 ) ©. ﬁ‘ﬁ'ﬁj_lkbﬁﬁ ANREHE & HIR 58 i T ok AR 2 81
WO HRH A X BE R A %iﬁfUEﬁ Fb 5 77 2 B Y OB

SCHRY HL, TEA'n ._,‘ i(information causality) 41— F R, L5 8

@ M. Pantowski, et al. Nature 466(2003) 1101.
@ S. Popescud. D. Rohrlich, Foundations of Physics 24(1994) 379.
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PRI SR 2 VR — A 38 S B ) 5 LU
“The information gain that Bob can reach abouta previously un-
known to him data set of Alice, by using all his local resourses and m
calassical bits communicated by Alice , is at most m bits. ” “The stand-
ard no-signalling condition is just information causality for m=0.”

XS BA A fp S g — P 5
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F4E —_XRETU
4.1 RRT RBYETERHIE

Xt T 4 R T LG 1 3R o TR T 0 4 T R T 53 ) 0 94 T 0
BHIER BE AR T, R L (0% 15,5 1) X Fh g
BB X A R T R BT A T T RO L B T 4 R T A FLR
A B BT A L LT A LA — s B B b 0 R T A e X T A

..................................

X FRTE BT Z 0 S0 1 ST Bose 483, #UFR N Bose 13 X T Ja &, W) @ 51
Fermi 41t , 8PN Fermi . B A SCIER R B, 4o it 500 19 F e (% U0 A G,
Bl Bose FAY H € (AL A) MEEELCHLEE 0) L1 Fermi F /Y H BE M 247 5L

4.1.1 BFHRK

.00 W, 2R FRNEFSNMIB R TR ERS, LT R g
RR (g TR BT 1) A AL AR WORL T A7 F BE » Bk 23 18] A8 s A 3 VA0 35 A e A2
). E ¢ B#E PN D4R Fermi 71 H— 1L i & 18 Fm

0. (q1) o, (gn)
1 | @la) = glgn)

By (1 st qy) = ——— (4.1. D
S[’M 1 N T\f' goy(ql)"'goy(qw)

1

CUNT

R AL A BT A B 10D g g gy 4 HA — BT, P

SRR T 2 0 1 SR B e 00 (= £ 1) B P O AE I HE (B B B 2. ).

3 (L L DT BUA i, i T4 OB T 45 1 #04 [il Fermi F 9§ R A A8 i
1(Pauli 3.

% T4 I Bose 0 5% o A B 5 LR . 0179 % B RCRE T AT 60 75 4

[ 58 B SR AR X B . DM Ab T A — A BT A 0 Bose T 94K H A AT

LB A RLT @, v, oo, LAV moma e s MRLFC 200 =
N, ATHO AT B O A7 B AT LK T 1) 00 09— f f 52 e 3 B B o B T 2%
K
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e

N T N N ZP[go, (g0, JRARNCR R

XH P %?E%BiibRXULTKIﬁlﬂi*ﬁ?%LE‘J*ﬁ?ﬁﬁﬁ}ﬁéﬂﬁ@ﬁiﬂ‘]ﬁ%ﬁ%, ESHI0)

........................

A (4 1. 2) TP IR A I TE 22 9 L A T RN N'/Hn !

R T AR IR R G oK A 3 2 [R1RE 1 28 1 11 25002 A0 21 BERTIY A T B R 2R 17 45 il
HRARATAE, T LLE AR — RS N R 5. FOR IR AL T xb T 2[R KL 1 BE 47

........

........

*ﬁ%ﬁ??%%? [)J\E”-Il q %%EPE@%—‘IJF\E%@@[&D 90"1 (QI )ngZ (qﬁ'"gok\, (Q'\)] 9?}.@
J5 BN AT A% ol A R A 5 IR R RS N kR R L LA A A R AR A B
g—k %;’:J:,/\HETEiTl¢$*4¥ﬁLm*J¥§Q(7U LT R ’n\)ﬁcfﬂ‘{ﬁﬂiaé

J;Eﬁ*ﬁ}j%“ﬂﬂ& ey NORPI Z)EF‘FH(nl,n),---,nN)EHﬂE{EZ st
HRAR. R 6 X1 4 DR T 1EAT 40 5, 75 9 I3 q 5. ILBT, 26 Bose TR R MY
T DL R 904 R R ARl .
| myimyeeony) (4.1.3)
X Fh 2 N 7 BB bk T I 6 8036 42 (occupation particle number representation) ,
PR FER 4 WA Fock R4
%7 T Fermi ,Pauli JRHEFESR n, =1 8 OL Bl n, (0, — 1) =0 . MR 38 L Rk f1
KA L DWATEAEH Phn (qugegn) s TR n,=ng =+ =1CHRFR & F K
Fon, =0, AHBE ). BB ¢ RE )G . 1Tic Nk
n, = lang = 1,n, = 1,++)
fajic
[ L. 11,0) 8 [aBye) 4.1.4)
Ja—2 i HAR I T 9Ok o 4 09 IR 2L ok 2.

4.1.2 FHEEFSERIES,EF Bose TRERNE TSR

T AERL T ROERG P b AT 2 IR 51 BERL T 7 AR AT M B AT R AR O
. AR E AT AT DU KL 7 80K R 6 O DL R A% B 28 R Y g 2 8 7 1 b 32 7
*. ﬁﬁﬂf%ﬁ‘ﬁ%ﬁqﬂ,/\ﬁﬂﬁﬂhkﬁ'ﬁfﬁi%fﬁ%ﬂ«iaﬁﬁE’Jﬁﬂiﬁ%%/\,g?

' '%ﬁﬁb%%ﬁﬂ?ﬁ,'azél'ﬁ'f?é;%mn@&ﬁﬁzﬁ‘ﬁﬁ%@@p?%&i&hyﬁ
B PO e LS4 B T 010, 1 4 Fi A 8 2 T e B A0 2
— 4R 19 Hamilton N CRJH B REA  h=m=w=1)

_72 7,2
H=p+ 5 (4.1.5)



S HETC B W E AT

a:%u+m>
aa:j?144p> (4. 1.6)
[a,a™] =1 4. 1.7
K4 1.6) 2R
1‘2%@*4—(1)7 p :%Qﬁ*‘l) (4. 1.8)
HH I AS MR H
H:fa+%:ﬁ+% (4.1.9)

ATRAGE] N =a " a W TE5E LKA AMEBE AN N nd>=nln) A AE(E
A S =012, -+ HIRE I I9— A A 25 ORI X4 041 60 T L 2675 1 ik
PR 8 I WD)

(@)H" 10>, n=20,1,2,- (4.1.10)

‘n>=
n!

S8 L) O RS A = (RSB hoo). 254100,
Bt B, =ho /2 BN AT,
RIS 4 L 10 5 (4. 17 TR
a |my=vn+1|n+1

(4.1.1D)
a\n>:ﬁ| n—1)
HAER (adjoint) F#om hy
<n‘a: o+ 1n+1 |
(4.1.12)

(nla™=nin—1]|
Bk a™ Ca) n] AR R 38 9% 5 A AH 48 RE 9 =2 1] 1 T (B3O B34
FATE T LIRS —F B B 0O Moy B3 [ A n A F (pho-
non) RS (n=1,2.) BN H THRER N ho. XHFE.a " Hl o o] B 75 T 1)

O WIER 7 A T LU . 4 |) KR o 75 FROR A, & SO F- A ENR BT T ca ) =
VaFln+1salny=vnla—1>. M5 FIEW  [asa™ 1=1. 3 tiE B A — 40 [ 7T AR R
1

n!

‘n>: aHm o

PR 7 =aa BFETHEATTEMLR ca ™ =katt k=0,1,2,. |0 FRTH T4&,al0)=0.iF
By 7 ‘n>:n\n>.%Emuﬂ?l’ﬂfﬂlﬁrﬁhz\n):l.
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7= H (ereation) FEE % (annihilation) B 4F.

PLEREal ) 8] N 4838 4R 5. N 4838 9% 5l Lok 0 i i ~r i N A —
AEVEHR T X TR B3 4% -, 43 0 5 BEAR IV 19 75 1P A AT o AR AT a,
(5T RETR N hw) AT 2 T2 EEAXS 5 X

Laisa, ] =8,

(4.1.13)
laisa;] = [lalsaf]1=0, i,j=1,2,-,N
M N 48k 1 093 — i B8 & A TE S A KR
1
)= ————(al )" (a2 | 0) (4.1. 14
‘nln? «/771! ny ! e “ “ ‘
AH R B A FEAE R
N
E, e = 2, (i + 1/ ko, (4.1.15)
i=1

Bose F 4k 2t F 8 R ek &

A H B IR P IE 2Ok iR Bose T 2K RTER TR L P13 K. H L

a Ha, WHEfFERNPR TS o LR T A SEREA. BT EX 5 & &R L

(4.1.13) . 20 (4. 1. 1) T i iR i) Bose T 2R RME R A o R FE LA n, 4
Bose F(i=1,2,+),

gy = —— (@) (i) | 0 (4.1.16)

n;!

ERBFHEMN 7 =a a, AR AIEEN n,=1,2,--). 2K, BB T

N N
BEEAEN = DR AR AMEE N N = D) n. 3. 1 16) Hik i A3 TAE

I B~ Bose F B3 H J& X FR 9.
KT 11D, /T LLIEB 7 BUE 24 A0 67 B 5E IS
al ‘ NNy 0, ) = /n, +1 ‘ nyngcec(n, + 1))

(4.1.17)
a, ‘ NNy N ) = «/E‘ mngeec(ng, — 1))
HAEACH
Cooongooonymy ‘aa: g 1, 1) nymy ‘ (4.1.18)

Cooongooonymy ‘aj: g (o (g — 1) ooy my ‘
4.1.3 £[@ Fermi FEZHNEFESHHE R

%4 F 4 [ Fermi F 21 5 , (AT 2 (oAb 3. S 7 2 b 76 T , % 1 51 o BCH9 2
W AR 15— R T4 % FURR Y — BT o7 48 (Pauli D . A K T

PR, UL L D P RIRE T LS
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lafy)=alaja} |0 (4.1.19)
a; ~ag IR TE KL T2 @, g oo BRI 7 A S04, 5 1 31 58 4 B0 Bk
[ﬂﬁw&qﬂ

|Baye)=— |aBy=
R
agatay = |0)=—alaja, = |0)

pINE

(ajay +aza,) |y =0
BT [y BAT A, I LAZER Fermi 7= A4 5451 &2 F 31 S X 5 2K

ala; +afa;, =la;sa;1+=0 (4.1.20)
B BT a=p ik F Xk 5 5
ala; =0 (ftE) (4.1.2D)
ﬁtmlPauh1?1$.5t<4.1.19)22¢#f<%1
wyBa| = (0| aam, (4.1.22)
534, 1. 20) MR %kam¥@&ﬁﬁ%ETﬂ&ﬁ%f
La,-ap)i= a,a;+aga, = 0 (4.1.23)

R OB TR —, (ala)=1,80¢0]aw, 10)=1. I TEZEZX|0) LH
PESOIARTEIF T aa) [OORE—ERE HEHESS

aal |0)=a,la) = |0 (4. 1. 24)
B o AT RRY . K IR R AR 5T 9 R SR R W S A
(4.1.25)
BRI DL
a,|By=y =0 (a#BFH7F ) (4. 1. 26a)
a,|aBy-) = By (4.1.26b)
A L1200 R AL L 2D A AL 1. 26) , /T4
apataay |0V =—amjalay|0)=—ala} |0
=—alagazay ‘O>

JIr LA
(agal +alay) [Br-) =0
1 X T RS B A A |y A4 1L 260
(aga, +ajay) | 0+) =0
Ht, TS AT B EHEETH S E)asa. taas(BF)BERIGE RN O,
B LA
La, sap]s=0 (B# ) (4.1.27)
HK.%E aa HSala, 5| afy- B8, ARG 12D H
JlaBye) = aafalafay |0y =0
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MA 4. 1. 26b) . 4

aja, |aBy-) = ajaalaja) | 0)=alasa; | 0)= |aBy-+
T LA
aBye)y = |aBy-) (4.1.28)
ﬁﬁ?MWm%ﬂ$ﬁ%§ %m@%ﬁﬂmﬁw12%x
P - ‘[@y...

FIH A 4.1 260) . F
aﬁaa\ﬁ)’"ﬁzo (a = BF 7 F#~ )
Fir LA

) = [ By (4.1.29)
BRAR . 1.28) . KU 129 AL BT AT AR FE o« i IS5 5, (aua) +
a)a,) WIVE AR AL 2 FE &84, /)

la.sal 1 =1 (4.1.30)
B4, 1. 200 K (4. 1. 23) A4 1. 27) 4L 1L 30O BEFE AL R . 2R
sar .= 0.,
Laaap 1= 0, (1.1.3D)

La.sap)i = [a; vaz J. =0
REET Tormi 77 MR 19 4 I (UHHEIR. 55 Bose 189 R0
(4. 1. 13)1‘HH3 220 AR T 5 o 1 Bk 5 3. T Sk I oA S8 40 ik s s 0
) B2 e
PUEESS(E N VA ar NI B TAw ok SRS R B S
‘n1n2...>

%7 F Fermi F.n,=1 8 0, B n, (n, — 1) =0. 5 Bose T (4. 1. 17) A i , X F
Fermi 74

ny e >—(—1) =1 m‘nl (n, + 1))
0, n, =1
— a1 (4.1.32)
(A Leds  n, =0
X AR RO AS ] Bk F 25 A G AR D) BT R R B 8L 1 e B O AT
(ai )" Cal D" JE AR o & LBK FEEATEE . T RS R, 53
THF

Aq

nilny
(_ 1)711 LI i N (_ l)u:l
R (4. 1. 32 A 5 i

S,
al |omge) = (— D5 [l 08, (4.1.33)
KA
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S,
a | gy = (= DT 0,008, (4.1.34)
ENTmEy

a—1

S,
Coomgeer|a, = (=170 Gl |3, (4.1.35)

-
(eoomeee [l = (= D" (nn), oo | Bys (4.1.36)
2421 #Wlasa Jo=1,[asals =0,% 7 =a a,WEW 7 BIAAEAE o HAEHC 1 85 0, IF
HE A
a = VT—nln+1, alw)=Vn|ln—1
%32 4 n.=a a W RBIT Bose T8k Fermi T,
[(Rsal]l=als [M.sa.]=—a, (4.1.37)

4.2 Bose TRy B AR AT B 7R 5K

Bose - 7= A= FINEE 3% 845 06 1L A 3 AR X 5 o6 220, 4.1 5504 1. 13) fir
R HENRE R TRERF IR I 4.1 1. 4. 1.14). 2 Bose TR R HY
— RS AT LU X SE R R e TF. N il B A1 5 18 22 i) Bose %W%Eﬁﬁiéﬂnﬁ

Fix ﬁbf"i%ﬂ@&%ﬁﬁﬁ%ﬁ B H R B ) A R R e RS
4.2.1 BEEH

_&

F=>7w (4.2.1)
a=1

FR N AR FHELF F (@) (a=1,2,, N)ZH. B0k 7 2 10 5 sh & 58l
B BB OB A RESE L DUAR AR A AR R X RAST. TR ¢ £4
) B A8 e X BRI A N BT I RR B

[IES
G Cromsan) = [T 20PLen (a0 (0] (4.2.2)
. P
K F RIS, RIS IER TR &S h F T %7 %
ﬁ = Zfa/za:rap (4.2.3)
af
A
S = (SDvaASD,y) (4.2.4)

SRR T T OAENRTS o 5 o, 200 B T
S P R (4. 2. 2) R I HAE 4 TT (P ,F¢
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SEARRXIFR S TR AL @, o F o HARL T T AL Y 3452 58 4[] 25 A HE
((/J”/I e ’F¢”1”z"') - 2 (¢”,1 o ’f (a)sb”\”z'“

= N s | (D) (4.2.5)
HIAT 25 Bk — AR F IS R LN 7 (D ok HAR I 7 L 4R U 76 Bk 7 B8 N i
F f () S BRTEAT LS R R A 25 5 AR A AR ], 3 1 9% — A~ HOBL T 25 B B
JLA HTHEAN Ty 0.
D F 4
F= (s Fgn) =N, [, (4.2.6)
BRT 17T g0 &R AEED L SO TFEIC N

fkk - (gOk(Q1>9]é‘\(1)§Dk(Q])) — (QDL a]{‘\@;«
JH:HT’/\J‘(N_I)A*AJZ%E/JiE%ﬁﬁj‘j(nl 9Ty 9t 9N ). %faiﬂ f(l) Izj ﬂi
T AR AR TC 5 DA B 4% BORE T A B IR A8 H — 1, 2 (4. 2. 6)* I3 AT BT ﬁklﬂ’]ﬁ@lﬁ

(N—D!
il ny ) (g — 1)1 e

A 1t
IER
F=N- EN! Z (Z:]nk_i);)v anfk, (4.2.7)
2) F ByEXT A 5 T
ERVIARES R E — Dk 28 Tl
(Pt 1y 1y s o )= N (i ety e s LD ) (4.2.8)
AR HRY kLT 1”?“%*43&? o MIERE AT ¢ E’Jlﬁﬁﬁiﬁﬁiﬁtﬂ 2.8)

A k. I BB TR SO MIAERETT R £ MITER (4. 2. 8) X Fh ST Bk A

(N—D!
vl e (g, — 1)1 e

Wi, R, 2 (4. 2. 8) B R SR B T N
R _ | ees _
N ol — D (CRE=yrn _— (N—D1 fu = SO T Dt

NI Ve — DY

(4.2.9)
DU HEW , e RS B (4. 2. 3) 3 3855 T 7 sk 758 10 46 o0 45 50
(4. 2. YFIC4. 2. 584 —PBE. e %18 F A IR 4. 2. DA LHE
F = (eonpee \F\ RPTTRIED!

— Zfa,e<"‘nk"'n
B

— Efm@..m...n’_... lala, | son e
.

I TP N




FIH 419,04 1.18) = D) fu Commpmenyees [y | oomeeeng o) = D fuum,

KR L 2. DA, Kk F s ot
Cooe (g — 1) oee(a, 1) oee ‘ ﬁ ‘ RIS FRIS

v | v
= Zﬂ:fu,a<"'(nk*1>”'(771+1>'” \aﬁaﬁ ‘ ORI RIS

— Efaﬂ /18, (oo Gy — 1) veem, oee ‘ vty — 1) o) M&%
f

= /G, +Dn,fu

KR (4L 2. ) ML SRE TR HTREIE W] T 75K T8 % h Bose THAIKE T F 1
FarA 4. 2.3) BWIEHHE.

4.2.2 —KEH

_&

G_ng,b) (4.2.10)

zE% LY & (asb)=g (bya) Z . G140 BT 2 18] B PR AH B4 FH B & F ok 2%
LT GO ISR AR A4 SR AR 0T B B R T 2
;mlyo TS G R e S HEX T TS 58K JE F Bose %Miﬁﬁfq
FL P R B (4. 2. 2) SR IF, SRS 18 G fa AR RN R R A Ok R TR
AT,

D G WF¥E

F T8 X RR I SR 3R (4. 20 2) PR T B b 0 58 4 S 24 L1 GO AT AT 7 A
LT A8 A Xt B A L T LA R AT T Pk ok — R [ A0 (1. 2) k0§ e 5 T 3
fH, SRJG TR IR FXTHECH N(N—1D) /2, ]

N
G =y sGhp) = Zw 8 @b )

SNIN=Dy g g0 (4.2.1D)

TEBE PREL @, - BT R 1750 27 B b i kL 125 W] USR] ] LA
AR .

(1) Je W4 T BT AL B T ) 0 R — A1 g 5 55— A7 g

BEE <D R (N=DMRF A G —DAET ¢ & e — DA T
o 25 BT LU ATTIBOAS AT RE Y SORL T 25 1 T KRy
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(N—2)!
nl oGy — D ey — D -

— Xt G 1 TRk N
N(N DIDJ
12 N 23 (PLe (g1, LD P Loy (q)++])
. PP’
Hni!
_N(N—D (N1
2 Nl S m! Gy — D ey — 11 e

(23 (Q1) Dy (Q1)
Cr (Q2) D' ((Jz)

Dk (Q1) Dy (Q1 )

.2 (1,2)
gok(qg) ga,y(qz) +

<
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ER LR, EAEXT f T, EXQQ*E%%E%E |3$ (one-particle density
matrix) 40T

G (r—r") =(@, [¢" (rys)gr’ s [ D) (4. 4.21)
expl—i(per—p «¥)/k]
:2 Opp M p
g \V4 N
pp
:2 exp[—1ip (r—r/)/h]l
P \4 o
Ry A%
. N | i . o
G, (r—r") —Jo (Znh)gexp[ ipe r—r’)/k]
ko . o /
= IVJI' sin(klr=r'[2: 4 (4.4.22)
21 J o /e‘r*r ‘
Hb by=pe/h. 2 =k |r—r" |0
. 1y _ k¥ sinx — xcosx
(’\:(‘r r‘)727{2 °
FAR A 419,45
G. (| r—r ) = 3n sin1t—31'0051' (4.4.923)
: 2 x

G (Ir=r")|n/2

[0}
N |

& 4.3
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EBE [ r—r" |0 P 4.3 TR ASHMELEW] 2 20 (B r—>r)) BT,

2
TEMAR RGO T A — PR TR ABE s. =1/2, 1M 53 —FR 7 A ig s.=—1/2.

~ R ~ n _i R 2l N
G, (|r r\)~2[1 Ak r\>]~ (4.4.24)

2. BT RIS

H A Fermi FEARR A TFEE |0 oRAE r S IRB BT (HIERN
SO R B AE ¢/ s R 30 55 — AR F CABE R s IR,
B Grs) | = |O(r,s. ) FRIE AT N s. — DR FIE r SR
JEBI N — D AR F AR R RIS, EILE T R B F CABER R 5O TE ¢/ s 155 )
(D(r,s) | ¢ DY D | @rs))

=D, | ¢" (rosH¢" S DG D Pras ) | D) (4. 4.25)
AR 4. DICAEZE N
%Z (D, |ay, agragray, |9 (4.4.26)
\4 pp'aq’ ) ) ) i
8 1 TR A
2
(%) g (r— r) (4.4.27)

8.y (r—r" ) FR R =R F G B 2K 38 (two-particle correlation function) , JH Lh %1 i) 4
ABLTF AR (— AR F A EN s 78 r s B — DR FAE P AL AER 52
Xt F s AU, R (4. 4. 26) Tl p'=p.q’ =q, &M FEICH 0. Mt

2
(%j g_\:_s’: (I"— r’) = ‘%2 <®0 ‘ap‘,:atl‘,':an;ap_\: ‘@()>

rq
= i22’717"«; =n,ny (4.4.28)
\4 pq S c
B n, =n,=n/2, 0L
8.5, r—r) =1 (s. £ 5D (4.4.29)

EFRW AR r SR AR T CHBER R soO T H R BHE #8325 — ANk T (H e
LA sOMMER S | r—r | BT 5. 7550, Pauli J5 B R 176 A8 45 25 ] 19 20 A5
WA BRD , H45 1815 2 LG AH H AR A SR 2 14 2 1 1 B AR ).

X sl=s M4 % & F] Pauli JREE. 7ER4. 4. 260, @ p=q X p =4 .
WHERETCH 0, B p=p".q=q .5 p=q . p’ =q I, A H 5Tk K1tk

(D, \aﬁa,,*aqa,, (D) = (8, 04y — Oy Opg ) (D, \a,fa,,a;aq |®@,)
= (8 Bgq” — Bpyy Oyt Y1y e,
e LA
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N2
(%J g (r—r") :‘%E{l —expl—i(p—q) « r—r)/h]}in, n,
Pq
2
= ’?’j —[G Gr—r)7 (4.4.30)

IR LR 28 (4. 4. 23) ]
g, (r—r") =1— 796 (sinx — xcosx)?
o X

x =k |r—r"| (4.4.31)
WK 4.4 Fran,. Y s.=s 0B, B4 Fermi T & i ( ‘r—r/ ‘*O)Eﬁ*%%f] 0, X J&
T o B S 4 S5 6 R PR Y S e, 3R B A e SBCIn) AH [R] (9 B A4S Fermi 2 [A] 78 A&

P 23 6] B — A HE TR 1 ik 4l g & 5 ) e S0

& r-r'])
T

Irr'|

B 4.4 = Fermi T JH¢ pR %k

4.4.3 ZHEERALTERNTFSEER

Vel Xt b, % e CA B AR G B ekl 74 s n 2k &, &It Bose & & 4k
TARE
(@) = [n, n,, ) (4.4.32)
WL TE A bR 2 8] B9 43 A1 5% FE R
(@] p(r) | @) = (D] " (De(r) | D) = %an — N/V =n (4.4.33)

52 R 7R R LM Fermi PR R (4. 4. 20) TR AHH.

R TR IR B W] LATIORE , AT N 5 Fermi FAR RBAHE. W,
£ 4. 4.26) R (4 4. 2D B R EX T Fermi T 8% Bose T #83& M. EXF T JE A e kL
F TP a, alagay | € A% p=p .q=q'H p=q .p'=q¢ A A K 0.1 p=¢
i pFq WAE VR X T pFq 1EO TR R A

(A —8,)0[8,, 8, (Plajaaa, | P+ 8,08, (P|ayaa,a,|P)]
— (1= 8,0 (B Bag + S Oy Yyt (4. 4.34)
XF p=q. T KRR
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Opq Opp Ogq (@ | apayaga, | @) =8,48,y 84 (@ ay (apa, — Da, | @)
=0,g Opp Ogg1, (1, — 1) (4.4.35)
A4 2 MR 2R A TR (4. 4.3) ]
(@l o (Mo o elr) | D)
:‘%Z/exp[fi(p*q’) cr/h—i(qg—q') «r'/k]
2
e [8,40,p Oggtp (11, — 1) 4 (8, 800 + 0pg' Optg — 8pgOpp' Ogg’ — Opg Opa Oprg D 11p114 ]

:LZ En,,(n,,*l)-ﬁ-Zn,,nq
V P pPq
+ Zexp[*i(p*q) « (r—r")/k]n,n, fZan,}
P

:(%Zp)n,,j(%gnqjﬁt ‘ ; %exp[f ipe(r—r")/hln,

2

2
12
*‘7 - n,,(n,,+1)

=n* +

2 %exp[f ips (r—r")/k]n,

p

53 (4. 4. 30) (Fermi T2 2 Wi AR ZAE T .50 (4. 4. 36) a5 — 5 g + 5
(LWt Bose T bR B B X FR M) L 10 28 =303k A W] LLA £ Bose T AL F [ — 4>
HUR T2, & Fermi FK R T A ALV, 143471 5 4 491

Bl 1 T4 Bose THI4L T 7 — A Bk T4 (BT po) WK (4. 4. 36) i fb Sk

N(N—1D
V2

—%Zn,,mﬁn (4. 4. 36)
P

n’—’+nz—\%N<N+1> - (4.4.37)

Bl 2 Bk FIEAT R Gauss Y,
np, = Cexp[—a(p—po)*/(2kh*)] = Cexpl— alk — ky)?/2] (4.4.38)
WA AE po, C HIH— B F. B — R Voo (B FF N/V=n K& HO, MK
(4. 4. 36) i Ja — T CHUA — SR ATS) FLRT I /NE 2 [~ O (1/V) ], il i %5, 5K (4. 4. 36) o
ZWid B BT
(D" (D" (e elr) | @)

2

d3 4 2
=n’+ Jipexp[f ips r—r")/h—alp—p)/(2h)]

(2mh)?

2

=n* +C* 1 3Jd3k expl—a(—k—k)?—ik« (r—r")]
(210
=n*[1+exp[— (r—r)?%/a] (4. 4.39)
é\
(D] ¢ (D™ Ge(rHer) | @ =ng(|r—r |) (4. 4.40)

gClr—r DBE | r—r | 8L T 4.5 . 2 (4. 4. 39) T4 Z 303k [ % o 510 38 3 X Bk Pk T8
BB Y | r—r | >0 0 gClr—r D=2, 002 | r—r | oo 8 T, g r—r [ )—>1. X
F I AE AL bR 25 (B A4~ Bose A HAASE L A3, 5 Fermi FIELF A (LLALIE 4. 4 518 4.5).,
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&(r-r'))
’ \

|r—r']

P 4.5 TG B HE AT ORI B AL

4.5 Hartree-Fock H &3, 7 ki 145 Y

ZR T R K Schrodinger J7 4 B A% SR 52 PR A W] RE Y. 52 P 1R) A L
i SR FH Rl ARUAE B R S AL T3 T . 7 3 S AT DU R v, IO )™ 3 B ST
KL AR W BESORE 7 7 £ S - 337 Pz L T2 3 2 SRR R AR T B
PPt (— R, i A5 S 37 0 RE 5 BV D o RIGRE 22 [ B4 R EL AT FH A A P RS b

...............

......

tion) , R BEAE - 12737 v S e H o8 9 AL - 22 8] (9 AR LA T L 2% ik 2.

4 )@ HL A b e AT B Rk SE R A B Fermi AU AL (5 1,14, 4 15). X
Tan A F A A RE A 18 2 AR A B (5 T, 4. 8 ). i B i g e AR
AL o8 B W o0 R A2 vk B RS A R AR L Y (5 1,9. 5 799). J 1P i L S AR A
AT U Hartree-Fock F A 7 R J5 8 LIk X4k )32 I F IR 7 ¥ 5%
BRI TH5, dE a7 26728 o3 R JL Al 19 Hartree HIG S L. O 1,14. 1.3
Tk 1. Hartree 75k, AR T Ko 4 [A)RL T30 o BHY 38 42 % R 1. Fock Xf Har-
tree Jr XTI T B U T Fermi T 2 K 2 2 58009 S8 S W BRRE. F 3% 1]
KA Fock B G . WA R AR FHGR S K iR Fock 75 ik 2R 75 (8 1.
BB e A7 — A BIE R B, S TE R F AR A hR R G bR TE.

g N A4 Fermi T2 WU 20K &, Bk 7 Z [ A (A B AF ], Ha
miltoniE F /R N

NV AR e 1 -
H= isz,—i—ZEV(r,-,rj) (4.5.1)

@® D. R. Hartree, Proc. Camb. Phil. Soc. 24(1928) 111.
V. Fock, Z. Phys. 61(1930) 126; J. C. Slater, Phys. Rev. 35(1930) 210.
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B2 AR Z IR U pR ISR 7R B 37 R U R AR o, RS BIE X, IF 1 S s 4 e X B
P, Bl 2R i Slater 7751 2 1) T2
D Cqi) ¢ (g2) == i (gn)
1 9:(q) ¢(gs) = ¢ (gn)
JNT s . :

W(lsZa“'vN) -

()!1\'((]1) (,b\ (Q) A S!}N(QN
¢ FORIEZSIA — AL Y R T35 oK. A8 IR 2R B R BOR N2 T L -V 2 (E

H= (V,H¥) = — Z%Z)de; (r) V2, (r)
+% > Zﬂdrdf’gbi ("¢ IOV g (g, (r)

—i Z EJ deddg! (D¢ GOV g (g (F)  (4.5.3)

XHEOEREMEEN 'ﬁﬁ%mﬁ&%a@ Bl H el O A B E B A
JE R R T2 o (0 DN > 8¢ s 7 g 8¢ TE AR IE I —
b 5%

(isg) =1, i= 1.2, (4.5.4)
Z N ER H OB AE CR AR AED L B
OH — D Je.8(¢is¢) = 0 (4.5.5)

e; N Lagrange 3 F. F| = (4. 5. 3) , A 3K i}
= & J ) ,
0H = sz dedg (r) VEgi(r)

+5 2 Eﬂdrd#{[wi (Mg G+ (g GH IV (g ()}
i#j

— % > EJ dedd {[8¢" (D¢ (P + ¢ (D3¢ (P IV, (KD (1))
S T
h?

