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* The Stern- Gexloch exferiment chowed o olisertle J‘/)eC‘/flM

of qmyuiow Mo men

in

/-&fe;ne odgob os Coi, G]=ibegnlc  LLi 6] =ifeu Ly,
s0 § omd L howe fhe soume regresen tokion.

C Lk 15,05 be a gpin egenifate :
5 S 5o = slsintils, e and
L ¢ g hale-infeger ;¢ 5-5 -5, e, 500,58

- The Hilberf space of a spin-S pewﬁcb ] L"(f)@([z‘m:

b oumjike Gr T o L, the folod volve s camnol be Changpeol
Ls iy an intnnic ’)a,/h'c(e pm/?e/fy.

" Yin-0 povhicles owe wlled scalows (bosons) Hence theve o

on'g one sloke 0,00 whichy qmg'?ezufmle of any whofion ( '}/llen'tqj“/

218,07 =0k, o>



“Spin-Yy partiles hone 2 orthogonal stekes : 15=11,4>, (=114
‘90&9onal'c spfn-'/z chode 1y (WD= o> +b(0 wilh log2e161%=1
L modrix repe: ¢ :{mls@m <Mw>> _ /! o>

2l s/ e
b likewie S (5. «5)/2 , fyf(f‘ -$-)/2

> G510 S (7))
b e wrile §= Lo where o ore the Paul Gpin madricer
A :{’l‘n-'lz f)MHde hos o m“}"d'ic °(4hale momend /g =b’£ Sheve

X s the gyfo./m']‘v\a‘ic (okio §

b padicle precesses in o G -Erad with auguday  velocit Iff
W= ¥ whae w & the Larmor fiegongy

L the ()M-li'e it Gyed , He Hamiltonian v pj=-75-6 = -y,
br o B-Gobl in the é\ dicechion. Thiy & He comect H baaue
Do r WA 5T- FEL65) MR o ek,

L He ,ow/f'l'c'e e fm%};//y have it spro c,,l,,/ueo( q/(ang
gome  axts 0 ’/(u‘necom, anéany cos &) ~
0-5100>= 105 o 0> = e, 2 1™ Gin 2 1)

L ‘HMS ttode evolves ag "\1\(#’))=U(Hlnﬂ>. This vecovers
the clagncod resudf |

-With o rofw"l.nj B-fiedd e can jnoluce prec=siion afony «
Mfbepent axis. [e-excitotion proctuces cocliovhion, whith o
com obyewe. This w hew MRT works.
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'S{)in‘i PMHC‘CJ hone g e(%(J]oMA J-}w("q;
[+>= [1,1>  b>=11,0> |=>=I1,-1>

Qrbital omgilay_momontum
L, m>= LOLH L, mD Lalt,mY = mB] m)
L Hhede e?7wsl'w‘e1 mey ol e e4'7evu4'=J-e,f of V.
L citculow fromilobions through 27 Jesne fhe stke
wy\clf\amyeo( (wlike br rolefiond)
eoZtn’;":/'F [L,m> = e 2T Ly = [(m>
= méz, Lell, (v Lw{ﬁfnfe;ez/ﬁ
< In po,n'h’on space L=Xxl==hxxv
P {3 L 1Y = -2 d -y 2) W) = ~1F g X)
b Hhe oigenvalie equation is (X[ Lajlmy= mi <Xl

= (W 2) =15, (n8)ei™?

b rochiol a(Q(’ch cam e Awivek by CeMM&rfng the

ochon of [, on the Ai?h"”' wery hi s Fafe
?

Ly=lustily, =2 teiw(f& ! .'co#e&¢
Ly, =0 = Wi (1) = R()sin'e eV
Ly other eigenstotes cam  pe conshucted wity, L - , Jiviag
He gpkefl’cou‘ owmonies Y. (6, ¢)
'9 w/w‘u/ (Jovfﬂy’ Yf(—g): (—I)L\{:"/)f) (i-e ewm or odd with l,)



ﬂ\e /$O1Lfo_pic Ckeil lodor

‘Congickr o scalav fa,qqcle in o conpal l,o,le,\fu'q,(
H- 2 vy = &5 2 e

om 2o mM(xP

B [H, L)1, L] =[151.] =0 <o we 1, Lms o
basis. n for ememy eqyvals, L br LY m bor L.

L’Wjj levels must fe 11\0(!/6"0‘%4!" of m ) LH/ L;]:O

L we fhu expect 2L+l o‘eymemcy fom chawing L,

L in geverad, omergles oo dyord on

© Some  Hown i | fonioms (defercang on V] may howe furthes

ok gon &facies. TE the alpeben closes, ye [1,Q7 = ol @, them

we hoap o c,(y\oum{cd symmaHy

* The 3P |‘3°|fo‘)ic hoavmonic ascillafor s the Suam of 3 1P QHOr

with the same (Ie?mcy: Hz H, *HJ + H,

L laddhrs same a5 17 exeept vecha = \/’ZL.:../("'WK*‘f)

O (4t a)= 5 4,4 LAt Ao

S H= tw( A4 +3) . |

> nergy Cisonshia ave 103 [ 1, n,>x @) (#)(4L)

lo)
Jne! Ny In,

(I\/+l X x| xxxlx

b E, = (nesnyinat3) oy
L>He obgenemcy is (Ivn)uvu) )

Nz

Robert Andrew Martin 2021

Lmuch loger #an He 2t e expect, mesming thal- Hhere 1)
o Hom Jwt cototional Symmebry
”\C ,ao{—/a‘ou oc hal |nweyiance o ™e Corm F —)u. Vo whove_

