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Shut up and calculate?

REFERENCE FRAME

WHAT'S WRONG WITH THIS PILLOW?

N. David Mermin

Attitudes toward quantum mechanics
differ interestingly from one genera-
tion of physicists to the next. The
first generation are the founding
fathers, who struggled through the
welter of confuging and self-contradic-
tory constructions to emerge with the
modern theory of the atomic world
and supply it with the “Copenhagen
interpretation.” On the whole they
seem to have taken the view that
while the theory is extraordinarily
strange (Bohr i to have re-
marked that if
dizzy then you didn't reall;
stand it), the strangeness arises out of
some deeply ingrained but invalid
modes of thought. Once these are
recognized and abandoned the theory
makes sense in a perfectly straight-
forward way. The word “irrational,”
which appears frequently in Bohr's
early writings about the quantum
theory, is almost entirely absent from
his later essays.

The second generation, those who
were students of the founding fathers
in the early postrevolutionary period,
seem firmly—at times even ferocious-
ly—committed to the position that
there is really nothing peculiar about
the quantum world at all. Far from
making bons mots about dizziness, or
the opposite of deep truths being
deep truths, they appear to go out of
their way to make quantum mechan.
ics sound as boringly ordinary as
possible.

The third generation—mine—were
born a decade or so after the revolu-
tion and learned about the quantum
as kids from popular books like
George Gamow's. We seem to be
much more relaxed about it than the

David Mermin is a professor at Cornell
University and director of the

Laboratory of Atomic and Solid-State
Physics. He has worked in low-
temperature physics, statistical physics,
foundations of quantum mechanics and,
most recently, quasicrystallography

1949 American inaieuo of Phycs

other two. Few of us brood about
what it all means, any more than we
about how to dehnn mass or

al mechan-
ics. In ("Unll’.i“i!]d[]\l moments some
of us think the theory is wonderfully
strange and others thin sn't; but
we don’t hold these views with great
passion. Most of us, in fact, feel
irritated, bored or down: t uncom-
fortable when asked to articulate
what we really think about quantum
mechanics,

I'm one of the uncomfortable ones.
If I were forced to sum up in one
sentence what the Copenhagen inter-
pum!um savs to me, it would be
‘Shut up and caleulate!”™ But I won't
shut up. I would rather celebrate the
strangeness of quantum theory than
deny it, because 1 believe it still
interesting th to teach us ab
how certain powerful but flawed ver-
bal and mental tools we once took for
granted continue to infect our think-
ing in subtly hidden ways. I don't
think anybody, even Bohr, has done
an adequate job of extracting these
lessons. From this peint of view the
problem with the second generation’s
irenfistedly soothing attitude is that
k iving to make quantum mechan-
ics appear so ordinary, so sedately
practical, so benignly humdrum, they
deprive us of the stimulus for explor-
ing gome very intriguing questions
about the limitations in how we think
and how we are capable of apprehend-
ing the world.

I would guess that an unvoiced
reason for such efforts to render
quantum mechanics uninterestingly
bland is the desire to counter the kind
ol duml) postquantum anti-intellectu-
5 that even the |}hx\|
now know that ever)

. leading to the d
_\: Anythin, It is indeed
important to emphasize to those who
would go from quantum mechanics to
know-nothingism that the gquantum
theory, far from filling us with 5
Ilyzing f(or liberating) uncer

nty,

now permits us to make the most
accurate quantitative calculations in
the history of science. We must
certainly speak up against “the gen-
eral antirationalis mosphere
which has become a major menace of
our time, and which to combat is the
duty of every thinker who cares for
the traditions of our civilization.”

On the other hand it's important in
combat to shoot at the right target.
The above quotation is from Karl
Popper and is directed against the
writings of Heisenberg and Bohr.

Physicists in the second generation
certainly have a much better sense of
where to direct their fire; but in

sanitizing the quantum theory to the
point that nothing remarkable sticks
out above the surface you run the risk
that if vou go inside and look around
you won't find anything left to make
it hang together anymore
Thus although it is a fact about the
quantum theory of paramount impor-
tance that it permits us to calculate
measurable quantities with unprece-
dented precision, it does not follow
from this that statements that the
quantum theory is not deterministic
but acausal are vast exaggerations—
that the theory has little to do with
whether or not nature game of
probability. Yet it has b gued in
this context' that even radioacti
decay—the very paradigm ol
discontinuous quantum b
appears as probabilistic and abrupt
¢ when an inappropriate question
ked: If a particle is in a sta
¢ well-defined energy, then it is
ppropriate to ask for the exact
dec ad the answer is
probabilistic nnl\ because the ques-
tion 15 not appropriate to the experi-
mental situation
ow to be sure [ can, at least in
principle, produce
th at will decay as the clock is strik
midnight, provided I make it in s
tricky superposition of energy eigen-
states for which asking when the
particle decays is the appropriate

noon a

APRIL 1989 @
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Could Feynman Have Said This?

N. David Mermin

Fiﬂeen years ago, I mused in a Ref-
erence Frame column on how dif-
ferent generations of physicists dif-
fered in the degree to which they
thought that the interpretation of
quantum mechanics remains a seri-
ous problem (PHYSICS TODAY, April
1989, page 9). I declared myself to be
among those who feel uncomfortable
when asked to articulate what we re-
ally think about the quantum theory,
adding that “If I were forced to sum
up in one sentence what the Copen-
hagen interpretation says to me, it
would be “Shut up and calculate!”

In the intervening years, I've come
to hold a milder and more nuanced
opinion of the Copenhagen view, but
that should be the subject of another
column. The subject of this one is the
habit of misquotation or misattribu-
tion that afflicts our profession, a
rather different example of which I
pointed out a few months ago (Febru-
ary 2004, page 10).

leen my capacny for mt,ellect,ual
” in the
terminology deployed in the current
American political season), it’s fortu-
nate that I've now reached an age at
which I tend to forget about things
T've written more than a few years
ago. Indeed, I find it downright irri-
tating when somebody asks me ques-
tions about papers I wrote a mere half
dozen years ago, naively identifying

Reference Frame

over me when, browsing the e-print
archive earlier this year, I read a char-
acterization of Max Born’s probability
rule as “the favorite ingredient of
what has been nicknamed, after
Feynman’s famous dictum, the shut
up and calculate interpretation of
quantum mechanics.”

1 yield to nobody in my admiration
for Richard Feynman’s aphorisms on
the nature of quantum mechanics. In-
deed, long ago I published a poem
(PHYSICS TODAY, April 1985, page 47)
consisting of nothing more than a re-
setting as verse of a paragraph Feyn-
man had written about his own atti-
tude toward the quantum theory, in
his now (but not then) famous article
that launched the whole field of quan-
tum computation. I like to think I
have devoured everything Feynman
ever wrote on the character of quan-
tum mechanics.

But while “shut up and calculate”
sounded dimly familiar to me as a
characterization of a certain interpre-
tive stance, I couldn’t recall where
Feynman had written it. Mulling this
over, a terrible thought began to dawn
on me. Could it be that I myself had
once used the phrase? If so, then it
would appear that I had picked it up
from something by Feynman, forgot-
ten the source, and presented it as my
own. Devastating!

It was devastating because I have

like this joke, but other physicists
seem to. Nonphysicists, of course, are
entirely immune to its charms.)

So with growing trepidation, I
searched through my past writings on
quantum mechanics. I was dismayed
when I came upon my 1989 column,
which confirmed my worst fears. Not
only had I appropriated without
proper attribution a Feynman quote,
but it appeared to be a famous one.
How humiliating! I was afflicted with
visions of knowledgeable PHYSICS
TODAY readers shaking their heads 15
years ago at what must have struck
them as my shameless attempt to ride
to literary glory on the unacknowl-
edged shoulders of Feynman.

So I went to the Web to find the
source, hoping I could then salvage
my reputation by persuading PHYSICS
TODAY to print an addendum or erra-
tum. Google gives more than 130 hits
containing both “shut up and calcu-
late” and “feynman.” Most of these do
not directly link the two, but about a
dozen do. Here are a few:

“Shut up and calculate” was a
motto of Richard Feynman.

For example, there’s Feynman’s
“shut up and calculate.”

My personal philosophy is that
of the famous physicist Richard
Feynman, who said: “Shut up

and colonlato ™

If | were forced to sum up in one sentence
what the Copenhagen interpretation says
to me, it would be 'Shut up and calculate!

(David Mermin)




£

—h —h —h —h —h —
[ ]

_E : E?ﬁ%"—ﬂ'ﬂ%m—'ﬁ&ﬁéﬁ*@

. 1

.3
4
I
.61

M RIR BRI FEFE S1E

2 B NFSHEILERER

EFNEERRENHFRIA:

%%&-Tﬁﬂmﬁﬁﬁﬁﬁi
ﬁTET%MﬁﬁE%

ST NFEMERERNG

18



1.1 MNB/RIRBIBFERE 5

19



1.1 MIE/RIZBIRIFEFE S5

19134, /R (Niels Bohr)
A EZ%E (Rutherford) BY

SCIGHE M : ﬁ%MﬁEEIEE
B

1. BRFeesElriE
2y BRIEIRUARST T

3. AFIEE T

400 500 600

E‘fri?

E = El' Ez, ey ETU

Wmn= (Em - En)/h

muvr =nh, n=1,2,...

20



MIERIEBY 2 56 BE S5

n = (Em — n)/h Ritz Qﬂ NG

1 1
Wmp = € 2 mz)"
- B
PRAMAHE S HRitz/ZA T ?

Radio waves

1024 1022 1020 10 10' 10+ 102 10" |108 101 l(l)" 192 l?"v(Hz)

uv Micro-
wave
1 1 1 I g I 1

I
10-16 10-'4 10-'2 10~ 105 {1106 10~ 10-2 10° 102 10¢ 105 105 A(m)

———— -~
—— -~
-
-

Y rays X rays IR Long radio waves

—————
o -

0 R
400 500 600 700

Wavelength A (nanometers) 21




MIB RIS R B FE R 15

RIFLHMBEIE, HLRREEMTH®

fmdR IR TEA T, HiE

]
AN
Ha
N+
R
b
™0
L1

]

HinRERE, Bl

R IR RS CRFFIENER, —E=h
I AR RV (B B R R P R BT RD ST ER .

