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Introduction

These notes were compiled by Siyi Zhang from the quantum mechanics lectures of
Prof. Ben Heidenreich. The presentation follows the numbered lecture sequence,
incorporating the accompanying handwritten lectures and supplementary handouts.

Quantum mechanics is developed first as a framework for states, observables,
probabilities, and physical transformations. Wave mechanics then emerges as the
position-space realization of this framework, providing tools for bound states, scattering,
and approximation methods.

Course content

1. Motivation. Experimental foundations, Stern—Gerlach measurements, interfer-
ence, and the need for probability amplitudes.

2. Finite-dimensional Hilbert spaces. Bras and kets, operators, inner products,
spectral decompositions, and changes of basis.

3. The postulates. States and observables, measurement probabilities, state
updates, and closed quantum processes.

4. Time evolution and symmetries. The Hamiltonian, evolution operators,
pictures of dynamics, generators, and conservation laws.

5. Quantum information and entanglement. Uncertainty, mixed states,
composite systems, reduced states, and quantum correlations.

6. Continuous observables. Infinite-dimensional state spaces, the harmonic
oscillator, position and momentum, and wavefunctions.

7. Wave mechanics and bound states. Stationary states, probability flow,
matching conditions, and exactly solvable potentials.

8. Scattering and resonances. Reflection and transmission, scattering ampli-
tudes, bound-state poles, and unstable states.

9. Approximation methods. Variational estimates, semiclassical methods, and
perturbation theory, including degeneracy.

Conventions

The inner product is antilinear in the bra and linear in the ket. States differing by a
nonzero complex scalar represent the same pure state; normalization is stated where
probabilities are evaluated. The Fourier phases and normalization factors are specified
when position and momentum representations are introduced.
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References and source materials

Primary lecture sequence

Ben Heidenreich, Quantum Mechanics, supplied lecture notes:

1.

AT B R

© % N2

Motivation.

Finite-dimensional Hilbert Spaces.

The Postulates of Quantum Mechanics.
Time Evolution and Symmetries.

Quantum Information and Entanglement, with the accompanying handwritten
lectures.

Continuous Observables, with the accompanying handwritten lectures.
Wave Mechanics, together with the bound-state handout.
Scattering, Bound States, and Resonances, together with Note on Resonances.

Approzimation Methods, together with Degenerate Perturbation Theory.

Reading cited in the lectures

The time-evolution and symmetries lecture cites the following reading:

e John S. Townsend, A Modern Approach to Quantum Mechanics, University

Science Books. The lecture cites Section 4.5 for ammonia and the preparation
of a localized molecular configuration.

e J. J. Sakurai and Jim Napolitano, Modern Quantum Mechanics, Cambridge

University Press. The lecture cites Section 4.4 for time reversal and antilinear
operators.

Using the notes

Definitions establish the mathematical language; propositions and proofs record the
logical steps behind the main results. Worked examples develop the calculations,
while exercises retain further applications from the lectures. The original diagrams
are placed alongside the relevant arguments. An index at the end maps the fourteen
supplied PDFs to the corresponding parts of these notes.
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Part 1
Motivation and Quantum States

1 Why quantum mechanics changes the description
of a state

Quantum mechanics is often introduced through Schrédinger’s equation,

o(r,t) B _,
— = _%V Y(r,t) + Vir, t)(r,t). (1.1)

ih
Schrodinger proposed this equation in 1926. It gives the dynamics of a particular kind
of quantum system: a nonrelativistic particle with a position-space wavefunction. It
is an important application of quantum mechanics, but it is not the entire framework.

The more fundamental change is in kinematics: what constitutes a state, which
questions can have definite answers, and how the state determines the results of
measurements. In classical particle mechanics, a point in phase space, specified by
position and momentum, supplies the initial data. In quantum mechanics, the state
will instead be represented by a vector in a complex Hilbert space. The same general
rules apply to a two-state spin system, to a particle moving in space, and to quantum
fields, although their Hilbert spaces are very different.

We will therefore develop the state and measurement rules first. A prescription
for constructing a quantum theory from classical variables is a further step, usually
called quantization. Such prescriptions help identify the appropriate Hilbert space
and observables; they do not replace the general quantum postulates.

2 Photons, matter waves, and interference

2.1 Localized detection and a wave-like distribution

Planck’s work on thermal radiation in 1900 and Einstein’s explanation of the photo-
electric effect in 1905 introduced the relation
—34 h
E=hf=hw, h~6.6x 107" Js, h:%. (2.1)

An individual photon transfers energy in a localized detection event. Repeating the
experiment produces many such events at apparently random positions. Nevertheless,
the distribution of many detections agrees with the intensity predicted by wave
optics. A localized event and a wave-like statistical distribution are both parts of the
phenomenon that the theory must describe.

Consider monochromatic light of wavelength A incident on two parallel slits. Let
each slit have width w, let their centres be separated by d, and let the screen be a
distance L beyond the slits. We denote transverse position on the screen by z.
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Figure 1: The original double-slit geometry: slit width w, separation d, and a distant
screen.

In the paraxial, Fraunhofer regime, the intensity takes the form

d )
Tiwo() o< sinc? (%) cos? (%) , sincu = s12u. (2.2)

The continuous definition at the origin is sinc0 = 1. The broad sinc® factor is the
single-slit diffraction envelope. The more rapidly varying cosine factor produces the
interference fringes. Fraunhofer propagation requires the quadratic variation of the
propagation phase across the aperture to be negligible; a sufficient far-field condition
is L > a*/\, where a is the transverse size of the entire aperture. The paraxial
approximation also requires the relevant observation angles to be small.

Covering one slit removes the narrow fringes, leaving the single-slit envelope.
Reducing the intensity does not continuously turn the two-slit pattern into the one-slit
pattern. Even when photons are detected one at a time, the two-slit distribution
builds up after many events. Weak-light experiments already explored this issue in
the early twentieth century; genuine single-photon preparations make its meaning
especially direct.

2.2 Why adding classical path probabilities fails

If a photon is detected at a slit, the detector records one localized outcome. It is
tempting to infer that every photon has a definite slit label even when that label is
not measured, and that opening both slits should therefore give

P(z) £ Pi(z) + Py(). (2.3)

This prediction has no interference term and disagrees with the observed fringes.
Indeed, there are positions where opening the second slit reduces the count rate to
zero. Adding nonnegative probabilities for two independent alternatives cannot do
this.

16



Figure 2: Blocking one slit leaves the broad diffraction envelope.

Figure 3: The original simulated photon counts: both slits open on the left, and one
slit open on the right. Each localized detection contributes to a distribution.

For equal illumination of two nonoverlapping slits, a convenient idealized normal-
ization is

wo. Twx
Pi(z) = Py(x) = DL 81n02<>\—L> : (2.4)
P(zx) = i—?z sinc? (%) cos? (Z\i;) . (2.5)

Here P, and P, use the original two-path incident ensemble as the reference: each
integrates to 1/2 in the ideal far-field model. If one conditions on transmission
through a single open slit, the normalized conditional distribution is 2P; or 2P,. This
distinction between a probability relative to the incident beam and a conditional
probability will also matter in the Stern—Gerlach experiments.

One can try to find which slit a photon traverses by scattering it from an electron.
If the scattering record distinguishes the alternatives, the interference fringes disappear.
A path detector need not absorb the photon to have this effect. The issue is whether
a distinguishable record of the alternative has been produced.

The correct conclusion is operational: a path measurement and an interference
measurement are different experimental arrangements. A definite result of the first
does not justify assigning the same unmeasured result in the second.
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Figure 4: The source’s which-path arrangement for photons, using scattering near the
slits.

2.3 Probability amplitudes and the Born rule

The alternative quantities that add are complex probability amplitudes. For the
double slit, choose

w : . TWwIT

Ui (x) = 3V7 elmdz/(AL) smc(v) : (2.6)
(T . (TWT

'lbg(.f) = m e dz/(AL) SlIlC(v) . (27)

For coherent alternatives leading to the same final outcome,

W(x) = 1 (2) + o) = \/izz cos(%> sine (747 (2.8)

The Born rule gives the probability density as the squared modulus:
P(z) = [p(2)* = [r]* + [tho]* + 2Re(¥i1). (2.9)

The last term can be positive or negative. It accounts for both enhancement and
destructive interference. The phases of the amplitudes contain information that is
absent from the probabilities |¢1]? and |1),|* separately.

Multiplying every amplitude by the same constant phase e'? leaves all probabilities
unchanged. Multiplying a position-space wavefunction by a position-dependent phase
e?(®) also leaves its position density unchanged, but generally changes other predictions,
such as momentum probabilities. A global phase and a relative phase are therefore
very different kinds of information.

The word coherent specifies that the alternatives retain a definite relative phase
and have no remaining record that distinguishes them in the degrees of freedom
relevant to interference. If the alternatives become correlated with orthogonal detector
states |Dy) and |Dy), the total amplitude is instead

Y1(z)|D1) + a(z)|D2).
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Its squared norm is
P(z) = [n]* + [th2f* + 2 Re[y¢2(Dy | Dy)]. (2.10)

Thus an orthogonal path record eliminates the cross term even if nobody reads the
detector. This expression anticipates the Hilbert-space treatment below.

2.4 Matter waves

The phenomenon is not restricted to light. De Broglie proposed in 1924 that a particle
with momentum magnitude p has wavelength

A=—. (2.11)
p
Electron diffraction, including the Davisson—Germer experiment, supplied direct
evidence for this relation. Electrons can also produce a double-slit interference
distribution through individual localized detections. Calling light a wave and matter
a particle does not remove the need for a common quantum description.

2.5 Deriving the phase difference

Exercise 2.1 (Path lengths and a displaced source). Derive the two-slit interference
phase, first for an on-axis source and then for a source at transverse position xg, a
distance Ly before the slit plane.

Solution. Put the slit centres at s. = £d/2. For a screen point x, the outgoing path

length is
2
T — s
Eout(S) =\ L2 + (I — S) ~ L+ %
Therefore
dx
lout(d/2) — loue(—d/2) = -7

Multiplication by k = 27/X gives the phase difference —27wdx/(AL). Two equal
amplitudes with phase difference A¢ have a total squared magnitude proportional to

|eiM’/2 + e’iA¢/2‘2 = 4 cos?® %7

which yields the cosine factor in (2.2).
For the displaced source, include the incoming distance:

((s) = /I3 + (s —20)? + V2 1 (z — s

Expanding both square roots gives

2o T

0(d)2) — 0(—d/2) ~ —d (L—O + E) .
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The interference factor is consequently

cos? [%l (% + E—Z)} . (2.12)

For a narrow slit, integration over its local transverse coordinate u € [—w/2,w/2]
supplies the diffraction envelope. For example, for on-axis illumination,

w/2 _
/ e~ kru/L Qy = wsine (%) .
—w/2 AL

This separates the within-slit diffraction factor from the between-slit interference
factor. O

3 Complementarity, uncertainty, and information

3.1 A which-path measurement on an electron

Suppose an electron has longitudinal momentum p, and wavelength A\, = h/p.. We
illuminate the slit region with photons of wavelength A, to determine which slit the
electron passes through.

Figure 5: The original electron which-path thought experiment: photons scatter from
the electron near the slit plane.

A photon carries momentum of order h/\,. Scattering produces a transverse
electron momentum uncertainty of the same order:

Ap, ~ —. 1
De N, (3.1)

To resolve slits separated by d, the wavelength must be no larger than the relevant
separation, up to optical factors:

/\Wsd — APeZ

>
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The subsequent flight time is approximately L/v,. For a small transverse kick, the
uncertainty in the arrival position is

Ap, L B Ap,.L B Ap.L),

A 3.2
T Pe h (3:2)
L\
> 3.3
2= (3.3)

But LA./d is precisely the spacing between adjacent interference maxima. The
localization necessary for this which-path measurement brings in a disturbance large
enough to spoil the fringes.

This is an order-of-magnitude argument, not a derivation of the exact standard-
deviation inequality o,0, > /2. Its purpose is to show how the two requirements
conflict in a concrete apparatus. More generally, loss of interference is described by
the distinguishability of path records, as in (2.10); it need not always be interpreted
as a classical random kick.

Bohr’s principle of complementarity emphasizes that different experimental arrange-
ments make different aspects of a quantum system accessible. Heisenberg’s uncertainty
principle quantifies restrictions on simultaneous statistical sharpness. Both emerged
in 1927. The Bohr-Einstein thought experiments repeatedly tested whether one could
obtain a path record while preserving a complete interference pattern.

3.2 Can recoil of the source reveal the path?

Exercise 3.1 (Source recoil and the interference phase). In the displaced-source
geometry, try to infer the photon’s slit from the transverse recoil of the emitting source.
Explain why making this recoil sufficiently sharp conflicts with a stable interference
pattern.

Solution. The angular difference between the two outgoing photon directions at the
source is approximately d/Lg. Since the photon momentum magnitude is i/, the
separation between the two possible transverse recoil momenta is of order

hd

5]9 recoil ™~ /\_L() .

To distinguish these recoils reliably, the initial source momentum spread must be
much smaller:

hd
Upo << /\_LO

The position—momentum uncertainty relation then implies

b Ao

> > .
w0 = 20,,  4md

The relative phase in (2.12) varies with source position at rate 2rd/(ALg). Its spread
is therefore

2rd
Ao

OAgp ™ Ozg-
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In the limit of a sharply distinguishable recoil record, this spread becomes large.
Averaging over the uncertain source position suppresses the oscillatory interference
term. Equivalently, the two paths become correlated with distinguishable source recoil
states, so that their overlap in (2.10) becomes small. The source itself can serve as
the path detector; it need not be a separately placed instrument at a slit. O

3.3 What information is contained in a quantum state?

A classical particle state is often described by (v, v), or equivalently (r, p). A quantum
state cannot assign arbitrarily sharp values to all of these quantities simultaneously.
It supplies probabilities for measurements, including measurements that are mutually
incompatible.

For a pure state, the amplitudes, including their relative phases, determine the
predictions for every allowed measurement. A measurement of position on many
identically prepared systems determines |¢(z)[?, but does not by itself determine
the phase of 1(z). Different measurements are needed to recover the additional
information.

The quantum state of an unknown system cannot in general be read out completely
from one specimen. A measurement gives a particular result and generally changes
the state. Repeating the same measurement on that same specimen does not recreate
the original preparation. State tomography instead uses many identically prepared
systems and several measurement settings. In the general case, the object determined
by the statistics is a density operator. Different statistical ensembles of pure states can
give the same density operator, so tomography does not identify a unique ensemble
decomposition.

Quantum mechanics is intrinsically probabilistic in its usual operational formulation:
even an exactly specified pure state need not assign a certain result to a chosen
measurement. Interpretations address what, if anything, underlies this mathematical
description. Interpretations that retain the same preparation, transformation, and
probability rules agree on these experimental predictions. Proposals that modify those
rules are different physical theories and must be judged by their predictions. The
calculations developed here use the operational rules and do not require an additional
interpretive choice.

4 The Stern—Gerlach experiment

4.1 Historical motivation and magnetic moments

Stern and Gerlach performed their experiment in 1922. Its historical setting was the
old quantum theory, including the Bohr atomic model and its extensions. In the Bohr
model, circular electron orbits obey the rule

L = nh,
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while differences of orbital energies account for discrete spectral frequencies. For
hydrogen these take the Rydberg form

1 1

Figure 6: The original sketch of the Bohr model, whose quantization ideas motivated
the historical experiment.

A puzzling idea was spatial quantization: how could a projection of angular
momentum have discrete possible values when the axis used to define that projection
is arbitrary? The Stern—Gerlach experiment turns this question into a measurement.

A circulating charge produces a magnetic dipole moment. If a charge ¢ completes
an orbit of period T and oriented area A, its magnetic moment is

q
_ 1y
k=7

For a Kepler orbit, conservation of angular momentum gives the areal velocity
dA L
dt — 2m’

Integrating over a period yields A/T = L/(2m), and hence

4q
=—L=~L. 4.1
p=5-L=n (4.1)
For an electron, ¢ = —e, so its orbital magnetic moment is antiparallel to its orbital

angular momentum. The natural magnitude is the Bohr magneton,

B eh
2m,

KB (4.2)
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Figure 7: The source’s knife-edge magnet geometry and the resulting inhomogeneous

field.
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Figure 8: A neutral atomic beam traversing the magnetic field. The beam direction is
+7 in the source convention.

4.2 An inhomogeneous magnetic field

The apparatus sends a beam of neutral atoms through an inhomogeneous magnetic
field. Neutrality avoids a net-charge Lorentz force, while the atoms’ magnetic moments
still interact with the field. A sharp pole opposite a broader pole creates the required
gradient.
The interaction energy is

Uint = —[J,B (43)
There are two effects. First, the torque is

N =pu x B.
Writing p = vL gives

dL

=L~ (—B)

Thus the moment undergoes Larmor precession with angular-velocity vector
w =—B. (4.4)

For electronic magnetic moments and laboratory fields of order 0.1 T, the angular
frequency is of order 10'°s~!. Over many cycles, transverse components average to
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zero, leaving

B=(p-B)B.
Second, the spatial gradient produces a force:
Uit 0B
F,=— =pu- . 4.5

Near the middle of the apparatus, symmetry and a predominantly vertical field give

F,~ uz%. (4.6)
In the source geometry, 0B, /0z < 0 and the electronic gyromagnetic ratio is negative.
A positive angular-momentum projection therefore produces an upward deflection.
If the moments were classical vectors of fixed magnitude and random isotropic
orientation, their projections would range continuously from —u to +pu. More precisely,
isotropy gives a uniform distribution in cos#, and therefore a uniform projection
distribution
P 1
dL. 2L
The corresponding deflections would form a continuous band, broadened further by
the beam profile and instrumental effects.

—L<L,<L.

4.3 The observed two outcomes and electron spin

The silver beam instead splits into two components.

i~
1 —
‘ n
Cowp e
A3 besm S>— e
“down
S campmm’c

Figure 9: The observed two-beam structure in the original Stern—Gerlach sketch.

The relevant angular momentum in silver is the intrinsic spin of a single unpaired
electron; the net orbital contribution in its ground state vanishes. We therefore write
it as S. Its magnetic moment is

e

B =S, Ve = —Je ge == 2.0023.

2m,’

Historically, Stern and Gerlach measured the magnetic moment rather than the
angular momentum directly. The factor g. ~ 2 makes the moment associated with a
spin projection /2 approximately equal in magnitude to the old orbital estimate for
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angular momentum A. This compensation is why the angular-momentum factor of
two was not apparent from their magnetic splitting alone.

The magnetic deflection together with the gyromagnetic ratio gives

h h
SZ = +§ or Sz = 5 (47)
These are projections, not the magnitude of the spin vector. For a spin-1/2 system,
S? = 3h?/4, so the magnitude associated with S? is v/3h/2.

Rotating the apparatus changes which component is measured but still produces
two possible results, +//2. Discrete projections therefore do not select a preferred
direction in space. Understanding how different measurement axes are related is one
of the main reasons to introduce a Hilbert space.