Wi; 15 & waitavy mafrix (nal-oamhr) thet mutéJ fhe
[aﬂleM compments of A’ A

L f‘\f//f U“.J"J a wa‘l"mm opeym‘of U(!{) - lH-/E r,
oamdl it com be thowa that T = f}’r@é awel thal T

s comsened hiw[T.g, Hl = (Al A, A < 0
L to exf;ﬁu'f’y ind Symmctries, clecompose T
trace othymm&ﬁy Iymm&lvq
L0 Lk e (28 i)
J ) d
H (wiwat) L =-i4(a"x4) Syrabey mixing X, P

Isoho pic oscillador in rPMri@é coovipade s

- We can analyse the ijotopic osc in phaviol covnlinater rother

HWW"CJMI, i€ lb’l,(—,M> nstead of /ﬂx,ﬂy,ﬂz>-

“lek fr=({-f0 0 f)/z be the chal momentum opeqakor, R= 1Y)

Hin > = ( E 2,4;;‘ _;,Mm?) (0,
= (_‘0,( uzl';i\:‘ + ‘r‘w p'l) Iﬂ l,m) - HL /ﬂ,l,m>

L H, is the mdial Hamillonian for a pavficular L erpentate.

p—



LaLﬂlpr] = 1R, s0 bohaves Just like shamdavd X, P .

" Totroduce  ladder . 0, (Le)t
e s [ 2 (et )

= H,,: tw(Af/lLdr.f)

SHund = A(Mi-Fw) 2 Huyy (BUED) = (E-ke)AIES

5o aglyny A to [E) crekes a dfe with lower eneggy bt
with o radhal wavefyunchon congiy bk with greader |*

b bt [lfz, AL] 20 meams that A does n_atgﬁw_{ éz,

laCaMldavr@ the norm: %\/—L- '5 - <EL(AL*ALIEL>=”ALIE;>HI)/0

= (szr\: E/tw ';z
“The stokes of period pmsular momontma of & given eatrgy
hoas Atwos [Etrer ) 0 5o e sadhad worlme bon obeys

! woe
3‘/(*’("’ l'~_;' fl‘/t%r) (r‘ELMM> =0

D LrlEay = (™ e-rl/‘mt/ o =f2%i
L> this i§ fhe ziuw\\'um e:iw;dwlw{' of a cinwlar orbit, fuf it
SH“ hag nonerp r\aol/lu KE
L> cn obtayn eccenttric or bits by ac/-l}y with At
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Quloml) go"wﬁa/‘
"n Qs on'v fhe l‘jo‘fﬂrlk os¢ omd Cowlamb pow‘enha/ hewC dynwm/cal

Symmetyies.
it & "Gy, Entm = " 0
L [(glr\‘_l £ red eneryy, Légﬂ, ---,f‘-‘z 0 eégcmc.mqy "
@) =n
L Hs e degeneracy ek clwicn/ly adso .
“In o closed kepler o/bit, constomt L conlines the otbit o o
,olwvle, bd F i5 Hhe conderved Iéumjrl,emz vecfor thal ¢loges

X r

dhe orbit, - J - % X
L
Ir]

L ,v;llz K+ :TE“;P amo( €= %
L> fV\ QM wé OQﬁ"f _ﬂ‘: Z-If;\(fx_"_-l:xe)'k 7%:'/

-—



Addition of Anjw{w/ Mowen]o

'C[wically, Ow\yulw mOmeufa combine ol !w = {.. + {; :
[al-lal ¢ Dol ¢ Uil +132)
Congidr o 2-patitle quantuw sy tem; powtic les hwwe momemto
Jijo ond ependtafes Sl e Sy, M7
B a fasi of the compesrte system s flj.,m.> @ IJ',,ml)j)
LS e want to better wadersbund the folal amgulo momesfun
‘We i the cemposﬂc mywlw momentimm ope/o.,l-ar ag:
I=3r2 , T'= I~ 23T
) 2" B = TisTex "-71,.7:3*'71;\71;/ rewrife with ladsx
= g—zz I,z "?ll y - t0-Tos +2 T o2
* Consicew e stuke  1J,,)0 10220, ie bih subsgalens mox aligned b 2
B T (1> lieied) = Gorg B 150> 1o s
L T215,,00 1 j2>) = Goeg) Qoo +181§, 50 ey 2>
L hence |J,,J.>|Ja,jz> = IJ,J) 5 Jhe max J' e,}mqfa/c of
the tobd syshem with Q‘ymvlllﬁ(’ )2 I F )
Othes 64‘7071\)/“’4&! comn be 7!:/46’0«1?0( with the otel lodh, J-=7T,-+F.
L T1),52=05 1j,-0
L e con cquivalently expand as T-d :(l'*JZ‘)(|Jn;Jn>|J*/Jz>)
L>°«u of thete q\gwc!/'ufed have J.:J" +J’2/ 50 momemlto. owe S/l
moq(;maay alﬁ‘yncd, le- nok olong  Z.

