Outlines of Quantum Physics

@ Wave-Particle Duality
e Schrodinger Equation
The Schréd E
© The Hydrogen Atom

e Theorems of Quantum Mechanics
@ Hermitian Operator
@ Properties of Hermitian Operator
@ The Postulates of Quantum Mechanics
@ Commutator and Uncertainty Principle
@ Representation
@ Electron Spin
@ Exchange of Identical Particles
@ Two-State System
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Theorems Hermitian Properties

JEKERF Hermitian Operator

@ Linear Operator

0 &MERF: YUy, Uy, Ve, 0 € C
O(ACI\IJI + CQA\IIQ) = if O(Cl\Ifl + CQ\IIQ) =
(5] O\Pl + CQO\IJZ C1 O\Pl + CQO\IJQ
UTERITCEKMERERT then, Linear Operator O

o fll: p=—ihV, [dx A, -

o BEF NFPBEZEHFERN
%ﬁ%[‘f“ iZzEf)ﬂ% E%f"
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Theorems

JEKERF Hermitian Operator

Her

m

o LMEFF:
O(c1¥1 + ¥s) =
c1 é‘l’l + Co O\Ifg
IUTFERITICEIEER
Q RERERIAFR

° Scalar Product

= de@ZJ*(p

° (¢ w) >0
(¥, )" = (0, 7)
(7/’7901+<P2):(¢ 1)+ (¥, p2)
(V1 +v2,0) = (V1,0) + (Y2, ¢)
(1, cp) = (¥, )
(cth, ) = (¥, )

o if Vb, .
(6. Ag) = (1, Bp),

then A=B
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JEKERF Hermitian Operator

0 ZMEM:

0(51\1’1 + C2A‘I’2) =

C1 O\I’1 + CQO\I/z ) é+ = O*:
B RITICEEERT Ve,
0 IREREHIR (¥, 0% ) = (00, p)

0 BFMEKILE O
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JEKERF Hermitian Operator

0 ZLMEM:

0(51\1’1 + C%\II2) =

1 OTq + ¢, OUy @ Hermitian Operator,
UTRERITICEIERRT it v, o
Q EEMIFR (1, Op) = (0¥, ),

O is Hermitian.

Q EFHEKIIE OF
Q BXERK: 0t+=0
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Theorems Hermitian Properties

JEXREFFRIERNER

if /2\, B are Hermitian, A+ Bis Hermitian, but AB NOT unless AB = BAJ

VU, Hermitian EfFHIFIYEERESCE, WALz, J

HEsEie EAT LA DR, FI9EERESTE, BRCKER J
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Eigenvalue and Eigenfunction of an Hermitian Operator

[EAREFFRIAEHELS ZSLEL J
[EAREF BT ARMEENAIEREIESL (IEx1%) J
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Eigenvalue and Eigenfunction of an Hermitian Operator

[EAREFFRIAEHELS ZSLEL J

[EAREF BT ARMEENAIEREIESL

(TEeE) J

NEFENMMERHERTER—NTER, (HEA— N SREERERZ
REREF (EeEtt)
BIHAR— N EAZTA—HITE R ERENES (Complete Set),
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Eigenvalue and Eigenfunction of an Hermltlan Operator

[EAREFFRIAEHELS ZSLEL J

[EAREF BT ARMEENAIEREIESL (IEx1%) )

ERNAMMEREAEETER—NTER, T SREERRERIZ
HM?EF (EMH)
IR —NEARF—HISEEERENEE (Complete Set),

NEENEANNMERE, RAFERRTHERMEERIARLEAERERE
F— (F=REF)
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Theorems Hermitian Postulates Co

S NFENRIZ Summary of Postulates in Q M.

o ﬁﬁ;‘)&‘ilﬁliﬁ RAMAREIRTS, Beeiif, (—Rith, KRS
8. ZE. FHAUR, B "mItsRE”)
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= FEANRIZ Summary of Postulates in Q.M.

0 AIRREFEAMMARIIRTS, Eeeiid. (—ih, KRR
8. ZE. FHAUR, B "mItsRE”)

O HATINAHWBREXI N —MEECKERF, HAERETIIR
— TR, (WEFTREEANFENE x - X po— —ihf
XIRLFEE)
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S NFERNRIZ Summary of Postulates in Q M

o ﬁﬁl&l’_‘léﬁﬂil_#ﬁ)u{zkgﬁl}lkm, BrTEA, (—hth, KEREER
B, E& FHER, 2 "RINRE)

(=) Eﬂ_ﬂ)w)JE’J#@in%?ifﬁ—/l\?fﬁﬁfk%ﬁ, HAERELRTHIRL,
—NEERREE. (WERRTHERNZFEE x— X pe— —ihi
XIRLF=4E)

9 XFrIlNFEHA RN EEREBEMSNERF F lI—
MHE fn, WERHRRD 348" BIEENIARES om;
1‘3/)\/)\]5?5::1@” fm Eﬁ*ﬁ%z |Cm‘2: /\EF' Cm = (@ma \Ij):
MEFIE (Fy = [ ¢*Fodr, HF ¢(q, 1) E—NBEITE
R,




S NFERNRIZ Summary of Postulates in Q M

o ﬁﬁ:)fil:l’xfﬁﬂal_ﬁﬂ)u{zli?ﬁ’}lkm , ESTEEA, (—hith, REREE
B, E& FHER, 2 "RINRE)

2] Eﬂ_.UUuIJJEﬁ%fiiiﬂm—/l\?f'ﬁﬁfkﬁfg, HAERELRTHIRL,
—NEERREE. (WERRTHERNZFEE x— X pe— —ihi
XIRMLFEEE)

O XFaINAFENTATAIAINIBEREBRFIRERF F A—
KHE f,, WERARRRD 4" EBNAIRES omn;
1‘3/)\/)\]5?5::1@” fm Eﬁ*ﬁ%z |Cm‘2: /\EF' Cm = (@ma \Ij):
MEFE (Fy = [ ¢*Fodr, B 6(q, t) E—NBLRIF—HIE
i, A
E_[*’QJ\\%_ {‘Pm}; F‘Pm = TmPm; (SOma @n) = Omn;

YU, U = Zcmgom (©ms ¥) = Cm; (T, 0) =% lcm|* =1
(Fly = F= (U, F0) = [ O FUdr =3, finlcm|?




S NFERNRIZ Summary of Postulates in Q M

o ﬁﬁ:&ui&?mu“—‘ﬂi)d?k?ﬁ’ﬂkm, ESTEfmA. (—helth, JREREE
B, &4 FAEH, 2 "IN

(=) EH_ISUWAJEﬁ%fiiiﬁm—/ﬁéﬁ'&ﬁﬁkﬁﬁ, HAERELRTHIRL,
—NEERREE. (WERRTHERNZFEE x— X pe— —ihi
XIRLF=4E)

0 XTFANAHZENTAATENELREPZFINERT F H—
MHE fn, WERHRRD 348" BIEENIARES om;
1‘3/)\/)\]5?5::1@” fm Eﬁ*ﬁ%z |Cm‘2: /\EF' Cm = (@ma \Ij):
MEFHE (P, = [ o*Fodr, B ¢(q, t) B—MBRIFT—HIS
B, A
E_[*’QJ\\%_ {‘Pm}; F‘Pm = TmPm; (SOma @n) = Omn;

VU, U = Zcmgom (©ms ¥) = Cm; (T, 0) =% lcm|* =1
(Fly = F= (U, F0) = [ O FUdr =3, finlcm|?
Q9 EFE EI'JHTIEEE{»{C:@E Schrédinger J37%,
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EFFNERR

I FERELT v A, NEHEE F, EFAFEEETN?
o FEFRE Fon = fodn, TR F IAMHERAMEREL
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B HEARRLT v &, WEHZE F, EFHFEEATEN?
o TRITE Fon = fopn, SHK F OAIHEFIAEREL;
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EFFNERR

