PHYS. FORMULAE - August 28, 2014
I SI Base Units I
Length L/metre: path length of light in vacuum during
dt = 1/209792458s. Mass Mkilogram: mass of an inter-
national prototype. Time Thecond: dt of 9192631770
1330g (hyperfine split, @0 K) ground state oscilla-
tions. Elec. Current Vampere: produces 2E—7 Nm
between two L = oo, A = 0 wires 1m apart in vac-
cum. Thermo. Temp. ©kelvin: Y273.16'" the T of
triple point water. Amount of Substance Nmole: as
many entities (atoms, molecules, e, etc.) as there are
atoms in 12 g of ground state '>C. Luminous Inten-
sity Jcandela: directional intensity of a monochromatic
(f = 5.40E12 Hz) source with directional radiant inten-
sity Y683 watt per steradian.

I Constants & Units I

Value(s) Base
m_— |9.11E—-31 kg (5.48E—4) - u M
m, [1.67E—2Tkg  [(1.01) - u | M
Mair|(29.0) - u ~ 2N, +1 0, M
mg |5.97E24 kg (3.60E51) - u M
me |1.99E30 kg (3.33E5) - mg M
kp [1.38E—23 J/k 8.62E—5 eV/k ML?/T?2e
R [8.31 V/mol K Nakp ML2?2/T20N
Na |6.02E23 Yol ~ 279 Vmol N
h [6.23E—34]-s 4.14E—15¢V's ML?/T
e [1.60E—-19C 1eV IT
a |~ 1/137.036 e? [ameo he -
pp |5.79E—=5eV/T |eh/2m, IL?
G [6.67TE—11NmZkd |- L3/12 M
o _|5.67TE—8 jsm’K* |rpholi’
1N |1kgm/s2 1(Pa)m? ML /72
1J |[lkgm?2/s? 1IN m,1CV ML?/T?
1W |1kgm?/s3 17/:,1V A, 1,10A% | mr2/r3
1F 15442 /m2kg 14,15 2 g8 — T412/12 M
1Q |1kgm?2/s3a2 1¥ 1 7,2* 15 . ML2/T3712
1V |lkgm?/s3a lQA 1 7/0 IW/A ML2/T31
1T |1k9/s2a 1";;1471 kg M /72
1H |1kgm?2/s2 a2 1-%5,10s,1 "’jT ML2/T212

I \ath

Shape Def. As Circumference Area

Circle z§+2'92:2r22 27r Tr

Ellipse z%a”+yTb =1 ~7[3a+3b—/Batb)atdb)] Tab
Shape o Aroa n-Vol.

3-sphere 41rr — amr3/3

cone | S /1T mhr2/3

pyramid | ab[241 /1 @h/a) /127 ] abh/3

n-sphere 2,,71/2 =11 (n/2) 7 T/2 P70 (14 /2)

Trigonometry Identities
sin @)= T—etT)2i sin2x)=2sin (x)cos (@) sinh@=(%—e %)/2
cos @)=(etTeiT)/2 cos (2a)=1-2sin() cosh@=(eT+eT)/2
sin2(@)=(1 —cos(2a))/2 sin(@+y)=sin (@) cos(y) £cos (@) sin(y)
cos2(@) =(14cos (2a))/2 cos(z+y)=cos (@) cos(y) Fsin (@) sin(y)
cosh?(z) — sinh2(z) = 1

Series and Sums

Gt=0p[t]F+ L 0,[t]6+05(t]2
di=dri+rd¢pp+dzz

2 2
9z lt1+oz 1] /a{for polar/planar
V- o=10,[rvr]+L0,[v4]+0z[vz2]

Cylindrical coords
dV=rdrd¢dz

2, 1 . 1
v2t=Lon[ro, 1]+

w=rch o 2=z o F=coP—spd o P=atan(y/xz) P=coT+séy
y=rs¢ T ESE T goseitepd  r=VEIIYY  g=—spitcdy
Delta Function/Distrib.
din _ 1 ik 7 d
8@ = (27r>dfe d%k
Transforms
= 1k -7 gdy e = 77k 7 gd—
10 =2 PR o R = [ T
Combinatorics
(remaining possible) N choose n N
(N), N-(N-D--(N—ntl) NI « (1\])721\!
n)= nl <P Snr(N—n)! n)=4 -
(order unimportant) n=0
Stirling’s Approx.
n!xn"e” "V2rn (14 1/12n) = n>1
n!xn"e”"V2rn (sqrt sometimes needed)
n! ~n"e”" = Inn!~nln(n) —n
- Integrals — (a,b>0)

