
 

April3rd16 com Key Features of Quantum Mechanics

Energy of photon is Esha where

I I
is color Thinkof THAT

as a Brandon Sanderson twist

So the units of k hat are energy second action
I

integral of energy
along a path whereit picks up time

Light linearly polarized in the X direction means the
electric field lies along the x axis while oscillatingbackand forth

ik8 14 0 It has units of energy since k is J
and It hasunits of 5

Arbitrary superposition of two states

14 cosEIA t sinEe'd1B OE at delo H
comes from

147 21A BIBI aBEA
147 LA BIB a B E G

147 IA t re 1B

147 1A t tan e 1137 VE o 1 OE a2h
Hence directionality in 3D space



Spin is angular momentum Measured as I E
the units are of K J s kgmy Makes sensefrom EFxp m kgof
Proton has charge e electron has charge e

Coulomb potential of proton electronsystemis 94 I
Units match up in the uncertainty relation sispi ESimilarly in tip it

Stability of atoms arises from uncertainty electron localized
too close to nucleus picks uphuge Sp and thus kineticenergy

sine sp thx air and k II fire
gives total energy Ent E the minimum

is when It 4 0 r mtg called a
so

Useful numbers to memorize

L É Mec 0.511 MeV Kc 197.3 Mev.fm



April4th 6001 Light Particles andWaves

Mach Zehnder interferometers I IIIdemonstratebasic unitaries and state
change

Elitzur Vandman bomb detection by placing
bolhere

to
see if it blocks interference pattern or not
Photoelectric effect photon with energy E no greater than
W the work function of the polished metal ejectselectronwith kinetic energy hw W

Surprise h has units of angular momentum

Canonical length to any particle of mass m is Compton
wavelength he he by forming a momentum me

Lots of practice with Ict Mec o511Met Action3 Men.fm

DeBroglie wavelength uses true momentum X tf
f es p f h25 tsk with ke ZE them.ua umber

DeBroglie relations

D Kk E yajna
frequency 2h hence a



Schrodinger Equation

FI
p iTctionuexits eicuxwts has E w p kk

P exactly extracts Kk Units K p and so it'sreal

É 21m and also É in gives freeparticle Schrodinger

in A 4 12ᵗʰE.ly
With energy it Em.tvx ̅ t more generally

infe4 114
Define x ̅ x xfCx7 noteigenstateunless f x dXo

x ̅p it because x 8 x Eff idt 3 it

Paulis o 9 0 8 0 d9 Id b9
Commutators are ri 8 Zieguon Always normalize eigenvectors

Postulate d x 14 x t 1 Thusunits of 4 are
12

In ID this requires 111.4 1 0 1 I8 so

Conservation of probability forces It_It Hermiticity

Probability current J it In Im 4 8 satisfiesoff 0
Units are J 5 m t in n spatial dimensions eg 51m for 3D
Useful integral I dx x e n

Useful trick when asked to approximates APPROXIMATE



April6th 00 Wave Packets Uncertainty and
Momentum Space

Wavepacket is general superposition xoxo IdÉÉÉÉÉÉ
Inverse Fouriertransform Ilk foxyixole ike

Key intuition klx1 too large means the phase elk washer out
contributions from Elle Thus diedxx const Mosely

Another intuition step It contributes Jst sink
Wavepacket changes shape i ÉIx to remain localized

relentlengthstale
Timeevolution of wavepackets É dkIchein fjanocheithx EH
Energy ofplanewave e'thxwth i Ey

enginestat

Define dlx x.lt fjdkeikexxd Then flax Yasext

Plancherel'sTheorem de1461 Sdu14h11
Momentum space is born with Icp It l IIp't aprobability
Postulate p Ilp pIlp lotfunctionsnoteigenvalue and I it

p



April6thliioor Expectation Values

Define Q fax4thQ xx.tl
Li 0 in a rotationally invariant state
Time dependence ik d Q.it for dad O

Helpful formula p f X E
Define inner product Hermitian and state the spectralTheorem

jiffy
apseinto withprobability lait wherethe

original wavefunction is 147 ÉLilli forQui Lilliand HermitianQ
Particle on a circle Natl 4 x gives Keath nee