= Zjdfw (r) VZ¢(r>+22ﬂdfdf 3g (Mg, KDV, (g, (7))

- > EJ dedd' 8¢ (D¢ POV, (P g, (r) + 5L EE 5 (4.5.6)
]

(4. 5. O RAK (4. 5.5, FBH 6¢" 5 o BALER, UL T 15t T35 8 &
E’Ei@%ﬁﬁ

2 V(e Zjdr G (FOVY, (g (F) — ZdeQpﬁ OV, (KD, ()

JCGED (£
=), (r) (4.5.7)

IEEY Fock A%, 5 Hartree J7REAA L, AR Z AL AE T30 (4. 5. 7) p il
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BT S REAE A SCHI B R R T I e AR A S 48 St B BT 5 B0y (4L 5. T
UL A by LT TS Tu}ﬁmz PR =i B 0 ARG 3. 7 AR (4. 5. 7)
J(FD
A M5 R
*in/J(r)—l-JdrU(r,r Y (F) = e, (r) (4.5.8)
H
Utr.or') =8(r—r") Zjdz‘”V(rarﬂ) [, (P |2 — DIV g g (o)
(4.5.9)
RE S P P O B AT AR AR AR R 2 TP I R B )
o(r'sr) =<(r|plr’) = E<r\gb_,><<,b, r'y = Zgbf (r'¢g;(r) (4.5.10)
HXT 7Tk
p(rr) = D) g, ()| (4.5.11)
AN X 56 TIE

o =0 (4.5.12)
ES5]

(rlo*|r" :Jdr’/<r\p\r”><rﬂ\p\r’>
:de’fng; g (Mg P ()
ik

:E&kt/zj(r)(/}f r) = Egb,-” (g (r) = rlplr’
ik j
2 (4. 5. 9 G R
Ur.r) =8(rfr’)Jdr”V(r,r”),o(r”,r”) —Vr.Dplr'sr) (4.5.13)

A B BRI A — A i i RS R B I 18 250 A 25 2R 0 3 UL R JE A 2 4
(Hamilton 1w WF L8358 53 £ 22X 1 4k 7 Eﬁ@ﬁ%%ﬁﬁj&ﬁ@ﬁ?)lfl?ﬁmgﬁi¥
OB H ok R . ax L HT 3 — A I 80 B, B Wick s 38 CUL A5 R B 59,
FIHIE S AT DU AR AR R o i) SR SR04 T 4k ok, O S 2 9 AR BT 43
i FROR K.

e I i AP 2L, Hamilton # %R

H = ZT atay +— ZV/ varalaga, (4.5.14)
K V... IEEQX&XT*?HCTEI’ 41ZIK*HE1’EFH%EW7E[J 4.3 77,4, 4. 2D ], B
Vo == Vuvy =—V,w =V, (4.5.15)
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W )RR Fock LA (WA KM ) % Wick & B
afatava; = (lafa,y | afay | — afas | alay | GEEHEGT

+(lafa,y|) v afay s+ (lafay |) 2 afa, (— YR 43 4 )
—(lafas|> s afa, +—lalays|) ¢ aja
+:aa aya, + CEFIRFIN, 090 48) (4.5.16)

RAK 5. 1D R Ve BIXEFR M (4.5, 15) 7T DU Y, 58 4 4 46 00 CHR 8K
TG0 w4 9 0T A B ] — T 2, — U G A 0 B R A 3O T iy 4 0 mT A ] —
B, SR 5 FIH

tafay = alay — (|alay | (4.5.17)
S EE v 0T SR IR TG 4 T ATk — B 2 4 FF 5
H:fIEHC,waa\xwa\ BT

+2[T +2V cata,y ) Jala,  CAMRERTD

+ wa tajalasa, Rl 4 — RIS (4. 5. 18)
Lf*%ﬁﬁmﬁw%m%% F B,

iuﬂagﬁﬁﬁﬁﬁ?kﬁ'a\ AT 0. T TR H o 3 0

T+ 2V afay ) = ed (4.5.19)

WA 15 2 97 8 2 Ab . E 7 H Fock J7 2.
5] ik 2 4

o, = Claga, ) (4.5.20)
N Fock I M5 A%
T, +U, =¢d., (4.5.21)
K
= ZV;MWP//,L (4.5.22)

Fock J7 (4. 5. 19) 5% (4. 5. 21) ) 1 14 FE & W1 6 (9 . A 7 B ot th 30 T Fock
P2 A LA )

\>—Ha+‘0> (4.5.23)

X 0) RN (bare vacuum) , \>F”H§/T Fermi [ 2 N () T 45 Sk 75 H 2
WokL 72U RS (PR 5 NI 258 W . 75 Fermi T 2 F M BB T2 .. - FiC
MFermi {2 EAICH Lm, ), {HEﬂLLEbﬁ*J??}yLﬁ TR fi Oy 7
(4.5.21). X H BB %R (iteration) R EZE L BT, G iA8 HE.
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>k A Fock 3, 1|

N

o = aiay ) =38, >0, (4.5.24)
=1
B
12 NI
1
o0
N 1
0 0
TS
o =0 (4. 5. 25)

£ Fock e, 5 8RR
N N
1
EV/VIV{O/ 1Oy *772‘//“//”/ ° tuzalli ° BWZSH
i=1

oV oy i =1
:f%zvﬁﬂ.j (4.5.26)
M Hamilton 83N
H=Yeala, —%ZV,,,,, 1V =H, V. (4.5.27)
o S
e, =T,+U, =T, + ZVWM 8,y 208, = T, + ZV,-W
a ] (4.5.28)
Vies = LZV;»W taja asa, ¢ (4.5.29)

Ve — I R SAT . FoR 1 Z 18] B A3 AH AR H (residual interaction). 7E K %5
@T,WVW. =0, MAEMER T V. FEIEARE. ENIER L TE Fock A
IE‘VE\;EP 9Vrcs%ﬂz[ﬂ%%TeH’\/Hov

H, = Zeuafav — %ZV{,-,,, (4.5.30)
I, BEASRE BN v (]
E, = (|H,|> = Zv;eézjv (# iei) (4.5.31)
A J
[H.al ] =ea; [Hysa,] =—ea, (4.5.32)
KR Ho &M SHRER. Hl, A — Dk f— D28 (ph) I il 8
a’a;l”
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Hoaja;|) = (Ey+e —eDaja;| (4.5.33)
M2k F-25NCpE a'a,aa; DHNBIBEEARIEMEN E, +e e, —e—¢.

i3

1 JEHFEAR

SERF ALBLCL D 04 Fermi T 4 W0 51 46 5176 & B ABCD - ) T ML B! Cnormal
product) ity : ABCD-+ : ,#HLEWT :

(a){’EFFH:E’*AJ:%J 0 E@ﬁ?ﬁ“ﬁifﬁ AN 0 WA A AT

KT AL A PR 3 EE
i) ﬁ*%ﬁ?jfjﬂﬁﬁ (bare vacuum) | 0>, B, TE BT B 2 SR 10 388 0% B8 45 i A A 3 L 7
A AR 230 B

daj ap aa‘a,;
auaﬂ‘ =—aga
a;ra; t=a,ag
: a+apa; =:*a:ra;ra,; = a;raJra,;

(i) W E AN Hartree-Fock H.25 ). % FH N 4 Fermi T4 KR,
)= |ijkeey= Hur\m

X Fermi 2 F A N AR FRICHN i j koo Fermi B2 F SRR FHIEHN Loman,

a/l) =0, a,|> =0,
1M 2% & #] Pauli JRH,
ail) =0, a|) =0,
o =di s a =a;,
]
o =aisa =a,
Iy

a,|) = 0CRIE v 1E Fermi M2 b .82 TF)
I B T A e AR A A4 kv UL ) G, 81 4

tafalaa, =: afa-afa,,, t=—a/a/aa, =—alaala,
HEHEMNBFHRFREH, LEE?E', ai Wa; ZHBAA o [>=0),FF LA
tajajaja, r=—alaala,

2) 45
N [
MANELE A5 B #“45 37 (contraction) , it WAB, & X K



[
AB = (| AB |»
B AR AT T
[ [
: ABCD++ := AB : CD--- := (| AB|) : CD

r

] —r
: ABCDEF *++ : =—: ACBFDE:+ : =— AC BF : DE+-- :
=—(|AC|>(|BF|): DE

AR A I LA R A B AT Z [ AT, R 0. B

....... SR T
a;af:ﬂa:faf‘):(), a#a,:ﬂa#a,‘):()
3) Wick % 32
8 Bh T 1F R0 70 AR 45 I ME & L B ARE R AR AT LU R AR B Ty A X @Vrﬁ,ﬁ\%ﬁf@fu@#im%
SIMED A 5 AT, eTHE A B B IS . BT IR AB 4 ad He v AF A IE IR RS
e Bl — 8,28 C(AB) L]
AB =: AB :+ C(AB)
At A ART R | s AB | D=0 CLAB)=( | AB| )= AB. ik b
AB =: AB =+/’;3\
B — S O B — A Wick 5@ P CA] F IE 99 5530 BH L A
ABCD+++ =: ABCD -+ : ORI R

|

[ [
+: ABCD--- : + ABCD - tfoeee ABCD-- :

4 . & — W4 I 150
i )
+: ABCD=+ i o (& A IFBD
+ - % 2048 31150
il
— I —
ABC =: ABC :+ ABC — ACB + BCA
X — & fE T
afataya, =t afaasay ¢
— — — —
+afa, tajay ++afas tasa, t—ayay talay; t—ajay talay
[ B o
+alayalay —ajayalay
98 LA T AT . LA 58 S A AT R o MU L0 46 7 4 15 2 F
FHIE LA 0).

4.6  XFSREE, BCS U sR%K, R T

Z B4 A Fermi TR R B HLF 2 [8] 45 X 41 B 4E FH (pairing interaction). ¢
B — A 515 O R b T RE S e, b —HE TR I L RO B T2 v S LA )z i 2
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v(EE N — v [EE TREH V. %K & 1Y Hamilton 8 £ R K

H=H, + Hp (4.6.1)
H, = >,e(aia, ta'a) = Dei,
v=>0 v=>0
Hy =—G>,S/S.
pav=0
S, = a,faia S, = a.a,

H,, 2y ¥k F#4r Hamilton &, Hp HXTHEAEM 2, = (a)a, +a' a,) KR FRE
Pe, LR FEEAT,S, S, B e, b aPRFX A RN R EAT ,G=>0 R Xf
JIIRE WG] ). X g Je — IR LR A AR R U (non-locaD Al B4R HY L 7 5 88 07
15 AR T7 0Cry —ro) A ARRLZ b @, (H B X 33 B f7 20 9 AR ELAE FH I 207 &R
Schrodinger J7 F# 19 ™ 4% SR A, — M Ui ke 2 Bk IRIXERY , 75 2k IR U7 6. DL
i e P i [V T SR ER S AR R
TR R A B 25 I U o B (BCS U s A0 CHCH
o= W, +v.sH|o (4.6.2)
U+ VE=1  (U,.V,,5%%0 (4.6.3)
Horh v, (8l U E 728 43 2 80 10 B B o B80T il 5A 10 25 OB T B0 AS o B
99 A IR] 33 RORE T B B0 1R 2S5 EL A R LT R S BRI R A AT AR AR
TE A I T LB SR 7E [0 B FRT 8 N = D04, B0 F 1955 Tk R 955
R FHC N, o B

N =<0|N|o>=N, (4.6.4)
BB TR 46y — A e P L B2 50V, (U, f
SH — AN = 0 (4.6.5)

AN Lagrange &+ JIb SE1HHE H 5 N. A AR HUE %

O B, 3 ERT S EARES | p) 4 | — p) T AR A Bl xR G FR AR 2 D #3 ok T Y
FAE GO ARTEDS | .05 |, —Q) T g i 1] S i A

@ il EMT%S B RE IS A ML Z 4. Z 1. A, de Shalit and H. Feshbach, Theoretical Nuclear
Physicss Vol. 1,Nuclear Structure (John Wiley & Sons),1974, p. 289. Bi¥= . PMIEUN , B 7 4% 45 4 B i
R RHE AL . 1987) . p. 260.

@ J. Bardeen, L. N. Cooper and J. R. Schrieffer, Phys. Rev. 106(1957) 162; 108(1957) 1175.

@D A o=Vv/U, 0 0= (HUW)H(IJH,S;) | 0)
4 4

= ( HUP) (14 206,57 + Djee,SisE+ -0
o v Vit
e TS — TR TORL T ARS8 IR R A — X R T RS L A = WA R R T RS - BT A
BCS PR I 1) 25 190RE - 8502 A6 E 1.
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[A.BC]=[A,B]. C—B[A.CL-

[AB 7C] = A[B9C]+_ I:A’C]+ B
DL R Fermi 7 A FNEE 3 B4 19 FE A XS 5y XL 45 S ik W

[7,,S/]=23.S/
[n,.S.] =—125,5,
[S..S/]= -0,
AT L ©

N =2>V

H =225V — 6 ZU,VV)Z
JIv LA

H' =H=aN = Y26 — Vi =G| ZULV,)Z
S ER (4. 6. 5)0H =8H—ASN=0, ] /RN

D gg/avy —0

OV, BALE AT, Fr U

doH
v 0 G v

A6 TDfRA 120,18

2(e, — DV, — G( ZU#V”) 3;7/
hx4.6.3).U=01—-VH", FH

Wwv,) =0

dJ _ i R TSR Vo R 2 \r2
W(UyVy)—Uy—l—Vy ﬁVv(l VOV = U —-VH/U,

N=2o|f.J0r =20 TTW +V.s)# . +Vesi) |0
P ” w'

=>0|U, +V,S)R U, +V,S/) | 0= DIV |8, 7,5 |0
p y

H
#

= DIV | S.(Si #2850 | 0) =2 > V2

H

H =D (| A,]00) —GD1(0]S/S, |0
; p

=220, V2 =G240 | (U, + V,8,08 (U, +V,S§) « (U, +V.8,)8, WU, +V,$) | 0
; p

=23 Vi =GO U VUV, =236V 7(,;( EUvV,) )
5 p ; 5

+ 178 -

(4.6.6)
(4.6.7)

(4.6.8)

(4.6.9)

(4.6.10)

(4.6.1D)

(4.6.12)

(4.6.13)



AR (4. 6.13),FH4
A=GOUV, (4.6.14)

4EH

!
2(e, — VDU, V, = AWU? —V?H) (4.6.15)

(AWMYME, WG E R AMH U+ VE=1,15

(e, —DUV? = A*(1 — 4UV?)

Al
UV (e, — D)4 A"] = A°
é\
E = /(e =0+ A (4.6.16)
75
2U,V, = A/E, (4.6.17)
AR 4. 6.15),1%
U, —V, = (, —D/E, (4.6.18)
BA U +Vi=1,01%
5 e, — A g, — A
v = %[1+ E, ]_;[1+ m}
o L (4.6.19)
Vi %[17%]: 2 [1 N —I—AZ}

B RP BCS iR 9% Rk, 20 (4. 6. ) IS U, A1V, . Horp g A1 L Bl A
5A0HRXU6.HO5RXU 6. 1OE. XU 6. HOE5RU. 6.9 .8

2>V =N, (4.6.20)
B
e, —A
2[1 r lz N, (4.6.21)
; S, — 07+ A%
4 6. I DAL 6. 14) .17
1 _ 1 _ 11
=3 ZU”V” : E & (4.6.22)
B4 (4. 6.16) .73
I L -1 (4.6.23)

25 e —a +a G
TS EMN Fermi FIRR (N, @) RIGHR FTRESL ¢, W mtEN,
(4. 6.2 (4. 6. 23 BRS7R R, TTEH A AT A AOME. SRIEA A (4. 6.19), B
AR U, A1V, N E H BCS 3R I i 8. (4. 6. 2).
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2 (4. 6. 20) AN KE B, V3R BB T BB G e, BORE T X5 o5 i B9 BE R M

.......

A—>0(A Y E OB IS e . st X 4. 6. 19, A
) 19 €, <A
Vi =

0, g, > A
Bl e, <<A [ BB T A 20 58 4 BlORE 7 XL L 11T e, >4 MO RE RN 58 @25 . X Fh 4 A
PRR5E A W Fermi 7347 (] 4. 6 HRL T %), BTLL A HA Fermi RE AR L.
TEA X FTE BB T (GF0) ,Fermi K R HYHEL | 0> V? Blie, B NIA 4.6
SLER TR, G @KL VE W B 52 & IF Fermi 434 M1 7 .

(4.6.24)

7
1 ______________

0.5F

P (-

&l 4.6
A LUIE I 78 [ 048R R PR Bk I8 N
AN =[(R =N =W =N =2 Yuive]”
:A[Z m] (4. 6.25)
BIEH TR BCS ik A 3t 77 e | S (9. 4k $0AR K (N —o0) i), AT iR W]
AN/ No—0 0RO 7 1Y (R E A = 5. BT L BCS 7536 X T 4k B4 J& i
)T G I — DR 1 B i
ARJIT T AR 433 b BRAA ZR 04 RS L AH X Uk LU A B i Ak 3L R AR 0 L
B, Bogoliubov? 5 Valatin® 7802 FiE— 4 &R T BCS Kk M5l T
BTk T A8 5 (3 FR Bogoliubov-Valatin Z84) , F R F 30 & W AR & 5k 7 8 i
TR R B B 4
af =U,a —V,a,
a, =U,a, +V,a, (4.6.26)
U +V: =1 U,.V, 5

@ N. N. Bogoliubov, Nuovo Cimento 7(1958) 794.
@ J. G. Valatin, Nuovo Cimento 7(1958) 843.
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s fRiic N
a U, —V,\(a
(av j_ [V» U. j(j
o (o) MR F = A GRBO BAF. 2R (4. 6. 26) Z i
a =Ua! +V.a,
a, = U, — V.o,
R4 Fermi £ 77 £ AN W BATF o va. a” va, AR O 5 2, 45 55 10k B iR 7
A RV VB S A A i A TR 1) S X6 B 2K
lavsa, Jo=08,., [asa,)i=[al sa, ]L =0
[a,vay J. =190, [asa,].=[a 0, ] =0
Fﬁu %ﬁ@(zt 6. 26) % — > IE W 25 4. {H 75 e 28 %ﬁaT LAY 'ﬁ(ﬁf*ﬁ‘é&TT AGLR

(4.6.27)

(4.6.28)

............

............................

HFE A5 3E—4 Lagrange e+ A, %
H = H— AN (4.6.29)
SRIGTEFTR I H B ARGEZS R L ik 7280 S (8 N 5 T 1k &R 1 S bRk 50
No i A f{E (S (4. 6. O A4 6. 21)).
L 6. 2D A (4. 6. 29) IFFIFH R (4. 6. 28) AT AL IE ML FLAYIE 28 . 45

H =U+H',,+ H',+ H',. (4.6.30)
Forpr U7 A 55 R 7 A R 8 34 1) o 3000, N 52 e i F I SR 1% H 2
A AN A I, HooJ& & A 2 7= AR B0 WS A 1 3, HY, 0 R
A 4 AUERL T R A TEEO BRI C, ], 28 R T 22 8] (0 A 5 AR FH . 38 R
SE HL AR/ T DL Z o ONBRIE 2 B 45— A4 A A5 A9 8 1 2 TR XE 1 (H
T SR AT U R R B A — 0T, D) oA O A DR R SR A T TR

U =Xt — 02V — GV G ZULVV)Z
H'\ =), — WU, — V) + ZGUVVy( EU,,V#)

—GVIWU; —VD)(afa, +afa)

® H'iw= H'w+ Hsa+ Hy
H's= — G 2, {UUE + ViV aiafaa, + UV, U V. 2afaf asa, + aiai e, + aaiasay )

v

H'; = — GZ UV, (Ut +VD[ae;(ara, +afez) + (dra, +are)aas |

v

’ - 21,2 '
H'y :7(12U;V[(11,J afaja,) +aasaza,)
P
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H'\y= >, — 02UV, — G —Vf)( ZU,,V#)

—2GU, V3 (afa) + apa,) (4.6.31)
unwg LR F AR BAE A HL RS U, f v, Ll HY, =0, 0
H ~U +H, (4.6.32)

U’ N #8000 i Hyy 2 — A 72 A T S A (I, AR M R, H 38658 09 st & —
ANBI ST W HERL AR R (PEDL R L a8k KR fifk 1. R4 0 (4. 6. 31) , HY) =0 7] &

RN (WG T Ho WREES () i g — MU/ —2GU V)
(e, — 02UV, —G( ZU,,V,,)(UE —V2) =0 (4.6.33)

53R 4. 6. 1) [FIKE, 4
A=GOUV, (4.6.34)

|
2(e, —ADUV, = AU? — V) (4. 6. 35)

A H A 4.6, 15) 4 fm. HAET , 82T = (4. 6. 16) — (4. 6. 19) BT, 5 il 15
HIEW AR (4. 6. 260) TS H U, MV, BFRRA 4. 6.19.U, 5V, R
A 5, FEEEH R 6. 2 A (4. 6. 23) 7 H.

(4.6, 3D M HY, T 05 4 R LB & HY W RAE S (e ) P iU B s —
i, —GV,(U; —V)]

H\ = Z (e, =W =VH +2G( XUV, UV} (ala, +ala)

—Z{Qi/l) }(aa+aa)—2E(aa+aa)

(4.6.36)
A H AU+ Hiy GBR T — AR E W B U2 5 7 il 3 B9 1E 2 — D JEAf
E(’EFFJE’J/’HJ?PF% E[ uitM 6. 16)]%%/3*{1?*4?5’3?}%;

.........

[0y = H(U,+V,Sr>\o> (4.6.37)

@ o,
0| 0= WAV.S) + Uau=V,a! ) Ut V,aal) |0
g

(U,‘a,A*V,LaJr)(U +V,a,a;) ‘O)*(U,a, +U V.a, u+u+*V Ua+*VZu+a+a,+) ‘O)
={U,V,[a;a,+Da; —af J—Viafata;}]0)=0
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@, |00)=0, & |0)=0 (4.6.38)
H' 45 Pl ifi 2 25 W AT 6 7R BOE R F 3k i . R h 8 R BUE R F B TR
A BB A I — MR TR S T o |00 M RO RE R B, —HER T
WOES o) o) |05H o o | 0> W WK HESHHIN E, +E, H 2E, . 7T LUE]
o lon=a; [[ W, +V.sH|0

)
+ + I +
apal |O=qa; [ W +V.SH0 (4. 6.39)
vE g v,
aa 0=V, +U SO WU +V.S |0

y
2 MR T WO SRR DL RO R WA L2 . R S ER B TR A
|00 ) i EE ST SR Y o R T & S B Bk F R P, Pauli %%&ﬁﬂ-j(blocking
effec) SE R ZM T (B EES [0 R U, M1V, B, B A R e xR T 3%
FEM HURLF BB vo » pro » - HEBRAESD) . X T 24K R LI & & (W & Fermi T fff it
(9 Bk T RE SR % 28 Ak N AR T B OD L B AR BCS J7 ¥k b AR M b BB 2E 2L
DN R g B AR B B FE RN WA A R 3 R A 5| BEAS ] A kL 7 R R DL A
48 BCS J5 ¥ A9 R s M A 0 il 24wt 1.
T FF A 500 b 7 B % SR R R AN o) [0)) va e [00) R HERL TR AS .
T o et e el [09) ik 4 MR TR 5. X F 2 40P Fermi T 410 1 R 0
FHBT BOMERL 7 BOR BOR AR, B, — R T35 o [00) .0 [0, SR F &
a aa) [0)), .

ATt QU AT Fermi 7408 691K 2 69 (602 R4 BLAA T 09
FRAE. X T EOR TR R b TR o)« [00) H53EA | 0)) R BRI 22

2E, =2 .[(e, —A)7 F A > 24 (4.6.40)

~/I\QEX."JLE:EFE(pairing.er;er.gy. g‘ap;. .
5 AESAANF] A7 2L Fermi 1 FR MRS CRLEE B2 J2 4% Bl A [R) 1) — v b
TE. SR TE o |05 o |0 fEREE N
|E,—E,|=A[[1+ (e, =D /A* ] —[1+ (¢, =1 /A* ]V*|

@® D. J. Rowe, Nuclear Collective Motion, Methuen, 1970, p. 194; H. Moligue and J. Dudek,
Phys. Rev. C 56(1997) 1795.

@ J. Y. Zeng and T. S. Cheng, Nucl. Phys. A 405(1983) 1; J. Y. Zeng, T. S. Cheng, L. Cheng
and C. S. Wu, Nucl. Phys. A 411(1983) 49; A 421(1984) 125.
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{1+](€A)} {1+1<grxr}
A 2w

*i“g*DL%Q*D”

e, — A+l — 2]

o
_‘5/4 EV‘

24

<le, —e| (4.6.41)
5 xF S AR & e e, —e [ ML, |[E,—E | M E /AT . wZ@&g%
Fi# Jiﬁﬁttﬂﬁﬁjjlﬁ%bn&%T %u#ﬂﬁﬂ‘ﬁw%mmiﬁ{%ﬁk ﬂ&‘ﬂ%

.............................

.........

BCS A4 4: & 5 % i P38 48 5 S A, Bohr, Mottelson &. Pines R 4% %
DL'E’J'QQ?"\EJL%E’J%*)T ?Etﬂﬁ?ﬁWﬁ?ZfﬂTf?ﬁﬁﬂ’ﬂTﬁ Wﬁﬁ?Zl‘Eﬂi‘_ﬁF‘

KRR F P — R @ﬁ%ﬁi’éﬂuﬁ%ﬂ%%(odd even d1fference) ﬁﬂﬁ
R '?é?:f/éﬁﬁ ﬁﬁﬁgﬁ/«ﬁt %Zﬁ]l‘m%fﬁ J??VE’JEE'Ff%XT?IiJ@?J??Vﬁ(%ﬁZi

.......

E’Jﬁﬁlﬁ?ﬁﬂﬁﬁw.XWJZIH%ﬁ@M%ﬂ%*Z%?&(“ﬁEF?S”)ZIEﬂ E‘Jﬁ?xﬁ’é&)ﬁﬂ“
(pair-transfer reaction) [ (p,t), (t,p) N 55 |8 T8 48 51 . 3 J2 AR 5% 19 A XF 56
A R, R F A T v R 4 R A R R R TP — A LR L B
J& s NTTHE BCS J7 36 A e kL A8 & B 1 2 5 F % B ie b ok L RIS
R

i B 4 & B0 S, 2= T ST )L BCS B S & — A FE & A o ANEE 5T ) B
BCS J7 9 B 48 31 J5 1% 25 14 B0 vh ok, 78 IO H 22 R 09 [ I, 0 0 48 8 Y
R . R T SR TR A Y% T R (Ao 107) iR ) DR S IR A A 4 TR A A%
FHEH (=100, BA KK, FH ik, BCS J5 i b +HORSFHE DL B ok i — &
) 5] R, 1) ik 22 £ 1 jk(SPUYIOub states) H 2L, %‘BTL?AEXT yf\ )2 I #

i 1523“: BLS??/%&FP%‘MEXEV‘éﬂﬁ&IE*@ I?@KHE’J%%%Q A &Nl

@ A. Bohr and B. R. Mottelson, Nuclear Structure ,vol. Il De formation(Benjamin,London,1975).
@ A. Bohr, B. R. Mottelson and D. Pines,Phys. Rev. 110(1958) 936.
@ S. T. Belyaev, Mat. Fys. Medd. Dan. Vid. Selsk. 31(1959) No. 11.
L. S. Kisslinger and R. A. Sorensen, Mat. Fys. Medd. Dan. Vid. Selsk, 32(1960) No. 12.
S. G. Nilsson and O. Prior, Mat. Fys. Medd. Dan. Vid. Selsk; 32(1960) No. 16.
@ D. J. Rowe, Nuclear Collective Motion , Methuen, 1970, p. 194.
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WKL L. R, X TS AR BCS J5 i R Al A5 i 06 T IR AR BT i 4 i, Bt
G/t By — SE T AN A RRA BT, O il R B 00—
MR F RS o, [0 F ol [0)), ZHERF R o o) |0)) BIRES 53518 0,
E,.E,fME,, WE,, =E, +E, ASQ5%%OR RS0 Hr W, ik 5 G 5 /Y9 3% ff
FEIIE FFANAR e AL o 3 156 W AL 7 22 i) f) A CEL AR JH 6 25055 0. B T it

Fo¥o  TTHy L TT¥ t R IR AR A AR ER A M AT e . .

...........

Wi A% AZ>225 080 Z2 A% R H A A2 E 10 B0 FRAZTE L 78§ AT A9 IR A 15 Hhoul ) 3]
Rt B AR A R (8 2 Bhaly . 3 S8 2 gyl 7 ol T AR AN [ A T i ke A8 2 B B iEkE
FHER|0), UK FE e, [OFa |00, ZHERLFE o) ) [0)) FEST M
BT Y B HE T T o J (o) o J Qo) T (o ww) - I BCS B8 AT
R— ) =T+ T — T )
JCuosve) — Ty
MR GRS SR> 1. Ah , SEBGI & B, AR T i 1 A% 1 5 sl 18t B A7 76 RS2
A 2E 8T (=T wap —Jo s Jo ;B AT F B i) 4% BCS Jr A5 (WL F vi SCik
@D),8]/Jo2=15%. ABSEE M R B, 8/ T, A AR IR Lk 7% . 3 ¢ B % 28 2500 22 A
FL% L& T ™A% 5 TR FE RN B KL RS AE D7 Uk X HERE se BB A TR L X S e
NI EN 0 ST /T W I B ik I 26 1 T B AP Ui B . B X B B A X AN e % bz - 2K
(seniority 0 s (BRI ZERON) FEE 3 f 3R 0 BYHCHE G & L &8 A HEXT 71 B9 R+ 21
SF1E (particle-number conserving, PNC) 34 J5 125 i 15 3] 1] 42 1) ] B . ©

=] ]

4.1 WA Fermi TR RN FREAG 28, R TREH e, I ZH T I e, BEHR AW
AFIEE A v il 4
S =aals S =aa,. A.=aa taa,
SS(SHONFE e, B E— X T B A GREED B . 7, FoR e, BES B AR T34, e
[S,.S/ = —”,8,
[#7,,S.]=2S0,
[n,.S.] =— 25,5,
4.2 [A] 8L ok Z 8 X 3 /E A, Hamilton &R
H= D (aa, +a'a)—G),S;S.

G JXF Iy u . WA R B — XL, SR RE s AR (25 S = O 0).

Y. Zeng and T. S. Cheng,Nucl. Phys. A 405(1983) 1.

S. Wuand J. Y. Zeng, Phys. Rev. Lett. 66(1991) 1022.

. Y. Zeng, Y. A. Lei, T. H. Jin, and Z. J. Zhao, Phys, Rev. C 50(1994) 746.
X. Liu and J. Y. Zeng, Phys. Rev. C 66(2002) 067301.

. Wu, Z. H. Zhang, J. Y. Zeng, and Y. A. Lai, Phys. Rev. C 83(2011) 034323.

® & e 0
Moo o



R PZORA LR

(a) FIARL T “REEX ", 40 904k F R ) Bk FRESR by o)l | OO Hi R (ut0) , g
He, te,.

(b) AR F“HEX” 0 | =A" |0)= 2- 551> ik A H | @) =E | ). FIH[H,

AT]|0)=HA" |0)=EA~ \O>L‘jﬁJ:DLDT9AHJ.E’JXT%TJ WIREEAIEME E i T 2UH €

IR
~ E— 2, G
4.3 W Fermi FIRRALER OISR sh. ki FREYH o £oR,j NELF MM 3 i, ok
BILH aj | 0)em=j,j— sy —j+ 1, —j, BEH A (25 + D EG I, T RA -SSR T AT e
nbz&L,ﬁaszE%%n H J=0,LEj‘7 | 7700). 3K H 7= A AT | 700> %R H k.
%
|jj00)= alwale |0) (@ = j+1/2)
TEL
ap = (=D "at,, | 0) 5 aj, | 00 WY IE] I T2
4.4 [E L&, 4
_ 1 v
S = —— @i s S; a,ma,m
Ry= Diaimam = 20 (@ + ahua)
m m=0
gnayili

[#;,S 1=25/, [n;.S;]=—2S;
[S,.S/1=1—#,/0
i 5 Bose X 5 & R L%,
4.5 [l 4.3 8. (O e, AEGL LA PN Fermi 7 A 13— 1k A4 57 o8 5T R A
1
V2 —=1/0)
(D) e, AELE A B ST (<)) o UE B I — 1 (4 30k R 50 AT 26 7%

—1/2
[k!H(l*é)] (SH*| 0y

4.6 [A] 4.3 fBL, BT Z BlIE A X F14E T Hamilton &R

H = Zejuj{mam - (Z}ZSJ SJ'
ji

Jjm

A TR — XL AR R A 1 — BB AR

(sH? |0

AT Joy= D,¢e;S) |

FIFEE 4 BEW T /956 R 2 IEW BB zMHEthTﬂﬁam
0; _ 1
Z E—2 G

B HELH. AT ACALH.AT]|0)=HA" |0)=EA" |0).[Z& 1 ]. Hogaasen-Feld-
man, Nucl. Phys. 28(1961) 258. ]
4.7 JA 43 B - R RRL T RS e
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_ +m 4
S, = (—D"""a;,a;,
S, =(S,)'= (1" a,

1. .
S0 = 7(61/7”61;,,, +ai,a;m— 1

Tk
I:Sm+ »S,, ] =25,
[Smo » S ] = S,
[S,0sS,—]=—S,-
S rx o Rk RZA
Ljesj-1=2j.s Leoje ] =jus Ljeoj-J=—1j-
(S,+ S, s S0 W R U A BE (quasispin). [Z 8 A. K. Kerman, Annals of Physics, 12
(1961),300. ]
Xt TRl BT Y Fermi TR R CGHF 18D AR T 26 Bl Ab 2. 4

S = a,a, » S, = (S,)"=aua,

S, :%(a:raera:ray*l): (n,— 1

1
2
E

[S.++S, 1 =253,

[S.0:S:]=%S,.3.

L8 WL A R T A B ¢, OO B e, —0). A N A Fermi T4 T
WRER b (N<2j+ 1) R F Z A4 % J14E 1 . Hamilton & %7824
H=—G 2 @@ i @ (G=>0)

maom' =0
(FIRTS)
-~ 4+
H=—G § Al @@
0

Ktk NOKLF R Y RE .
x4
S+= Eu,tat, S = (S+)7

m=>0

SO:%(KJ—m, N = Daan +ajan), Q=j+1/2

kA

[S..s]=2S, [S.S]=85, [S:S]1=—8S
10}

H=—GS, S =—G(§8 —S; 4+ S;)
S #& b i A JiE (quasispin).
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ESE AR

4k 20 22 20 A0 H ] Heisenberg B%E B 1% M Schrodinger F3 3h 11 % 42
25 Feynman 7£ 20 {2 40 R4 T F 12200 5 —F e ig B 0 ik =2
% B (path integraD @@ 3 AN BRI B A% 0 2 AT 254 1 7 0 24 P (9 4L 4%

-------------

%(propagator) i TE%W% Y %jﬁf‘ KIEJT Schrodmger wsh h

ﬁﬂ%}jﬁ Helsenberg Eﬁ%ﬁ%ﬁ?%imﬁ(fﬁf%ﬁﬁ%mi?X}LTL(THé’éJ}H@
Hamﬂtonﬁzfﬁmﬂ"ﬁﬂ.ﬁ% SR Fegnman ﬂﬁﬂ.ﬁ. .’.‘IEIPJ”.J'?&%U?%E?
ﬁﬁﬁﬁﬁ.ﬁilﬁ%ﬁim#Aﬁﬁ R B, 97D B B A5
A HAUBYE. Feynman $§2FUR E AR F 0 GEF RS ES)
S B R K R B — AR S & B A (time-dependent) [1] i ﬁﬁ_ﬂ
Ta Hﬂlﬂ(ume mdependent)lﬁﬂp‘ﬁ%fﬁ] - /\}i t ﬂ: ; FF'EELIE HAE R e
Tféfﬁfr%lfﬁ EERASYH BT A HEe rh AR BT N . 54
Feynman #4853 BUg v LU IR B 5E & 7 ) % 5 2 8 ) 22 1 G & L IR AT
X 28 g A 0 B A AR Cn e /M T JRCEID AT T SR 20 Y B (DL 5.2 1),

MR NATR ML F7 R 42— 28, $52 |, Heisenberg #9901 B Jy 5 (B 1
i H VBB Schrodinger LS LA TR S LRI ML
ik (local description) ], 5 Feynman A B4 F40 36 [ B 18 58 B9 — Fh B AR M 4

.................

5 B 00 5 3 39 L S f6 1 T4 I 24
BEAR A B B AR B AR 2 R B R [6) F Schrodinger 3 3 27 B0 3 77 2 k4

@ R. P. Feynman, Ph. D. thesis, Princeton Univ., 1942. A Principle of Least Action in Quantum
Mechanics.

@ R. P. Feynman, Rev. Mod. Phys. 20(1948) 367. Space-Time Approach to Non-relativistic Quan-
tum Mechanics.

® R. P. Feynman and A. R. Hibbs, Quantum Mechanics and Path Integral , McGraw-Hill,1965.

@ R. P. Feynman, Nobel Lecture in Physics, 1965, The Development of the Space-Time View of
Quantum Electrodynamics, Fi]F Science 153(1966) 699-708; ¢ iL Physics Today, 1966, Aug. p. 31.
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AR e ST b VR ] & AR R R, I, 7R 5.1 75 A el B A
Schrodinger 3l 77 2 o W[ 44 35 AL 46 5 LA AL BE T 09 A M L. 78 5. 2 b4
AR Pr By A RALL 78 5.3 W 4 Feynman B3+ 8L 8 719 20 4 2
(polygonal paths)J7 5. fE 5. 4 17 HifiE Feynman iy 420 BE 5 Schrodinger
Wezh Iy BEAEM. 78 5.5 9 o3 i 5 i H T 9 E 47 JE 5[] (configuration space) FIAH
25 1] phase space) 1 HEEHAE T 193X {0 i 76 5. 6 4 o FELBA 2 U5 B
118 Aharonov-Bohm 0. 5¢ T B2 A 73 B8 i 41 3, 7T Z M A 5| Feynman
& Hibbs 915, 48 B4 0 (1 3T 10 i Je B HL A7 45 sl v 1 B2 L T 2 ) K 25

5.1 f& # T

el i — T Schrodinger % 85 71 % #8945 #& F (propagator) & (& 1, 2. 2. 2
). # Schrodinger P8 J1% . —AMEF AR FIRE | 90 WAL Schrodinger J7
R4 H

ih 2 [9(0) = H| g (5.1.1)
H MR Hamilton &, DL FB# H AR 3#%0G. 1.D  IR R ERZ] 73R
By T Bz SO PR [ oGO TR B E -
Lt = exp[—iH{ — ) /h]| ")) (5.1.2)
WK AR bR 2 4, )
ey = G Jexpl— iHW — ) /h] ¢t
- stztl<rﬁ lexp[—iH( — D) /k] | ¥ |G
o) = JdHI’K ANV D (5.1.3)

|

KU or't) = &7 |expl—iHW — ) /w1 ¢ (5.1.4)

@® D.C. Khandekar and S. V. Lawande. Phys. Reports 137(1986) 115, Feynman path integrals:
some exact results and applications.

@ P. D. Mannheim, Am. J. Phys. 51(1983) 328, The Physics behind Path-integrals in Quantum Me-
chanics.