P a—a)o—a) de=Zb—va )P O}Sm%w) cos?M@) dw=6 (rtk, m+h)

Q¢

X —bx? I'(n+1)/2
Zo _dez—wl/bT’+1|n>0 -ézne Tdx 1%}7’20
Z‘Oj de=D(nH1) ¢t | n>1 . Joaty do=—In(te ™)
oo oo
‘([) e;ﬂ+ da=(1-1/2") (D) ¢ () | n>1 fef‘“‘zd.—p:%\/?
—5o
P —ar?—2bxy 1 vZ/a * —b _
_ioe a Idwfé\/ge . _ioze_a(z ) da=b /T
P2 azd _ 17
J3™ [F@ P67 sin 0d0dé—an(@-b)/3 gof AT de=1 [

2R cos6—R?—22
2\”%24»22722 Rcos6

2 R sinf cos0df
Q%2+z —2zR (‘059)3/2

2
2—a? do= T

o a
® aMge _ . CagW2@™ | w1,
) eTnp T T smmql (g 1= 2 2Tl meven.
P dx . x r_dxr /22
f(zzﬁz)g/z_zz 2ia2 . F ,;24_ > =In[axt +L
b
Ne—tdz=b(F-arcsin, [P - Vala) (_)fe‘“rsin(br)dr: Eaw

Ofc}sm(i ) dr=tm/2
0

Misc
=1 | Te=E-0 , @~1.202 QB P=n 8=
=7 * @=m6 * @=rpo * sl -z ® 53 3-z

@)= @) Ta—1)= o>l tdt B, v) = By, ©) =T(@) T)/Tw+y)
I Classical Mech. I

i Gm1m2 Ay Timyp 7 m;
F= 2 T T 2 =T 2 2,2
'y = tmy Pty Py
[=0; F=Fx P =X F TR i 1-HO 2y dx

oL _d OL

Bq;~dt DPrag  L=T-V="20: 9>~V T=2{0:7*+2 019
Conserv. F’s., ®& Inertial Frm. °
Pendulum

Polar Kinetic.

feH K
i () =e” 22‘11& 1<a<i
Jlim (1h2) (2 o In(l+a)= A
15 ( ?) (W) In(e) + 22 T\ z|>1
X .n N _ o N-1 if
= 2. e gt =1 :> ) z| <1
nz::o"! nz::o Lo !

Coordinates, Vector Calculus
[ ©p-di=f6-f@  [V.Adv=§i-da
V62 =4759@ v21m=—4ar53@
A-(BxO)=EB-(CxA)=C-(AxB) . V-(VxA) = 0 = VXV
Ax(BxO=(A-O)B—(A-B) 3G VUX(VxA) = ﬁ(ﬁ A)—v24
Vi=0r[t]it 1 91116+ 5olig 00116
dl=drF+rd0d+r sin Hdd)(f)

o [YxA-di=fA-al

Sphcr)cal coords
dV=r2 sin 0drd6de

2, 1 2 2
v )"12 o [r2 0 1]+ L 9g [sin 004 [1)]+ Lo 02 [1]
Vo= or[r2ur]+ iy 9p[sin ove |+ iy 0 0]
z=rcpsd T=s0chpP+cOcpl—spp P=sOcp@+s0spG+cOZ
y=rs¢s0 .Q:593¢"F+c95¢§+c¢$ 5:60(:4):’51»605:75:{]7592
z=rcl 2=cOr—s600 p=—spF+cody
p=atan(y/®) y_atan(VeaFug/z) r—vo oty yFrz

Project ﬁg along T to cancel TL&;) Now Fnet =
—mgsinf =~ —mgh. So ma = ~mg#. Since s = L0,
solve é——79 — 0(t) = Asm(ﬁt) + B cos(+/9/Lt).
Then, f = £ = 5=+/9L and T = 2mw\/T/y.

Light Interference: A cos(kr+wt)

Double slit: . (I=2A)max: sinf=n)Nd<n=0,£1,£2,..
~ 2 point sources (I=0)min: sin 6=n)2d<n==+1,+2,..
Single slit: . (I=0)min: sin6=nX\den=%1,42,..

d = slit width General: I(O)=A(jg(dn sin@/N)?

Special Relativity

T = K@) —Imc? . = 1/\/1—v2/c?
fobs = fetat/y@) (L —T-djd) with T - d = cos .
Scattering

Compton: (fy+o—>fy’+d) Inelastic, but ~elastic.