Uncertainty DQ Q2 Q Q 18777 11Q Q 147112The last characterization shows 1125 0 I 0147 18,7147i e eigenstateshave zero uniertainty



Aprilth 16 am StationaryStates SpecialPotentials

Stationary States are separable as 4h.tl guy x
The solution is 414th e iethyly with I4 E4 Notice the units
in the exponential cancer as they should
Y 4 th with 4 4 havingenergies E Ez will eventually
evolve into 14 42 since the phases growdifferently
Intuition whateverfeatures vex contains leak into 4 x

This is straight out of the Schrodingerequation

VIX continuous 4 x continuous

V x finite discontinuities Y a finite discontinuities
V X 8 functions 4 x 8 functions 41 1 14 x

has finite discontinuities

Val hard wall y x is infinite to compensate
Classic examples

Particle on a circle Unix ein E KEY Ki In net
I ill defineddue to the newtopology

Infinite Square Well Unx fi sin E ntint

114 A node is a point wheretextchangersign
i e Yal o but X 4 o a

I ill defined nowdueto boundary conditions p okay
Finite SquareWell Q x TI IEVixYai costal in classicallyallowed

o x exptext in classicallyforbiddenregion decaying so
normalizable andstitchedtogether Beautiful
redefinition as n ka I ka Zo 2 9 so solutions

to even boundstates are
n't52 21 Many 7 0



Odd boundstate have E not n

Delta Potential

Ui
IntegrateYul acrossdexxd from e to e to capture
the discontinuousjump of Y at x

Linear Potential

gj.ge
Solve in momentumspacewhere Entulindapitolps Edit
thenFouriertransformintoposition space Airyfunctions



April 7h.PL StationaryStates GeneralFeatures

I eigenstates with energy Ec influx
I degenerate bad States in ID potential
We can always work with a real wavefunction it Val is real
If V x VI x then B 7 0 so we can choose evenoddenergyeigenstatesMoreover bound states must be even or odd by lackofdegeneracy
Semiclassical approximation sets text ply requires 1 teal
says 4h1 ta intuition particle is more likelyto bewhere it
classically spends more time ie where itsvelocity is slow

Sketching wavefunctions Y Ehle veil
Classically forbidden Ecu x convextowardtheaxis

like or

Classicallyallowed E Val concave toward the axis

like or

Turningpoint E Val inflectionpointwhere 4 a change sign
Both Xx and 4 lx cannot simultaneously vanish because the
Schridinger equation is secondorder so these would imply 441 0
Intuition for quantization of even bound stateenergy we need
4101 0 odd or 4107 0 Anyold E numerically extended via the
Schrodinger equation into a wavefunction might fail this condition
Now it's clear why the nthexcitedstate has n nodes
Visualizeincreasing E Eachsuccessful E addsanother node



Apri 6 00am StationaryStates General Features

To make it formal the NodeTheoremStates there are n nodes

for the nth excited state

Shooting method to numericallysolve for energies start with
407 0,4 o 7 odd or Uco 1 4 o 0 event then binarysearch E values that don't make 447 blow up as youintegrate forward using the Schrodinger equation Worksforeven potentials only
Remove units from the Schrodingerequation by constructingcharacteristi length and energy scales L and E from
Kim and parameters in Va Useful to doso for numerical
integration Then substitute x Lu E E E and rewriteSchrodinger
If Q and it are time independent and IN E147
then Q.IN O let it act bothdirections
Virial Theorem

pops out when Iip Then Em z Idf
Variational principle Egs E 4151147 for any 11411 1 wavefunction
Even better parametrize 4 pi put and minimize over pi Bn
The wavefunction 147 doesn't need to be an energy eigenstate
Feynman Hellman Lemma States dÉ II for X a

parameter of the Hamiltonian Proof is shortand pretty Page 198
Only works for nondegenerate eigenstates When I H t Xoh
this result reproduces Ei Yul sit 14ns



April9th 1600am Stationary States Scattering
Scattering state means nonnormalizable