5 Sequential measurements and coherent recombi-
nation

5.1 Preparing and measuring a spin state

Write SG, for a Stern—Gerlach device oriented to measure S,. We label the states in
its two output beams by |z,+) and |z, —). The notation is at first just a label for a
reproducible preparation.

detector
(film)

N

unpolarized |
beam

2

@ p)]
)
o>

Figure 10: The two spin preparations produced by a z-oriented Stern—Gerlach appara-
tus.

Send only the upper output into a second SG, device. All transmitted atoms leave
the second device in its upper output:

P(z,+ | z,+) =1, P(z,— | z,+)=0. (5.1)

The first device prepares a definite S, state, and an immediate repeat of the ideal
measurement reproduces the outcome. An unpolarized input gives equal intensities in
the two outputs. It can be represented as an equal statistical mixture of the two z
states, although this representation is not unique.

Now turn the second apparatus so that it measures S,. A prepared |z, +) beam
splits equally:

P(z,+ | z,+)=Plx,— | z,+) = % (5.2)
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12, +) . 100%
unpolarized A y( o
beam SG2 beam 0%
dump

Figure 11: Filtering the z, 4+ output and repeating the same measurement gives z, +
with certainty.

12, +) > 50%
unpolarized N A SGE s 50%
beam SGZ beam ’
dump

Figure 12: A definite S, preparation gives equal probabilities for the two S, outcomes.

The same holds for a prepared |z, —) beam.

One might imagine that the original beam contains four subpopulations with
predetermined pairs of values (S, .S;). This simple model predicts that selecting z, +
and then x, + leaves only atoms that still have z, +. Test that prediction with a third
device measuring S :

|z,+) — select z,+ — S.. (5.3)

The final outcomes are again equally likely.

|2, +; &, +)7
% 4) A Jgg: [ 5%
T {saz s 50%
—I8G2 |y —

Figure 13: After the intermediate x, + selection, a final S, measurement gives both
outcomes.

The naive picture of filtering fixed, undisturbed values of both components fails.
The intermediate measurement prepares a new state and removes the earlier certainty
about S,.

5.2 Why precession cannot simply be tuned away in a resolved
measurement

The rapid Larmor precession in a Stern—Gerlach magnet suggests a physical mechanism
for changing transverse spin information. Atoms entering at slightly different heights
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experience different fields and accumulate different precession angles. Could one make
the beam so well controlled that every atom executes exactly the same number of
precessions, while still resolving the two spin outcomes?

Exercise 5.1 (Resolving the impulse and the precession angle). Let G = 0B,/0z,
let T' be the transit time, and let © denote the magnitude of the magnetic moment
projection. The two impulses are approximately +|uGT|. Relate the resolution of
these impulses to the uncertainty in the accumulated precession angle.

Solution. To resolve the outgoing momentum branches sharply, require
o, L |[uGT].
The uncertainty relation implies

in h h

> — > .
9 = 20 7 2|uGT

The accumulated Larmor angle is approximately ¢(z) = —yB,(2)T. A position spread
produces an angle spread .

~ in hly

s = |VGT |0} > 2l

For a spin-1/2 moment, |u| = |y|h/2, so the last quantity is 1. Sharp separation of the
momentum branches is therefore incompatible with a sharply controlled transverse
precession phase in this arrangement. This gives a concrete consistency check on the
failure of simultaneous sharp spin-component assignments. O

5.3 A modified apparatus that splits and recombines

Instead of detecting or blocking a separated beam, we can try to bring the two paths
back together coherently. The modified Stern—Gerlach apparatus uses three magnetic
regions. The first separates the paths; the second has the opposite gradient and
approximately twice the transit time; the last has the original gradient and reunites

jI—

=
—

s et e
5 : s
\

Figure 14: The source’s three-region Stern—Gerlach recombiner. Opposite intermediate
forces reverse the separation and allow the two paths to meet again.
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For an idealized branch acceleration a, take successive accelerations a, —a, a for
times T, 2T, T. Starting from zero transverse velocity, the velocities at the boundaries
are

0, adal, —al, 0.

The transverse displacements in the three regions are

1 1 1 1
—aT?, (aT)(2T) + =(—a)(27)* = 0, —aT? + ~aT? = —=aT”.
2 2 2 2

Both net displacement and net momentum change vanish. The opposite spin branch
follows the reflected trajectory. Thus the apparatus can restore a common outgoing

spatial mode while allowing access to the separated paths in the middle.

b

beam - . beam
a5 SG |sGz -

Figure 15: An abstract split-and-recombine device. Either internal path can be
blocked, or both can remain open.

Spatial recombination is not by itself sufficient: relative phases must also be
controlled, and no remaining environment or detector record may distinguish the
paths. The ideal device below is tuned so that its two branches recombine with the
required relative phase.

Prepare |z, +), send it through an z-oriented modified device, and measure S, at
the end. If either internal path is blocked, half the incident atoms are lost. Among
the transmitted atoms, the two final z outcomes are equally probable. Relative to the
beam entering the modified device, each final outcome therefore has probability 1/4.

modified SG device

12, 4) il M 9
. ) SGT i SGzx A SG2
— SGZ - —> |, 9
—)I |,{{;,—> :
removable
block

Figure 16: The fourth thought experiment: a z,+4 preparation, an z split-and-
recombine stage with a removable block, and a final z measurement.

With both paths open and the phases properly tuned, all atoms instead emerge as
2, +:
P(z,+) =1, P(z,—)=0. (5.4)
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modified SG device

. T, +

2,4) R .+ | > 100%
Sz N SGE SGE A5G2| o
177 &, —) ‘

Figure 17: With both coherent paths open, the ideal recombiner restores the initial
z,+ state.

This is a spin version of double-slit interference. It shows why merely separating
the beams does not have the same effect as recording an outcome and then discarding
that record.

5.4 The amplitudes behind the four experiments

Choose phases so that the amplitude for either path to reach final z, + is 1/2. The
amplitudes for final z, — have opposite signs:

Internal path final z, 4+ final 2z, —

x, + 1/2 1/2
,— 1/2 ~1/2

With a single path open, the squared magnitude of each entry is 1/4. With both paths
open, the amplitudes add to 1 and 0. The two probability distributions are different
because the coherent experiment adds amplitudes before squaring.

This motivates the column vectors

7, +) © (é) 7)o ((1)) 74 o % (£1> (5.5)

Each pure state in this display has unit norm. The unnormalized contribution from
one branch of the modified apparatus has an additional factor 1/ V2 because that
branch contains only half the incident probability.

6 Complex two-state vectors

6.1 Changing between the 2z and x descriptions

A general normalized two-state vector is

W) = alz,+) + Blz, =), el + 18 =1. (6.1)
Its z measurement probabilities are P(z,+) = |a|? and P(z,—) = |B|?. Using (5.5),
|l’, +> + |ZL‘, _>
z,+) = , 6.2
|2, +) 7 (6.2)
|Qf, +> — |.’L’, _>
|2, —) = (6.3)

7 ,
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and therefore
a+p

a R
V) = W!% +) + WW —)- (6.4)
It follows that e
P(z,+) = % (6.5)
The sum is one because the cross terms cancel:
a+ B+ |a—p6)?
| | | | :|Oz‘2—|—|ﬁ|2.

2

The change of coordinates is

() -n(3) =500 L) o

Since H? = 1, the same matrix recovers the z components from the z components.
Neither choice of axis contains more state information.

6.2 Why complex amplitudes are needed

Prepare the y, + output of an apparatus oriented along y. Measurements along either
z or x give equal probabilities.

|9, +) 1 50% |7, +) F— 50%
) SGz o R SGi o
—— SGy L 50% ——| SGj —— 50%
N RN

(a) (b)

Figure 18: The two rotated preparations that determine the relative phase of the vy, +
state.

Equal z probabilities imply that, after choosing an overall phase,

1 el®
Yy, +) = E|Z, +) + E|z, —).
Equal z probabilities then require
Pz, x|y, +) = }l|1 + )2 = %(1 + cos ¢) = %

Thus cos ¢ = 0, so the relative phase is ¢ = +7/2. A conventional choice is
1
V2

The y states cannot be represented by real two-component amplitudes in the same
convention that made the x and z states real. Complex numbers encode the required
relative phase.

ly, +) = —= (|2, +) £z, ). (6.7)
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Simultaneously complex-conjugating all state components and all operator matrices
gives an alternative representation with identical predictions. Complex-conjugating
only a state while holding the measurement operators fixed is generally a physical
change: in this convention it exchanges |y, +) and |y, —).

For a general state, the y amplitudes are

¢y,+ = i w

V2 V2

() -u(3). w-507) oo

Exercise 6.1 (Normalization and unitary changes of components). Verify that both
H in (6.6) and U, in (6.9) preserve the normalization of every state vector.

@ij,— - (68)

Equivalently,

Solution. Direct multiplication gives

1/1 1)\°
tr_ 1 _
H'H 2<1 _1) 1,

1/1 1 1 —i
T —_— pum—
Uy 2(1 —i) <1 i) b

Therefore (U)T(Uy) = Ty for either change of components. Such matrices are
called unitary. They preserve the complete inner product, not merely the norms of
the displayed basis states. O

and

6.3 Why an unpolarized beam is not a pure state

Exercise 6.2 (No single ket gives an unpolarized spin-1/2 state). Show that there
is no normalized column (c, 3)T that gives probabilities 1/2,1/2 for measurements
along each of x, y, and z.

Solution. Equal z probabilities require |a]* = |3]* = 1/2. From (6.5), equal x
probabilities require

Re(a* ) = 0.
The y probabilities are
1 , 1 .
P(y> j:) = 5‘0{2'215‘2 = 5 j:Im(a 6)7

so equality also requires Im(a*f) = 0. Together these conditions give a* = 0, in
contradiction with |af| = 1/2.
The unpolarized beam is instead a mixed state, represented by

1 1 1
p = §|Z,—|—><Z,+’ + 5‘27 _><Zv _’ = 51

It can equally be decomposed as a half-and-half mixture in the x basis or in the y
basis. This is an explicit example of the nonuniqueness of a mixed-state ensemble
decomposition. O]
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Part 11
Finite-Dimensional Hilbert Spaces

7 Kets, bras, and linear maps

7.1 Complex vector spaces

A complex vector space H has vector addition and multiplication by complex scalars.

In Dirac notation, a vector is a ket, written |¢). If [¢), |x) € H and a,b € C, then
alyy +blx) € H.

A basis consists of linearly independent vectors that span the space. In this chapter
dimH = N < co. A general ket is therefore determined by N complex components
once a basis has been chosen. Infinite-dimensional spaces require an additional
completeness condition and attention to convergence and operator domains; these
issues will be introduced when needed.

The abstract ket and its coordinate column are different objects. The ket does
not depend on a choice of basis, whereas its components do. This distinction is the
same one encountered when a geometric vector is represented by different Cartesian
coordinates.

7.2 The dual space

A bra is a complex-linear map from H to C. The bras form the dual vector space H*.

If (w] is a bra, its value on a ket is written

(w()) = (w | ).

Linearity means
(wl(alp) +0lx)) = alw | ¥) + blw | x)- (7.1)
At this stage a bra is simply a linear functional. The association of a particular bra

with a particular ket will come from an inner product.
Bras can themselves be added and multiplied by scalars, pointwise:

(a{w] + o)) = alw [ ) +b{n [ ¥).

Complex scalars commute with bras and kets; for example a|t)) = |i))a. This does
not mean that arbitrary products of bras and kets can be reordered. Their order
determines whether the result is a scalar, a vector, a functional, or an operator.

7.3 Operators and their algebra
A linear operator X : H — H obeys

X(al) +bx)) = aX[) + 0X|x).
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It acts on a ket from the left. It also induces an action on bras from the right: (w|X
is the functional satisfying

({WX)[¢) = (W[(X]).

The identity 1 satisfies 1|¢)) = [¢)) for every ket, and the zero operator sends every
ket to zero. Two operators are equal precisely when they act identically on every
vector; checking a basis is sufficient.

Addition and composition are defined by

(X +Y)[) = X|) +Y]¢),  (XY)[¢) = X(V[¢)).

Composition is associative but is generally not commutative. The commutator
(X, Y]=XY -YX (7.2)

measures its failure to commute. In a matrix product, the rightmost operator acts
first. The same order convention will be essential for sequential measurements and
time evolution.

7.4 Outer products and rank
A ket followed by a bra defines an outer product:

(1) whx) = [¥)(w [ x)- (7.3)

Every output lies in the one-dimensional space spanned by |¢). Thus a nonzero outer
product has rank one. By contrast, the reversed product (w | 7)) is a complex number.
For any operator X, the range is

ran X = {X¢) : [¢) € H},

and its rank is dimran X. Equivalently, the rank is the minimum number of rank-one
terms needed to express X as a sum of outer products. To see this, suppose

X = Jug) {wa-

Then ran X C span{|uy), ..., |u,)}, so rank X <r. Conversely, choose a basis |u,) of
the range. The coefficients of X)) in this basis are linear functions of |¢), hence bras
(wal, and give such a decomposition with » = rank X. In particular, every operator
on an N-dimensional space has rank at most N.
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8 Inner products and adjoints

8.1 The Hilbert-space inner product

Definition 8.1. A complex inner product assigns a number (¢ | x) to each pair of
vectors and satisfies

(W x) =¥, conjugate symmetry, (8.1)
(W ax+bm) =aly|x)+b|n), linearity in the second slot,
(8.2)

(| ) >0, (W |)y=0 < [¢b) =0, positive definiteness. (8.3)

A finite-dimensional complex vector space equipped with an inner product is a Hilbert

space. Its norm is
oM = Vb | ¥).

Conjugate symmetry and second-slot linearity imply first-slot antilinearity:

(a) +bx [ m) = a* (¥ | n) +0"(x [ n). (8.4)

Thus the inner product associates a bra (1| to each ket [¢)), but the association is
antilinear:

() +bIx)" = a” (] + 0" (x]. (8.5)

The dagger notation records this association.

Proposition 8.2 (The ket-bra correspondence). Every bra on a finite-dimensional
Hilbert space is the inner-product bra associated with a unique ket.

Proof. First establish uniqueness. If ()| = (x|, then (¢ — x| = 0, so evaluating the
zero functional on [1) — x) gives

1) = ) I* = 0.

Positive definiteness implies [¢)) = |x).

The association is thus injective. The space of bras has the same finite complex
dimension N as the space of kets: given any basis, a linear functional is determined by
its IV values on that basis. An injective antilinear map between equal finite-dimensional
complex spaces is surjective, since its image is a complex subspace of dimension N.
Once an orthonormal basis |i) is chosen, the correspondence is explicit: a bra with
values b; = (w | i) is associated with

) = bl

[]

This finite-dimensional statement is the version of the Riesz representation theorem
needed here. It does not mean that the dual-space definition of a bra was antilinear:
each bra is linear in its ket argument. The antilinearity concerns the map that
constructs a bra from a ket.
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8.2 Adjoints of operators
For a linear operator X, the bra (¢|X has a unique corresponding ket. This defines
the adjoint X by
XMy = (] X)". (8.6)
Equivalently, for all kets,
(@ | Xv) = (X' | ¥). (8.7)
The adjoint is a linear operator: the two antilinear ket—bra conversions involved in its

definition cancel one another.

Proposition 8.3 (Adjoint identities). For operators X,Y and scalars a,b,

(aX +bY) = a* XT 4+ b*YT, (8.8)
(XY =YTXT, (8.9)
(XN = X, (8.10)
(l) (WD = |w)(wl. (8.11)
Furthermore,
((olX19))" = (wIX"g), (X)) = (W]X". (8.12)

Proof. For the sum, use antilinearity in the first slot:
(@] (aX +0Y)9) = a{XTo | ) + (Yo | ¢)
= (@ X"+ 0 YNe | ).

Uniqueness of the adjoint proves (8.8). For the product, apply the defining relation
twice:

(0| XY¥) = (X0 | Y) = (VIXT¢ | 4).
This reverses the order, giving (8.9). Conjugate symmetry applied to (8.7) yields the

matrix-element identity. Applying it a second time gives the double-adjoint identity.
Finally, the matrix element of an outer product is

@ll)wllx) = (@ [ ¥)(w [ x)-

Its complex conjugate is (x | w) (¥ | ¢), which is the matrix element of |w)(¢)| in the
reversed slots. Hence (8.11). The bra identity in (8.12) follows by evaluating both
sides on an arbitrary ket. O]

Definition 8.4. An operator is
e self-adjoint or Hermitian if X7 = X;
e unitary if UTU = UU' = 1;
e normal if XTX = XXT,

Every self-adjoint operator is normal, and every unitary operator is normal. A
normal operator need be neither self-adjoint nor unitary.
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9 Orthonormal bases and projectors

A vector is normalized if its norm is one. Two vectors are orthogonal if their inner
product is zero. A set {|i)} is orthonormal if

(0] ) = dij- (9.1)

Such a set is linearly independent: taking the inner product of ). ¢;|i) = 0 with (j|
gives ¢; = 0. It therefore contains at most N vectors, and an orthonormal set of N
vectors is a basis.

An orthonormal basis can be built from any basis by Gram—Schmidt. Normalize
the first vector. From the next vector subtract its projections onto all previously
constructed orthonormal vectors, then normalize the nonzero remainder. At step k,
linear independence ensures that the remainder is not zero. In formulas,

v
o) = b = Yl ), ) =

Mo

An orthonormal set can similarly be extended to a complete orthonormal basis.

9.1 Resolution of the identity

In an orthonormal basis, a vector has the expansion

= I v, (02

Indeed, if |¢) = ). ¢;|i), taking (j| gives ¢; = (j | ¢). Since (9.2) holds for every ket,

N

1= Z\@')(zy. (9.3)

This is the completeness relation. It is an operator equality, and inserting it
between factors is the basic way to turn abstract operator expressions into component
sums. It also gives

(@)=Y (o li)ilv), [l Z| | ¥)[?

i

9.2 Projectors onto subspaces

A projector is an idempotent operator, II> = II. An orthogonal projector
additionally satisfies II' = II. Unless stated otherwise, the projectors used for
measurements below will be orthogonal projectors.

Let |1),...,|r) be an orthonormal basis of a subspace V. Then

I, = me (9.4)
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is its orthogonal projector. Its adjoint equals itself, while
I = G| 4) Gl =) iG] =TIy
irj i
Every ket has the decomposition

1) =y |Y) + (1 = 1y)[9),

where the first term lies in V' and the second is orthogonal to V. Thus Il acts as the
identity on V and as zero on V+. These properties characterize it without reference
to a particular orthonormal basis of V.

For a normalized ket |¢), the rank-one projector is I, = |¢)(¢|. If the ket is not
normalized, the corresponding projector is

[4) (Y|

=T

Multiplying the ket by a nonzero complex scalar leaves this operator unchanged.