AR HIEARLT v &, WEHZE F, EFHZEEETRU?
o fRITE Fo, = fupn, THK FAONEEMAEREL
o HE {¢n}, (dm, Pn) = Omn HIBL—NERIT—TSHHIREES
o F§ U TE {¢n) LRI, ¥ =3, catn, BIFEE cr = (¢4, 9);
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EFFNERR

AR HIEARLT v &, WEHZE F, EFHZEEETRU?
o fRITE Fo, = fupn, THK FAONEEMAEREL
o HE {¢n}, (dm, Pn) = Omn HIBL—NERIT—TSHHIREES
o U IE {¢n} LRFF, V=3, catn, BIFEE co = (60, V),
o WIS f, BIRRZE |,|?, WEFIER X, flal

"TEIEIE" NRSVERY: HNSRZOHFEN—IMES J

B8R : GUAKRARITHE Fon = foon? |
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Dirac &

o A (ket) |V) FIAXK (bra) (@]
o )T = (¥
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Dirac &

o K (ket) |¥) FIZER (bra) (@]
o [U)F = (¥
o 13H scalar product: (®|V) = [ drd*¥
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Dirac &

o K (ket) |¥) FIEK (bra) (P
o [U)* = (U

° ﬁ'ﬂ:{ scalar product: (®|¥) = [ drd* ¥
IE35e@sE: {K}
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Dirac &

o K (ket) |¥) FIZER (bra) (@]
o [U)F = (¥

° ﬁ'ﬂ:{ scalar product: (®|¥) = [ drd* ¥
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Theorems Hermitian P Postulates Commutato ion spin Ferm

Dirac &

o K (ket) |¥) FIZEXK (bra) (P
o [U)F = (¥
° ﬁ'ﬂ:! scalar product: (®|U) = [ dr&* ¥
ERZRE: {|k}
o IERZIF—: (klj) = o,
o SoEtE: 3, k(K =1
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Dirac &

o K (ket) |¥) FIZER (bra) (@]
o [U)F = (¥
° ﬁ'ﬂ:{ scalar product: (®|¥) = [ drd* ¥
IERRFeEse: {[K)},
o IERZA—: (k|j) = dx;,
o STEME: X, k(K =1
o BREFF: 1) = X, [K(KY) = 32, alk)
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J5=, Commutator
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Y52, Commutator

[ :
[A, BC = BIA, (] + [A, B|IC
[A[B, (] +[B,[CAll +[C[A B|| =0
Br

&
| =0, BY(A BB
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BlF, BEARXNZRE

[x, p] = ifi; [x py] = 0; [y =0
[Lx,y] = ihz [Ly, 2] = —ihy, [Ly,x] =0
[LXa Py} = ihp;; [LXa PZ] = *’T’py; [Lx, PX] =0
Ly, L,] = ihL,; [Ly, L] = —ihLy;

[Xav pﬁ] = ihdap

(Lo, Xg] = 3 €apyifixy
[LasPs] = 3 Capo s
[La, Lg] =, €apyifily
[L2,L,] =0 Ly =L, +il, Ly, Ly] = £+hLy
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BT SWAERER

A, B are Hermitian, = VU, \/(AA)2 -(AB)? > 1|[A, B]| J
—fgith, & A, BAXS,
NABRERTNE (FHRENEE), FEELRIAES. J

YU, ox6p > h/2 J
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BT SWAERER

- — ———
A, B are Hermitian, = V¥, \/(AA)2 -(AB)? > 1|[A, B]|

—RRlth, & AL B AR,
WARRHEHTNE (BHENNEE), FEEHENAMES.

YU, ox6p > h/2

ERHERIGFENS L (A, Blly, =0,
(ESEDfE A, BAXNS,
ATBEIFEN IR, (18 A. B oJERHERIIE (XREARIES).
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£ [A B =0,
NFETRZREE {»},
i 2 A, BHIHRANIEE;
ISP AR )
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= [Av B} =0,
WFETHREEE {0},
pim A, BHHREMIES;
RZTRRYIL,

i)

—RRIGEE— AP ZRINFE
HEMEREEFAEREE, (WERSR),
(AR EUI AT LA LR R AR ERRTT.




rmitian Properties Postulates Commutator Representation spin rm

= [Av B} =0,
WFETHREEE {0},
pim A, BHHREMIES;
RZTRRYIL,

i)

—RRIGEE— AP ZRINFE
HEMEREEFAEREE, (WERSR),
(AR EUI AT LA LR R AR ERRTT.

if [A,B]=0, Al)=ald, Al =al) a+#a
then (i|BJj) = 0
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IR T RIS L, a2t 1T
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Hermitian Propertie

ISR TFHICEEE, 2, a7 BT

H= 102+ p), o pl =i |




Hern

ISR TFHICEEE, 2, a7 BT

H= 102+ %) opl =7 |
a= Z5(x+ip), at = Z5(x—ip)
[a,aT] =1, N=a"a J
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IERFEMCENEL, a a7 BT

H= 102+ ), el = i |
a:%()ﬁLip), a*:%(x—ip) J
[a,aT] =1, N=a"a
Nin) = n|n), Hin) = (n+1/2)|n)
at|ln) =vn+1|n+1), aln) = v/nln—1) J

SM Hu Quantum Physics



Theorems Hermitian Prop es Commutator Representation spin Ferm

AmIENEN

[Jdy] = ihJ,
ihJ,
[Jr, ] = ihJ,

R J B— M BER

\5‘\
o
I
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FAIER—RRMR

AEEMHENERNBRER:

Jy = JSxiJ
[ J,] ihJ, * Y

[Jy, Jo] = ihJ Uz Je] = s

Jy’Jz * Jpde = P—L+nl,
[z b = ihdy
P = o Jyd_—J_Jy = 2nJ,

e JoJi i g = (P
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Theorems Hermitian Commutator on spin Ferm

FAIER—RRMR

AEEMHENERNBRER:

Sy = 4=
[Jo 4] i, + My
[, Jy] = =£hJy
[, L] = ihJ;
Jidy = P —-LLhy,
[ ] = ik,
5 Jod_—J_J. = 2hd,
[P J] = 0 :
Jed_+J_dy = 2L -R)
NI LENS R L ATIERR
Plim)y = j(j+ 1)K |jm)
J\jm) = mh|jm)
Jelim) = B/GFmM(GEm+1)[jm+1)
1 3 L. . .
J=050 502 M=t Lo
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ZRZ Representation

BEE— (40) HFE 6, HAMERME {0}, WERERA—H5
BEX, RREOEZ [v) ILERTREF, A 6 &R,
B, EFEAEN 6, HERTAENRSR.




Theorems

ZRZ Representation

BEE— (40) HFE 6, HAMERME {0}, WERERA—H5
BEX, RREOEZ [v) ILERTREF, A 6 &R,
B, EFEAEN 6, HERTAENRSR.

REREE {|k) ) BRPHIRT (BXR)

W) = D Ik(kly)

wﬁﬁfig'Aﬂn
— K —NIREES—MIEE
Ek:ckw (c1,Coye sy )

a = (k) BEXIRL,
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ZRZ Representation

BEE— (40) HFE 6, HAMERME {0}, WERERA—H5
BEX, RREOEZ [v) ILERTREF, A 6 &R,
B, EFEAEN 6, HERTAENRSR.