1) E-cons.: me2+h A= A’ ¢ 4+, /m2ct +pm,c2
2) P-cons.: p, +pw/L=p,Y/ + P, - Isolate p,,/, square.
Substitute for §,,/: N-A=2:Lsin*(§)|0 5, p..

Thompson: Compton, E,<mc?. (Elastic: 0—0).

Hard-sphere: 3—5:%2 = 0= RT2fsin0d0d¢>: wR?

Rutherford: (o’+o—>o’+o). Elastic, Heavy target,
2
Coulomb. 42 = (9192) T = mc?(y—1).

n2 052
(16meo T'sin® 3) | (j5coming kinetic)

I Thermo./Stat. Mech. I
compression (other)
1.AU=Q + W e W= ff P(V)dV + W,
2. S=kplnQ grows. Equilib. = § __O {N,UV,...}.

3. T—0= Cy—0; dS~>0 (s#0 b/c of AE=0 config.s!)
dU=TdS—PdV+3, pidN;. Thermo. Identity.

1_ (@ P _ (@ i _ _(os
T*(Ti?)v,zvi ° T*%U,Ni ® Tf_<6Ni)U‘V
H = U + PV. Enthalpy: Fassemble & put in enviro.
Reversible dV = quasistatic. (Note: > !) e
Q # 0 = irreversible. But if AT — 0 then AS =0
so “infinitesimal” @ is ~reversible. e Quasistatic

= dS=2; if dV=dN =0 then: fo v ar.
If dN=0 and W = —PdV then: AS:fo Seqr.

Degrees of Freedom
[Total at STP]=(trans, rot, spring{-vib, -pot}). Spring DOF
are ‘frozen out’ in gases at STP. Monatomic gas [He, Ar]
(3,0,{0,0}). Diatomic gas [Og, Ng, COJ (3,2,{1,1}).
Polyatomic (>2) gases: linear [COg| [5]=(3,2,{4,4}), nonlin-
ear [NOg, H5O] [6]=(3,3,{3,3}). Elemental solids [Al, Pb]
[6]=(0,0,{3,3}). Einstein solids [2J=(0,0,{1,1})/osc.. Adiabatic
exponent: v =1+ 2/f.

Equipartition Theorem
At temp. T the avg. energy of any quadratic DOF is
%kBT. For N entities with only f quadratic DOF
= Nf%ch T.
— |deal Gas
PV=nRT=NkgT (Hard indist. spheres; low py; elas-
tic coll’s) e U:NfékBT e Cp=Cy+kpN.

3
SNV, = Nk5[1n<%(gvn;t2j)2> n %]
el - /2
p=—kgT 1;{%(%3%)%% . er(TN_lpv(%ﬂ %:%

ZIVN=7t1 21OV =21 (Z e @) 2 TN=1N

heat work

each: Ughermal

monatomic.

mixing gases b&c

Asf—NkB(Nbln( )+Np1 ( )) monat(zr]r\lflbc_;Nb J\f
Free Expansion (Qua51stat1c+1rrever>1ble+vacuum)
AU =@+ W'=0. But AS=Nkp In Yt (7&0 #9).
Isothermal (Quas1stat1c+slowvthermal equil) AT
0= AT=Q+W=0 o 9EX)=0 e AS=
If AN =0 then Weomp. = NkpT In Vi/Vf.
Adiabatic (Fast+quasistatic) AU=Q4+W e AS#0
If AN = 0 then 8(VT?/?) = 0, 8(V'P) = 0, and
Weomp. = £(P;Vy — PiV;).

SR

Isentropic (Adial;atic+Qua<istacic) AS= % =0. Reversible.
Vrms Vv \/m from toy piston/Pyai.
Csound = 14/ _T‘: g‘}j \V7kBT /m [Adiabatic; expand

9(PV7) =0, rearrange for bulk modulus.]

Ny N, (Ny S N, ok)
e L2 TS;NT/ND = an ()" NS N> 1

SW,B,M:—NkB[kTZIn(%Z) 1+—zm(iz)} L= QI:LBB Inl
U=uB®N|—Nyp)
M=p(N=N))
U(T,B)=—BM(T.B)

i)
o2=U/(NuB) VB =—NuB canl(w/kBT)
Ccg= NkB(ﬁ)/cos #B—T>
Einstein Solid
N indep. oscil.’s, ¢ quanta total: N bins & ¢ stars.
QEQEQEQQ — gl, 1,1, 2;}{ B — bin dividers,

QEQQQEQME — (1,3,1,0) § ¢+(N—1) symbols,

......... choose ¢ to be quanta.