@ L. S. Schulman, Techniques and Applications of Path Integrals, Wiley Interscience, New York,
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PR Ay A4 1.
1. ##T eyt & L

W't H=00"—r)) B ¢ B ZURF b F AR AR ARAE S ARGEE N ro 27, B 3K
(5. L. ¢G Y =K eyt ). T A LE
UEAE vy #iCh ¢ LB B 2R T s I e 2
B FAE AR R oY =KW ). B, 3
VAT LA H A B8 7 A0 40 B SR < 808 1 5 0 1
keeeey  Z0 AT A P A CRLEAGESD W K (7D o
TELUS ST 2] ¢/ (=0 )8 b 25 ] 77 B RE % i
(probability amplitude) (WLIE 5. 1).
Bl 5.1 LR KL FAE B2 BT AN — B AR
TEZS  — M @Gt D Hiad. FE X Fp IGO0 L 1 Z0kE
TFAbF 7 R o 7D
jmr”t”,r’t’)ar’t’)de/
i R (5. 1. 3). G 1 DR FIEA IR RZ T RR X ERRE RS T,

B HORB.E O MARIES | n) WEER RS,
H|n=E,|n (5.1.5)

" g
r't

M (5. 1. ) A FRR A
K& 't = D0 [y | expl— iHW — ) /0] |0’ & ¥

= M, (expl— iE, (' — ') /618w ()

= > D, D (5.1.6)
Hr
0, (Pt = g, (P exp(—iE"/k)
AR ARG LOMEFEHR, Y ==t i,
KW'ty = D007 g, () = 8(F — ) (5.1.7)
B AR
Hamilton ft H=p*/(2m) 0k F = 4k {1 dob T BES 0 IR Sl g5 . % & H 3 it p
SF AR R BB AR A5 T LR RS B R R p (.o py s p) WISERIARGEZS , BURESE S p7/ (2m)
(% 6 9 25 7T DU 3 BEASAE () p T LA IK 53 JF3F L B

_ 1 N
¢, (re) = (Zﬂh)g,zexp|:1(p r Zmz‘,)/h:l

— ¢, (Pexp(—ip’t/Cm)h) (5.1.8)
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(L eV
Koty =" | expl— iHW — ) /8] ¢

:Jd3p<r” | p><p|expl—ip* (" — )/ Qmk) ]| ¥

d;p¢,’(r//) 7/} "'y /2mi ﬁ)<p‘r>

Jdap¢; (r,)ei/’z‘/w"”') . </),,(r”)efi/’z’”r"@"’“
J & pg, (Pt

2

1 J3 i RPN AP
— e pexp{—h [p == z)]}
o 5 T 15
”.n JIN m 3/2 1)}’[(" 77'/)7
K o) = [72%“/,7/) exp[ v ] (5.1.9)

FIH & pR BB T LIIERE 2 (7 —¢ )0 BF, XA —8G —F) . x50 1. DH—EL
FATEER X F—2%M [ kT, Lagrange 1 L=T(FfiE :%mv2 Ry SF 1E =, A AR
JHELME A1, (A 1. 11]

Sa (7t F ') :J/Ldt = %mvz(/’— ) =

m " —r)?
2 —1)
JE A 3RS, 10 9) A7 0 9 8 KR 7 T KRR expliSa 7"t/ /] bt il LU — A ER R L

TR T AR S L) e R A R A&,

i) X T 4R T . V(2 =me® 2 /2]

”n rLrN maw imw ’2 2 _ rn
Kt ,x2't") 7(72nhisian) eXp{Zhsian[(I + 2 )coswT — 2z x ]}

(5.1.10)

(5.1.1D)
==
T =44 R T VD =me® /2, AR L X d o > 2 e D
AR HAZTE T KOG SHEE AT %) 2 i, M — TR T SERBNER.

2. BAET A AR

D AL T B4 G # I (combination rule)
(5. 1.3)

ot = J 2K )G

FeATA LR ABEAG G o R S A — B (LI 5. 2). AR ¢ W2 <o, <D KT
) gb(rl,tl),J”JJ

o) = stle(r”t”,rltl Yo (rit,)
0] (ﬁ("lh)% gb(rlll)ﬁ?ﬂ?é?\:
S[)(rltl) - JdSI/K<r1f1 9r/t/)(/)(r/t/)
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AT

r',t §

S[)(r”[”) :J‘J\dgl‘/dgflle(’ﬂt”vrl[])

« Kyt o' t)Ho(r't)
5R (5.1 DM, m T
rot, -
K" r't") = Jdgle(r”t”,rltl)
. K(r,tl,r/t/)
(5.1.12)
oot I BIAL 3 F B9 4 & B0 ).
5o WA PLE— 2B ) AR LD A N OB,
5.

ty — /51‘1 sly st sln1sIN = t”
L AH L Y A A Sy
r/arl sVp 9 s FN—1 s N = r
TELE Vo BT A =1, \N— D A RLTE 253 8] AR 8y, 3k
K(r//t”’r/t/) :J"'jdgl'ldsfz"'dgfwflK(r”f”,erlthl)

« K(ry itn g ory oty o)K@t .r't") (5.1.13)
2) &4 0 Ry
iz BRI T P A A 4R P B L K (e o't D) BB ot YRR TY 2 — i
SR 1 10 PRI 48 TR T AE o 20 Ab s 18] r 8L BT RUE R 2 Schrodinger 7 R

2
ih TK (reort)) = [—*‘— VEEV@D [K G
dt 2m

a>1) (5.1.14)
1]

E ;l+i VI V@O KD =0 G0
t 2m

B, 3 F o<<d AR E X KGre o't N ESR % &, g X
K(rt.r't") =0 (t<<1") (5.1.15)
R ARK. BIR < K@t or't’) =0 W & Schrodinger 7 2. (B ¢t = I Z1, I A
i i Schrodinger J7 82, R — 6K , X FEE X IAL I8 TAE (=1 B nl g B 3%
SEARA. R H T 4 AR S = (5L 1. T ]
K(rt.r't) = 8(r—r") (5.1.16)
JTLA K Gre o't W5 2 T A0 I e .

[ih;l+h¥v2—v<r,t>]x<rt,r/t/> = hdr—rD8G—1¢) (5.1.17)
dt 2m

7 A B B R — R A (point source) BISEIH. A LLE I, K (re . r't) IE &
Schrodinger J7 F B —32% Green PR %K.
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5.2 AR RS AR

TS 28 Feynman #4240 i J A B AR D, % A SR 75 (B 5.3). 76 B
SCE — RIS PR AT R A A 5 B Z R — A2 AL 5 BT
A—FRINL C L Couee) WNEILTI 2 RE

ST A LB R B A A g
2 B LT D B 5 4 W . AT B ’
& AT AT R B L3 /NFL G RIS 1E B -t

SR E] CED C, A TR FIE S S L&
TR FAREZ 5t C, Fl). RN A & B 4 /| c
MR TS B — 0 H, WE 78 —EM  mrm

MR C, WTE B AWM S, 78 B sk |

151 EME Ry
P(B,A) = > ,P(BC,A) (5.2.1)
k
Hr P(BC,A)FRRKLF A S E. &5 G, 5.3

FLIMAE B o5 8000 75 10 BE 5. 3 20 L ) 4 A 4
fﬁjqnu{@. .................
BAE AR F T2 SR AT, 2 R Rk - B PR L Fe RS S R B, ks
FMNASHEE B & E@T%$f§¢fﬁ(probability amplitude) }y
K(B,A) = > ¢(BC,A) (5.2.2)

Forlt p(BCA)FR AL C ATIFR LT BT ON A U %, %38 G, L 1E B
St B W 08 B0 G 1 R BT B I B 1 %

th(BCkA)‘Z (5.2.3)
k

B B A TG /LK 2 L R 055 T AT 38 5 R R T8
b1 % ST K B A 9 R 0 U 7% a0 5. F AT T L AR 8 A R B
2 EEATBE T RRE AT AT LI T R Z AL GRS T —
AFRAL B AR TR T A 5t % 25t — ) T R 0 TP Ay 5 CED 28 2 — b T i
H B0 T A B 44006 08 S0 0 07 2 B P 3 (O RN A B B 10— 2 T fi
[ B UKL TN A th R T E B 01 30 MR D 0 BP9 )

K(B.A) = >, ¢(r(t) (5.2.4)

Ffir(o

P(B,A) = |K(B,A) |? =

® %M p. 188 fiTg| Feynman & Hibbs 145,
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et (o) AR T3 B (O TN 5 B A9 BESE W, 3K (5. 2. 0 5 Rl
Bt T R 02 8 AT BT 3 AP A5 T L RS IR L) BT 5 1 B o

K(B.A) = C > expliS[r(t)]/h) (5.2.5)
T A 3E
Hrp
S[r(n] = f”ur,r‘,wdf (5.2.6)

RER TR r(ON AFB E’M’EFH%;L JERLF Y Lagrange £ ,C Al 2 15
— AR HIER S WA A S 7RG 2. S A T b T AL AR T
S TC BN R X A BRAE (O IR BR T EOSRAE & S WU (R 9 28 M B 0E , T

........

S expliSCr0 /8| G.2.D)

T A B A

P(B,A) =|K(B,A) |* = |C|*

SEBR b, B A FhORT BE A9 B AR R 2 AR A A L T ELR AT 8, I LK (5. 20 7D SR A
FRXA AR Ty o S — A R XE B B ) L 76 5.3 1T A4 Feynman $8 H  £
748 J % (polygonal paths scheme). A LIIERH ,#% Feynman Y 48 F1 20 #E35
153 AL R . 5 M\ Schrodinger 3 20 g 2% BRAS I 15 45 S 58 4 AH [F]. 38 AT LB 35 3k
HIEW] Feynman #4870 B8 5 Schrodinger 38 75 B 5540, 45 51 2 » m LA %42
o p A%, 5 H Schrodinger T FECIL 5.4 5).

TEEAT B AR A0 1 BRI Z i1, FATT S % s A= AL 40 i 0 B SCgR AT — S
WL XTSRRI i 25 i A b i R R R B AR A S .

1 2 B J1 24 i) Lagrange Big T = ’%/J\f/ﬁﬂa}ﬁiﬁ%fﬁjﬂ%—ﬁli(ﬁ@%%)
H B R B AR JCRORY S 0 T 2 U WA 25 L) i e v e T T WY L (H AR 22 T

........

it A W 22 HERY ) L AHUTR] RS SR VR L X A — SR AR S R — T L B
ANy 8 ) W 3 WP — 2% de AR 7
M8 Feynman B9 AR R 58 £ T3 B A9 AT BEVEAR 2 A7 R Y. X2 ik /e T

5 Y MR E 0 S+ 0S LI 5. 4) . — e X7 WL T 1L IK 43 19 7
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RGBSR YE. OS> R BIAINL 22 8S/K>>1, BIr LAAH AR S8 A% BTk L 1% b AH T AR D7 5.
FEMER) /b OC6S) F oA A (RS, +0(59)") R 0. 4 A 3 A . 26
SBHIE 00 BTk . B T AT 3 (coherent superposition) , B {87 5L (19 HE 2 % | A AR

SR e R ks T B

I8 Feynman AW BOUL I S b (9 98 FIATT 36008 LR, ¥ n] 25 3 3 2K 59 3t
Y. 4N ok N A B B, WAE S5 A — DRI C(K 5. 5) et & R m 2 7E B 4
IAFRL T HBER. NN 25 C AR, JLIEaE C /Y 18 8% A0 DA 52 BEL 1T ol 1 5 o P9 i 28] 3k
B i B B E R U RO 5 B A C AN AF AR RO 1 BUAT B AN [R)L 2R B R L i A
WA, 5 IR R, AR R 2 MOk TR KL HUE 8S=0 Fr HLE 19— 25 L ) 5
B C AR EAERUE LR 23R A R, RS 277 A AT A

5.3  BEARRIFEIT T I

it Feynman B2 R4 9 B0E AL #EFL0 5.2 95, (5. 2. 5) ]
Kkt = C D) expliSlr(n]/h} (5.3.1)
A B A
Horp
siro] = | Lardod
JEAMORE TR BUE (O BYIZ AL R X IR BORIX S A i S OB AE i
TG EN AL S r (O =r or (D= TF W — Y fe 1 3. B — R PE XL

.......
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T EER TR (BB AR B AR AL oc SLr (o) I i T 45 P LIE 2 38 228 AL /Y L Bir LA
(5. 3. D) BSR AN AL R 13z pR R

KU 't = Jexp{iS[r(t)]/h}D[r(t)] (5.3.2)

jpmwmﬁ%rﬁ BRI (O =ror () =T F 8 — 01 5 B

AEPLIE R ALY, Feynman %}Etﬂﬁﬂ_FE’J 2 314k 38 (polygonal paths)ﬂ"] i B
lfﬁﬁi,ﬁl@ 5.6, BIHE E AR I AE Sl £ 4 23 [A] Riemann U3 B9 02 FR©,

: 7
e
\
/
¢

t

4

\

t'=t,

I
|
T
|
|
|
|
!
|
|
|
|
|
'
[
|
|
|
|
|
I
1

x

8 f----- -

& 5.6
B Bsf fa] Rl B (7 — O N 250y, % e= (" — 1) /N (N & — PR KM IE B 5, i
Ja B BE N—co,e—>0),
Ly = 1yt sty s sty 1oty = 1
L, —ti = €, j=1,2,,N
AR BB FAAR 1 =r (1) G=1,2,+ , N— D RIZELTE R & (—co, +oo), i
() =r(t)) = ,ry) = (D) =1

PREF I 2. N AR KA IE BB S A TR (i 238 3T 2D Al 32os

Sy [r(z)]—aZL( J;r“ SR ,jsj (5.3.3)
S
iil]
N—1
JD[r(t)] — CNJHde, (5.3.4)
i=1

O ST R MR BOFIEMI T 2 A4 SC ) 3CF, il A, Truman, J. Math. Phys. 17(1976)
1852, Feynman path integrals and quantum mechanics as A—>0; ibid 18(1977) 2308, Classical mechanics,
the diffusion (heat) equation, and the Schrédinger equation; ibid 19(1978) 1742, The Feynman maps and
the Wiener integral.
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Cn DR 3 HE i N—>co(e—>0) Bf B IR BRAFAE . X AE AL G Tl Kom
Ky ort) = CNJ.exp{%sw[r(Z)]} f[du (5.3.5)
K r't) = %vi%rgKf\y(r”t”,r/t/).
— % AuETOEBT
R E AR R R (7 — ) A N S (N—>c0) i B 55 /ANE: o)
ti>x ot RIPE . 83 A Bk F (V=0 B sh i sFIE , 75 055 /N B b A9 7R
O (52 MBGE TR S R S W% AL D

2
m (Lt X m
S[l'j+1fj+1 s Xj Z/:I =(j o (tj —t;) = 278(1:#1 —x)°

2t —y
(5.3.6)
[k
" . A T im — 2 )?
K(It aft ) llm(/\r dIl B dI\ lexp[ 2(11\1 X ]
5»0
(5.3.7)
ARG A 2K
. — ,
J7 drexpla(x; — )+ B(xy, — )] = a+n‘86Xp|:aa—|[—))[8(Il —1'2)‘:|
(5.3.8)
(5. 3. 7 A MR R Ry, B CRE 438 0L R 5D
Cy = [m/2nhie) V? (5.3.9
W f5 Jm Al 45
noro 1IN m 1z im (.T _.T) -
Kzt ,x't") = [Zﬂhi(l‘//*t/)] ex [Zh (l‘” I) (5.3.10)
)3 =4k [ ik
AN im (I‘”_l‘/)2
Kt r't’) = [Zﬁhl(l‘” t)] [21’1 (t//*tl) ] (5.3.11)

5 Schrodinger ?EZZ?J%*%E‘J?F%E ERAHREICO 5.1 %Y, (5. 3. 9 .

21 WNTF—4EET . L=—mz*’ ;mwzxzyﬂ'ﬁ/ﬂ;ﬁz“?ﬁ?-

pas

(=)

1/2

K", 2t = (27m) exp{ LD [ +1/2)cosw'1‘*21'”1'/:|}

2rhisinwT 2hsinwT
T="—1") (5.3.12)
X T = Y4 1 R PR T RTE 2 > e
(5 5.17% p. 191 eI Wt EE R LR
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p. 188 fIr 5| Feynman &. Hibbs 5 #1447 1R £ BAR B 7 0945 & 7 5. B, V=a+
brtex® +d 2 +exx BRI HEIG PR T L& T 5.

%) 2 HERMES V() =Fa(F R &) okl 7 G 16 7.

% BMKLTMER R

", m (1‘”*1’)2 F, ’ ” 7 }T2 ” /N3
S[Tl‘ ’Tt]77(1//77/> 7(t t) (2 +x) 24"1(2‘/ t)

nn 7 _ m n.n / ’ o -
Kt 2"t /72nhi([”*l/)e)(p{ —SLa"", :l} (5.3.13)

Z: Bl B. R. Holstein, Topics in Advanced Quantum Mechanics, Addison-Wesly,
1992.p. 23~24.

5.4 Feynman #2185 Schrodinger
W sh RS

5.4.1 M Feynman £ #1452l Schrodinger i 31 77 18

£ Schrodinger 30 J7 2 v, R o 20 38 B 7 19 o 7 A8, W — 4k 7,
Pla O RAALTAERZ] ¢ BT« ﬁaﬁfr%z/f"mm@fmgﬂg i 2 I s g . A% 1%

T E L N A B (5 B K (e st 3R —FivRe 5 B0 D R L BI85 BRL T
TE W 2L T 2" 5 AR ¢ 20 BT 2 s A REAR IR, I SCR I

Po(xst) = JK(II st ) da (5.4. 1

FHA b AR RS A 405 IF T %8R . LT ¢ Ces o) w2 LU kL 1 1Y
AT LT 2 2209 7 S B LRI AE (s i R AT IC Tl R s, 22
R0 IE FE 2 ¢ BB R (s ) MR E Schrodinger ﬁﬁ,ﬁdt_fu%ﬂﬁbﬂﬁﬁﬂ

....................

NATT3E i 2 2 5 Schrodinger AT 288 R ¢ (s 0) X Al 4 7 K.
Feynman B 42F 43 BRIS 19 45 15 02 R ﬁﬁ%%mﬁﬁ’]ﬁﬁﬂé@j_ﬁ?jﬁ? EHE'E'?
Qﬁéﬂij}%*ﬂﬁ{@ﬁﬁiﬁfiﬁf?ﬁﬂé T HEIRATRATIE AT B 5 Schrodinger
P 7 REAIAFE MR A A7 S L AT DA — SRR ok e
ZE 1te(e>0 B ZIR FRIRE ¢o(x i te) . BEH ¢ BZIKR FHPRE ¢ (a0
CRYIPS ¥

Wt +e) = jiKu,z+s;y,t>¢<y,z>dy (5.4.2)
ZER) e—>0" JAEILTCTF /N B[] ] B rf L 3% B Feynman A RE A 35 T 7T 7R i
K(x,t +e;y.t) = Cexp[isL (1?+y71t—y’tj} (5.4.3)
h 2 €
CfE. WhFHE—4#3% Ve, o hizg),
L:%WliﬁZ—V(IJ) (5.4.4)



M= (5. 4. 3) AT R %,

oo . S— 2
NEREDS :CJ exp {:[’;(1 yj V[lJZF“V ﬂ} ¢(y.0)dy (5.4.5)
oo s

r=y—7y (5.4.6)
B y=xtn. 0 e —y=—p.(xty)/2=x+7/2, LA

e ie| M7 Ui
(.t +e) =CJ73 exp{ 3 {2&2 (IJFZ’[JJ} Yz +79,0dy (5.4.7)

bR R E R Y HE BUR - explimy®/(2he) ], 2 e—>0" B, Bifi o A8 Ak BB 4 35
RS TTIR F 2R [ 0 KRy 4830 H i FR AT b X gl B R Bkt
fE Taylor J&H (W ey B TC5 /M) 1%

z | imy’
, g f—V( o)
o(x t)Jrs([ (/Wexp[ e j[ Tt ]

3 w7 e

4

5[)(191’)_’_7]7 9 v 2

5 e, g0, AW — V)RS G TSN TR R 15U T 7
im

(1) = ijexp[

+"'}dr; (5.4.8)

7 jdr}gb(x,t)

2 he
Ell
()J%Jexp[im??2 jdr} =1
2he
Sl
C= /m/Qnhie) (5.4.9)
AR A

(5. 4. ALK

oz 0) +ei — 9.0 *ng[J(x,t) +‘i€ f gD
dt
Hp
) - hz a"

XIE & —4E R F 1) Schrodinger 77 #2. 3 ﬁ TJEIEEU% T Feynman B 2R A HiE 5
Schrodinger J7 12 W) 48 4 4.
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"5.4.2 Feynman BEZRRSEHHEREN

AT 28— F Feynman $2 1 542 B0 IS A9 I s QOB A 0 & 1. X 4
PG ML TE Princeton K22,7E J. A. Wheeler #8 S FA1E L8 SCP R H A, b2y
B % A5 6 A 1 & F B % . AR B Lagrange f& ] fig /2 fff P 0L 1)
R SCHE. 7 Nassau-Tavern 280 i) — U AR 2180 F L A AT )R A KO 1 Herbert
Jehle #4%. fli17] Jehle i 75 F1E AT 4 A Lagrange |51 #F & 1 Jy2arhok? 54—
XK Jehle 259l , Dirac A i X FERY TAEC.

N T f# Dirac W) TAE , B faj 8 0] il — T i sh 6 i) Huygens JFHL . 2425 T 1%
o A2 OGP 0 — A PERT (wave front) , AT LRI FT b 09 AT o] — 2 S i U
BATHT A& B AR T B B (wavelet) Z R R 50 AT 44 BT — B 200 B U . AR L
Huygens JRFRT DL 7R il T 51 R4 r #2220 .

Yt = szr/K 2t (5. 4.1D
K2t O KB (kerneD) i f& # 1. Dirac 9 CF L8], 76 F S h, X
A K72 Canalogous) F exp(iS/k) , Hitp S= J Lde 2R T IR

Feynman [® 3£ T Dirac B 3CE 5, 1 [A] Jehle, “analogous” B 4B E? &
IR (equaD) ? Jehle M6 . “&. ” Feynman ¥t : “iF 3L — T, W R 218
CHHAE A AT SR IR AR Y AR B O BR Y K ).

Feynman H R B F IR, L T f# J. Bernoulli
(1 JR 38 5 FE (local principle) @. s J5i 3 E"Jgﬁ%:“ﬁrﬁf
28 0§ TR DR W43 5L
Ei?ﬁffl“fibﬁ”[Any curve which has a minimum property
globally (in the large) must have the same property lo-
cally (in the small)]. {0 5.7 i, 78—~ 5 SF 0
F4E AR B PR — YR A T — kI8 E I F) B.
5.7 AR T B A R R W AL I ACEDB 23X A 1Y I 18, W)

CED £k th 2 C 2 D T G HIEIE. X5 T MK
HEZ R B, BRI A J& CED, i & CED J& M\ C $] D

@ D. Derbes, Am. J. Phys. 64(1996) 881, Feynman's derivation of the Schrédinger equation.

@ Phys. Today, 1989, 2 H,4 & R. P. Feynman £ % ,H ¥ A J. A. Wheeler, F. ]J. Dyson, J.
Schwinger, M. Gell-Mann, J. D. Bj$¢rken, D. Pines % A [14# 3.

® P. A. M. Dirac, Phys. Zeits. Sowjeunion 3(1933) 64, The Lagrangian in Quantum Mechanics. %
# T J. Schwinger, Quantum Electrodynamics » Dover,New York,1958.

@ flan, =M W. Yourgrau and S. Mandelstam, Variational Principles in Dynamics and Quantum
Theory, Dover, New York, 1968.
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o B B B W 3B SR L L A B B WY ACFDB Pl B a4 T ACEDB . iX 5
% 7 I .

Bernoulli /1) Jay 38 3 B 43 5 A2 ] J8ECGR A 21 BB B 18] 5 ) 6 o — A Bl
5377 R 3K AT BEAL [A) SR i 45 By — 26, S5 b 0 A ) 2F B B9 Hamilton S /ME M
JE I ULt % A. 1)—“Nature chooses, out of an infinite of paths, the one that

minimizes S”, B BUTERAE £ 0124t ) — PRI 5K S = || L. AR 6.

BIEW T . L=T—V, T Eh F3hEE,V E#He.L J& Lagrange i#. M\ Hamilton &
IIMERTREL 83S=0, Bl ] S 1} Lagrange (WK% A, .

Feynman 1 /2 4% [ 28 AL 4 S Ok 7% JEAL 1 7 B9 )il 2% 18 — > 7 7 1R S i
] Ar=e(e>0) NI y s B = sl WAL HE . 78 A i (8] 5 72 op L 3l Re A3 BE Y F- 1

EH T, :%m(x*y)z/eZ Vo :V[%(«rer)) s BT LA

S%%m(l‘iy)Z/eiv(%(I—Q—y)jg (5.4.12)
U Feynman [ )AL IE 6 WAL HE 7 (I ¢ =1, =t+e,e>0")

m o3 ley(atr)] G

K(I,tJre;yyt)%exp{ % h
€

X e £E Taylor JEFF
: SO 1 - DA PR T )
K(x.t+e;y.1) Nexp[ e }[1 hV(Z (x er))JrO(e )]
ARG 4. 1D,
im(zx — y)*

oo
(st +e) %Jwexp{ e

J[l 7 %V(%<I+y>)+o<£> JoCr0dy

(5.4.14)
Z g3 b AP R T G PR 5 () Planck % & A EAR /N, 1 H e>0) X #L43
DT AT X B H R T (v —2) =750, if LA

- (imy’ ie U
(x5t +e) %Jexp( j[lV x+ — }/J(err/,t)dq (5.4.15)
2he h 2
d ( "l) . (72 Xy S 5
FIH ¢Ca+n.0)=¢(x,t)+7y Sb%TL%VZ %TL"'/]{%)\LEEJH%% OGy)
ax X
+oo 2
IR AR | o de = Ja/a, WA
Gast) ~ %ﬁgb(.r,t) (5. 4.16)

Feynman & BUALJFOR B9 55 28 A 58 42 IE 0. RIS LA “#07 K IR A 25T e,
T H 2 B H ) (proportional) . Al % B, 1 HL

.....
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m

2mhie
AR FIE. iR G 4. OPE C= vVm/2rhie) HH.

"5.4.3 EFEREEITHRE

K = Ce'*, C = (5.4.17)

i B ] — T & S A R 2 &R (WLER 5. 1) 6 T 3 i i 1 348 1 55 ot DA
XT4 Ja R R R B R A 15 1. AR e 1 R R b B v, AR T SE kL G~
0) 13l 1 FUHE 5 %6 CRR ) 312 Sh LA R TA U, S AR AR B 47 0 28 8 L T+

IS K H) T Planck(1900) A MRS S B 16, S 1 0 B PR AR 5 B i %5 1
Bifi 51 2% 114 A8 A FLAEE (Planck 2A20) o Planck $2 1Y o B4 W 0l & 55 46 59 s, SR B — b
RNiESL T IE AL Einstein(1905) #F — 258 ) T 6 & F (light quantum) (&,
5L T HREER AR XTI B % L AR IO g E Mg p SR MK A
INIES ¥

E=h, p=h/A (5.4.18)
AR AT S TR A 48 7R 1756 CRR S ARz R0 I8 20 5 e M, 1 538 1 5K (5. 4. 18)
B R M BT — A3 H 8L A (Planck % 80 . B0t AATT0EF 6 0 A By
INRBREE ETE T RISk, it >k 0 SR AR 3 A ANTTxE SE Wk + iz sh ML AR, ZEE &
AR ST A SEYPRL TS S A B YT, D) 2R R S A T AT
Bt [71) 49 7 Ak 88 5F Laplace AR E 38, Bohr(1913) 4 T 15 BH IR F B9 A e o AR T 20RO
T AR B2 0 R B e (DL R AR i) AR 2L 8 A8 DL SOE B Z 0] Y - BRAE
GHEEMS. AR FREE N ARANIELR? N2 R E S H AR O S B
{H? de Broglie(1923) & WG HAT IS KL WG $2 S b7t HAT P ah e (9
JB i)

v=E/h. A=h/p (5.4.19)
K E R p Wk Fiae M. 25, AMTARZE LRI YR F 330
FLEE , X J& Schrodinger € AT (1926). Schrodinger J7 8 2 R B T sh 69— Fh /)
BVE (ocaD) BRI HJ& AR AR I 25 09 . AL i AR XE 18 4 3 3 I #2 Klein-Gordon
HRECHEIR A REHN 0,48 m7=0 BRT) Al Dirac 7 & G IR EHIER 1/2 Bk 7). B
15 19 e 48 5 B 0 ) e 4 4 5 3 B 98 , B Maxwell 7B (iR B EHR 1.m=0
(ARE T BT B M 57 A 2, &8 02 Ja 3l BRGS0 A UL 2 15 & g7 10 3 sl e e
(FTF Huygens BEFD f, AMTE & KB T GHE A9 AR PE (globaD) PRiE.

TE % 3l J1 2% (Schrédinger, de Broglie) FI4H [ J7 2% (Heisenberg %) # H 20 £
AEJ5 ,Feynman #& T &+ S 22 058 = S X — AR B BR. X S 3ig
() A% 00 2 Q] 2540 S AL B L 2 R I 3 388 1Y — Rl AR M 312 (global theory) ,
H A7 5 Huygens D65 BSTE G % BLE o (9 MU AL AR . (B3 % #5719 Feyn-
man JRFLA S F Huygens JEFE. )
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R51 XFESNFBERRRHIXER

b= J1%
JIRCD, =2 HF 1%
(%ﬁi’ﬁﬂlﬁﬂi) (ﬁd\ﬂ?ﬁ?lﬁﬂ)
Fermat Hamilton
WA BN HIR
(ﬂ’ﬁiﬁ‘iﬁ]ﬁ‘]&ﬁiﬁﬂ&) (i%*\i??&ﬁ}ﬂﬁ%ﬁiﬁﬂi@)
Huygens JR 2 Feynman 7 3
!
g Dirac J7 2
L 55_3% Kein-Gordon J7Es
6 o R R SR 55| manr  mmnw
by
( Maxwell 72 ) Bz Schrodinger (Heisenberg)
E ( de Broglie )
KEFiR JURN
(E=hu, p=hih ) FREFIETFLS
Planck-Einstein (Bohr)
Wz L% BEFHi
(i 1) 678 =219
Dirac

| |

X BAT WA (B B AT R H— A A Y ik Bl M 7 SR U B P BN
R ZHTE O AR B 7 = S A 20k i 2l 0% 8 U 1k 3098 7 Jm) Bl Pk #H i
(Schrodinger) #2H 20 Z4EJ5 A4 H B2

G R Bl RE A8 B R AATTINIR R, 5062 Bose FUASOG T #BTE N 0 A
HUIR LR, B TO6F R Bose 1, Al UG REGF 4 TR — A5 728, B A 22 W
MRBLCILA 1.2.2. 195,75 1), TR R 0. RIS EH KA
2 BRI G F S F o B Compton P A=h/me AR . A5 AN HEEED.
TEDT B b A8 02 0T UL YB3 (A== 4000 ~ 7000 A) 7 46 R AT 36 285, H 47 T
IS 2 AT DL RRAR Y. i T SRR R A IRE  SE kL CE SRR ) I
NPEE R 20 el 20 AR A WAL 3. 75 Z B 28 A AT 68t 35 3 3l
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‘S“é*ﬁ%ﬁEﬁi%*ﬁ?ﬁﬁ%ﬁiﬁ‘i)ﬁiﬂﬁ“ 157‘?}5'25]7'7%2@12): i@ﬁé)\ﬂ‘]ﬂiﬁﬁj

........................

Fﬁ%n&ﬁ%ﬁ%ﬁ’ﬁiﬁ %E%%E%%ﬂﬁmtﬂzﬁﬂj‘ﬁﬂx%ﬁ?(m;éo)%‘ﬁm%

B AEAE A TR 2. P 5 T B S B 5T © 38 W Rl e — B AR TR AT TR R A

— N JCIR AR Rl B A 06 AR AR S R PR W I T SRR JCBR (9 AR E Y
UNZREAEE o iY:0R

5.5 IS ] MIAH 25 6] A4 s A2 FR O

DL #% BE B A2 R BRSOk HARTH AL HE 1. b T BC= 3RAR W e WL, % 8 — 4k
P V(o) iz s kLT . Hamilton R RN

pZ
H=*—+V(x) (5.5.1)
2m

e 5.1 %,50G. 1. 1), %%ﬂ_‘j@

K(a"t" 2't") = (" |exp[— iH( — 1) /h] | 2" (5.5.2)
VLT 3 SN AE N T =5 Ilﬂ(conflguratlon space) Fll A %3 [A] (phase space) H1 45 Hh & 5 1
) s A2 By Rk O,

5.5.1 UE=EHHEERS

TR S B P LR . 5 5.3 AR, e E RS — O E N
03
Lo =t/ sty sty soer sty sty sere sty =1
t;—tiy =€, ("—1¢) = Ne
2() =2 =2, 2@y) =2 =27
AR,
e MO = (e N (5.5.3)
AL 2.5 95, (2. 7. 66) T X PIAFEAF A Fi B [A.B]5 A F1 B #xt
G s N

AMB A B AB]2 (5.5.4)
[Es
exp(—ieH /k) exp{ i; p_+V(r)jJ
m
e b — v roE) .55
=exp h 2 exp[ h ] € 9

@ 2 :R. Shankar, Principles o f Quantum Mechanics, 2nd. ed., Chap. 21. Plenum Press, 1998.
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M0 B, O A MG =, 820 (5. 5. R AR(5. 5.3, 3178 N AAHE X = ]d]
i A (N— DA B0 2 (identity)

oo
I:J KETEIDXE j=1.2,-.N—1 (5.5.6)

TR T G.5. D) IFER K

N=1oryoo
K 2t = (27 = xx ‘ HJ dx;

) exp( 2mh ). exp[ 7V(1‘>] | e ) (oney |

5 P
exp( Znh/) ) exp fV(x)]. | s ) s |
exp( 2mh P ) exp *V(I)] Ee
eXp( thp ) exp *V(ﬂ] |20 =2 (5.5.7)
A

(x; ‘ exp(* %pzjexp[* %V(x)] ‘1'1.,1)

={(z; | exp(ﬁpzj | ;1 )exp [* ;TEV(xj,l ) ]

o m 1/2 im(x; —x;,)° B
_(znhie) ’ exl{%s] exp[ By, )] (5.5.8)

XEAMMET AR TFRERE T E AR 5.1 3,6 1.9 ],
(5. 5. ARG 5.7, 15 H
K" 2t

_(om NHJ*“" m " Nim(x; —x0)" e
7(27(1&5) ’ [H ffw(ZTthisj dl./]' exp Z T o ;V(IH)

j=1

(5.5.9)
exp{h [me, V(x])]}—exp[fL(x,,l )] (5.5.10)

B (5. 5. 9O fk R
K2ty = JD[xm] . exp(%ﬁ dz‘L(I,x')j (5.5.11)

Ao



JD[x(t)] - hm(z hlejm .J:T[:(Zn";isj”dx] (5.5.12)
B2 W B Y.