Finite step potential postulate you Ace Be i
458

for wave moving right A transmitted B reflected andanother left
Solve for B C in terms of A by requiring 4,4 continuous at 0
For ECU IAl B1 and B Alida where del is the
phase shift of the reflected wave and is OLE tan VEI elo
Intuition the physical normalizable scenario is always a
packet of scattering states that could represent a realparticle
For ECU reflected wave experiences a time delay Jeff
Resonant transmission across a finite square well barrier
means T I for energies that are also energies of the infinite
square well This is crazy Some waves ignore the potential
Ramsauer Townsend effect is shooting electrons through noble
gas atoms As electron energies increased scattering went
from high to zero to high to zero to high This is resonant
transmission in a spherical well



Harmonic Oscillator
AP.ggtnsfYifaw.iengtascaeEioneatue

units

It I'm tmw i did u2 ely unit free differentialequation

Guess solution is of the form you heal e V2 for him a polynomial

New differential equationto satisfy is h Zun'tCe Dh 0
Solutions of degree j are quantized E 2jt1 Series for h
must terminate for E to make a normalizable state doneby
constructing a recurrence relation These are Hermite polynomials

Key physical result E two intz for net 1,2
First few Hermite polynomials are 1 24 442 2
Eigenstates heute are f if
Algebraically factorize tmw i mite tmw Itf i if
Failure to commutegives additive constant Remove units by
defining a TE ly Ew atty I if Then I twlatatt

Key intuition na at are defined the onlyway possibleconsistent with units and ha Itip at E ip Caat 1
Inverses are key as well I at at p na at
For quick commutator tricks identify a fat at data

These are just exactly what makes alot I consistent
Commutator trick if A147 0 then AB147 A B 147
Useful to show 1117 Colaato 101 a at 10 0107 1
Creation and annihilation atIn out then I 1h7 Tn in 17



AprilllthIG.com Angular Momentum and

Central Potentials

Classical origin of orbital spin angular momentum
is J R x MV E Viximvil with R Eri V E i
the center of mass versions So J Lts orbital spin
Intuition think of translation operator Ua expf iap h
as creating a shifted Taylor expansion I a t.gg
Momentum generatestranslations x xta by e iai't
Angular momentum generates rotations d d ta by e itEth

Define I i xp good to remember units e.g Ly ÉpiXp
Classic commutators Li l ikErikLk E L 0
In spherical Iz E g becauseof 84 848 xFy 48
since 8 rsinosindl Rsinocost X for example

Intuition Iz Eg gives it the sametopology as p on a circle
with Xo Xo that Thisgives rise to quantization of m

Ez147 km147 me I arises thus

52147 Ellett 142 Len arises by recognizing the differential
equation for the spherical harmonics as a Legendre diff eg
Then e ems e arises from ensuring Pemex E peat to

Intuition for solid angles Idr tdddid ios01 Equals YT I

Spherical harmonics fall out to give radial equation
Em vent tL 1 hee Euee



with Wee r rReach the radial component New centrifugal term

Intuition the reason we need rdr de in integrals and later

for density of states is both Jacobian and Rdr being
geometrically the area infinitesimal for a radius o sphere

As r o a ret since ft ft u u rs s ett or e
Intuition just remember 410 0 only for e o
Then Yash as r o forces nel



April12th6i00an Hydrogen Atom

Wavefunction of two particles is Y taxi with 114kcal'dxd'x 1
This is a jointprobability density not two wavefunctions we use
center of mass frame to reduce to one relativepositionvector
Recall our scales Ao Nez t 0.53 A a It 137
Rydegta 22 me a 13.6 ev

Solving the radial equation with series leadsto quantization
It's not that interestingthough Key point is n e ml with
En If not n so O seen and sense To center your
intuition remember net has one state lie e 01 And n t
is the ground state not n O so that En he works out