En=hw(n+1) V=1k.a?
—(¢g+N-1 -
QN q)= (41 ).Uzhw(q+ )

InQ~ 1n(1+ ﬂ)q+1n(1+ %)N-i-..

high-T

~ (N lg>N>1
Q~ N/l g N N 1 eN\?| 1
A o N> () >a>

w~ —kgT log(1+9N).
High-T: UxNkpT ¢ Cy = Nkp

Low-T: UxhwNe "/*BT o O ~NkB( ) —nw/kgT

Barometric Eqn.
Air slab: dz thick, m avg. molecule mass:

dP _ Nwmg ideal gas gp _ _ N.eFBT
dz — -V = dz — kBT o
Heat Eqn.

mET & T(70) = g(7).

®T =KV°T| K = 2L
,42/4th (74) a7

T(7t) = 7(4#K1t)""/2 Jrn €
Partition Functions
Bltzmn/Can’cl . Gibbs/Grnd can’cl (r,N)Hrth state of

PEO=% BB ® Py = L BN NS ® sys. of N particles.

A1) = 3, ¢ PP o F(T) = —kpTn(Z(T) -<E> = —0glln Z]
@ =T, PO= 5, Q70 e = 93[In Z]
2T = K E = 5 @ i

m B2 frm?
Maxwell speed: D)dv = (@ni?) Tf e Bmv2qy
Most prob’bl: vy, :\/y o) :(2v27/\/7?0urm5 =vp \/%
Maxwell velocity: DOwd% = (7;17%3/2757"”2/%13*

Ideal quantum gas o Z;(Tw) = Z(,T 1) Pleim)=
ZCW =N 2TV T =3, e Pa—Hn " Pi)==

Fermi-Dirac: n=0,1— Z(Lp)=14+eBEH 5 )T =

—Ble—mn
Z(e; L)

1
Bl
Bose-Ein: n=0,1,...

= 2
B2
Bl)="5r
One part’cl in a box

—ZCTw= — T =

= k=" 6 3. _z H(ZL)jddk
ngnynz

D.O.S's: 32, fl6) = Sopin S5 flH) — fo 99f©)de
BE: ¢ = aV4//2eFD: ¢ = alifcea=4m@m/h22.

N = [° @ g9deeU = [ emegede

Fermi gasQI=0:ecp = p(T'=0)ekp = 3°n

n= 2a6/2/30 =3ep/5e PV = 2U/3

Black body pu=0e > S 20 [d%k— % =5 fw dw

polarizj

U= ﬁtw(w,T)dw = fu(e,T)deoe = hweu wl) = — Pﬁhg’w

2:3

4o
u(sj)zmﬁ o fiwmax ~2.82k5T ® UzTBVT‘

160,
Heat (Energy) Capacity S=— BVY: e PV=US3 e RadE-flux: eopT*
_ _ PhonBZ D 313 g
C:%:AU Toe e=5 e Cv=57, Debyes 30 3° — O fdww?..wg:%:ﬂ
_ 8H aW., _Q polarlz;C D
Cp= 7T|P |P+P |P BTO e L= m pw U:%f uf/?dw 9N(kB’D4 fzsdz e Cy= QNI‘/BT3 zSera:
Virial Expansion / Van der Waals Y R NS 1>2
PV = nRT (1 + BD)w/m + @fy/m? + ...) BEGN — Z Pk T 2f\fdr Daorm _ [0 3 Negnd — 2
v

Qual. OK for gases, dense fluids. a : intermolecular

attr., b : occupied V o(P+an?/Vv3 (V —nb) = nRT
2-State Paramagnet ~ Spin 1/2
symmetric! N
~ Coins. e B||Z & Q(N,N3)= NT) o Qo = 2V

U =y NI e ‘”N"BW? [{5”“]/&@4{?%077



I Non-Rel. Quantum Mech. I
(£())=2; £(j)Prob(j) 2= =G2)~3)?
<f(z)>:ff(l')Pprob @dax 0j=,/0;j0; « std.dev. et var

(nlple) = iWmwh2(/ Ty n 1 —V/@nq1) © (nITIn)=4E,
(nle?|q) = (/2mew) §<2q+1> g + VAGTD 8y qyo + VAOFD 6, q_Q%
(n|p?)q) = mwhy/d (Ra+Dén g — Vgt oy gio — Va@tD8, 4 o

ABO=ABCIHACE P AQe Mfcwwxw(”) naZt

— Schrédinger Eqn.

gt = (FEV2 V7, D) W(F, 1) (= H(7, 5, )¥).
Time-Indep. Schrédinger Eqn.

ff datv = (, );mg \IJ(’?;é):rxp(]‘v)(b(t)l (‘sep of wvars’)

cads 7 p) eneral  sol'n =

>Xnen ‘I'n(ﬁ t) Wlfh Up = Yndn = Yn (T)QXP% &

cn = @Wnl¥e) = [y, ()Y (7, t =0)d7 | En€R, cpeC.
1. ¥y < stationary states; only phase evolves in t.