5.5.2 HZEHFHERZRA
Fie(5.5. D~ (5.5.5) &3 T K& 2t O LIS i F X .
exp (;ﬁ‘;ﬁ). exp[ lh—evu)] : exp(%pzj- exp [~ ;—EV(J[)]
NASH
el = 2’ (5.5.13)
7 b 2 bR & A 8 B AT IR 3 TR AR U A

I=dej\x]><xj\, j=1,2,+,N—1 (5.5.14)

/
<IN :1'/

1=Jdpj\pj><pj\, j=1,2,+.N (5.5.15)

25 | p) 4y WK T AR AR« FIBh R p MIARAEZRS . M (x; | po) =€/ /2mh. I
Af L 20 (5. 5. 13) W& — A P8 BB A7 I AR VE L 7E E B ARAEZS L i IR 8 5 40 1 1
FaRAL . L N=3 R, (5. 5. 13) 4k H

+co oo . ,
mimdpsdmdplj dada (ay exp(— —Zihp-) ‘ by
o ie 2
exp( Zmiiﬁ ) ‘p2>

o ie 2
exp( 27)1?11) ) ‘P1>

(b [ exp[ ;iwx)] ) e (s

(P exp[* ;T&V(J;)] x1) ¢ {x)

Cp [ exp[ ;ivu-) IER

e o
:m‘ ‘dps dp: dle . dx,dx; e expif

—;i[vuz) +V(1¢1)+V(I<j)]} e (s | psd s |20 ) | pod o 20

PP pD

1 6 (oo o
(i [ p)<pilao? (m) HL dpsdp, di)lﬂim dx,dx,
* exp{— ZL(P% +P§ + P%) + i[px (1'3 - 1‘2) +P2 (172 - 1,‘1)
mh h

(o — )] — ;i[vug V() +V( >]} (5.5.16)

e B — s, 205, 5. 13) I ik
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K" 2'th)
N

TG -
:J ! D[p(t)]D[x(t)]exp{ Z[ lep,’ + p,u —a )= Vi, u]}
(1) j=1

(5.5.17)
A
fiﬂ"”)D[p(z)]D[I(w] - (1j ﬂ Jf[ T dpde, o518
[EVD) m ’

j=1 k=1

%’{ N4>007€4>O Hrj‘al‘j_lj 1~1‘7]‘€9.ﬁlﬁ9iﬁ:(5 5 17)T’ﬂﬁj‘7

K o2't) =JD[p]D[1 . exp{éJ [pz — H(x,p)]dt}
1

J L(x,x)dt (5.5.19

I4

= [DLpIDLe] + exp
S B P A 25 1] v ) B AR AR O3 R T SR AL 1% 1 i XL

5.6 AB(Aharonov-Bohm) & Jif

FE 2 MU Bl T 2 e, F R R SRR B2 SR O R R B R 0 1 — A
D7 8 T E 5 3 0. 38R . FE 4 722 ) Hamilton 1EWJE RN Lagrange
W 2 X T o7 BB T A 38 L A B2 1 B8 SRR 3. (ELEE fuf R T B 3R AR B
VI iy Ly

mdv(qEJrq'vXBj (5.6.1)
dt I

FUAT R BT AE L 358 (locaD (99 HL 5938 B E (ro o) FRE S8 E B (r o o) HHBL, T 26 34 R b
I L.

S AR, BT 1% 9 (JG & Schrodinger % 3l 77 % 2., Heisenberg %0 [
2B BUE Feynman ARG IE 20 L 4 34 far HORL 78 B #E 37 h 09 3 ) 27 7 72
Hp AR s H BB T T 7E M R 1Y (local) 2R3 A (ry0) FIFR < ¢ (r.¢). Aharonov
BOhm@ﬁf‘ﬁU\l @J@@?%ﬁ*ﬂfTﬂﬂﬁﬁt%Eﬁ%fﬂﬁx ﬁﬂﬂ]ffa'ib' f%% ﬁ)#

Ei%qnxmmu?szﬂﬂ%fm%@. ﬁﬂemmzw AB &m@. Furry fl Ram-

@ Y. Aharonov and D. Bohm, Phys. Rev. 115(1959) 485.
@ R. G. Chambers., Phys. Rev. Lett. 5(1960) 1.
© 40, M. Peskin and A. Tonomura., The Aharonov-Bohm ef fect, Lecture Notes in Physics . vol.
340, Springer-Verlag, Berlin,1989.
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seyD 0 A HE T I F IS A B F IR MRS IE T AB RN AY IE B6PE. R T R
— FWIRIE A AB RN, BIE AB 200 fiT e, AB #5007,

Feynman AY A BIE A E 9 2 0 AR A B & Fh i BB 4, il AB
RN i Hall 500 5. 7E b B A2 B 7 B 0 — S F 220 T, 1 1 6 A AR5 B
KA AT AB R et ie g AB A

i AB RN SEE I s B L W] 5.8 Fis. B R — AW TR, 5
T HOWEE T U5 LI AN [A] Z A AN AE T R4 2 B Y s T R AR BT s X0 22 i —
AR K IRE E N A B B0, T HACHE ] b, 7EIRE S A R ¥ ACRH
Coulomb HLIE) , 4n &l v 5] B B

LU 57

5.8 ®E ABRN R~ E R
B Shankar E‘Jﬁ*ff®

TR E N T W mrh b+ S ki e . & WG, 7wk L& 6,
NI 2 T 4. 4% B AR AR 0 BEAE 5. 2 1 1 IR XA T 1 ik R
o(r) = ¢p (r) =+ ¢p, (r) (5.6.2)
gp, F gp, ¥R L DT EEAE Py P, B9 BT,
NSRS R AB B0 (K 5. 8) T, i IR EE AR A S, T Lagrange & L f
(v« ADILAATARME R A1, AL 11D L U B — ZR B AR E A0 s B0Hs 10 B —

A ) R
CXPLZJ[O (v A)dt'} cxp(
DAL F 38 e AB 8007 (JL 5. 8) [0 R B
o(r) = ¢p, (r)exp(:iJ.PwA . dr/jJr ¢r, (r)exp(;(ifp)A . dr’) (5.6.4)
FE A0 3 ) — A S E R . BT S AR

\Q‘

JA dr) (5.6.3)

:1*

@® W. H. Furry and N. F. Ramsey. Phys. Rev., 118(1960) 623.
@ R. Shankar, Principlesof Quantum Mechanics . 2nd. ed., p. 497~499; K. Gottfried and T. M.
Yan, Quantum Mechanics. Fundamentals, 2nd. ed.,p. 196~198.
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o(r) N(ij\:ﬁ]?)[t//pl (r) + ¢p, (r)exp[;q 3€A . dr’j}
2 .

(%ﬁ?)[gbp] (r)+¢pz(r)exp(1zw@j} (5.6.5)
A{rp _
@zﬁgA-dr’:J(VXA)-dssz-ds (5.6.6)
o A BB O R 7 AR RS o F AR DY B (0T A P, A
Py W2 A% B BRECA — A AH 22, 88 = q@/ he. TE— M BU R H T30 AL HEF A [
T8 A T 3K — ST S TR SR
ik AB RN SEB R B RS E R T T A kR Py L Py L R EATARIER (b F
IZAF S . B=0./0 AF0. TR A WIETE W& T W AR R 8] T 38 /Y
AT P AERE 63250 1 2 0T DOULI Y, Br LR 35 A 24 W 380 3 SR (EL o, 5 0]
SR A SR H R G, (H 5250 0000 2 (9 XSLAE T ¥5 A6 1Y A8 b, RO T 1848
HITSIE @, & U T % A R FII LG,
HEE YIRS N B REE © Wl R A q@/ (he) = 2nm (n BEHO B, XEE T 46
FERE 5 P B RLEE T8 5256 vh UL 25 R AH ). 5 2, 4l 1Gs=10'T
d=nd,, D, = 2nhe/q = 4.14 X 107" Gs » cm’ (5.6.7)
e s LR 4. @ ﬁ(jﬂﬁﬁL£¥(ﬂux quantum). Kﬁ% €PE’J#ﬂ$ *H% 5
PR T AU 95 6 ) Bl 2 725 T, B A5 60 R y , =2 he /g i B8 46 50 0
ML B, 5¢F i AB BN A B R ZI Y B X, 7T 258 Aharonov-Bohm A9 Ji 4 3C
Tk AT 56 B PP A 1 SCk @,

& 5.9 H ABRN
FOR I B AR R0 BB R J3 ATy AB R0 A R B 18T 5.9 B, B AT, g 19
KL WA RSG50 WG TP 55 B8 42 Py FI Py SR 5 W0 B VE 4R . 7R+ &2 10
TS5 B 7% 1 23 BICE WA Faraday i (S04 BRBIEE.EGNEEE) &
FREL I BN b0 R b, L ERZE Ty Ap=¢, — ¢, T T HUORL 2 D Y BR AR A R
#$ BIFFAE , Lagrange 5 L Bl — 300 — g [ WA R B s AL 1, 20CAL 101D T, 3k

© #an, M. P. Silverman, Am. J. Phys. 61(1993) No. 6,p. 514~523; Y. Aharonov and D. Rohrli-
ch, Quantum Paradozes, § 4. 4(Wiley-VCH).
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e e e R LIS

7o DU 28 3 TR 2% B A28 A A FELRE ) 5 R RO — > A 22

o =L ng
k

T H AR A RO 3 Ff e A B ASORE # oA 7F S5 50 1 0 ).

MER AEREHE

1. g4

HFEPEMERE MR

TEG M E) ) B REG R A ) SR o(r, ) IVELLTF A8 3k .

Alr,t) > A" (ry0) = A(ry0) +VF(Gry0)

o(r,t) = ¢ (ry0) = o(r.t) — %f(r,t)

K o) BT B AE AT 5 R 80, 1 3 8

d

B=VXA

AR ORAFANE oG B HR % 3 4 B Y AN A
VAN % i i g 8 M Rk T 76 L G35 T R 2 8.
1) Newton JJ2#TE K
FE Newton J5 &

dZ

_ 1
M@r—q(EJr Cv><B)

HEE F B, AL AR P 2 AR B .
2)Lagrange J12¢ 1 2
faf LR F ) Lagrange 8 4

L(rw.t) = %Mvz —q[go(r,z) — %'u . A(m)]

A5 WBIEL bl L 5HHE K. HIE L /A Lagrange J7 &

F P)
JL d(L) 0

9 de\dw

%[My+iA]:—qua+iv(v-A>
A C C

dy_ 2
EA— atA+(v V)A

V(veA) =X (VXA +(veV)A=ovXB+(veV)A

it Faraday f& U7 75 B 6] R

(5.6.8)

(@Y

(2)

3

4)

(5)



Md

_ 1
E'()*(](E‘.‘ . ’U><B)

XG5 HE T L.
3)Hamilton J12£E R

A2 SRS HIE W AL B r (O FIEW Bt p (o 5538, 1E W i LA

p=2L Mot LA~ La
dv c c
n= Mo FR ALK Sh & . L F 1 Hamilton & & LN
H=v-p—L

_ I I Y L.
f-,,.(M-quCAJ oMo +q(¢ o A)

IRV
Hp
_ Ly a,Y
H_ZM(p (‘A) Fae
TE  BEEROR
. J . J
r—@H(r,p,t)’ pf—ﬁH(rqp,t)
FH It m] DAAS

Mi = q(E+%vXB)
HROGF B 5L TC K.
LT A r 5P SN & o (R de AR
() = r, (1) = =)
B f 2l 1
A=rXm=MrXv
R R A AR
A (D) =AW

{ELTE T Bk S 4R S MG AT 5 p=Mo + LA p' =Mo + LA’ FF
C C

p = p+% Vir.)

Hamilton 7 —ftth 5 #IEH &,

1 9.\
=_—|p——A
H ZM(p ; ) +aq¢
’ 1 q . : ’ 1 q ’
=_—|p——A = _—|p——A —
H ZM(p - +q¢ ZM[I’ . ) +q(€0
it A
H=H 2172
c dt

HY H AR BT A Rl e 5 JE56, AT HLO £/91=0, B ¢ (1) =o(r) , i
« 211 -

(6)

(7

€D}

9

(10)

an

a2

(13)

a4

(15

(16)



H =H an

Hamilton & (B E&E) I~riE &,
2. EFAHFPHUAERER

T 125 R A bR AN Bl & AT CRA AR R4 451k
r=r, p =—ihV (18
TE L Ly 2 v R T AR bR AN E I AR 8 i AR [ 0L =R (12) T 1 ) sl ) 5 B A e[ (15) 1. 4k
(] i F 12 P A s BAT RS 5 4y 2 v E W B i — R RS [ T S0
T H RO R SR AT A B L IE U Bl i AT 5 A AR R AR AN B RV T L B
rl=r, p'=p =—iwv (19
1E Feynman 4 35 i@ X 33 A ik 00 4 B0 2% 08, /8 17 20 M. 78 38 b 0 4] 34 i <
S0 e 065 1 90 R BRSSO 630 0 5L
Sy T 0 35 S AR B T 5 1T 0. TR, 550 (12) A (15) A DL 7
o ’<¢7<z'>\'?'/ \,‘//.(z.)>.=.<:/f(;)\.r.\¢.(z;>. o (20
WOIP 1 @) =G| b +-LVrtran | g 2D
.

A [ GO R | ¢ () T — A B FELEM A HE TR RIHAHEE S fG O MR, W
W] EE, EWRd p'=p =— VIR AD]. [¢OYF | (0 B4 %R A fEFRIER
QoYM LT 4

| (Oy= T, | ¢

T, T, =T1T,T, =1 2
T, ARG M (DA R M — A L IR, 3% K (200 F(22) , 5K
T, rT,=r (23
BT, .7 1=0.T, 5 7 % 5. HEE T, K IEM, fELRES
T, = ex"” LyCr.e) 5] (24)
fRAX 2D .15

AYA

e tp et = p+i Vf
¢

O BPEEAE S BT L g TT LB A b fo7 LKL F A4 B BB L Lagrange ﬁWE‘J%*Bﬁ%v © AR REEE
fift N L e, A Lorentz jji_v X B G REEE To PR F A, X R Hamilton &

H= ﬁnz +qp = %MUZ +aq¢
HA —TUAL AR 3 B Al — T i ri S e
@  The Feynman Lectures on Physics,Vol. 3., Quantum Mechanic, p. 21 ~25. Addison-Wesley, 1965.
® C. Cohen-Tannoudji, B. Diu and F. Faloe, Quantum Mechanics,John Wiley & Sons, 1977.
e 212 -



R p/=p =—ihV . FR T = — bV + AV s avi=-Lv 7 LI
.

A(rat) = hif(r,t)—O—fo(t) (25)
.
R 5 e 5 B 61 60 3 A T LA 35 7, (00
Xr0) = Lrrio (26)
hc
il
T, = exp[l—qﬂr,r)] 27
he

FT LAAE A AR R 22 P sRARAE TP RLTE T I E R Ny
¢ (rop) = exp[gﬂr,n ] 9D (28)
AT LRYE Schrodinger 4 8 B9 JE 2 AE #LYE AR e N PR AR T 15 1, BRI 2K
i a%(,//(r,t) - [Z%A(ﬁ/—(i_mjz +qg0/]<//(r,t) 29)
N e A}
gt =g =exo( (s )+ (ib Do ags)

(—ih V—iA/)¢’ :exp(i—qf)- (— ih V—ﬁA)gz,
¢ he c

(—ih V—iA/)Lsa’ :exp(i—qf). (— ih V*iA)LSb
¢ he c

alsbf [ZM( *%)ﬁm]gb, p =—ihV (30)
X FE a0 Sk pR B IR (28) 28 4, ) Schrodinger ﬁ*iﬂﬁﬁ/f(fi AT AR AN AR,
87 2 i ) L RV Bl A AR s SOA Bl LY T AR S(p'=p = —ikV), B A O U o AL T
S Bl

291N

G (a0 p P (Pt

Jd 7 D) (— TRV s (rat)
Jdgrgbf(r,l)cxp( hlf)(*th)cxp( f)gbz(r,l)

d*rg) (rat) (— 1RV )y (ryt) +Jd3r¢;f (rsv) [i Vf(r,t)](/;g(r,l)
C

&gl (Fa) B o (rat) +Jd3r¢;‘ (ry0) [i V £(r.t) ]¢2(r,z) (31)
.

5 TE 0 B i R ) L AR AR R HLA B ﬁ:ﬁ—ci_A:—ihV—%A ¥ ks g

2 ——itV— LA ) = ihV— L[AG.O + VD) ]
C C
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(32)

2 —Lvitrn
.

=T

B P 389 B AN B RS T S (55 22 3 g 24 vh LB 8 e — )

F Bl , Hamilton B4 — fiit o il AR 0 117 5= B8 oy

i = 211\/[[A*iA(r,z)] +qo(rD)s p =—ikV (33)

a=L1p—2aG.n 2+q "(ra). pl =—ikV

oM c ® ’ .
L At ] +ger z)*——f(r D+~ H (34)
2M PR ’

S5 o 3 R B 625 4 0 6 T T BLIR A g R 5 ¢ T IR0 /00— 0. Bt T =1,
B H P 5 M K

(35)

M Schrodinger J7 #2JE 2B MV A S SR A
ih“—t\¢’<t>>:ﬁ’\¢’<t>>

FX A&
7l | ¢/ (t)>71h T, | ¢ (fﬁqﬂ T, = exp(hi )]
- ——T \</J(t)>+T,1h—\¢1(t)>f i—f T, | ¢+ T,H | ()
C
P) ~ ,
,fil T, | ¢+ T,HTIT, | ¢(0)) = [—%#@T,Hﬁ)\wm
5 GOHAB L5
A J
i’ :fi—f—O—T,HT} (36)
C
FIH
Tiors) T = o(rt)
T, ,?—iAu,z)] —T,[*ithiA(r,t)]_Tf
C C
- [—ih v—iAu,z)—in(r,t)]
C C
= [1/1\ *iA'(r,l)]h
C
i 4
~, (')f(r,t)
a 7W[p LA (r,t)] +q[ga(r,t) o ]
q ’
:m[p—TA (r,t)] +q¢' (ra (37
5 (34 M [H].
Hamilton 5 1Y F- 3 5 BIE A e 9 L R N
WG| T AT, |9

(W IH ¢ =
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R 36) . H
A J
@A = |-t
dt

c

@ (38)

5z i Sy 2f rh oA R 1 2 R 2 (16) A .

5

3. BBERMH BRI R T

TEG WSy 2 fif WL g BB T1E LB 3 P Y Lagrange 523278 0 CILRF % AL 1D

L=Lmv2*qga+iv-A (39
2 c
AR B 18 5 O e =7t
Sr(n] :J[/dt[%myzfq¢+iy -Aj 40)
t C
TEFEAER (DTSR
S8 — s+iﬁdz<v- Vf+%f) 41
c Ji K
I H
dp Dy
St PR CER BV,
5
S =S+Lira" ) — rir )] (12)
.

AFL 2 B /N D D5 340 3 A5 74 43 I, ) 4 A R [ E R AR I UL RS AL DL IR E L3S =0 5 8S=0
20 R 25 SRS A [ Y. G R 20 i O 2 P Y AN AR PR R TR 8 Feynman F B4R 143 BE iR
B AL A A

1€ Feynman J§2F 0 BIS b L8 T2 00 FH ALY -

K& 'ty = C ) expliS/h] (43)
JiT A A%
RoEN EREERT
K—>K — chp{;l[f(r”t”) ff(r/,t’ﬂ} (44)
.
UIEN
K" /') = G |\uld ) e (45)

Hph U2k S E T,
[y =U ) | o)y
LA L AR e (O AR Y T AR AR AS AR 2R /R 40 R A8 He

| ry— exp —ig | r (46)
he

T PR o) = (r | ) —>
¢ (r) = expligf (ry0)/Che)Jgp(r) “Un
B = A — AR AL AL, X TE TS Schrodinger J7 2 Y FLIEA AR MR B 5 25 [ W0 (28) ], 7Rt
AR L B4 2 B R S A R S RO B L A T UL I - ) O 0 ABE R S A Y o A B
55— 28 (HAL T LATE BB AT B A AL R A
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TERA W ORI R O it A=A () . e=0, & if Schrodinger J5 72 K

ih% :%4(1/7\7%14)29/1 (48)
o FE LU AR AR

o= expl—iqf (1 /) ¢/ (49)
SR LBV (P = — AGr) WA HEIE ]

. J ’ 1 No 7
Ly = —p 50
dt 2nzp ¢ (50

e ey B IE 2k . AR & & ) Schrodinger J5 AR, B A KL ¥ A(r) LAY Schrodinger J7
2 AL B R BN ¢ >, BEH R T — A R 1

expl—igf (r)/he ] = exp[;?quA(r/) . dr/] (5D
.

NATTA B eXp[%J AW - dr’] ¥R N Dirac HF.
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F6FE ETAFHHEML

R T S e 48 4 Schrodinger HEJR 100 AR A9 SCE Vi, —FF kw5 H T
Dirac i — Bt EEHIH?.

CIRJREAE T RN By MR A LR R T O A A AR R £ - HIA AR
215 8 1. B T A6 PR B axX — . FRAE, DA B 0K U L AN X By A T B I A o
— T B WL, BRI A A S TR 0L A L T S A S A B ) A P g
VIO 75 B — SE TR 20 (9 828 . " Dirac #F— L1018 73X A8, JR15 4518 . FF
DL, AnSRA N T0) 7 24 0 E SRR AT 27 BUAE R ) T30, i 1 2 Y 2

JE 5 LY AR IR ZR A o F 3 S TR] AT — 98 2. ABE 3 0 0 A 75 R AT R UL 1 B Ao
Tt BIVSE 56 B 3 A MR (R O LA AN A AR B R A 1 R B R AR R
SRS TT . AE AN A AR L E A L N B R B A T IR B AR IR T B

A BT A0 55 AR L3 A B (0 AR S5 I 1) 7 7. R 235K A 0 P AR X7 b 5 7
KA K. BT ERBAF N2, ATA REEE Rl g T 15,7

B dik T e A ik $E B ANTTXE T Dirac B9 WM VA AR B E & IS5 51 A
Axt oy AR B T 5 AL A A A MR R R L (EL TGO AT, T B A S
& AR TE P HRAR E ) 2 T0BE LAY,

6.1 A H LR LA E 1k

TEA T T 00 vh F 3R U R B ST B B IR B X TR A R 2
FEXTABE 30315 T LA BT — SRR B W O A (L 1.2, 1.2 1), B

A 5 5 L 60108 3¢ 43 A P B4 (RS R A5, A % H I — AL A& L <C | C) =
(C12 (gl = C = 1,C=e" (a Jy SO - 6 IR BGRA — 1 1 1 3 B P T
MR EE.

@ C. N. Yang, Square root of minus one, Complex phases and Erwin Schrédinger, in Schridinger
Centenary Celebration of a Polymath , Kilmister C W ed. Cambridge University Press, New York,1987;
BESC BT R, TORIRAL. AR AR 11 (D)L X BLAY A 3 SC BRI L 3 SC AR AEA BB RE A /NS,

® P. A. M. Dirac, Fields & Quanta, 1972(3) 139.
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R BB T T 2 ORI B A% 4 25 %676 3% S0Ae 1

FARGE N B2 5 R P04 )7 8k

6.1. 1)
| g FF, A3 MR AR S A AFA. TR TEAE SV AS 30 | 0 —> | g, ) = e
(o0 T g R F A 24 CELJR TR — A E F,) .

Flg,) =F, (6.1.2)

SRS T DL B 5 269 1 )25 LA TG
A AR £ S B

A W L B AR B (G O MR RIAAE A (A= 1)
]Z\]m> =;G+D|jm)

fl\jm> =m|jm) (6.1.3)
J=0,1,2,51/2,3/2,5/2,¢
m:j,j—l,---,—j
TELSE IR 2+ DA =, j— 1oeee s — D FES IR, J2 A . 4 I U X
TG, 50 S ST M 1
Gm |72 [jm") = jG+ D8 (6.1.4)
Gm | g |jm’y = m3,,
(E5 7R By B FEAE R 7 5 0 B 22 % T = e
> JR T TR B A T, 5 A I G st S B A8
Gm | j.ljm"y = e Gm | 7, [im” (6.1.5)

e FLEASECEIS T OLE T ,10. 2 3  BIEAsh 2B A0 EA X 5 L
Tl dd =g e BRI J 5 Bk =T i IR TR R

[ Gm | 5o Lim) [P = 8 G Em + DG Fm) (6.1.6)
30 U R B B 7 A o S R AR M T R S T S R T

Gm + 17,15 GEm+DGTm)

1
2
(6.1.7)

gmiuﬁumwzé GEm+DGFm

i 4n . Pauli Hi 1% (0. 50 SEAF A L E

0 1 0 —i 1 0
o, = ( j,ay = ( j,al = [ j (6.1.8)
1 0 1 0 0 —1

RSN 1R <o VA N o P S 2 e RN = ) | B £ SPPR S 7= ) | B S E S R A
AR BT AL ). Bl 7 F SRR
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\¢>*Z\¢><¢ ) (6.1.9)
MR G IR AR H B A %ﬁ%\w»\glw—e | g, YIS
(o= D1 g | (6.1.10)

BIMBERP, | p> =™ (g, | A MOIAE AR | (@, | ) |2 = | (g, [ @) |2 BIIAE F 1
YU 1) A8E 23 50 A1 K7 149 48 0 AN i A

AN BT I R i — ARG A — 2 X 5 ) 2 5 A 4 00 3t R AR AE A 4
N HEOC . T AR 25 1 R BT A RE P AT ARl A 2 2 22 [ 1 4 T AR B 1 4 B Gl

..................

.........

AYSE R JC . H) Clebsch-Gordan 2%, (jimyj.m, | jm) FTEBUE MM M ELWLE T ,
10. 4 97,3 (10. 4. 1D 5K (10. 4. 200 JJ7 . 5L W T £ (Fr A Condon-Shortley 2 5E).
XABOE AR L. flan, L EAR U KA U iy s, W U =
U =U, 25 25007 LA R 452 WG omy joms | jm) = Gm | jomo joms ). 3 A
B EHE A 1Y Racah REEL 6;- REL KL 4 DA EFEA Y 9/- RECCUL 6.4 75) i@
RV SRS

6.2 EFHFAZEE, Lewis-Riesenfeld (LR)#H

6. 1 e T 14 0 F BOM AL A E P Bl A 35 I Xt 5y )27 i oe e 4
Fi8 e [] A AIE 285 19 5 O L AN 58 1 L LA B AN Tl 3R 4 22 TH) 19 £ T 72 48 R 1 I8 19 4
*ﬁﬁx%‘@.Xﬂ‘?ﬁ%‘ﬁ#ﬁ%%»ﬁﬁiﬁﬁmiﬁ?ﬁﬂﬂ L. Tl_?%-? #F‘F(m .

......

.............

Fifi Bt 38 Ak 1) ] R $%'{d‘fl\§€ Lewis & Riesenfeld (LR) 19 & B A 2% Efﬁ *ﬂ LR

M 4 25 .

% T Hamilton Bt/ 37 Bk A1 2 CELAT B ) 357 50 1) , Rl B 2 <7 1 Bk, 8 7 2%
F RS 4, %E8 dF /di=[F .H/ih+0F /ot=[F .H/ih . % [ﬁ,ﬁ]:o ]
FAEREWNSFEE, BES H A LFEAMS. RES H AN —HTFEEES

HE ML FAMESIE N [ )

ﬁ\nW:E |nv) (6.2. 1
v PRI TR T 25 A Bk SIS 1A AR 1 5 285 I Ao i) 5 19 i) AT LG T B AR R A A
| GO E AT | nv) B IT

90> = D3C,. |[nw) (6.2.2)
Co = v [ @C0)) FIRIZS [ ¢C0D) HERE U ¢ 1 2] 42k 7 245 W 3278 1%

@ H. R. Lewis and W. R. Riesenfeld, J. Math. Phys. 10(1969) 1458.
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(D)= D Cre Bt [nyy= DC,. |av.0) (6.2.3)

X
| nvaty= e ' [ ny) (6.2.4)
NSV RRE ER L 7R (6. 2. 3) PRI R AL C AR T ] 2.
XTH WS B AR R BRI A RSP & AR RS XA R E T
A bt B5F B] A v AR b R 2%, TR A B B S AR - IR BT, Lewis 55 Riesenfeld 3 41
T8 T & I AZE 5 (time-dependent invariant) ,J-JFFH’E{hEE Hamilton i(jli?‘fﬁ

VA it Hy 2 i f(z f :f([),(af/(?t?éO)yﬁﬁ%

dl 1.2 a4, o1
de ihU H ]+ it

WFR T (R &I AR BR.CT 0.5 0L T 45 H R S5 RAEZS. F7 L
% T H R A7 2 CHT g i) 350 05 16 A 75 O 06 22 K BF 98 9 4008 2 S
GBI H i g,

P AR T (OFEM I — AL R DL B H (0 D58 2 M JE R A
TEZSIE N | Akt

=0 (6.2.5)

T(O)|Akst) = AlAxs) (6.2.6)
AR T (O BIATEME (— BRI 0 o BRICRTIFLS » | A0 6 I TE 50 I — b %
</1/K/9t‘AIC’[>: 8,{9\8,{,6 (6.2. 7)
PITFUEM .
1y S A A G S B T
dA/dt = 0 (6.2.8)
iE 6. 2. 6)%F ¢ 5. 15
a1 A9 & 9
5 | Aicst)+ 1 a—t\/\/c,ﬁ—g\/\/c,ﬁ-ﬂ—/la\/\x,ﬁ (6.2.9)
Tt | GERE 15 =T .2 WK 15
PP A I P P (6.2.10)
dr dt
FH &5 B RS d 2 (6. 2. )R | A, )38 B R (6. 2. 6) 15
lh’gi \ae 0>+ T H | Ak rt)—AH [Ac )= 0 (6.2.11)
E;E<A/K/’l“ 9’?%
ih</1’;c',t\98£ Ak s>+ X' — D Wi ot |H 2,00 =0 (6.2.12)
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T A =AH & =k Bk’ Fe BT A
a1

Ak’ ,t\ W,wfo (6.2.13)

RARK (6. 2. 100, BN dA/de=0.
(2) [k ot) — AT 2 A5 st Schrodmger 7:T7|‘I

.......

A dA/de=0 LA (6.2.9),%

N

A9 _aI
A—1) Z‘AK’Z>_ W‘AK’I>
FEFe Ak’ | IR 6. 2. 12) 45

(A—Am’x’,f A= <Ax,z\ \Ax,w

= Q —A’><A’x’,t\H | ity /ih (6.2.14)
FRUAL 24 AAA 1

ihe | m,w: W st | F Ak (6.2.15)

B2 =2 B, bR — 7 BT chIIJJfE%E Akt B TEASVE R R [ Ak 2
B} Schrodinger 572

ihi‘/\/mﬁ: ﬁ‘/\/c,l‘)

(3) B T RE Rt e BETREEAES [ Aes A T (O BIAAE S, WIAT 4 I AR AR

.....

FERE. L | A0 T {3 54 0 45 A A 4, %

(X sty = e | Ak ot) Lawe (1) K52 ] (6.2.16)
RO BRES T (o) W9TE S8 H — B9 AR 25 o ELAAE (A 25
T Xst)= 2] A0 (6.2.17)

SRR S [ e 0) NI Schrodinger J5 2, F AT AT LL 4% 5 55 9 4 7
e (1) ,fﬁ ‘/l/c,tﬂi»:ﬁ/it & Ej‘ Schrédinger ﬁiFI

lﬁ%m,n: A e (6.2.18)
A 6. 2. 16) R A (6. 2.18) .15

Ak D)+ ik %W,w: Al xe.0

7ha./bc
ZE;E(AK:/,[‘ ’ﬁﬂE':
B3 O = (Ak’ ,t‘(lfi*—H)M/e,ﬁ (6.2.19)

M e B B S AT 0, BIELR AR 5E A B T2 1A F AT LA ik /00— F1) %

i1k 330/ 2 T RLSCEL 9 L DK ik /e — FD h JE R FEAF.
. 221 -



Mo =k B, (6. 2. 194K
haw = kot (ih%—ﬁj | Ak »2)
XF ¢ B3 45 LI ey, (0)=0]

)
h
GEIR IR [ Ak sty |Arst) = €9 [k t) ST s \ix,ﬁ?}ﬁﬁ/@é\ﬂﬁ Schrodinger ﬁfr%

(6.2.18) s, (D) HE0(6. 2. 200 45 1, LI LR #.

ZIEF Ak 0y =€ |k, o) /2 Schrodinger J7 2, 3 HLAG % IE 28 H — 58 4%
B, LUZ AR B BOAE T3 E Schrodinger 7 FERYE T2 | o) BT LU A ) 3
T 5 B R I 3R BOAS PR T 1 ]

...........

()= D)Co ety = D )Cree | Ak 1) (6.2.21)
Ak Ak
R a0 B C6. 2. 200 Gt T G RHBUT 10 MBI 2

Cie = ¢ P Qr,0](0)) = QK ,0|¢pC0)) [HE B 0 (0) = 0]
(6.2.22)
Pt 6. 2. ) 5306, 2. 21D AT LA, | Ak, ) PRI (L 15 | vy 0) HH 2.

ﬁ ‘ ¢(O)>: ‘AoKo ,0) sljl\u CA;CZSMO axrc(‘ N}

(1/\,6(1) :J dt/<AKyl/‘i,)it/* ‘AK«'?/> (6 2. 20)
0 O

(1)) = €“m | Aok 52) (6.2.23)
X h
&, (1) = J;d/(koxo A — H;‘/) | Aot o) (6.2. 24
RIS 002 — A AR R ATYER b F 5 B AR 2 (9 [a] — D ARAE S FE— MR o0,
[ (0= D Cu | A, 0) (6.2.25)
iy :
(D)= D Che [ A ot) (6. 2. 26)
=

an (DB 2. 20044 1.
6.3 Z& kTS 4s AT L

XF ¥ Hamilton £ 5 if A9 4K & L RERDR IR P & AN AF R M B0 E 2. (R R 1Y

T 25 B N ) PR A [ (e ) S — A L TR Y IR BT ORE R A R AT LA

FERE SR AN AR Z RO BUT AT H & i ek b B, X e e 1,122 7%

T T T T e PRI S 1 L T B T AL A T — R e 1 D0 R R AE T

Rl Hamilton f& H (¢) FUAE — /1 R ) B 8] 8] B e A 22 A 728 Ak (1 e ) 5T ] 1] o
- 222 -



R & X W), B 28 & i1 Bl (sudden approximation). Y3 — 4 i ¥ 18 0 J2 468 #4
YER B H (o) BE I (8] 19 28 4k 2 8 2218 (4 R 05 248 " n il U1 & SC, WL 6. 3.2 35) L |
76 BT Bl Cadiabatic approximation). 3X W i {6l 5 s, AT DAAE S & B 34 18 3 {0
IR

6.3.1 ZTEIEM

BAR R Hamilton i S 76 % 50 i 0] [B] bR e N R AR B A28k (e>07)

, H. |t]<e/2
H (1) = (e—>0") 6.3.1)
0, |t ‘>€/2
B HATHL 3540 Schrodinger J7 8 R 09) KA F 1K
+e/2 e = 0F
9(e/2) — g(—e/2) = ﬂ H (Ogdi 20 (6.3.2)
—e/2
R R 25 5 01 24 A 4]
P(e/2) = ¢(—e/2) (6.3.3)

BV -5 % ORI L7 B B 11 0 % AR A58 o R B B 8 I (555
A BEAR A 5k LT R 0 6D < 9 0 4 XA € /0 TR R 1
SRR B 8 LA BT

Bl1 g

BT (2N L (2 L N— D B i PR 2 A 5 32 B P T GRS o) .