10 Eigenvectors and the spectral theorem

10.1 Self-adjoint eigenvalue properties

An eigenvector of X is a nonzero ket satisfying

X|) = Aly). (10.1)

The number A is its eigenvalue. The zero vector is excluded because it satisfies this
equation for every .

If X is self-adjoint, its eigenvalues are real. To prove this, evaluate the expectation
in an eigenvector:

Mo [ 0) = @WIX ) = (WIX[)" = A [ ¥).
Since (¢ | ) > 0, A = \*. If |[¢) and |yx) have distinct eigenvalues A and p, then
MY [x) = Xy [x) = (@ | X0 = | X)-
Therefore (1 | x) = 0. Distinct eigenvalues of a self-adjoint operator have orthogonal

eigenspaces.

10.2 The corresponding facts for normal operators

Proposition 10.1. An operator X is normal if and only if

IXTo)l = [ X )| for every [¢). (10.2)

For a normal operator, X)) = M) implies XT|[¢p) = N\ |v). Figenvectors with
distinct eigenvalues are orthogonal.
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Proof. Subtract the two squared norms:
2
IXI)1° = [ XTI = (@I(XTX — XXT)[).

Normality makes this zero. Conversely, if it vanishes for every ket, the Hermitian
operator A = XTX — X X1 has zero quadratic form. In an orthonormal basis, using |7)
gives A;; = 0. Using i) + |j) gives 2Re A;; = 0, and using |i) + i|j) gives Im A;; = 0.
Hence every matrix element of A is zero and X is normal.

Now Y = X — A1 is normal whenever X is normal. If Y|¢)) = 0, (10.2) implies
YT|y) = 0, which is the claimed adjoint-eigenvector relation. For X|x) = pulx), it
follows that

p(w [ x) =@ | Xx) = (X" [ x) = M [ x).

If X\ # p, the overlap must vanish. O

Normal operators can have complex eigenvalues. Orthogonality of distinct
eigenspaces does not require those eigenvalues to be real.

10.3 Proof of the finite-dimensional spectral theorem

Theorem 10.2 (Spectral theorem). A complex finite-dimensional operator is normal
of and only if it has an orthonormal basis of eigenvectors. In such a basis,

X = Z i) (. (10.3)

For a self-adjoint operator, all \; are real.

Proof. We prove existence of the eigenbasis by induction on the dimension. Over C,
the characteristic polynomial has a root, so a nonzero eigenvector exists. Normalize
one such vector |1), with eigenvalue A;.

For any |v) orthogonal to |1), the normal-operator properties give

(1] Xv) = (X1 |v) =X\ (1]|v)=0.

Similarly, (1 | XTv) = 0. Thus span{|1)}* is invariant under both X and XT.
Their restrictions to this (N — 1)-dimensional space are still adjoints of one another
and still commute. The restricted operator is therefore normal. By induction, its
orthogonal complement has an orthonormal eigenbasis. Together with |1), this gives
an orthonormal eigenbasis of all of H.

Insert the completeness relation on the right of X:

X =X1=>Y X[i)il=> \li)il,
proving (10.3). Conversely, an operator with this expansion has
XT="Nfiy(l, XTX =" APl ] = X XT,

so it is normal. If X is self-adjoint, the preceding eigenvalue argument makes every \;
real. O
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Exercise 10.3 (What is and is not contained in an eigenbasis). Show that an
orthonormal eigenbasis contains every eigenvalue of the operator, but need not contain
every eigenvector.

Solution. Expand any eigenvector |¢) = >, ¢;|i) of eigenvalue A. Then

0= (X = AL)[) = > (A — Neili),

1

Each coefficient vanishes. Since at least one ¢; # 0, A equals at least one \;. Moreover,
|1) is a linear combination only of basis vectors with that eigenvalue.

There may be infinitely many different eigenvector directions in a degenerate
eigenspace. For example, every nonzero vector is an eigenvector of 1. A finite
orthonormal basis cannot list all of them. O]

A normal operator is self-adjoint exactly when its spectrum is real. The forward
direction was already proved; the reverse direction follows by taking the adjoint of
(10.3).

10.4 Positive operators

A self-adjoint operator A is positive semidefinite, written A > 0, if

(WIAJE) >0 for every i),

It is positive definite if the inequality is strict for every nonzero ket. In an eigenbasis,
(Y[Alp) = Zai’Cin
i

so positivity is equivalent to a; > 0 for every eigenvalue; positive definiteness is
equivalent to a; > 0 for all of them. In particular,

XX >0, (@X'X[y) = | X9)]°.

A positive operator has a positive square root
AR ST alidl, (A2 = A
i

Consequently, for A > 0,
WlAlY) =0 = Ap) =0 = Al)=0.

This implication will be useful when a zero measurement probability is converted into
an operator condition.
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11 Degeneracy, simultaneous eigenvectors, and
spectral projectors

11.1 Degenerate eigenspaces

If an eigenvalue occurs more than once in an eigenbasis, its eigenspace has dimension
greater than one and the eigenvalue is degenerate. Any orthonormal basis within
that eigenspace is allowed. Replacing it by a unitary linear combination changes the
eigenbasis without changing the operator.

For distinct eigenvalues A,, let II, be the orthogonal projector onto the entire
corresponding eigenspace. Then

X=> AT, ILIL =6, Y M, =1 (11.1)

The rank of 11, is the degeneracy of A\,. Although basis vectors inside a degenerate
eigenspace are not unique, the eigenspace and its projector are unique. In finite
dimension the latter can also be written as a polynomial in X:

X — M1
m, = [[—2=

115 (11.2)
b#a

This polynomial equals one on the A\, eigenspace and zero on every other eigenspace.

11.2 Complete orthogonal projector families

A family of orthogonal projectors is complete if its sum is the identity. For such a
family, completeness already forces pairwise orthogonality.

Proposition 11.1. If each 11, is self-adjoint and idempotent and ) Il, =1, then
II,1T, = 0 for a # b.

Proof. Take |v) € ranIl,, so II,|v) = |v). Completeness gives

o) 1* = > (olMlafo) = > [ Mafo)||*

a

The a = b term already equals ||[v)]|*. Every other term is nonnegative, so every other
term must vanish. Hence II,|v) = 0 for a # b. Since every vector of the form IIp|t))

belongs to this range, I1,11, = 0. O]

11.3 Commuting normal operators

Theorem 11.2. A finite family of pairwise commuting normal operators has a com-
mon orthonormal eigenbasis. In particular, commuting self-adjoint operators can be
simultaneously diagonalized.
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Proof. First consider two normal operators X and Y with XY = Y X. By (11.2),
their spectral projectors are polynomials in X and Y, respectively. Polynomials in
commuting operators commute, so

[T, 11, ] = 0.
Their products
M, = IEXT1) (11.3)

are self-adjoint because the factors commute, and idempotent because both factors are
projectors. Their range is the intersection of the two eigenspaces. They are pairwise
orthogonal and complete:

T (T (3e)

Choose an orthonormal basis in every nonzero joint range. The union is a common
orthonormal eigenbasis. Repeating the construction with the remaining commuting
operators proves the finite-family statement. O

The projector argument also proves the useful equivalence
(X,Y]=0 <= [IX,10}]=0 foralla,b (11.4)

for normal X, Y. The reverse implication follows directly by expanding X and Y in
their spectral projectors.
One can also understand the theorem as successive resolution of degeneracy. If

X[y = Aly), then
X(Y[y)) =Y(Xy)) = AY|¢),

so Y preserves the \ eigenspace of X. Diagonalizing Y inside that space provides
additional labels without changing the already assigned value of X.

Example 11.3 (Joint labels remove individual degeneracies). In an orthonormal basis
of a three-dimensional space, let

X = diag(1,1,-1), Y = diag(1,—-1,-1).

Both operators have degeneracies: X has a two-dimensional +1 eigenspace and Y has
a two-dimensional —1 eigenspace. The joint eigenvalue pairs are nevertheless distinct:

(1,1), (1,-1), (—1,-1).

Thus the joint values identify each basis direction uniquely. Only an arbitrary phase
for each basis ket and a permutation of the ordered list remain. If a joint eigenspace
has dimension greater than one, unitary freedom within it remains as well.
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12 Unitary operators and changes of representation

12.1 Preservation of inner products

An operator U preserves all inner products if

(U [U) = (¢ [4)  forall |¢),|¢h).

The left side is (¢|UTU|¢)), so this condition is equivalent to UTU = 1. In finite
dimension, this already implies UUT = 1: U has trivial kernel and hence is invertible,
and its left inverse U' must equal its inverse. Thus inner-product-preserving operators
are exactly the unitary operators.

A unitary operator maps an orthonormal basis to another orthonormal basis.
Conversely, given two ordered orthonormal bases {|i)} and {|i)}, define

U= Z\i’)(ﬂ. (12.1)
Then Uli) = |i’), and

Utu = Z\ (@ 13"l = Z!

The same calculation in reverse gives UUT = 1.

12.2 Unitary conjugation of operators
Under a unitary transformation, define
[Vyo = Uly), Xy =UXU".

Then
Xulyy = UX[),

so the operator action is transformed consistently with the states. Inner products and
matrix elements are unchanged if all objects are transformed together:

(Pu | Yu) = (o | V), (ou| Xulu) = (8| X][9).

The transformation preserves the operator algebra:

(GX + bY)U = GXU + bYU, (122)
(XY)v = XvYo, (12.3)

(XNo = (Xo), (12.4)

(X, Y]y = [Xu, Yu. (12.5)

For example, XYy = UXUUYU' = UXYU'. Consequently, self-adjointness,
unitarity, and normality are preserved.
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If X)) = Ay, then
Xy (Ulp)) = AUp).

Thus eigenvalues and their multiplicities are also preserved. Conversely, two normal
operators with the same eigenvalues and multiplicities are unitarily equivalent: choose
corresponding orthonormal eigenbases and use (12.1) to map one to the other.

An operator is invariant precisely when UXUT = X, or equivalently when [U, X] =
0. A unitary transformation is always a valid change of representation at the kinematic
level. To be a physical symmetry of a particular dynamics, it must also respect the
specified dynamical laws. The distinction will become concrete when a Hamiltonian is
introduced.

13 Components, matrix multiplication, and invari-
ants

13.1 Columns, rows, and operator matrices

Fix an orthonormal basis |i). Define

=(uly), Xy =(|X]5).

The ket is represented by the column (1);), while its associated bra is represented by
the conjugate row (¢]). Completeness on both sides of X gives

X = ZXz‘j’i><j|~ (13.1)

An arbitrary bra can be written (w| = ), b;(i|, where b; = (w | 7). If it is the adjoint
of a ket with components w;, then b; = w;.
The components of X|¢) are

(Xe)s = (i X[) = > X)) | v) = ZXWJ

J

Similarly, inserting the identity between two operators gives ordinary matrix multipli-
cation:
= XYy (13.2)
k
The inner product becomes (¢ | ¥) =Y. ¢1);. The adjoint is the conjugate transpose:
(XN = X5, (13.3)

Thus a self-adjoint operator has a Hermitian matrix in every orthonormal basis, and
a unitary operator has a unitary matrix in every orthonormal basis.
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13.2 Active transformations and passive basis changes

An active transformation changes a vector while the basis is fixed. If |¢) — Ul),
its column changes as ¥ +— U1, using the matrix of U in that basis. An actively
transformed operator has matrix X +— UXUT.

A passive transformation changes the basis while the abstract objects remain fixed.
Let

i) = Vi)
for a unitary V. The components in the primed basis are
= (' | ¥) = (V') ' =Vhy, (13.4)
X;j = ({|X|5") = GVIXV]j), X =VIXV. (13.5)

If the basis change is instead parametrized as |i’) = UT|i), these become ¢/ = U
and X’ = UXU', the same matrix formulas as the active transformation. The
interpretation is different because different objects were held fixed.

Finally, if both the states and the basis vectors are acted on by the same unitary,
the components stay unchanged because (Ui | Uy) = (i | ¢). This explains why
coordinate formulas alone do not specify whether a transformation is active or passive.

13.3 Trace and determinant

The trace and determinant of an operator are defined using any matrix representation:

TrX =) X det X =det(Xj;).

They do not depend on the chosen basis. For the trace, first prove cyclicity:

=Y X,V = Z = Tr(Y X). (13.6)
(2%

It follows that Tr(VIXV) = Tr(XVVT) = Tr X. For the determinant, multiplicativity
gives
det(VIXV) = det(VT) det(X) det(V) = det X,

since det(VT)det(V) = det1 = 1. More generally these invariants are unchanged
under any invertible similarity transformation.

Exercise 13.1 (Trace of a rank-one operator). Show that Tr(|¢)(w]) = (w | ¥).
Solution. Insert a complete orthonormal basis:

Te(|¢)(wl) = D (i | )w | i) = (] (ZI ) (w ).

i

In particular, a rank-one orthogonal projector has trace one, and a projector onto an
r-dimensional subspace has trace r. For a normal operator, the spectral representation
gives Tr X = 3. \; and det X = [, \;, with eigenvalues counted with multiplicity. [
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Part 111
The Postulates of Quantum
Mechanics

14 Spin measurements in operator language

14.1 State kets and the Stern—Gerlach projectors

A two-dimensional Hilbert space describes a qubit. For the spin example, use the
orthonormal basis |z,+), |z, —) and write

W) =alz, +) +Blz, =), (W [¥) =lal +]8 (14.1)

A z-oriented Stern—Gerlach device separates the input into its two components.

o - sz )
Wi l5 )+ s |5 —) — SG2 L
- i)z -)

Figure 19: The abstract input ket and its two outgoing spin components.

Define the rank-one orthogonal projectors
IL, 4+ = |z, +)(z,+], IL, _ = |z, —)(z, —|. (14.2)
Then the unnormalized branch kets are

W}-‘r) - Hz,+|¢> = a|z, +>’ |¢—> = Hz,—|¢> = /B|Z7 _>'

—— [V4) = Iz +[Y)

P) — SG2 .
v s ) =)

Figure 20: The same Stern—-Gerlach device expressed using a complete orthogonal
projector family.

For a normalized input, the squared norm of each branch is the corresponding
probability. If a preceding filter has removed part of an incident beam, an unnormalized
input can instead retain its probability of reaching the apparatus. The sum of its
branch norms then equals that incident probability, rather than one. Conditional
probabilities are obtained by dividing by (¢ | ¥).
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14.2 An observable and its expectation value

Associate the numerical outcomes £h/2 with the spectral projectors:

Sz - §Hz7+ - §Hz,_. (143)
This is a self-adjoint operator. Its eigenvalues are the possible measurement values,
and its eigenspaces describe states with definite outcomes.
For repeated trials on identically prepared atoms, the average measured value is
h

(S0 = 2 Pz 4) — 5 Pz, ) (1.4

_ o= [BP _ ($IS:[¢) (14.5)

20a?+ 1812 ()
The last expression is independent of any nonzero complex rescaling of the ket.

For bookkeeping one may normalize (¢ | ©) = N, where N is the number of
independently prepared repetitions. Then ||II, y|¢)) |” is the expected number of
outcomes in the corresponding branch. This is not an N-particle state vector; it is a
convenient rescaling of the one-system ket. Actual counts fluctuate. For independent
repetitions with outcome probability p, the count has mean Np and variance Np(1—p),
so relative fluctuations become small as the number of trials increases.

14.3 The three spin observables

The x eigenstates give projectors

h
Ha),:l: == |CE’,Z|:><CC, Zl:l, Sz == 5(]._.[3;74_ - H%_).

— T, % l\}">

| A R SENGTIN

Figure 21: The original z-oriented apparatus represented by its output projectors.

To simplify the following algebra, write |+) = |z,+) and |—) = |z, —). Expanding
the x projectors gives

ey = %(IH(H + ) I 2 =D,
I, = %(|+><+| — )= 1=+ =D

Taking the difference,
h
So = S (I {=[+[=)(+])- (14.6)
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For |y, &) = (|+) £i|—))/v/2, the bras contain the conjugate phases. Thus

Iy 4 = %(I+><+| — i) =+ =)+ =) =D,

I, = %(|+><+! HiHN (== 1=+ =) (=D,
and 5
Sy = (H) (== =) (+). (14.7)
Using (+ | +) = (= | =) =1 and (+ | —) = 0, multiply the outer products to obtain
52,52 = T () (-]~ 1) (+]) = S, (148)
[5,,5,] = ihS.,  [S,,S.] = ihS,. (14.9)

These relations are the spin angular-momentum algebra in three dimensions. Since
the observables do not commute, they have no common eigenbasis. Their projective
measurements are incompatible, and changing the order of a sequence can change its
statistics.

14.4 Why distinct measurement states must be orthogonal

Suppose a device separates two normalized states |a), |b) with amplitudes «, 8 into
distinct, perfectly distinguishable outcomes. Probability conservation would require

lafa) + BB = [af* + 8]
for every pair of amplitudes. Expanding the left side gives
laf* + 18 + 2Re(a"Bla | b))

For this to equal the sum of the outgoing probabilities for all phases and magnitudes,
(a | b) must vanish. This yields the orthogonality principle: alternatives that can
be distinguished with certainty correspond to orthogonal states, or more generally to
orthogonal subspaces.

The principle refers to perfect distinguishability, not to the mere existence of
different preparation procedures. Nonorthogonal pure states are physically different
and can give different statistics, but a single measurement cannot distinguish them
without error in every trial.

14.5 Pauli matrices and their algebra

In the ordered z basis,

h 01 0 —i 1 0
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Direct multiplication gives

or=o0.=0.=1, (14.11)
0,0y = —0,0, = 10, (14.12)
040, = —0,0, = 10y, (14.13)
0,0, = —0,0, = i0y,. (14.14)
These can be written compactly as
005 = (Sz]]. + iZGiijk, (1415)

k

where €5, is the completely antisymmetric symbol with €;,, = +1. Subtracting the
formula with ¢ and j reversed reproduces (14.9); adding gives

{O'i, O'j} = 2&]1

In particular,
52 512 52 _ 3h2
Sy ST = L
Every Hermitian 2 x 2 matrix is a real linear combination of 1 and the three Pauli

matrices. Indeed, writing its general form as

a c—1id
A_(c—i—id b ), a,b,c,d € R,

one finds
a+b a—>b

A= 1+ co, +do, + — 0= (14.16)

The coefficients are real, but the matrix need not have only real entries.

Exercise 14.1 (The spin matrices in the = basis). Find the matrix representations of
Sz, Sy, S, in the ordered basis |z, +), |z, —).

Solution. The matrix whose columns are the new basis kets expressed in the old
basis is H from (6.6). Therefore the new matrices are H'S;H. Since H = HY, direct
multiplication gives

Ho.H = 0., HoyH = —0,, Ho.,H = o,.

((1) _01) : (14.17)

(Ei (1)) , (14.18)
(S.], = g ((1’ é) . (14.19)

The sign change in the matrix representing S is required by the chosen phases of the
basis. The abstract operators and their commutation relations have not changed. [J

Consequently,
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14.6 Relative phases in a Stern—Gerlach recombiner

Exercise 14.2 (A recombiner with unequal branch phases). Let the two internal x
branches acquire phases e+ and e~. Find the output operator and the probabilities
of a final S, measurement.