2. If V is symmetric = each vy, (can be) even or odd.

. Each En>Viin-

. E>V(—o0) or E > V(co) = scatter state(s).

(Else ¥ is not normalizeable.)

3
4
5. 1y, < an orthonormal set. (C()Ulpleteneba assumed.)
6. 1 continuous. A@z) = Zr’" lime f € V@)Y @de.
7
8

)
. P41 has one more zero-¢rossing than ¥, .

L iR0Q) =W, HE) =  §= 2 [HE,7

Interpretation, Requirements, MiSC.
P e 7ily e [spl=ih o @) pd=ihdsf o (d=0
Figen-funcs: 7 zlty@) =ylt@) = [1@) =5@—1).
P M| Y @) = Pol Y o) = ¥ @) = P /"N 2.
So: PP, ) = (p,@Wa ) and ¥y t) = &p @) ps, 1)
(@) =(¥| [QIT]=[T|QN |¥) =3, qnlcnl”

Q7)) = [VQ(F ﬁv-)w“—ﬁp Q. p)2d’5
Spectral decomp.: Q=3 qn R if Qn)=qn|n)

porob (@, t) = [U(z,8)]* = [ |¥(z,8)]*dz =1
(but fb |W(x,t)|? dz is time-dep. in general.)
cnf<wn|W>‘”°" leal® o c(z)= (¥ |¥) 22 |e(2) Pdz
Ey ok ‘Cn‘z LI ‘Cn(t)‘2=1 hd <H>—En‘cn‘2En
Proj. op.: B, = W&l/jmm2 o > R=1 e [Bdz=1
Schwarz ineq.: (ala) G|B > |@l|Bl® > (@]®) — @|y")/@d)
Uncertainty: 171?40322(2%([A,B]))2 ® 0,05, >0 o o>t

Correspondence principle — “classical” limit agrees.

Schrd. Pict.: (Q(t))=(¥(z,1t) \Q\\II(LI t)) i

Heisen. Pict.:  (Q(t)) =(¥(z, 0)\6 2 Qe—h | ¥ (z,0))
no-degen or ¥ is a

Feyn-Hllmn: B, = @] 0H ) D085 % ¥ o &

== Ehrenfest’s Theorem / Virial Theorem

0:(Q)=%([Q,H])+(©:Q o (...)s obey classical laws.

L(D)=0)=047) o OP)=EVV)=(F) o dD)=Fx(IV)
If V(AP Afa,...) = XYV (F1,T2,...) for N particles
then (n|T|n)=&(n|V|n) (& E,=(n|T|n)+(n|V|n)).
P =2(T) = (F-VV) o Delul QM) =0 if 9,Q=0
1D Scatter (L_oc > Rioc) ® R+T=1
¢L:AeikLz+Be—ikLz _ \B\z _ group \F\Q
pr= FPeitne 4 ge=ime ® =3z ¢ T= W\AP
1D Infinite Square Well
<z< 2 — V2m
Ve {LOSEEE) — 2y —i|k= .

2.2
"2k B2 n2n2
BEp=-—gn =100 o ’4%—\/751“(”7“) e ncNy

2 2
(nfzln)=% o (nle*In)=L2— L2 o (nfpln)=0
2;2 2 2,2
(nlg?) = 2552 @ 0= 0 L @ g =n

1D Harmonic Oscillator / 3D
Viz)= %kxz = 7nw212 e H= ﬁw(afa—i-%) =hw(N+3)

_  /mw ip T — /mof,._ _ip 11—
R T R o [wd]=1

mw

Na]|=d" e [aNJ=a e N|n)=n|n) e a|n)=+/n|n—1)

o= 4) o =40 « b))

Ha=—hwa o Halhwa! Ha=;1p o Ho=ihmw?z

E,=hwn+g) o = #;g ('g;;)4e1—2? H, (/7= )
ermite poly’s 22
U =@y ® nENsy @ H"(w)f(— ye” a”(

(n|z |q7\/h/2mw<f5,n71+féw4> o (n|Vin)=18,

P=1a@) W)@ o E=hwits) e d=m+lnt+2)2
1D Free Particle

V(2)=0 e 02¢=—k>p o p=lk e \=2% & w = ae?