22



MIB RIS R B FE R 115

B#RE (Werner Heisenberg, 1925%F)

RFNERFFMHENSEENAINESE. seUER VRS

RS erR (BLE) BX, MNERERERTINE,;
e, MENARFRMEEMERAITSENIERR mn BX:

X = Z aneiwmnt ) Wnn = (Em — Ep) /1.
m,n

BT e M & IS IRBIBTINER 0, BETHITNR A
e’ . -
W = @ | X[* — W(m—>n) X | X |“ Wmn,

BN BB far 4R 5 S FRITh R IEEE T8RS REV4R 77

X

23



M RIERIZ B RE 15
AR TR B AR R R

' — lwmnt
mn

KIEE (19245 (EFHE) ) REERET
hxZR EARERARE), BHRELRTEEEETFL

1
E, = (Tl + E) hw,

BRERSIREAATNZME, BEAMERXZEMERFE
[X1[P] # [P]IX].

24



B R AATEOR B A AT 3 5 1%
I HSHRT RAHRE
1

H—me +2ma) x?

W R BT R, BARER T ILTAN

Xz)mn szlen zwmlwln leln
(X*)n = zX 1 Xin

p—

WRE AN, EEFEXMPH]
BFERF. SEERETIEERESRIE
TENRSER, XNRZEREZEKAY.

25



X11 X1z X1n P14
Y = X21 X2 Xon ’ P>1
o1 Xz oo Xl [P
FESHTERNZ XA
[X,P] = XP — PX =2
WEMALEE “APMALE" 3

MIB RIS R B FE R 15

WEINA, X, P AJERR AR

P12 " n o Pln_

P22 " n o P2n

P, ... P,
ZFhEA:

Born, W and P. Jordan 1925. Zur Quantenmechanik. Z. Physik, 34, 858

26




EXNZRRSEHHIZRE

i X #n P =2 3ERE, (X # BT ENH1E

p_ V&) P
- aX ) _m)
d d : . :
dt[X P| = i — [XP — PX] =XP + XP — PX — PX
:_P_l_X[_aV(X)] [_GV(X)]X_EP:O
m m

R EEZEN: tEFEEX, PRVSEREINF




BRI HRAHESF

d e, v
E[X'P] = 0,== [X,P] = FH#C.

2w C* = (XP — PX)T = —XP + PX = —C, ih

o
|l

HR-HLITFH KRR [X,P] =ik

BERARIETR T EBAETCEHEANSHRERA=h/2r : B
MHAXRRITERFLIERTREES SR AN LEE

1 _ 1
E=<n+§>h E—(Tl-l-E)h/ZT[




ERTFRTFL CEHRE, 1925

AR T B

BEMHDERE:

uj

Pz 1 2y 2
: H=—+>-mw?*X?,
2m 2

Xmn(t) = Xmn (O)eiwmnt

(win — ©*)Xmn =0

29



ERT BT CEHE, 19254

(w%m — wz)an =0

M BESHITHRS, & Xnme EE, REKRT
m - m+ 1IFERFHER A0, 18 wnmi1= two

an - m,m+16n,m+1 + Xm,m—lgn,m—l

30



Bk FEFH: BETIHE
Hx = p/mMELRITH KR,
XX — XX = —ih/m

!

(Xx) —(XX) = —i(h/m)8mn
=m = nif, FIRFERERZEMRNFIXSZ KR TERERZET
(AB)mn = Z AmiBin
l

ifl = iZ(wananln — XnwmXin)
1

= Zileananln =—— = Ej‘ﬂ

3=

31



EIR TR EETITE
DRl =n+1, X, =X,m (CBERASEHD
\ 4

(Kms1)” = Kps) = e

2Zmw
. - h
éﬁtl:ll TXn+1,nEI‘JJ§.%¢E9é/% - XT2L+1,TL — XT%,Tl—l —_

2mw

Xn=0,n—1=—1 —

(n+ Dn
X?%+1,n —

2maw

32



Bk FREEE T

ZX len‘l‘(,() ZX leTl
an(t) — iwannl(O)elwnlt — iwannl(t)

4

1 . .
E, = EmZ[_lwannllwannl + (‘)Zanan]

E. =H,, —m[(Xz) + 0P (XP)pn| =

1 1
= EmZ(wz + wi)X2 = mw?(X21n + X2 1) = (n + E) hw
n=2012,--

iR 2G HiE #h‘wzgjzﬂc 5EMREST
ZIW NI, S MRS REE 33




N4y

BIREETHRENG

HEE’¥_H gé*l__l—'\"—:jij]%
— iwmnt _ it
X = z Xmn® t P Z Pnne
ATV R KT AT

%1 L‘ﬁii& :
[X1[P] # [P]X], ([4] = [Apa]) | “F55"

|
ZHIETNHE
;mﬁﬂ=a\Lmﬁﬂ=%%a
WEEFWEY |[X,Pl=inh | BExEETERE

34



ERERTNFNG

B “Px5” cBEHNF “WEEFHFEH" HE

N4y

1 . 1
E = zEsz +§ma)2X2

1
ﬁE—(Tlﬁ'E)fl,

SRR RPN AT AR
Y
(n T 2) 2

h=%

35



= FFREMAIESREAE (SJF1)

1. EE—INHEHINERT, BEENHIE
X=—-yx—w?x y>0

(1) [x,x] =7
(2) p ’ﬁa‘cEl’J?é?%ﬁ/A?
(3) géf—l‘,ﬁlj (ﬁ;&) |] % 'ﬂ'/Aﬁ

f2m: B[] = —y[xx], 155

[x,x] = e "tih

EXTNEhE p=e’x, N[x,p] = ih A

51T A 8]

36



1.2 BB hESHEBLEREE

37



1.2 BN NFESEEBILERIER

19244, EH T = (L. de Broglie) i¥i[a B & Z X Hr
B EF R : BRAXATUIRIME R FRIITA,
AR AR EIITA, B ER fEE.

ikx—iwt

Pr(x) x e

19274, C.IEAERMLH.ERUKG.P;ABINSAHITT
BFRERBLEIGTESEL, IESE T B FRUESIEMERTD

BXAR; 1989%F, BRIl 7 FHY W45 L0, 33




SRR S

BT R N 22 SE 06

P RI 25

39



BRI

|0): £2B X BT A bR 2
|1): 2 AR AR HYR R 3

) = Col0) + C1]1)

— D —

40



SERRA TR 42 S0

Intensity (counts/Smin)

300

200

100

Scanning Grating Position

41



BFRENRS “BLEt”

BBYYs

"
o 9/99\

— / Barrier \

Classical Mechanics

8

ol

// \\\ y
g—b/ Barrier -

Quantum Mechanics

’ /\ /\ \\ =
(] le ~—
E<V) BV

\.

42




A RIE RN R (STM)

tunneling
electrons

4
pmuu

£ . \\j

,‘ o%“

A

SNy’

Iron atoms on the surface of Cu(111)

43



BANFSRBILZEER

| em | @k | EWB
_ 100eV 0.12 nm EXET 2

RETF 170nK ~10m

Foi 10g, 300m/s 2X 1034

IFLLE+ 50kg, 30m/s 4X 1037 whNTFERE

BER: HE—T, —M¥EFEHAN10cm, HRE A1 kghyTk
, LA30 m/siREIET), EYIFERIKSFEMEEban{a?
HILIB AT A LB AN TRIMEFHETE?

lLiETT XET, R ETHETE

44



EEISH1E

BB EEEFIRDNER, MEENMBWRTFRE T —REY
RENTTHE

1h 1/;(x t) = [——VZ + V(x)]t/)(x, t).

MTEEREE, EXESKERY (TBELE)
P(x,t) = exp(—iEt/h) P(x)
iz

E¥ETS
hZ
“om

2+ V(X)] P(x) = EPp(x)
45




EFEIS T IERVER

46



MR E R IEN 5=

NIREBAHE L =L1(q q) =ELFRqIREGRIEE.

N EhE p=k
aq
e W= H=H(,q) =pd—L(q,q)
s HFE A IEN SR
~ OH . OH

47



L

&/MEREFMFMmES

ENGESFNTERZ

t t
S=S(t)=det= (T -V)dt

to to

HWESRESENNRARGIE:

~ 0H
q=—==
d(@L) oL op
—|=]—-—=—=0 ~ . O0H
dt \dq dq P="5

T = p?/2mAV = V(x) 57 A AR FHIEhEeF1E g8



ERHEMRENE

E4 _ds_os s
=4t ot ag

TR

0s ds ds._ S =

ot _dt agl " ag? | wm» | —+H@pq) =0

. ot
=L—-pqg=—-H(p,q)

FEETR AR T p = 0S/0q




p = 0S/0q BYIERR

EESLHIE q(t) ZAq(t) + 8q(1),

o j oL\ oL +8L6 6L6
e 6q dt [aq qlt,= [@ qls,

ALk,

5S/8q = dL/dg = p



M- HEATEE 1R

Mg 2Zin-FE v L Hf=

IA) aS

— 1+ H(— —
Pyl (aq,q) 0

A i R T

05 1 652+V i
dt 2m\Jdq (@) =

)|



k1 [ T )

HE B =45 0. ERTEBV (B3R
—RF, ERREE-HEREEEER

! (VS)2+V+65—0
2m ot

S(r,t)2lEAE.

52



TEEE
RIgASRIBITE %, 16 RLLS BEMALS

S =W(r) — Et,

KW (R SR, UESETIHERY, FREE.