Some patterns Unemer n L le tha lets you read of n

Fix l and next is the ground state Thus when n ltlt.nl
the Node Theorem says there are N n e t nodes

r ta ku ell till I ate E ain't



April13th 6 am spin 42

A vector in a 2D complex vectorspace is known as a spinor
O 9 o E Y o o 9 Si Eri Si s theirSh
Magnetic dipole it E E is classically current through a
loop Energy is E te B dipole tends to alignwith B
Units are lie gents Coal s B gauss eng energy

For an electron it g Ite É 9 2

Define the Bohr magneton Mps affect5.788 10 9 En
Spin in arbitrary direction is Sa ft o
Init cosE It sinEe'd1 7 in by orthogonality



Aprill4than Vector Spaces and Operators

Examples are many quantum systems as vector spaces
Explains Eiju and our favorite EijkEipq dipdug digdup

Paulis anticommute 0,02 020

Raising operator S Sxtisy I I givesraising intuition

e'ME cos0 It i Msing if 142 11

Hadamard's lemma etBe A BtCAB t CACAB2 I A IA IAB3 t
Baker Campbell Hausdorff eAeB eAtBetCAB if la laB B la337 0



April15th 6iooa Inner Product Adjoints
and Bra lets

Cauchy Schwarz Kalb 1 s 11all 11611

PEP and PEP means orthogonal projector

Unitary means surjective and llull llull tu

or Utu Out A

If M is Hermitian then ein is unitary
Unitaries send orthonormal bases to orthonormal bases

Rotation operator Ra D expC insula
This works in any angular momentum algebra
Resolution of the identity I E 1k kl is surprisingly
useful in computations



April16th.IT 009 Uncertainty Principle and
compatible Operators

DQ Q2 Q is like an orthogonal projection
as seen from 1184112 CQ t Isa Uncertainty
sa has units Q2

IsA DB s A B I
Together with Idf final energy time uncertaintywith

Dta Msf is contestant E

A year is about it x 107 seconds accurate to It

Lower bounds with the uncertainty principle in it
relax sp's to Dp and ya to tax then relate

sp Eye and minimize sit as a function of Csx

IF T147 7147 then Tt IN N

Normal operators AAt are A É tuPu with Pu a complete
set of orthogonal projectors Papa PepeduePe EPu 1
Complete set of commuting observables esco resolves all
degeneracies CRITICAL to determine the commuting observables
in a given physical problem



April17th6 00an Pictures of Quantum Mechanics

Unitary time evolution postulate 14417 Ult.to l4ctrl tt.to
It implies the Schrodinger equation by differentiating the above
Three cases of time evolution
it time independent Uct exp Atlin
it to Icty O Otot Uct exp ft tilde
General Uct It Stat til tf ftdtitltolf.de Icty t

Heisenberg picture moves time dependence into the operators
Ant UtcaAsUlt As ya A t no

Evolution is it 8 AHHa t ik Tht
Find Heisenberg operators for the harmonic oscillator by
setting up a 2nd order ODE for knit using eq of motion



Aprillethlaooand Dynamics of Quantum Systems

Coherent state é 1h10 oscillates classically and
maintains minimum uncertainty shape To compute with

it remember the Heisenberg picture In pit

Using eatB etteBetta and expanding ph as infra natl
coherent states are a Poisson distribution of energy
eigenstates

Generally exp lait aka 107 rotates a a wt in time

Physically a i long So beautiful

For more intuition not aka pix pix
double translation

ERM field operators from E 15171512 giving a harmonic
oscillator Strategy find conjugate operators set pic it
then define raising lowering get to re create it KwCata
Taste of quantum field theory coherent state of photons 127
contains about n7 1212 photons as a standing wave

Reminder
MB 2 2 E 2m É B check units I

Fun fact neutrons have a magnetic dipole moment

Nuclear magnet resonance spin precession with frequency
we j B Y j's Rotating magnetic field



BottB Xcoswt Ysinwt gives 14 t exp wtf exp i8Br t 14,07

Br Bit Bo l E É wit yBo 4,4 É vectors not operators

Arbitrary 2 2 systems can be considered spin precession

Many algebrain results and supersymmetry'll fall out of
general factorized Hamiltonians AA AAT