Tra-'iw'h) ]
1oy —| S6-% S6-% > 1Veu?

Ty

Figure 22: The source’s modified Stern—Gerlach device for studying the relative phase
between its two internal branches.

Solution. The coherent output is the sum of the two branch kets:

|¢0ut> - ei0+]-_Iz,-|-|¢in> + ei07 Hm,—|¢in> - UW)in>7
where . .
U=, +e 11, . (14.20)

The projectors are orthogonal and complete, so
Ul =1, +10,_=1, UU' =1.

Thus U is unitary and hence normal. It is self-adjoint only when both eigenphases are
real numbers, el%* = 41.

Put = (6, +6_)/2and 6 = (0, —6_)/2. Since [, + = (1 £ 0,)/2,

U=¢"Y(cosé1+isindo,). (14.21)

For input |z, +), )
Vo) = 67 (cos Dz, +) +isin =, -)).
and therefore
5

P(z,4) = cos® 0 — 97, P(z,—) =sin (14.22)

2

The common phase cancels. Equal branch phases restore z, + with certainty; a relative
phase of 7 converts it into z, —.
For a general normalized input «|z,+) + |z, —), the probabilities are

P(z,+) = |acos § +iBsin %, (14.23)
P(z,—) = |Bcos§ + iasin 4] (14.24)

Their sum is one by unitarity. The general operator expression is P(z,4+) =

(Y|UML L UY). N
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15 Postulate 1: pure states

Postulate 1. A quantum system has an associated complex Hilbert space
H. A pure state is represented by a nonzero ket [¢)) € H, with kets related
by multiplication by any nonzero complex scalar representing the same
physical pure state.

The equivalence class is a ray. One usually chooses a unit-norm representative, leaving
the freedom [¢0) — e'?[1)).

The vector-space structure is motivated by interference: coherent routes to the same
outcome add amplitudes and, more generally, state vectors. Scaling an unnormalized
vector changes its statistical weight; multiplying it by a phase changes its phase relative
to another coherently combined component. However, the postulate is a physical
assumption about quantum systems, not a consequence of abstract vector-space algebra
alone.

Global phase does not eliminate relative phase. The rays represented by |¢)) and
e'?|y)) are the same, but in general

al) +blx) and aly) 4 eb|x)

are different rays. For this reason one cannot add rays without first specifying
representative kets and relative phases. A coherent superposition is also different from
randomly preparing one state or another. The latter is a statistical mixture and does
not contain the same controlled phase information.

A filter that transmits a fraction p can be described by an unnormalized branch
vector whose norm is reduced by /p. Conditioning on transmission renormalizes
that vector. This bookkeeping should not be confused with replacing an unknown
statistical mixture by a pure-state superposition.

15.1 Why use a complex Hilbert space?

The spin experiments showed why a two-dimensional description using only real
amplitudes is inadequate. There is nevertheless a mathematical way to express a
complex N-dimensional vector space as a real 2N-dimensional one: separate every
component into real and imaginary parts. Multiplication by i is then represented by a
real linear map J satisfying

J?=—1.

Explicitly,

: a : A —-B 0 —1
z:a+1b<—><b>, A+1B<—>(B A)’ J—(l O)'

Here a, b are real component columns and A, B are real matrices. A complex-linear
operator becomes a real operator that commutes with J. The complex inner product
can be reconstructed from the real inner product and this additional structure.
Thus a doubled real description with the appropriate complex structure and restric-
tions can encode the same single-system mathematics. Simply replacing CV by RY,
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or allowing arbitrary real operations on R*V while discarding J, is a different proposal.
Composite systems introduce further structure as well. The complex Hilbert-space
formulation packages the empirically successful rules directly and is the formulation
used throughout these notes.

Postulate 1 alone does not tell us which Hilbert space describes a given physical
system. Spin-1/2 uses C?; a particle moving in space requires an infinite-dimensional
space. Identifying the state space and the operators that correspond to measured
quantities is part of constructing the physical model.

15.2 Orthogonal alternatives in a decaying system

Consider an isolated ?'°Po atom inside a sealed box. It can decay to 2°°Pb plus an
alpha particle. The half-life in the example is approximately 138 days, so the mean
lifetime in the exponential approximation is

138 days

T In2

~ 199 days.

The alternatives “undecayed” and “decayed” can be distinguished, and therefore
correspond to orthogonal subspaces of the Hilbert space of the box. At a given time
the state can be decomposed as

V(1)) = ™D Olu(t)) + V1 = e7t/7e*Old(1)), (15.1)

where |u(t)) and |d(t)) are normalized vectors in the respective orthogonal subspaces.
Its norm is one, and its two sector probabilities are e=*/7 and 1 — e~ ¥/7.

The decayed sector includes the momenta, positions, and other degrees of freedom
of the daughter products. It is not literally a single fixed second level of a closed
two-dimensional system. The exponential law is an approximation appropriate to
a range of decay times; the notation in (15.1) displays the two alternatives without
suppressing their internal degrees of freedom.

Isolation also means more than concealment from the experimenter. A system
inside a box may still interact with uncontrolled surroundings. If it is genuinely
isolated, checking whether it has decayed is a measurement on that quantum state.
We now formulate the corresponding rules.

16 From interference to linear measurement maps

16.1 Outcomes need not specify complete final states

Consider an apparatus with outcomes labelled 1 = 1,... n.

A measurement outcome does not necessarily fix every degree of freedom of the
system. Measuring an atom’s spin, for example, need not determine its other internal
degrees of freedom. The output of a given branch must therefore be described by a
ket, rather than by a single scalar amplitude alone.
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Figure 23: A generalized Stern—Gerlach-type apparatus with several possible outcomes.

The generalized interference principle states that if the same outcome can be
reached coherently by several alternatives, the corresponding output kets add:

=3 W), P =] 0. (16.1)

The individual route weights are P, = (¢, | ¥,). Expanding the total norm produces
cross terms (¢, | 1p); they vanish when the alternatives carry orthogonal records.

ma< >—»w»>+m+w~»

Figure 24: The original diagram for adding state kets associated with coherent routes
to the same outcome.

The distinction between an outcome and a fully specified final state matters. A
detector may supply only one coarse label while leaving a nontrivial output state
within the corresponding sector.

For repeated identical preparations, one may choose (¢ | ) = N. Let |¢;) be the
outgoing ket with (1; | ¢;) = N;, where N; is the expected count in branch i.

v
¥

Figure 25: Output branch kets retain both their internal state and their statistical
weight.

We seek maps f; such that
i) = fi(l¥)).
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The following argument shows how the interference rules restrict these maps. It
assumes that the degrees of freedom needed to describe coherent branch outputs are
included.

16.2 Real rescaling and additivity

If the same experiment is repeated A? times as often, with A > 0, all expected counts
scale by A2, This is represented by scaling every relevant ket by )\, so

[iAl)) = Afil$)), A >0. (16.2)

No new relative phase can depend on this bookkeeping choice. If it did, recombin-
ing branches would change observable probabilities merely because the number of
repetitions had changed.

Next, feed an interferometer into the device. With only path A open, let the input
be |[14) and the branch-i output be f;(|1)4)); define the corresponding quantities for
path B similarly. With both paths open coherently, the input is their sum and the
output is the sum of the two branch outputs.

A

B

Figure 26: Directing coherent incoming alternatives into the measurement device
establishes additivity of each branch map.

Thus
fillo) +1x)) = fi(lo)) + fillx))- (16.3)

This implies f;(0) = 0 and f;(—|v)) = —fi(|)). Together with positive homogeneity,
it gives homogeneity for all real scalars.

The input’s overall phase is unobservable. Therefore its output ray and norm must
remain unchanged when [¢0) — e'?]1)):

filelv)) = e fi(lv)), (16.4)

where the relation between ¢’ and ¢ remains to be determined.

16.3 Why these conditions give linearity or antilinearity

Exercise 16.1. Show that additivity, real homogeneity, and phase covariance imply
that a nonzero map f is either complex-linear or complex-antilinear.
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Solution. For any vector with f(]i)) # 0, phase covariance at ¢ = w/2 gives

fa)) =cf)), el =1

On the one hand, additivity gives

S(+D[) = (A + ) f (1)

On the other hand, 1+ i = v/2e"™/4, so real homogeneity and phase covariance imply
that this output has norm v/2 || f(|¢))||. Hence

11+ c]*=2.

Since |c| = 1, this says 2 + 2Rec = 2, and therefore ¢ = +i or ¢ = —i.
The sign cannot vary from one nonzero output to another. Suppose f(i|¢)) = ia
with a = f(|¢)) # 0, but f(i|x)) = —ib with b = f(|x)) # 0. Additivity gives

fP) +1x) =a+b, fG([¢) +1x)) =ila=0b).

If a+ b # 0, the second expression must equal either +i(a 4+ b) or —i(a + b), forcing
b =0 or a =0, a contradiction. If a + b = 0, phase covariance requires the second
expression to vanish, but it equals 2ia # 0. Thus one sign applies to all vectors with
nonzero output. A zero output remains zero after multiplication by a phase.

For A = s + it, real homogeneity now gives

Af(|¥)),  with the plus sign,

PO = sF(10) + t1l)) = { A ). it the v s

Together with additivity, these are complex linearity and complex antilinearity, re-
spectively. Equivalently, the phase transforms as !¢ — eti?, O

16.4 Why a coherent physical branch cannot be antilinear

Now compare a path through the apparatus with a coherent bypass path.

1%,

| ; _)lw._)'>_’ l‘hu‘l‘7

]

o

\Yiu?

Figure 27: Interfering a branch through the device with a bypass branch tests the
transformation of an overall input phase.
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If the device branch were antilinear, changing the entire input ket by the physically
irrelevant phase e¢'* would change that branch by e™*. The bypass branch, which
undergoes an ordinary linear propagation, would change by e'®. Their relative phase
would therefore change by 2¢, affecting the recombined probabilities.

This would make the arbitrary overall phase of the incoming state observable,
contrary to the pure-state postulate. The coherent branch maps are consequently
complex-linear:

Wz‘) = OiW>a (16-5)

where each operator O; is independent of the input state.

| —"OIH"7

—o T oae

vx—> Ou\ ¥y

Figure 28: Each outcome branch is represented by a linear operator acting on the
input ket.

This does not rule out using antilinear maps to represent certain abstract sym-
metries, such as time reversal. It rules out treating an arbitrary antilinear map as a
coherent apparatus branch acting on unknown inputs in the same way as a physical
linear operation.

17 Repeatable measurements and the Born rule

17.1 Probability conservation and repeatability
For the branch maps in (16.5), the branch weight is

N; = |0i)* = (¥|O[Oil). (17.1)

If every trial produces exactly one of the listed outcomes, then > . N; = (¢ | ¢) for
every input. Equality of these quadratic forms is equivalent to

> olo;=1. (17.2)

This is the probability-conservation condition.

A measurement is repeatable if an immediate second use of the same device
yields the same outcome with certainty. For a first outcome 7, the branch with second
outcome 7 has ket O;0;|¢). If i # j, its probability must vanish for every input, so

0,0, =0 (i #j). (17.3)
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Figure 29: Repeatability: after outcome ¢, the same apparatus gives outcome i again
with certainty.

Conversely, these operator conditions forbid every different second outcome; probability
conservation then puts all the probability in the repeated outcome.

The next result derives the full structure of these repeatable measurements in finite
dimension, including their possible residual action inside a degenerate outcome sector.

17.2 Deriving the projector form step by step

Theorem 17.1 (Finite-dimensional repeatable measurement maps). Let Oy, ...,0,
act on the same finite-dimensional Hilbert space and satisfy (17.2) and (17.3). Then

0; = UTl,, (17.4)

where U is unitary, the I1; form a complete orthogonal projector family, and [U,11;] = 0
for every i.
Proof. Step 1: the output ranges are mutually orthogonal. Let |u) = O;|a) and
|v) = O;|B8) with i # j. Insert (17.2):

(u|v) = (Opu| Op).

k

Repeatability says Og|u) = 0 unless k = i, and Ox|v) = 0 unless k = j. Since i # 7,
every term in the sum is zero. Thus ran O; L ran Oj, or equivalently

0l0, =0  (i#}). (17.5)

Step 2: the sum of the branch maps is unitary. Define

Using (17.5),
Utv =Y 0lo;=> 0lo;=1.

2, i
In finite dimension this makes U invertible and U~ = UT, so also UUT = 1.
Step 3: construct self-adjoint, complete operators. Set

11, = Uto;. (17.6)
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Only one term survives in UTO; = Y ; O}Oi, giving
11, = 0/ 0;. (17.7)

Thus II; is positive and self-adjoint. Their sum is
I =U"Y 0,=UU=1.
Step 4: show that U commutes with each branch map. From (17.3),

UO;=> 0;0:=0;, OU=> 0,0;=0}
J J

Hence [U, O;] = 0. Since U is invertible, UT = U1 also commutes with O;.
Step 5: prove orthogonality and idempotence of the I1;. For ¢ # j,

ILIL; = UTO,UT0; = (UT)?0,0; = 0.

Using completeness,
J

Together with self-adjointness this proves that the II; are orthogonal projectors.
Finally,
Ul =0;, ILU=U'O,U =0,

so U commutes with every II; and (17.4) follows. O

The converse is immediate but useful to check. If O; = UIl; with U unitary and
commuting with a complete orthogonal projector family, then

ZOIOZ-:ZHZ':L Oin:UQHiHjZO (i # ).

)

Thus the derived form is both necessary and sufficient under the stated finite-
dimensional assumptions.

17.3 Probabilities and the state after an outcome

For a nonzero input ket, (17.7) gives

@iy ) (17.8)

SN S TEY A

This is the Born rule for a projective measurement. The probabilities are nonnegative
and sum to one. The unnormalized branch is Ull;|¢), while the normalized conditional
state, for a nonzero-probability outcome, is

5oty = VL) (17.9)

VAUITL[)
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An outcome with zero probability has no conditional state assigned by this formula.
Repeated applications yielding the same outcome have unnormalized state

O"|¢) = (UIL)™ ) = U™IL[).

The outcome remains certain after the first measurement, but the state may continue
evolving inside that outcome subspace.

If II; has rank one, say II; = |x)(x|, commutation implies that U|y) lies in the
same one-dimensional subspace. Thus

Ulx) = e

X)

and the residual action is only an unobservable phase on that branch. For a degenerate
outcome, U may rotate vectors within its subspace. Repeatability of the outcome
therefore need not mean that every detail of the conditional state is unchanged.

An ideal projective measurement takes U = 1, yielding the projection or
Liiders update. A block-dependent phase would give the same conditional rays.
Nontrivial unitary rotations within a degenerate block describe additional disturbance
beyond the ideal update.

18 Postulate 2: observables and ideal measure-
ments

Assign distinct real numerical values a; to a complete projector family and define
A=Y all;. (18.1)

The operator is self-adjoint, and the II; are precisely its eigenspace projectors. Con-
versely, the spectral theorem assigns such a family to every self-adjoint operator. This
leads to the standard ideal-measurement postulate.

Postulate 2. An observable is represented by a self-adjoint operator A.
Its possible ideal-measurement outcomes are its eigenvalues. If I1; projects
onto the eigenspace of eigenvalue «a;, the probability of that outcome is

(¢|IL[¥)

Py

Conditioned on an outcome of nonzero probability, an ideal measurement
gives the normalized state

;) = M
(W [1L])
For a nondegenerate eigenvalue with normalized eigenket |a;), this reduces to
o L9
1)
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For a degenerate eigenspace with orthonormal basis |a;, «),

2o @i, a [ )]
Wly)

The basis chosen within the eigenspace does not affect this probability.
The choice to assign real numbers to outcomes is conventional for ordinary observ-
ables. A normal operator can also package complex-valued outcome labels:

Di =

N + Nt N — Nt
N=> zll;=A+iB, A:%, B=—0—.
] 1

The operators A and B are self-adjoint. Normality of N is equivalent to [A, B] = 0,
since

NNV — NTN = —2i[A, B].

Thus measuring the complex label z; amounts to a compatible joint measurement of
its real and imaginary parts. It introduces no new probability rule: the same common
spectral projectors determine the outcomes.

18.1 Degeneracy and what an apparatus actually resolves

An ideal measurement of A preserves relative amplitudes within a degenerate
eigenspace. For example, if

|¢> :Cl|a’7 1) +02|CL72> +d|b>7 a#ba
then outcome a gives a conditional state proportional to
cila, 1) + ¢sla, 2).

It does not select one of the two a basis vectors. An apparatus that also measures a
second observable resolving these basis vectors performs a finer measurement. Even if
the experimenter later forgets that extra result, its disturbance need not be the same
as the ideal coarse measurement of A alone.

The expectation of an observable is

Z ap; = fb”?'f; (18.2)

Its higher moments follow from the same spectral expansion:
=) alp, (AAP = (A7), — (4)].

A state in one eigenspace has zero variance for that observable. This does not imply
zero variance for every observable.
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18.2 Measurements without repeatability

The derivation separates two assumptions: probability conservation and repeatability.
If repeatability is dropped, linear branch operators M; still obey

> MM =1,
but F; = M:Mi need not be projectors. They are positive operators satisfying
(Y| Eily)
2 w1 0)

Such a collection is a positive-operator-valued measure, or POVM, for a finite
outcome set. The conditional branch state is proportional to M;[1). Its probability
operator E; alone does not completely specify the state disturbance.

If a coarse outcome leaves several unobserved environmental alternatives, more
than one branch operator can be associated with that outcome. The density-operator
formalism handles the resulting mixed conditional states. The projective postulate
describes ideal measurements of observables; the more general measurement language
describes additional apparatuses without changing the probability rule based on
squared norms.

19 Postulate 3: closed-system transformations

An experiment can manipulate a quantum system without producing a measurement
outcome. Examples include controlled magnetic fields acting on a spin or a coherent
apparatus with all paths recombined. The same interference argument makes the
transformation linear:

|¢0ut> = U|¢1n> .

Wy— +——I¥">

Figure 30: The original symbol for a process that manipulates a system without an
outcome selection.

If the process is deterministic and preserves the norm for every input, then
WUTUW) = (¥ [v)  for all [¢),
so UTU = 1. In the finite-dimensional setting this implies unitarity.

Postulate 3. The evolution or reversible transformation of a closed
quantum system is represented by a unitary operator. It maps a state ket
to Uly) and preserves all inner products and total probability.
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This postulate does not say that every process that goes unobserved is unitary on the
chosen subsystem. A system may interact with an environment and become entangled
with it, even when no human observer looks at either one. The joint closed system
may evolve unitarily while the reduced subsystem requires a density operator and a
more general transformation.

One can often enlarge the Hilbert space to include the relevant apparatus or
environment and recover a closed-system description. Alternatively, one can retain
only the subsystem and explicitly account for its interaction with the discarded degrees
of freedom. A prescribed classical external field is an approximation in which the
source of that field is sufficiently stable that its quantum correlations with the system
can be neglected at the desired accuracy.