SRR T~a/Zc.a 2 Bohr 42 ,a/Z HIEFFE R Z WIEF n=1 5 (1s) M ] JL ¥
. R s BUB AR AERT ) R © o (a/ 2) / (Zae) (ax1/137). IR T/ e aZ 3 F A K 9 i
T T/c <1 M B b, g7 AR R F b — A K e i F (1s 7)) IR S 2R A Ko 28
1) B A A R famﬂ.ﬁ%wwa 08 SRR IF SRR IR 0 B A O

BRI R RE N BT R F 10 1s 2. 07 2 KAERAL F30R F 1Y 1s 57 8 K B I iR AL
%%ﬂa

3 1/2
lﬁ]()o(Zvr) = (%) Cizr"’a (6.3.4)

T B pR BB T R AR I KB A TR 19 1s SR HES

O BB HAKR AT 5 B R IAR R R AR A 2 A IR T 2.
@ R. Shankar, Principles of Quantum Mechanics, 2nd. ed., p. 477,“An instantaneous change in H
produces no instantaneous change in | ¢>. Now the limit >0 is unphysical”. #§ H X (6. 3. 3) BT #Y 4% 4 =

“H changes over a time that is very small compared to the natural time scale of the system”.
v g . o Z
® #HEAEFMA. BT TFE=— M G 1s JUill o n=1). &l F Ny vq)”'Jf/ru

pet 72 ) 2k% T LA v Ze? /b= Zac(a=e" /he=1/137 WAEMEEH KO .
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2

(4m)*

Proo=[{droe (Z+ 1) | ¢hoo (D) | * J e Dl gy

UL

Al 1< 2 <137 6.3.5
7 (<Z<13D ( )

BN, Z=10, P15 0. 9932.

B2 SETFRTIRS.ZEMKABE ) =E68OIEM. & 5L R MIe (— %
R 150 H T R 0 45 R A I ME S D) B AT 457 B AR SE S g %

(S0 0% . IS . G F 72 ) BORE % 5 5007T) . 58 =R, 13. 2 . ]

PR AR T | ndm) WER, FEZS (1)K [ 1000, Bl W Z Wy ). Mtisit ., g

Wk ol 4 T P S S BT 3 | el SO HE %y P, — (‘(
PR )AL= 1, Am—0. 25 755 L Fh T D\ 25 B 314 0 75 1 M 2 35
DI P = a), k=e/h (6.3.6)

PEEAE 1s BEIMER R 1— (ka)”.
WG RAR T LA SR (UL SRR, SIS .13 3 8D RS R B FIME RS
1 M 2Ry

A (Z+1)
T(

—6

) | (n10) | =|100) |2 X HLE

P=U+xa’ /D" (6.3.7)

MR (ka <D EGH PA1— (ea)? s GRS R TS5 R — 20 10 (ea)* T2/ HLFBR
A 245 R A AR B X a0 B, LT 58 445 9 AR B

B3 Bk M R AR TSR Lo —dE T IRV BE P SRS ek sl R T

B E IR RS T=ML* /mh (W, 6. 3. 2 745). B H Bk 58 B 78 45 S5 16 0] 18] B = <T 9, AR XS

FRUBAE Ay 2L, 5L Ab 58 A9 — 4 TG BRI 7 8 R A J6 25 AU A R
[Z 3 L pr 5] Shankar 945, %k > 85 6. 2. 1 1 18. 2. 3. % : (8/371)%. ]

5l 4 Ti’%‘[ﬁ#V(r)— - me’ 2 — fx PR AL TR B =0 B2, P — fa AR

ELTR A R R }J&?é’s’“ mao’ 2t W 0 RS EP,.

s, A= [ 2mw’k (6.3.8)

(% Shankar #1935, %> /& 18. 2.5.)
6.3.2 ETFHMTEERMILFEH

PR T o R AR JE L A A | (o) ) B I [E) A 3 A 2 ST Schrodinger 3 3
Wil

ih —w(mf IHOINO) (6.3.9)

R | (ORIl — YRR Y 5 B 0 T4 H (O AR R4 | (000 ML
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>0 B ZRZ RS [ o) BME — 8 EY . T H R ¢ 97K FR it <7
i, Schrodinger (6. 3. DWRAILE A S . E 6.2 P itiedd 1. Fiidie
H O VR4 SRS BT 48 7 25 B 18] A9 384K | oo ) B SR A
& H () K BEEF (instantaneous) 45 J7 N
H | n())y=E, () | n(t)) (6.3.10)
n(O) T HOTENKN—A %R 5w 2SN IILFEARIES  » E—dH % &8
BE, (0K BT AR AR AR, — M Z BT )22 fk. 7E 6. 2 15 i e LR AR O 3
B AR R A ) o B CREBEAR &% ¢ RS AT) » H (O W BRIEAE DS [ n(0) B
AL A A
B R AE T H (0) B HE— 25 52 B % B A AiF 25
| p(0))= |m(0)) (6.3.11)
R AE >0 W%, [ ¢y =7 AR X T Hamilton & B AR R L BE & AT
T AR T A 0 A PR R 2 R A T IRGE . — R [ 90 DL R R A
EIONIERR 3

(1)) = Eja”(t)exp[‘*}%JOE”(f)dt/]‘n(t)> (6.3.12)

B e, (0 [* FRTE ¢ BEZI SR R T 0> B R, — BB T,
| o) ARMESR A RIS HE o it e 1] 28 Al 2 8 % 1 OO0 T LA T 0 7 4 A R
b B

BFAPHGER LYY BAR Hamilton i H () Bl 280 295 218 4025 h
[ @(0))=|[m(0)), W ¢ >0 B 2] & R ¥ AR F5 76 H (o) 09 A R 19 B B A E 25
lm()) |,

SE PR ST B SR AT 407 Uk R H (o Bl ) 25 £k 2 08 22 18 B B U1 )
Sl a7 DN $ e B 4 3R D) 280k JE, 2 BEaR 20 (6. 3. 12) R AT nEm T
la, (O [P AEF N [a, O [P [ 0D BB | n(0)) rm) 75 1 BRAT AT LA

OTEMR Z 5T J) 2 G W FAE P AT A AR R R B 0T L& .
W. H. Zurek, Phys. Today. Oct. 1991,p. 36~44,3C H i F]. “States of quantum systems evolve ac-

cording to the deterministic linear Schrédinger equation ik ;7[ | 9 =H | ¢>. That is.jut as in classical mechan-
dr

ics, given the initial state of the system and its Hamiltonian H, one can compute the state at arbitrary time.
This deterministic evolution of ‘ ¢ has been verified in carefully controlled experiments. ” X il 411,]. Maddox,
Nature,362(1993),693,%. .. the Schrodinger equation is a perfectly deterministic equation exactly compara-
ble to the equation of motion of a classical mechanical system,...”

@R. Shankar., Principles of Quantum Mechanics, 2nd. ed., p. 478 ~ 481. Plenum Press, New
York, 1994.

@W. Ditrich and M. Router, Classical and Quantum Dynamics, 2nd ed. (1992),p. 303.

@B. R. Holstein, Am. J. Phys. 57(1989) 714, eq(24).



@lﬂ% .ﬁ’ﬁﬁi,%zl“f {%Tﬂ‘f‘?ﬂ(l‘)>j<. e PR IE X — 5 A 1 K A S
R (6. 3. 23) FPEA . EIH:ZHU S5 Iy B EUL BB OR 23 M HE (o) BN 1) 22 A A2 45 2%
1576 1 25 .

1. ¥2zupg®

TRy M RYRLTAESERE R L (o) 19— 4 Jo BRI J7 # B iz 3l BF 58 L (o)
W6 N 1) 222 2 7 A (I BE 2245 B2 51D . B P9 ORE 2l o8 R R 9 2

Ni _ b h
b , "U*MNML (6.3.13)
B 7E BN Az 3 i R T CRDRE 48 ZﬁJE’J’ﬁ?EHﬂIﬂ)
Ta L oML (6. 3. 14)
v h

T BB N B B AR TR T B S — R T NBESER A AL=T |L| <
L,EI]

ML IL|/L = \L\/ — [L|/v<1 (6.3.15)
BBk BERS A FE | L | A% 0% LB AORL T I8 I v /M2 ([ L | /v TR0

XA R ,I,\%IEEF' i R 2 A% 3l 0 7 L
T hFNERL

— BT R AL T AR T B 25 0 A ]

Ta L = h

Win a ‘E/ — i | min
o B R R INIZS @ B VAT REAR DS £ W BRIEAR R IR 0, = |E,—E | /h iy
B/ ME. X T — A TR B E, (D =n"h"n" /2ML* (1) ,n=1,2,3,

1 o A N MLZ
o E;—E | h (6.3.17)

530C6. 3. 14) Fy - 2 S B — 2. BREERS Zh 19 R AR ) <[ B Hamilton & H (0) B
FIF 5] A2 £ PR 12 1 R AR I 8] 2K

ot~ L/L (6.3.18)
e R i IDES ISR

(6.3.16)

T =~

O S WHTTEEO.
@ F. Casa, J. A. Oteo and J. Ros. Phys. Lett. A 163(1992) 359.
® A. Mostafazadeh, Dynamical Invariant . Adiabatic Approximation and Geometric Phase, Nova
Science Publishers, New York(2001). %3058 4 B4 5 F 8 1406 BT RLSST Z5AF 00 BE AN S BRI p. 50~51.
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/[MiLj<< 1, B ow/wwm <1 (6.3.19)

52 A T C6. 3. 15) —E BERIR KR Hamilton B H () 218 78 {1 i) 55 5
w /N TR R FRAE IR @, Mostafazadeh Tﬂﬂﬁi?lﬂﬁ B:w/wmmﬁ(ﬂ?iﬁﬂ%’%i
(adiabatic parameter) , Ifii 48 #% 2 BT RS2 09 2 Rk 2 p<<1 MY B2 NS &=
B O, f 26 e PR RG B ST

T/t = L

3. BT R IR LKA
2L 6. 3. 12) 18 A Schrodinger 772 (6. 3. 9) . I F| H = (6. 3. 10) , 15
ih 2, (Dexp[ ﬂ E,(Od' ][00

ik D, (Dexp[ ﬂ E,()dd' ] [a(0) = 0
<m0 | 227 E R (B L 15

a, =— Ea,,exp[* éJ; [E,G) —E,()Hd ] (m |ny

=—a,{(m|m)— Ea,,exp[* éJ (E, () —E, (//Hd ] (m |n)

(6. 3.20)

SR (o) B R FF R B @, (o) T i JE A 106 37 7 R AL, — B oK A 2 AR TR X 119 465 34

FE IR B SR (6. 3 12D M TR n=m — I, AKX (6. 3. 200 AT A

n7mPIN] DL 25, (6. 3. 200X ¢ BRI BIAT SR R I R a,, (0 (R4 ©.

FEL I — BT BT s nFm AT LARE 29 2504 T 31 E NS

o [pml

B AZE D B g PR Stk b X R SR L R AR A IR IR AR AU 2 B ] 72 Al 3
FEAR 28 B P9 BLERE AR R | (E, —E,) /k | BN £,
W% I A 12 AR AE 25 07 B2 €6, 3. 100X ¢ 14y . 15

. J
2@+ H i) = 2
dt (71‘,

‘<<1 (KRR n 4 m) (6.3.21)

I

n()+E, [ 7))

(m

JH

dt

7’1>+E,,,<7n‘ri> = E,,<m‘n'>
LA

O HEIEMAITE .25 B, R. Holstein, Am. J. Phys.57(1989) 1079, The Adiabatic Theorem and
Berry’s Phase.

o 227 -



(|1 :<m

2, n>/(E,,*E,,,) (n %= m) (6.3.22)

A 6. 3. 2D A (6. 3. 22) i LB H Y FA L E N LRSS & g/ 1,1

.......

IH
= ‘M‘— h<m7tn> <1 WFAEn#m (6.3.23)
B= E —E |~ (E. —E,)° n m . 3.

JRSE I T 2 R R T DL X AR PR AR 2 SOk 2 WA 4 i 0L AR R

FRAE 5 F

Z“ﬂg ‘— z;lﬁ<m n >/
E%Q@&%I@?ﬁﬁﬁﬁ)ﬂci TEXFIE O T , & B Schrodinger 7% (6. 3. 9) I fi# , 7F
BRI SE(6. 3. 11) [ @0y = [ m(0)) T, AT LAF RN

— ?JOE“]([ )dt
IJH

Tk >/<E,I—E,,,> s(nFE=m) , FT A H (o) Bl R [A]

AR AL (AR R LN | (E, —E,) /& | WIZRAEAL T [ () ) 25 O R Z8 P9 BLHRAE 45 556 (1
JZ ). (6. 3. 23) XA LW B 1, HoW 7 AR H W 48 BD 24 ot 45 136 2
i, 7R 22 A BERS BE S ARAE S [ m (0 BRIEZITA nm WIBER RE R ARMEZ | n()) 1Y
WER T L Z20Wg , DR AR AR IE AR R AR REAE S [ m (0)) A N Y BE B AR AR AE 3
m () WL 6. 1. M4 (6. 3. 23) Wl B, 20 (6. 3. 25) w2 AR B A9 — A 4 A 4 3R
AT RLAEE i E AR BRI L 5K (6. 3. 20 W AR AL (6. 3. 25) TR | (o) B R AIR R i — 4
e k. T LA (6. 3. 24) B I i 4 P R ST AR R B D) 3R iR

—0 (6.3.24)

| ¢()) = a,, (t)exp lm (1)) (6.3.25)

:—tt(6.3.23)':':',“m‘71'>‘=‘<m

/4
-0/ E1)
E,0)
S ED
E,(0) “ l/
t=0 >0

@ D. Bohm, Quantum Theory(1951), p. 500.
@ Y. Aharonov and J. Anandan,Phys. Rev. Lett. 58(1987) 1593.
@ NEEE,KIL . mFHEE R . B bt e KA I R4, 2001, 21~ 86.
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M (6. 3. 23) AT LAt FEBE R AZE RIIF A 0L T . BIFE E, B8 IEA7 15 7
Sh— SR REGL E, Ui 1 2 AT (DA R AR 22, A Z0K5 A T 0 Ay A8 25 B8R 1 A 408 fiE 4L

.........

Ejjif..@#m@mﬁ$%%ﬂ¢@%né%ﬂ&%ﬁ%ﬁhmﬁ@ﬁ
AN RE R R L (6. 3. 25).

Bt , XT3 5 R TR LA I 7 25 038 T AR — A TR A 25 1. 78
R RS VA T AR AR VD B S Wy i 1 KN BT AT 2 TR Bl A () A Ak i b4
G TR ARG — A2 B R I A& B 3 LS 1Y SR AR T — S e N S itk

............

FAE (K 6. 1,455 =3,

F6.1 JLANERECHERSES

S {0 2 BN

P /e o YIRS s J 107 TG,

4 1 6 25 B S L |y o R B B A ) 2 Hl 9K GRS,

x dv
__~ @ Z¥ N/i
— “M*Wﬂhz<ﬂ =/ SIME—V O TR B m 08T 16 28 75 35
¥ V(o) i de Broglie J 1.
= e fi(n‘r)H/Ot‘m) h(n‘m)
4 =

B4 G ) ‘ (E,—E,)° ‘ ‘ E —F, <1.,nF m.

6.3.3 ETHMIEUER, B

WARZR H () B I )28 1k 2 05 2245 . 8 O JIE 26 #4301 01 4% 144 20 (6. 3. 23) B X
(6. 3. 23 /&, I H 726 W1 bk (0 = 0) i 280 M4 28 &b T 3 5 O B B AR AE 25 | 9(0)) =
|m 0y FEEB T (6. 3. 200 HARBE S — T (n=m 30 , Bl

a, =— <m‘77'1>a,,, (6.3.26)
BRI IEFIEBNR KA 0, (00 =3, 13
a, (1) = exp[ J <m‘m>dt]a,],(0) (6.3.27)

FLAER) 26 4F (6. 3. 11) | ¢C0) ) = | m (0) ) Fl4a T ) £ 124 (6. 3. 23) ST Y IH LT
(6. 3. 128 | (o)) T ntm THES AT LLZ W[ (6. 3. 25) ],

| (1)) = e @@L (1)) (6.3.28)
A
a0, (1) =— %J E,(/)dl (6.3.29)
0
Y, (1) = iJ, (m (") ‘77'2(t,)>dt/ (6. 3.30)
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a, (O VR FAZBR B 22 M B RO T B AR E, (0 BERS ] B9 22 1k, 18
H REGWHER T L E, N ¢ /}'Eﬂc,am(t)—*Emt/h 'ﬁ a,, (1) A A, 7,,,(t)12€$ﬁ?

(m|my=<(m|H|n)/(E,—E,) . i 7,,(Z)K$ﬁ$§ﬁizlifﬂfj"m(t)>&/ﬂ\:|3ﬁﬁﬂm
ﬂéﬁ’]ﬁ%f OO T F Ik st AAE A5 09 V3 — A 50, 0T ATE R Gn () S R BT LY, (t)
BEH T 7, (O BAT 5 a, (0 A 0B 96 FL R 76 48 2GR L F ok % &
Schrodinger J7 F& ) H #LAY , Moore 2 7, (z‘,)ﬁ{ﬂ??ﬁﬁfﬁ(adiabatic phase). Z[K%;é
JH Moore HIFRIS.

FE I A R A5 A 2

(DFE 6.2 WIHE &I A E S8, & AR Emra? B B ARAE 2
FA S oA A T 0 E R, 5 I AL, & i Hamilton & H (o) (9 BRI ASAE 25 B AT
B AR B E 40, 2R (6. 3. 28) AR | (o)) 81 [ (), 88 [ () ) = elon®
| (e) )% HR T BRI RE B ASAE 5 #2 (6. 3. 10) , BN EATHR 2 H (o) B 5% I fig & A F
. B a i A IE AR E, (0.

(2) V&1 U B 20 4R & A T 5 — dE @ O B ik AR AR 2, i, X (6.3.11),
(0= |m0))y, MAFE t (=0) B ZI & T & | o)) i 2L (6.3.28) 44 . i
(6. 3. 28) H A 45 PR [H 7~ €7 0 S b AN AT 2D B S 5 s FRORE R 1 B9 10 BB B

()Y = e |m(t)) = exp[— éJOE,,,(t’)dz’] lm())  (6.3.3D)

JUF B H BRI AR B2 AW 2 & 0 Schrodinger J7 B2y

[E]O
(6. 3. 3D TR | ¢(0)) A A B Schrodinger J7 2,
ih % | ()= H | @)+ e tloBn®d i % | () (6. 3.32)
I % B B AR AR (6. 3. 10) 9 B o0 LA K ik B R e A I oA B0 58 A& M L vl DLE B

m)

JH
T

—E»
T 28 P D 5% #Fﬁ(es 3.23)H (6. 3. 20 F s L*t/ub rhE’Jk%ﬂIﬁZTwﬂ%f AH A 0 55 — 31

‘m(t)>— <m‘f‘m>‘m(z‘)>+2 [ n(e)) (6.3.33)

@ D. J. Moore,Rhys. Report 210(1991) 1.
@ J. Y. Zeng and Y. A. Lei, Phys. Rev. A51(1995) 4415.
@ A& () | m())=1,%F ¢ {45, 1%
Cm (o) [ m ()Y + G (o) | m())=0
Hp
() | m () +m() | m())* =0
FELA Gn (o) | ()Y Jg 4l i %
@  PNEBEKRIU,FANE L.
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SR E WG, — T AR — AN B T — T B R /IME I T | () B AR 7 10 1

B A, 2 | m (0> | m()) B,

m) -+ 10 (6. 3.34)

{m

J i
_— —>
dit m

(m %
i
It
WP B 7 TR T — A 7 T R 4% TR 4 T LA R B A LR .
Schrodinger 77 #23 (6. 3. 32) B4 Ja , # 0 (6. 3. 33) , 1%

ih] o)) ik | @(0))

(n m) | —> | {(n (i m)|, n#m (6. 3.35)

=J H| o)) dt +J e o Fn O i % | m (1)) de
0 0 &
JH

g | i e . O A (I Jt
= H ' J J E, ()de ' J J E, ()de ¢
’Jo | () yde + ik e wh (m | m)de + ik e wh ém E —E)

(n m)

| n(e))de

(6.3.36)
2 (6. 3. 36) 47 Ml Aty SR A 35 2 1T 0 Bk — T /N5 A 37 256 0I5 [ 5K (6. 3. 35) 1,

zzzzz

B4 (6. 3. 23) B (6. 3. 24>53u,EﬂTfﬂ%z“ (6. 3. 360) A7 M n=1m T Cm | > [ B 45 $4AH
Y <t>]%7““rﬂ%z+:ﬁ’1 Eﬂ ﬁ@ATéﬁﬁwﬁl?—E’Jﬁﬁtw 3. 28)%@@&%& bchrodmgerﬁﬁ»

£ 4§H7p. 21~26(:H35L jt%ﬂjﬂmt,2001)u&ﬁﬁcﬁﬂliﬁi}:.

6.4 Berry JL fi] #H

LRI 24 M. V. Berry (198O)YH EE TAE. H & - THRR, K
Hamilton # H (RO T & WS4 R HIAWE AL WA . R(0) =R(0) .
H(R(0)=H(R(0)). ¥ a1 )12 ﬁ$%ﬁ%@%mi¥*WM»%ﬁmm
1L, ST A Schrodinger 7 F

m%WMD:HmUDMm> (6.4.1)
& H(R()) BBk AAE J7 #2 0
HRW) [n(R(1)) = E,(R() | n(R(1))) (6.4.2)

E,(R()) A BER g AR, | n (RO HIZE RS HRO)OFENK—A N
GG E N B L EAIES,  BARICARRETFAN 4% & & F A
{In(ROI IR BT ¢ B 2R R BT BN —HE &R AR —E T8 o) B A
X — 2 58 4% S R TT

Berry i B 5E 14 & 1 Hamilton it B i A1 A5 16 2 9% 2218 [ Hoaf ) 23k, I 6.3 77,
K (6. 3. 240) |, T4 HOE HN AT BB AR R W) 46 B 2 (= 0) &b T3 — > 455 1 B

@ M. V. Berry, Proc. Rey. Soc. (London) A392(1984) 45.
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A REEEAAEZS | m(R(0)))

(0= | m(RC0))) (6.4.3)
MARRAE ¢ B2 A = F 8 [¢@) B 6.3 45, X (6.3.28), 2 (6.3.29),
#(6.3.30)]

|5 = D7D | (R()) 6. 4. 1)
a, (1) —— %JE (R()de! (6. 4.5)
0
7, (1) = iJ’<m<R<z’>> (R de! (6. 4.6)
0

a,, () 238 8 19 3 1240 E AR T BRI B8 | A IE(E E, (R(D) 7, (0O FRh 48 34
(BLFR N Berry 4381 , & MM T % I BE AR AEZS | m (R () ) B F i 5[] 25 4k 1)
Pt | m(R()) ). Berry X H 48, 7, (z‘)EEﬁi% K(644)£1€(ﬁﬁ/@ T
Schrodinger J7 B2 (6. 4. 1) FFfi & 1. % 18 5 RGOLHTT H(RC) TR i) 5 1 3
e Berry 85 1 .7, (O A7, ARERR N R I PREL 751 20—
FEI © DR S A5 02 ) PR (o L — A B4 26 R (o) — R C0) » {1 — i B0k

Yo (O AREETF v(0). X Berry BYE B K& FH.
b3 48 5y, (o) BT L3RR g 2 8023 (6] vh i — A [l B

s By (WA 6. 2).

"R(0)
Y. ()= iJ « (m(R) ‘ ‘m(R)>
R(O)
:ﬂgAm(R) «dR = 7,(O (6.4.7)
c

A, (R) = i<m(R) ‘i

Berry 8 v,, (D)2 R 7, (C), RBE A AT L %57, 7, (O A
AT C AT A5 5E. A [ m (RO B9 IEZCIH — P, AT ATE BT, A, (R) 9 52, IR
Y (O R SE L JE ] LU Y. Berry 48 7., (C) X b “ geometrical phase change”. J& 3
NATBFR 7, (C) K Berry JUMARD, 5% 71 F% g JLAT AH.

FIH Stoke’s 5 B, 3 (6. 4. 7) 30 AT LAAE g 2 Hias (] v i 1w AR 23 (81 6. 2).

m(R)> (6.4.8)
& 6.2

7, (C) = H —><A,,,<R>]. dS:JB,,,(R) . ds (6.4.9)
B LA, (R ATEAES Kz 0] P i« K357, B, ﬁXA (R) WU & WA R ) “ W
YR, y, (ONWR B L IS s B A2k C Hiu FR i S Ay “RmEE 7.
A DLUE B VR BR TR B AT s G BRTE R R O A0 A1

@O WLERYECHR.D. J. Moore, Phys. Report 210(1991) 1.
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V.B,(R) =0 (6.4.10)
(R)——RXA]”(R)EI"JE’%ﬁiﬁ,J'_L',ﬁ((S. 4. 1. A DIFE IR R4S A, (RO T Bt
B RE B ARTEZS | m (R B A L B, B, (R AT 7, (O #B-5 I TE 2%,

[(FE 1] FHm@® | m(R))Y =1, % 5 R #4515
(m(R)‘ ‘111(R)>+< m(R)‘m(R)>

il

<m<R>>\ \m<R>>+<m<R>\ \m(R» =0

JrLL(m (R ‘ ‘m(R)>j§létsz§& Bl A, (R R 5E.
[k 2]
B,(R) = VXA, (R =—1,VX (m(R) |V | m(R)>
FIHV X (ua)=VuXa+uV Xa,B, bH
B, (R) =— L.{Vm(R) X Vm(R)) =— 1, E (VmR) | m(R)) X {m(R) | Vm(R))

m##n

HH
_ (mB | (VH®R) | m(R))
(m(R) | Vm(R)) = E,(R) —E,(R)
i
o (mR) | (VHR) | mRHX (n(R) | (VHMR)) | m(R))
B, (R) = Ig E®—F R (6.4.11)
E B AT
F=—i>)|Van|=F (6.4.12)
iy
| V)= iF|n
. - ) , AT 7<m‘(VH)‘7'I> .
m|F|n)= ;<m‘Vn Y | my= (m |V | n)= “E —E (6.4.13)
(6. 4. 11) AT F 7R i
B, (R) :*ImZOn |F | )X (n|F|m)=—1,¢(m|F X F|m) (6.4.14)
n7Fm
Jir LA
VB, (R=—1,[(Vm|+« (FXF)|m)+ (m|(FXF)+|Vm)
+m |V (FXF)|m)]
=—L[—iF« (FXF)|m)>+ilm| (FXF)«F|m)
+m| (VX F)« F—F+« (VXF)|m)]
FH

VXF=—i>) V)X (Vn|=—i>F|mX (n|F = iF X F

BV «+B,(RV=0 [E,(R)=E, (R LRI ].
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[¥E 3]
R (6.4.8),4, (R)=in(R) |V [ m(R)> . | (R Y — AN AR 7 A28 e i
‘m(R)>9 el ‘m(R)>
M A, (R—>A, (R) — VA Y FE—A M4 k. {5 B, (R)=V XA, (R)ANYA (5 #4406
F)LHT 7, (O 5 | m (R B AALE BUIE 56, 13X — S A (6. 4. D WA DL R H L./ A, (R
BBl 28— A [ % C I U 2 S 54 O, HLAT LR A 0.

6.5 Aharonov-Anandan #H

Aharonov '? Anandan X} Berry JM_H‘HIE @Tﬁgﬁfﬁf‘@ EﬂﬁﬁlﬁTéﬁmﬁ

......

J-JFT%? Hamilton & H ﬂ,ﬁ;ﬁ""‘ﬂj)

| g(o))y= e | ¢(0)) (6.5.1)
B2 I — A« 5 BT A I B AS R — A2 . B I A
(D))= e’ | (D). (6.5.2)
HER £ — fO)=¢. X BE | @)Y TEL T — WG WA A6 281k
Py = [¢0)) (6.5.3)

HE L5 | o)) BERTE] B 78 Ak 06 05 & Schrodinger 77‘7&]:5] | (o)) Bt B TR] 3 Ak

AT Schrodinger Jr . HIZ(6. 5. 28 A Schrodinger ﬁﬁ
ih % () =—hf | g+ ik % g = HW ¢ (6.5.4)

FREFR QWD | E
—zlf'+<{b<z>\ih%\¢<t>>: o | TH ¢

Xt ¢ By — AL 15

() — (O =erl<¢1(1) H(” ¢<r>> J dz@(z)\i%\{b(m
0 C
(6.5.5)
o
¢ = f(x)— f(0) = ale) + y(D) (6.5.6)
() = ert<¢:(t) —HD >> (6.5.7)
7(o) :erﬂg?)(t)\ia(—t\@(tﬁz95*01(7) (6.5.8)

AL « (O FR A Bl Jg A A T ARG AR AL ¢ 53 12 a () 222 $—a(o) =
YO FRA LA Ja R AT FRZ 8 AA A,

® W 223 505 R. Shankar 45 .p. 595.
@ Y. Aharonov and J. Ananden. Phys. Rev. Lett. 58(1987) 1593.
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W 2] Berry 571818 19 H (R () Fifi B} 8] 26 B 15 399 28 1k i) 45 B0 R 3990
O IR R AT HRO) W — A B ARG | (R()))

a, (1) —J dr’ <n(t)‘ H(”‘

Y5 Berry & X BB J1# AR —BUR [ 6.4 35,3206, 4. 5) L i & i — A W1 )5 B
B ¢ Ha, (22,7, (0D =%—a, (), WFHJLITH.
1 —ZEiERT

Hamilton &K

> _ %J d'E, (R()) (6.5.9)

2
H = prerwzxz (6.5.10)
2m 2

R E,=n+1/2) ho.n=0,1,2, , AN AHE 7S Iajil‘¢'> WIS
| $(0))= cos - ‘(ﬁ()>+ sin — ‘5[;1 (6.5.11)

BIIEZS | o) 55— MRS | g0 M . %éﬁﬁéﬂuﬂ?ﬁ/{\fﬂﬁ@ﬁ'ﬁfﬁxwﬁ@ 0. 0=0 Fx
WA AL TF A 0= M WA b T 55— MR A L T 0= /2 SO0 25 J2 M s AT — W 26 0 A
R A .

| ()= cos %ew” | $o )+ sin %ef'w'z [ (6.5.12)

B—MHRES. ELT — MG (c=2x/0), |¢p(0))=—¢0)), B E N ¢=n X
(6. 5. 12) A (6. 5. DHFIRK (6. 5. 8) , 7] 15
a(t) = mcosf
y(©) = ¢—p(r) = n(1— cos®)
0, WTFo=0mn CEX
a {n, MT 0= n/2 5 3w/ GRadEEd) (6.5 13
B T2 45 AA AN 0, X 58 4 A2 A5 AA AR BIHCR AR =

B b EAREERS T AT AT S R R AL B

H|g)==+ |E||¢> (6.5.14)
| Yoy MR N | E| MAIES. RIKRWE A

\¢<o>>:cos§\¢ >+sin%‘¢\> (6.5.15)
Iy
[ 400 = cos 01 F 14 [ g ) sin e 1 F 100 ) (6.5.16)

AE M, 20— c=xk/ | E| 5. | ¢))=—| 90>, Bl MAHAL Ak =, 1M1
a(t) = mcosl
7 ()= (1l — cos®)
0, NFo=08r (D)
- . (6.5.17)
{n WF 0= n/2 8 30/2 CGea A
VL Lo Hr T A 0 T 25 AAARE D 0. 1m0 UG T AR A2 25 AA AR AT B8 B X A
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FE A0 B TR B AR E A AA R OR/INTT RUAE S 20 0 AE 2 S — S 8L i TR R E

BO=n/2 8 3n/2, I ESFREBM  AA KB BIRRAE =

B2 FHEE T TED
1 F B9 Hamilton 824
H L hZ (’)2
21 9¢?
I e g, A AT A IE S
E, = m*k*/21
G (@) = e, m=0,%t1,+2,
n

— B R Gn=0 BRIM.

WARRIFIA R
<§0“/}(0)> =i[¢,,z(§0)+¢1,,u(¢)], ‘777/‘# ‘7)‘1‘
N3
<§0 ‘ (/J(i)> = 1 ‘ el g *m + emu,— ﬁ"’ 2 ‘
2 m

<ol |2 = Lcos’ [NCp— ¢, (1))]
¢ - ¢

N=m—m', Q:i(m+m/)

o = 0t

T LAE W AR K (T N=1150, R — P K& LIS 8
— MG [e=2xk/(E, —E, )], BAALAZ AL (& m>m' )R

.18

(6.5.19)

(6.5.20)

(6.5.21)

.22)

FE QR R L &

¢ =—Ez/b+n, E =(E,+E;)/2 (6.5.23)
AR 6. 5. 2D AR 6. 5. 1) 5K (6.5.8) Ak HY
alt) =— E.t/k
(o) =¢—alt) ==« (6.5.24)
B3 IR TATS
WIERTIEL T 2.6.1 15 2.6.2797, p.72, (2.6.1007D)
2o N1 0" -
(x| (D)) = go(x—x0) =€ /2 NED) (6.5.25)
¢ ¢ ) Z} Wi
=a_7(o/«/7 a = «/mw/ =L
L BT R R K . 9135 (6. 5. 25) BT 2N E B — EMNEMHM T E . v LK T
(x| gp)) = %exp[* %(az —28coswt )? — i(%wz‘, — 752 sinZwt) ] (6.5.26)
T
| (x|g@)|? = ﬁexp[— o (x— 2. ())?] (6.5.27)

x.(t) = xycoswt

@ W. S. Porter, Am. J. Phys. 61(1993) 1050.
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TR — LS =0 SIRG I AT GRS 20 SR N 0, 58 HIEIRT 0 3 RIRG R
J AL ATAE W CFEE DT — W c=2n/w J5 (2 | ¢ ()= — (x| 90y, MA AL N $=mx.
(6. 5. 250 R A (6. 5. D FNR (6. 5. 8) , AT 3K Y

alt)= 2n(* +1/2)

()= n—alr) = 2r* (6.5.28)

0, WFo=0 CEF

{n, XMFo=1/V2 W x =1L
EHRFBMETUFEBE S FESG=0,.8 v =0, F x, =L WM T,y B EH KM
n T A RES S MER T 0 B R RNAE N W& F A, i 2R dEE .

— Uik, A R Hamilton B A8 & ¢, fEEAME TN H| ) =E,. | ¢,
WA IR E A, & — 2 B &
[0 = 23C. ) (6.5.29)
C, = (g |0
Iy
()= D)C e Bt | g, (6.5.30)
B ERACAR 6. 5. 7) ATk B 2 M
a(t) =— >, |C, |*E,c/h = Ez/h (6.5.3D)
E HRERFIME. BAHM A L ¢ R4 .
¢t = D[C, |2eEnt (6.5.32)

M y(o) =¢—alc). — UK, pFa(0), 7(D)F0,FRIE C, =6, GEL) , A ¢=a
(0)=—E,c/k,1Mm y(r)=0.

XF H &R R  BE L POE U R R WAAETE M 1 E 2 T AA
A 7 (o gl vl BE 3.

Mk LR ENAETEEIRS Berry BB AA BHX R

WAk R 1Y Hamilton it H(R)) BB ] & 3018 4k, B R o I R AR b i 20 Ak F 3R 45 2 1
WAt BE R AME A | $(0)) = | m(RCO)) U ZELHE B TR R N EFALW 6.4 7,6, 4.3)~
(6.4.6)1H

i

: J;E,,,(R(t))dt—l— if (R | 7h(R(t))>dt] | m(R(D)) D)
0

| </J(t)>:exp[—

Yu ()= ij (m(R@) | m(R()) yde FRHA Berry 46 BAH KA T % 1 fE AR AE 2% | m(R(0) ) S H: Bl s}
0

8] A8 Ak B | 1 (R())). Berry(1984) K B, v, NEEFR RN R W R B B e 2 H — AW « )5,
R R(0) =R0) , — 1K, 7, (D F 7., (0. 7, (DTN 7, (C) . Fr A Berry JLA[HH , S T DLW Y.
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Aharonov & Anandan (1987) %} Berry () TAEM 7 EZHE), i F T Hamilton & 4 $475 fk
0 15 Flamilon 46 3 7 B A B 11705 ) 6L B 35 0 775 B 90 0 s T 51
T AAARIL 6.5 5.