\/27 k>0 moves — o .
{k S ‘ <0Inoves<— L \I’kO(t?( 21n)

(stationary states)

T—if “Wave packet.”
U(z,t)= rf‘ﬁ(k) ( )dk = Generapl sol’n

with Nwelghts qb(k)—? (W (x, t—O)ef‘“d;c

v _w_hlE_ [E (&{)cldsblcal)d _nhlkl _ /2B
phase == 2m 2m group —'dk — “m m

1D Delta Well/Barrlerb_d_

oun scatter

V@) =—ad@ e 624/)——2"”3 = k%Y :—k%

Bound — k e w(z)— ("’”\ \) o E— 7ma
[1+("§E)]

r= ool

V@)=ad(x) e No bound e Same scatter as §-well.
1D Double Delta Well

V@) =—a@@+a)+6@—a) e k=Y"21E o = V2mE

Even: ¢ 250 = 25 _q

Bound: sha mQrQ
. - < 1T K
Odd 1 mao
(with z=am/nk)

Scatter: T'= 1~ [(1+z2)+(1 22 cos(@ak)—2zsin@ak)]
1D Finite Square Well / Barrier

{7%’| <g} o (=Y—1F3— Qmémvo) * K

Even: tanz=/fkg)?— zfﬁa, & }
Bound:
un {Odd tan z =~/ /z0)2 1]20= %V 27712Vo

Scatter —k e

Sol’n: always
Sol’'n: sometimes

V—2mE
h

Hydrogen Atom — Bound States

— V—2mE o B, = 2 Y| neMsg,
= R 4 252712 dmeg) | n2 deg
.0,1,..1

21 me—1,.
—j—n~7l~0.529A .

1€0,1, .. (n—1)

3
(n—l—l)' 2 @HD
ao 2n )P H L(THJ) <2l+1)(nao> Y76 9

= (DPOP L) & Ly@) = 03 2) o vhy= 1

T

2
«0= Tz e B=gatng * =)

ﬁ;<r5>—(2 st ao(r® ™) + S22 ]a2¢* 3 =0

Angular Momentum, Intrinsic Spin
><p o 2= L L o L Lyl=ihLe | [Ly La]=ihly [z Ly)=ihLy

Mot (2)=a3 (g (HDD@D)'ad
° E,;?Ob ° =0 ° (a+1) 2212

[Sp.Syl=ihS: ® [Sy Sl=ihSy ® (S, Sl=ihSy

.[L2,L]:0 Ly=ILgtily [l Ly]=+hLy

[s251=0 ® si—szifsy ® (52 5q]=%hsy

=—ihz J[Lz4=0 I L]—mLxs L5, J]=0
[Lz,pr]fzhpg [szPu]f*'LhT—"r Lz, p2] = 0 L8, 8)1=inSxL [L§L2]—

2Y=R2i0) Y™ | Y= D )y
S2smy=h2s sy Sipls my= /() Dls m1)

Ly=—ihdy . 570,1/2,1‘...
O wy Y =0 mg=—s,..,0,1,

VLB e e B

Jz—=m=mq+mog

bymalizme) :%:Cz}ljl%g’ﬁm im) lim) ZCZquQm birma) liamg)

* J2ﬁ]€b1 —gol,. @D .., 1)

Corrections to hydrogen

Sol’ns: eEven: always finite# eOdd: iff %> - h

ma?

v2
Scatter: T =1+ m sin (‘\ﬁ /2m(E+V)>

The 1D Finite Square Well, but —V(z). No bound.

2
Scatter: TE_<1\@:1+ 4EX9—E) sinh (ﬁ/ 2m(Vp— Ej)
T =1+200% o T = 1+m sin?(32/2m(E-1))

1D Sudden Step Up / Drop Down
0, x<0

Vi) = W 2S0 . Reminder: Avgroup|, o #0-
’ B 2
Te<vy=0 . Tesy= = 0 ;16% (\/E—m)

Like Step Up, but —V(@) e T =4(iHWWE)/1+/IHGE?
3D Spherical Symmetry & 0,V =0
Y=REOYO. o ub)=rRE) e Y =0

[ERPridr=1 o  ZTTOUYTY, Y sinfd0de¢ = 5,00,

3 21 (—| !
Y70, &) = o 2R G R cost)