* I the iﬂwﬂd _dﬂk, no or bkl W"?‘da/ WMom
Moimally aligned tlote s [1, 1 = (e 115
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- There owe alio dodes with mperfecHy aM;nc’d wbsgikemy, €5 1)1, 15
5 T =1, 1> = Chrda ~DF 1j=1,5-1>
b cam fin [J=1,)71> by writing as o LC of bais Shat,
j=t,5=1>= algy, =13 hegia? > blji, 3> Us,0o->
b oob can be Gund by erH\ojonalfw: <, U-n,J-n) =0
G be olopicled 7m«ph'cal/5 oy olofion cwound gemicitcles, with radring
dorrmrel by the total ongudar mam .
[,)>

\J_
% lower totaf
- owulas mongntvw

S

* The Clebach ~Gordan coefficients give the prb amflifudes that when
the dohol sytem it dhade |, m>, the swlyskems ane in (),,m>

b2 [ G G o) = & (Gm> L)

yshiogen

Szl

L 11,05 = T-11,1> = 4 (Welrd, + 1M ¥dp)
L |1,-1> = J-11,0>= 1V,
L all sfodes ove exchange -symmefeic i we iwap p e



- l0,0> ouawinei@ orﬂoyandi/y-, £1,0l0,05 =06
D 0,09z h (1Ll ATeld)
L shake. how MHJVMWWIL wedor exchange.
D ke amiholoded by T2, Ti, 7,

Coﬂlﬂwrl:!on !dtftk! the (lq&If(ni UMI}
'Clauimﬂlh we. uped' J b /M,PT from “,‘Jz/ %J;YJ}.

bthe bl mumber of shdes & STy Lo L)), )

s=bimdal
5 thys aglec) with the J/‘mwu\onw"y of H @ H,
. Clwicq[(lh L= GEF. 2 - );l
L pdf of olignments fom area of bamol
AP = 2Mnlsingdd |y (d 3]
47 1 j 2 PTATIN
Lin AM, the fackion of ool uith come amount g of

omgwlas momandun 13 ) A g >l
(2,"+I){ljl rl) 242

D agrees with clagsical.
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/o{ﬂflﬁcou( FWHC‘&

: Fo( a 11104“((9 ;y44m, lg) eH aH, with bags [%>)w)
D G indistaguithadle porticles, exchamging |2 can only
leod b o diffapnce in tcaUAj [ Wy, %)= X1 ke, R23
L’%ckmginﬂ twice giver [, w2>= 2%, ,x20.

Exch
Ly A= 41 olesrbes besens (erchunye Symmwmetric) /H)% ;:
Ly Az~ OQJ(rl’bj EVmionj (@xchwe*mhuymm@{"/t). guom

NWmed

+ fandi’y exclngion Prl}ﬂa'ple: no twe foymions cam be (n the Same Shibe:

' ?)’ “x',(x,)z—‘“)"“o X =2 = [:ED) =0

- The S'Pl'n-Shl-ukHu Heorem cobke g spin fo exchaupe Sy wasty

L> besons e Tnleges £pin
L Gumions  hane k&»lF“M—eief a’,i/).

Degeuenacy pestive .
- Free. Eermions jn o box owe olescrited (ﬁy A=2 &

W

az| 2m

‘I the box hay srae L, fhe wovevector s I_(=i£r('\,,ﬂz,ﬂ,)
- The Paudy exclusion /)rw-Plc pleents Al W pawhitles Fom

!ih‘fng in fhe 7ram0L Shode. bl
D the Femi ey s Hhe ‘i,he.l{' filled evegy lovef £~ 5:
L)ca;h olocton occufft& a box Vn /(-—_quct with volume G‘_'_T )f

Dhr Ve, #i 6l wp s a spheve 4 [l e



' ﬂ\t ‘h'/m( anolj] " he éox o 6e ﬁwa[ 6] inkyo’w/'in) )

. I kel
K -space: - f— R Amke
EM' 0 2 G"/LF
L reduckon n bor volwme opped by oegmeracy pregae
. -OEt
Pl =~ 55

L m be wied fo model o S{—M/ wheve E;,,,u:’-?%”l

EﬁC“QMFg amol Mﬂ’y
- # 2powficle wovefunchon can be desenbed  in CoMpladive

coonlttafes . Neom = 2 (K +0G) P = b + 2
fet = X0 -6 Pt = { (£-5)
chhmye leoves M Mchw?wl, but /)M/'h,-ffom!ﬁ/md
red (om ik 0F o jwewting Fhrough Gm).
Bessie V" > (01 wer parity (amd exchange
« eguvalent to paridy on the velative componen ) the
Symmebty of exchompe obpends on (.
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T"W\Q '/no(z,'liwo@nf ﬁﬁﬁlwba/iam ﬂeory

© We may rot be oble fo amalye the true Hamillonian H,
So we cam write it o Fovmy of o nmpler mod  Howniltonian  Hy.
“hor Ae 0,0, define Hy = Ho k?ﬁ(@:/\i_a)/ =OH
L 2=0 gives fhe siomple modd ;A=) recovey Hrve Hamifoniom,
Lt And &1’7%«!"0/4’25 1E3> of H;\, we asswme fhat the
&}wal-u amol ef‘;leMQJ we omaly'-nh n A
’E?> = (AD AR+ WYY +.--
E(2) =€ + AE+ QTED 4.
L b ik HAlE2Y=E) [E2D amk compoe coelry:
e @ Hoxy= £°1x>
@ H, 16>+ aALx> = EEd> £ %D
@ Hol¥)> +orl IBY = E®|¥> + E('))ﬂ> ~E2) 00
“The z2&roth order ezwx{iom @ & the ei;enva/Mc e for owus
Sivple gaj.l"'?Mﬂ, which we Hnow °b¢7J HolENS = EnlEn> | s we
ot x> [n>, E) = En. Can thus explore how diferd
oy comechions afFfeck the p# a‘ymshl-e of Ho.
(@) bewmes  Ho[Bad + &H (a5 = En B> B>
L controck with <n| to 9ive [ <nloH nd
L ondack with  <m| 2 <nl 4o §ive | pH I ™ = CQ‘EM) <MW>«)_

EXPMO( 'Bﬂ): zl’h‘f> So (Or N non-d’rimunh) Ho N
- dmlonlr - <m|4HIn

L Cmloi s dmianin

b En’Em = ' > m#N E,,-Fvv\ I >



@ gives  Ho1¥n> v OV Bny = En [0 FELN B ¢ 5,1 |ny

A Le31?
R T

L '(V\lDH““\>‘ ) resents ayv\fm"g lbweenn 1> awd (> . Agimming

Hhis W\I‘H‘It, 6 cimilor Gor momy Im> the closesl enényy

levels (smollest En-En) condribukes most fo the /&V/wbm//)n.