REREE {|k) ) BRPHIRT (BXR)

W) = D Ik(kly)

wﬁﬁfig'Aﬂn
— K —NIREES—MIEE
Ek:ckw (c1,Coye sy )

a = (k) BEXIRL,




NFER fv”rE’J%EH%T

NZEE F, (ERTETE v), 7EH G AMEREE (K} HWARNRS T,

Av) = 19

) = Zak|k>
k

lo) =

Z by k)
K




NFER fv”rE’J%EH%T

R F, (EBTRTE [v), EH G AMERBEE {0} HRIRET,

Av) = 19)
lY) = Zak|k>
p
lp) = Zbk\k>
K
S bulk) = FYoq anlk) = 32, acF1k)
= Vm, .
(m| 3, bilk) = (ml| 32, akFlk)
" (mlk) = Omk

bm = Z ak<m\i—_|k> = Zk kaak




NFER fv”rE’J%EH%T

R F, (EBTRTE [v), EH G AMERBEE {0} HRIRET,

Aoy = 1) . N
W= Sk () ’ (b)
0 = 3 bk : :
S bk = FXS, ok = Sy ok

= Vm, R

(m| > bul k) = (m| 32 akFlk)

o (mlk)y = Ok )

Jobm =" a(mlFlk) = 3", Fmka




NFER fv”rE’J%EH%T

R F, (EBTRTE [v), EH G AMERBEE {0} HRIRET,

Av) = 1) ) N

) = Ek:aklk> (3.2) :"; (b?)

) = > bulk) : :
Y blk) = FY, ak|k>k: S akFlk)

= Vm, ) by a
(m| 324 bilk) = (m| 3_, akFlk) by | = ( Frk ) az
o (mlk) = Gk : :

2 b =3 a{mlFIk) = 32, Fkax
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NFER fv”rE’J%EH%T

o AR, #BF {Fmn} 5 V). |9) HBFK,
EAETHFE FIE {|h} ¥R (B 6 BEN!) THOMRE,
AR IZ N F EEZRSR PRIAEERT.




NFER fv”rE’J%EH%T

o AR, #BF {Fmn} 5 V). |9) HBFK,
EAETHFE FIE {|h} ¥R (B 6 BEN!) THOMRE,
BIRix ¥ EBEZRRPRIENERT.
AR, WRESRNHZE ¢ BEEZRSTIENRTNEESR
BRI XIERER TR EN MATALE.




NFER fv”rE’J%EH%T

o AR, #BF {Fmn} 5 V). |9) HBFK,
EAETHFE FIE {|h} ¥R (B 6 BEN!) THOMRE,
BIRix ¥ EBEZRRPRIENERT.
AR, MRRSNHZE ¢ BSEZRFTVEERTNEES
XIFBURY, B XIREMTRNE NAYAHE.

o EZRFTHFEE FNAME (ME) IR
BPIZAERE {Fmn) ROSFIEE (RE) [,
BOKfERERE P P~'FP = diag{(1, - ,lp, -~}
SK{BH) ¢, RAMEE, 180 P SR EIIRAORES P AR
iﬁi—/\ﬁ?ﬁr‘]gﬁﬁﬁl" N7 AT R EL R R AR N AEERS R A —

1




T B RS

FIFE Jeljm) = h/(F m) G+ m+1)|jm+ 1)
BJo=5UJr+J) Jy=504 —Jo)

B {ljm)} BRERT J 1 J, BB,
xEfER RE LR R TRIESH?




FIFE Jeljm) = h/(F m) G+ m+1)|jm+ 1)
BJo=5UJr+J) Jy=504 —Jo)

B {ljm)} BRERT J 1 J, BB,
xEfER RE LR R TRIESH?

j=1/2, BN Pauli %B%:




T B RS

FIFE Jeljm) = h/(F m) G+ m+1)|jm+ 1)
BJo=5UJr+J) Jy=504 —Jo)

B {ljm)} BRERT J 1 J, BB,
xEfER RE LR R TRIESH?

j=1/2, BN Pauli %B%:

Puzzle: {EA “RE" NAIE. )
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KFEF I E )R

B HERRLT (v) &, WEHZE F, BEFHFEETITN?
0 EERSENERSR: NFEER ( NERIT—Z&AESE {0}
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KFEF I E )R

B HERRLT (v) &, WEHZE F, BEFHFEETITN?
0 EERSENERSR: NFEER ( NERIT—Z&AESE {0}
0 EZRFTEHHHCHZEER F RS |v) WFR,
Finn = (mlFn); [®) =3, aul k)
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KEETFIFNE

R HIEHRLT [v) &, WENRE F, BFO¥OER?

0 HEHEAENES: NEREN ¢ MEXA—SEMISE (0}

o HEUERTSHHTICNLRIM FAIKEE V) HFET
Fon = (mlFln); W) = Y ailK)

O FIGHIRAL, P IFP= daglly, -ty ), BOBE) FOKIE
{8 ¢, FUBIIED (6 FECRRY) &S 0) = 3, Pulk);




The:

SRR 75 B A

B HISKRLT (V) &, WELFE F, BFFEETEN?
Q0 IEESENERS: NF¥EER ¢ NERIT—=&AMIESE {|K)});
0 EZES TEHHTICHFEEN F IIRERE |v) WET,
Finn = (m|Fln); [¥) =3 aklk)
O riEMEXIR, P~'FP = diag{t1, -+, £y,---}, BO{SE F B9AE
B ¢ FIHERRY (G RETHY) AU o) = >4 Pulk);
0 & |V) £ F IIBANES LIRS, |0) =X, clon;
ci = (oil¥) = >, Piax:




KEETFIFNE

B HISHRELT (V) &, MEHZE F, BFFEETEN?

Q0 IEESENERS: NF¥EER ¢ NERIT—=&AMIESE {|K)});

0 EZES TEHHTICHFEEN F IIRERE |v) WET,
Finn = (m|Fln); [¥) =3 aklk)

O riEMEXIR, P~'FP = diag{(1,- - --}, BDEZ F ROATE
8 ¢ FIEMNAY (G JETH) AMES |¢> >k Pl k)

0 & |V) £ F IIBANES LIRS, |0) =X, clon;
ci = (oil¥) = >, Piax:

Q W& ¢; BIMERR |¢|?, MWEFIER X, 0lcl
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Magnetic Moment of a Circulating Flow of Charge

e = IA
I = —e/T=—-ew/2w
e = —erxv/2
e -
= - L
2me
7ILLBL/T7
Hez = —Mgllg
W
— = — — 5)
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Magnetic Moment of a Circulating Flow of Charge

fe = IA
I = —e/T=—-ew/2w
fge = —erxv/2
e -
- _2meL
= —ul/h
Moz = —Mglig

[, = £ =9.2740100783(28) x 10-24(J- T~1) ~ 58eV/T

2me

V.

™ = - = =

SM Hu Quantum Physics
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Magnetic Moment of a Circulating Flow of Charge

fe = IA
I = —e/T=—-ew/2w
fge = —erxv/2
e -
- _2me L
— L /M
Moz = —Mglig

£h — 9274010078 3(28) x 10~24(J- T—1) ~ 58ueV/T

luB: 2me
v

Magnet in a B field:

Torque: 7 = [ X B .
Potential energy: U= —fi- B= —By,

V.

T = = = =
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Stern-Gerlach experiment

1922, Otto Sternypigas (1888-1969) &
Walther Gerlach (1889-1979), University of

Frankfurt
R Observed
pattern
¥ X g N
v/ [ By
s =4
Beam of \ Classical
silver atoms N A prediction
Oven ‘ )\ % \
with silver — \»M

- B 08,
F=-VU=-V(—i-B), Fr= p:%;

SM Hu Quantum Physics



Theorems a ates C n spin Ferm

Electron Spin

Hypothesis of Electron Spin
@ 1922, Otto Stern & Walther Gerlach, University of Frankfurt

SM Hu Quantum Physics



Theorems Hermitian es Commutator tion spin Ferm

Electron Spin

Hypothesis of Electron Spin
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@ 1925, Uhlenbeck and Goudsmit: explaining the Zeeman effect.
Kronig discarded, objection from Pauli, Krammers and Heisenberg
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Electron Spin

Hypothesis of Electron Spin
@ 1922, Otto Stern & Walther Gerlach, University of Frankfurt

@ 1925, Uhlenbeck and Goudsmit: explaining the Zeeman effect.
Kronig discarded, objection from Pauli, Krammers and Heisenberg

@ 1928 P.A.M.Dirac: Electron has a spin in relativistic Quantum
Mechanics.
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Electron Spin

Hypothesis of Electron Spin
@ 1922, Otto Stern & Walther Gerlach, University of Frankfurt

@ 1925, Uhlenbeck and Goudsmit: explaining the Zeeman effect.
Kronig discarded, objection from Pauli, Krammers and Heisenberg

@ 1928 P.A.M.Dirac: Electron has a spin in relativistic Quantum
Mechanics.

