Plctmeb (Operators are T.I. before evolution!)
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| meas. 4 Fa [1) ‘ prob(a) = (Y| P, |¢) P, = Z|ai> (as| ‘ {|a:)} degen. basis spans sub-Hilbert space

obtain a /(| Py |¥) i Hilbert S
1 ert ospaces

HoH® - @H, =C"@C2 g .- @C = CHx®XXdn . qim of joint space = di X dp X -+ - dn ‘ d; is dim of H;

Special Operator Types
Proj: A>=A"=4 Idnt: I = Z la) (a| = /dn [7) (] Cmptbl: [A,B] =0 Untry: UTU = UUT =1 Obsrv: herm.

Herm: AT = A= e-vals € R Anti-H: AT = —A = evals € C Dnst: herm, Tr (p) = Z (7

o
Usivass, Kempine (8] Aups |0) = (6] © 450" |3 oxe =x  |&=6l) . )
conj oper in a basis (._)JC._.)*I E—— > @P671 =—P ‘ﬂ> > = <Of‘ /B> - (<a| /B>)

Anti-Untry: 0 = UK

(time rev.)
©%|j,m) = £j,m) — + for j half-integer, - for j integer.
Special Operators
| [ da [z + da) (al
— o iy H(Y) - .. - —ideP -
U (t, to) =e™ o [H (t1),H (t2)] =0 Trans: T (dz) = e n T (dz) |z) = |z + dz)
Y (—dz) =TT (—dz)
) of X1 = -X afJmn = J |n,l,m) = (1) |n, 1, m)
Parity: 12 =1 B 1 II|z) = |—z) . i o o) =+ |a) { even: +, odd: -}
P = —p n-t=nf=nu if [H,1I] =0 = even, odd e-states F‘nsemb‘le% Mixed, Pure States
Ens: & = {pi, [¢:)} (A)g = > pi (Wil Algi) = Tr (Ap) ’ p=" pilts) (Wil = p' Tr (p*) € [0,1] — 1 pure
' ’ 5 Ehrenfest’s theorem, Useful Relations
OF oG 0
Xi, I'(P)] =ih P, G(X)] =—i —(X)=—(VV (X
X0, P (P)] = ih oL (PG (X)) = —in i m o (X) =~ (VV (X))
Angular Momentum
[Ju Jj ] = €z]kihjk for J,S,L (SU(Q)) S — ﬁ ) Ox,y,z 1 0 —z 1 0 {0‘1,0']} =24; \J L; = Eiijij
L2 =X2P?2 —(X-P)?+4+ihX-P TR el Tl1 ool li o0 [P0 -1 o2 =1 [Gi, Gj] = €1 G (SO(3))
2 71 _ _ 2|, _R25 (s ; ; 113 : .
[J ,JZ] .0 [J4+, J-] = 2k, J |j,m? hog(j —l—.l) |7, m) jEe {0, 5,1, 27..,} (int or half'lnt) Rot’s: D (R (0, 7)) = 0T
Jr=Jo % ZJy [Jz7 Ji] = EhJs J |‘7’ ’ITL> = hm |‘77 m> _ { I Al S RRREY 1"]} Spherical Harmonics

Kntm) = R0y 00 | W0 0 oo =) |5 (g i+ M) v - Bu| R -0

Addition of Ang. Mom.

L . . . L mi € {—j1,—j1+1,...,751} my + ma < j top right
‘]1,]2,]7771)— Z |]17J27m17m2> <‘717‘727m17m2‘.]15.]27.]am> sz{—jz,—j2+1,...,j2} my+ma > —j bot left
mi,m2
Jiljm)=hm/(GFm)GEm+1)[f,m+1) |1 —ja| <j<ji+j2 (integer sep.) > G dzoma,mel i, ga, jym) P =1
mi,ma

@Draw out grid with space for m and CGC. Compute m = mj + mg for each site. Write in each CGC as computed. Always from center!

@TOP Right, point A: (j1,j2, m1, m2| j1,J2,j,m1 +ma) = (m1,me| j,m1 +mz) = 1.

m>old

@ BelowA dwnwrd: (ma,ma| jym —1)5ur [ (j2 —ma) (2 + ma + 1) (mi,ma 11 j
(with m =m1 +m2 + 1) G+m)G—-—m4+1) 1,2 I

AtA go L: (m1 —1,ma| j,m), ., (G—m)G+m+1) ) entr (J2 +m2) (j2 —ma +1) )
= mi,m ,m+1 - - - mi,mg — 1| j,m
3 : (with m = m1 4+ ma — 1) (j1+m1)(j17m1+1)< 1mal g Jold (J1+m1)(117m1+1)< 1m2 = 15,m) o1q

@Decrement down and left.

LofA goU (m1,ma 4+ 1] j,m) e _ +m)(G-—m+1) C o entr U1 —m1) (1 +mi+1) .
@ : Wlthm mi +m2+1) - (]2 7Tn2) (j2+m2+1) <m17m2|]7m 1>Old (jgfmz) (j2+m2+1) <m1 +17T'n2|j7m>o_ld
Uncertainty Relations
2 2 1 2 AA=A—(A), 2 2 n? .
((AA) >|w> ((AB) >|1/») > 1 ‘<[A’B]>Iw>‘ H <(AA)2>|¢> _ <A2>|w> _ <A>|2w) = ((AX) >W> ((AP) >W> > T (Heisen.)