Lin fhe h}ml‘h}y cage, oegenerncied ave (itted.
. provfdaot thee |« no ola?mqu-

(W\IDHIV\)

|V\(.ﬂ> '“> + ;‘ M:M E ~Em

(> +0o(2d)

mloWindf
Es(2)= En + A<n|oHInS + A* 5,.“—5”—_? ~o(23)

FI;'Q/ A 0 21

* The grog struckwve s o resdf of the Coulomb potentioq
L E, = ~/wp* %(i , where w1 5 the reguced mass amd
K= e)qve.tc 15 the Fine shuchwe cotsfant
L the g 1048 sty im@am/m/ of (,m
* To wnoerstond Fhe Cine shructue of H , we wmoke orecthions:
G reladinihe correction fo eMergy
b magnetrc Aeld

L Jaywin Aeym - ’xmcwfn}' of the /)o/mh'“( near the nucly,
‘ Wsing  Fhe relofivitic expregrion for onchyy -

E = W = /‘“ 25;' y‘,zcé

)
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(£

bwe hw hoye o ’mlwlmﬁm OHkia = ~ E;ﬁ.'e Wormd. the

Coudomb  Waumilforian
L AVlnin | ro/ﬂlimq//y wveriont g doef pob mir M%e/a/e

sfotes, so we fm wse non -oQ/mera/e Mwba{,bn Theory
l’° .5"0'/" *‘Af Erl\lvv\ = <"t"" | L\Hkm l"""‘)

‘Bualuake the comection by Wfl"l'y I Jorms of ko, V

E -zE.. Vot HYVY,.,
f\'lm <k‘“m>r\tw\ = ?.,ucl<(ﬂ 'V) >nlm - 2t ‘
D Gom the virtal Iheorem, 2R +e)=0 » E.= W,
L (V") R

e C 3'1\< “;t) This could 68 meorporaded (nfo the

‘ (ny! 2
eftective potentiad . Vore (r) [ ( “) ‘ o;_t ) 1%{, ’1
- ﬁ’- cuw H) e 1
2m 7 <ur{0

' ? a
b Eall) ==} poe (T DEattest) =- 3 [@fm 2—3

cen)? ).,
bk ELQLH) = = B0 = B0+ Ly
L colleck ferms, a) ;( ®
v Ent = - gMe (+4 7!),,4

- A c‘\‘\»’?ea( powticle in Fhe Cawtamé Giedd e#pu;wce; a G-ciold

B=- % wE ‘Wﬂ ('hm lxl) <ﬂr£.,,wl T"F (wing p=5pv)
L the election has (/nl't?nd'uc ohpole no menf 2,u S , whidch
Couples o the F-€celd leadmlo {u a 5/m-of6d’ cowf/lg ceriection:
DHs = - 558 “rie T
LLs= 2(P-2-5)= LShnjm (> = -(jljw)-tll*/)-?)In,J',mJ,(>

L E,f-" = il |OHp| mL)y = - 1 €
)L J | Jol J Mcz 4”& g‘(L+l])E(l1P>"Jl

-



2
e know CbH) = -i0(" ”"f“” 4;'“1) wd  <CPUD,,. =0

R’
. . |
L hiy jive) om exfr bor (lle ) gw@n we know <Txll>,u‘,
. Combininj kinetic amd inorbit coections gives

S ()]

L Grmuda holds for J =Ct"%
L fansin ferm meams i+ hololy &r (=0 also

L Gor }ea,\,w, oJ'leJ rdo.[»,m{-gc correctoV fecome  more gl
_ ) zxq
Enjl./"';/ Er‘/(”{l‘, - ;—ﬁ/‘cz

Eajy 2 -ipuic

"3 Tt
Heliwm_
GroJJ dfv«dee O{ucrl bed l'lly ' ' e e‘/@/wlbm
H - 1. - 2e ( F 6
P e T e Lind Tl &TT%, IX,
" We treak '”'e elgctron rafuiﬂm oy the W‘M‘lon.
L whpentuvbedl ;injleMm dhodes hae G, =75 re Zza(?ca,?,z = 2t !

n2

b growd choke i 1'Co? = |1,0,0> @ 1,00 @['_fwﬂ) ,
energy  Eo = 2 x(4x-B-6eV) = ~[03-Fey
* The Gigt erdew corvection \n the growmd shoke s
( e I
Eot):<?'a"”2> =4';,50(M:&|>?0

> this expectation mudt be qﬂfcr%ly .hleyra}ee( o glve:
Fl2d)z-dcmeet (1= %1 1)
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%WQ‘Q MW')JIM ﬂmoﬁ

clu.,%

ke/
Porkubing o ode with degenemcy con lead to huge %5:;
chonges in the mt‘m‘a /mwfn)ﬁ//m,o. bood w by, NG

‘n7> ‘l’\) r MJ" (W“ @/ E,-F,. 20 é)ro(ema#p J‘,WLQJ‘ ’

© Congidey o Swhypace W H _cpowmeo( by degenorate dfates of a
‘Jw/hm/'wr gy wit H, ie Vi ew, HolWd>= E.)¥)
L (of §lr~>3,':, be an orthonormal basis for |/ amd olefine the