April19thlbiooand MultiparticleStates and
Tensor Products

SOT haul Su Q Tv is the fundamental rule
Inner products are cuou too cut suit
Aos f e.g ooo

Tr Ao B Tr A TRIB

Entanglement is when Y E Lij lei if Clu 0107
for any 167 tu not factorizable

Bell States are 1407 it 1 7 1 71 7 14,7 1001 1407orthonormal entangled basis of two 2 state systems
Quantum teleportation requires classical bitsit uses entangled Bell States and 3 particles A B CNo cloning theorem rests on limits of unitary operatorsThey can done dim V orthogonal vectors known in advance



April20th 6 00a Angular Momentum and
Central Potentials I

Dot and cross product rules be bold but remember

what commutes and fear not to rederive to check

I I xi I p pipip i i p I ri.pil p.it ih
i
sign p

Pn i in
switch always antisymmetri superpower
think Why

I rxp And i I p i o by symmetry antisymmetry
Critical identity Eijulipg djping digday Useful a Cixi Caxias
Key techniques caution to not commute operators

symmetry antisymmetry

Eijh identity

Exercise show i and p satisfy ii an ikeijleau
Intuition vector under rotations feel the action of I in

commutators while scalars under rotation don't
ti ie ikeijuten us ii 23 0

Intuition for ie i vectors under rotation
I I is scalar text is vector just like classically

Key consequences Ii Ej ii tixp iheiinlrxplu iaeijul.ie

Ii i p ii 52 ii p ii i 3 0

because all of f p i are vectorsunderrotation



Define I Txt iTy Then 155 7 itz É II It

52 55 JE Wjz and I ljim7 j jti mimillj.im 17
Through all your adventures in angular momentum remember

the key intuitions of where each tool comesfrom
For a central potential Iii it o because Ii p o ki kino

vector vector scalar
All the familiar facts about InGm Zett no degeneracies

Rayleigh formula expresses plane waves as spherical harmonies

3D isotropic oscillator is Efttmw's henceangularmultiplets
Multiplets are 1 0 singlet 107 ex triplet nationation 107

then prelude to addition ofangularmomentum with 1 2
having 00 2 At fixed E no two else multiplets because
that would mean a degeneracy in the ID radial potential



April21st 6 00a AdditionofAngular Momentum

Addition of angular momentum is NOT a mystery
Each space at OH has a normal Ji algebra Then

Ji Ji J Time It A Ji Thesecond form is key
for intuition For calculations JIN JI Ii It is great
Always check normalization

Superpower Se sp I 152 58 sp and forspin 5 j 3

Intuition coupled basis diagonalizes L S type perturbations

because L S n J const 1

Spin orbit coupling L S relativistic electronfeelsproton

magnetic field again leverages L S 15222 54
To calculate corrections select a fixed e so E const

Question why can we select e 1 Doesn't e o in 4 2

have the same energy so shouldn't we include

it in our degenerate subspace calculation

Clebsch Gordon rule jijzim.me jjz jm7 0unlessmitmz m

Allowed j values j Ox jr jit ji a jiti 1 to o Iii jet



April22nd 6 am Charged Particles in Electromagnetic
Fields

Potentials are the fundamental object

B F XE locally É JI I Off locally
Physics is invariant under a gauge transformation

A Attn I I I y exp if Y
Units A T m I T m

Minimal coupling p p E t.tl
Units q T force from Lorentz law F 9Ét9ÉxB so at s momentum
Hamiltonian becomes it ztmlp EAcx.tittqecx.tl
Coulomb gauge is any with E A O It simplifies it
Flux quantum Éo Atf is minimal magnetic flux out of a torus
Landau levels for particle charge q mass m in B BoÉ
form harmonic oscillator DE two we ft f gEB m

The length scale et Ew kg
Superpower when doing Landau level problems keep track of
units to catch silly math errors Also no silly mistakes

Infinite degeneracies in Kx for nth level of the oscillator
Yay Unly yo eikx with yo keeps an the nthoscillatorstat

Finite degeneracies É II feta É if restricted
to Lx by ly square intuition is every state occupies2ithtspace