19.1 Finite and infinite dimensions

In infinite dimension, UTU = 1 alone makes U an isometry, but need not make it
surjective. For example, on an orthonormal basis |0), |1),. .., define the unilateral shift

Vin) = |n+1).

It satisfies

Viv =1, VVT=1—10)(0].
It preserves norms but has no preimage for |0). Reversible closed-system evolution
requires the full unitary condition, including surjectivity. This is automatic for the
finite-dimensional systems developed in these chapters, but must be kept separate
from mere norm preservation in the infinite-dimensional theory.

19.2 Why an arbitrary component norm will not do

The normalization rule must be compatible with the coherent changes of basis observed
in the spin experiments. This already rules out replacing the Hilbert norm by an
arbitrary familiar component norm. For example, consider

19l = (wal” + )7, 1< p < oo,

The state (1,0)T has norm one for every p, but the physically required matrix H of
(6.6) maps it to (1,1)7//2, whose norm is
= (2277 =g,

doll

This equals one only for p = 2. For the maximum-component norm, the output norm
is 1/4/2, so that choice also fails. This test does not classify every conceivable norm,
but it shows why merely changing the normalization convention while retaining the
observed coherent transformations is not consistent. The Hilbert-space norm and the
amplitude-addition rule work together.

The three postulates specify the state space, measurement probabilities and updates,
and closed-system transformations. They apply well beyond spin systems. To obtain
a dynamical theory, the next step is to characterize the unitary family associated with
time evolution and identify its generator, the Hamiltonian.
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Part IV
Time Evolution and Symmetries

20 Unitary time evolution and the Hamiltonian

20.1 Closed processes and the propagator

A closed quantum process changes a state by a unitary transformation. The system
may be driven by prescribed external fields; “closed” means that its evolution is
described without discarding entanglement with an unobserved environment. Let

|1; to) be its state at an initial time. Define the time-evolution operator, or propagator,

by

|3 t) = U(t, o) |; to)- (20.1)
The operator must work for every initial state, not only for one chosen ket. Its basic
properties are

U(t,t) =1, (20.2)
Ults, t2)Ul(t2, t1) = Ults, 1), (20.3)
Ulty, t1)" = Ulta, t1) ™" = Ul(ty, ta). (20.4)

The second relation says that evolving in stages gives the same result as evolving

directly. In particular, evolving forward and then backward returns the original state.

Unitarity preserves every transition amplitude between states that undergo the same
evolution:

(it | it) = (B to|UTU; t0) = (dit0 | 13 to).-

For an explicitly driven system, the propagator generally depends on both times
separately, rather than only on their difference.

20.2 Defining and identifying the generator

Assume the evolution is differentiable on the states under consideration. Define

Ut to)

H(t) = BT

— 22U (t, o). (20.5)
This operator has units of energy. Its role as the generator of time translations follows
from the definition; its physical form is found by specifying the interactions and
comparing with experiment or the appropriate classical limit.

Proposition 20.1 (Properties of the Hamiltonian). The generator in (20.5) is self-

adjoint and is independent of the reference time .

Proof. Differentiate UUT = 1:
UUt+UUT = 0.
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Taking the adjoint of the definition therefore gives
HY = —ihUU" = inUU" = H.

For reference-time independence, choose another initial time s and use U(t,ty) =
U(t,s)U(s,to). The second factor is independent of ¢, so

QU (t,t0)U(t, o)l = QU (t, s)U(s,t0)U(s,t0) U(t, s)"
= Q,U(t,s)U(t,s)'.

The result depends only on the time at which the generator acts. In infinite-dimensional
problems, these statements are interpreted on appropriate operator domains; unitarity
and differentiability provide the self-adjoint generator under the usual evolution
assumptions. O

Multiplying (20.5) on the right by U gives
iho,U(t,tg) = H(t)U(t,to), Ul(to,to) = 1. (20.6)

Apply this equation to the initial ket, which is fixed when t varies:

0
iha [;t) = H()$3t). (20.7)

This is the abstract Schrodinger equation. It applies to spins, finite-state models, and
spatial wave functions alike. The differential wave equation in position space is a
particular representation of it.

Conversely, a self-adjoint Hamiltonian preserves normalization:

d 1 1
EW | ¢) = ﬁW’Hh@ - ﬁ<¢|H|¢> = 0.

The same calculation preserves inner products of any two solutions. Thus the generator
equation and unitary dynamics are mutually consistent.

20.3 Time-independent Hamiltonians and stationary states

Suppose H is time independent and has an orthonormal energy eigenbasis:

Hln) = E,ln),  H=)Y Eu[n)(n|.

Write |¢;t) = )" ¢,(t)|n). Because the basis is fixed,

> Cihén|n) =) Eycaln).

n

Taking the inner product with (m| isolates one scalar equation,

ihé,, = Encm, cm(t) = e_iE’"(t_tO)/hcm(to).
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Therefore

[ 8) = e O M) (| 4 t), (20.8)

n

Ult,ty) = Ze_iE"(t_tO)/ﬁm) (n| = exp {—M} . (20.9)

n

For a function f of a diagonalizable self-adjoint operator, f(H) = > f(E,)|n)(nl;
the exponential can equivalently be defined by its convergent power series in finite
dimensions. Continuous spectra require the corresponding spectral integrals.

An energy eigenket evolves only by an overall phase. Its ray is fixed, and the
expectation value of every observable with no explicit time dependence remains
constant. Such a state is called stationary. A superposition of different energies
acquires relative phases, giving

<X> (t) _ Z Cm(t())*cn(to)ei(Em—En)(t—to)/thn

m,n

The observable frequencies are energy differences divided by h. Adding a constant C'1
to H multiplies every state by the same phase e i¢(—%)/% and leaves these frequencies
unchanged.

20.4 When the Hamiltonian depends on time

The formal exponential of an integral is valid if [H(t), H(s)] = 0 at all pairs of times:

Ut t) = exp {—% /t: H(s) ds] |

Without this commutativity condition, operator order matters. Integrate (20.6) once
and iterate:

Ult,tg) =1 — —/ H(t)U(ty,to) dty

—1——/ H(ty)dty
+<—ﬁ> /tdtl/t Aty H(t)H (ts) + - - -

Later times appear to the left. This time-ordered series is denoted T exp[—(i/h) f Hdt].
It explains why instantaneously diagonalizing H (¢) does not, by itself, solve an arbltrary
time-dependent problem: its eigenvectors may also change.
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21 Spin precession and driven two-level dynamics

21.1 Precession calculated from the evolving state
Use the S, eigenbasis [1),]]), and let
E E
H =2 ({1 = 10 = =25-.
For [;0) = |+a) = (1) + [1)/V2,
L imgyen) iEot/(2h)
|13 ¢) 7 (e 1) +e 1) -

The operators needed to evaluate its spin are

S = DO+ 1),
SN - e,
h

Sz = (I = D).

Sy =

Set Wy = Eo/h Then

The spin expectation value rotates about the positive z axis with signed angular
frequency wy.

?

n
2z 2z Zz
- —

7 <
{3V

<

ul

Y

ul

Figure 31: Precession of the spin expectation value under a Hamiltonian proportional
to S,.

For a magnetic moment pu = ~S in a static field B = B.Zz, the interaction
Hamiltonian is
H=—-p-B=—vB,S,.

Consequently Fy = —hyB, and w = —vB, the classical Larmor frequency. This
identifies the energy generator with the magnetic interaction energy and uses the same
h that fixes the spin quantum.
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21.2 Exact Rabi oscillations for a rotating field
A useful driven two-level model is
h
H(t) = 3 [woo. + Q(coswt o, + sinwt oy)] - (21.1)

The transverse field rotates at frequency w. Define R(t) = e~ =/2 and write |¢);t) =
R(t)|x;t). Substitution into the Schrodinger equation gives

ih|%) = (RTHR - ihRTR) ).

Since Ro,R' = coswt o, + sin wt o, and RIR = —iwo, /2, the rotating-frame Hamilto-
nian is constant:

h
H.. = §(AJZ + Qo,), A = wy — w.

Let Qr = VA2 + Q2. The Pauli algebra gives (Ao, + Q0,)? = Q%1, so
—iHyort/h Qrt .. QptAo, + Qaw'

e :COSTl—ISIH O
Starting from |1), the down-state amplitude in the rotating frame is
Q. Qpt
_1Q_R sin —~.

The final factor R(t) only changes its phase, so

Q| 2<\/A2 +Q2t>

= mSln 9 (212)

P (1)

On resonance, A = 0, complete population transfer occurs at ¢t = 7/|Q2|. Detuning
both changes the oscillation frequency and reduces the maximum transfer probability.
Equation (21.2) is exact for the rotating field in (21.1); a linearly oscillating field leads
to this form after an appropriate rotating-wave approximation.

22 The Schrodinger and Heisenberg pictures

22.1 A simultaneous change of states and observables

For a unitary W (t), transform
) — W)Y, X +— WEHXW(t).
Every matrix element is unchanged:
(W WXWHW[Y) = (6] X]0).

The time dependence can therefore be redistributed between states and operators
without changing predictions. If the original state obeys ih|1)) = H ), its transformed

state obeys

d .
ih - (W) = (WHWT + thWT) W),

The extra derivative term is necessary whenever W depends on time. It is the general
origin of the rotating-frame correction above.
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22.2 Constructing the Heisenberg picture

Write U(t) = U(t,0). The Schrodinger-picture state and operator are |¢g(t)) =
U(t)|1;0) and Xg(t). Choose W = UT:

W) = U0 ys(t)) = [¢;0), (22.1)
Xu(t) =U®) Xs(t)U(1). (22.2)

Then

(X)(t) = (s Xs()[9s(t)) = (Wul| Xu(t)[Vn).
The Heisenberg state is fixed; the operators carry the dynamics. This is an equivalent
description of the same experiment, rather than a modification of the evolution law.

22.3 Derivation of the Heisenberg equation
Use U = —iHsU/h and Ut = iUt Hg /R to differentiate (22.2):
Xy =U'XsU + U'XsU + UTXsU
= %UT(HSXS — XgHg)U + Ut XU

i

[Hy, Xy +U'XsU, — Hy =UHSU.

h
Thus
B — st xute) + (52) 223

The last term means UT(9,Xs)U. It describes explicit time dependence in the definition
of the observable and must not be confused with the total derivative of Xp.

If Hg is time independent, U = e "st/" commutes with Hg, and therefore Hy = Hyg.
For a driven Hamiltonian this equality does not generally hold. Taking Xg = Hg gives

the energy-balance law
d 0Hg
—(H)=( —=).
7 = (%)
Only explicit time dependence can change the mean energy of the closed system.

22.4 Solving spin precession as an operator equation
For H = w5, the spin commutators give
[H, S| = ihwSy, [H, S| = —ihwS;, [H,S.]=0.
Hence S, y(t) = S,. To solve for S, g, expand in the fixed Schrédinger operators:
Se.m(t) = a(t)Sy + b(t)S,.
Substitution into (22.3) gives

aS, + bS, = webS, — weaS,.
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Linear independence implies ¢ = wyb, b = —woa. The initial condition Seu(0) =95,
gives a(0) =1, b(0) = 0, so

a(t) = coswyt, b(t) = — sinwyt.
Repeating the calculation with S, ;(0) = S, gives

Sz, (t) = coswot S, — sinwpt Sy,
Sy.u(t) = sinwgt S, + coswpt Sy,
S.u(t) = S.. (22.4)

These operator identities are valid for every initial state. Taking expectation values
yields

(Se)e coswot —sinwyt 0 {Sz)o
(Sy)e | = | sinwgt  coswet 0 (Sy)o
(S.)¢ 0 0 1 (S:2)o

The previous calculation with |+z) is one particular initial condition for this general
rotation law.

Example 22.1 (Time-dependent eigenkets of a Heisenberg operator). Since S,y =
UTS,U, an instantaneous positive eigenket is

4z t) g = Ut) | +z) = % (eiwot/2|T> + e_iwot/QN)) )

Indeed, S, g|+z;t) g = UTS,|+x) = (h/2)|+x;t)g. This eigenket is time dependent,
even up to an overall phase for generic ¢. There is no contradiction with (22.1): it is
the instantaneous eigenvector of a changing measurement operator, not the fixed state
describing one system’s unmeasured evolution. At different times it specifies different
preparations that would make that measurement certain.

23 Canonical quantization and Ehrenfest’s theorem

23.1 Classical evolution as a Poisson bracket

For canonical coordinates ¢;, p; and a classical observable X (q, p,t), Hamilton’s equa-

tions give
dX 0x . 0X. 0X
FpY <a—%Qf i a—pipi) o

_Z<8X6H axaH) 0X

— —=1{X H X.
0q; Op;  Op; 0g; * ot X Hirep + 0

The Poisson bracket is

{X> Y}PB = Z (aqu apiY - apiX aqu) :

i
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It is bilinear and antisymmetric, satisfies the product rule, and obeys
X, Y}es, Z}ps + {{Y, Z}pB, X}pe + {{Z, X }pB, Y}pe = 0.

Commutators satisfy the same algebraic identities. This motivates the correspondence

1 ~ ~
{X,Y}pB — E[X’Y]
In particular, canonical quantization imposes

The classical Hamiltonian suggests a quantum Hamiltonian built from these operators,
after operator-ordering and domain choices are made.

23.2 Angular momentum brackets worked out
For a particle, L; = €;.,q.p5. The derivatives are
0o Li = €iavDy, Opo Li = €ibaQp-

A direct example is L, = yp, — 2p,, L, = zp, — xp.. Only the coordinate z and
momentum p, contribute to their bracket:

{vaLy}PB = (_py)(_x) - y(pg;)
= apy — Yps = L.

The cyclic cases follow by relabeling coordinates, giving
{Lm Lj}PB = Gz‘jkLk-

Canonical quantization produces [ZAL“ E]] = iheijkfk, the same algebra satisfied by spin.
The algebra is shared, although orbital and intrinsic angular momentum need not act
on the same kind of Hilbert space.

23.3 Ordering and the limits of the correspondence

Classically pg = gp, but quantum mechanically pg = qp — ihl. For a real classical
observable pq, a natural self-adjoint choice is

1,
pq — §(pq+qp)~

Different choices for more complicated observables can differ by terms that vanish in
a classical limit. There is no universal quantization map that preserves the Poisson
bracket exactly for every classical function. The canonical relations and Hamiltonian
specify a quantum model; the bracket correspondence is exact for suitable subalgebras
and provides a leading semiclassical guide more generally.

It is often useful to reverse the viewpoint: start from a quantum model, identify its
canonical variables, and determine the classical behavior to which it reduces. Distinct
quantum theories may share the same leading classical limit.
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23.4 Ehrenfest’s theorem and mean trajectories

Taking the expectation value of (22.3) in the fixed Heisenberg state gives

d, i

T0 = F{H.X]) + 0. (232)

The result is picture independent if states and operators are evaluated consistently.
For H = p?/(2m) + V(q),

p*,q) = plp. gl + [p.alp = —2ihp,  [V(q),p] =ikV'(q),

w0 dgy () dip)

!
) _ 0SBy, (25.3)
The force is averaged over the quantum state. In general, (V'(q)) # V’'({q)), so the
mean position need not follow an exact classical trajectory. For a narrow packet,
expanding around ¢ = (g) gives

V(@) = V@) + V" @~ 0+

The first correction depends on the packet width. For a quadratic potential the force
is linear, the correction vanishes identically, and the first moments satisfy the classical
equations exactly. Larmor precession likewise closes exactly because the spin equations
are linear in the spin components.

24 Ammonia inversion: dynamics determined by
symmetry

24.1 The two-state approximation

In an ammonia molecule, the nitrogen atom prefers a position on either side of the
plane through the three hydrogen atoms. Holding the hydrogen framework fixed gives
two equivalent configurations:

|1) = nitrogen above the plane, |2) = nitrogen below the plane.

These states span an effective two-dimensional Hilbert space. The actual molecule
also has rotational, vibrational, and other degrees of freedom; the model isolates its
inversion coordinate.

Turning the entire molecule over can also interchange the apparent positions of
nitrogen, but this is a different motion from inversion through a fixed hydrogen
framework. To distinguish them, consider a molecule carrying angular momentum
normal to the hydrogen plane. An isolated reversal of its molecular axis would alter
the angular-momentum direction, while inversion of nitrogen through the plane does
not. Reflection in the plane leaves the normal component of angular momentum
invariant because angular momentum is an axial vector. Thus this rotation does not
remove the inversion symmetry.
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Figure 32: The two inversion configurations of ammonia, related by reflection through
the hydrogen plane.

s @
Figure 33: Overall molecular rotation is distinct from the nitrogen inversion coordinate.

24.2 Choosing phases for the reflection operator
A reflection P interchanges the localized configurations, initially with possible phases:
P|1) = e'*|2), P|2) = e’ |1).

Rephasing |2) relative to |1) makes the two phases equal. The remaining common
phase in P has no effect on its action on rays, and may be removed. We can therefore

choose
P =12 +2)(1], P =P, P?=1.

This phase convention makes the geometric statement “reflecting twice returns the
original configuration” explicit at the operator level.

24.3 The most general reflection-invariant Hamiltonian

Write an arbitrary self-adjoint two-state Hamiltonian as

a b
H_(b* d)’ a,d € R.
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Reflection invariance means PHPT = H, or [P, H] = 0. Since
PHP — (d b ) ,
b a
the condition forces a = d = Ey and b = b* = A. Hence

H = Eyl+ AP = (Ejf é) (24.1)
The common diagonal energy is Ey. The off-diagonal amplitude A describes quantum
tunneling between the two configurations. Symmetry fixes the form of the Hamiltonian,
but not the magnitude of the tunneling amplitude. In a high-barrier regime its
magnitude can be exponentially small in the barrier parameters. Its comparison with
an arbitrarily chosen energy zero Ej has no invariant meaning.

The characteristic equation is

det(H — \1) = (Ey — \)? — A* =0,
so E. = Fy+ A. Solving the two rows of (H — E11)(a,b)T = 0 gives b = +a, hence
OEE
\/5 )
Diagonalizing the symmetry first would have produced the same basis without solving
the characteristic equation.

A simultaneous convention change |2) — —|2) and P +— — P preserves the swap
form of P, exchanges the labels “even” and “odd”, and sends A — —A. The splitting
2| Al is unchanged. In the conventional spatial-parity realization, the lowest inversion
wave function is even; choose A < 0 so that |+) is the ground state. Unlike the two

classical minima, the two localized kets are not energy eigenstates. Tunneling lifts
their apparent degeneracy.

|+) Pl£) = £|+), H|) = (Ey+ A)|£). (24.2)

24.4 Time evolution from a localized configuration

Prepare |¢;0) = |1) = (|+)+|—))/v/2. Such localization can be achieved using electric
fields that distinguish the two configurations. The subsequent field-free state is

st = s (e i)

V2

Returning to the localized basis,

, At At
[ih; t) = e HEot/M | cos ——|1) — isin —|2) | . (24.3)
h h
Therefore
1 2|Alt
Pl(t):cos2f—§[1+cos |h|]’
At 1 2|A
Py(t) = sin® % =3 [1 — Cos %} . (24.4)



The inversion oscillates with angular frequency 2|A| /A, the energy splitting divided
by h. Electromagnetic radiation at this frequency can coherently stimulate transitions
between the inversion levels. This is the essential two-level physics behind an ammonia
maser, a microwave-frequency counterpart of a laser.