@ Spin has no classical analog! BHE&BESHXIN

Magnetic moment of electron spin

fis = _gSlLLBE/hY Hsz = —8sMsllg, KB = ;ze

gs ~ 2.0023... ( Note. g =1)
Quantum Electrodynamics (QED): g5 = 2[1 + 5= + O(a?)],

a=—S_, 1/a=137.035999084(21)

4meghc’
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Identical Particles: must be indistinguishable! J

Non-classical, Absolutely Quantum!

Pqul(qlvqnqjan) = \I/(QthCIHQN)
= A\I/(ql,q”qﬂqlv)
PV =1, A =1, A\=+1
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Exchange of Identical Particles

Identical Particles: must be indistinguishable! J

Non-classical, Absolutely Quantum!

Pqul(qlvqnqjan) = \I/(QthCIHQN)
= A\I/(ql,q”qﬂqlv)
PV =1, A =1, A\=+1

Symmetric: Bosons; Anti-symmetric: Fermions.
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Theorems Hermitian P es Commutato ntation spin Ferm

Exchange of Identical Particles

Identical Particles: must be indistinguishable! J

Non-classical, Absolutely Quantum!

Pqul(qlvqnqjan) = ‘I/(QthCIHQN)
= A\I/(ql,q”qﬂqlv)
PV =1, A =1, A\=+1

Symmetric: Bosons; Anti-symmetric: Fermions.

Symmetrization Postulate: {HAIfI FHE_EHZ— (FoiEF)
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Fermion and Boson

@ A=1, Boson: 7 (pion) (s=0), photon (s=1) ...
Integral spin, Bose-Einstein distribution.
4
V.
V.

SM Hu Quantum Physics



Theorems Hermitian

Fermion and Boson

ation spin Ferm

Fundamental Particles

@ A=1, Boson: 7 (pion) (s=0), photon (s=1) ...
Integral spin, Bose-Einstein distribution.
@ A= —1, Fermion: electron, proton, neutron (s=1/2) ...
Half-integral spin, Fermi-Dirac distribution. )
V.
V.
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Fermion and Boson

Fundamental Particles

@ A=1, Boson: 7 (pion) (s=0), photon (s=1) ...
Integral spin, Bose-Einstein distribution.

@ A= —1, Fermion: electron, proton, neutron (s=1/2) ...
Half-integral spin, Fermi-Dirac distribution.

Identical Composite Particles, without considering any change in the
internal structures: number of Fermions consisted in the “particle”:

@ odd: Fermion, 3He nucleus ...

@ even: Boson, *He, D(?H)...
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Fermion and Boson

Fundamental Particles

@ A=1, Boson: 7 (pion) (s=0), photon (s=1) ...
Integral spin, Bose-Einstein distribution.

@ A= —1, Fermion: electron, proton, neutron (s=1/2) ...
Half-integral spin, Fermi-Dirac distribution.

Identical Composite Particles, without considering any change in the
internal structures: number of Fermions consisted in the “particle”:

@ odd: Fermion, 3He nucleus ...
@ even: Boson, *He, D(?H)...

Wavefunction of a system consisted of multiple identical particles:
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Fermion and Boson

Fundamental Particles

@ A=1, Boson: 7 (pion) (s=0), photon (s=1) ...
Integral spin, Bose-Einstein distribution.

@ A= —1, Fermion: electron, proton, neutron (s=1/2) ...
Half-integral spin, Fermi-Dirac distribution.

Identical Composite Particles, without considering any change in the
internal structures: number of Fermions consisted in the “particle”:

@ odd: Fermion, 3He nucleus ...
@ even: Boson, *He, D(?H)...

Wavefunction of a system consisted of multiple identical particles:

@ Exchange of two identical BosonsP(g);;, must be symmetric;

ijr
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Fermion and Boson

Fundamental Particles

@ A=1, Boson: 7 (pion) (s=0), photon (s=1) ...
Integral spin, Bose-Einstein distribution.

@ A= —1, Fermion: electron, proton, neutron (s=1/2) ...
Half-integral spin, Fermi-Dirac distribution.

Identical Composite Particles, without considering any change in the
internal structures: number of Fermions consisted in the “particle”:

@ odd: Fermion, 3He nucleus ...
@ even: Boson, *He, D(?H)...

Wavefunction of a system consisted of multiple identical particles:

@ Exchange of two identical BosonsP(g);;, must be symmetric;

ijr

@ Exchange of two identical Fermions P(f);, must be anti-symmetric

ijr

v
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Electronic wavefunction of Helium, ground state

Ground State of Helium

@ spacial function: 1s(1)1s(2)
P12[1s(1)1s(2)] = [1s(1)1s(2)], symmetric
@ spin function: «a(1)a(2), «(1)8(2), 8(1)a(2), 5(1)5(2)
Symmetric:
o a(l)a(2),
o B(1)B(2),
o [a(1)B(2) + B(a(2)]/V2
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Electronic wavefunction of Helium, ground state

Ground State of Helium

@ spacial function: 1s(1)1s(2)

P15[1s(1)1s(2)] = [1s(1)1s(2)], symmetric
@ spin function: «a(1)a(2), «(1)8(2), 8(1)a(2), 5(1)5(2)
Symmetric:
o a(l)a(2),
o B(1)B(2),

o [a(1)B(2) + B(a(2)]/V2
Anti-symmetric:

o [a(1)B(2) - B()(2)]/v2




Electronic wavefunction of Helium, ground state

Ground State of Helium

@ spacial function: 1s(1)1s(2)

P15[1s(1)1s(2)] = [1s(1)1s(2)], symmetric
@ spin function: «a(1)a(2), «(1)8(2), 8(1)a(2), 5(1)5(2)
Symmetric:
o a(l)a(2),
o B(1)B(2),

o [a(1)B(2) + B(a(2)]/V2
Anti-symmetric:
o [(1)B(2) - B(a(2)]/V2
@ Physically correct ¥ must be anti-symmetric:

»(q1, g2) = [1s(1)1s(2)][(1)B(2) - B(1)x(2)]/v2
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Electronic wavefunction of Helium, excited state

Excited States of Helium
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Excited States of Helium

@ Spin function:

SM Hu Quantum Physics



on spin Ferm

Excited States of Helium

@ Spin function:
Symmetric: a(1)a(2), (1)), [a(1)B(2) + B1)a(2)]/v2
Anti-symmetric: [a(1)3(2) — B(1)a(2)]/V2

@ Spacial function: 1s(1)2s(2)
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on spin Ferm

Excited States of Helium

@ Spin function:
Symmetric: a(1)a(2), B(1)B(2), [a(1)B(2) + B(1)a(2)]/v2
Anti-symmetric: [a(1)3(2) — B(1)a(2)]/V2

@ Spacial function: 1s(1)2s(2)
Symmetric: [1s(1)2s(2) + 2s(1)1s(2)]/v/2
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Excited States of Helium

@ Spin function:
Symmetric: a(1)a(2), B(1)B(2), [a(1)B(2) + B(1)a(2)]/v2
Anti-symmetric: [a(1)3(2) — B(1)a(2)]/V2
@ Spacial function: 1s(1)2s(2)
Symmetric: [1s(1)2s(2) + 2s(1)1s(2)]/v/2
Anti-symmetric: [15(1)2s(2) — 2s(1)1s(2)]/v2