N

projeckon operator P * H=> W | P = 210
L also dkhine om ortheonsf complement fo W ay
Wy = $1% e : &¥im=o, Vivewg
ony with a P ector Pr= |- Pu
L projeciors oley the intuilive colodiong: P =P AN

l%_fl'ﬂce w o‘eé’ﬂed by H"/ A/Lb th [Hﬂ, p“l]:[”o’ PJ,]:O

“Congider om eiyonslate of e perhubed Hamiltonian ame jnsert

11.; = Pribe : Ha "W;)’ EC) )
> (W, rAoH-€CQ) (Pr+bu) | V> =0
D (Ey-EQA) +7200)Pu) W) +(d, + IV -E(A)) Py 1%>= 0O

L>°°Pf!9 P and F1 fo fhe k@t fo got 2 simpler ey
(Evo ~E€2) £ D0udW) bl M> + AR 8M P11, > =0

( Ho t 201 OV ~E(D) PL1V;> + A& Vbul V> =0
L tow expamd 12D =l MO 15 4 and  E)= FOraEDs

for o zemdh onky egenhbe (X0 €W with ejanale E)= E,.
L bint oroler:  (PwoHA) [0y = £ a)



- We wwst fhaetre cheoe 10> fo alio b am eifm\)lm‘e of
Pwole | ie an e,,',g,,dwe of OW ithin the Mbgace W
L>in prackice, easier o olimjonul:be in Jubspace.
L G"mﬁnj Ly ei;eubmb §lr>§." 0of W, we rover the nontyemtvale
er pression E(N &PV b | 1) = <ripn|ry
L folhwwim thus break o&yme//wg beceune JL7wa/e, Stodes
of Mo rmay ot e degevernde shies of AN

Lok efbect
" adom in conctamt  E Eigld  (anbitranily along 2) ; mootd as
Q ferlwlm}:m AOH =elElz
- The groumd (late unaftedled fo Girel ordey :
oDy, = 10,01 2]0,0,00 =0 by parity
 The n=2 levgl has genoracy 4 :
W= Spam (12,005, 20115, 12,105, 12,1,-1))
L pavity implies  L2,Um [ 2] 2,4m> 20 pmless LU odd
L (L,,2]=0 = Q,0°12(2,1,) =0
D o within the gorerabe suhpace W, the madriy Omonts of 2

. o 0

SlMP“‘? to: O =elEl [ 9 o %g , ao,0l212,1,05
a o 0 ) :_3%
oo o o

- The Pa,}wlm‘ian has Cigonstodes and eymvalue oy Gllows :
3¢ [Ela, o o -ZelEl 2o
JLz( 202 -124,07) | 121D, 12,1, >, 3',2( (20,92 -12,1,0%)
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L the degoreracy bebween  12,1,15 amd 12,7,-1) has not been
li€ded becauwse fhe perdus bation  ha (Mi)_,}/mme/r/,

L fhe ofter crafes represent bformed orbits due to the Lelf A tiny
field 3y swtbeiot 4o Jdoform orbits amd liEt +his portudation,

L the 12,0,05 gtale s nomwdy mebagtable pecamse fuo  phofons
it be emittel  fo get [1,0,05 (fo keep L condtant]. In the
predince of om E Eidd, it becomes much bis stadle bemuse of
the mixing with 12,705 (cam obcay with one phofon).

"The grownd glafe & nondgenombe with gl) =0 , but the sjote

18 peshwbed ( (luaol/mll( Sowk eFQCf)

[ = '1/@/‘» *QIEI §§ S <M” (n, Lm >
n=2 =0 m=1 E, -En

b OV\'y stodkes Loith L=l,m=0 unwive

L the perturbation of the rowmd stake s inteprebal as @
o poluviodior = the el fnouces am eockric olpole
mement [) =€l f)y = X E with p-/wl‘ddlll'/y X

X =-26 5 (£1101212,0,051% _ 9,3
h=2 g -E,, z

L s dipsle conees o 2™ ol avagy chitt E L €7l




[ime —olal{)emo(%{ Porfuibodion /7\60ry

“ln the ﬁ"\&-—o(pp(mo(@/wf cose, e wart b know hou, lopt
a quonl i system chamges (n vaponie fo a pevtorbafion
: H(” Ho + AU’) wheye Hy 1§ the Mmool Hamylbonicen
and D fhe fnmeﬁléfw‘m‘ fertun bak ion
Vs the eigoniiafes of Ho as a bayis - E
Lo goeml shibe § fhn (V) = Z e oy |nd
L)mefﬁcf&ll:r 0 hove Hme—aQ/mche olue o the /&’ﬁwﬁd"h
L Gom the THE, iRy foe = HO W)
> f(anE,. '#qn)c.eﬂmy‘ Sz 5@,5 +alh) e SN In
Ls controet with (k|
> ihaxlh: S anlile <kl plt) [nd

¢ 4 ft S anltlg “EENL Lk ity by ol

(b -E)E/4
= A4k G) Ak (4

. qn #0 only fecanse of A, o we can applo
C{m (‘” ¥ (4n (‘t'o) ( Covu#) in H;e m/eym/
L) o(pane Win = (Ex Fn)/br , then the (i.,rf—::m@’ q/p/ax o

() = Qulh)s 3 [} Zathe™  ekipttins g

L€ we stavt in am @7%04% [Im>,  Qx [/o)= Jk».