Rm@) =137 0P o P =0l izl o ) =0

;2 2
2?71, 82“"’[ +2n laﬂ)] =FEu d [HEL?HoLzl]L

— 3D Rigid Oing Circle with N MAaSSeS
N O about 7, at r=a e H:T«F/V/:%M'u2 o |[=aMv

A2 (4 _ym . me—1,..0,1,..1
= Ei=500 ¢ Yim =Y 8 1g005))

3D Inf. Spherical Well

V@) ={&TE0} = 0Pu= [ —k7u| k= 2pE.

u@) = Arjlen)+ Bror) i) = () (20,) e
Jo=3E eng= = nifa) = —(af (20,)' c22=

i) = 5 cos(w— 5(+1)
@) & sine — 3(-+1)

1 if m<0,
1™ else.

e=

H=

2a2M

Tl e >1

Jl( ) (zzi%
@)~ ST
9z i@ = L ji@) — jrp@) o Oenifr)=Ltni)—ni@

1382, | 5,8,0=0 (0 roots/l)

— L — m
B = ﬁ B — @LH)-degen. ¢ Ynim _]l(ﬁnl"‘/a)yl

H’ —
Hlt] snzzcz
SL_(Jz—Lz—Sz) Rep2p=2m (E—V)yy Good #’s: n,l,s,j,m

sy =A1L D lso m—1)+BI1L T 52 L)
A:\/szierl/z.B:i\/sz¢m+1/2

Zsp 11 Zsp 11

2 i 4 5 4 e/
o Fine strug~a® o Lambezvaﬂ o Hyperfine~a me/mp

o= E§ 3
AT IR 5= 8 e G ‘Z)]

Zeeman: H'=—(ij+is) Boxt=5% (425 Bext econflicts w/ fs
If: Bext < Bjpt=fine struc domnS’sﬂEl:(nljm7'|H’|nljm7')
use: Sy avega=JEJ/I20S T=(2-L2452)20 B ~t g Boxt -
If: Boyt > Bipt=zeeman domn8’s=non-pert withnlmmg)
align \|2:>E1:/,LB Bext (m+2ms) . (note: can also pert the fs,

use: (S-L) = (SeHETHSMETHSNL2)=h2 my ms if including H{_ )

If: Bext~ Bing = use full-blown degen pert (— W eigenprob)

Linear Stark: H'=FEeyt-pe. If Eoxt=|E|Z then H'=ezEqy=
eEgytrcos 0. Use degen pert. Most integrals—0.

Stationary ¢~ in Magnetic Field

B =R o

Hyperfine: H'=—geBp=E'=A([3(5, ASe-D—Sp3: 1/ )+

C [0 2(5pSe) @ C= 1o gp /3mp me =8TA/3 ® §p»§e=(527s2fs2)/2
If: 1=0=> A term—0 = El:(3273ﬁ2/2)2gpﬁ2/3m/pm2(‘2a4
Breaks spin degen of the gs: S2 = 0 for singlet, 2h2 triplet.

=7—ji-B o By =F~Bo/2 o (Sphoxcosw o w=vDBo
if B=Bo% (Sz)=%cos a (Sy) oxsin w Larmor
e~ Stern-Gerlach: B(zy,2)— F=V (7-B)#0
ff;vcrf’HBﬁaz)?

Ef=F~(Botaz)h/2 & p;=oryh/2 e ¢=iyBo/2
axt +bx— <0
} xt= addPripe) ) + be—(ro-szz)(X’_)E >T}
—— T.I. Perturbation Theory: H=H4\H' ——
1y |H \w )0 2 _ 6 H )R
W= Z B R0, Wm) a2 TR pd
L]

‘We need to determine the a, 8 that will

HOy)=EO) split the degen. 7/; s into distinct e-val’s
and HOu)=E0w0)

and maybe more.

cleanly when H'is applied. There are two

ways. [I] ind A=AT s.t. A, HY=[a4 H=0
KJ
so HUW%) Eold)g)) which are NOT degeu for the ¢ s in E0s

sub-space ¥, 4f), ..) and use non-degen.

[ solve W eigenprob for a, 8 and EL(s).
You hopefully get N E’s and req’d a, 8.

1 H W 5= WD)
=B

Solve NxN:
det(W—X)=0

Variational Principle
Egs < @ Hp) for any normalized [f). Simply minimize!