SM Hu Quantum Physics



on spin Ferm

Excited States of Helium

@ Spin function:
Symmetric: a(1)a(2), B(1)B(2), [a(1)B(2) + B(1)a(2)]/v2
Anti-symmetric: [a(1)3(2) — B(1)a(2)]/V2
@ Spacial function: 1s(1)2s(2)
Symmetric: [1s(1)2s(2) + 2s(1)1s(2)]/v/2
Anti-symmetric: [15(1)2s(2) — 2s(1)1s(2)]/v2
@ Physically correct ¥ must be anti-symmetric:
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Electronic wavefunction of Helium, excited state

Excited States of Helium

@ Spin function:
Symmetric: a(1)a(2), B(1)B(2), [a(1)B(2) + B(1)a(2)]/v2
Anti-symmetric: [a(1)3(2) — B(1)a(2)]/V2
@ Spacial function: 1s(1)2s(2)
Symmetric: [1s(1)2s(2) + 2s(1)1s(2)]/v/2
Anti-symmetric: [15(1)2s(2) — 2s(1)1s(2)]/v2
@ Physically correct ¥ must be anti-symmetric:

o (1s2s)?S1, spacial: anti-symmetric & spin: symmetric:
(1,21 = [1s(1)25(2) — 25(1)1s(2)]a(1)a(2)/v2
W(1,2)2 = [15(1)2s(2) — 25(1)15(2)]3(1)B(2)/v2
P(1,2)s = [15(1)2s(2) — 2s(1)15(2)][(1)(2) + B(1)n(2)]/2




Theorems Hermitian Properties Postulates Commutator Representation spin Ferm

Electronic wavefunction of Helium, excited state

Excited States of Helium

@ Spin function:
Symmetric: a(1)a(2), B(1)8(2), [a(1)A(2) + B(1)a(2)]/V2
Anti-symmetric: [a(1)3(2) — B(1)a(2)]/V2
@ Spacial function: 1s(1)2s(2)
Symmetric: [1s(1)2s(2) + 2s(1)1s(2)]/v/2
Anti-symmetric: [15(1)2s(2) — 2s(1)1s(2)]/v2
@ Physically correct ¥ must be anti-symmetric:
o (1s2s)?S1, spacial: anti-symmetric & spin: symmetric:
$(1,2)1 = [1s(1)25(2) — 25(1)1s(2)]a(1)a(2)/V2
P(1,2)2 = [1s(1)2s(2) — 25(1)15(2)]8(1)B(2)/v2
¥(1,2)3 = [1s(1)25(2) — 2s(1)15(2)][(1)B(2) + B(1)(2)] /2
o (1s2s)'Sy, spacial: symmetric & spin: anti-symmetric:

P(1,2)a = [15(1)25(2) + 2s(1)15(2)][(1)5(2) — B(1)(2)]/2
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Electronic wavefunction of Helium, excited state

Excited States of Helium

@ Spin function:
Symmetric: a(1)a(2), B(1)B(2), [a(1)B(2) + B(1)a(2)]/v2
Anti-symmetric: [a(1)3(2) — B(1)a(2)]/V2
@ Spacial function: 1s(1)2s(2)
Symmetric: [1s(1)2s(2) + 2s(1)1s(2)]/v/2
Anti-symmetric: [15(1)2s(2) — 2s(1)1s(2)]/v2
@ Physically correct ¥ must be anti-symmetric:
o (1s2s)?S1, spacial: anti-symmetric & spin: symmetric:
$(1,2)1 = [1s(1)25(2) — 25(1)1s(2)]a(1)a(2)/V2
P(1,2)2 = [1s(1)2s(2) — 25(1)15(2)]8(1)B(2)/v2
¥(1,2)3 = [1s(1)25(2) — 2s(1)15(2)][(1)B(2) + B(1)(2)] /2
o (1s2s)'Sy, spacial: symmetric & spin: anti-symmetric:
P(1,2)a = [15(1)25(2) + 2s(1)15(2)][(1)5(2) — B(1)x(2)]/2
E(“Sl) < E(IS())
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Ground State of Atomic Lithium, Pauli Exclusion Principle

Ground State of The Lithium Atom
@ Spacial: could it be possible to have 3 electrons all in 1s?
[1s(1)1s(2)1s(3)]
P;[1s(1)1s(2)1s(3)] = [1s(1)1s(2)1s(3)], symmetric
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Ground State of Atomic Lithium, Pau Exc|u5|on PrlnC|pIe

Ground State of The Lithium Atom

@ Spacial: could it be possible to have 3 electrons all in 1s?

[1s(1)1s(2)1s(3)]
P;[1s(1)1s(2)1s(3)] = [1s(1)1s(2)1s(3)], symmetric

e Spin: a(l)a(2)a(3), a(1)B(2)a(3), ---
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Ground State of Atomic Lithium, Pau Exc|u5|on PrlnC|pIe

Ground State of The Lithium Atom

@ Spacial: could it be possible to have 3 electrons all in 1s?
[1s(1)1s(2)1s(3)]
P;[1s(1)1s(2)1s(3)] = [1s(1)1s(2)1s(3)], symmetric

e Spin: a(l)a(2)a(3), a(1)B(2)a(3), ---

Make it symmetric or anti-symmetric for Pys, P13 & Pa3
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Ground State of Atomic Lithium, Pauli Exclu5|on Principle

Ground State of The Lithium Atom
@ Spacial: could it be possible to have 3 electrons all in 1s?
[1s(1)1s(2)1s(3)]
P;[1s(1)1s(2)1s(3)] = [1s(1)1s(2)1s(3)], symmetric
e Spin: a(l)a(2)a(3), a(1)B(2)a(3), ---
Make it symmetric or anti-symmetric for Py, P13 & Pas
Symmetric:

Q aoa
Q 33s
Q [caB + afa + Baal/V3
Q [aBB + BBa + BaBl/V3
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Ground State of Atomic Lithium, Pau Exc|u5|on PrlnC|pIe

Ground State of The Lithium Atom

@ Spacial: could it be possible to have 3 electrons all in 1s?
[1s(1)1s(2)1s(3)]
P;[1s(1)1s(2)1s(3)] = [1s(1)1s(2)1s(3)], symmetric
e Spin: a(l)a(2)a(3), a(1)B(2)a(3), ---
Make it symmetric or anti-symmetric for Pys, P13 & Pa3
Symmetric:
Q caa

Q 33s
Q [aaf + afa+ faal/V3
Q [0BB + BBa+ Bafl/V3

Anti-symmetric: none
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Ground State of The Lithium Atom

@ Spacial: could it be possible to have 3 electrons all in 1s?
[1s(1)1s(2)1s(3)]
P;[1s(1)1s(2)1s(3)] = [1s(1)1s(2)1s(3)], symmetric

e Spin: a(l)a(2)a(3), a(1)B(2)a(3), ---
Make it symmetric or anti-symmetric for Pys, P13 & Pa3
Symmetric:

Q caa
Q 33s
Q [aaf + afa+ faal/V3
Q [aBB + BBa + BaBl/V3

Anti-symmetric: none

@ Impossible to construct an anti-symmetric W!

on spin Ferm

Ground State of Atomic Lithium, Pau Exc|u5|on PrlnC|pIe
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Wavefunction of a system consisted of identical particles

Total wavefuntion of N identical particles

O = ¢1(q1)02(q2) - - - dnlan)
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Wavefunction of a system consisted of identical particles

Total wavefuntion of N identical particles

O = ¢1(q1)02(q2) - - - dnlan)

Symmetric Wavefunctions of Bosons

oS = ﬁ S pPo1(q1)d2(g2) - - dn(an)
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Wavefunction of a system consisted of identical particles

Total wavefuntion of N identical particles

D = d1(q1)02(92) - - dn(qn)

Symmetric Wavefunctions of Bosons

oS = ﬁ S pPo1(q1)d2(g2) - - dn(an)

Anti-Symmetric Wavefunctions of Fermions, Slater Determinants

W= \/% S (—=1)PPo1(q1)d2(g2) - - dn(an)

o1(qr) (q2) -+ é1(qn)
1| o2(q1)  P2(ge) ]

on(ar) onla) - onlaw)