April23rdG 00a Problem Solving Jam

24.17 DONE

24.67 DONE 130 minutes and that was a midterm problem



April24thCGiooand Time independent Perturbation
Theory

Nondegenerate derivation is by postulating power series
solution and plugging into Schrodinger

Useful choice assume n in 0 if kto but not enkinch

En s cut i ont i n s Useful for some calculations

in E ÉÉ s Eni's EnEtf
Intuition level repulsion higher pushes down PutEY En
so that ground state is pusheddown ten Ei so so out front
Strategy to calculate is always to PAUSE a moment to
think What is the bestway to calculate dawn
Use intuition like a quartic potential on an oscillator
will increase the energy because the potential is going up
Degenerate perturbations for Colt the perturbation restricted
to the degenerate subspace the good basis diagonalizes OH
Ent SH II the Ith eigenvalue

Useful lemma OH he 0 if F it I 0 st 144 145
have different k eigenvalues The basis is good if K is nondegenerate
For degenerate state corrections and 2nd order energy key
is splitting up contributions from in and out of degenerate
subspace Nnand Vi

Ent E IIIT matchesnondegenerate second order onlysummed

over states p outside the degenerate subspace



April25th16 00a Time Independent Perturbation Theory

Intuition coupled basis matters because I is conserved in
the relativistic correction

Label for coupled state multiplets is nLj e.g 3pm
All fine structure of order a me

When stuck in a calculation
1 Check units
2 Think of what commutes
3 Write down the Schrodingerequation

Relativistic correction uses uncoupled as good basis
Since the answer only depends on me it remainsgood in coupled
Fine structure adds j dependence but no e or m

aEfs
energy All Statesshifted

Higher i mean

Iii itdown compared to original

Weak field Zeeman
splits by mj Technique 1542
degeneracies were in e mi
so showing i Iz commute is enough for goodbasis in the degeneracy
Useful trick I s Its I 5 245



April26thiGiroad Problem Solving Jam

25.7 DONE lesson goodbasis in degenerate perturbation theory

25 9 SOLVED ENOUGHTO LEARN lesson unbrokendegeneracy ishard

25 10 DONE Lesson exp valueofscalaroperator is invariantunder m

25 151 DONE Lesson E off is a scalar under rotations And i r



April27th 6 am WKB and Semiclassical Approximation

Local momentum yex 2m e veil localwavelength tix t
With Y upexp Es probability current is J p E
WKB hypothesis is 4 exp1 s Six Ek plug into Schrodinger

power expand in h Result Next If exp Ifdxpix
Classically allowed Na Eyexp if Baexptif i l

Classically forbidden Xxl Eyexp J Eyexp11 l
WKB valid when I lack

kacos like'ldx E getexp takendx

In sin funnax E t expldakaidx

Conneition formulaego in one direction Different forV'so us Vico

Quantization fabrixidx nth it fortwo turning points
Derivation is simply connection formulae Everything inWKB
makes sense with whole approximation apparatus in mind

Intuition you can connect away from a decaying exponential
or into a growing exponential

Tunneling strategy start xp b with transmitted wave then
connect across barrier keep only the good decayingexponential
and connect again into the incident wave cos incident reflected

o Result Twice transmissionprobability exp 2Jkex dx

Lifetime T ofdecay means Pai ethe Compute by letting particle



bounce in well until it tunnels out

ÉUse semiclassical velocity van PE
to estimate time between bounces



April28th6 00an Time Dependent Perturbation Theory

Setup is a small 8Hal on then of ÉI's t

Interaction picture 144 e'it t heat quiesces the action of it
Key to remember all results are in this picture when calculating
e.g It e it t a one it t h Then itd.IE JHIIctn
Writing in a basis and plugging into the Schrodingerequation gives
it chit eiwmutOHmulticult want EmEnl 14TH cut in

General strategy writedownthese coupled diff egs
Perturbative expansion justsimplifies
ITH ITCAN INT H INTACH OCHI

Initial conditions lyin o o for n 1 IT t 141017

Schrodinger in0 14417 XT Ice gives itdelta it OFITChit
Successive substitutions yield e.g IT t fide Idt Fifth14101
For ntm keeping only OX term gives