RAREWH-HR L HiEH

(VW)?% =2m(E = V(1))

53



SHISF{ERIHE

ST SHIFERE

C: {(r,t): S(r,t) =S(x,vy,z;t) = C(BE) }

Moz
VS -d —an +an +an =0
S_Gx * dy AP

¢ EfEf—XE ds = (dx,dy,dz), E&HEUTTTIZ

ttFFENIRE, SCHBEVSSCHYIRdsER

54



FEHMENBEISIE

ZEIEAEST TN ESH

MSHF{EME ¢ X8 ESBINHEA

O—aS+VS dr_ E + VS dr
ot dt dt

55



FHIR AR F RV ENIR E

AREFEHENIENEE, CRASEAEVSEXHELGE
%3], JEEEZu (EHE CLEmERE) 2

ﬁ

dr E E
u = — = .
dt VS| J2m(E =V)

REuEHIRE, MARNFRBINEEY:

p VS| |2(E-=V)
m m '

m

\

56



BT

R CEMBURHIZFHEAIE
(AT A S RIEM RN . AR BISER-AeEEE 5D

FRIZAIHESSEEE. BE= A E RV TUR K iR 24 -
Y(r t) = plS/u — pi(W(r)—Et)/u
EREW SR S=W) - Et, u==
M, E/uiEinEzE=N.

5/



Fehhig

RBIMNAEEIEI BN FEMS ERIFM.

FRAERTEXRE = hw, My =2 LR
BE, oeBNE. PBETER

Y(r,t) = Y(r)exp(—iEt/h)

W(r) = eW/h

58



BEES HIZRI L

XEKRZE S =inaln[y(r)] —

. v¢<r,t>>2 . 2<vw<r>>
" <¢<r,t> =M\ TAmEm vl
LSRN T 5712

=

h2
7 (W) + [E—V)((r)” =0

(*)

59



BEES HIEHYIHIL

\ oW i 0S
5] 5| — 4 1 op i 0S
§J -—Elﬁ/ﬂvs aq hl/)aq
0%y _10y0S wors 1 (05 2+i 925s
0q> hdqdq haq* iz ¥ dq) h' g2
b b 1 o e . 2Tth
EREYIBCRORKRE, BElATR /) /1=7
921 1 (3s\° 1 [oy\° s _ i ay
a2~ " 7%\5q) T9lag 0q ~ ) 9q

60



BEEIS S IZRI LR

W B =%E (V@) - YvRy, HEHER

hZ
S VR(r) + [E ~ V(@) = 0

N, SHEESHERS

2

0 h
ihatp(r, t) = —%Vztp(r, t) + V(r)y(r,t)

61



% ﬁEEl,J LjIIjII.,

ot

C

s ESMERNEESHESRENIELFHERRE
. BN ENEMEEISEINENNIFERNEEME
B, PAHAREERHFEAHZBYESEE.

o IRV E AT LAMNEEE IS FIE M %4 S G BT
HERTEL 512, XFRF LI,

| -




BERHIERIMEW-HETLESE

MBI S, By
Y(r,t) = plst)/h

@ ORANEEISHIE, 52

1 d0S ih
—(VS)? +V +— = —V-4S.
Zm( )+ V+ dt 2m




BEEB A IERIREE-TER L2

R HIRPR, A — 0, NAJFR|IGE- TR LEH1E

1 aS
S 2 — - —
- (VS)“+(V-0) + 5 0.

/=\ E:l ih
U=—V?3S
2m

ERRTETNFUN, BIRAETS

XN R RAE1952FE E YUK (David Bohm ) EXIEH, =&
S EMRCRIEICH LB, 19755, Bohm#l Basil Hiley & %%
HAERER FLEREEREE. ETFHEEYAIFRA Bohm HEES,

= T Bohm#E BE -

64




ARSE PR St

Y (x, t)|21t%tﬂj‘?l]fxﬁﬁ FEIMPFRIJLRZE
f W, O]2dx = 1

IR B R TRALFHE

SEtE—

MR BB ST SEIG &

SKHHZF &

8] F"%E N 5% FHY

x| Jg58

MRS SE T A fF E#.L?%)&'Zﬂﬁ“? DHEBNZIE

Born, M 1926. The quantum mechanics of the impact process.
Z. Physik, 37, 863; Quantum mechanics in impact processes 38,803.

65



IR EBRERAL R MERZER

© RERPHHFEEMARTNHANMSAE Vi
© RELEA SRR R SHETABSN “Fig”

BN

THRLM TN S SERESE, BTLE

AR SRR T S R LR

Bl—EmuhAE|



ING . RENNFE5IEEERE

. d I
1hE1/J(x, t) = HY(x,t) |[EEEIEHIE

/

EEE GRI ]

THEMLRE |
AQAP = h/2

67




BMERIE

19284, IF/RHVERN —RMEFMAHEME X R
H—SiEAREAMERIR(XFRF D RIE).

SR B Fmid P g G rE 2 s A EHI TR F
AUIEAE A . MR ST R HImIARY R E B A TR TE
, EMYEFEBEREHEHERR, BEXEETEZ
BRI ME, SHUEEFLAAT DR,

1. MR TR — R E SR EER IR MR T E5NHY
AR A E, EANERFNEEN;

2. XA BB TR B R T (LA REEFENE ARIE) SR BN (LR
RIKKRAFRAE)BANANHE, BE—1TKEFENN 6

[EEHER - 68




BMERE

Z[E (1995%) Pritchard ff34EF1fE[E Rampe

(1998)B /& F+iwrseis “IuE T E#MRIE

(@) (b)
ol N SRR E TS LAY

JRF, PRIERTFAERIEIR
B RE & & IS AT ETE TR K

LR IREIE KRR, TP

@)
: @/ : ZE S YIERR T,
i FiES

EETNEEIeH, NFEBRMNA TS

#idB4E, =EE

ANESRFHEEERTERT

S, MEHIEE, MELERBER.

69



1.3 BEFNFEXFEENBFRIE

70



Al I'
[5F

1.3 BFNLERERANES

N

BT HSE—ME: RENSET

IEBIA 2R B ZS AT DL ER ELGLR _E B Hilbert2S ]
J:E’J_AjEzr_JE IL;\%E*EL-! bEl‘Jﬁ
— M NEERLURA—PNEKEFERER T

M FRFNEIE EH A H B
lx,p] =

SEENEEEFE x M p BRF WeylF)

F(p, x) :2 Comp™x™
nm

71




BN EF: JhHi5 (Dirac)F=

VERIATR: |e)|P) eV,
(lo), [P)) = {p]P).

VERR— 1T RIRZE . AFREXZENHE—RY.
HF LEZNG B AR R EIEREAH !

JEKETA KRR E KA T 2GRHilbertzs 8]V

72



MRS : AKX, ERSIEEIE

VEBEBTRF: Vo C, FRRVETHBE )
F(ala) + blB)) = aF(|a)) + bE(|B));

VFeV*1eF = (F|.

VEYE R : {|lvg), o), -, lvy)} = BHX
VBIER: {fi =il o =Ll fn = (W= E£X

73



RS AR, ERSIBEE

VEVEXR: {fi =il L=l fxn = (fvl} = Vil S

fi(vi) = (fi|vi) = 85
MHF  (Fl =36 (], V) = 0 ap|v,)

AR K :

FHAT=A W (Aplyp) = (plAlY), MIFARIERET
74



IEAZ 4

(mn) = 6 JEAKRBEFHIARIERE ZIEAZHY
SEAERR: JEKE FHOREER RN

JEKE
ap(n|n) = (n|d|n) = (4An|n) = ap(nin) W) a, =a;

n = dn
(m|A|n) = ap(m|n)
m # nby, | =k p (an —ap)(min) =0
(ATm|n) = aj,(m|n)
Ria, =3 & FEY,

a, * a,, (n #m) » (m|n) = 6mn 75




et
)= Culm), ()= Culnlm) = ) SmCon

= (n|y)

|¢>=Z|m><m|¢>=(Z|m><m|>|¢> = > mym| =1

MR R FRIA
ﬁtﬁﬁl/r—k_l_ﬁ%/rﬂ’]}ﬁﬁlé%ﬁ?ﬂiﬁ, =T,

WERBA] DLZ R ek & /R4S BRI, YIEERSIEERUERA N E

BUERER (RTF517) £—F5 (MEFHNHFERZE) -
76




= TFIFRIRERR

HRAEARXSZKERAUR, hENETFRRNA

0
[x,p] = ih =) p=—iha

BARERIER TIAL RT3 SIS R EE S AL

AAFSFAERRAGE R 2N | x), FFOFT S EEALSER 2 -

(x|x") = 6(x —x") flx)(x|dx =1

HEARRRRT
) = f (0 |x)dx,

77



HFRRER p BVFEFETT

XTE RN 5 R REX R R TRVFERE T
(x'|[x, pl|x) = 1h8(x" — x)

(x" = x)(x"|p|x) = ih&(x" —x)

, _1hs(x" = x)
(X |p|x> T xl —x
d S(x) —
X (x) = —0(x)
d 5(x) | ™ | plx) = —ih
56(36) = —T

xl

0 S(x" — x)

78



rirge% §(x)-tRE

d
f xafi(x)t,b(x)dx =

oo

50 ()] %0 — f 5(0P(x)dx = —(0)

— 00

(xIplw) = Plxlp) = j Celp e Yox [1)d
_in f

A BTSRBE Nk#, HETEMD,

PITIARS ]

5(—)

Y(xHdx' = —1hj —S(x — xD)Y(x)dx'

X —

LM BRAVIERA L U E1ERE R L.