The example illustrates why classically equivalent configurations need not be
degenerate quantum energy eigenstates. When a tunneling matrix element is allowed,
the energy eigenstates are often superpositions with a nonzero splitting. This is not a
universal prohibition on degeneracy: symmetry, disconnected sectors, or accidental
parameter values can preserve it. In particular, a one-dimensional unitary symmetry
representation does not by itself force an energy degeneracy.

25 Quantum symmetries and selection rules

25.1 Symmetries preserve the equation of motion

Let V' be time-independent and unitary. It is a symmetry when V]i);t) solves the
same Schrodinger equation whenever |¢;t) does. Since

10, (V|4)) = VH|¢),
this condition is equivalent to V H|¢) = HV|¢) for every state:
[V,H(t)] =0 for every t. (25.1)

The symmetry need not arise from a spatial transformation; it may act on internal
degrees of freedom.

If V|¢) = v|¢), then V(H|¢)) = H(V|p)) = vH|p). Hence each symmetry
eigenspace is invariant under the Hamiltonian and its evolution. More directly,
VU(t,to) and U(t,ty)V obey the same differential equation and initial condition, so
they are equal. The probabilities of belonging to the symmetry sectors are therefore
conserved. If every sector is one-dimensional, the evolution changes only the phase of
each symmetry eigenket.

25.2 Three equivalent ways to describe a transformation

There are two active descriptions and one passive description:

active state: |¢) — V), X — X,
active operator: |¢) — [}, X = VXV,
passive: [1) = V]1), X = VXVT,

The first two give the same transformed expectation value, (1|VTXV|1)). The passive
description leaves every matrix element invariant and amounts to changing the repre-
sentation of all states and operators together. These viewpoints are independent of
the choice of Schrodinger or Heisenberg picture.
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In the ammonia model, define a dimensionless inversion-position observable
Z = 1)1 = [2)2].

Then PTZP = —Z: reflection reverses the sign of the measured inversion coordinate.
In contrast, PTHP = H.

25.3 A general Abelian selection rule

Let V]a) = v4|la) and V]b) = w,|b), with |v,| = |vp] = 1. Suppose an operator
transforms as VIXV = yX. Inserting the symmetry gives

(a|VIXV|0) = vyup(al X [0) = x{al X1b).

Thus
(vivp — x){a|X|b) = 0. (25.2)

A matrix element can be nonzero only if the symmetry phases match. For parity
eigenvalues v,, v, = %1, an even operator (x = +1) connects equal parities, while an
odd operator (y = —1) connects opposite parities.

For ammonia this immediately gives

(+H[=) =0,  (+|Z]+) =(-|Z]-) =0.

Indeed, direct calculation shows Z|+) = |—) and Z|—) = |+). The inversion dipole is
odd, so it can drive the transition between the even and odd levels. The selection rule
expresses this without requiring an explicit wave function.

26 Groups, representations, and triangular hop-
ping

26.1 Why symmetry operations form a group

If Vi and V5 commute with H, then

ViVa, H] = V[V, H] + [Vi, H]V; = 0.

Their product is unitary and is another symmetry. Likewise, [V™! H| =
V7V, H]V™! = 0. Including the identity, symmetries are therefore closed
under multiplication and inverses. Operator multiplication is associative. These are
precisely the group axioms.

A group is Abelian if every pair of elements commutes. A group generated by a
single element is cyclic. If V™ = 1 and no smaller positive power is the identity, its
elements are

1LV, V3 ... vl

and multiplication adds exponents modulo n. This is the abstract cyclic group Z,,. If
no nonzero power of T" equals the identity, its integer powers form a group isomorphic
to Z under addition. An isomorphism is a bijection that preserves the group law.
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A reflection generates Zo; a fixed translation on an infinite line generates Z; and
a rotation through 27 /n generates Z,. Combining transformations can give a non-
Abelian group. For example, rotating and then translating a lattice does not generally
give the same result as translating and then rotating it.

Figure 34: Geometries with discrete reflection, translation, and rotation symmetries.
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Figure 35: A triangular lattice supporting translations, rotations, and reflections.

The geometry may determine the abstract group before the Hilbert space is known.
Crystal point groups describe the corresponding rotations and reflections; space groups
include the translational structure. To implement an abstract group GG on a quantum
Hilbert space, specify unitary operators D(g) satisfying

D(g)D(h) = D(gh), ~ D(e) = 1.

This is a unitary representation. The abstract multiplication law and its realization
as operators are separate pieces of information.

76



26.2 Three sites and the dihedral group

Consider localized states |1),|2), |3) at the vertices of an equilateral triangle. A cyclic
rotation and the three reflections act as

C=2)(1+[3)2 +[1)3
Ry = [D(A[+[3)(2] +12)(3
Ry = 12)(2 + [3)(1] + [1)(3
Ry = [3)(3] + [2)(1] + [1)(2

,
,
,

The six group elements are 1,C,C~!, R, Ry, R3. Direct action on the three basis
states verifies

C*=1, Ri=1, RICR =C""', Ry=RC, R3=CR,.
Thus the symmetry group is D3, with presentation
Ds={(c,r | =7r*=(cr)* =e).

Its order is six; conventions that index a dihedral group by its order instead call
this group Dg. Here D,, denotes the symmetry group of an n-gon, of order 2n. Two
reflections also generate Ds: C' = R Ry, C7' = RyRy, and Ry = RyR1 Ry = RiRyR;.

.
e,
.
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Y
s
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Y
s
-~
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1
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Figure 36: The rotation and reflection operations on the three-site system.

26.3 Eliminating phases in the site representation

Suppose initially Cj) = ¢'®|j + 1), with labels understood modulo three. The relation
C® = 1 requires e(®1+a2+23) — 1 Choose a phase for |1) and define the other two basis
states by |2) = C|1) and |3) = C?|1). Then C' has exactly the phase-free form above.
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A reflection fixing site one acts there by R;|1) = p|1), with p = +1 from R? = 1.
Using R,C = C7'R; gives

Ra[2) = pl3),  Ral3) = p|2).

Multiplying all reflection operators by the common sign p leaves the dihedral group
relations intact and gives the displayed permutation representation. Geometrically
this chooses the trivial reflection phase of each localized site state. Additional internal
degrees of freedom can carry their own symmetry representation; they must be included
if present rather than absorbed into this three-state model.

26.4 The invariant Hamiltonian and its eigenvectors

Requiring invariance under all permutations generated by C| Ry forces equal diagonal
entries and equal real off-diagonal entries:

Ey, A2 A)2 4
H=|A/2 E, A/2 :E01+§(C+CT). (26.1)
Aj2 A2 E,

The factor 1/2 is a parameter convention. To diagonalize, first use the cyclic symmetry.
Set ¢ = e?™/3 and define

1

|n>C \/§

For n # m, 1+ ("™ + 2*=™) = 0, so these kets are orthonormal. Acting with C'
shifts the site labels:

(1) +¢"2)+¢73),  n=0,1,2.

1
ﬁ

Equation (26.1) therefore gives

Cln)e = —=(12) + ¢7"[3) + ¢7*[1)) = ("[n)c-

A 2
En = EO + E(Cn + C_n) = Eo +ACOS %ﬂ

There is one singlet and one doublet:

EO,C’ - Eo + A, ELC = EQ,C - EO - g (262)
For the usual negative hopping amplitude, the fully symmetric singlet is the ground
state. Symmetry-enforced degeneracy need not occur in the ground state; this model
places it in the excited doublet. There is no universal rule that quantum ground states
must be nondegenerate: familiar nodeless-ground-state results require suitable scalar
Hamiltonians and boundary assumptions.
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26.5 Why the doublet is forced to be degenerate

Reflection exchanges the two nontrivial rotation eigenstates:
R1|n>c = |—TZ>C.
Since [H, Ry =0,
H(Ri|1)c) = RiH|1)c = E1¢|2)c.

But the left side is E» ¢|2)¢, proving Ey ¢ = E» ¢. Rotation alone would allow different
energies for its three eigenvalues; the noncommuting reflection links two of them.
The Hilbert space decomposes as an orthogonal direct sum

H=Hs®dHp, Ha=span{|0)c}, Hp =span{|l)c,|-1)c}.

A direct sum means that every ket has a unique expression as a sum of one ket from
each subspace. On Hp, the symmetry matrices are

OKZQ gO’ (&ﬁ:(?é)

The only one-dimensional Cg-invariant subspaces are its eigenlines, and reflection
exchanges them. Thus no line is invariant under the whole group: the doublet is
irreducible. The projectors

T4 = [0)c(0lc, [l = 1)c(lle + [-Lel(-1lc

commute with every symmetry. The Hamiltonian is H = (Ey + A)ll4 + (Eo — A/2)1p.

26.6 A cyclic N-site extension

For N > 3 sites on a ring, let C'|j) = |j + 1) modulo N and consider nearest-neighbor

hopping
H=El1+J(C+ChH,  JeR

The discrete Fourier kets are

They obey C|k,) = e*|k,) and have energies E, = Eq + 2.J cos k,. A localized initial
ket evolves with amplitude

N-1

(G 16(0) = 5 S e e 0 i [y(0) = |jo). (26.3)

At t = 0, the discrete Fourier identity gives ¢; ;,; unitarity preserves the total probability.
Reflection sends k, — —k, and pairs equal energies. The unpaired sectors are k = 0
and, for even N, k = 7. This generalizes the singlet-doublet structure of the triangle.
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27 Irreducible representations and non-Abelian se-
lection rules

27.1 Invariant subspaces and complete reducibility

A subspace V' C H is invariant when D(g)V C V for every g. If the representation is
unitary, its orthogonal complement is also invariant: for w L V and v € V,

(v | D(g)w) = (D(g)"'v | w) =0.

Thus an invariant subspace gives an orthogonal direct-sum decomposition. Iterating
in finite dimensions decomposes the representation into irreducible pieces. Infinite-
dimensional representations may require direct integrals rather than only discrete
sums; the finite-dimensional models here need only direct sums.

For a complex Abelian unitary representation, the symmetry matrices commute
and can be simultaneously diagonalized. Each common eigenline is invariant, so
all finite-dimensional irreducible representations are one-dimensional. Non-Abelian
groups can have higher-dimensional irreps, although a particular representation may
still consist only of singlets.

27.2 Schur’s lemma with proof

An intertwiner 7' : V' — W satisfies T Dy (g) = Dw(g)T for every g. Its kernel and
image are invariant. If V' and W are irreducible and T" # 0, irreducibility therefore
forces ker T'= {0} and ranT' = W. Hence T is an isomorphism; there are no nonzero
intertwiners between inequivalent irreps.

For an endomorphism 7" : V' — V on a finite-dimensional complex irrep, choose an
eigenvalue X\. The operator T'— A1 is also an intertwiner and has a nonzero kernel.
The previous argument forces 7' — A1 = 0. Thus

[T, D(g)] =0 for every g = T = A1 on an irreducible space. (27.1)

This proves Schur’s lemma in the form needed for quantum symmetries.

27.3 Equivalent irreps and multiplicity spaces

To state the dynamical consequence accurately, group equivalent copies together:
H=PVe@ M), D(g)=EP(Dalg) ®1a,).

Here V,, carries an inequivalent irrep of dimension d,, and M, records how many
equivalent copies occur. A Hamiltonian commuting with the symmetry must have the

form
H(t) = 1y, @ ha(t)). (27.2)

[0}

To derive this, write each block between copies of two irreps. Commuting with all
D(g) says that this block is an intertwiner. It vanishes for inequivalent irreps and is a
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scalar on the irrep indices for equivalent ones. Those scalars form the matrix h, on
the multiplicity space.

If an irrep occurs once, the Hamiltonian is a scalar on it, and all its d, states
are degenerate. If it occurs several times, the Hamiltonian may mix the equivalent
copies. Diagonalizing h,, gives energy levels each with at least d,-fold degeneracy. An
arbitrary chosen copy need not itself be preserved by the dynamics. The symmetry
type is preserved; multiplicity labels can evolve.

For a symmetry-invariant observable X, the same block rule applies. Thus it
cannot connect inequivalent symmetry types, and within a single multiplicity-free
irrep it is proportional to the identity. This is the non-Abelian counterpart of the
Abelian selection rule. For operators that transform nontrivially, allowed transitions
are determined by whether the final irrep occurs in the product of the operator’s
symmetry type with the initial irrep.

28 Continuous symmetries and conserved genera-
tors

28.1 One-parameter groups

A one-parameter unitary group is a continuous family V() satisfying
V(0)=1,  V(61)V(b2) = V(01 + b2). (28.1)

Consequently V(0)~! = V(—0) = V(0)!, and all members of this particular family
commute. The parameter can be an angle, a displacement, or a time interval. Periodic
families describe circle subgroups; a general one-parameter group need not be periodic.
We first use differentiable finite-dimensional matrices. For infinite-dimensional systems,
strong continuity gives a self-adjoint generator, and derivative identities hold on its

appropriate domain.

Define
Q= ih%go)vw)*. (28.2)

There are three properties to establish before calling ) a conserved observable.
First, differentiate V(6 + ¢) = V(¢)V (#) with respect to € at zero:

V() = V'(0)V(6).

Multiplying by V(#) gives
Q = ihV'(0), (28.3)

which is independent of 8. Differentiating the group law with the two factors reversed
also gives V' = VV'(0); therefore @) commutes with the whole one-parameter group it
generates.
Second, differentiating V1V = 1 gives VIV 4+ VTV’ = 0. Equivalently, VV'T =
—V'V*, and hence
QF = —1RVV'T =iRV'VT = Q.
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Thus the generator is Hermitian.
Third, suppose every V() is a time-independent symmetry: [V (0), H(t)] = 0 for
all #,t. Differentiating at zero yields

[V'(0),H®)] =0,  [Q H({@)]=0.
Because @) has no explicit time dependence, the Heisenberg equation then gives

d .
% = %[HmQH] =0. (28.4)

This proves the time-independent version of the quantum Noether theorem: a
continuous unitary symmetry has a self-adjoint conserved generator. In particular,
every state’s expectation of () is constant. The more general case with explicit time
dependence is derived in Section 32.

Conversely, if ) is time independent and commutes with H(t), then every power
of Q) commutes with H(t), so its exponential does as well. Solving iV’ = QV with
V(0) =1 gives

VK@)::eq)<—;%f). (28.5)

A conserved generator and its one-parameter symmetry therefore contain the same
information.

28.2 Phase conventions and additive constants

Replacing V (8) by V(6) = €9’V (6) preserves its action on rays and its one-parameter
group law. It changes the generator to

Q=Q — hal.

An additive scalar in a generator is thus an overall-phase convention. In a finite-
dimensional space of dimension d, one can set Tr ) = 0 by subtracting (Tr Q/d)1.
There is generally no finite trace with which to make this prescription in an infinite-
dimensional Hilbert space.

There is also a global qualification. If the parameter describes a circle with a
specified period, an arbitrary rephasing on the real parameter line need not remain
single-valued on that circle. A shift that is harmless for the infinitesimal generator
can change whether we obtain an ordinary or a projective representation of the global
group. Spin rotations provide the central example below.

28.3 Spin generates spatial rotations
For the qubit Hamiltonian proportional to S, consider
Vo(8) = [T) (1] + e“ ) (4.

It commutes with H and obeys the group law. Direct differentiation would give

Qo= —H( = 5.~ 21
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Remove the scalar part by taking
Va(6) = e 2y(8) = 20 (1] + P21 (] = 60 (28.6)

The generator is now exactly S,.
To identify the spatial action, recall

h h
So= DUDUH AN, 8, = S - .
Conjugation gives
VISV = D@+ e ) 1) = cos S, —sind S,

VISV, = g(eigm (I = e 11)(1]) = sind S, + cosd S,
i
VIS.V. =8S..

In the transformed state V,|v¢), therefore,

(Sy) cos) —sinf 0 (Sy)
(Sy) | = |sinf cosf 0O (Sy) | - (28.7)
((&)’) ( 0 0 1) (<Sz>)

This is the right-handed active rotation about the positive z axis.

v
X2

Figure 37: Rotation of the spin expectation value around the z axis.

The same construction in the S, eigenbasis gives

V.(0) = e_19/2|+x><+x\ + e19/2|—x><—x|

6 : (amwm Amwﬂy, (28.8)

= cos g 1- 1sin 5 0y = —isin(6/2)  cos(6/2)
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Here we used |+xz) = (|1) £ |J))/v2. The derivative at zero is —ic,/2, so Q, = S,.
Multiplying the matrices, or using the Pauli product rule, gives

VIS, V, =cosf S, —sind S,,

VISV, =sinf S, + cosf S..

These are exactly the components of a right-handed rotation about .

Likewise,
0 .0
Vy(6) = cos g 1 —sin & (11)(4] — [1)¢1)
0 .. 0 [cos(6/2) —sin(6/2)
= cos 1-— isin 7 oy = (sin(@/?) cos(0/2) ) , (28.9)
so Qy = Sy, and

VJSyV;/ = Sy>

VyTSzV;, =cosf S, —sinf S,,

V;ijV;, =sinf S, + cosf S,.
All three rotation operators act on the qubit state space. Whether a particular rotation
is a symmetry of its dynamics is a separate question: the corresponding generator
must commute with the actual Hamiltonian. A nonzero fixed field along z preserves

rotations about z, but generally breaks rotations about x and y. With no preferred
direction and a scalar Hamiltonian on the doublet, all rotations are symmetries.

28.4 Energy and time translations

For a time-independent Hamiltonian, H itself is a conserved charge. Its generated
symmetry is

V(At) = e AN — 17 (¢ + At 1).

Acting on an evolving state advances the solution by a fixed amount: V(At)|y,t) =
|, t + At). Thus energy conservation is the Noether statement associated with
time-translation invariance. Explicitly time-dependent driving usually removes this
symmetry and permits energy exchange with the external apparatus.

28.5 Infinitesimal transformations in the three viewpoints

Expand V() =1 —10Q/h + O(6?). In the active state viewpoint,

0 ) — TQM), X X

To describe the same change with the state fixed, transform the observable by VIXV:
i0 i0
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Finally, a passive change that leaves matrix elements unchanged uses [¢)) — V[¢)) and

X = VXV "
0y ) — QI X e X+ X, Q)

The opposite signs in the two operator transformations follow from which side carries
V and which carries V.