ANALS. S, Mizrahi®, D, A, MorahsO SIS T LR & B AR B S 5 Berry fHA1 AA
A& F . Mizrahi — )% 2 58 . “ An approach for the exact calculation of the geometrical
and dynamical phases,by using the method of Lewis and Riesenufeld,is presented. ”i% 3 7F i #
[B]Jiil Berry #HA1 AA #H T AEf5 4% : “ A third approach to obtain the geometrical phase is propo%ed
here and it makes use of an earlier work of Lewis and Riesenfeld. 4R J5 1118 T M & i A 25
Vo K AT 5T 0 T 88t 1 7 A

(1) Since the LR phase is part of the exact solution of the Schrédinger equation, the phases
can be computed without the adiabatic hypothesis and no corrections, in the sense of Berry,are
necessary. (ii) While in Berry’s work the Hamiltonian contains time-dependent parameters,in the
present approach the geometrical phase exists even for Hamiltonians that do not have an explicit
time dependence,as in the AA approach.

Morales —3C® 35 Hi Al LR & B AR 28 145 H 59 Lewis 07 “is exact even though the system
does not evolve adiabatically in time and becomes equal to Berry’s result in the adiabatic limit”.

4% Mizrahi Al Morales B TAEZ J& . 78 20 42 90 AFARH B T K& SCk . & 113 T & oA AR
EHIE L, NAR A ST LR 415 Berry A1 AA )& K. 7 A. Mostafazadeh EI’J#:%CDEF‘
XA TR IT R A PSR Y 132 AT LU S B % 25 R A5 b BT 51 SCRk, X BN EETE A A 4L E
B A XS TAE AR B F ) ARG R TR 5 A

(l)g?fﬁ'ﬁﬁjlﬁﬂ EU{E{JCM‘ ﬁa?ﬁﬁf Schrédinger }7 ﬁz TE Berry JR IR SCHk H 1E 28 48 1 L 4
TR i TR A AL TR, (o) S R i 2 & ) Schrodinger 77 1R BT 07 1. 5 AA A S [m 6.5

5,3 (6. 5. 4>~ (6. 5. 8) IR 13X — . FE S I AZ R HIE T, LR A an () 352 AR 5 5 2
&} Schrodinger 7 R AR E ML 6. 2 5,36, 2. 18) ~ K (6. 2. 20) .

(2) 5 I Jy 2 ik O S XT ) ¢ R 9 550 B AR 2548 — A>3 AR IR 7 (9 AS S k. il
BERASEE (0 L 6.2 1) 5 & B Hamilton Bt FICo) #8222 5276 T f i R 25 Bt E’JZIR{E
B A A ] 27 L dA/de=0[6. 2 75,30 (6. 2. 8) 1, fif % i Hamilton & H () MANEME E, () B
RS, e A AR At i, HHAME S AR E . B LR AR R K5 Berry 48 #UR 19 R 78 K
AHIRZES. B, Bk RG24 T & et K2R IO ME—HE N ARIES | ¢0) =
| Aoko +0) U ¢ Iif 2201 2 4 T 25 (6. 2 15, 5 (6. 2. 23) (3 (6. 2. 24)]

| () =exp [* %J ok st | H@) | Agre 2> dt + J Aok 5t
0

HER DMK 2 RN ERFZEET, A .00 N2 H(z)%zL\ﬂ%g:,ﬁ'ﬁ | m(R())) &
HR) AREZS L ARAEAE N E, (R()) L BT LLEh J1 2 A0 R F 7 22 R 20 5.

/\U/c@sﬁdt] | Aok s> (2)

@ S. S. Mizrahi, Phys. Lett. A138(1989) 465-468.
@ D. A. Morales J. Phys. A21 (1988) 1.889-1.892.
@ A. Mostafazadeh, Dynamical Invariant , Adiabatic Approximation and Geometric Phase, Nova

Science Publishers, New York,2001.
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FTE A=
7.1 BETRRANARESY

7.1.1 EFSHED, BHER

o e — PR R A 15 00 BTG A BERL T8 = B0 He . IR R 4% = Bl —A
TCRR/NREE S(E 7. 1) KL T I A BRI o>¢ = o+ O, I BREUM ¢—>¢/ =R. (3p) ¢,
3K R. (8¢).

ETRZS

z

¢ (94 0¢) = ¢(g)
Ap <
' (@)= ¢(gp—d¢) »

_ P » 9°
= (@) — O a¢¢+ 2!(850) 8¢-’¢+
_ e—&;%“/] — iy [A:'/hgb
A
~ . d
L= OJ
S AR LG < . SR I HERL T4 = B R o
do AL A R K
R.(5g) = e ¢/ (7.1. 1)

I BIREF28 = WTER% (0I5 55 /NSEAE. B IR TR 58 = BBERS — A R AR o 2 T DU AR
R Z AR EA T — 2 5 0 R/ ff B2 e 5% 1) B8R, S TR T

R.(a) — eiel/h (7.1.2)
R T EA B e, BB fmsh 8z B mshi j. B
R.(a) = ¢ i/ (7.1.3)

Sk — D) BORL T SRS (AT — J5 8] n &G — S BE 0, I 4% 3 B4 ] R

® 2 M. E. Rose. Elementary Theory of Angular Momentum. John Wiley and Sons, New
York,1957.
A. R. Edmonds, Angular Momentum in Quantum Mechanics, 2nd. ed. Princeton University Press,

1960.
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R(n) = e i/t (7.1. 0
T, AR R 0 R R AT S R R GE A 6] n J7 M ERE 0 fA G i B A
£
R(On) = i/t (7.1.5)
SR J BMRR IS N ST,

7.1.2 AHEARLESHES,D B

BARRLE T 7 T O MR AL ¢, WK R AT 0 J7 iR 0 LU KR
ARSAE R (LR AR, B A= 1)
ROn) ¢, = e "y, (7.1.6)
FREF|[J? . R]I=0, 1Al Ry, 509 J? BIAIEZS,
J*R¢;,, = RJ* ¢, = j(G + DRy,
A — i, . 5R AX G, KM R, — AR T . AR T2 . B4 AR
AREM B Ry, i — M FR AN
RO ¢, = > Gm' [ e ™| jm) ¢ (7.1.7)

m

Gm' e ™| jmyFoRBMAEIACH Dy, (O0n) , ESEFEBNELF " THE ¢, (G B

FEDFRIFY 25+ 1 4E () 25 [ P B FE B 3, BUPR 2 M iR sh lE I (25 + D 4E AT 2
Fon, X AE, (7. 1L DA HGE N

ROn)¢,, = > Dl (On) g, (7.1.8)

S, = 4Egs B s = Euler f (o, B, 7)) R4, WK 7. 2. Xk 3 3)

AT T LS BN A AR = A5 S AT Z R
R = exp(—iyJ ») « exp(—iBJ ;) « exp(—ia] ) (7.1.9

7.2

WM RGHFER ¢ 08 (7 T O IR ARAEZS, O 68 315 R 895 Moo, b 1 A
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SRS RIRR (o, y, D) PRI R T, 0T, T kER R I R T 5
FALE 7.2 F1(b) ]
exp(—iBJ ) = exp(—iaJ.) » exp(—iBJ,) « exp(iaJ.)
exp(—1YJ ) = exp(—1iBJ ;) « exp(—1iyJ ) « exp(iBJ )

R= exp(—iBJ ) « exp(—iyJ ) » exp(—iaJ.)
= exp(—iaJ.) » exp(—iBJ,) « expliaJ.) « exp(—iyJ ) « exp(—iaJ.)
5 "Bl B = i, R S
R(a,B,7) = exp(—ial.) « exp(—ifJ,) » exp(—iyJ.) (7.1.10)
EAE | jm) RE P WHEFETT ACH Dy, (aaB27) B
Diy (asBs7)
= Gm' |exp(—iaJ.) « exp(—ifJ Dexp(—iy].) | jm)
= exp(—im'a) (Gm' | exp(—iBJ ,) | jm)exp(— imy)
= exp(— im'a)d}y,, () exp(— imy) (7.1.1D)

N l:':l
di () = Gm' [ exp(—iBJ ) | jm) (7.1.12)
M (7. 1. DA FR K
R(a’ﬂ’7)¢//71 - ZD{H//H (a7ﬂﬂ’y)¢jm, (7- 1. 13)
iiﬁ a‘H‘%: D}in/m (a aﬁa 7) ?Jwﬂéﬁj‘]ﬂ“ﬁ d{u’m (B).
LW iy (BB EARXZAT L j=1/2 JHTE &L B, A FIH Ji=1/4. 7115
exp(—ipJ,)

Ry M3
-+ S SR

4

1 1! (g)sz%(g) _...+..-—Zi]y[g—si!(g)ajté!(g)s]_...jb..

21
— cos £ —2if,sin £

= cos
2

JiF LA

1 . 1 N B, o B 1
<2m ‘exp( lﬁ_]y)‘ 2m> cos 28,,,,,1 2isin 5 <2m ‘]y‘ 2m>

FIH T, BYHERE T BRI SR B QL2 (B 2 X 2 SR T, Ik 7. 1.
AT DAUE W, 78 BUE 24 A8 A E T, (B R SE, it s R oy @

© flhn, W op. 239 5] Rose 459,53 (4. 13) , 8 W E. P. Wigner, Group Theory and its Application
to the Quantum Mechanics of Atomic Spectra. p. 167, (15.27). Academic Press, N. Y., 1959.
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A (B) = CGHm'G—m VG +Hm)HIG —m)H1]V?
. 2[(*)”(]'*771/*v)!(jJrM*v)! e (wtm —m) ! ]!

[8 2j+m—m'—2v B m' —m+2v
e | COS &+ — SIn —
2 2

B BBy B BUE R %ﬂ%&liliﬁ%ﬁﬁé&iﬁk%%ﬁ

...................

(7.1.14)

BT =1, (BB 33 FEFIEIIFE 7. 2. B0 3 6.
7.1 d)/L(B)
— " 1/2 —1/2
1/2 cosP/2 —sinB/2
—1/2 sinf3/2 cosB/2
*£1.2 dou (B
/ m ) 0 .
1 *Lqin L= cos
1 7(l+cosﬁ) A S B (1—cosP
LI *Lsin
0 ﬁsmﬁ cosf «/? ¥
1 Liin 1 S
—1 T(I*C()sﬁ) N ¥ B (1+cosP

dhy (B) 8 P

d" =d=d ‘"0l d=d 1,}—‘9?L,L

dn (B = d},

Fest (7.1.14), % g — B B, /5 il [

(=B
smﬁ)z{ﬁﬂjﬂl?(—l) Tty —

w (B RELEHd =

(7.1.15)

(=D BT

Ay (— B = (— D" "diy,, (® (7.1.16)
RS 115 (7. 1.16) , 18

A (B = (— D" "di, (B (7.1.17)

RVRE [ 47 50 B e ik B B (— 1),
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(2) #7110 .Y m=—m' 0, d)y,, (B B FRAE , fr LA

d{n/m (B> - dim-,*m' (‘8)
AR 1.1 57, 1.18) .18
div (B = (— D" "d! . (B

(3)%ﬁ:nMymsgcﬁuﬁwﬁﬁkﬁ(%leqnmsﬁ

m—m' —2v=0, ) v:jﬁ—%(m*m/). F R 11D F gk sk H 1k R

G—m' —»! = [—%(mler)]!

G+m—w)! = [%(m’—i—m)]!

ﬁﬁ%*m#mzam%Tﬁﬁm
,,,,,, (m) = (—1)™'5,
ﬁﬁ%ﬁWJ4m5ﬁ011m
diy (— ) = (— 178,
(4) IR d(x+p)=d(md (P, 15

A (4 ) = Ejd;",(n)d{ ,,,,, B = D15,

JIT LA

diy, () = (— D7 d (D
Z Rl mT ik B

diy,, (r—R) = (— D™ di, (D

D & 3o R

1) D R IERIH—1E
W BN L EME . R =R ' HEMITH T X5,

(7.1.18)

(7.1.19

(7.

(7.

i (B)

(7.

(7.

Gm'" R [ jmy= (Gm"|R" |jm>= Gm|R | jm')"

il
D}y, (— 7y —Bs —a) = D (a7
4 D ﬁEXTUIID&w ,,,,, BT (7.1.19) . Al 15
,,,,, W (asBey) = (— D" D7 (a8 )
W4 RTR=1, 7] 4l
Gm! ‘R*R‘]m Y= O,m

?ﬁkiﬂmﬂmwzuﬁjﬂm%%aﬂ¢hﬁ

Z<]m \R" | jm)Gm |R | jm”) = 2<]m‘R‘]m > " Gm R | jm") = 8,

(7.

(7.

”

Z'm”

K 0, B 25+

.20

L2

.22)

.23)

L24)

. 25)



2
2 ,,,,,, (@B V) D (asBY) = Sy (7.1.26)
2) Dp ;&zm%%/—\wu

ARG 71 8 i AS AR 25 A R 5 KLU LA K Sy 8l B A R 2570 58 8l T B 248 1k I, T oK
D R BRSBTS fSh i B G, S T =0t

G (1,2) = D3 Gomyjom — my | jm) gy (D (2

F%fj} R(a,‘g y)/f/EJEH‘F’(/ijQﬁE
ZDJ 0y (1,2)

= 2<]lml]>m*m1 ‘]771}21)’1 o i (I)EDLZZ,,,W,] i, (2)

= 2 Grmijom —my | jm)Dj, Diz, 201#1]2#7 G A )y, (152D

My

Ea’!@&p]ﬂ(l 22) | CHURR AL R JH IE 2 1 L 75
D’ju,,, (C( sﬁ?}l)

- E <j17”1j27n — nmy ‘].m><].1/11]'2/1*/11 ‘j#>D{4]1ml (019577)fo 1y s (a vﬁ’7>
my
(7.1.27)
%'éMﬂ)JE#HLJCZiE,
m (asB.7)Djz,, (asfs?)

::qummwm+mxﬁmpmum+wﬁmwwﬂ¢m@w

J

(7.1.28)
LR D R EAIRE S HL , JRFR Clebsch-Gordan £ 4.

7.1.3 D BHESKIEEHMXE

R T BRFE D AR BRI B 06 56 L 3 1T AR 185 KO A B 2R 6 30 T 99 25 e
VE AT 6 RTTE L F 0T34 25 260 3 F 0925 H L R PR J2 3 30 Cactive) Hi iR 758
B (A5 200 AE A 6 20 T AL B R (L 200 IR H5 AR 30 53 4 3645 — Fi gt 2) Cpas-
sive) Hi TR 73 B A 3R CHE S0 B i T 38 (25 500 (4 R 3l L 26 7/ A A
25 46 10 2 kSO AR T R i 7 345 A7 DR LT R R 1 3 O e
S A 5 4 T R R 25 H IR

Wl — MR R D (LR ESZMA) L% 5 R(a.B.7) Z )5 ZE AR R 2

CE BB IR R ). B %8 ) b — % R RS2 0058 48 5 R S0 b ) r 227 (E S 3 5 1
520 W B AR — A B R R E TR A R PR AR R () A B 9 A
RUFRM ¢ ()i
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J () = ¢@r) (7.1.29)
FERE IR T N A B R ABRR (7. 1.9) % 8BS R 19 248 3 5 AL b
ENE S YOk E RS

J=R'¢ B ¢=Ry (7.1.30)
BRI % i i 2 (B AR Ak b ¥ R P I FRR) .15
o) = Ry (")
PR AR B R BT (7. 1. 29) . 15
o(r') = Ry (r) (7.1.3D)
A 1 20 FH T RO R B s AT D R AR 7 ok
Y0 .¢) = ZDf,,f,,,(a,ﬁ,}')Y}” 0,9 (7.1.32)

VETE SR (0, @) SR 1 75 16 J7 175 (8« ) S5k 0 25 6 7 17 5% 4 KR A« FLUR i 76 R
7 4 B 2 b K T A0 1 OO AR T T . 26 23X (7. 1. 32) FE R IR 4 7 5 50 T4 1
2R SR, 307 1. 32) 72 0 B 18 o K B T B AR 300 B R 2 b
TR T Y7 (05 ) W2 BRI 06 A7 52 00 55 2 T8 R b Y 3 2.

B 5 1 — R 1 30 B A S 5 B8 56 th (0. @) i ] 1 (95— 5 4 56
B RS PIERFEAE < B LI T o 2 P B 0 =g —0. % o —0 .5t
(7.1, 32 42l 5 m T s R m=0. R Y0 0,00 = /2T D) /Am. I 1
51 3R B 0% S B0 Euler 4 a= . 8=0, TR (7. 1. 32) 4L

2Dl (g 00V (D) = il (7.1.33)

1 BRI %ﬁli‘ﬁﬂﬂnzIfﬁ@

l

SV G YP (. = 2L (7.1.34)
m ——1 4
W, L EH
l, — 4 m ¥
Dmo(§076’0) 21+1Y[ ((9750)
o
Dhy(asBr0) = [T yr (Bia) (7.1.35)
m0 b b 21+ l b . .

BEEN D ek B BRI R B O &R T IE OC 2 N D e B ARS 5 AL (7. 1. 28) Rl 453
H BRI R KA R S R

O WA LM, X AL 43)

P/(COS@]Z)

2z+1 0y )Y (s )

01292 (O 5 1) F Oz 5 @) T TT 101 19 I S, 24 (01 5 1 >7<§_.¢2>E\J‘.6m:o.ﬁﬁ P(D=1.



Y/ (0,9) Y12 (0, 9)

o (2[1+1>(2[2+1) § mlhn.)
—2/\/ 47((2L+1) <lenllzm2‘Lm1+m2><llolgo‘LO>Y14 “((9990)

(7.1.36)
A AP ) & BRI PRE Y S N (0. @) s 5 AR T IO HLE f sh B R A
FEARE—FZH)
F FHER T R B 1E A8 Ko 2K (7. 1. 36) 3 A 15 H =N BR% ok 55 e A1 A0 FH 450 3
Jaayr .oy 0.0 0.0

(L Lymy | Lymy ) (L 01,0 1,00 (7.1.37)

_ J(zzl +D QLA+
4n(20; + 1D

331 NTE AW

Con(r) = \/;Y[ (r) (7.1.38)

o=/ R e JTR RS R (7 1. 36) T B A
Coi, (FICoyy (P = Z([lml Limy | Ly + my) (1,000 [ LOYC, vy (7 ) (7.1.39)
%32 ki %ﬁ*ﬁhﬂnﬁfiﬂTuIF?ﬁl
Ec,,,x?l)c,m(?z) — P, (cost,) (7.1.40)
=
BAE 00 05 A Y = e I (0 = 0) R P (1) =1, B4
2c,,,,<?>c,,,,<?> =1 (7.1.41)

m=—1

F T 5 11 5 58 2 745 114 2 11 85 35 43 7 2 BR O Bk 1.
7.1.4 D BHHRHS AKX
AR

JdﬂD,’,}? (asBs7)Diz e (asBs?) (7.1.42)

mz 2

27 27 T
Jdﬂ = J daJ d}’J sinfdp
0 0 0

FIFH D R BRA N (7. 1. 28) KX (7. 1. 25) .15
K= (7 l)uz] k) JdﬂDﬂml,kl (a,ﬁ,’}’)D{gzkz (a,ﬁ,'}/)

5
i

- (* 1)’”17&] 2 <]1 *7’)’11]’27}’12 ‘]mz *m1>
J

e (J1 —kij2ks ‘]kz — ky >deD{112 my ky—k, (avﬁay)
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LX) o F1y BIF K

"2n “2n

J daexp[— 1(m, — m, )a]J dyexp[—i(k, — kY] = (27()28,],1,,,2 SW
LA

2

K :(27()2(7 1)/17|*A’| 8mlm2 Bklkz 2<]] 77n]j2m] ‘]O>

Gy — ko |50 | i (@singdp
i [ A (7. 1. 35) ]

j N oY _ 4 0 _p
doo(ﬂ) Doo(ovﬁyo) 2]+1Y1 (B?O) PI(COSB)

n +1
J dh, (B sinBdB = J P, (x)dx = 25,
0 —1

(A itk
K= 8n"8,, ., 0s, (— D" Gy —myjom, [00) Gy — kijaky [00)
— 85, ., (— Dmh S C DR
2 +1 /25, +1
= 878,01, 040,05,/ (2j1 + 1D
i o

8’
3 O de B, (T 149)

FIH D BREIFEE N (7. 1. 28) & 3L iE AT LIS H =4 D sRER LAY R4 28 28

[daDii @D @Dl o)

Jaapii gD, @) =

8t

T2t 1

8”;3.7”1+m2 8@3.&1%2 (Jimyjo,m, ‘j37n3><]'1k1].2/€2 ‘]2k2> (7.1.44)

7.2 PEIRME: D)

T R N B R 0 e B AR 20 4D 20 AR TERT ST O R Sl i I A
T AN )R O 2T T AR AR BRSO A 50 AR AR R AR TE K R
Iy I I UE S X R B R U R B R N TR R A R E e

FHSEL AT R R Y Hamilton &, SR J5 #4752 74k s 2 J5 AU 1%
SRS PR BE R ) BE AR A e Sli) ANAAIE R 5 5 J 118 AR A X PR BE SR 14 5% 2 3%

@ F. Reiche, Z. Phys. 39(1926) 444.
@ A. Bohr and B. R. Mottelson, Nuclear Structure ,Vol. Il, Nuclear Deformations W. A. Benja-

min, 1975.
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7.2.1 PBei2AY Hamilton £

I 984 23 30 A = A~ 1 R A 7 1) 0 60 88 9 1 Euler A a8 ) B
IS AR R EY 2.y 2 W22 Euler £ (an ) HA 530 2 5 3 5 1
LAY =B TR G 1.2.3 B0 FI T A, — A 1 th B OR 5 ) 3 B i) 1
A . SRR L AP 7. 2 TR S 4 = 5, B kLA T e
7.3(a), (b, (o) 1.

(a) (b)

7.3
(a) 5% = BHER; o f LI EBPRR = 7 M BAALK k) 5 (bS8 3/ JlES: g i (' )y
BN )5 ()8 THlES: v M (2 =2"=3 iy B0 2% 3, B FE IR e Hs) .

FEBRZE 2 (0] 7 0] n(a, B, 7) M TCG5 /N 31 On(8a, 0B, 87) AT e i
dn = dak +08j" + 873 (7.2.1)
HI& 7.3 AT A
k = cosp3 — sinBi”
i’ = cosyl —siny2 (7.2.2)
j/ = siny1 + cosy2
AT 2. 2DANAT. 2. D A5 on HFEIRAY 3 A~ E 405 1) HL07 K (1,2,3) FoR
T
on = (sinydf — sinfcosyda) 1 + (cosydB + sinBsinyda)2 + (cosBda + 6¥)3

(7.2.3)
PRl B R Yy 32 7T 3R 7
w = % = w1+ w2+ w3
w = sin)’ﬁ — sinfcosya
wy = cos}’ﬁ + sinfsinya (7.2.4)

w; = cosPa + 7
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WCRD Euler 32 8% 5 2V bR M55 3h8e T T4

T:i(le?ﬁL]zwngJawi) (7.2.5)
JiJoJs /Bom 3 ERESRE. FEBMAshE 11 3 MREE FH i eyaE R
L=2T . i=1.2.3 (7.2.6)
Jo,
A i
B 3 IIZ
=35 (7.2.7)
X T XFFRBE MR (B AREh Sy s o L T =T, =7 .0
r L 1.
T—Zj—l— (]2 les (7.2.8)

I BD 22 Hi X BRBE R 1 Hamilton & 1 3 7~ 2.
THRREERTFHHAPRESRRR R AshE I S EERIRRESR
PG FRR. B 7. 3D O T LLE T

., d
Ig =—1h 5, I; = h@ (7 2. 9)

KHTREEBFRE T, 51, K 7.3 . (b), ()] FH

I, =—1h zg = I,cosa — I,sina

I.= I,cosa—+ I,sina
: (7.2.10)

., d .
l,=—1h 5’ = I.cosf+ I, sinf
= I.cosf+ (I.cosa + I,sina)sinf

ML (EE =3
] N th d
I.cosa+ I, sina 1nﬂ 77+ Cotﬁlh (7.2.1D)
BAR7. 2. 1057 2. 1D . 1%

d sa d
— ik (— cosacotﬁ — sina é@ + Z?;; 9%/)

d 51 d
I, =—1ih —smacotﬁ +cosa J 4 Sna 9 )

dB  sinB dy
E)ﬁAJU? 2. 90557, 2.12),18
=L+IL+I

, 1 9° 2cosf 9* 1 9° 1 9 ( 9)
g2 _ | R 7
h [sinzﬁ do*  sin’B dady ' sin’B IV - sinf B '89,@ ]

(7.2.13)

(7.2.12)

®©  #4,Z M H. Goldstein, Classical Mechanics, p. 164. Addison-Wesley,1953.
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FOAS(7.2..8) AT 4G H X FREEHR Y 3l fE (Hamilton &) B84 K ik X

S R LYE N LA NN
H=1T= 2] [Sinzﬁ o’ sin2B r7a(77+ J +cot’ ’Q a7 sing QBSmB B
Ky 1 2cosf P 1 9 (‘]—ji
~ o7 wpar  sep 9097+sin25972+snﬁf7ﬁ’ sind 5, B Yoy ]
(7.2.14)

7.2.2 FERFEEMEIIE R MHEEY

WIEIR MR L EELREBRAN A 0IiE N L L L e 2
X E=1)
(1..1,]=il., [1,,1.]=il,, [I.,1,]=1il, (7.2.15)
T it B B8 — L 5% 2 1 2 BECR of (A A bR Bl A% D 1 B BE BB A A Ay 1) L T
(53 A0 N T, (L, (L. nTIE B AT 2 5 %) 5 X @
(1.l =—il,s [L..I,]=—il,, [IL,.I,]=—il, (7.2.16)
WEREIR I = A 5 sh B R T, J. M T, WIHEE Zh g8 (R A i B SR Y Hamil-
ton ) M FRE[ S W (7. 2. D]

H = 21?/21,. (7.2.17)
X0 FR B 2 O FREh R EE 3 3D LT =T, =T . I
2 2 __ L 2 1 2
H—ﬁu +12>+ﬁ1 2Jz +(213 21)1 (7.2.18)
JCRENE — Mo AT 779 X HLBR 7 9IS A4 R P HLAT 10 2 [ e )y AS A8 Al R 4 1] O 2
<21+1>z% Tﬁ%xﬁ’wuﬁ%z&%mm’ﬁ PR O () ] . P L % X By < A ik 5E 4

@ XFFREE IR A il B A AE R R0 A FE 25 59 40 BT A 5 o BRI SR fige o) AR B M2 I8 5K B (FE R Euler 8 o, B0y BIBRED
i A 19 Schrodinger J5 B % 777, WL S, Fliigge. Practical Quantum Mechanics sprob. 46.
@  ATRAEE R AE Y L a, b o BERE SRIE 3 Y Ok A 0
Tea)Tb)—U+b)UT*a)=—il+ (aXb)
IEBINT -
Tea)Tb)—UTb)U-a)
= (l,a, +1Iyay+Ta) b, + 10y + 10 — (b + Iby + Lb) (Toar + Tyay + Tas)
Bl E oy 35 A MRS R SR BES RO G KR Lay,—a,].=ia. s La,—a. ], =—ia.,
ILa. 1,0y +1,a, 0,0, —1.b.1ya,— 1,0yl a,
=I1.ya, +ia)b, +1,(Iay, —ia)b, — L. (I,b, +ib)ay, — I,(1.b, —ib)a,
= (I.I,— I,I.)Ca.by —b.ay) +il.(a:by —bay) +ily(bar —ab.)
=il.(aXb).—il,(aXb),—il,(aXb),

i AT A H

-
dm

Tea)Teb)—Tb)Tea)=1i+ (aXb) —il+ (aXb)—il + (aXbh)
=—il+(aXb
B a=1.,b=2 0 axb=3 BIHR(7.2.16).
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P CHD (LT, SR AHEZS © | IMK) 3K X 4345 16 I 25 42 8 #f 2l i 9 35 3 1 8k
Hig,
F|IMK)=I(I+1D|[IMK), I=0,1,2,"

I.|IMK)= M|IMK), M=0,41,,+1 (7.2.19)
I,|IMK)= K|IMK), K=0,4+1,,+1
R [ X FRBE SR H AN (5% 3B
_ KK (11
Ex = 2]I<I+1>—|— > (]3 ]j (7.2.20)

ATLLA B S fig KT KL S K IE 505 T8 G, BT LA RE 9 A OF B2
2021+ 1) (K= olﬁ%%) WY K BUE ChIr i, 25 K>0) 1)
I=K.,K+1,K+2,-- (7.2.21)
IS BT BE AL TCT+ D LA BT A 0 — A 5% 3 K R rac i ] — 4 b 9
FRELH T kX 5.

AR R 55 A — B AR e v 8 2 00 07 20, RIS BB AT o 4 5 1 1E i o8 4 4
POHD I BLR (O IEFRARMFEEY, X B R, (1) =exp(—inl,) EFEIRLE (FEH T
X ARG 3 ) 1 FERE 180° R ERME. HIEE] T MHEHE.R, (1) =R, 20)=1,R, (1)
M ARNEE r=41, ﬁ\j‘?ﬁ/&ﬁ\(slgnature) T LLAIE B OB Y A 2D

R, () [ IMK)= (—D'|IM — K) (7.2.22)
I | IM+ KD WA AT LR Z R | IMKr) (A5 K=>0) ,

[ IMK .+ 1)= L[| IMK)+ (— D' [ IM — K) ]
2

(7.2.23)
[IMK. — 1= L[ [IMK)— (— D' |[IM — K)]
JZ

AR IME)# | IM—K) R T &, F 53R (7. 2. 23) & R, (o) A FEZS
R, () | IMKr)= r|IMKr), r=+1 (7.2.24)

R AR IC B AR T LR 2 — & AR E AL T, I, TR B P 1E (K A ST
fED A I3 AR SFE LR, G SRR AR FE AR S (IM | K | ) 753 15 S d 4 7 $ CRP
| K| A1 - spfED.
T K=0 st . T K=(+05(—0) &’ —N&, A X4, ##74
(7.2.23), 83k
r =+ 10, [=0,2,4, (7.2.25)
r=—1H, I =1,3,5,

L. L ]=0, 257, 2.9).
L RAELR (o) 13170 AR, (o), [5]=0.



R MRBE AR » B, K =0 MRS ShilF NI RER T UM (H r =+ 1 Ml r=—1 ZI
WD . TR o (B SCAAR ELAE 2 AR ZCRT AR S A AR RS Bl A P 4 RE )
# A AT EAE BB TCT-+ 1) B . 3 Fh B G A WU T 70 R X PR JE B 7 % 1
Fe sk b B A 48 HOUL ).

©7.2.3  IEHAXIFRPEIR A FE BN IE

AP Aty X6 R W 2 42 Y Hamilton 12 7] 8 0
H=ali+ael+al (7.2.26)
a = h /2], i=1,2,3
FZEBIX (7. 2,160, T LUFE M [, H]FA0, K ARG 2 F8. H P 1L R (o ke & (F
E.BL.R(o]=0. WM P L R (0 MILFRIARESIE R | IM K | ) IR RS K
SKH AR (B FAAE 25 2 AR 7 (R Y.
BN BEFR r=+1 BY%E 2 2% (I8 JRL 7 4% 10 IR0 & e sh iy 22 J@ A% 0 7T DA 387 A
g = D A | IMK . + 1) (7.2.27)

Hp[a(7.2.23)]

1
LR (OME—ARIES Gr=+D. FEAE IR P BRER S & T8 M I, Lg%
M ARig.

TR r=41 M REY. (7. 2. 20 LB Ry

| IMK .+ 1)= [[IMK)+ (—D'|IM—K)] (K=0) (7.2.28)

H= [%“‘ Fa) (P = I Fali [+ o —a) (T 1)

- [%w] +az)(12*1§)+031§]+%((11*az)(lszli) (7.2.29)
L=1 +il
BRI 17 | IMK) R4 b B AR, e —m RA e oc. Wik H X
JoH
(K [ H | 1K) = %<a1+az>[1<1+1>—1<2]+a31<2 (7.2.30)
K7, 2. 2000 K SIEAR K ARG EFEEN N AK=+2. FI X 5 (7. 2. 16) 7]
Nl

L |IK)= VJILKTFTK+TD|IKFD (7.2.31)

E|IK)= VUK AFK+DUEK—DUFK+2|IKF2 (7.2.32)
BT SR H X T (AK=£2)

(IK |H | IK +2) = %ml—az) JFKUEK+DUTK-DUEK+2)

(7.2.33)
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MR (7. 2. 29) IS I TR TTAR (7. 2. 28) ~ (7. 2. 33) , 7] L3R 1 fig A 4F J7 Fi
H¢y = E¢ (7.2.34)
BIAAEAE E FIAAEZS ¢.

DA 10 A% AT 38 2 e sl i b . e R4 o K= 0. #% Ik 2 M (AK = +2), (7. 2. 27)
Xt KRR K<I MEEGHN K=0,2, I )a—1D U #). 3 FHEZ. F=0",
r=-+1,K HAEH 0, Ff LIS I R BN | IMKr) = | 000+ 1), Ho B R BN BE B2 55, AT Al LA
SRS 25 e Bl BRI

Bl HE IF=2"f%GC=+D

do1 = Ag | 2MO, + 1)+ A, | 2M2, + 1) (7.2.35)
AT (7. 2. 30  FI A RESC A (7. 2.30) 5 (7. 2. 33) Al 3K i

3(a; +a)Ay +3(ay —a)A, = EA,

V3 (e, —a) Ay + (ay Far +4da3)A, = EA, (7.2.36)
IR T, 1Y
E = 2(a+ +a* — 3b) (7.2.37)

if 7 B A A A KPR =27 BIREZ S iE
E;f =2(a— a’ —3b).E;} = 2(a+ /a" —3b)

K(7.2.3D %
a=a tat+as b=ara+aat+aa (7.2.38)
%4331 EMLH RA & I"=3" MR G=+1 %
Est = Esf +Eyf = 4a (7.2.39)

WXRANXE a e vy MEUETCE , & NI BE R 5 Bl 1) — M4 o
%3 2 WL, HAMSK I =5 Gr=-+D MY, IFIEW
Es+ + Es; = 5Es+ (7.2.40)

7.3 AnlZygkar, Wigner-Eckart x& 2

7.3.1 AAAKSER

L OHEE R RNAN AR ¢, G BE . m=j.j— 1, —j+

1, —j. 38 251 A0 AER S R AEI T i FLIP . R]1=0. 5630 % Ry, BT LR
B (25 + DAL MEZ I, B

R¢,, = Z‘bf’“'D{“"” (R) (7.3.1)

FHRER R B BRI, Dy, (R BRBUH U SR RY 25+ 1 HEAN T 29 3, BIDXS R
B R A —D Qi+ D AR D (R). AT LUTE B 3 AN B 2 AN FT 24 £
VAN 3 Ao A ] A 0172 H 1 £ A %8 ) (block diagonal) JEat. 1AUFIR 3% 241
AASPTIRTE 8 A5 25 A e 3 T A — A A AR T A WL AATRR g (m=j0 ) — 1, s
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*JH”‘HE%‘ZJJ%‘?E’J 2]+1 Q’ETTQ’J%%T D’ ”‘r?ﬁé TL?"HE%ZJJ%E’JTTWJ%%T D’

..............