79




> et

1. IERAESERRT, NER
FFRRA

" d
=i o
H B
(xlp) = s /1
21mh
2. EXNETF
- j )] dx

1% E T XK R R E AR ZEAT
2.7 {HHATELIRRR THIRIA
N (Fx, 0, FTERIR)

) 242 7~

1A = [|x)Mpx|dx{EF
v lp) e H b, EH
Alp) =7

(x| Al) = P (ux)
=P(x+ (u—Dx)
=7 (R¥IRERH)

80



25 444368

I El\]z‘s
. eYHYSZ

e

A AFEAMBRIAES{n)}M{|In)}RIEE—EFEY)
W)= ) Anlm) = ) B I (RiEARSFBES)

Ay = () = ) (nlim) Galy)
By = (ml)

Ay
A= (‘4:2
Ay

n

An = ) (uli) By

A =SB

s
D;Z
—

(11),
(2I1)

(Nll)

(1]2),
(ZIZ)

(NIZ)

(1|N)]

(ZIN)

(NIN)

81



T : ERFHTHR

EARRT
W =Y (niWin) m)n] = ) Wiy Im)nl
EBEZT -
W= G WRNANTTZ Y W o [T

W' i = (m'|W[n') = z(ﬁl’|m)(m|W|n)(n|ﬁ') = (STWS)m/n/

mn

W' =STws

WHYER R, BRSHERS—EB%E—!




I B LR RS SRS E

TERIRRR T [P)=[P(x)|x) dx

Y(x) = (x|Y) = xmMHEEZIRFEIJLENE
P(x) = [Y(x)|* = xm Mg FRIJLERZE

JP()dx = [ ¥ (0)p(x)dx = 138 ([y)=1

X = fo(x)dx = fl/)* (x)xp(x)dx
x2 = f 2P(x)dx = ftp (x)x%p(x)dx




wEJLRIERS LT ME

SEREE () = (xlp) Ve g

_(X—Xo)2 a
4q2

h(x) =

e
(2ma?)1/4

AxI T IRARE R R B EEE

Xo, szx/xz—fzza

X

a—0, Px)-8(x—x,) LIRAIEEE




*NESHETLRIER

R EFEE X HAEE A = (Y|A|Y)

EERRTF [Y)=XCln)

A= (IAI) = (1A Y In)nl 1) = (lAIn) (nl)

=Z|(n|¢>|2an:zpnan Epn =1

— K B2 R b= NFENEEa, E[Y) LD LR

85



"t AFRR R — AR B LRI

= (n[y) = f (nlx) (x|P)dx = f Wi (W0 dx
() = (xln), EARAAEE S ) B kR e
= 1Cal? = [l = | D OW 00 dx|?

( )

P, (x)

P(x) P(x)

Py (x) '
A 4 \ 4 \ 4

\_ J

C, By, (x) Fly (O HEBEER S

86



Al l_
[5F

1.3 ETNTEFEERNRIENHE

& In)REREFAX N FAR{EEa, WALET,
Aln) = a,|n).
EEEREH|Y) = X C, In) LMEA,
P = |Cnl?
REEE WS LEMNESa, BILE,

=

WEEFNEEE (A%

87




ij-_;:

il
N
ot
HE
i
| |
>
K
48
SN
All

NFEPEENKR

EEERRE|Y)MEA, JEIREEER

wlApy W =1

W) Spor T AT WlAW

A=(A) =

NEEMFIYE = HIZEE

WEILRIERE el N EHAEEANHN

W)= anpn= ) anlmlp)P

n n

88



TR R E|)NEA, BRIMNEAEER

= (Y|A[)

ok Angl

RERJLRER Bl NFEHAEEN
NFEHEENT el 7 ELREIEHE

89




|

BRI

= @l @) = ) anpy

n n

AlTL) — an|n>

P = (n|P)]* =0
HE=REKE 2nbn =1

ANM=A-A l
pniea, JLE %




M NFEABENZREELERIZRE
BT
FEY) = X Co [n) LS MR RARIRIE
B2 —a, BRHLEHAP, = |C,|? = (n[y)]?

it —ERl . B NS ERES|n)
£, MENEREHEN,

Cn = (n[) = TEHFE ) ZIRLTHIJLER IR

GREMEN = WENT

91



IWE S FNEETE

A 1ER

FamEl AR TE|Y) ENMEABRINERE
FRER, AAY)—ERARRIELS

21wy EAIS I E A 175 £ s

(BAY? = (|4 — A)*|y)
= (A - DY|(4 - D) = (@]0)

Hfi|o) = |(A - A)y)

oA —Dy =0
SERS] )y = Apy)

92



PHEE R R A KB IR

J—HER

EX A=(lAlYy) ~ MA=A-A4

(AA)2 = A% — A?

(AA)?(AB)? = %[A, B]?

NEEE (BFHE £1) &

N S

AxAP =

SHRR) P140-141.

93



ANHE MR RB—RAR I IERR
BRI REERR:

1 1
(AAYX(AB)?) = 7 ([4, B)I? + 7 1({44, 4B} 2

!

1
((A4)*)(4B)*) = - {14, B])I*

AA=A—-A

JWEFR :
WRGHSKAY), Fid

la) = AAlY),  |B) = AB[Y),
((44)*X(4B)?) = (ala)BIB),

94



ANFHE MR RB—RRIEUERS
It FLR AN F I
(ala)(BIB) = [alB)I?,

((44)*N(4B)*) = [(AAAB)|?,

1 1
AAAB = [AA,AB] +—{AA, AB},

1 1
(AA4B)I2 = 7 (144, ABD? + 7 ({44, ABY 2

|4A,AB] = [A, B]

95



ST NFHNERIRE

A, RGNETTSHBREEISHIZAVKBEBRRE (BREIS) -
AR E AR 5 X RZREKREFFRTR
CBHRE. WA 4938, KR

B. ETARZHMIEEMEBMEN. —NEHAAEMER K BB
@BIMEFH GRE) , HILESHAMEMRRE C8RE)

C. IeREE N M : RIBPEAFIE (Complementarlt LiaetTs)
[5]— ™ SL4G A LTt B R F 1T 0% = , BANBERIRTRR
(fBi/J\, BHRE)

DB er o R 2 HAY, ENBFmEEKERGE GRS

96




1.4 HTRFTREIL:
BHRERR

97



o
N
N}
o
B
§EI
i
)\né.q.
i
Al
el

BIRETTIE,

dt

ihd, (t) = [A4 (), H()] + iR (aAS(t))
H

98




TR ZHERERR

—RRAVBEA TERERRRT, WEMEZA: H = Hs(t)

IS

X FAHE K
BEElsE (S-) &X: {(1),[2),,|m), -}
AaREE (H) &K {{10)12(0), -, Im(@©), -+ };

[

A

0
1ha Im(t)) = Hs(t)|m(t));
\ Im(0)) = [m);

1. JWEER : &, (min)= Omn s
iy (m()|n(t)) = 8mn




TR ZHERERR

0

ih—m(6) = Hs()lm(6))
9]

B4 —iho-(m(0)] = (m(0)|Hs(0)

xt

= 2 m(O)In()) = (% <m<t>|> @)+ (m(®)] (% |n(t>>>

1

= — (=(m(t)|Hs(t)|n(t)) + (m(t)|Hs(t)|n(t))) = 0

= (m(t)|n(t)) = (m(0)|n(0))

= Omn

100



MBRGRVBRERSEVREIH

SRR R Y (D) BH EEEE S iz

(
d
ih—[p(®)) = Hs(OP(©))

e =0) = [p()

A

EH-EX TR, [W©) =X C0On®), FEHEANE

Co(t) = (n(®) |y () = (n(0)|y(0)) = €, (0)

KA AH-ERXR TR RBYSH)
SES-EK TR RLHENE

101



T ARG HY B ARE

xt

F: H]?

RIMRR TR NFEREMETEN A
Amn(t) = (M()|As(@)|n(0)) = (m|Ay () |n)

)<1=P

NFE

e FETRINRIERN 12

ihdy(t) = [Ayz(t), H)] + ik <6AS (t)>
ot o

102



N4y

'—77TIJI<<4% EﬁEEI,Jlmz;I:n 2 X

EBMNRAIESS() = f

L0 L [0 s . :
Lh—(m|AS|n)=Lh<am|AS|n + ih\m n)+ih

dt

. 0 Jd .
Asa m EAS
iy
m ot s]|n
Y,

m ot slin

BREAERF—INiM A OBEN Z0A(t) /ot 1ERT
""‘ﬁ%{ln(t))}TE’J%EBETE, M HFIZE R B EM XA

— (m|—ﬁ5145 + A5ﬁ5|n> + ih

B z«mlfisllﬂllﬁslm — (m|Hs|I)(1|As|n)) + ik
l

103



MBREEHIERIEEE RS

A = T A0)T (1)

20 o i o
ih—A(t) = [A(®), H(®)],

EEEIEHTE
2 X.Hﬂ. YA
~ . p gI/\X-T};—‘Z
H=om ¥V amzamhsis

104



MBREEHIERIEEE RS

ih=-A(t) = ih[Ge- U )T OTTOAO)TE®) + TH A TOTT (0= U(®)]
= ih [-01 () 5 DDA + AT () - T(®)]

d _ _ 0
(% UT(t)) U(t) + UT(t)EU(t) =0,

ih%/i(t) = [A@®), H®)| = A@)HA ) — H(A(L)

= in0* (02 0(e) = ~ih [% m(t)] 0.

o N
—ih|—UT t)] = HUT(¢
[at ( ) 105




2.3 RRIEIL: BENFSREANNFRGE—

XS Pr“ABMRR”, PBIFRTFHEICPicturefiRepresentation

A Rk 8 F
BRERR BEERR
BERWy) = W5 (0) FBEREI2E BER ¥s(0)) B A1
BT A (t)BERTIEIZE HFANBERIELE (Ghh¥EXL)

EREATR: A = SO HO)] | BEAR: ih> W) = HIW())
AESEE: 44(0) = As AEFEE: [W5(0) = W)
Finig: P(©) =UIP0) A®) =U*(OAU®)

., 0

1ha U(t) = HU(t)

106



REJLFRIZFERE T RMRREFHY

BEERRR N, ETHRE = 0RLTIUUTRE

W) = ) Cln)  Aln) = apln)
tBTZISK: R 2 A
W(O) = U@IPO) = ) CU@) =) > Cmlu@ln)Im)

RTINS A ARGEE A, B TLEA

it

2

:=2gmw@m = [(mlU@®)|¥(0))|?