‘ ﬂeéme ‘H\f fm#liﬂ'bn rofe
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: Coluio‘b/ a QHU wﬂ’h Jome éﬂe F(,Xe‘éz/zl. /F oF way

L oAy = - F f,ﬁ et ot T ki X IDDap!
= 15;«1 Fo/; T e T4
Lt Gut os, fhe Shte cam only hove franmsjtioned f

2 o
112 with amplthole  ~ ;%e &z

A commgn  example 15 o hime - fm(l,/m@ﬂ/ orton bakion

ACXP, ) cwikched on od =0 , 1€ A = g , bzo
Ak, o
L £ the SysW ety m ?4 ens ke [m>
QK(H = gl«m Y Th [ W (K/L\‘m}dél

L He prob. o € ¢ciccang the systew i sdade 1) of time £:
[an (A2 = &1 CkIB mp[? S edmbre)

Km

FC i) = Yo 3 lwehr®

L 50 (bt vy < T (), g0l the
stop fuochion' peckactation, (1) >100)= 20| Ckinim)|dlE, -£.)

b b Grot ok , this type of gertus bokion will only camic
Hamsition hebween it es okgenorke with I




i Gl wles
+ An inportad speciod aue s monochiopatic fertubodion
A(H = Ae™t v pYe™ 0

b oog bewre | sl b in (md

oy (f) - <hlolm (c‘“"“”"‘”“-n) , ChlgHms (e'““*‘””.)
kW) Hokm+o)

D oo Fo0, thee il b towmurtions to stafes K>

Ex % Bt b w‘norph'on

Ex % Eun- b sHimloted emiiion

L the dowsiton rode & fhen:

['(Im)-ﬂl«)) = %?'TI(MAIM)J2 S(EK-EM F twv)

when  eithes

CFcfmf'; Golotn e
- In ceality, the Haniition mte oloes cof incluoy perect- opita Cuctons
(d&e foun wo-/JO( needl Mm’ﬂy frcu'.re &d) . Nwwfhg[aj/ Monachramodic
II&H does not auye c«ef//eciwéle fromuitron.
“In aq 5o dropic racljodion bobh | there will be o fange of @W
from ol olitec fipns
L e the oiptle agpro x : E(H conglomt in space  ovor the 0lomy
lW”‘J“‘je =  H=Hopm +¢€EG)X
L becamse of ‘efropy , EZH =0 Noww(: .
EGIE () = & & [ e,
b ) iy the eneryy dbaity, & EH) ¢ [o ” pliw) o
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s fenking < EC)-Y o o pertusbabion:
Atz ~F [Tt (KIE (F) Ajm) dF

R A————
2 (W = % fa ﬂ;(E.’(‘h)EJ(h) " “om bt | (kI XImdRot ol
= 4e? [LkiIkmy[? (@ ’ b lomm-w)t ]
é& ﬁZ /«I‘ /(u) [ﬂ_e/TLvi(f/ O[N
"%{' ((epn-ov)

b the Jromgitin ke Hhuy olyends on the oneqy oomitty of Fhe

Geld of o pa/Htu/M freq:
{.( [m)a]m) : 11K L m>-Cm 1 [K

9 ot

+ The q(vjarrf-lbn rede l:le?ua( fo the I/,}uof/ﬂ/fl’{ M) on
rode  becamse g () Vs om evem fuackion
L oven joloded atoms may pontameowly olecay ove_
ramlom  Eluctuokions jn Hhe vocuuwm
L Eintan chaved Hhis with o thernodgnasic ol oy nf.
[~ mon =P B>k (Vi)
f K-om :/[Wl 6&—9/‘4&//\.«0
/le»-)vv\ (;r Jy)ovt‘f%eow emi sl on
i eqw Wbeiwm, Nu[Ax>m FpBkom ] =M Bon 54, R
amd %‘: * exp(hwnm /KsT) , Pw)= ,%}(ewﬂ"r—l) '
L Aron mut be iclgponcnt 9F tomp (ac it i inhinsic)

3
= K-n [»""Km) = 1%\/{&(% Bmon (WKW\)

/ (. Wim)




'On{,sg&‘aw
'fufﬁdanﬂy nery thic radhufion com jonise The n/owl/ Ma\//'nf the
Aeckron nto o contimmm glafe .
- Congiolr fhe ffﬂbalzih'#y that H adom frangitions from

ity yrawno( coke to o sk in which fhe (&ch(on A o phing
Cxllooy =™ [y > ¢xIky €= % /euh)®
L7ne\7)ecl Covdopm b /amﬁ‘b{ bor the free pM//b’P
L in the ol approximation :

A(H): e ( Rze™! + €, ze™)

L the  fraasition probabilify i thea (K12 1100
* lonisakion absorts emevgy :

[(1100) 165) = £5 67 |(k1 2 11005)* £ (Eg-E gy~ hiev)

wawl ',

*The dieenbiel privadin rfe describes the rade OF iovisadion i

Momanta 11 rom ge (‘S, L‘w(_lf) 7\5
A(1100) 5 1K) _ 254e%Eme cor’® y 9
OL'Q ﬂ’t‘?ll‘/ t’q r kJ/‘t(c

L yahid bor WO‘M]W much bagor than Fhe
Bhr mdiur Co we com agdy Vn‘pOIe agon

L bt A eml eo/louf“' ((m? hpI?‘l enouj‘l) o thet
we cam peglect the é:hdf'nj areryy Eo.
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|nferpefing M