29 Lie groups and Lie algebras

29.1 Composing continuous transformations

If Qq,...,Q, are conserved Hermitian charges, any real linear combination is also a
conserved Hermitian charge. We can therefore form

V(0,...,0") =exp (-% Z@“Qa) .

If the charges commute, multiplication simply adds their parameters. When they do
not commute, the order of transformations matters.

To see the first correction, write e¥e¥ = e# and compare series through quadratic
order. The left side is

X2 Y2
1+X+Y+7+XY+7+O(3).

Putting Z = X + Y + Z + O(3) on the right gives

1+ X +Y + 2+ 3(XP+ XY +YX +Y?) + 0(3).
Equality requires Zy = %(X Y — Y X). The full Baker-Campbell-Hausdorff expansion
begins

eXe¥ = exp (X +Y + 2[)( Y]+ 112 (X, [X,Y]] - %[Y, (X, Y]]+ > . (29.1)

With X = —i6,Q,/h and Y = —i6,Q/h, this becomes

. . 0,0
e—101Q1/h8—192Q2/ﬁ — exp{ h (GIQI + 02Q2 + ﬁ[@h Q2] + O( )) } . (292)

Reversing the order changes the sign of the displayed commutator term. A useful way
to isolate noncommutativity is the small group commutator:

91 05

eXe¥e Xe M =14+ [X,Y]4+0(3) = [Qla Q2] + O(3).

Thus the Lie bracket records the leading discrepancy between doing one infinitesimal
transformation before or after another.

85



29.2 Closure and conservation of commutators

The properly normalized commutator

1
C'= 2101, Q)

is Hermitian: taking its adjoint changes the sign of both 1/i and the commutator. If
[H,Q1] = [H, Q2] = 0, the derivation identity gives

[H,[Q1,Qa]] = [[H, Q1], Q2] + [Q1, [H, Q2]] = 0.

Hence C'is another conserved charge. This identity is equivalent to the Jacobi identity,
so the result does not depend on any particular representation.

A finite list of independent generators describes a closed finite-dimensional Lie
algebra when

@1, Q1 =ih ) fi*Qn,  fii" €R. (29.3)
k

Reality follows because the normalized commutator and the basis charges are
Hermitian. Antisymmetry gives fi;* = —f;*. Substitute this expansion into
[Qi, Q] Qr] + [[Q;, Qxl, Q] + [[Qr, Qi], @Q;] = 0. The coefficient of the independent
Qm is =1 >, (fi;' fu™ + cdots), so

(it fu™ + Fi fi™  fui ™) = 0. (29.4)

l

The antisymmetry and this quadratic constraint are the algebraic conditions on the
structure constants.

Sometimes closure requires the identity as a central generator, even though its
exponential acts only by an overall phase. The canonical example is the Heisenberg

algebra
[z,p] =inl,  [z,1] = [p,1] = 0.

It has no finite-dimensional matrix realization with nonzero h: taking traces would
give 0 = ihdim H. More generally, commutators of finite matrices are traceless, and a
basis of traceless Hermitian charges closes without an independent identity component.
The infinite-dimensional canonical operators are unbounded, so the finite-matrix trace
argument does not apply to them.

29.3 The invariant trace inner product

In a finite-dimensional unitary representation, let the (); be real linearly independent

and define
hij = Tl"(Qng)

Cyclicity shows symmetry, hj; = h;;, and Hermiticity shows reality:

hy = Te[(Q:iQ))'] = Tr(Q;Q:) = hij.
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For any real nonzero vector ¢, the Hermitian matrix Q(c) = ). ¢;Q; is nonzero.
Diagonalizing it gives real eigenvalues q,, at least one nonzero, and therefore

ch-hijcj = Tr[Q(c)%] = Zqz > 0.

i a

Thus h is a positive-definite real inner product on the represented Lie algebra.
The identity

Tr([A, B]C + [A, C|B) = Tt(ABC — BAC + ACB — CAB) =0

follows by moving the first factor of BAC and C'AB around the trace. Taking A = @),
B =@, and C = @y, then using the structure constants, gives

Z (fis' b + fir'huz) = 0. (29.5)

l

This means the infinitesimal adjoint action preserves the inner product.

Apply ordinary Gram—Schmidt to choose an orthonormal real basis of charges,
so h;; = 6;;. With all indices lowered, (29.5) becomes f;j, = — fir;. Together with
fijk = — [jix, this makes f;;; completely antisymmetric. A finite-dimensional real Lie
algebra with a positive-definite invariant inner product is of compact reductive type:
it splits into its Abelian center and compact semisimple factors. Here it is the image
of the algebra in the unitary representation that has this property; an abstract algebra
may have a kernel in that representation.

29.4 Local algebra and global group

A Lie group is a smooth manifold with smooth multiplication and inversion. Near its
identity, exponentials of a linearly independent basis of tangent generators give local
coordinates. Translating this patch by any group element gives a coordinate patch
there. The BCH formula expresses the multiplication law near the identity in terms
of the Lie bracket.

These statements are local. A general group element need not be a single exponen-
tial, and distinct global Lie groups can have the same Lie algebra. Nevertheless, the
connected identity component is generated by products of elements in sufficiently small
exponential neighborhoods. The Lie algebra determines the simply connected group
integrating it, while additional discrete identifications distinguish other connected
groups with that algebra.

Abstractly, a real Lie algebra g is a real vector space with a bilinear antisymmetric
bracket satisfying Jacobi. In the Hermitian convention used here, a representation
assigns x +— @), linearly, with

1
Q[ac,y}g = E[Qaﬁ Qy] (296)

The factor on the right converts the operator commutator of Hermitian charges back to
a Hermitian charge. One could instead use anti-Hermitian generators and remove this
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factor from the representation law. A complex Lie algebra uses a complex vector space
instead; the physical infinitesimal unitary transformations are naturally organized first
as a real Lie algebra.

For rotations, an abstract basis £, ¢,, (. obeys

[giagj]g = Gijkgk-
Its Hermitian representatives satisfy
[Li, LJ] = 1h€2]kLk

This is so0(3), also isomorphic to su(2). The qubit operators S; = ho;/2 give one
representation. The algebra itself does not specify the dimension of the state space,
so we next determine all irreducible unitary rotation multiplets.

30 Classification of spin representations

30.1 The Casimir and ladder algebra

We seek Hermitian operators L, L, L, satisfying

on an initially unspecified Hilbert space. An atom in a rotationally invariant environ-

ment must have a state space on which rotations act, but it need not transform like a

qubit. The possible irreducible multiplets follow from the algebra and positivity alone.
Define the total angular momentum

=L+ L+ L2
Using [AB,C| = A[B,C] + [A,C]B,
J
=ih ) €jin(LiLy + Ly Lj) = 0.
ik

The last sum vanishes because the Levi-Civita symbol is antisymmetric under j <> k
while the operator factor is symmetric. Thus L? is a central operator, or Casimir.
It can be diagonalized simultaneously with L,. Write a normalized simultaneous
eigenvector as

L2\, m) = h2A|\, m), L.\, m) = hm|A\,m). (30.2)

The dimensionless A is nonnegative because (L?) = 3. ||Lz|¢)|\2 > 0.
Introduce
L,=1L,+il,, L =L,—ilL,=Ll.
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From the original commutators,
L., L_|=ihL, —i(—ihL,) = —hL_,
Ly, L_]| = —i[Ly, L] +1i[Ly, L,| = 2hL,.
Conversely, these three relations together with L, = (L, + L_)/2 and L, = (L4 —

L_)/(2i) reproduce (30.1). The two descriptions are equivalent.
Since [L?, L+] =0 and [L,, Ly] = +hL,

L?Lo|A\,m) = R2ALy |\, m),
L.Li|A\,m) = Li(L, £ )|\, m) = h(m £ 1)Ly |\, m).

Whenever it is nonzero, L |\, m) is therefore another state with the same A and with
m shifted by one. This explains the names raising and lowering operators.

30.2 Norms, termination, and quantization
The normalization is determined by multiplying the ladder operators:
LiL. = (L, TiL,)(L, £iL,)
= L2+ L} +i[L,, L]
=L~ L’FhL,=L°— L.(L. +h).

Consequently,
||\, m)|” = (A, m| Ly L)\, m) = h? [)\ —m(m =+ 1)} (30.3)

A norm cannot be negative. Repeatedly raising m would eventually make m(m+1) > A
if the ladder continued forever. Therefore it must terminate at a highest weight m = ¢
satisfying

L |\ ¢) =0, A=L(l+1).
At the highest state the lowering norm is A?[((¢ + 1) — (¢ — 1)] = 2h*(, so £ > 0.
Similarly there is a lowest weight m_ with

L_|\,m_) =0, m_(m_ —1)=L({+1).

Factoring gives
(m_+£0)(m_—£—-1)=0.

Since m_ < ¢, only m_ = —/ is possible. The number of unit steps between the
endpoints is 2/, so
1.3
20 e NU {0}, 620,5,1,5,.... (30.4)

Thus positivity and the ladder structure force integer or half-integer angular momen-
tum; no separate quantization prescription was inserted.
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Choosing successive ket phases to make the nonzero ladder coefficients positive,
the normalized result is

L20,m) = h2(L + 1)[¢,m),
L.|¢,m) = hm|l,m),
Lill,m) = h/l(l +1) —m(m £ 1)|6,m £ 1)
=/ (LFm)(CEm+1)|6,m=£1). (30.5)

The allowed magnetic quantum numbers are m = —¢, —¢ + 1, ..., £. Distinct m have
distinct eigenvalues of the Hermitian L, so the normalized kets are orthogonal. Their
span has dimension 2¢ + 1 and is preserved by L., L., hence by all three L;.

Conversely, for any allowed ¢, define operators by (30.5) on an orthonormal basis
of this size. Their adjoints have the required relation, and

(LyL_ — L_L)|6,m) = R*[(({ + 1) —m(m — 1)
— (0 + 1)+ m(m+1)]|¢,m)
= 2h*m|l,m) = 2RL. |, m).

The other ladder commutators follow directly from the shift in m. Every nonnegative
integer or half-integer ¢ therefore produces an actual unitary representation.

30.3 Irreducibility and completeness of the classification

Let O commute with L,, L., L_. In the single ladder just built, each L, eigenspace is
one dimensional, so

Oll,m) = oy, |€, m).

For m < ¢, apply [O, L] = 0 to the ket. Because the raising coefficient is nonzero,

Om+1 = Om-

It follows that every o,, is the same and O = 1.

If the representation were reducible, a nonzero proper invariant subspace would have
an invariant orthogonal complement because the L; are Hermitian. The orthogonal
projector onto that subspace would then commute with all L; but would not be
scalar, contradicting the result just proved. The ladder representation is therefore
irreducible. Conversely, in any irreducible unitary rotation representation, the invariant
ladder generated from a simultaneous eigenvector must fill the whole space. This
yields precisely the spin-¢ representations. For a general unitary representation of
the compact rotation or spin group, one decomposes into these finite-dimensional
irreducible multiplets, possibly with repeated copies.

The first few cases are immediate. For ¢ = 0, all generators vanish and the

representation is a singlet. For £ = £, the ordered basis |3, 3), |3, —3) gives L; = fio; /2.
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For ¢ = 1, using the ordered basis m = 1,0, —1 gives

10 0
L.=hnl0 0 0],
00 —1
010 0 —i 0
h h
c=— 101, L,=—1[i 0 -i
V2\g 1 0 V2o i o

30.4 Ordinary vectors are spin one

An ordinary three-component vector transforms by a real rotation matrix. Complexify
this vector space and use its usual Hermitian inner product. A rotation about z has

cosf —sinf 0 .
R.() = | sin cos® 0] =e 0L/R
0 0 1

so L, =ihR/(0). More generally,

These matrices are Hermitian because the real antisymmetric Levi-Civita matrices are
multiplied by —i. Explicitly,

00 O 0 0 1 0 -1 0
L,=h{0 0 —-i}), L,=h| 0 00|, L,=h|1 0 0
01 0 -1 0 0 0 0 O

Direct multiplication gives [L,, L,] = ihL, and its cyclic partners. Also L2+ Lz + L% =
2h*1, identifying £(¢ + 1) = 2, hence { = 1.
The spherical basis
T+ ij . T —iy
— , 1,0) =z, 1,-1) =
7 1,0) 1, -1) 7

has L, eigenvalues h, 0, —h and the positive ladder coefficients in (30.5). For example,

1,1) =

L_|1,1) =+/2Ah|1,0),  L_[1,0) = v2h|1,—1).

Thus the familiar vector representation is unitarily equivalent to the abstract spin-one
ladder representation.

30.5 How far must a state rotate to become orthogonal?

Fix a unit vector n and a normalized spin-¢ state. Choose the eigenbasis of L,, =n- L

and write
¢

|77Z)> = Z mev m>n7 Pm = |Cm|27 me =1.

m=—/{
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The overlap with its rotated image is

¢
A9) = Wle Mgy = Y 7 pre™. (30.7)
m=—/
Only the probabilities in the rotation-axis basis enter; the phases of the ¢, cancel.
For ¢ > 0 and |0| < 7/(2(), every term obeys |mf| < /2, hence cos(mf) > 0.

Therefore
= me cos(mf) > 0

and the overlap cannot vanish. At |0] = O, = 7/(2(), all cosines remain strictly

positive except at m = ¢, where they are zero. Vanishing real part then forces

pm = 0 for every interior weight. The imaginary part vanishes only if the two endpoint

probabilities are equal. Consequently,
T

1
emin = 2_£a |¢> = E

are exactly the states attaining this universal minimum. For these states A(6) = cos(¢0).
A particular other state may require a larger angle or may never become orthogonal
under this one-axis rotation. For ¢ = 0, rotations leave every state unchanged, so no
orthogonal image exists.

There is a second question: can one generate an entire orthonormal basis by
rotating one state about this same axis? Put d = 2¢ + 1 and suppose

|77D]> = e—iGjLn/h|w>, 00 =0< 01 <0< ed—l < 2.
In the m basis, the matrix whose columns are these kets is M,,; = eme ™05 If its d

columns are orthonormal, then the square matrix M is unitary, so its rows also have
unit norm. The norm of row m is d|c,,|?, implying

(1€, £), + P |e, —£),,) (30.8)

1
lem|? = y for every m. (30.9)

With these uniform probabilities, orthogonality to the initial ket requires, for each
J >0,
oil0; 421 oll0; 1 _ o—ido,

—ir; __
0= (o | ¥5) = dze Spak

The denominator is nonzero because 0 < Gj < 2m. Thus each 0; is a nonzero multiple
of 2m/d. There are exactly d — 1 such distinct angles in the required interval, so their
ordering fixes

2mj

d 7

These conditions are also sufficient: for j # k, the inner product is a phase times
Zd Le—2mir(i—k)/d — (). Hence a complete family of examples is

0, = j=0,....d—1. (30.10)

1am

|0, m)n,

W)= mz

with arbitrary coefficient phases, rotated through the equally spaced angles in (30.10).
The discrete Fourier orthogonality identity is the reason this construction works.
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31 Half-integer spin, topology, and projective rep-
resentations

31.1 The sign under a full rotation

In a spin-¢ multiplet, _
e—2mLz/h|g’ m> — e—27r1m|€7 m>

All the m values differ by integers, so the phase is the same across the entire multiplet:
U2r) = (—1)*1. (31.1)

Integer spins return to the same ket after 27; half-integer spins return to its negative
and require 47 to return to the same ket. Conjugating by a rotation that takes z to
another axis proves the same statement for a full turn about any axis.

The sign is invisible on a single ray, but it prevents the half-integer-spin matrices
from forming an ordinary representation of SO(3): the identity rotation must be
represented by 1, not by —1. Rephasing the matrices along one chosen axis can
remove that axis’s sign, but no globally consistent choice preserves the multiplication
law for all spatial rotations at once. The obstruction is encoded in the global topology
of the rotation group.

31.2 The group SU(2) and its double cover

For spin one half,

i0 6 0
U(n,0) :exp(—%ﬁ-a) zcosél—isiniﬁ-o: (31.2)

The final equality follows from (7 - o) = 1, which separates the exponential into its
even and odd powers. These matrices are unitary with determinant one. Conversely
every 2 x 2 special unitary matrix has the form

5* a*

Indeed, the orthogonal unit vector to a first row (a, 8) is (=%, @*) up to phase, and
determinant one fixes that phase. The four real components of «, 8 therefore satisfy

U= (_O‘ 5) C e+ 8 =1. (31.3)

(R)? + (S)? + (RB)* + (SP)* = 1.

As a manifold, SU(2) is the unit three-sphere S3 in R*. All spin-¢ multiplets, including
half-integer ones, are ordinary representations of this group.

The map from SU(2) to spatial rotations can be made explicit. Associate a real
vector & with the traceless Hermitian matrix X = x - o. Conjugation by U preserves

Hermiticity and trace, so
UXU'"= (R(U)x) - o
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for a real linear map R(U). It preserves the Euclidean inner product because
1 Tr(XY) = @ - y is unchanged by conjugation. Thus R(U) is orthogonal; conti-
nuity from U = 1 gives det R(U) = 1. The product rule for conjugations gives
R(UV)=R(U)R(V).

To identify the angle, set N =n - o and use

NX=(n-z)l+i(h xx)- o, NXN =2(n-xz)N — X.

Expanding (c1 —isN)X(cl +isN) with ¢ = cos(0/2), s = sin(0/2) gives Rodrigues’
formula
R(U)x = cosfx +sinfn x x+ (1 —cosO)n(n-x). (31.4)

Every spatial rotation has such an axis-angle form, so the map is onto. Its kernel
consists of matrices commuting with every Pauli matrix, hence scalar matrices. Within
SU(2) these are precisely +1. Therefore

SO(3) 22 SU(2)/{1, ~1}. (3L.5)

Each rotation has two lifts, U and —U, to the spin group.

31.3 A geometric picture of the two groups

Let 6 = 0n range over the closed ball of radius 27 in R and use (31.2). At its center
U = 1; at every point on its outer sphere U = —1. All outer boundary points therefore
represent one point of SU(2). In the interior 0 < § < 27, the parametrization is
unique. Consequently the ball with its boundary sphere collapsed is

B*/S? = §% =~ SU(2).

The center and the collapsed boundary are distinct points at this stage. The lower-

dimensional analogy is a disk with its boundary circle collapsed to one point, giving a
two-sphere B%/S! =~ §2.

Swvface :d«hf:cd

as & Sivgle poﬁQ

WS

Figure 38: A three-ball with its entire boundary identified to one point describes the
three-sphere.

To obtain SO(3), identify U with —U. In axis-angle coordinates, this pairs
0,n) ~ (2m —6,—n).
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Figure 39: The analogous construction in one lower dimension: collapsing a disk
boundary gives a two-sphere.

It also identifies the center with the collapsed outer boundary. On the four-dimensional
coordinates of the unit S3, it is the antipodal identification # ~ —z. Thus

SO(3) = S%/Zy = RP?. (31.6)

An equivalent smaller model uses the ball of radius 7, identifying antipodal points
only on its boundary: a rotation by 7 about n equals one by m about —n.