State Vectors, Wavefunctions, Continua

State: [¢) = /dx' }x/> <m'| 1/)> (indep of basis) Wavefunc: ¢ (z <:v } w> (dep on basis) <x| x'> =4 (:U — :c/)



Commutation Relations and Representations
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m w No-Cloning
M [y) # [¢) © |¢) ) {Vl$) € H, VM} by linearity of all Mz M (|0) + [1)) = [0} [0) + [1) [1) # [0) [1) © [0} [1)

Noether’s Theorem

if G = G" and [G, H] = 0 then G is conserved, and e R He T = H (invariance under transform)
Tight-Binding, Bloch’s Theorem
Tght-Bndg: (n|H |n) = Eo, (n£1|H |n) =—-A ‘ V {n spatial peaks } 6) =3, ™ |n) ‘ b€ [-mm)
H0) = (Eo — 2A cos6) |0) (x| ) = e** Uy (x ‘ ka =0, U (z +a) = Uy (z)

Kramer’s Degeneracy

For odd nmbr of e™ in t.i.electro field, every enrg-lvl is degen. V (t) =V = —eg ‘ £=-V¢ Proof: use time-rev ©? [n) = [n)!

WKBJ
; t + [* Et
N, _ iS(z,t)/h 2 2 i} — cons — 2 N _FE U ek
(z,t) p(z,t)e r|V*S| < VS (z,t) 7(]3 V@) exp (7 N m (V(z') )dx' — i -
2(F —
A= 5 (Eh V@) < ( ! dVV|(1:)) Short wavelength limit. Breaks down at classic/qntm transition. Linearize!
m — x dz

f;cf dz\/2m (E -V (z)) =7h(n— %) n € 1,2,... no inf walls
Jy? dzn/2m (E — V(z)) = wh (n — ) n € 1,2,... one inf wall - odd solns
Jy dx+/2m (E — V(x)) = whn ‘ n €1,2,... two inf walls

T.I.-N.Degen Perturbations (eg. quad Stark)

_ (0 2 [V|?

1
‘ Vi = n(o).V‘k(O) # (n|V|k), Non-std nrmlztn!  Plrzblty: A = —a&[?
n) = [n®) + AT, K(0) oty < ) 2

n k

T.I.-Degen Perturbations (eg. lin Stark)

(v )
E, = (0) + A < (O)' 1% ‘l(0)> + 22 Z W o ‘ D is degen subspace, ‘l<0)> are e-states of PpbV Pp Pp is projector.
— E!

@ Sketch out matrix PDVPD. Dimen.s are degeneracy number. Square. Clmns/rows are distinct qntm nmbr states with degen.
@ Compute all matrix elements.

@ Find eigenvalues/vectors of matrix. Eigenvectors are the ‘l(0)> “preferred states.”

@ Write out matrix elements <l(0)‘ %4 ‘l(0>> etc.. for each ’l(o)> .

Dyson Expansion

Ur(t) =1+ (%) /Otdtlvf(t1)+...+ <%i)n/otdt1 /Otl clltg---/otw1 At Vi(t)Vi(t) - Vi(tn) +

T.D. Perturbations

0 —1Hgt
1), = 32, Con (1)) C’p(’f):é"vq Vi) = e Vs (e r
GU) =2 n)s o (t) = (n (;) f dt’ Vi (t') |q) —i(Bq—En)t
V() = U™ Wlgs T P fo ; ) (Vi (8)la) = (nl Vi (8) ) e =%
Cr”’ (t) = (n] (%) fy dt’ fO at"vi (t'") Vi (t") |q) . lg) is initial state. |n) is final state.
Fermi’s Golden Rule (T.I. perturbation switched on at ¢t = 0.)
1 2 2 En—E
O 5. prob(la) — In)) = |C7 (8)] = 7(‘; el sin? (B
Trostn: |q) — |n) oW () = (nVsla) (1 i qt) n—Eq
= En—FE, prob(lg) =7) = [dEnp(En)En (t)’ ot ‘ pis D.O.S.

Symmetrization

para — spin singlet ortho — spin triplet Prob. Dens. = |1 (x1)]? [¢h2(22)|? + |1 (z2)|” |2 (x1)|> £ Exchng. Dens.

Scattering

1 ik-z Eikr = - = - do # of particles scattered into d2 per unit ¢
x e + (k ki ) Scttrng Amp: = (k ki ) dQ =
< | w> L3/2 |: r f outy en & P f outy Mim dQ # of incident particles per unit ¢
do = =~ \|2 1dN
Dffrntl crs-sec: diﬂ = ‘f (k;ut, kln) = Zdig L is Luminosity = # incident particles per unit A, per unit .

Born Approximation

zero: 0
first: %deei(k’i“'_kgut)'iV(Z)

Incoming wave is not substantially altered by the potential. f (k':mt, km) = { ’ Z Centre of scatter.

e —2 > 7 4 - .
Spherical symm: f ( uts k:m) = hTm 2V (2)sin(ke)de R =koys — kin, |R|=2ksin <Q>
7= 3 I; 5 3 2 Basics
ek n°m h 1) 1
Free: B = & Well: B, = 0 ‘ nef{1,2,..} Hirgn: B =5 s ' ne{l,2..}