#ﬁﬁ*mw %Eﬁﬁiﬁﬂﬁziﬁﬂﬂé?ﬁw—o). ih T DO<R>:1,R¢00:¢OO,EH
]:oﬁﬁz¥ SR S AL S ).

—7'&;% E'I]*Tg(scaler)%ﬁ‘ LB SAA R BT
[F.R] =0 il RFR' = F
— B PR A 2 SRR — s LA L e T B A R (EL AT — SR L ik T = A A
PR (s ys ) AERE BN Z T B AT R AR I 22 () A e, 1y 5L, a4 e A7 38 2 i 4k
PSR D EATWA S 2 =AU 522 e L, — ik R h 2k
F1NELRF Ty (q=k k=1, —ksk =0, 880 AEH S R Z T, N EA#& T 51
T B AU A A5 I 2 ) 72
RT, R = DT, D' (R (7.3.2)

UK T, K B B R 0 — 4Lk By R AT 24 G i i B AR
ORI AERR D B2+ DAFERE | jm) (m=j,j— 1, — )& J* Al
J. EFRAIES (k=1
Jgmy= G+ D |jm)
Jo|jmy=m|jm)> (7.3.3)
Joljmy=VGE+m+DGFm |jm+1)
= JiG+D —mGnE+ 1D |jm£1)
M J 1E & 0595 /NG 8l B A2 1 JC (generator). 5 3SR, A ] 2 5 45 B 27t v DL 3%
MRTCT5 /NG 3 AT I PE TR 28 . AR R — A TE o5 /AN FE &, I O A=1)

R(g) =expl—igJ]x=1—ig+J (7.3.4)
J AR FR S .
R(S)T;QR<€)71 =~ T/“ — 18 [J?qu] (7. 3. 5)

e (7.3, OV K D HFEE XX (7.3 2) 4 4‘}?
DT, kg’ | (1 —ig e J) | kg)= Ty, —ig + DTy kg’ |J | kg)
5K(7.3.5) &, 015

O BB AT LR RS, BIRAT B8 8 0 AT ) A B0 6 i A2 O A I XL T DR AR R R R T 4,
T Tog PAAFAE =N TG AR T RAE TR WA Z WA e, §OFR R AR ] 25k i
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[J.Te,] = D T kg |J kg (7.3.6)

q

A AR T T AT A T LS g
[]1 ’qu]: quq

[Jo Twl= Vktqt+DG;FQ T (7.3.7)

= k(kle)*q(qi—l)Tk(m
FU R F 3R 5 2R — HLBEAF Ty (q=k ok — 1o, — R RLSE LN — 41 & B AT 2

T A5 T AR = Cartesian A B 2 ] L Ji— A L 1 A5 A
BRAWR (7. 2. 10) . k=2, B B sk &, 481 40 DU A% 46 9k &

%31 %

ro = % re =+ iz(l‘iiy)

2
Hpp

r, = %"ryw,go), g=0.+1 (7.3.8)
WERH 7, K4 B — B N w] 2y 5K .
&Eéﬂ? *U}Eﬁ[.’n vfﬁ]:ienﬁyl'yvz:iﬁmzmq
[Jewryd=qrys [Jewr,l= V2—qlqEt Dr
%32 H5ERLLHMEBERA TN 3 A0 —B Al Zekik g T,

1 . 1
Jo=1J., Ju=F—=U,+i],) =F—=J. (7.3.9)
+1 «/? 1, ﬁ

ik V,
Vo=V, Vu =7F %Wz- +ivy) (7.3.10)

%373 AEWIRTT sk i a7, 3. DA EUE )
[]#”I‘kq] - m<1,&kq‘kq+/¢>'[‘kq+ﬂ (’7 311)

R K73 DA kS R
[.]o ’qu:l = quq

[Ju Tl =7F

(ktqg+ DF @) Thm (7.3.12)

)=

M CG RE%:,
q

vk (k=4 1)

G—qg+t DT /2
<ka1,ll\kq>:*J ¢t DT/
kCk+ D

(k+q+Dk—q)/2
k(k=+1)

(kql0 | kq) =

(kg 41,1, — 1] kg :+J



K(7.3.12) A G — LR N
[J, Ty l= VEG+ 1 (— 1D kg +ps1s — p|kg) Tigi, (7.3.11")

— VeCGe+ D kg | kg + 12 Trgss
%3 4 Cartesian A b5 & B AR KR K 1 Q, /E LN

Q; = Qi = 3xix; — 9, (7.3.13)
Hpp
Q. =3y, Q. =3yz, Q. =3z
Q. =22"—y" —2, Q,=2y"—2—2", Q.=2—a"—y
2R

Q. +Q, +Q. =0 (7.3.14)
W Qy A M X AR KA AT 5 NS g i AL Q) 1 AR B NS AT UK R A

sww
Q, = rY;(0,¢) (7.3.15)

PYIO.g) =, |22 2 — ) = [2-Q
e 16% Y 167 =
PYE 0p) =F 22 (atiye
: 4 gn Y

JE Q. M Q.. KL MEF I , 1M

2 \+2 7L E SN2
Y (0,9 = 5 /Sn(fily)

B Quy Q. \Q, BN

Horp

7.3.2 Wigner-Eckart i I2

N Z B0 LA BRI FEAS AT 249 5 FEA L 2 DR A R AT 24 SR BT AT A | ) G P Y
J BT A AR A R R R X bxjﬁgzg%%gyﬂjwiﬁa.é%;péﬁﬁf CG RHLE,
i AR 43 W 5 i B0 O B AR e [ L5 (7. 3. 23) T, g B Wigner-
Eckart mf@. FEFER UL, DT 43 =0 Rk Ak A IR AR ¥z i) 2 e B

(D) ¥ ajim )RR U T ORI FEAAE D (o B8 E R ARDS P i HAb & 7
O T, [ajim )R T, 09— ADAAEZ AHR A AAEE K (g +m)).

R R RZE = HER o AMMBELFIE N R. (@) =exp(—ig].). FIH D sRELH)
P AR

R.(p Ty,

ajm )= R. () Ty, R.(¢)7'R.(¢) ‘ajlmﬂ
ZTW DWI(SD) E ‘ajlml >Dmlm1 (§D>

'
1

= ZTW exp(— ige) oy, Z laj ymy ) exp(— 1 @) 3,

' |

= expl—i(qg+m)e]T,,

a]lm1>

]l _
e T,

aj Ly > = e |(q+m)¢Tk{[

aj ymy )
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Wi R

J. Ty lagimid= Cq+m )Ty |ajim) (7.3.16)
(2) BAR T lajim) & J. ARIES HIR—E L J* MARNEZS. (B0l LAE
SR EAMES RS AL, it e AT san T LA S
%
ZTM‘ajlm—q></€qj1m—q‘jm>g‘&jm> (7.3.17)

q

ARG CT7 L J O B FERARAE RS AR AEE S50k 5 G+ 1) F om.
iER RS REAT. |ajm) N
Rlajm)= ZRTMR 'Rlajim—q){kqj m—ql|jm)

= 20T laj om' DDy, (ROD o, (RO Ckajim — g jm)

9q my

FIH D s B RS A MIN7. 1 795,507, 1. 28) ],
R \o?jm )= 2 Tw aj m’) 2 Ckg'jim \]q/ +m’)
] J

a'm 1

o Ckqjvm —q|Jm) Dl (R) Chqjym — q | jm)
FIH
2</€qj1m*q‘]m}(kqjlqu‘jm> = 9y
.

b

R ‘&jm Y = Z Ty ‘a] vy (kg m ‘jq/ +m, >Df',,,,f1,,,, (R)

T
qmy

= 2T lajip—akq i1 —d i) Dy (R
g

= > @D, (R (7.3.18)

B [ajm) FE5G 3 R FHEE SRR (2 + D AR T 43878 D/ (R84, Bl J° (AR AE
B AR G+ AR RATHIER T ajnm) 27 T O BFERIAAES.
(3) F XD

x 2 (2x
ﬁ@r%@Rm>:LM:8%ng@[¢Jdy:1
T Jo 0 0
A X 11 WU B T
de<a/j/m/ IR " (@)R(w) |ajm)= (a'j'm" |ajm) (7.3.19)

FF (7. 3. 18) K H)E K 45

O W EIUERR T2 R
1 (= . ix (4=
de = WJO sinf dﬁjo dozﬁJ dy



R(w) |ajm)= 2 | &) Di,, (@)

(ajm’ |R @) = (&'’ |R @) = 2 4ai u’ D (@)

I|
A

j'm’ |ajm)= ZdeDﬁf,/(w)Dfun(w)<aj ' lajp)

'

o 1 L , , ’-7 7 ~-
- ; 2j+18]]8/1/).81?lﬁl<a] /’L ‘a]/l>

1 S~
= 8;,»8,,/,,,[ﬁ;@(ﬁl‘aﬁn] (7.3.20)
B L TR R X R B TR e SRR (7.3 1D RARK (7.3, 200, 1%
2<a/]./7n/ ‘qu

q

) . . 1 P
a],m—q></qum—q\]m> = 0, 0'm [ﬁzwﬁl ‘0‘]#>]
“

(7.3.2D)
A CG R I Al A5

a'j'm" | Ty, lajimy)= Ckqjimy | j'm”) [ﬁZ(a’j/x ‘&j/ﬁ]
)i S
= (Gymikg |j'm") [%ZW’W \&jm] (7.3.22)
XA 1SR TR, AT S E S W R AE X O B Rk J7 i — 2, 32K
EP]]WZ]"]H’I)

. . ./ /7 1 77 -
ajm)= (mkq |j'm"y ————'j" || T, laj) (7.3.23)
V2j+1

Horpdaj" I T |l a]>5@§i¥§&?ﬁ9§ ﬁ(jﬂé"‘]pC%El@fD(reduced matrix element).
LJC?%EU?TTQ’JIJJKE%:%‘ Tk,,fﬁlzﬂizliﬂ:?SZIEﬂEU%EK@EXT%E?%ZEUW%%
Z.eaeh—1 CG %%UE??@H(L(J S R R R TDIR P R & i 5y
R 5 TR0 AR T 5 LD Wik Bckart 729,

<0(/j '’ ‘ qu

) AR T LR CHR P AN G —. T RS fih , R Z 07 432 7 fh e X
(IR Bihite=8E AT 215k i)

(D HARA e LR 7. 3. 23) M. filhn,

A. Bohr & B. R. Mottelson, Nuclear Structure, Vol. 1, Single-Particle Motion, p. 82,
L (1A-60). W. A. Benjamin, 1969.

A. R. Edmonds, Angular Momentum in Quantum Mechanics.2nd. ed. p. 75,3 (5. 4. 1).
Princeton Univ. Press,1960.
(— D
V2j i +1

('j'm’ ‘Tk(, ‘ujm)z (kqjm ‘j'm/><o/j/ T Il a;>

O AR 3 22187 3. 2D A2 IR FTH 2 (kgjim—q ‘jm>(kq]’1m*q ‘j’m’) = 8/ Gy BRI BEHIE.
q
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A. de Shalit & H. Feshbach, Theoretical Nuclear Physics, Vol. I, Nuclear Structure ,
John Wiley & Sons, 1974, p. 923,23 (2. 44)
’ ./ 7 . i ’ j/ k j ’ .7 .
(a'j'm ‘Tk(,‘a]m>=(*l)’ " , G T e
—m q m
(2) SRPBELE DR TF. B4, M. E. Rose, Elementary Theory of Angular Momen-
tum » (5. 14). Wiley,1957.

j'm’ ‘ Ty |agm) = {jmkq ‘j/in/)(a/j/ | T 1l aj>
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WAL LAGEBA T, AN AT 295K & il 4n,
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T R & I ] — B R B DT . AN T or e 1=0,p « 1=0,70 1 X RspiE T
HURE G 1 55 R 1328 Bl Dy — AV THTZ By L - T3 47 1 B LK 7 1)
2oL Fy 2 rp MR R B S 5 X R B9 06 R L 1 BB Jacobi 1 RLEC. b4
(1842) , X T— B ] Lagrange Bt L SRR AIE R L 71K R PR T AL
W F BB PR L TR BE 5 T B A A8 M S B0 Bl i ST AE. Schiitz(1897) 4 L L
FE A 52 F AR ZE Mok S 80BE B <P fE Y. Nother (1918) 48 43 J5UBE 17 FH T4 H
SR T — AN E B, SRR Nother @& B, X T 4 — > i L2 6 FR P AR

O HHEHE,)FM I Lame ZEQ, 0.

@ C. G. J. Jacobi. Vorlesungen Uber Dynamik » Werke, Supplementband Reimer, Berlin, 1884.

® J. R. Schiitz, Gott. Nachr., 1897, p. 110.

@ W2 E J. D. Bjdrken & S. D. Drell, Relativistic Quantum Fields, §11.4. McGraw-Hill, 1965,
E. L. Hill, Rev. Mod. Phys. 23(1957) 253. Nother & ¥ F 318 F il & MU 710 (1 K A7 T 5 0.
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o, R AR R MY Lagrange # (FE 378 W~ Lagrange % %) fil Lagrange J7 f 7E £ 5
AR R AR A — AN AR B S RE RS B B,
Wigner N Y, 9 822 F DLl b [ AR S R AR B0 0 10 = A AR % 2 .

.................................

Newton ViR, ¥y B A 3 64 52 2R VRS T 00 5 PR RR R M 2 v, R4 8 1K
Z IR0 25 AP R AL 8 0 400 JoE 52D o O AR 9 77 B ) 1 SR ML (Newrton 585 — 5 ) B Al
W U UG AR T 200K 3R 40z sl RS JE 52 2R B0 26 10 45 ] B AG F 9K ML DX 51

.................

........

A& B — A R A MR Z 5 AT AT RUAE B 4R 500 T R fe i #4720
Bt RIEAATT AT DU I A 2508 58 S aod 25 19 D st s A 00 e i v I i B S A 4
FE RN ACPF T FH el a2 Sl AT AL L 75 DA ATTRE 107 28 20 4EXR A IR BT 5592 F L Xt
R T 2 M g e R Y A SEAE

8.1.2 XIMHEEEFYWEZFHHRZ A K

Wigner 4§t , 78 L A9 L1 & J& h , Einstein B R 5Tl Z — 16 T, fib 5k
T 0 FR 1 O A2 ) 709 P27 vh i B R S R R AR B LA A RS2 (1) AL
FREAE 25 ) 25 A0 AAR [, AN PR 3t 5T S5 0 B 22 TR B8 28 20 7 5 (2) B AR AL A DR )

5 T R T A OIS 28 50 2 D B0 84 e 25 ) 4 1 I e — AR
A AR RCE s JLF &R 5 T, (4D 575 DU Bl AS A8 P R %2 DL b = o A8 PR IR B
BHSTF N ANTIANR, J& Einstein 76 8 37 598 A1 3T 16 0 3 357 32 tH 19 Lorentz K/E
S, X % Galilei 5EVARE] T BE 19 49 o BEADE R B8 o1 . T
AAE“ LAR” Cether) B AEAE TN & % T X B AN M. 20 42 %), Einstein 587 $2 X
AR HXT Newton J7 27 A A% £ X5F s [] 1 2 [a) HE 8 i 17 AR A 4 B9 48 1E. A [R5
PES: 2% & (1 B[] R 25 (6] A6 5 22 0] 38 5F Lorentz 28 4, 1fif A & Galilei 45 .
Lorentz AN A ZER 6 RR 5K AH X 18 09 2 7 8 T BB AR L A8 Ja ok T SCRE X
W E TP kR, IR IS R —.

7E Einstein Z J& , A #RYER) S E M B AR E 20 A0 AR 2 (H X FRM:EIE B

.......................

@ E. P. Wigner, in Symmetry in Science, ed. B. Gruber & R. S. Millman, p. 18. Plenum Press,
1980. The role and value of symmetry principles and Einstein’s contribution to their recognition, 3 1 #£ %,
RS X BRAE CEPAS S ) JEUBE 5 < 6 RE A 56 R YR I H JT D) T Klein 55 Nother, 3 A 7, #1225 7L 46 1]
f% , Hamel &N 53X 5. 7
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Py S v X R A P TR S R P S R R R R SE T X A 0 A H B AR L i ke
A U S BR8] R 5 B G (H R AR AR 19 J DR R B 1 ) e LR AR B ) R Y
KA.

52 iy o R ZORZS B4R 75 X O AR 28 8] b — A S0 AN ) BT sl 1 M
GPE B SOV R 1 2 125 U R AR (Hilbert 25 ] Hp 9 — N0 ) Rl id. & 1 12
HP A 25 e BB RIS R )R B R 18 X R Bl TR R G AR B TR R

...................

A e A 55 BE PR I 1) BRI,

22 L9 B o 0 X B P B AR 1075 ) JL T XY BCHE D, SR T TE A0 Weds-
skopl 4 th 2. 15 £5 i J7 S HEHE 3k Fh 25 9 FRHE 22 /A7 (98 B 1 . 49 5 12
(1932 gl i~ 56 4 B T B8 24 3 7 W 0 1 T Al . S5 o A 502
5 ) R LSRR T 1. 22 0 SV — b 1 B M S AL S
FE % 4 AT 0 7 2 R 0 5T 2 2 12 0 D . S T BT
1 PR S B T A B — A T O 3 AT B 2 A2 VP 0 7
A LA AR 0 BUE A L 0 ST o L TR B L FLA S R
B 1R 3 B30 A B A A

MO B T 721 2 o7 A2 A 25 37 AR 40 30 B0 5 R 77 o825 7 B T 1
R 140 JU X i R 0 83 228 B A0 = 0 SR 90 JLAT X8 B T
SY T2 O REWE fi 30 TR e BN 46 . 01 3 X0 B 04 T 7
ST S b %, BRI AR AT A G 0 B S, 20 HE 42 50 4E 48, A, Bohr & B. R.
Mottelson % 28 J5L T 0l kB 017 i 52 5 A 245 i 1 B 5 086 AT %
TR B 0 L R B AR VR A T — K0 ol T2 ) 5 B T i 2
A5 1t 5 8 B0 2 050 X8 BICPE AL 1 S5 B B 396 2 i 990 40 5 75 i 52 5 X
Fi AR I 60 555 55 e 180° % B M AR 7 80 BEFR Csignature) 45 ),

B T2 0 JL A0 B 2 81 B T 1325 o e 53 5 — 5 0 B . 0
S o R B SR U (A 3 T 0 SR 4 R T A R

O AL FE %S B8 L e X FR M L LUK 35 19 45 & —B85E ChelicaD X L 38 A 25 8] )2 55

@ V. F. Weisskopf, in Nobel Symposium 11, editors, A. Engstrém &. B. Strandberg. John Wiley &.
Sons, 1968.

® R F AR, 5 BUR T 5 F 5 g AL S S ECD o I+ DAL R F M 3
), R AR TR R A% 04 Bk R L O U0 B TE A R X AT DU G 1 A A 1 B sh s v RO ]
I7=07",27 .47 - B, MR WA TE JR 7 4% B A Se i 11 T %0 ARl Co il B9 4T f] — Bl Can = b)) e % 180°[AD
R. (o) JHY 5 e R B 3 FABMEAZ R, ()2 =R, (210) =1, R, () FIARHEAE r= 1 1. r B N BEFK (signature). I*
=027 4t - IERET r=-+1MFERE. 7 A. Bohr and B. R. Mottelson, Nuclear Structure. vol. 11,
Nuclear De formations s chap. 4. W. A. Benjamin, Inc., 1975.
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Ph. DX BEXSFRAE AR T T AR A R 5 20 i ) SR S B R R AR AR 22 5 Ok L AR
Yy BRAS S D) B e T fRlOU S Y 90 Bl T PR A

& Bl (E #e P AR M)

TR« 4 [ PE” Gidentity) , J2& 4§ JC ¥ B DA P A 90 44 22 [) 19 AT £ 22 591, #ﬂ]?ﬂjﬂ
Yk s iy T HA B FAR S OB IR S8 7T L% 22 A8 4k, SE PR B & A v LLFE N Y 22001 . 7
Eﬂﬁ’l\%m%ﬁiﬁfLJf/’M%J:EE“éIEJ”(ldentlcal)O

T ERRNAKR, TR AT, 808 2 8UFE R AR,
6] T % 2 At U . Y P A SR AR AL T RS mT DL TR B A W@ gt
HL b T B BEAS (1s ) A B 2 19 25 R A I S5 P . o — > &l i 7 2 (B A
il 8 R B e 28 B R 7 R o8 A AR IR AT S Y B T Ak IR A B AR, Sl
K KL B Ax [ Ak SO 3 SR Rl tHﬂuEl’J;? Q/‘?ﬁEPE*%E’JI?E‘FF'JO Eﬂéﬂﬁ
TARBYE T T PORL T A i%‘mﬂﬁ’ﬁlﬁ’](Bose ?),JZ%IEE\XT*’FE’J(Ferm
.= %M‘E/ﬁ\f A FRAE @ﬁl%’ifr@# Eﬂ%%ﬂ’]%ﬁ@(lﬂose giitag
Ferm1 Qﬁﬂ“)ﬂzrﬂﬂﬁrﬂﬁ

R, éﬂ i(%ﬁﬁ)ﬁﬂﬁ/\mé/\%%ﬂﬂ%m o T — 4> T L 4
R Nz AR %I_] VA B0k T Z 147 — ﬁ?ﬁﬂu?ﬁﬁﬁ BCHRAE X Al —
R bt R ﬁﬂ%&ﬁl.ﬁﬁ&?ﬁ@ﬁmiﬁﬁL)ﬁ?%ﬂ“?TT aﬁmﬁf B4 4 [l
{9 Fermi . 4l l:fl]E’JElﬁﬁ*PFEI_J W'J,\IIEW‘HXT ZﬁJ/Ei iﬁw(r)z\iﬁfiﬁﬁ\(rf
ro—r, FARHRABRER) BT PLg(r) =¢(—r) = —¢(r). Fii¢0) =0, B4R 11
25 6] 2 B I R Ry 0. 3X R HBARL T 2Z (A7 — R 7 BELLE AR B A O X
WJE Pauli FRPELEALFRF L AR I, Pauli JRFE R F W T g M Mk 22 oo 2
Sl S A ) B B 0 TG S S Y R RO — . S RE X b M G 5 | Y
e B SR A T B A AR T R e

B P AR S A TRl R 35 0 N £ L0 7 N 5 N TﬁJﬂﬂ,%%Jﬁﬂﬂﬂﬂ_ﬁﬁfﬁ

@ g B AU i AR B AT A B BU5E A TR e N2 2O B 1 T8 R tE A, AT
B AT AT 9 AR L 58 A A TR, AATTE T LA T A 2% WA IR 2 1) 4% B 6/ i 25 5

@ LM RN AR T 2R AR S5 A2 M E A AR TG AT 2R T LUAR B8 & AT
BRI £ A AR T) PRI AT AS T 0D of X 43 A7

® MR EAELT ARG —E 58 B 2 R0 RS B0 T TR A A BT —
243 1) X, % R BRCEE 28 TR AS B 2% 00 0% R 80 % 8 450 6 R M O O A ke AT T ORI A J SR L X Tk 4 B0 R A kL
F A58 7T A Boltzmann 48113k 4k 32,

@ i, B A R R SUR 4 F O M EE L M L= BN RRAAETE(SHE 1,14, 2
LD A — SRR E (G SR T U S T G T A4 S 3 WL Sk 4 1Y

® A, P44 Bose (& ABER 0 WX 2 3h I oL (r) BE S X FR 19, SR $(0) 70, B A
RLF Y 25 [ 8 0T LATE & A0 P ASRL T 5 0T AR B0 R s R U — R W 51 37, e AR 220 3 B 9 L T 41 A 1Y
R CHHRE~0K I AT RS i R 218 . 7638 2500 X i 5] ) 74l £ 4 T E X Bose-
Einstein 5t %.
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(10° K~ 10V , — 90 5T #0064 02 HL 4 T . 1R 76 B B0 o 5 0L
BRSO 5 A T T TR D60 24 B TR B A LT 4 . 5
T CHF B2 AT HLA 53T 1 00 T 47 7 . DK 43 1 e 3 04 0 5 7 7
G 7 3T 0 T R R T T I T 25 0 B T R
I B 434 — A B A L L 2 R O,

8.2 SPEE 5XFHFRE

I DEE DO RS e B2 LB 7/ B L LB N i R a3 S A0yl TR W o VRS I (5 iy g FE
Ty 2 B T R R AN

2y SpAE R A SR Al (AR Y B 3 IRTE R R Is gh i i v, K
Jrs i F RS AN B ] 2z, P

dr. _
wF =0 8.2.D

WFR F o P R B — 4>~y fE e H(E i 0 2% PR gL PR R fE Newton J7 22 £ AU AI
Lagrange JE 30T (49 3308 WA Y B ¢, O 8 T o P 23 1 Jy 52, N fxh 1k W g 2498
2l g 2 ] ot

— MR FRA S TSR Sy 2 o A bR | Bl R SRR A SR )
. R —A S F R R AR A S Hamilton 2. KiRFEL M S Fh sk fe & T 5

.............. .

o, Flamilvon B 47 HFF 705 O o (0. 76 25 00172 69 TE U 2K b 0K 6 A0 S
0 AN TE DU A T D00 200 2 A 6 0 3 030 5F 160U 7 B B A2)

q'i:(;]lja [5:‘ :*359 i =1,2,,N (8.2.2)
FEA R B8 1 B0 3250 F (g p) BT B 3£

dpn IF. | IF .\ _ JF 9H IF JH\_
al = Z (9%(1' +9p[p,) Z(aqf Ip;  Ip: 9(11-)7 LY (82

{+++} & Poisson FE5 [ % A2, (A2.10) . KL, 0
{F,H} =0 (8.2.4)
T F S A< F <4 B O T A6 Hamilion REHAFEE.

@ AW el 40 N 2E R T 43 R IR A3 ) DR R S A I 1 S A R4 A X R R A A R A
SLHRHIF 7E (1 AL KA F B X BRI ] R R BUOR X R M (building block symmetry). 1R 322 8T H # A= 1% " (09 X3
PEME RS (H B2 27 7 S5 09 4 [ 1 DA KR LA AR 1% 25 6] 4 T 1 S il . bR 4 ) 0 2 A 0 7 i 16 45 i
e (8 AR BR P, A — 430 3 (3% U 000 451 o 4 ) 2 R4 — s O — AN 4 — AN IR A R R I R M 45 4, —
TRy B HE S5 1 (helical structure) o B 2R s [ )2 JCARR R 00 dy gt 2%, vT LA B A 9 K 4 F 9 IR 45 440 i
4 [7) 2 AR I 25 1 — e B = A 9 S R AR 1k — R E 28R B E AT R 0 T IR A 17 AR, =
4 AR 230 Rl
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23 Y B T 2Rk, J7 2 g FHR N B9 A R 2 T T 4 B OE D) 5 7 £k R
(B 2.2 77,4 M Poisson 5 N A Z A a0 T A XS 55 =8, Bl

{A,B}»%[A,B]E%(AB—BA) (8.2.5)

AL S 45 1R (8. 2. Dl fie
[F.H]=0 (8.2.6)

RGN AT AR PR K & B9 X FR P M Schrodinger 7 AR H . — MK R
A ¢ B[] Y8 AL L 38 57 Schrodinger J5 72

. d
ih ¢ = Hy (8.2.7)
BIRRTEER R (R & L, EH S IIEAES SR Q HF
g =Q(H ¢ =Q'¢) (8.2.8)
RRAEL e Q PRI N 5 ¢ WP MR A 3h J122 L, BN
ih (%// = Hy' (8.2.9)

8. 2. LA

. d

ih 5Q¢ = HQy
HQ 'z .15

ih %¢ — Q' HQy (8.2.10)
5 Schrodinger HHE (8. 2. 7) LI AZEMEESR K Ry
Q'HQ = H
A
[Q-H] =0 (8.2.11)

FUiE R (8. 2. 1D AR e Q. FR M 22 A o FR P A8 e, 1 20 (8. 2. 11) i 5 45, B

g¥ ,ffﬁ?ﬂﬁi%E@X:]Lffﬁ’fiﬁj’é(symmetry group).
DL E R HER R A Hamilton 878 3R 28 4 28 e T 19 A 28 P S # a 1k & 1 %)
TR P AR S B <71 G A B g R PEO L 6T —ANME R R — A AR S R Y A%

Y — IR ¢ A 285 KA 6 05 I 28 % o i adt (ol 458 1 b 33 L 5 —
WL 25 o $38 L 55— A WIS T @ 338 B AR R M5 — B ¢ k. &

@ E. Wigner, Group Theory and its Application to Quantum Mechanics of Atomic Spectra chap. 26.
Academic Press, 1959.
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Aof 5 LA R A U 6 A A AR R AR R /\xﬁ’m AR AR S 2 1]

14 K AN BRI A% e OSR]I 380 ) 17 5. 4 B 7y 2 h e b i B — SE AR JEL B, b AR
Bk
() | = | (49| (8.2.12)

(PR« 3% B FUEOR AR B AU 28 XA AL  JF R ZOR B B BRUAAL L 5 )9 2 £ IE AR

MY ZER T T 2 X A A R B Y 25K . Wigner QX%&T@JEE%%
XﬂLﬁCI‘ E?ﬁ& - ‘H‘.Ef:l:gi(umtary) ﬁ;jﬁ{igi(antrunitary)x}ﬁ.

XFF L IEARHGE N U,

o> ¢ =Up (8.2.13)
U R i 2
Uiy + o) = Uy + .U, (KPEFRFD (8.2.14)
Koo BMAMEREEDE ¢ 5 ¢ AIERREEPADE. A, B 2K
W) = (. (8.2.15)
%
¢ .¢) = (Uy,Up) = (¢, U" Up)
G
UrU=U0UU"=1 (HU'=U" (8.2.16)
XTI L IEAR RGeSl O)
o> ¢ = 0p (8.2.17)
0 SR 2
OCcrdn + o) = ¢ Opy ¢z O, (ﬁ?ﬁ@ﬁﬁ) (8.2.18)
W) = (. d)" = (. (8.2.19)

T S A 0 2 TR R L 6D TR 0 T 1L WA 452
Wt % ¥ BEHb 26 3 T 55 /I A I Bk e %00 e —~0) Tt (24 &0 B, 6 5 25 4t
A T %525 D SRS S U 308 K () AR, SLAT B2 4 IE 25 4. X1

T B A B AL e 0 PR RT BE PR XA AL BN =S ] AT s T L R AR e i

......

KCeih + c;<,/12') ‘:.(‘f' ¢ o g = of K+ K¢
WAEW K AR L BB H e A0 R (8. 2. 18) i Bt B (8. 2. 19) . B
(K¢.K$) = (¢ .¢") = (.97 = ($.¢)
WA PAUER L R LGRS AT X LR AT = L IEFEAT. N 3 0 R X RS AT 0K =U b L 1
BN
UCai¢h +ca¢p) =0K (e +cagn) = 0Cei ¢ +ci s )
=c10p7 +c20p; = 10K + 20K, = iUy + 2 U

i (Ug,U$) = (0K, 0K$) = (0™ .08 )= (" , " )= (b, )" = (. $), T U=0K HJ % IEH 4T
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FH K =14
0 = UK (8.2.20)
Bl — A2 L ESEAF R TT LA SR R— A L IS AF S SE IS 5 K 2 AL

r“éﬁarH,ﬁ.u%.{%{li/?ﬁf DT R IR B

.......................

ZE S U E’J%??/J\(mfmlle%lma ) }ﬁ@j%@ﬂ“jﬂ

U=1—ieF (8.2.21)
e NN ESL BN THT /NS F N —DLRMEER. i L IEHEK
U"U=1
CIEES
F=F (8.2.22)

HF R Em KBRS, 7T DL E L — ATXm{ﬂJE(Ob%ervable) XA, Hamilton =

%Kﬁﬁ%#@ijnﬁ%%ﬁ@ﬂﬁ)

[F,H] =0
F gl 532 6 B A L 1) <7 fH 5
A o 7 N -
Ak R EOET S AN or EA R (LA 1,5, 4.1 99
D(dr) = exp[—i0r« p/h] (8.2.23)
Hr
p=—"1hV (8.2.24)
NP AR B JO5S NAF L B AR, PR A BRI D, H]=0, K1
[p.H] =0 (8.2.25)

B gl it Ry 18 L T T AR b mg i B B O R R — A R B BE S R

B2 =R T M,

— AT A e R GRS 6] 7 W] n BERE LS N E Se, IV 0 G55 /NEBE B AT R N (WL T,
5.4.2 )

R(ndy) = exp(—iden « 1/h) (8.2.26)

Hrp
I=rXp=—ihr XV (8.2.27)
O T AR A ) TE 5T /N BV AR B L A B B AT s e e AN AR MR BN IR, H ] =0, T
[1.H] =0 (8.2.28)

BUBLIE f s & 1 0 ~r 1E & A T 5% A8 00 b B B4 BE Bk R e 5% B (SO, » B — M BB iE 2 8, 0
Ak Abel #f, =N THFHF/NEF L L L BRI 5.
B3 FEAHSRER
BERL T A8 3 A AIE 25 ﬂ)ﬂn Cr BUT B S BiD) AE 2 R ST RAF P IERT
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Plr=|—mr (8.2.29

BR,
Prrp=P|—r =|—(—r = |rn EELHEEH (8.2.30)

[ X A8 AR 2 B2 10 T A L 2% [ ) #B ST T LA

P? = TCRALRAD) (8.2.3D)
ST LA 8] R A AE MR R — A B (PO B B AN TTH L BINCP, DL R R Y 48 18] 55 A48 T

FHMH
[P.H]=0 (8.2.32)
8. 2. 200~ (8. 2. 3D B I (DP ' =P; GO P" =P GidD P P=1. 81 P R JE K5 4F .
JE L AEFAT . 2 ] S O 2 HOAE Hf AN BB T3 S A ) 2 BRI IR X T 8 HOUh PR 1R AR 4 Tl DL

BE RS A BRSSP B X T I AT P R R A S R MR, T P2 ARG 1.

P AR AEAE L BE 1A DL A AR 25 20 1) B DA A8 5 PR 250 A TR AS . LA s 1) R 3 A A P S R R
f# Hamilton it B FH AT (S W4 1,5. 4.3 1), B HOR TSI R, IR RA 25 (0] SO A S L.

SPIE I B SRR S AOS FR AR R X — 5 A G Ty S e - ) 2R AR
[ AHAE R T 1A E S 0 & SRS M I 22 AT AR IR T 7806
5 2 S S AR IR AN AR ] S 3 1 S SO0 A LA I8 Bl R G M 1 s ke,

BT 8RS0 AT B 6 BN 15 A9 . 5 415
WA YA C. AnAER) b B 20, A 22 B8 < 18 2 O A 1 CRP AR R Ak F 3% <7 1E B 1 A
TR W LA 4 O 4 BOZ 8 8 (R R AR FFEIZARNEDS) . R Z AP I AR RSP 4
I ARGEZR W DL A Rz SpE i B AR IR, 48R, ~FE S E h — DRk i ) %
i, 5B F AR ZAATE T EEAETE O —E &8 ) T 1 -F B e

(2 B T35 H Al AT S B4 T L 0 O I 7 G 1 2 B R 2
HE RIS ik S B A4 R X 5 1. — R B TR B I i
{5 BN R B A7 35 D ASAE 25 (0= 0 A5 BR D)L 3K S HE R B 9 Abel B 0.