ABEBHER

A= ) Paa, = (W)U (DAUD)¥(0)
107




BREJLRIEBRRE THEMREREFNE
EERE RS TONE

A = UT(t)A U
AmAERy 8 T UTOARY
M) = U*(6)m)

Ay =(P0)AM®IY(0)) = A5

7 W(0) = ) (m(OI¥(O) m(®)
MBa BIJLRA

Br = [(m(©)|P(0)* = [(m|U@)IP(0))* = By,
108



xt

REJLEFERRE T RRREFIH

U ESHRS, BFEFNFORELRRBRE, £
ERUTHZBONE. FIUSBMBER—HOT LGS
— MR, FHEENEEBR—H, AXPEN LM
| SERENF RN FE M RHEREN 0.

A L, EEEISFlEckartE A EN B JLZ1ETFIR
HANERR T AMRREFN, BHRERERT
JLRERE. EAEBIHFEFTR—IREZIE,
5 RITIRE LR EFEEZMATTEN B X

109



1.5 BEEEELAEYTINA

110



1.5 EFESNZEEIEE

Py =X Cy n>J:AE@,HH*EﬁEIuE§’q

1= [Cal?an = ) i) In)ay

= Z<n|¢><z/z|A|n> = tr(Apy)

ST BN

py = Y)Y,

X5 RE B B K 28

tr(W) = Z(n|W|n).

n

111



Hﬂll

SHEZEFRRE: ST

ZE— /l\f’EﬁiEl’Jﬁ?JDj‘

lY) = E(H) +|2))

S A .
¥ = (1) W=7 D;

AR | R BV B EREFE

oo =)l =5 (1 1)

112



MASEE ML E T8

P N4 [S] BT T B AR BR 3 V)=l +2)

AN EERE p = VXY = [P X1 + [Y2 )2 | + [Y1 (P2 + h.c

EEEERXATT
p(x) = (xlplx) = [P10I|? +[h2()|* + P71 ()P (x) + P3()s (%)
Y !
1) N a)

Y(x) = (x|Yy) = NEREFBTH/LERE (a=12) 113




LI 3]

IR EXEE, [11)H0 |, ) I L F oK

lpl(x) _ eikx’ lpz (X) _ eik(x+d)
dRFTER EYIBCRR “XiE” =
p(d) = 2 + elk? 4 e71kd = 2(1 + cos kd)

7’

ik HIER LTSN, dSELEMNERX




AT E R RY T R

SR E R R
tr(p) =1, p*=p

A FRES B RN A TT

Ek}
t

¢

p(x) = (xlplx) = (x[P)Wlx) = [P (x)|* = [{x|)]?

RRZELHLRZEE 2T, IEXSHAIM
(xlplx) = P* () (xR FAE TN

115



A R B

p = |pNPliFE

N ON—
<l
ql B B AT

{GERA (4) = pIERE, HEXIV|Y), Ylply) = 0;
M Fp = [dNl,
Wlplp) = WIoXPIY) = [(Y]P)* = 0

116



ROt 5]

N MERETERBIRER, LAEARFIERS|n) L/Y
ZHEJLRAP,, BREGHEN = NI RELT
NS L. BYTREMS, NEASEIFER

()= ) Pty = ) Pu(nlAln) = tr(pA)

“RHEOEY | [“BT Y R

117




SATRMZHEFB, [AB]+0

MBHYEEMEA(B) =Y, P,B,, = Y., P,(n|B|n) = tr(pB)

RS J::Fil]@/\ﬁﬁqu:il]
(1) & |n) LWEF HFEF13:

= (n|B|n)
(2) B Z T F 1Y,

MTRESMEs, EWNAFEREESHIENATIX.
MATSTUR R RS, lz/U:HE:Fi’ME/\‘t% EHY

118



5[31 \%ﬁr—%ﬁﬁililﬁ

{33ERA (4)

tr(p?) = trz p2ln)n| = 219721 < Epn =1
n n n

119



EA—INYE (dim(V) = N) B&K
=, AX|Y) e VAILIRREIIRE

FEREMERN—AR

ERYIMRTHITRE

Y| = (1 o3
S EI R RRA
11 D103
D = ¢2:¢; |§/5:2|2
OnDT  DnD:

4)14)1’5_
© dati

FNE

120



NF—THENDNRFEERRLE, FhRMERFRT:

W) ) - ) o Ym)

Nl/l\ Nz/l\ N/l\ NM/I\

XA REGEXS AR S E BRI RR A

p =y )bl

"2 Plba)Wl = ) Pupa

75 [ o) 3T N Y FEREFE
121



£FEEHF: Bl 2K FHIE E R

Bhel /2R EEE E B4 ] LA PaulixE FF 2 )

1

1
p=5U+d-&) =

l1+a; a4 —iaz)
2 )

a, +ia, 1-—ajy

HohPaul i 5% - ) | o
o1 = (1 o) 92 = (i :)l) 93 = (o _1)
EIEdtiFrABloch’k=, FILUBEZEIERFITE:

a = tr(po)

dMKERTT “BE” : @4SH |dl =1, BRRTERL;
FTERESH]|d =0, BhETEIFRL.

122



3 hiE /2892 B B & —BlochTk

AHEkE E=(0, o) FRNBRE/ 2457

lY) = «|0) + B[1) t
0 0 .
a = cos- eld B = sinze‘(‘”‘l’) 1)
o
x,y, Z4HIe X Moy, 0y, 0, FIARIERS ! ey

. 6 0 .
|p) = eld <Cos§ |0) + sinEe“f’Il))

6 0 .
= COS§|O) + sinie‘qbll)

BE anfa] A 43 JL{aT 4814 B | och¥k ?

123



= e 1/ 28 % E RE P

pel | ST EBE1/2457%S, BlochkEld| = 1; WHRER, ldl < 1.

p:

F 1(1+a3 al—iaz)

2 aq + iaz 1— asj
1+ a)?+ a? + a3 whatever
tr(pz)——tr ( 3) 1 2 , , ,
4 whatever (1—a3)*+ai+a;

1
=-(+]d?) =1

ST, tr(p?) =tr(p) =1 = |d|? =1, MNEkE LS

MR, tr(p?) <1 = |d|? <1,  XNBlochEkAZBEY =
124




S hE1/289 25 E ZE fF

_1 ™ W —11
prmix = 5 (| 1+ 1 D) ==

AEFT LT SEIZE, AEEERTEHABRARER.

125



BESHEZEEENE: MBS

{In) |n =12, JRAGHEENIELRS, LTHRLES

HIZRGTE [n): Hn) = Ep|n) LRIJLEA

1

n 126




7 4B R H B AL

FATS 5 9
mam = H|y) —ihawjl = (Y|H

T EEE R MR E S

0 : :
ihop =ih ) po (1n)Wnl + [9a)Wn]) = [H, )

RS2 T 2 EREMEECRIvon Neumann 512

0
ih—p = [H
ih=2p [H, p]

XM NEZHETFRRLiouvil leFtzE

127



>J el

ZER—NEIR2RSET HELGzE BERNESAF, #5848
H=—uB-3d

(1) RGATEEATHRES, ETNEEEREFKr, HITEE
BEGx 5 ERR R E—Gx 5 B B hERYFEE .

(2) 7EBloch¥k E3RAE (1) RATESHERERNZTH (3FEBloch
REMERERTL)

@) &BEMA=FHEHTME, Bl

Pr = P! =PT‘|‘[2 3 :

HTEARAGHNBVERE TR B XA, EMEEK

exp(—=p'H)/Z' WX, HMEBRAT), HEHESZEFA
FHTHINFHRE? 198




RESHEHREREEFRET

SR TR SESELS . INRAENERE B —MERNES, FTLUE
fR AR T 2B —ak4g, NEFRICET-ETIRET

£ TIRBET R HIN R

IR BEFMNRIE: BREIHEMERR:
SMLERERMIRE TR | UEFNSEEXNSENIEAK,
4, KapttiEE T BRREFAHE, TiPFRGUHE.

BEAL LR : EFESEM
Y) = al1) + Blp2) = [Y') = alipy) + Bel®[,)

o ABEHLAINE, HAMBERETFFMERT, Bl =0 129




A TR EMLIEE TRIAT

RLFIRS

/
1 7
/
1 /
! ’
1
1 /
/
'
\ ®
1
] €L 1) L
\
Y
\
AY
\

R FiIRS

130




WoREFEARIE: 12HIRMHE

YR B BRI F_EE M, BER— =L
WA —EBHEHAER (—1 ad hoc ##F)

At e | | REDTE: BN
R Bz = FEANEH

7
’
|
I / N
1 ! RN
/! N
| ) \
| ’ \
|
1 ! !
T \
’ 1
V) ‘
7/
1z @ l‘
] [ ] [ ]
\ L ]
\ B
N A
\
A Y
I

AX . Ap"'h R FIRS

“KIFEMNERTE" — 7 EMEA NS g
131




ERETREN X RREETRET

Ax -Ap = h/2

T 1
MNEARE NEAREE

p = hk + Ap

I
___>u<___

AX
Ax - Ap~h

BRENAEMERR: MERNWSEE, NXHEIR
K. NTEKRZESAHE, WFERIGHE.

132




£ IREFRENALEIEHRE

BEHLATAER : B EEERME

W) = alpy) + Bly) = [P = al,) + Bef|,)

0 ABEHLAIHE, EAMEEFEERE, Ble’) =0

(a) (b)

133



£ FIRH T HEHL LB % E 3B P faih
p =YXl = p" = [P
p' = P[P X1 + |BI2[W2 )Wz | + Bl Xipz|e ™™ + h.c.
XFAK 1Y) -
A" =tr(p'A) = |al* (W1 |AlP1) + |81 (W2|AlY2)

+B"ae™ (P, |Alhy) + c.c.

SRTEASE, AAEXATXEIEESR
Sifk. FIME AR EAMIEXTBIT,
134



RESHNEEREMEITEREE

BIFHARER XA PR EEH— P K FY

N

(A"Y = al> (1| A1) + |BI12(W2] Alh2) + B aliha| Al Xel) + c.c.