- We May nol  faow whal slale the sylem is 10, becanse read
Syd'&m! Qe nevev com//e/eé Jiolafed .
’ fuﬂ’o‘e we Hink the ij/m coudd be n ong oF He stater
gloo? wifh  clagreal ffoéaﬁill?‘ies fx for each
O the density ofefw{'of 5 P Z A lxdex|
L') f frbjecﬁ a _dw{‘e onfo 1> with proh./él'/ff] /2
‘9§N>f o{o not peeok o kcompldﬂ or orf’\ﬂ]mw‘
» The donsity openkor s ohbival by the propesties:
“ p=pt f profubilifres ave read,
L Ldlpi9y >0 WIpeH (<D parhive,
Lt (P) =1 Swn fo ene.
A Syfem (4 pure 1 there i some (XD € H for whith
p=1x>¢¥l, ey one fu=I ,rest cve zom.
Lo theawite The shode s impm/mixea(.
5 fr o pwe shote Py do e,{?enva/ue.r awe O orl.
- ) = plo) VILE) |, g0 there i an exbon rinug Sign 1 Hhe
H&Aw&t\? eitmfﬂn o motion: ?%*) = = i;L[H//ou'U
él- for a Sy;}em oleger) besl ‘_y £, the owevayge value 0F come
ohervakle QO iy |1r (vQ) = g P o | Q | x>
L ambinahon of guanfum awol cbssicad  expeidins
L>w¢ thw never vieed |y know the stotes (x); J'UJ" fake fae




A qubt ks o 2-shde sycdemn with bagis S 15,1053
L Guty 2-toke System 1n C* com po whittn ay an LC of
io‘mh'lg omd  the Pamnli modnces e et
Pt ebe) = 1000 )
O fr i eigenvalues fo be :\mn&ya};"e, we qeed
debp= 1ll-b-b) Yo =2 lble)
L this oleGnes the  Blech spheve
L / 1 prve (6 |bl=1
L e bL=0 , P= %174 So we WMMIMQ% .;9nomm/»
© We may  want o coPy a sydem Jo that we com meniwve
M evon aspecty of it withat oistuvbing othey
b no cloning theorom = $his ij mpagible
5 conndle, some wnrtary  copying operabor  whith copies o shake
(V> € Hi onbo o stake 120 cH, (with jome tha/] phae)
C:lwaled ey oy
L (Loice) 15ies) = aelcc(wrs) = e 2(a,0) (el g
= oW = [ (O IUY* = [CoIydl= 0 or 1
L> comnot be frue Eor odd 19, ¥ e H
“To measuve the l‘mplwﬂy of & spitn we com wie the
von Newmomn entropy S(/o) =-tr, (/ Inp)
L I 557644\/0/445) e (0,7, so Sp) >0 with equekity ifF P pore
L C concowe : omtropy of combined .(u/(vsw#ew sty > o
of subygtem entvypies.  S( Tkip) > Sk 5(p)

s0 C awnol enyt.

/o
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: ﬂ\e olell.lﬂ'y o,oem!w with  Woximum (pnolomce am b Cowmd
with Lagvamge mulkipliens. Extramise $Cp) - A1~ tr )
~ten (§onp + s -25) =0 O
§2 (e, p-1) =0 @
L @ D hp el =0 > /:eﬂ-‘ 1y
b @) Eikes the constomt ¢
L> fos - dﬁ'lm 1, Smer) = In dim(H)

Enl'ungl&w&w*
* or some Hilket space  H = Hp @ Hz 0(¢~tr/'binj a :7!/&”4 ovnd

its Sumcoomoings, o chake |T2EH |y entangled i€ if

comnet be wriHem os a gimple vductd | Wo=1p>e %>

L ey bor a gwbl’\‘ = JLz [”‘) F1H) 1> 4§ pof @nh«ajlec(;
LEPRS = £ (IS - 1211 eubeaed

L ?Mluwylemwf mMmeom| Hm‘ Ju{(y;fem !‘ﬁ\/&l e caﬁM

- The feoa/ceo(oémf’] afwwér bor .rduy.(#&m A a siven 57

Lo = T, (fas) , e ‘tum over’ B .

Lan obowable nhich on/7 oé/&mé on [l hai the form G=Qye1,
and hai erpectotion  te,, 03, (Vs ((94@1@)) = 41y, (/4 Qa)

L this agrees with Hhe resud b Gor o isofatesl system.

“The enbomgloment enfropy quanbilies the ontaagloment. 1 is

the Von Nedmann 644*/0/? of the (eOluceo( Ml7y1
5# = ~den, (a /”/4)



G if lus W pure arel wienfamgled, S, =0
Ly i€ e s pwre bt fm‘Mjlea(, 5 20 evem -/Imaﬁl. Savg =0
Lo trocing ove B alo laer info about 4
" the folod  System 1 pure, he embanmslopment mlfo/y i sypomefiic,
e S5 =5,
- Unlike  Von Neymang andropy, Mhny‘wwf entopy 1 Suhacblitive :
whie s of mort the sum of pawki . Sayg £ Sp # 5
Lo (qcf Sfﬂﬂ‘/ J‘«/ﬂqﬂé’éi%\ue: Sﬁu/ﬂ/( ¢ Spvp Heue S8

Peherence
- Su.fpae the w‘wé wivee were i o puie amol Wlmh'yle"(
shte ot t=o with pO): 10> <Cl ke [F,D= 80 10>
whore 102 € Ha, 17 ¢ H,
) leJe.f fime wo(u}ion, /9 Ct‘) = Uno( ¢ /(‘7, ‘/A6+(f)
- |6 A showtr of€ as puie ond dbesn't infeack with B, Hem F rewnam,
In o pave sHoke
L j-e Hyp = Ha +Hg [HA, Hal =0 = Ung (1= Ualt) & UBG)
b then g, (1)< 1o, fas ()= (604> <ptH)]
°6€Mw‘MJ, theve will be come cowplinj, 0
o (4) = 4y (Ung (W8 <R] Uddct))
D> com think of thi in fewry of modeit elments M o (4)= Cluag (i
befueeon the origha[ stodes ouolved in hime ool bass slokes
S8 0t Mg = ()= T M) ) MitH)
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L’mAu) fs a um"wy opwm‘or on Hp
L nterachion them comse o pwe  p0) fo become anfampled.