V/NI
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Two-State System
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Two-State System

@ Two state |1) and |2)

@ Hamiltonian: )
o €1 —h
i=( 5 %)

20 =) —e9, 2= (g1 +¢€2)
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Two-State System

@ Two state |1) and |2)

@ Hamiltonian: )
o €1 —h
i=( 5 %)

20 =) —e9, 2= (g1 +¢€2)

) E/J/ =+ VA2 4 p2
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Two-State System

@ Two state |1) and |2)

° Hamiltongiani y
H= < —;’Il &9 )
20 =) —e9, 2= (g1 +¢€2)
) E/J/ =+ VA2 4 p2
o If A > H:
E=er A1+ 187
Eize+ iy

Ey=¢e3— 35
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Two-State System

@ Two state |1) and |2)
o Hamiltonian: )
o €1 —h
H= < —H €2 )
20 =) —e9, 2= (g1 +¢€2)

) E/J/ =+ VA2 4 p2

o If A H:
E_siFA(1+éhA/z)
E/:E1+2ﬁé2
Ey=er— 2%

o If A H:
E—E:i:h’(1+2h,2)
E/—é—ﬁ-h/ 2h’
En=ec—H— QA,,%
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Two-State System

@ Two state |1) and |2)
o Hamiltonian: )
o €1 —h
H= < —H €2 )
20 =) —e9, 2= (g1 +¢€2)

) E/J/ =+ VA2 4 p2

o If A H:
E_siFA(1+éhA/z)
E/:E1+2ﬁé2
Ey=er— 2%

o If A H:
E—E:i:h’(1+2h,2)
E/—é—ﬁ-h/ 2h’
En=ec—H— QA,,%
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Two-State System

@ Two state |1) and |2)
o Hamiltonian: )
o €1 —h
H= < —H €2 )
20 =) —e9, 2= (g1 +¢€2)

) E/J/ =+ VA2 4 p2

o If A H:
E_siFA(1+éhA/z)
E/:E1+2ﬁé2
Ey=er— 2%

o If A H:
E—E:i:h’(1+2h,2)
E/—é—ﬁ-h/ 2h’
En=ec—H— QA,,%
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Theorems Hermitian tato tion spin Ferm

Two-State System

@ Two state |1) and |2)
o Hamiltonian: )
o €1 —h
H= < —H €2 )
20 =) —e9, 2= (g1 +¢€2)

“Avoid Crossing”
) E/J/ =+ VA2 4 p2

€2

o If A H:

E_siFA(1+éhA/Z) €1

E/:E1+2ﬁé2

E//iffg—gfA 0
o If A H:

E—E:i:h’(1+2h,2)

E/—é—ﬁ-h/ 2h’

En=ec—H— QA,,%
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Two-State System

@ Two state |1) and |2)
o Hamiltonian: )
o €1 —h

H= < —H S5} )

2A=e1 ez 2= (a1 te) “Avoid Crossing”

4] E/7//:€:|:\/A2+h/2 E, €2
o If A H:

E_siFA(1+éhA/Z) €1

E/=61+T% E,

E//iffg—gfA 0
o If A H:

E—E:i:h’(1+2h,2)

E/—é—ﬁ-h/ 2h’

En=ec—H— QA,,%
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Double States of the Ammonia Molecule

J

)

—
!
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o Base states: |I) & |II)

. o E, —A
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Theorems

Hermitian P

Double States of the Ammonia Molecule

J

)

—
!

SM Hu

Base states: |I) & [II)

. o E, —A
Hamiltonian: ( A E )

Eigenvalues and eigenfunctions:

El = E— A
Es=E+ A
1) = (1) — 1)
12) = 5 (1) + [1I))

Quantum Physics

ion spin

Ferm




Theorems Hermitian

Double States of the Ammonia Molecule

J

o Base states: |I) & |II)
S E,z, —-A
IT) o Hamiltonian: ( “A E )
@ Eigenvalues and eigenfunctions:
Ei=E—-A
Es=E+ A
1) = L3(1) — )
12) = 5 (1) + [1I))
(*] |\If> = C1|1> + C2|2> = CI|I> + CH|II>
|II> (4] 1 1 -1 CI

Co B ﬁ 1 1 CH

—
!
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Theorems Hermitian P nmutato ion spin Ferm

Double States of the Ammonia Molecule

o Base states:
0) = ¢1|1) + 2|2) |¥) = G|T) + CulIT)

@ Hamiltonian:

([ E 0 . [ B -A
H‘(o EQ> H_(—A E0>

@ Evolution of states:
if [W,—o) = a|1) + b[2), then |U,) = aeE1t/|1) + e~ E2t/h|2)
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Theorems Hermitian

Double States of the Ammonia Molecule

o Base states:
0) = ¢1|1) + 2|2) |¥) = G|T) + CulIT)
@ Hamiltonian:

([ E 0 . [ B -A
H‘(o EQ> H_(—A E0>

@ Evolution of states:

if [W,—o) = a|1) + b[2), then |U,) = aeE1t/|1) + e~ E2t/h|2)
o if the system is in the state |I) when t = 0:

Weo) = ) = L1) + L2, %) = GO + GBI

CI( ) e IEgt/ﬁ( iAt/h +e :At/ﬁ) iEot/ﬁ COS(At/ﬁ)

Cu(t) = Ie_’EOt/ﬁ sin(At/h)
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Double States of the Ammonia Molecule

o Base states:
0) = ¢1|1) + 2|2) |¥) = G|T) + CulIT)

@ Hamiltonian:

([ E 0 . [ B -A
H‘(o EQ> H_(—A E0>

@ Evolution of states:

if [W,—o) = a|1) + b[2), then |U,) = aeE1t/|1) + e~ E2t/h|2)
o if the system is in the state |I) when t = 0:

o) = ) = 1)+ 12, %) = GO + Cu(B)I)

CI( ) e IEgt/ﬁ( iAt/h +e :At/ﬁ) iEot/ﬁ COS(At/ﬁ)

Cu(t) = ie”Eot/hsin(At/h)
o |Gi(t)|? = cos? 4 = (1 + coswpt)/2,

|Ci(t)|? = sin? Aﬁt = (1 — coswypt)/2,

wo = 2A/f7
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SM Hu Quantum Physics



Theorems Hermitian P nmutato ion spin Ferm

Ammonia molecule in a static electric

If we apply a small electric field €:
@ Hamiltonian (using bases |I) & |II)):

o Eo-pe A
€ —A Eo + p€

o £y =FEy— A2+ 12€2,  Ey = Ey + /A2 + 12 €2

o If the applied field is weak,
Ei=E-A-L%, E=E+A+L%
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Theorems Hermitian P nmutato ion spin Ferm

Ammonia molecule in a static electric

If we apply a small electric field €:
@ Hamiltonian (using bases |I) & |II)):

o Eo-pe A
€ —A Eo + p€
o E1:E0—\/A2+/J,2€2, E22E0+\/A2+/$2€2

o If the applied field is weak,

2@2 2@2
EIZEO_A_#QTV E22E0+A+#27A
@ Force on the molecule, Polarized beam:

F=lLve?
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Theorems Hermitian P nmutato ion spin Ferm

Ammonia molecule in a static electric

If we apply a small electric field €:
@ Hamiltonian (using bases |I) & |II)):
He — Ey — p€ —A
€ ~A By +pu€
o E1:E0—\/A2+/J,2€2, E22E0+\/A2+/$2€2
o If the applied field is weak,
Ei=E-A-L%, E=E+A+L%
@ Force on the molecule, Polarized beam:
F= ‘Z‘—AV@

12)
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@ Basis states: [1), [2), |¥) = ¢1|1) + 2|2),
Time-dependent S.-Eq:

ITIQ 1 _ El Xe¢ 1
ot Co - X¢ E2 Co
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@ Basis states: [1), [2), |¥) = ¢1|1) + 2|2),
Time-dependent S.-Eq:

ITIQ 1 _ El Xe¢ 1
ot Co - X¢ E2 Co

o Qwo=(B—E)/h a=n()e BV o =()e EHP
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@ Basis states: [1), [2), |¥) = ¢1|1) + 2|2),
Time-dependent S.-Eq:
ITIQ 1 _ El Xe¢ 1
ot Co - X¢ E2 Co
o Qwo=(B—E)/h a=n()e BV o =()e EHP
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Theorems Hermitian P nmutato ion spin Ferm

*Rabi Oscillations*

@ Basis states: [1), [2), |¥) = ¢1|1) + 2|2),
Time-dependent S.-Eq:
ITIQ 1 _ El Xe¢ 1
ot Co - X¢ E2 Co
o Qwo=(B—E)/h a=n()e BV o =()e EHP
° fh% = X@(t)'yge'_"“’ot
/ﬁddit? = X E(t)y, evot

@ Periodically oscillating E-field: & = &g coswt = Eq(e¥t + e~ 1)/2
Rabi frequency is defined as: Q = X¢&y/h
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Theorems Hermitian P nmutato ion spin Ferm

*Rabi Oscillations*

@ Basis states: [1), [2), |¥) = ¢1|1) + 2|2),
Time-dependent S.-Eq:

TIQ (5] _ El X¢ C1
! ot Co - X¢ E2 Co
o Qwo=(B—E)/h a=n()e BV o =()e EHP
° fh% = X €(t)ypewot
/ﬁddit? = X E(t)y, et
@ Periodically oscillating E-field: & = &g coswt = Eq(e¥t + e~ 1)/2
Rabi frequency is defined as: Q = X¢&y/h
° Im — %72[ei(w+wo)t+ e—i(w—wo)t]

dt

,% _ %’71 [ei(wfwg)t + efi(w+w0)t]

SM Hu Quantum Physics



Theorems Hermitian Pr 3 Commutator spin Ferm

*Rabi Frequency*

SM Hu

um Physics



Theorems Hermitian Prog tes Commutator R ation spin Ferm

*Rabi Frequency*

@ Ignoring the elwwo)t torm: Let w — wp = A, then:

i Q —iAt 2 Q iAt
It = 32€ T2 g = 32¢ N
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Theorems Hermitian Propertie ates Commutator Re atiol Ferm

*Rabi Frequency*

@ Ignoring the elwwo)t torm: Let w — wp = A, then:

I% — %efiAt,yQ’ I% — %eiAt,Yl
o If vi|l=0 = 1, Y2|t=0 = 0, define W= +/A2 + 2, and we get,
P+ =1
vy = e A 2[cos Wt + 12 gin W]
Yo = fi%e"m/z sin %t
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*Rabi Frequency*

e Ignoring the @ two)t term; Let w — wy = A, then:
a1 Q —iAt dys QAL

Fae = 2¢ 2 Fae =2¢€ M
o If vi|l=0 = 1, Y2|t=0 = 0, define W= +/A2 + 2, and we get,
P+ el =1
M= e"At/2[cos Vgtlj/_ 2 sin W]
iAL/2
Yo = —isheAt/2 sin W
° POSSIbI|Ity of system observed at |2) after time t:
P. Sl 2M7$1—C08Wt
2= 2 T W2 2
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*Rabi Freque

e Ignoring the @ two)t term; Let w — wy = A, then:

e, 2R = fei,
o If vi|l=0 = 1, Y2|t=0 = 0, define W= +/A2 + 2, and we get,
ol + fpaf? =1
v = e_iAt/2[COS Wt 2 sin Wt
Yo = f/— eAt/2 gip V;/

@ Possibility of system observed at |2) after time t:
P2:972 s 2 Wt il—COSWt

w2 S 58 =z 2
@ A = 0: system oscillates between two states with Rabi frequency 2
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Theorems Hermitian Propertie ates Commutator Re ation s Ferm

*Rabi Frequency*

e Ignoring the @ two)t term; Let w — wy = A, then:

d’Y1 _ Q _—iAt Ay _ Q JiAL
IQge = 3¢ T2 Fge =2 N

o If y1]i=0 = 1, 72]t=0 = 0, define W= +/A2+ 02, and we get,
71? + 2? =1
= eflAt/Q[COS
Yo = —itkeAt/2 sin Wt

@ Possibility of system observed at |2) after time t:

P2 _ QWQ sin2 % — QW2 lfc;s Wt
e A = 0: system oscillates between two states with Rabi frequency Q:

Sln -5

wt + iA Vgt}

05 1 15 2 25 3
t(xhi2u E)
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If Fis Hermitian, then YU, Fe R

Hermitian EfEFR—S EHIESESRRLE

A
F = (¥, F0)
(Fu, )
= (T, Fo)*
- F
BN
F ¢ R
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If Fis Hermitian, then YU, Fe R

Hermitian EfEFR—S EHIESESRRLE

A
F = (,F)
(Fu, o)
- S\II’ v) e Fis Hermitian.
- F
-
F € R
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appendix Expected Value of an Hermitian Operator Eig

If Fis Hermitian, then YU, Fe R

Hermitian EfEFR—S EHIESESRRLE

A
F = (¥, F0)
(Fu, o)
- S\II’ v)* e Fis Hermitian.
= F o (6,0) = (1,)"
—
F € R
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appendix Expected Value of an Hermitian Operator

If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o RIEXN: V¥, F=F
& (U, F) = (¥, Fp)*
= (Fu, D)

CENTIEK

F Hermitian

< Vo1, 02,

(01, Fp2) = (Fob1, ¢2)
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= (Fu, D)
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F Hermitian

< Vo1, 02,
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If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vo, (v, Fp) = (Fy,v)
o BNE2HI: VU, F= F

& (U, FY) = (U, Fo)*
= (Fu, D)

CENTIEK

F Hermitian

< Vo1, 02,

(01, Fp2) = (Fob1, ¢2)

o B ¢ = ¢y + cpo fAN;
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appendix Expected Value of an Hermitian Operator Eigenv

If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vi, (¢, ) = (F, )
o (¢1 + ¢, Fp1 + cFs) = o BIEN: VU, F=F
(Fpy + cFoa, ¢ + cipa) < (U, FO) = (¥, Fu)*
— (F,¥)
CENTIEK
F Hermitian
S V)i, 92,
(01, Fp2) = (Fob1, ¢2)

o B ¢ = ¢y + cpo fAN;
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appendix Expected Value of an Hermitian Operator Eigenva

If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vo, (v, Fp) = (Fy,v)

o (91 + oo, Fon + cFn) = ° BISAL v F=F

(For + cFoa, b1 + o) = (A\Ij’ F) = (2, FE)”
° £ = (¢1, Fqﬁl)*Jr | (62, F) + %&:EII}%’\P)

c(¢1, F2) + c*(¢2, Fo1) F Hermitian

B = (For,¢1) + | c]*(Fd2, ¢2) + & Vo1, ¢,

c(Fé1, d2) + c*(Fda, ¢1) F

(61, F2) = (Fpr, ¢2)
o B ¢ = ¢y + cpo fAN;
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If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vo, (v, Fp) = (Fy,v)

o (¢1 + cpa, Fpn + cFpn) = o BIEAN: VU, F=F
(Fopy + cFoa, 1 + cia) & (¥, F0) = (¥, Fu)*
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Ao, F?Q) (@, F¢}) F Herm.itian
B = (Fp1,01) + | c[*(Fa, ¢2) + & Yoy, b,
c(Fé1,¢2) + c* (Fda, ¢1) ;