= |a|*(W1|Al1) + [BI* (P2 |AlD2)
X% E B H iR

0" = (p') = |a|?[P)P1] + B[P )Y
RETTHEANFI9E
tr(p'A) = |a|*(WP1|Al1) + B2 (W2l Al2)

ZEFEREIENT A TR R IR X N & FIRHE T
ERSAMRNEFTEIELINA EEEHRT

135



1.6 IR FEFHUNRETGE

136



IR T B F U ES

p> 1

EXFE., HREF

a =

A ARANENE AT LASOE SR~ EIHREFRIE

h

2mao

(a+al),

p =i

\

hmw

2

= — — 242 X, = ih
H 2m+2ma)x [x, p]
mo (P t = (q)t = @( _ P
o (e =@ = 5 (s
[a,a*]=1.

(a—a).

137



IR T B F U ES

—at) 4 e
(a a)+2m“) 2mw
1

— Eha)(cﬁa + aa'l)

1 mho

H=—
2m 2

(a + at)?

BEMKTHHLHT: 7=adla

1
H_ha)(n+z>

138



TSR T ARUE7S
SR BE— MR 0 R B EAMES, REERZ
al0) =0
E X Fock7s

1
In) = —a™|0), n=0,12--
Vn!

WERRIE R FBFock3R 7 :

(a+|n)=\/n+1|n+1) (1)
{1 aln) =+nn—1) (2)
\ filn) = n|n) (3)

139



IR T AERS

— SN
I

FIA[a,at] = 130VALKIERR

[ﬁ, aT"] = natm

é'n: 1’ [’ﬁ,a-l-] :a-l'

B n BT, n + 187

[, atm*1] = [#,at™ - af]
= .ot + 5.0’
— (n + 1)a'|'n+1

#n + 18 pR AT .

140



5 R T AEZS

=2 |7, a™| = na'™ fa™ = na'™ + a™n
filn) = ﬁ\;lnir |0) = n|n) + aTz;go) = n|n)
HAPME|IT: 72|0) =a’al0) =0
Ik TRIARIES 2 i
Hmy= B By = ho <n+%)

141




25 >)

IR T AERS

o >
1 AAY

@D RIEFock7ASE N IEHA:

afln) =vn + 1|jn + 1)

@ FY34N;AUERR:
a,a™] =

MTTIERR :

naJrn—l

aln) = vnln — 1)

142



A

2!

T iERE Ha|0) = 0A]FRiEA (a o« x + %)

1
(xx + —— |0)
maow

ho(x) = (x|0) =FAIH LRE

U3 —1L BV IR R 3 -

=0 o)

+hd
X mw dx

)1/)0(?5) =0

Yo(x) = — %1/)0(96)

maw

— ——xdx

h

d
xdx
dipo _
Yo
mon1/4 mox?
lpo(x):(ﬁ) e 2h

143



16 1k 7 2AN1iE R 2B AR FR 3R 7
ENPNHESAURRHA

1 —— mw-\"/2 ip
Un() = (xln) = —=(xla™(0) = = (55) (el (x =) 10
1 mayv? hod\"
_M(Zh) (X—%a> o(x)

E X &= (mw/h)%x

(=" /[ d [ mant/t
W, (x) = n!2n<d€—€) [(ﬁ) o f/z]

—1)" 1/4 n
_ Y (29 / [e€2/zie—€2/z] o—£2/2

- Vn!2n \h d¢

144



VSR AN BR 25 HO AL R 2
% [ERHE BT $p (1)

, d
e§%/2 d%(e‘f /Z)IIJ(X)] = (d_f - 5)1/J(x)

7N

IS

T (=D mawy1/4
n(© = ==(7)

/4

= () @

n
e€2/2 i e_fz
d¢

n N
HAH,(§) = ()"t (37) e T RERSTR.

145



*E -

7S (Coherent State)

TS| a)E X FHREF RS

54 |a>:21010:0 Ch |

a|0() = a|a)

> Z Coviln — 1) = Z CopV F 1in) = Z aCyln)

= Cp1 =

(a)"

Vn!
(a]|a) =1

= C, =

n)

a
Vvn+1 "

\
Co

ala) = ala)

C

= Cy = exp(—|al?/2)

J

146



FHF7 (Coherent State)
HFSBIFockFT <

* n
|@=€“WQZ%%M
=0 n'

8 HETFSMERET

D(a) = exp(ozaJr — a*a)

|a) = D(a)|0)

147



FTF7Zs (Coherent State)

F| FiBaker—-Hausdoff/a%, (FH[A4,B] =C,[C,A] =0 = [C,B])

eA+B — o—[AB]/2,A,B

(0 0]
_@ % _w —a™ "
D(a) =e 2 et g=a'a = g7 2 gad’ z (za’) a”

I
e™Be” = B — [A,B] + —[A,[4,B]] + -,

D Ya)aD(a) =a+ «
148



TSR LFRTR T

L NSEH, HETASNERETD ()
PR AR E TR E T

_ mw( +ip) + ma)( ip)
T2 T e) T2 Y T e

bt = 2 o
aa’ —a*a = JFme aip
—
_ 2h
1 — —_—
D(a) = e =P 1 aV mw

AILGEER: D(a)y(x) = Y(x — q)
149



HT SR AL RRR R

i i i
e R |x) = f pXple AP |x)dp = f Ip)p|x)e AP dp

_ f|p)e‘%(x+‘”pdp = f|P)(P|x +q)dp
= |x+q)
(plx) = ((x|p)* =

i
e ”P*

1
V21h

D(@)e(x) = (x|e A% |p) = p(x — q).

D() KB AFE ) R R PR E

TRMERE: q=a 2

150



ERTFETANEREYX (1)

maowx?

Po(x) =(x|0) xe 27

| K E—ANRILEE SRS TR,
\K Ha KA, HTE|a) = D(a)|0)X
q

R— PRI BE T EEqRSETRE

(x|a) = (x|D(a)|0)

! mw\1/4 mw(x—q)>
/i\ =Po(x —q) = (ﬁ) e 2
1 ’7

_|2n
q_awmw

151



R T4

h
2mawo

X =
N

(a+a')

h
—(a + a¥),
2mawo

(x) =

N

(x?) = (a? + a*? + 2aa*

2mw

h
(Ax)2 = —
2maw

+ 1),

=X (2)

p = —i hmw(a—a*)
\ 2

hmw
<m=—ﬁ 5, (@—a’),

hmo
(p?) = —— (1+ 2aa* — a? — a*?),

hmw

(Ap)* = —

h
AxAp =

)

RP4H

A e B NI E R R

152



R F AT SNEEEN (2

IL,\% EB-I

%E\Z:ﬁﬁigé%% IJ ILA%KIE*E:F.IL,\

X ERE A EE FHU T R4S AR

2 mk: H. P. Yuen, Phys. Rev. A 13, 2226 (1976)

153



EXE SRS

1926F EEEIS et TR NFHERFTE, B
EAEEEA—1NMNRERIERE? MRA—INEEXE
miAE, BEEENT8ITH (WTRIM 58
WANBIMSRHEFE, BA— T REENSY #8Y
. BREBAI, HIERFEP, —MIHREMD
FKEB— BTSN B . XE—NEER
ApEMHE), EFiLEBEshXETIERFINZL
BTl 1%0:-1Jc GlauberFs ATES KT MR LT
Eljjlciﬁ’{klu; 1% r%j:ﬂtly"] E,J)‘jzzﬂ—l_h 1_1;$
IRSEFHEBETES, BEFEL T NI AZIE
SIS .




%4

R BB BT

25> &

MFTBEBENT H = p?/2m, BRENSASHTURE

(x—xo)2

x,t =0) = . elPo(X = Xo)e™ "4a?
(27‘[612)1/4

T B EREATEN I, WA B BT,

155



SRR N : BaiEd
ST IEZE NH = hwatafVIETRF

0
ih——[Y() = H[p(0))

Y(6)) = e[ (0))

ZW(0)) = |a), Mp(t)) = e ia ant|g) = |geiwt)

o n > A
e—ia)ta'l'ala> — e—|a|2/2 z (CZ) e_iwtﬁ|n> _ e_|a|2/2 Z (C(e ) |n)

(L)) = e71a’avt| gy = |geiot)
156



HFSHEE X : BEPER

a IS E BT

P(x, t) = (x|eTiotataq)
B (ma) 1/2 2

= ﬁ) exp [——(q qoCOS a)t)]

El_ﬁﬂki‘z—/\}ﬁlb1&%’1%‘?)&31][3’]/}3'2@ ﬁ'ﬁ/}ii@T 18

157



B2 il

BTSN SEE SN FERIEY 8, BAEMHE
EEiRsl. M TF—NMEEEENSHKE, &
%]

L ERT 3

1 ANR B TIRY .

158



HFREIME: EFHEMERS

159



KEZEZIERYIEFZER A F ARG RIS

o
It
il
X
~H

i)

#2904 8 ¥ M % R vol. 29, No.8

1980 4£ 8 A ACTA PHYSICA SINICA Aug., 1980

R EiRFHETFHEhE
¥ R

(h BN ¥ BRI P B FTET)
1979 48 11 J 28 BKCE|

= =

ARG ERT IR U AFSIABCARHEE, 45 R IE LR FE fE R 40 M E 0
A Mg AL T7 3%, L — 4B IR F A AUE T R, RS2 NP RERR SN,

BEMIIELE L BREASGN, HHERMSIAFMEILE 2 B M A FE B B
FEESA AMENER. RAERTHFREEMRARRE XML, E0ERBE |
U bl RS, RURMEA U ESES. WHERFXMEERIRHE

160




ZERAEEXRTETFHARENMR

BERIEE):
FEH IR BV FERL R G e & F H &R %,

v (q)
3 + f(t)

Mg(t) = —yq(t) —

i
[9(0), 4] = 77e YEM = in(t)

|x, p] = ih
161



ZERAEEXRTETFHARENMR

' [x,x] = in(t) PEXENLFRFIFIER
FRFAM—. —fxity, T

q(t) = xf(t),
p(t) =ixg(t)/h,

HZf)g) =n(t)#mBlq p] = ih.
XEERI{Sf (), g () IHNIERLFR{E—] “FASE”

“SERMTE” ( x(t) = q(t) e¥t/2M

< p(t) = [Mq(t) + %yq(t)] e¥t/2M
\
162




H.
N

ZRIRFEMENMSSERFH

ERAWRENE

2 2

He(t) = ;—M + eyt/MV(Xe_yt/ZM) _ ;/_MXZ _ f(t) X - e)/t/ZM

NEEMBAES, ERTFHZKIBFIMEZ0TE T
/Y, mCaldirora-Kani (CK)BYE]#E <5 ZR=

BRI M= AR
EABEAL T [f (), x] # 0

ZRELSHNFRAERHRBAXMERFNE, AAELRE, tbiFE
El. XHit, AFEREIEN, EEESEMERNFARRE.