- Congdler SyStewm 4 as qciwéil-l with  sysbew I berng sovac

wleagwclng wvulw with basis §10>,I7>, 025¢
L 6 {m'lia//;j in Shake (0D fclmlly, will C‘lWe, b (15 o [2>
ologoncling on A Leimg 11> or 1> withut _chamging 4.
L this wrlf i\a,pﬂen with come proﬁdi/i/y:
V(113 (05) = IT) (ST 105 +./7 115)
V(II>e\08) = 1Y (I5 10> ¢ J 125)
L for Jhi e,,/glw‘fom/ Mg =£BIlulos :
M, = Colvjo> = Ji-p 1a
M, = Lty = Je 1T m,= 2lvioy = fp S
bwmbl'nfnj these, /o ewolves as

( Prr /Dﬂwb ) N /1|4| (I’P),”m,)

Pur Puy (A P

L or f we chfine o /foLwl;ﬂﬁy nfe [ = //[b,
,l.m (+); I;m ( |0\’1 c_flra—‘) B (l"\,‘l o
e pﬁ' oo e-l‘{»z‘q 16’2 - o (6/2

- Hewme ewen 1€ A s fniﬁ“l/é In some 7umhm gufer/a.(ih'on,

enfewglement requlf m phase olamping : swilom i a c lasgresd
Cuperpetition  (shill probahilitic | st 7ot guambum).



ﬂ‘&ﬁﬁ&k&ml&éﬂ@,@ﬁm < fhowght exporimont
- Measwring e propesties oF one porticle evz/wi lee! it
amothey \iolatec /ocw‘ﬂ{r/ groohy aclion
- Congicley ee?t pur in the Shafe IEP/&>=!‘Q (/7')”’>’/'1’)/ﬂ>),
3[«/0. e fo A/l‘(.e Mw( C* fo Gob
L> A measmes the spin odons aris o oF hey choice. In the
Co,;w/mym ;‘n/afrdmébn, '€ 4 meaguves + 402 , we hinoy tfhe
clote coll fo (EPRY = ITa) [da) A
L g Memwc?w::,',\ of et Q/“"‘j b ﬂQTZ;'é
ljlk):coi(g)e'f’”/l/fg) ;;;,,[g)e"’”w.g
L becanse A fund € 0 [Ty B fuls & i 1Y wilh
prsb 141, 1ol = sin’(3)
“Einstern oljects that thi mewwy A com aflect B jnfontoensly
L pmfaseol Jhot when et was created,  Sowe l'/obén vovidble
ve p' uwa fived, which wm,old*/y obbevmines the resudf
o€ o spin meoyyrement alonj a
L #\Ik woulol  meam A’,g mesjusments ane corcelated co no
,(pook] action
L e P a Gmetor Se(2,V) Hot o@/@rmmﬂh'w@ aives
g+g/ -2; Uhertoin  becamie we don't koo v
“|F Hidokn yoviakble theory 1y trae, led v hae some€ classicad
prob it We owe Hhen n forested jn the ?Man/ffq
CS(8) S(8)> = [0 Gla,v) 5508,9) pty) oL™v
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Bell s ;‘negg ality

Bell e—xplweo( the a::'\fe?u&ﬂce.r o € Hidooy vawiable -’Lea/y,

© LS (a)5,(8)> hasol fs compute. Bob could choose fo mearwe

w(on] b inglesol, so consioky
Csel@)spl6)> -<Se () 5p(8) s = f,?n Sela,v)[Spt4,00-5,08, N pterd'y
L cony am;u/az/ /:amen-/m > $(o,v) PSP(Q,!);OI omd
Sp(_b,y)z = f"; ou(wm,j:
LHS = = Jen 85,00, 9)(1 - F80b )50, JJotnl'y
Elictnodes bobseen T T4
L oesult is Gell s (neguedity - §

(<sp(a)sp(8)> -<Sp(a)sptf)y | € B -LSetd)sels'))
(@M vielades Bell .‘nequa/{l_q
L cons M?MM momenfum, - ' (%Ql,o-&]e @g) |IER> =0
b measwnng e” odong o  omol ef alowy b:

(2a-£ 0L Teo b-5p) IEPRY = - Te 0 ((a-S)( b %)) |EARS
D (a-L)(b-L)dpy = F 3by

L | HC of fally neq . %z‘ a-(t-0)]

L RAS of Bell's !\r\e(l; VT): (l‘f"ll)

D RS cwm be ¢ LHS, vidaking bolll inequakity

‘Hamce QM 18 inconsiitemt with Hidoen vaviable fheory | co

we gul neal to fest which i correct.

+ Howewev, Bell s Mezm(ﬁy 5 hawk b fesd egp@/fmwla/ﬂy



CHSH l.b’\egma/n'lg
- The Clwuw-Home'Sh-'mam,«Hal/ fr\e?uw}‘y iy slmilav fo Geldt
t}xequa/{'ﬁy buf easiey ko test
L wioe, Alie awl fob measuve either  § +1,-17 olpemoleng
oNn Some hioldn vow gem"
Ldefine the LC C=C(a.+a,)b, + (@ -22)
Dolepording on v | enther  a.ly) ey (v)=t2 & alv)bi) =0
OR  a.v)+a(v)=0 £ alv)-alv)ez2
L> o the CHSH fﬂetl iy —2e (¢ ¢ 2
< ln @M, w,olacc mewwiaments o, b with commubing epevotors
A7 with eiymvaﬂuu +]
o AF=t=2] . = 4-[4,4706,0)
S (8] 1B +1CARY] £ and
€Q2 > (@)° b any Homitin G
>tese combine +o give the Trelon bomol -2/3 <€) 224
whith tan viobde CHIV|
- Experioent clows {C> >2, so Hildlen vay theory 1 wion;
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