(3) T J 2 TP S AR B AT — A7 28 S L 0 0 L B R
712 5 0 P BRI < Ak 2. (145 — 98 77 0000 9 6 2 B8 oz R U
S0 i TP 2R 0 <AL AN AR I 1 B 25 0 7 2 8y 2 o R A

LA B SRS B 025 1) SR AR o8 S 2 (OO0 ) 8 4 T
ot T 25 e 26 9 PR 8T 22K (B (4 DR T 0 A B

T R B A AR A I Y ST AR R R A NP Cadditive) SPE &L B0, 20T &R Y

O XFTasEF R AR PR AR RS2 Abel BF VR P8 A AL PEAH B Y ¥R ——3h i p 1Y = A4 i
et 5y, B LLEAG LR AR,
@ A7 G IR Y SFE ‘E\%{ﬁi?%ﬁﬁﬁ?%}%ﬁﬁ?ﬁ%%%ﬁ. RZ AR ER. Bl [ e 2 &7
1A ZR A5 23 18] JiE 5% T 00 R AR P T S5 3, (B G 28 X6 Y (R0 BF, EHE—0). A JiE R WOk T — B E L R B
P 22 3 B R BOR i 8 2L R T2
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By i FN A B 0 0l 55 T8 BT 10 Bl RN BB 2 R B EE (discrete) X FR P AR # 4H
R B SEIE &, S E R AR (multiplicative) SFE & ©. 10 £ 0 F & 9 F B &
Wk T TR Z A,

I FEEOHA

g y2zrh B N S B BB R 3 PR R (closed system) , Hi M 37 f <7 18 i
M RECH M CN— DO Ik R EEH RS T N AR, Ry AT R
(integrable) (& %&. )X Z , NAE W 4 (nonintegrable) {& & , & M4 iE B sh 2 IR
il (chaos) L4,

(DB R B FRAE R — A BRAE GBI G B P OCR A5 R 1Y Ham-
ilton & X} %)

lg.-H]=0 (g, €&

KPR LT — YT R B VR Sy sy 4e &L BT R IR AR e AT oo R #f e  T  BE
A MBS B R ALIT R L B — APt D 55 Ah AR R I A JT R AR
ATAE g Sz g < A H AT X R O A R 220 D) f) 4 28 9 ik 7~y 6 9 2 H 4
h?ﬁ?]ﬁ%ﬁ’]ﬁﬁ bR b R e EH T R AR R s iy S e i A T
] R IR X BE TR 1Y KRR AR AN BEAE S Al ST Y < 4 A

Bl 1 AR R B R FRYERE N — D IE IR Ceyclio) B, ) R AEAE — AN g 7 <7 8 & B 7 8.0 7 =2
25 (8] 5 St B, M ST SF I B B FERR P X0 C, BE (SR E e 2n/k M E BERS . £=0,1,2,.n
— 1), TSP E AT %R R(2r/n).

@ A HF AT R AR N Ok i AR OGS R e A e O B S R ) Ak AR AR T T R TR A
BA G330 1T XK G 3D B AR AT — Bl (B0 = RO BERS 180°, R, (o) = expl — im ], JHY X R 1. 25 26 JH 2 12
e R, GO A BAE Sy spAd e, AR E - BRO0BERR AR . X T ML R, (0 =R, 2mx) =1, F L r==£
1% FAMEE R (02=—1,Fhr=*+1. 354 r=cxpl —ina], W& o i3 750 FR M i€ FRF8 B (signature
exponent) , W R AAANMER). r= 21 XN F «=0,1,1 r=Fi XN T a=+1/2. BB M shE I=aMod2, B

r a I

+1 0 02,4,
—1 1 1,3,5,

—1i 1/2 1/2,5/2.9/2,++
+i —1/2  3/2,7/2.11/2,-

@ RLFAE R — A PR A A3 8] P 32 Bl T AR L B T B BR R U AR R A T UE f B il R i
FA L BHE FHR N (— DL UKL T8 P BEE5 A8 6 75 By BLAS B0 Y o AR (R 36 kL 7 AR 0 v, T 2
il‘&lj‘] A AE A ) SBT3 51k 9 BT TR, @I%JH:*E%/\)EHH:WT/H$JTFIE,]*J¥ ER: BN YN

I“Efﬁﬁl R HG A B i AR DAY A b S 36 2 A R 0 S S I e R R A L T AR T A B R B L
mifr‘a@E%,<<ﬁ7¢%£$4;1‘z%i$1#f“>>,mfr’ﬁlu.I.H)iﬁ,ws;o.Lﬁfﬁﬂﬁ%%,mﬁ%ﬁﬁefﬂﬁlﬁﬁ
FFERZ AR TR RIOR &S W TR T LURTR. 78000 58k, B E A FERR Ry P9 8L R R R 7 4% 19 S f
Bl ik GE T S 3 ik 2 RO AT) 2188 BATYSR AR R % FLJiE (PR LA B )

® Z W Landau and Lifshitz, Mechanics.3rd. edition, § 2. 1.
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B 2 ARSI IR TR B =Sl FRPE (triaxial symmetry).

SFRYEIEEA (D% 2oy 2 MR = B R, (0 \R, () \R. (). (D)X zy.yz.zx FTH
BARI G so. w0, o, AKX EETE Rt U = AT, Bl W3 o, R, (0 PLAS [H] 4T P=0.R, () =
o,R, (m)=0.R.(x) ]. HA TR B nl Fm e T 0 EE A I AHEIEH]

0. = PR.(%), R.(x) =06,P
R,(m) =o0,0., 6, = PR, ()

(2B ZR B XS FRIERE N SERE G0,y r B Lie £ X BA » DTG5 /NE
T (EAEWTD) . BE G B P A AR 5 4 m] G i - ASTE 55 /N TR R IR B AR ST
SPAR AR Dy (R, — Uk X FRPERE N AR Abel BE X r TG /NE TR
AR XS 5 BT LU BEAL B AT AR e A B TR R 1 i) — 417 fE g 2 4R

OB FRAERE G FIRE G A4 T 43 S B2 A Y i EL 3 9 il 22 46 45 1b X )
W HFBEG X G R R W — DX FRMERE. 7 G 5 G ARG AR AT —
LR S GME—TCRZ AL HBAT LLAE (K 5 — 55 <7 fi L (HOR 2 7 A7 i
A TCE AW AR .

Mx ZoIFPFEZEFHEGXE
1. Newton /1 5% X,

B —A N KT R BOR T B AR BR M43 08 myor Bl p, G=1,2, -, N). KL
T3 73 71 2R 55 5 18] TE 26 1 JRh 3R Clocal) (3 34 B B2 Bl 4n 58 & N REF 32 0

Fo =— V. V(F st arg s ary) D
¥ Newton /72
pr = mury ==V, V(r oo arg e ry) (2)
(DR REA S MEB A, IS NEE LE 8. DT
re—>re=r,+¢& (3)

(g MERE BTG /M)
Vi, + & or,t&ory +e) =V sar s ary) 4)
M Taylor BRI AR — /it 15

£+ D V.V =0
k

T e BAEEMN, L
Pl 8.1 DMv.v=o0 5)

AT Newton J5 F#(2) . 7] 15
Zk:p'k =— Zk] V.V=0
/?"\
P=lp. (BB )
p

)
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P=0 %
S shiE PO, hWE Y E. & R R A 50 38 il 5
R=P/M (M= > m, . Bk (8)
_r
R = MtJrR(, 9
R J A FR Ry N FLDHINLE. 6 4~ F & R, Al P34 Wl H P E.
(DBERRELE n J7 10 EFE A JE 8.0 =0¢n (& 8. 2) AT —1Kim
r 75 HBERE T AR 4k

or =0 Xr (10)
WK R ELA e A A J
Vi, +8@Xr o sr, 200X r,s) =V yoooyrp ) (11) 1% 8.2

L2 Taylor I AR —H/N g . 75
DO X 1)« ViV(ry seesrg o)
-
=3¢ « E(rk KVIVr s srg ) =0
o S E R 1Y BT LA k
D X VOV =0 (12)
HH Newton J5 2 (2) , 1] 15 k
27nkrk Xy =— ZU XV, V=20
: :

EINA
i[ZrAX(rluﬂ)]:iZ(r/><pk)=0 (13)
de L7 o de <7 °° )
/7.\
L= D), = >, (rnXp) CABLEME (14)
k &

WL g ¥ 48t i 9 A E
(BARFR HAT B W ER A B, BV R & o FI A Newton J5 2 (2), 3 L ro s 1 T
IV/It=0,1%

Slnits o b= D vV = 4y (15)
: : dr
é\
T = %Emz CashEE) (16)
k
M2 (15) AT F R %
dirtvy=o an
dr

Bk & BReE E=T+V JFiEa.
P B8 i R 58 Tk 7 3 5 3 TEC. LR RS LR T T Z 19 Lorentz J1, B 5 HUE A
K BORL T L g U



_ v

qu(E—O—(_ ><B) (18)
jlidiny

mr :q<E+%v><B)

mr s r—q[ EJrfr-(rXB)]—qr-E

W ENHRY E=—Vs.FIH r - V¢:E¢,Liﬁﬂﬂcﬁ

di(—mr +q¢) (19)
BRI T+ q¢ Jy<piE .

2. Lagrange % X,

BER R Y Lagrange RN A L(q1 s sqn @12 2qn 0 B IE N L{gag .0 Hop ¢ G=1,
250 s NDJE— AN 1Y T SCAR KR N IR R Y R B

Xf T A B[R AR R R (AN, IR ST &R 3OS PR F R M T B DD S BE T B TR B
(I ) 25 R B9 R 30 L H A R AR,

SL = ‘7—’8 =0
ot JEAL Y . BT LA
IL _ 0 (20)
at
% g
dL aL . JL- JL
dL _ e oL
1 Z(ﬁq;q . )+ e 2D
M A Lagrange J5 2
d (9L 9L _ P ]
E(%) S, 0 im Lz (22)
KXo, XeCDkH
d, . d L . IL
514 n Z (q’ dt aér +q’ (’)ér)
Jr LA
d . JdL
- i ——L)= 23
df(Zq (7(1, ) 0 ¢ )
. JL CN=N SR ==
(Zq, F )Enﬁs%m B4, TR AL 4
aL
= (24)
P

FoR G g B SCER IR L KR (g pe s O W BB BN 2 B B R ¢ v pr (=152, 00,
N LR X

Hig.p:) = >4.p; — L (25)
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M FR A& R B9 Hamilton 5. 3 (23) 28, B B (8] 51 PE 9K & , fig i (Hamilton ) & 5F1E

A 20 (24) M Lagrange JT#2(22) . F

. oL
"

Xt B 2 [ Y A B R L TE TR NP R (LGB TR

oL = > ien e D)L

= Ir, — Ir,

e B L BT
L
2o O

P F A Lagrange 7 #2(22) .15

dx" L\ Il

— - — — 0

dt < a7, — Ir

FEIRCH, EREH

p=> L3y s
k

k a':k
ST i
XE T A % I 4 1 D 66 R 45 A JE 95 /M 6 R (10))

J J .
BL:E(iL’ark‘FP‘SM):O
&

‘,)r/: Jrk

FMARXCHER 26,14
BL = D) (pe e dry +pi 07 = o[ pr + (3@ X 1) + py » (39 X )]
k k

=8¢p- Z(rkxkarkapk)=8(p-%2(m><pk)
k k

do JEAE R T L
d _d -
EZZ/‘ - & Zk:r,,ka 0

il
L= D1, A%z

&

8.3 BT E X AR
8.3.1 BFSEMFUBORTHRTSR

WSR2 50 28 R 2 F LR R IR
¢—>¢ =Rp
& Z %) Hamilton 547
H—> H = RHR'
LUES

fan

(26)

27

(28)

29

(30)

3D

(32)

(8.3. 1

(8.3.2)
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H =H H [R.H]=0 (8.3.3)
AR R (H Hamilton & H A FEAEHe R T A AR M. 38 5 4 327 o (19 X
AR e S SR A B — A B f’ﬁjﬂﬁggﬂ/JXTf’F@ﬁ(iymmetry group).
W H AEJT 2R
Hyi = Egis v= 1,2, f, (8.3.4)
fi NREHE, WEIFRE. AR EA R BT iR Frd:  #%:0(8.3.3) .
HR¢: = RH¢! = RE.$! = E.Ry!
XRH Ry A5 H ARAEZS , 1 BX R A A AR A 2 E,. B, & 0 f 5 o 19 2%
f,
= >'DiL(R)¢, (8.3.5)

D, (R) ZJEIFRZEARIT ROV pov=1,2,-, f;. D'(ROVIR ¢ SKTFHY £, 4E23 1]
HCF X FO SR, T TEIE B
EIE 1 D' (R ALE R FRERE R (—4 £, dEFR.
iiE BA
(D AR R AL Z TP ZE e RS,
RSy, =RZD;“<S>¢; = ZD;;L(S)R(M

_ZD (S)ZD,U(R)«,ZJY Z[EDW(R)D (S)J¢, (8.3.6)

{HAN RS & W — /I\”{Tﬁ%(EER Sa*ﬁiﬁﬁﬁ%#lﬂﬂ’] /l\'}z%ﬁ%) I
RSy, = > Di, (RS) ¢, (8.3.7)

(8. 3. 6)5(8.3. 7). 1] 14
D, (RS) = >.D},(R)D., (S

R
D'(RS) = D'(R)D'(S) (8.3.8)
ROAR 4% 47 P9 R A8 4 RS B AH B A9 46 D (RS) 45 F 748 4 R R S AH L 1 6 B
D' (R)FI D' (S) Z .
(2) 5 ESEAZ 4 LN o) X HE B R B 36 B GIE 2 D D (o) = 1. K g 4% 5
s fiE X, eR=R, T %(8. 3. 8)
D'(eR) = D'(e)D'(R) = D'(R)
ST LA
D'(e) = D'(R)D'(R) ' =1 (figEE) (8.3.9)

O  HRITE &SN S EORRE R I 3 BEH =4 Euler o, 8, v M RHE ) U D), (R AT R R KNS
AR Dy (2,87 ],
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(DB RZHAH MR A RR ' =e. ##30(8.3.8) .
D(R)D'(R™") = D'(e) = 1
T LA
D(R') = D'(R)! (8.3.10)

B 578 e R R AYAEFE DY (R 2 D' (R) MM D' (R) .

A FRATHUER THEES D (RO AR G W R — 8 M EEMNS5KRN
XoF R A2 4 B A [R] 25 Cholomorphic) MY XTI ¢ &, BT LA DY (R #4 W% k1 B ) — A~
TR S 40).

XA R — UL JE AT Y1, Eﬂli%ﬂ&/l\ JB@“ﬁ%maﬁc”rﬁﬁz% RARE

............ /
Ry = ZD;(RM;, v=1,2,, (8.3.1D)
HATFRIE TRE E; 1Y S /l\ﬁaﬁ”a-’F*“?*’H@Xﬁ’méﬁa‘?E’JTTé’J%%/TD (R)ZZ 47, B

............

PR 0 B B A 25 1 B R A B e IO PE R A 6. 3 £, A RO 4

WK R A, T,
mmu%a SEIERIE, ﬁ%ﬁ%ﬁLéﬂﬂﬂWs%mxmvr@sm@

'@fiﬂﬁ# ﬂﬁﬂu”m’r iﬁ%ﬂﬁ@ﬁ%@%ﬁﬁ}%iﬂ»ﬁ.ﬂ??éﬁ%frﬁﬁ

.................

1E 8. 2 TEPE'%'HtH %}E%EPL%E]ﬁﬂﬂ’ﬂ]‘ﬁ\ﬁﬁr}ﬁ(fﬁ?ﬁﬂ‘ﬂ&?&?%),@}E—
D3 S B X B PE AR, 59 0 X TR AR TR IAR R ) A 2 s 2 O ZIE 2R, XKl PRk
T AR BB T R AR Y IE A T — AN AR

ﬁ‘ﬂét}é,{Eiﬁﬁﬁﬁﬁﬁﬁﬁiﬁﬁ,&%ﬁ?&ﬂﬂ#%E‘J

(g =3, (8.3.12)
2R R I p>¢ =Ry, WEK
(Rg. R =8, (8.3.13)
18R ST, B
DD (R)Dj, (R) (g i) = 8.,
af
DD (R)D., (R) = >.,Di (R)D;, (R) =4,
v BA

D'(R)' D'(R) = I (8.3.14)
HIZER DR A £ IEFRIR.
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i FEHE A N SE A 0 A AT 29 R 19 1E 28 I — M B UL B 5% B. 3. 2) . AT LAE B

-----

A 4, )
(Sb: 9¢L) == 8,‘]‘ Syyci (8- 3- 15)

Sl C R T R T g
iERA
(¢ +#) = (R¢i .R$)) = ED (R)Dj, (R) (¢l +$))
AP X BT BE TR R RAN(FEIE ﬁﬂaﬁﬂ‘ﬂﬁ% 7
(gi#) D5 = 21 [ 20D (RID} (R ] (L)
WRH R B2 fEm 2.

28/ )3
Ft =S T g = 0% SV g D)
off fi f" R R
A It
(Sb;’%) - 8,']'8,,“,(:,'
FHop
£
c:%2mm>
NS R

8.3.2 MHSHIRIE, FEE

TEPE— eI Z /7 S v — A BRG] 5. 78 7.1 R 2 b, — R R A
a7 JO W IEFRARIEL ¢, e R(a.B.7) T (asf.7 24 Euler )

R(a:B:7) ¢, ZDf sy V) (8.3.16)
BRI R Ry HOR 58 = B BER: e fahy 90) Iy
Diy, (9,0,0) = exp(— im@)3,,, (8.3.17)

I 51 B 4 5 75 1 9

D/ (,0,0) = o (8.3.18)
ele
PR R B R UF, (8. 3 16) B BB (2 + DA ¢ Gn=j,7 — 1.+,
— ) EZS I ERE R T HeIREE ShBERY (25 + D 4R il 49368 D/ (R) 28 e, B ATA —
AL T R S SO, AT 20278 B bR, A s BR 58 = 4l i jig
M AL SO, BER—AF 8 SO, Ml D/ 278 SO, AYER. (8. 3.18)
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FH L FR ) SO, BERY A AT 29 2R 8 A8 il nT 294619, T SO, J&—4> Abel B, 1
Abel BT AR R HEEE—4EM. 5TEH: o MRN8 SO, BRI AT 4R
NN e O m FARiC. GF T Abel £ SO, , B Casimir B T8t 2 SO, BYMHE— A9 TG

55 NET L= —ih %ﬂ,soz AR 2955 e 7 3t JE F 3% 4 Casimir 8 F L. 197
A m GO SRR ID. )X o T2 K 40K IR ¢, B 1 T30

R A WBE G B TREL D (g G I — AR R (g, €6
S g, € o B FR T TR P TE 2 I SR DY ()t 2 B 01— A 27
(R — M2 AT 2 (g LRI AT A28 1 — AR UE B D7 (g0 (g € 90 22 IR R XS F

A @Atz E v UL T8 B35 T A Al 4 2R 1) 5
Za,kd (8.3.19)

d* =T HRE A — /\TTéﬁi%m,aﬂ,%%/Téﬁﬂcﬁ dt LR UCEC D, X RETR AT ek 2k 2
TH—ANETFE . ERTH AN — DA A FRbRIC. 6= F %Pt ol DU
kKX E TR G AT ARR DB F LR 4.

WP IR RR YA I G LR, 8 R R B — 41 1E i o8 e Ok bR i
A IR, Aot J1d b 6 A R T 9], 3k SR R e 2R (H L 1L L) L[]
AIEZS ¢, 1 RARICHER E,, (& FIFES. IRER RIS IR TRV, i 7500 SR
R B FRPERE SO, 21+1 YR L3 om D' ARiE g SO, B Casimir BT
P AR (R h=DIU+D M ARIE. X545 5 58 00 50 m WE SO, 1+
SO, AR AR R NERIC . e SO, (1 Casimir BT L, MAGEHE (o) AR, BT
PLig - J) 2f R S — 41 P 1 o 58 A AR A AE (B DR A5 5 2 A M Y T RE R R BIR

.................................
...........................

8.3.3 NZEEWHEMET
— A LA R A e T A Al 295k EHE S O HE (B0 7.3 T9).
1. AZ 4B T,

WELF F AR R 2 F HA AR B T R. A RFR '=F, 5
[F.R]=0 (8.3.20)
WFR F R7284 R N iR 1. (B0, Lie BERY Casimir B 4550 B A HPE . )

@ Mt B4, 2,50(B 4. 1D,
ajp = %Enpxk(p)xl(p)
£ o
n, TR FRE AT ETHEMNEH o biil A —AF AL n, ATTE X RFHER.
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EIE 3 EXTRERE AR AT LR8BSR Z 6] bR B4 F OB AE FEOT N
(g, Fpi) = §;9,.F, (8.3.21)
B F A S oot Tt 20 AR AR IR AR T R TR ()
TEIE B I 382 TS S 28 K S 3 i 1 A 451 1
Bl 1 T2 4 S H Casimir BT j2 76 (25 + D 4R 0] 4R R BT o, 22 18] 19 40 14

JLh=DR
(‘/1_,’:;1’ ’jz(//_,m ) = ](] + 1)8,1'./ 8::1’71;

Bl2 oG V) RERED TR ETERTE ¢ =R, (DY 0, 0) Z K

I ot
(S/JU'F/'M' WVr) ()[)nrlm ) = (Rn']’[ #V(T’)R”,/ )8/’/ Bm'm

iERR A8, 3.20)
RF$), — FR$), — FED@ (R)$) = ZDﬁ, (R) F$}

R F¢ oz BT FR M IO AN AT 20 R0 Df ROk Ilﬂ:—Iu/\
Fp) =0,
FIFEHE 2CGERM X R, T8
(.0, = §;3,.F,

7K B
(g F$) = 8,0,,F,

P ARl T ik T
%EﬂBﬁE@%,/\é%ﬂ ﬂeﬁ%ﬁﬂ@ﬁﬂ@ﬁmm AR Ly e O LRl

....................

2. RTHRZABRKTHHL, RFLN

WA —HAR Ty (q=1.2.. f) AEZH R N EA FHIMERR.
RT!R ' = ED‘ (R)T (8.3.22)

qq

B DR SR AK F B X R PE B Y — ATT%%’%BVU"J% T, =72 # R TH—4H
Tj?ﬁ?ﬁ%(lrredumble tensor). R F AT LAk EWHEEITT, A — P HEMWE
H—Wigner-Eckart F M (5 3B Wigner-Eckart ¥ EAE 7. 3. 2 T ipikid).
FEVER I B2 R/ e R — A BER AN ] 29 R 1) B R LA e i & T
T35 v R RO B 5 W) 5 e 2 DD AH G
WA Thd), 1728 P ot
RT!$) =RT!R'R$), = >,D% (R)D: > Dl (R

= > [D, (R)Di, (R)]T, 60
=DV[D"(R) X D' (R) ., Thol (8.3.23)
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H D"(R)X D' (R)ZW DA A E 8 GEFE) D' (R) 5 D’ (R) 1y H A (direct
product. Z: [ K 5% B. 5. 1. 0] LIES L b B B 7 )2 X AR PERE A — A~ R, (H—
JB 2 ERR R DA X DY AT 2 9T AT LU Thg) TR A 2 0
FRUERE B T AR AT 29875, B D* X D7 A] DLZ9AR 45 TSR AT 29 R (4 B FI
D'X D = >la,D (8.3.24)

a; AR AFE R D IR EL (8. 3. 20 BN Clebsch-Gordan &%, 0 o, <1,
ducible) #f. # 21 #f SO, B — AT ] A8, X EEMASREBAE R PO L mE
E/‘ngj:l:l/t\‘ﬁ/l\%%ﬁ Ji 5 J2 %%%ﬁiﬁ'ﬁliﬂi J:j1+j2 HT}?

J = ‘]1 _jz ‘ ’ ‘]1 _jz ‘+1y"'e(j| ﬁL]z)
Bp—A T EA B — K. HERRRE T RRE W

ity
D xXD: = >, D (8.3.25)

I=1i1iy |

AR RS DA RY 00951120 e EL 029

BEXTFRPEREM A ] 2493278 D' HEAE Dt X D' HRZ1E 1Y Clebsch-Gordan &
H1(8. 3. 24) B @, 70, W i (8. 3. 23) A E B 2[5 (8. 3. 15) ., Al 1 4E P4 T (¢
Ty ATREA R 03X HL ¢f BIKRFFARTT RN D HER. RZ 45 o, =0, 80 D' A
WA EH A D X D' 1Y Clebsch-Cordan #5416 2 51 /v, U] 06 8%

(Y. Tipl) =0 (8.3.26)

XL £ ML Cselection rule) 7R RN 8 Y KGR, fE BT 128 P 35 T, UK
TR R BR AT WA BAE R AT AR — s, (g T D AR WIS ¢
KA ¢! BRI I8 B (transition amplitude). 22 (8. 3. 26) W37 B, X Fi &g F BRIT &
2% i) (forbidden).

S o A B [ 8 v, S BRI AH AR SRR A B 0RO — i e — AT 2y ik i,

EAEAE AT LA R i ANl 2548 2 il

0= >.C,0" (8.3.27)
kq

Horh Of 2 A& X FRUERERY A T 203878 D* 728 e 1) 7K &, W0k AT RUTE A [+ 9 49 31 %
N2 B8 (8. 3. 27) H A A [+ I AR L 4 R 2 45 E

3. Wigner-Eckart Z 3,4 % b

e FER) Wigner-Eckart 3, B 7F 7. 3. 2 Wb Rkt T m ki Xk +— iy
A ZR B0 BRAE IR B9 26 100 B89 Wigner-Eckart % B,
B BT AT L S S FRYERE AR AT 20 300R DY AR AN AT 255k BERAT T (g—
12,0 f1) IRIFAR AT A RIR D WHER ¢, (u=1.2, -, fDIBREIG . IGH) fof;
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AESTEL IR IFRER) — A AR IR D XD/ R /R — B2 v 2 /9. R e mT L3
BFu S NS TR T AR A T DA A B R B T AR T 2 3R i
@, = > hkqjp | LTIl (r = 1.2 fD) (8.3.28)

B AR 4 FE R D 4, D B HIAE D X D' 1 Clebsch-Gordan & %1 (8. 3. 24)
P — NN ET R, 3O TR, TS R A B (@, <<1). 30 (8. 3. 28) Hr
(A BB (kqjp| 17 TR Clebsch-Gordan 2%, 3 (8. 3. 28) Z il /s AP
Tig = D>y | kqjp) @) (8.3.29)
ly
A 1t
(G Tibi) = D)y [ kqjp) (4.0
ly
iz B 20 WL (8. 3. 15) ]
bt = Zw | hqjp)8,8,C. = Civ|kgju)C, (8.3.30)

Co AR T s 1k 15507 LJE%%'JHTTWJ?K%ﬁfT T (AR B TG (g, Tl Xof G 1t
?ﬁ(ﬁ’]ﬂ??ﬁ ,m%%ﬁ?ﬁf Clebsch-Gordan R % Giv | kqjp) b Xt & Wigner-Eckart
FE L e BRAE LAy - ) B AZ W SRURL 1 ) B A Tz B

8.4 HEAAHE S XTFRME M R R
8.4.1 —H&itie

R R R REGUE BRI B T 5 — A e AR AF TR Ik —A g i
AMEZS. A 1.3, 1 T EAR . — HERLN S B rpobi 1 B9 ST CINAF A8 138D J2 A i JF:

EI/J H—4 [ kT XN TREE E. A MANARIES, (o) ~exp(Ei v/2mEx/h),

Eﬂtﬂfﬂgﬁlﬁ]ﬁ T EME A kLT R E S

d(r) ~ exp(ip » r/h) (|pl= v2mE)
#RR BRI AR, S p B9 K/ | p | BE B  H 7 1) 2 AR R Y L BT LA O S T
5 K. H HORL T BE G O B 235O 11X B i) Ik L 15 A AR 1 (9 6 B (R 95 25 11 4%
T [ P s (]38 50 ) A %5 B0 G R . SAE G, — i vt D3 3 ok B RS (GRS T
) — IR, B RELRL E, K TAR 0] & 78 o, A& T80 H S5/
W om B Gn=1,1—1 —z> {6 I B S (20 D). X AP IR 5 o 15
JUfar % B (5 lﬂ%ﬁﬂf&)&t)ﬁﬁa@
XA SRS 4R A ) A

(1) RE Gt B 7 I 2 1 2 W1 1A 28 it A5 65 ol 0] A 1 2

O HHEREE NIy | bgjpd = Chqjp | Ly, S BER B PIA M S A1 Clebsch-Gordan &
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(2) 5 FARG Y X FRAE S B — 8 T BRI 2

X T4 —A~ ] {8, Messiah ﬂl%ﬂ*D%iﬂ:“ﬁE%&E@fﬁﬁﬁfFE{L%'é\%% Hamilton
It SRR FRPEARIR ZR. 7 X T ILT 7 S0, A oK B AR L T RE R R B g
ﬁﬂ@“f%?ﬁﬁﬁ?”l‘ﬂ%ﬂ. FTiE “ 1B 9% 87 17 Caccidental degeneracy) , f: 4 f& 5 Hamil-
ton i H1 5L 46 2 i (AN 37 B0 7 0 B L B I R B 2 S5 I AR A BT R 1Y L B2
X B g B SRR R A I L A SRS AT I (0 P 2% BB 0 & AR A8 SCI R . 3 R 1T O S5 44
SO PE I UEAT 2 A TR 3%  WOB O B 8 0. (L6 T4 15— 9
. 40 . Coulomb 37 145 [i] [7] P51 ik 1 35 bR 5 19 BE 9 09 7 O 22 v T — i Pl
J15 ok RE G T BE L X OO N R AR Y, M2 B AT EA L — M0 I35 0 JL ]
X ARPE (SO, ) T 5 (18 3l g 27 X AR P 0 S i (UL 9.1 795, 9. 2 99). Ak, b A — S fi
I R b AT 2 ol T 8 2 B SR R (RN A A R O L (H S R
— Bl R GE BRI WRAT IR FR Z O B AR TR O B OR Z AN 4 /Y. 1IE 40 Elliott
P&, 3R G0 4 B AP AT O L A A T VR 2 b AR

ERT BR HL A 2 0] RN AR P CRRR SR D B L REZOR R R I 9. A £
AR X FR A RE S BRI 7

152 BTN 16 ,— 1 Abel BEROR T 20 38 b — 4. [t 35— MR &
(AT FRPERE . Abel B CEDATEAEXT FR A8 30 BE lE Abel #6) , W RE A 23 i
BRI . 9000, — 2 S5 - 04 6 B v R B 2 D) R R — A R R (B A T
F o RIE SE AR AN ZS [ 59D A Abel B, MEANAAETE HAAE Abel XFFRPEHRE, BT LA
RESR A0, SR 2 A5 R AT — A X FRPERERAE Abel B, 0 A 9% — M Bk A2 ]
TFE. B — B0 T R R BRI D = 4R e BE SO, B R Abel B
B3 AT /ANERF (BRI RT3 5 B A X 5. B LR g (BRi=0 4M)
SRR IF 0 L I BE R 20+ 1) LB SO, BRI AN AT 2 32 7R 1 4E %k

s — S B AT T LUH R R RRUR A S I BT OF (5 1,5, 1 1),
E UL R R AP AR 5 i splEE F MG, BILF.H]=0,[G,H]=0,

JILF G720, WU SEHE S — 1 9 60 /B RE DR RSB 91 . 6 S R I 5 1
T R 22 05 5 D 0 JEE U2 5 64 DR — /A % 0 A0 2 20 4 4
Abel ) Lie 3T 57 /I B (2 57 48 k) — MR R 0 55 1 B T — A 2 1 B
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@  A. Messiah,Quantum Mechanics, North-Holland Publishing Co,1961.
@ J. P. Elliott and P. G. Dawber, Symmetry in Physics, Vol. 1, Principles and Simple Applica-
tions. MacMillan Press,1979.
+ 305 -



5] 1 Stark &

xR 4 R T M BT (T E — o) 7 B ik Coulomb 3 V (r) O B T #% 32 £ 19 4l Cou-
lomb 3 LA K A J2 16 7€ BT B9 5THK) iz 3 CRAT SO, XPFRYED . 2 n E iy = Bl Jr ) #9349 2) 51 i 3
& B}, Hamilton S HE RN

H=2L2 4+v() + et (8.4.1)
2p

SO, XFFRPEB IR DR R AT HA B8 = B e i R A8 Pk, BV GE 5 il ) JE 7% ¥ (SO.) s &2 — A~ Abel
BEE—B K BT RE A T 0K W 4 k. 1B SO, I K 58 S HEFE R & A9 &3 X AR L IR g 1k
T G A B QT 5 < B 0y e D B o 5 0. CREIR IR D) JE R B
Bk
e DT (8.4.2)
O P ) 7T N X T XHhT > 2
BRI H]=0.[o.. . HI=0.{H[0,. , L. 170, (0w s L. 1740, L. L8 = BTEFL Y SO, BERY IG5 /D
BAF ALK 0, Moo, TEN IS = MY FEREBE 2 — A~ dE Abel B, PRI T BE L 1 80 — 5 1 JF:.
B 2 Zeeman B .
] b A9 AR L 3 4 S G 3, BV B3R = Bl 18 93 ) G B UL

e’ B?
8puc?

T EW L. H]=0, IR RA 58 = Moy iehs Rt P hsriE &, (Ho,. . H]#0.[0. . H]F
0. HTE 0. Ko, MIBHE TR (8. 4.2)], 0. = m( 2 y;?) DL T R

H=2 4By B op oy v (8.4.3)
2 2pc

PEBCREIR. DL 1A R B0 6 B o B U Abel #F SO, [ 1 i %lﬂﬁm%ﬁ?ﬁ?vﬁﬁéﬁ E, —E, .. ft
O RO T RE T m.

8.4.2 ZEBRHPRMNFRERMEFFME

— =S
KM A bR, —4E 0 # V() ki) Schrodinger 2R
2 9 1
— sV .
Hy = [ ( 70 ap+pz7 j+ <p>]¢ Eg (8.4.4)
BRI L= i = i
y dx (90
WHELE(H.L) X 5P EE é% TE A AR R G AR R AE 2SN
(o) o< R(p)e™, m=0,+1,+2,- (8.4.5)
R(p) il /2 F 9142 11 )7
Eld) R(p) — ER (o) (8.4.6)
[ 20 p dp” dp ] ? ? o

ﬁ%R@%E%L%W@%%%%%#LWﬂ*&%i$ﬁﬁEMT%‘”
LR BT BT L IR L B SR (8. 4 6) b LB L BB E X | | %
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SR FIPE. P M AL BB R TSR A A TR 0 60 O =0
BRI,

E—FK, YO F A X FRYERE LT 2 S8 < e S B SO, U — > Abel
) BEGL B IV TE 77 O+ {H X A 42 T A9 PR O 0 R O AT B AR X B T [
R (8. 4.2) ] A LAUEWH o, Fl o, 2 Ry ~p e 2, B

(o H] = [0 .H] =0 (8.4.7)
Ho, Mo, S5FEE [.=xp,—yp. AX 5,
loyl.]# 0.[0n.0.17#0 (8.4.8)

PRl e B % BT . AR R X FRAS 4 L BR T SO, Ab i A 55 25 (8] [ 4
Z52) 1 AT kG BRIV [ # BE ok B8 R R IR .
07
Vip) = { pa
o, p>a

Y] 2 ZHETRBRIRTT A

0, 0<ax.y<ua
Viz,y) = X
oo, Al X Ak
BT RSN
212 212
E, ., = X hv(rzf +nd) = T hﬂzz
oy 2pa” ’ 2pa”
n* =l +n}
N, sm, = 152,350 (