PremCt snitch stat shift half.tdte'wantshumstil

These results are all derived You can really know them recreatethem
In basis vectors IT a cilicein ftdeof.IEifn
Exercise wederive cutlets from the above
Special cases constant oh Pfeittal off Floritil Fluitt sniff

Harmonic OH 2hcosCutt cos splits to cause eilwtitwltieilwtiwlt.incitta whichwhen integrated create denominators that make either
weak or we wri dominate as absorption stimulatedemission Mathworks

Conditions forvalidity to wt so dit is identifiable as oscillatory
to se Ey so that resonant probability I tf cc



Apvil29th 0 TimeDependent Perturbation Theory

Discrete continuumtransition uses box construct

Count density of states pce by e't Kil 2in Dn dnxdnydnz

ON IEd'k E he 3 Udk Eide d4 K'dude 7 Do de
First trick is fates i f peelde

Second trick is assume Nfifpce constant because Flori.to
suppresses contributions aside from Ef E where it is large
Fermi's Golden Rule transition rate w 25Nfitp E Ef Ei
for constant or Ep Ei hw for harmonic

Validity requires tow cat and to self Delk energyforKcet Ifill
to change comparably to k Simplest condition is Id lepcat

Decayof discrete to continuum I fÉ n

Ionization of hydrogen demand

issomeimeteeg.atm nai and
constant over theatom

Electric dipole approximation is SH 26EwÉ f coscatIt comes from Intf Eat with F Eto gauge and EE IER ignored

Ionization It 6
If Legal ing cos20 for É in Édirection Ii

Akamomentumofejectedelectron



April30th 6io0a Time DependentPerturbationTheory

Ulu Eighty is energyperunit volume in frequency rangedo
for thermal blackbody radiation

stimulateInternetmentionrate
Einstein's ingenious argument

Bastia IEyIg
Intuition stimulated dominates for high temperature

spontaneous dominates for low temperature
Intuition to think like an approximator write down the whole

ugly beast and ask what can go away
Example ÉB just E for nonrelativistic electron

ECI t just Ect for X do for visible light
Bab Baa YI Idan'Ulwbal At It Idan Idoli qcalxilb
Selection symmetry Chem it in'e'm O unless se Il smeo Il

Dm O Cal ki b Aly162 0

Am I salt lb 0 calkibn Ii calflb from Callie571671



May1stam Problem Solving Jam

27.4 DONE Lesson Fourier of Gaussian is fjeikxeatdx j.IE Kya
27 6 CONFUSED Are we operating in ID or 3D for Edmwave

27 7 DONE Lesson Whenyou see harmoniloscillator whip out anat

Adiabatic Approximation

Adiabati means slow change to parameter X of It
I Ife a lil for T a natural timescale

Example natural timescales I period of oscillator orEf L2state
Adiabati invariant means IICH Isoil o as T o for any twhere it changes by DX over time Cost

Key intuition quantum number i.e state in is an adiabati invariant
Instantaneous eigenstate 17h47 to solve HctMct estimate is a
gluedtogether amalgam of individually solved Hstoltecto Ect.lkto
Approximate solution 1064 to Schrodingergiven instantaneous Nlt

14142 40 explifticuitinict's at exp Effect'tdeltutti
Vitttv a TF FEftEat

cld entitle tinct
Adiabatic theorem if 14101 Mula is fully an instantaneous
eigenstate then MH17 will remain that instaneous eigenstate



Mayzndt.am Adiabatic Approximation

Proof of adiabatic theorem uses trick we can always
assume Yuk tutti o th under replacement 14h e8414147

Adiabatic transition means following Mucts even as

physical properties of that conserved state may change
Landau zener 2 state system

IIt It is adiabatic if quantum
timescale Tz ZI WizHI is much less
than transition duration I Il Goodexercise to redevivethesetimescales
Berry's phase just J KCRtalkin die is geometric dependingonly onthe path P Call Finegrandthe Berry connection Anik
Jules is gauge invariant lie under 14nA e'patacas it f is a loop
Example B field tracesloop in 1B0,01 space putti tr Kolidangletrace
Born Oppenheimer approximation uses Berry'sphase Long derivationThe upshot is approximations make moleculardynamicstractable