163




RS

1. F fO)S5xAxZE, EFKHBEEshE
2\ X EAEsIHIBEHL A E B A I AR RS B I

1L

(f@®) =0, (f(Of () xys(t—t)
BFERRTY = 0, MBEHLREE(F@OF (D)) =0

MHEFNFREAX P EIR?

1. Evolution of the wave-function in a dissipative system
L.H. Yu and C. P. Sun, Phys. Rev. A 49, 592 (1994)
2. Exact dynamics of a quantum dissipative system in a constant external-field
C. P. Sun and L.H. Yu, Phys. Rev. A 51, 1845 (1995) 164



#FFEIME: EFNEC

165



ETNEBE-BTNFFARRLE

WNERFLTETFS

Py =) caln)  (Aln) = agln))

A EIkE, 1929

1B ) =) culn) > In)

wave packet collapse ,
measurement projection

ETNEPIVENR: A1E (UFFE)
IZEMER) - |n) : AL (Ri:‘l7FE>166




X ELIRYEHY B

BlF: MELNE

d(y) = ylY)
W& HOEER

Npdp(y), na<y <(n+1a

qb"(y):{O,nazy or y=(n+1)a

(n+1)a

N+ W (»)|2dy

V'na

II)Q'

#(y)

6.(¥)

167



R EIRAE SR BFeBRUNFE
e SRR A TR ER
$(0) = 8(x) = ) exp(ipx)

B
t=T ie p

> LtuEmE, 56 3

\9/ $(t) = exp(ipx)

t=0 V v BT XREKEI

GV(4,B) =p(4,B) =@ (AY[B))#0, |A—B|>ct

S E, “BelAFNER EMEBEEEMEFE, BEREELER!
168




KEpdE: ZEHME “JEFIK”

% )y~ Y K> k)
k1

| )
....lll-“

169



s\u

K AR

BIRgEFIEAEF

OB HFOMRE hTAETS

v (a)
()

(b)

¢, ()

X

W)= caln) = In) o

KB RAE IR TS B HE[EE

5 leal? In)n

= ENELR

170



WL

B IRdaiE

227 AN E

SIREANS

¢(y)

$.(¥)

ERNERHHEREIER

RIS (WPC)

)= Caln) = In), Aln) = anln)

s = RN EBEARAR
E8NE i dan
tH[EZR :ﬁi%ﬁi. =

FMERENX! !

171



IRIETESEHEEN =R ME[E
HARR(ERIRENXAINE . 1B+ (Decoherence)

p = [}l = pa = ) |Cul? m)(m]

/‘-

F— = -

A =tr(pA) = z(mlp/llm) = Z A |Cm|?

m

FIXEEMALBREERELZER

A= tr(pgA) = tr (ZlcmlzlmxmlA) = z amlcml2

m m

172



Al

MiEFNEENXNENTESEENEERE

IR LR E N BB FNE : s EN=1S34E
) =% C, [k, —BR = |RORBES a,
SHNERERANKIE(EZ— X N R AN TS

anﬁgnﬁy‘jpn — |Cn|2

1 |

HERERIRE L NRSNE ER AR ¥'J7I‘Eﬂ

= (WIAIY)= B @y [Cal? am

1ZHEERA R, BERERESEGEARHETER
‘M?ﬁ%ﬁuﬂtw’rﬁ%h, M T IE B A] SEO6 W 2=
EEM, KEREPEREIRMGEIME—IERME! !

173



SFNERPIE:

XHMBRY "SH—R"

i

YARNY

R JLEIERE?

"FSHRSFHIAISRER"

RIFHVRT,

NI

i

"RETTIC B A RE RIS

INEE 2

. N NZREARERS

%/\
A5t (ZRAHEXSER) F—F

"3 B BRI

HIZ SR MARNESRAY LR

&ILJ\ /\\\H/J;j:_ﬁ_

"ESEIA..
AERLAIRITER"  "DURARSERIER, RRES LAY

HAEE. . ENRFESERZIBNE. .. BER

FE 17890580 R 2RRER R }E
A EEY=R 51y, EAmAsEXo—

174




ETNFERZERKXRNEZFETTL

BRI % Wave-Particle Duality

BAANA, EFHEMNEME “MRIEFFER
AR “BUHFRBAIGEAAFE! 7

https://www.23yy.com/4830000/4829790.shtml 175




E TR ARERIEFE—N S RMmERILAxE
BAR: “ERTYES, XMSEREORS, —
M, HER AR —%%,EKM%m&mﬁﬁ-

MWL, ﬁﬁugiﬂiz’f,‘—'—*

_:.FE'I,\

’3[3’]/)”' £ o

X|x) = x|x)

/WJE:I:*]_? “tHas” #|

l.U( X)

M

\__

I¢>:z P(x)|x) = |x = b)

@(x) = 8(x — b)

ZEWSLTE
Objective Reality

NFMH: HE

| WfIEMmE

176



BRI, RIAME. E/REN AR EIHIT

Steven Weinberg, Physics Today, Nov. 2005, p. 31

“& %ﬁi’i‘hﬂ’]f&dxﬂﬁzﬁﬁﬁkEI’JfofEo .-
—rZIKﬂH‘Ei’i‘ﬁféﬁﬂﬂiﬂM%% 5MN& ‘”‘?ﬁ%
€. LW&EE%EEMTﬂ'M%%%@M
U R BB TR EF HEMN--

mB: RATATEFNHENHE 20165F11823H: «%4‘:%%)&»

17t 5'/\ B e S Beacces A E2 % a 2N R
5o armsyL 3, A . B 1R800 F F EART ARSAR A %
g;: :::.,wa FLe 28 EwmiET, TEAKGHRIHTHR, LEXE—BIITAT
E = EXd# s .
5 W— N TLEGGTHEZP, XCEXHEERET R
;i 2013/-I_: do t 45 A R AR BN T R84 B D7

VER—IEAUU VA G 34852 T RFAR MR B 28T, OF H EH 3
RAZIGA S RBXFBIRM N TR Z IR E ISAE 1960 4 )X $635 B
i R0 !
M. Gell-Mann& 524 2L IF: 811 SFtbrofsic |/




KR : EFNFIERIO-

0379-4148
E CN 11-1957/04

$46% $£8H 2017

N &S

* SRBSEH
o EFNFIRREIM
* FRERSEN=EFGHERFHLREN

NEE: “WHEBFHFEERTR
MMESENZEERERET S
FIERPHB—BoUSFHTER
NRAGER “S8EE” , B—i8
DUZSFHTERERLTEN “E
R—E - MNEFTAFERALTE
BRI 1253 ERIEARNIBEEL
Y, sEMSLERERIE, BS
ETERSRANEER. LEF
F, BAX “EF" WBXFAR
it “BRAURSEYR" AR
mixmskE, HREmMEETAL
HhBEREINEFNFER

178



=15
=]

AR IEBRIENEFHE

1. RENETSHBERERS BEFRRERRIE (BEEIS) .
AR E AR 5 X RZREKREFFRTR
v A5, KRR

2. EFARGRmIAZEERMR.

GBHRE

.

@IHMEFHF GRE)

— N EHNAEHREEN R
RItESEARERRE CBRE)

3\

\ == ‘ 7|'_L
[E]— LR
(fBi/J\, BRE)
UTTE A R 2

KM IRIELARIE (Complementarlt LiaerteT ,
AT, BAEERIRT R R

Bt HYRLF1T 5

LRy, ERHREHEAZE R4S GE/RVDTE

179




HAMBIEFRIENEFNIE

1. RENETFSHBEEEISHERNRRERRE (BEEIS) -
AN E R RN 5 K ZREREFFRT
CBHRE. WA A5, i)

2. EFRZHRAEBEYN. — 1N EENAEBMERE R EHMN
@IMEFF GEER) |, EHEET’E—rH:'uT HEMRIE CaikRE)

= “BElE” FARBRIERNEFNIE
=T NFH s/ SHESR
7 = BELLAZF I Fdk BRI IE E 15 2 52

180



BARMKIRIER S| LB “=F M=o

lllllllllllllllllllllllllllllllllllll

| GiitEiR R \\

})HJJ % /EZ@LJ éﬁ

FEREE] | b i l .
* BB TE | [BF-ga= M|
Bell A~ = & <¥ <$>
| AT/ S 1 RS RE |

il
X
(;F.
7zl
IS

IRTHF nhs

181



MNEXRIFEEFUFHIEXNZ KR

182



RARIEETFUFEH

T .
J=9¢pdg = J, pgdt=nh
+00
REEMRT, 0= Z g, oot

+ 0o + o0
p = E p,emet g =i E mq,, e ™met
00 —00

=TS AN

2T
] =iw z z j © D Gyme Mot gy
n m 0

ERE/R7

2
@ .
= iwz zj Pn Qr—n(k — n)etdt = —2niz TP
n k 0 T

183



ETH: EXWNZRHR

J =nh
y N9
1= a_] - _ZTUZTa] (p‘tq—’[)