—_— Vox: FPtp=’mp — 3 =CAix) +D Bilr) (Airy’s) e
A0~ Ty A0 ~sin 2o E] (A
B0~ 3 ) Bie<0) ~eos [2(—aP 2] /(v (/)
— T.D. Perturbation Theory: H=H4\H (t=0) =
HOYD=ED v VO=52n®vn e EnP @ A = Bpn—Ep,
Hp =0 | H p0) Bem = hch H!, e iOmnt/h (exact)
(F.0.) o,l(t)~1+me #)dt ¢ O~ ij,,m(t 1y =i Bt TRy

o, H =0:
Fnsm=

Sir2Apmt/2h) H chwt Sin?(Drumtw Wt/2R)
A2,/ B o i N ey Grando NV P)

Spon. emi- ,_ w3[P>

ssion rate: '~ 3re hod
= WKB(J) — (Classical endpoints a,b; L — R) ==
Assume p=A @ ei®@ Y@ ~C oxp(E pa’y da’)\/p@)
& 2W/A<(@R & 2/R)  ° p@=/ImEVS) “classical” p
Tunneling a — b: T=|FP/|ARxe ™27 o yh= O/ |p@R d=

. Life- ,___ 1
o P=aWplThba) o time: ™= AJFAGF ..

2 wallsy’ p@dae=nmnh no fwall&./bp(x)d:cf(n—i)wh
1 fwall @a:_/gp(y)m,(n_,),rh w/n=1,2, -, @ Best when: n>1

mi-cl regime)

(T)=30n[En](h—3%) when there are no fwalls.

Scattering: Partlal wave, Born

DO=GE&=IOF 00~ A[“”+f<6>P R U= Arilen) + Brogen)

o=[D@®)dQ WO_ de 0_ Use u near origin,
I hy'= =SR@TH@  pateh with expansion.

kz=ynoo  al (2l+1)_7l(k7‘) Pycost) & o=dm 22 (@HDjy|?
PEH=A T2 ilQH kiR hl(l)(kr)] P(cosf) «impose b.c.’s.

1. V(@) is localized about 7y 2. incoming wave ~ not altered.

w=w0— 32 L v v By st (722w =0

Born— f0,)~ % [ iER) 7y Bt st R=ke R =kE
3

Low-E: _ Spherical sym: =2k sin(0/2)
F6.9~ 5 V) i . 1O~ =22 [rV@E)singen) dr

1. V(@) 9€'localized about 7y 2. incoming™Wwave ~ not altered.

I Electrodynamics IS

General In matter éux. K_z Pgt_s
Gauss’ ﬁ-E':p/eo Dﬂ:fOEj’Pﬂ
s OxB 5 H=1 Bt
Faraday’s VXE=—98+B . 1o
No monopoles V-B=0 E=—VV-08;A
Ampere’s VxB = po(JtedE) B=VxA
Linear media: P=exc E so D=¢E & M=xmnH so Hf%ﬁ.

Enrg: U=§f(eoE2+%32)dV.Poyntlng: S=;(EXB). c=q/v
Momntm: P=e¢ [(ExBdV — Larmor: P= G‘Aq%i’ W=CV2/2

W=QV)VOl , F=nolee

[ ]

_ 1 P=EZ¢,p2
w=1fvad o

o |@surf 3/V da surf. press.

Sphmm1 image: |rgl=a—q'=qRa & Ir, /= R2/0-V( Y=k (a/HHd /)

—V2V=geg solve via sep.vars: VEX@YWZE)— 402 X= CoBec. qv

(Ldpldce) Q
B(F)= 4 qu dg={Adl, §E-da==enc
ada,pdV}b E=—
E@=g1 adq i=rF—7, " g_on (0 V()= L
dmeo V" q at 7. 2eo plane)

V()= fE dr

1
47\'60 S da

Geometry — 4, V() @ 4me. ()
oD .

P I e s
+

2D ring. T—79. A27 R) z(A27 R) z
. P il S . P AL /A

L above cent. (R2+22)1/2 (R2+22)3/2

. ~ =~ 2

2D disk. &—7. q ([3i72_ @ R?) =]\

1 above cent. * RZ (\fé +R2 () e 220 (1 éerRz)z

3D sph. shell. q . (o47-rR 2 | n

At origin. . 7 out), 77 (n) . Oelse

— Magnetic Dipoles (g — proton, electron) —
_ 2

L5, 0 .= 75 0 B, = LB ]+ 240 6"

= Electric Dipoles (£|g sep by d= Pe :—qd) -

R=[FH) d° e = LT o B = LB A — -5 50()

Tap T2