(61, Fpo) = (For, o)
o BN ¢ =1 + cop AN
° (¢>1,/::¢1) = (/::¢>1,¢51)}

(¢2, Fp2) = (Fopo, $2)
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o (¢1 + cpa, Fpn + cFpn) = o BIEAN: VU, F=F
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—c*[(¢2, F1) — (Foz, 1))
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If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vo, (v, Fp) = (Fy,v)

o (¢1 + cpa, Fpn + cFpn) = o BIEAN: VU, F=F
(Fopy + cFoa, 1 + cia) & (¥, F0) = (¥, Fu)*
o I = (¢1, Fp1) + |c* (s, o) + %ﬁg_‘l’)
Ao, F?Q) (@, F¢}) F Herm.itian
B = (Fp1,01) + | c[*(Fa, ¢2) + & Yoy, b,
c(Fé1,¢2) + c* (Fda, ¢1) ;

(61, Fpo) = (For, o)
o BN ¢ =1 + cop AN
° (¢>1,/::¢1) = (/::¢>1,¢51)}

(¢2, Fo2) = (Fo2, ¢2)
o cfFR Blc=1,

o cl(¢1, Fha) — (Fon, ¢2)] =
—c*[(¢2, F1) — (Foz, 1))




appendix Expected Value of an Hermitian Operator

If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vo, (v, Fp) = (Fy,v)

o (¢1 + cpa, Fpn + cFpn) = o BIEAN: VU, F=F

(Fopy + cFoa, 1 + cia) & (¥, F0) = (¥, Fu)*
o I = (¢1, Fn) + |c* (s, Fo) + %ﬁg_‘l’)

Ao, F?Q) (@, F¢}) F Herm.itian

B = (For, ) + |c*(Fb2, 62) + o V. b

c(Fr, ¢a) + c* (Fa, 61) (61, Foo) — (Fb, 62)
o ((¢1, F¢2) - (F¢1A, #2)] = o Bt = ¢ + cn FEN;

—c*[(p2, Fp1) — (F2, ¢1)] o (¢1,F1) = (Féu, d1);
o (¢1, Fqéz) - (F@,d)z) = (o, Fdo) = (Fba, 2)

—(¢2, Fo1) + (Foo, 61) o s cfEE Hlc=1,




appendix Expected Val:

If VU, F= F*, then F is Hermitian.

ue of an Hermitian Operator

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vi, (v, Fpp) = (F, %))

o (¢1+ C¢2A»7E¢1 + cFgs) =
(Fo1 + cFda, p1 + c2)

o £ = (¢1, Fp1) + |cl*(¢2, Fo) +
(o1, ngz) + c*(¢2, F¢})
EAZ (Fé1, 1) + |c]?(Foa, ¢2) +
C(F¢17¢2) + C*(F¢27¢1)

o c[(¢1, i:¢2) - (i:¢1: #2)] =
—c* (P2, Fé1) — (Fop2, ¢1)]

o (¢1,Fps) — (For, o) =
—(¢2, Fo1) + (Foo, 61)

o RIEXN: V¥, F=F
o (U, FU) = (U, FU)*
= (Fu, D)

CENTIEK

F Hermitian

< Vo1, 02,

(01, Fp2) = (Fob1, ¢2)

o B v =¢1 + cpo FAN;

o (¢1,Fd1) = (Fo1,01);
(¢2, Fo2) = (Fo2, ¢2)

o s cfEFE Bl c=1,

o Hlc=i




appendix Expected Value of an Hermitian Operator

If VU, F= F*, then F is Hermitian.

MR BREEES LRIFIEEESLE, XNEFFE Hermitian

o Vo, (v, Fp) = (Fy,v)

o (¢1 + cpy, Foy + cFopy) = o RIEXN: V¥, F=F
(Fgr + cFa, d1 + cio) (¥, FO) = (¥, FP)”
° E=£¢1,i:¢1)+|c|f(¢2,i:¢2)+ é&?}%’\y)
c(¢1, Fg2) + c*(¢2, Fo1) F Herm.itian
B = (Fp1,01) + | c[*(Fa, ¢2) + & by, o,
c(Fo1, ¢2) + c*(Foa, 61) (61, Foo) = (Fé1, do)
o c[(¢1, Fo2) — (Fé1, 2)] = o BY o = ¢ + coo FKN;
—c'l(92, For) = (Fén, )] o (61, Fpn) = (For,1);
® (1, Fo2) = (Fo1, ¢2) = (62, Fo2) = (Fgo, 6o)
_(¢2aF¢1)+(F¢27¢1) ° ';c{i%,ﬂyc:l,
o (41, Fpa) — (For, ) = o Hlc=1i

(¢a, Fpr) — (Foa, 1)




appendix Expected Value of an Hermitian Operator

If V\If l_-_ I_:Sk then i-_is Hermitian.

SLE, XANERFE Hermitian

o Vo, (v, Fp) = (Fy,v)

o (¢1 + oo, Fo1 + cFoo) =
(Fpy + cFoa, ¢ + cipa)

o & = (¢1, Fpn) + |c? (42, Fo2) +

(1, Foo) + c*(¢2, Fr)

B = (Fo1,01) + | c[2(Fpa, d2) +

c(For1, ¢2) + c*(Foa, ¢1)
° c[(¢1, Foo) — (Fon, )] =
*[(¢2, Fp1) — (Foo, 61))]
° (¢1, Fdfz) - (F@,d)z) =
— (o2, Fé1) + (F2, 1)
o (41, Fd2) — (For,d2) =
(02, F¢1) (Fpa, 01)

o (¢1,Fpa) — (Fo1, ¢2) =

o RIEXN: V¥, F=F
< (U, FU) = (T, FD)*
= (Fu, D)

CENTIEK

F Hermitian

< Vo1, 02,

(01, Fp2) = (Fob1, ¢2)

o B v =¢1 + cpo FAN;

o (¢1,Fd1) = (Fo1,01);
(¢2, Fo2) = (Fo2, ¢2)

o s cfEFE Bl c=1,

o Bl c=i




appendix b a e a Eigenvalues Eigenfunctions of an

Eigenvalues and Eigenfunctions of Hermltlan Operators
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Eigenvalues and Eigenfunctions of Hermltlan Operators

[EAREFFHNAHER ST
Fém = fm®Pm, F is Hermitian,
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Eigenvalues and Eigenfunctions of Hermitian Operators

[EAREFFHNAHER ST
Fém = fm®Pm, F is Hermitian,

EXE R T AR AN AL RSIER

° Z:¢m = fm¢m
F¢n = fn¢n
i 5= 1
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Eigenvalues and Eigenfunctions of Hermitian Operators

[EAREFFHNAHER ST
Fém = fm®Pm, F is Hermitian,

KB R B TR RAME B A E A ER
° (¢m i:¢m) = (¢m fm¢m) =

AN o o s
i:¢:: fnn;bnm
i 5= 1
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Eigenvalues and Eigenfunctions of Hermitian Operators

[EAREFFHNAHER ST
Fém = fm®Pm, F is Hermitian,

EXE R T AR AN AL RSIER

° ((]5,,, i:¢m) = (¢na fm¢m) =
frn(Pns Pm)

(*] (i:¢n,¢m) - (fn¢n7¢m) = ° il::znm::ggim

ﬁ;((bna@bm) = fn(¢na¢m) fm # fn
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Eigenvalues and Eigenfunctions of Hermitian Operators

[EAREFFHNAHER ST
Fém = fm®Pm, F is Hermitian,

EXE R T AR AN AL RSIER

° ((]5,,, i:¢m) = (¢na fm¢m) =

fT(¢n7¢m) ° i:¢ . f ¢
o (F¢n’¢m) = (fn¢n7¢m) = i:qbnm:_fn’:;snm
ﬁ;((bna@bm) = fn(¢na¢m) £ # f

° (¢na i:¢m) = (i:¢n7¢m)
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Eigenvalues and Eigenfunctions of Hermitian Operators

[EAREFFHNAHER ST
Fém = fm®Pm, F is Hermitian,

EXE R T AR AN AL RSIER
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Facterization method, Schrédinger, 1940

5 210, .- DRI
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