0 A
0_] (p’[q—’[) — ﬁ (pn,n—TCIn—r,n)

1
= ﬁ (pn+r,nCIn,n+T o pn,n—an—T»”)

Z(pn,n—rqn—r,n — qn,n+rpn+r,n) = in
T

(pq _ qp)nm = ih
184



A4 1.4
MBI FE BB LIS F Lk

185



KENFHE: B MERGKKE

EVREFR, NRPREERR IR

2 0°
Ve — U= u(r,t) =0

B u REER r= (x,y,2) KETE] t 2R, € K p AEER r BIRE

RBOR (FHR) v, KK k, B 2
FAnR o B oK, Ef1fNXARA

2o = () -6

186




A YRS R 2

15 B u(r,t) = u(rje "

RIER A 12

(V2 + kHu(r) =0

WSEERE S(r) IEEETRHFBIL

@BYJus
Wave normal
u(r) — A(r)elkos(r) —— Wave normal ;’
> >
>
=5 k — 2_7'[ — /
7~ 0 — 2 = W EOI"[O Spherical Plane wavefronts
wave front
187



W 512

2
—k§ {(VS)Z — <k£0> }u(r)

+2ik, g V2S + (VInA) - (VS)}u(r)

+{(VInA)? + V2In A}u(r) = 0

S(r) IR FE R B—Eikonal & ray



RHVIZ R 512

BRKAEIETE, ky - o, WEHKERER?, TaliEE

2 2 2
Eikonal 7578 | (92 + 95 n o5 —n2(r) =0
0x dy 0z

1
(VIn4) - (VS) +5V°S = 0

H e 2 E X 5&R

Tl(T') =k_=

€
0 Vﬁ% 0

189




PRI F PRI

ZEATRAEXWFRAE—FIEEE (wave front)
S(x»}’»z) — Sl — %?&

|\ S =S EER—%KEds = (dx,dy,dz), EFETHER

VS ds = Zdx+ 2 dy + Zdz =0
ST T ey T4 T

tbk 5 ENFREA, STHEVSES =S5, EH;
BTFS =S, K mE, VSMES % (ray) .

190



PRI F PRI

» MRNMFRZNTN, Bn(r) = B, NKEAFITHIER
, TEESEEEENEZ, B
S=n(a,pB,A)
a,B,AAS = S, HBNEZLB S EIR%.

» —&F 5 (singular point) BYEEIERK
S = nr,

2n
V¢S = —r

r
s HA(r) = a/r, a = 8. Bu(r)K3z=—EkmEHK

a .
u(r) = —e'*r
r

» WRNREAIE, N ESHRY.

191



R ENFZE B LA 2
S R Eh

ray
(V2 +k()Hu(@r) =0 § e+ dr
S, ray
S K ARIERT O SIS o
O u(r) = A(r)eikoS®)

T | () (B (2 - =
% (6X> +(6y> tlaz) —mI=0

192



MNEFHFRN G0 S1F

INHRHVKE TN TIF

0 B h? ,
lhalp(r, t) = —%V Y(r,t) + V(r)y(rt)

SR S VaN: e i(a_L) Ok
dt\dq) 0dq
w(r, t) — eiS(r,t)/h_ ﬁ
f:()) i(VS)2+V+§=0
L(VS)Z T dS _ ih V2 2m ot
2m Jdt 2m
t

t
S(t)=JLdt= (T —-V)dt
to to 193




MR LS 5 — R AR ¥

22
g

dP _ oV(r)

) = eiSr)/h, ar _
Y(r,t) =e — &

194



=

=

FHFRRZEFZVSHE NN F R TLATHNEF
BFHE Bz
BRI 1E BESHIE 2R 8TV AU Pk
. 02 1_
lalp— l/) ﬁu—EV‘u—O
FIEN
thz_l_v b =Ep (V2+kHu=0
2m B
{EREREER ¢ < exp[iS(r)/n] u o< explikoS(r)]
S S d:: Slm g FERA
Bk h—0 A=2n/ky—0
(VSH2/2m)+V =0 | (VS)?+n?(r)=0
IE{E4 R
FEiE BEGE

195



	幻灯片 1
	幻灯片 2
	幻灯片 3
	幻灯片 4
	幻灯片 5
	幻灯片 6
	幻灯片 7
	幻灯片 8
	幻灯片 9
	幻灯片 10
	幻灯片 11
	幻灯片 12
	幻灯片 13
	幻灯片 14
	幻灯片 15
	幻灯片 16
	幻灯片 17
	幻灯片 18
	幻灯片 19
	幻灯片 20: 1.1 从玻尔模型到矩阵力学
	幻灯片 21: 从玻尔模型到矩阵力学
	幻灯片 22
	幻灯片 23
	幻灯片 24
	幻灯片 25
	幻灯片 26
	幻灯片 27
	幻灯片 28
	幻灯片 29
	幻灯片 30
	幻灯片 31
	幻灯片 32
	幻灯片 33
	幻灯片 34
	幻灯片 35
	幻灯片 36
	幻灯片 37
	幻灯片 38
	幻灯片 39
	幻灯片 40
	幻灯片 41
	幻灯片 42
	幻灯片 43
	幻灯片 44
	幻灯片 45
	幻灯片 46
	幻灯片 47: 哈密顿量和正则方程
	幻灯片 48: 最小作用量和牛顿定律
	幻灯片 49: 作用量和哈密顿量
	幻灯片 50: p 等于 偏 大写 S 除 偏 q  的证明
	幻灯片 51: 哈密顿-雅可比方程
	幻灯片 52: 三维的哈密顿-雅可比方程
	幻灯片 53: 分离变量
	幻灯片 54: 粗体 大写 S的等值曲面
	幻灯片 55: 等值曲面的移动方程
	幻灯片 56: 相速度和粒子的移动速度
	幻灯片 57: 波函数
	幻灯片 58: 无外场
	幻灯片 59: 薛定谔方程的出现
	幻灯片 60: 薛定谔方程的出现
	幻灯片 61: 薛定谔方程的出现
	幻灯片 62: 薛定谔方程的出现
	幻灯片 63: 薛定谔方程到哈密顿-雅可比方程
	幻灯片 64: 薛定谔方程到哈密顿-雅可比方程
	幻灯片 65
	幻灯片 66
	幻灯片 67
	幻灯片 68: 互补性原理
	幻灯片 69: 互补性原理
	幻灯片 70
	幻灯片 71
	幻灯片 72
	幻灯片 73
	幻灯片 74
	幻灯片 75
	幻灯片 76
	幻灯片 77
	幻灯片 78
	幻灯片 79
	幻灯片 80
	幻灯片 81
	幻灯片 82
	幻灯片 83
	幻灯片 84
	幻灯片 85
	幻灯片 86
	幻灯片 87
	幻灯片 88
	幻灯片 89
	幻灯片 90
	幻灯片 91
	幻灯片 92
	幻灯片 93
	幻灯片 94
	幻灯片 95
	幻灯片 96
	幻灯片 97
	幻灯片 98
	幻灯片 99: 时变系统的海森堡表象
	幻灯片 100: 时变系统的海森堡表象
	幻灯片 101: 时变系统的海森堡表象的波函数
	幻灯片 102: 时变系统的海森堡表象：时变力学量
	幻灯片 103: 海森堡方程的严格意义
	幻灯片 104
	幻灯片 105
	幻灯片 106: 2.3 表象理论：矩阵力学与波动力学的统一
	幻灯片 107: 波恩几率诠释决定了两种表象是等价的
	幻灯片 108: 波恩几率诠释决定了两种表象是等价的
	幻灯片 109: 波恩几率诠释决定了两种表象是等价的
	幻灯片 110
	幻灯片 111
	幻灯片 112
	幻灯片 113
	幻灯片 114
	幻灯片 115
	幻灯片 116
	幻灯片 117
	幻灯片 118
	幻灯片 119
	幻灯片 120
	幻灯片 121
	幻灯片 122
	幻灯片 123
	幻灯片 124
	幻灯片 125
	幻灯片 126
	幻灯片 127
	幻灯片 128
	幻灯片 129
	幻灯片 130
	幻灯片 131: 玻尔量子互补原理：诠释退相干
	幻灯片 132: 海森堡不确定性关系解释量子退相干
	幻灯片 133
	幻灯片 134
	幻灯片 135
	幻灯片 136
	幻灯片 137
	幻灯片 138
	幻灯片 139
	幻灯片 140
	幻灯片 141
	幻灯片 142
	幻灯片 143
	幻灯片 144
	幻灯片 145
	幻灯片 146
	幻灯片 147
	幻灯片 148
	幻灯片 149
	幻灯片 150
	幻灯片 151
	幻灯片 152
	幻灯片 153
	幻灯片 154
	幻灯片 155
	幻灯片 156
	幻灯片 157
	幻灯片 158
	幻灯片 159
	幻灯片 160
	幻灯片 161
	幻灯片 162
	幻灯片 163
	幻灯片 164
	幻灯片 165
	幻灯片 166: 量子测量假设-量子力学哥本哈根诠释
	幻灯片 167: 波包塌缩的单粒子图象
	幻灯片 168
	幻灯片 169
	幻灯片 170
	幻灯片 171
	幻灯片 172
	幻灯片 173
	幻灯片 174
	幻灯片 175
	幻灯片 176
	幻灯片 177: 薛定谔、温伯格、盖尔曼对哥本哈根诠释的批评
	幻灯片 178
	幻灯片 179
	幻灯片 180
	幻灯片 181
	幻灯片 182
	幻灯片 183
	幻灯片 184
	幻灯片 185: 阅读材料1.4 从物理光学光波到几何光学光线 
	幻灯片 186
	幻灯片 187
	幻灯片 188
	幻灯片 189
	幻灯片 190: 物理光学中的光线
	幻灯片 191
	幻灯片 192: 从波动光学到几何光学
	幻灯片 193: 从量子力学到牛顿力学
	幻灯片 194: 物质波的几何光学—质点牛顿力学
	幻灯片 195