May3rd16 00a Scattering in One Dimension

Scattering key idea superimpose incoming and outgoing
wavefunction e inteintzid with energy dependent phase
shift 8 then call the scattered wave whatever wouldn't
have featured in the zero potential case
Timedelay is if the particle is repulsed or temporarilytrappedin the potential Time advance means the particle is attracted
and reflects faster All scattering times are compared to no potentia
Stationary phaseprinciple time delay is x volt 2hgleanfor wavepacketnarrowlypeaked around k

For emphasis It 2h8 E

Another form is f g timedelay
freetransittimeacrossra

ngelengthR



May4th16i00and Scattering in One Dimension

Levinson's Theorem number of bound states 8 on ocean

Resonance occurs when the particle gets trapped or localized

in the short range potential like a bound state for a longtime

Resonance means a peak in ECE followed by rapidgrowth Tyethat crosses 72 mod

Resonance condition tancocky i Then Reca tells the

energy at resonance and lifetime T E aperitif
There's a lot to understand about ID potentials and howthey
connect to the complex plane



May5th 6iooa Scattering in ThreeDimensions

Setup is immovable potential comframee.g eike incident wavefunction
Unitless because eike is not normalizable Range of V Irl is a

Energy eigenstate has asymptotic scatteringpiece resin fucoid
é

spherically symmetric that satisfies 152 42 É o for u a

tall d has units of length and is called scattering amplitude

do area that removed fromthe incident beam would remove all
particles scattered into dr around Q d

dog Ifactd l is the key observable result Also o Idf dr
Partial wave method decompose eikt into all modes of angular
momentum e each an outgoing and incoming with a phase shift
de like in the ID case The phase shift is the maximal
variabilitypossible as r o that fits with conservationof probability
Setting the phase shift ansatz aboveequal to men eiketfult.de
with eike decomposed with no phase shifts we get fu in terms of deas
fact01 ITEllettYao10 aidesindel
Total cross section o Igoe withpartial wave cross sections
Oe IeKetilsinde Partial waves don't interfere after integration over dr
because orthogonalYen'scancel

Forwarddirection is 0 0 Optical theoremsays o Im fuk o
Result follow from Yeo Peloso with Pe Legendre polynomials



Summary intuition eiht breaks into partial waves outgoing and
ingoing Probability conservation tells us these differ by at most a
phase shift We postulate yer eat factd It as r o which
matched up gives faced in terms of the phase shifts
Ueo r Csinskuto for u a always from ID radial intuition
Hard sphere potential needs desolr al o do ka o Uta
General computation of de find radial solution vein for rsamatch it to u thejacket Ben that at r a threshold tan del IfeSemiclassically we expect most scattering for le ka The classicalimpact parameter b f should not exceedpotentialrange itThe centrifugal barrier prevents the particle from reaching thepotentia
Integral equation for scattering Nar t.cat d3v'GcrrDuanycrnwhere Noor is a homogeneous solution of the Non o andwhere total Geru't 83hr rn is a Green's fruition of D'the
Fully Neri eiti it far Gar ri U ritual Girl
Born approximation sticks Tcu into its own formula aboveto create a power series in the potential Vin ZEVin
First Born approximation Nci a eiki.tt dEiG lFonucrileiki.t
Ficolol Iffatee't've Ken in nil I 10,01 ri incidentdirection
For a central potential tuco It forwaisiniku K 2ksin El
Born approximation is valid for small potentials Nice what

or for high particle energies when lulceEar ka



May6th16i00a Problem Solving Jam

30.4 DONE IExceptpart Ca Lesson usetricks for e o scattering

30 6 DONE Except part Id Lesson use formulafor radialBornappro



1111610091 Problem Solving Jam

28.5 Confused by wording will seek advice

27.6 Half done Lesson write out a clear recipe for densityof states