Every closed loop in S? contracts to a point; SU(2) is simply connected. In SO(3),
the path that rotates from angle zero to 27 around a fixed axis is closed, because
its endpoint is the identity rotation. Its lift to SU(2) runs from 1 to —1, so it is
not closed. If the original loop contracted, its continuously lifted endpoint could not
change from —1 to 1. The loop is therefore noncontractible. Traversing it twice lifts
to a closed loop in S®, which does contract. This is the origin of

m(SO(3)) = Zo.

Figure 40: The path from the center to the outer boundary becomes a closed, noncon-
tractible loop after the additional identification defining SO(3).

The simply connected double cover is called Spin(3) = SU(2). More generally,
Spin(n) is the simply connected double cover of SO(n) for n > 3. The circle U(1) & S!
and SU(2) 2 S? are the positive-dimensional spheres that admit a Lie group structure.
The shared rotation Lie algebra captures the local generators; the distinction between
SO(3) and its cover is global and determines which spin representations descend to
ordinary representations of the rotation group.
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31.4 Projective multiplication and relative phases

Physical pure states are rays, so symmetry representatives may obey
UgUh = ei¢(g,h)Ugh_ (317)

This is a projective unitary representation. The phases are not completely arbitrary:
associativity of three operators requires

¢(g,h) + ¢(gh, k) = ¢(h, k) + (g, hk) (mod 27).

Rephasing U, +> eia(g)Ug changes the multiplier by

¢(g,h) = ¢(g,h) + a(g) + a(h) — a(gh).

A projective representation is equivalent to an ordinary one only when such a rephasing
removes the multiplier globally.

Half-integer spin gives a projective representation of SO(3), or equivalently an
ordinary representation of SU(2). More generally, projective representations may
require a central extension, and a universal cover alone does not remove every possible
projective multiplier. For a covering group G with discrete kernel K, the quotient is
G = G/K. A representation of G descends to a projective representation of G when
every element of K acts as a scalar on the whole Hilbert space. For rotations, the
kernel is {£1} and this condition is immediate in each irreducible spin multiplet.

The word “whole” matters. In the ammonia example, P|+) = |+) and P|—) =
—]=). On each one-dimensional sector separately, P acts by a scalar phase. But on
al+) + b|—) it changes a relative phase, so P is not projectively trivial on the full
two-dimensional space. One cannot independently discard the phases in separate
sectors when coherent superpositions between them are allowed.

For a fixed projective multiplier, finite-dimensional unitary representations can
still be decomposed into invariant orthogonal subspaces: the invariant-complement
argument is unchanged. The care needed is that all blocks share a consistent multiplier
and that relative phases between the blocks retain their meaning. It is often simplest
to work first with an ordinary representation of a suitable cover or central extension,
decompose it there, and only then identify which phases are common to the full
physical state.

For example, on a direct sum of integer- and half-integer-spin sectors, a 27 rotation
is +1 on the former and —1 on the latter. It is not one scalar on that direct sum.
In a field theory with fermions this is the operator (—1)%, which distinguishes even
and odd fermion number, and the spin group remains the relevant group on the full
Hilbert space.

Ordinary classical spatial vectors and tensors transform in integer-spin represen-
tations of SO(3). Half-integer spin describes a different transformation law, familiar
from quantum states. Spinor fields can also be used in classical field formulations;
in fermionic formulations they involve anticommuting Grassmann variables and do
not describe ordinary classical particle coordinates. The representation-theoretic
statement is the precise one: half-integer spin is an ordinary representation of the spin
group, and a projective representation of the spatial rotation group.
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32 Time-dependent symmetries and time reversal

32.1 Explicitly time-dependent unitary symmetries

A symmetry transformation need not be represented by a constant Schrodinger-picture
matrix. Let V() be unitary and ask whether

[9'(1)) = V()l(1)

is a solution of the same Schrodinger equation whenever [¢(t)) is. Differentiating
carefully gives

d . d
ih— W) = iRV [6) + Vb [v)
= (ihV + VH)|1).

For this to equal H|[¢') = HV|¢)) for every initial state, we require
ihV + [V, H] = 0, equivalently v+ %[H, V]=0. (32.1)

The condition [V, H] = 0 is recovered when V = 0.
Its meaning is particularly simple in the Heisenberg picture. Put Vy(t) =

Ult, to)TV(t)U(t, ). The derivative is

dVy i
—— =U"(V+—[HV]|U=0.
7= U (v 5)
Thus a unitary symmetry is a unitary operator constant in the Heisenberg picture.
For any prescribed unitary Vj at g, the solution is

V(t) = Ult, to)VoU(t,to)". (32.2)

This shows that formally many time-dependent symmetries always exist. Most do not
simplify the problem, because finding them by this formula already requires solving
the evolution. The useful symmetries are usually those identifiable directly from the
physical setup, before solving its dynamics.

32.2 Quantum Noether theorem with explicit time depen-
dence

Suppose Vy(t) is a differentiable one-parameter group for each ¢, with generator Q(t)
and

Vo(t) = e 10Q(t)/h
Insert Vp = 1 —i0Q/h + O(#?) into (32.1). At first order in € this gives

X Q)= 0 W

=t — 0. (32.3)
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Conversely, if the Hermitian @Q(#) obeys this equation, then Q(t) = UQ(to)U'. Expo-
nentiating yields Vp(t) = Ue @0)/AJT which satisfies the full symmetry equation.
Thus conserved Hermitian charges, including those with explicit time dependence,
correspond to continuous unitary symmetries.

Example 32.1 (A conserved boost charge). For a free particle in one dimension,
H = p*/(2m), consider
G(t) = mx — tp.

Although G explicitly depends on time, it is conserved. Indeed, 0G/dt = —p, and

[H,G] = l[ﬁ‘),x] = %(p[n ] + [p, z]p) = —ihp.

2
Hence (i/h)[H, G] = p, exactly canceling the explicit derivative. The associated family
e WGM/M implements a Galilean boost, with the sign of the velocity shift fixed by
this chosen convention. In fact, its active operator action gives VipV = p — mv and
VT2V = z — vt; the mean velocity therefore changes by —v. This example illustrates
how a spacetime symmetry can have a time-dependent generator while its Heisenberg
charge remains constant.

32.3 Antiunitary maps

An antilinear operator © obeys
O(al) + blx)) = a*Ol) + b"O|x).
It is antiunitary if it is invertible and

(O | 6x) = W [x)" = {x[¥). (32.4)

This preserves norms and transition probabilities because the modulus squared of an
inner product is unaffected by complex conjugation. A symmetry acts on the entire
state space; we are not attempting to superpose a linear and an antilinear rule as if
together they formed one linear quantum operation.

Choose an orthonormal basis and let K conjugate all coefficients in that basis.
Then K is antiunitary and K? = 1. For any antiunitary ©, the composition W = O K
is linear and unitary, so

©=WK.

This representation is basis dependent, but it makes one crucial rule transparent:
Oi = —i0O.

One must conjugate scalar coefficients when moving them through ©; treating it like
an ordinary unitary matrix gives incorrect signs in time-evolution equations.
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32.4 Why time reversal is antiunitary

Let [¢(t)) solve the Schrodinger equation and define the candidate time-reversed
solution

[¥r(t)) = ©fv(-1)),
where © is time independent and antiunitary. Write s = —t. Since J4|¢)) =
—iH((s)[1)/h, antilinearity gives

d d
&WT(W = —@gw(s))

s=—1

= —OH(=1)[¥(-1).

Multiplying by ih therefore yields

L d _
ihlr(t)) = OH (=)0 [dr(1)).
The reversed state obeys the original driven problem precisely when
H(t)=O0H(-t)0™ " (32.5)

For a time-independent Hamiltonian this reduces to ©HO~! = H, or ©H = HO. For
a driven system the reversal must also transform the time dependence of the driving
protocol as indicated by the —t argument.

If instead we used Ol (t)) without reversing time, an identical calculation would
produce the Hamiltonian —©H (¢)©~!. Requiring this to be the original H would
force ©H = —HO in the stationary case. An energy E would then have a partner —F.
Most physical spectra are bounded below and unbounded above, so such a symmetry
is impossible for them. The sign change of time and the conjugation of i work together
to avoid this problem in genuine time reversal.

Example 32.2 (Spin-one-half time reversal). In the S, basis choose

) 0 —1
@——myK—(l O)K.

It sends |1) to ||) and [{) to —|1). Because Ko, K = o0,, Ko,K = —0,, and
Ko,K = 0,, conjugation by the remaining matrix gives

05,071 =—g, (1 =2,y 2).

Angular momentum reverses, as expected when velocities reverse. Also —io, is real
and squares to —1, so ©2 = —1 on this doublet. A scalar change in the phase of ©
does not change this square: the second application complex-conjugates that phase.

For a fixed magnetic field, H = —yB - S obeys O©H(B)©~! = H(—B). Thus a
nonzero fixed external field generally breaks time-reversal symmetry; reversing the
whole physical experiment also reverses the magnetic field.

These antiunitary symmetries preserve the probability structure just as unitary
symmetries do, but their antilinearity requires separate care. They extend, rather
than replace, the unitary symmetry and conserved charge framework developed above.
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Part V
Quantum Information and
Entanglement

33 Uncertainty, superposition, and quantum infor-
mation

A classical state specifies a definite point in phase space. A probability distribution
on phase space can describe incomplete knowledge of that point. A quantum state
plays a different role: even a completely specified state generally gives a probability
distribution for the outcomes of a measurement. Moreover, different observables need
not admit simultaneous sharp values. We begin by making this statement quantitative,
and then distinguish this intrinsic uncertainty from uncertainty about how a system
was prepared.

33.1 Fluctuations and variances

For a normalized state [1)) and a Hermitian observable A, define
(4) = (V|AlY), AA=A- (AL (33.1)
The expectation of the fluctuation operator vanishes. Its mean square is

o = ((AA)?) (33.2)
= (A% — 2(A)A + (A)1) = (A?) — (A)2 (33.3)

Because A A is Hermitian,
ok = |AA)|)? > 0. (33.4)

Thus 04 = 0 precisely when A|y) = (A)|¢): a sharp observable corresponds to an
eigenstate. For an unnormalized ket, every expectation is divided by (¢ | ¢). Below,
states are normalized unless stated otherwise. For unbounded operators, the states
under discussion are assumed to lie in the domains of the products that occur and to
have finite variances.

33.2 Cauchy—Schwarz and the uncertainty relation

Lemma 33.1 (Cauchy-Schwarz inequality). For any vectors |u),|v) in an inner-

product space,
2
[(u | )" < (u | w){v | v). (33.5)

For nonzero vectors, equality holds if and only if they are proportional.
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Proof. If |v) = 0, the statement is immediate. Otherwise positivity gives

0 < |[|u) + Ao}
= (u | u) + Mu|v) + X (v [u) + AP (v ] v).
Choose A = —(v | w)/{v | v). Substitution yields
(v | w)f?
(v]v)

which proves the inequality. Equality means that the chosen vector |u) + A|v) is zero,
giving the stated proportionality condition. O

0<(u|u)—

Apply this result to |u) = AAJ) and |v) = ABJy). Then
o%o% > [(AAAB)? . (33.6)

The product separates into a commutator and an anticommutator:

1 1
AAAB = §[A’ B] + §{AA, AB}. (33.7)
The first term is anti-Hermitian, so its expectation is purely imaginary; the second is

Hermitian, so its expectation is real. Therefore the absolute square has no cross term.
Define the real, symmetrized covariance

Cap = %({AA, ABY). (33.8)

We obtain the stronger Schrodinger—Robertson inequality

([A, B))|* + C35. (33.9)

A

=

Discarding the nonnegative covariance term gives

Ao > % (A, B])|. (33.10)

The stronger bound is saturated when the two fluctuation vectors are proportional. Sat-
urating the weaker bound additionally requires C'4z = 0, apart from the corresponding
zero-variance special cases.

Example 33.2 (Position and momentum). Since [z, p| = ik,

h

0p0p = 5

This bound applies to the spread of outcome distributions in a state. It does not
require modeling an apparatus that disturbs an earlier measurement.
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Example 33.3 (Spin uncertainty). For spin 1/2, S; = ho;/2 and [S,, S,] = 1kS,. In

+2),
h2
(Sz) = (S,) =0, 0?% = Ug‘y -
Consequently
R h
05,05, = Z = 5 |<SZ>| )

so the Robertson bound is saturated. In another state the expectation of S, can
vanish even though S, and S, do not commute. A vanishing lower bound in that state
does not assert that both observables are sharp.

33.3 An alternative proof by positivity

The uncertainty relation can also be derived without first invoking Cauchy—-Schwarz.
This gives a useful worked version of the alternate-proof exercise. For every real t,

0 < (AA +itAB) )| (33.11)
= 0% + tPof +it([A, B]). (33.12)
The coefficient ¢ = i([A, B]) is real. If 0% > 0, the quadratic has its minimum at
t = —c/(20%). Positivity at this minimum implies
2
, C
Op — @ > 0;

which is exactly (33.10). If o = 0, positivity for both positive and negative ¢ forces
¢ =0, and the bound again holds. Allowing a general complex coefficient in place of
it recovers Cauchy-Schwarz and the covariance term in (33.9).

33.4 Superposition does not mean classical ignorance

Consider a molecule such as ammonia, with two localized configurations |1) and |2)
corresponding approximately to the nitrogen atom on opposite sides of the plane of
the hydrogen atoms. In a two-state description, a symmetric energy eigenstate can
take the form
I+
o
A measurement that distinguishes the two configurations gives either result with
probability 1/2. This does not make |+) equivalent to preparing |1) on half the trials
and |2) on the other half. The relative phase in a superposition affects measurements
in another basis. The distinction will be explicit in the Stern—Gerlach examples below.
A general normalized qubit, after removing an overall phase, can be written

+) (33.13)

0 L0
|¢>:COS§|0>+el¢sin§|1), 0<f<m 0<¢<2nm (33.14)

[ts pure states form the Bloch sphere. The continuous pair (6, ¢) describes a continuum
of possible preparations, but a single projective measurement on one qubit has at most
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two distinguishable outcomes. One cannot determine an arbitrary unknown direction
on the Bloch sphere from a single copy. Repeated measurements on many identically
prepared copies, using different measurement axes, are needed for state tomography.

This distinction persists in higher dimensions. A pure state has complex ampli-
tudes, but one measurement does not reveal those amplitudes. Perfect single-shot
discrimination is possible for mutually orthogonal states; nonorthogonal states cannot
be distinguished with certainty by a measurement. The number of possible math-
ematical state vectors therefore must not be confused with the number of reliably
distinguishable messages carried by a single system.

34 Statistical ensembles and density operators

34.1 Three Stern—Gerlach preparations
Write |0) = |+2) and |1) = |—z). The spin eigenstates along = and y are

_ 10y £11)
|+z) = 75 (34.1)
|+y) = 10 £ ij1) (34.2)

V2

Consider two preparations:

1. Preparation I: each atom is prepared in |0) with probability 1/2 and in |1) with
probability 1/2.

2. Preparation II: every atom is prepared in |+2) = (|0) + [1))/v/2.

A Stern—Gerlach apparatus oriented along z gives equal upward and downward
populations for both preparations.

+— |42 Sb%A

—>(36=2

——> 125 50%

Figure 41: A Stern—Gerlach measurement along z cannot distinguish an equal mixture
of z spins from a coherent +x preparation. Original lecture diagram.

To distinguish them, measure S,. For Preparation I, all four conditional probabili-
ties are 1/2:

1
P(tx | 4+2) = P(fx | —2) = 5 (34.3)
The law of total probability gives
P(+z) = P(+x | +2)P(+2) + P(+x | —2)P(—=2) (34.4)
11 11 1
— 4 == 4.
22 + 22 2 (34.5)
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and similarly P(—z) = 1/2. In Preparation II the input is already an eigenstate of .S,
so P(+z) =1 and P(—xz) = 0.

N l+%xY S0%

—>{ S6 x

5 |-x>  50%

Figure 42: The equal incoherent mixture gives equal outcomes when measured along
x. Original lecture diagram.

n

—| S6 x

Figure 43: The coherent +x state gives a definite +x outcome. Original lecture
diagram.

Example 34.1 (A relative phase is experimentally observable). For the state

_|0) +e?]1)
|w¢> - \/5 )

a z measurement always gives probabilities 1/2,1/2. However,

1+ el? 1 — ¢l
9 ’ <_:B ’ w¢> - 9 )

(+x | Yg) =

SO

P(+x) = cos® g, P(—x) = sin® g (34.6)
The phase is not an additional probability in the z basis: it controls interference between
the two amplitudes. A y measurement additionally gives P(t+y) = (1 £ sin¢)/2,

distinguishing phases with the same cosine.

Example 34.2 (A partially polarized beam). Prepare |+z) with probability f and
|—z) with probability 1 — f. Let the measurement axis be

n = (sin 6 cos ¢, sin 0 sin ¢, cos 0).

The +n eigenket is cos(6/2)|0) + e'?sin(6/2)[1), so

P(4n) = f cos? g +(1-f) SiHQg (34.7)
— %[1 +(2f — 1) cos 9}, (34.8)
P(—n) = %[1 — (2f = 1) cosf]. (34.9)

For a specified axis, the outcomes are equally likely precisely when (2f — 1) cosf = 0.
They are equally likely for every axis precisely when f = 1/2. This equal mixture is
an unpolarized beam.
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34.2 The density operator of an ensemble

Suppose the normalized ket |¢/;) is prepared with classical probability p;, where p; > 0
and ), p; = 1. Define

p= Zp@-wi)(w- (34.10)

The probability of a rank-one outcome |a) is
= pilfa | i) (34.11)
=Y wilallva) {Willa) = (alpla). (34.12)

Thus the ensemble enters measurement probabilities through the single operator p.

Theorem 34.3 (Characterization of density operators). In a finite-dimensional
Hilbert space, an operator is a density operator if and only if it is Hermitian, positive
semidefinite, and has trace one:

T

pl=p, (x|plx) =0 for every |x), Trp=1. (34.13)

Proof. An ensemble operator is Hermitian because each [¢;)(1;| is Hermitian and p;
is real. Positivity follows from

(xlplx) = sz (x| va)* > 0.

Using an orthonormal basis {|a)},

Te(|e) (@) = Y {a| ) | a) = w|2| (allh) = 1.

a

Consequently Trp =Y. p; = 1.
Conversely, a Hermitian p has an orthonormal eigenbasis:

p=3 rala)al.

a

Positivity applied to each |a) gives r, > 0, and unit trace gives > r, = 1. This is an
ensemble decomposition, proving sufficiency. O

The theorem supplies both a test for proposed density matrices and a way to
prepare any allowed density matrix. For infinite-dimensional systems, density operators
are additionally required to be trace class; the finite-dimensional arguments below
avoid those functional-analytic issues.
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34.3 Coherence and nonunique ensemble decompositions

In the ordered basis (|0),|1)), the two beam preparations are

n= 3000+ 300l =3 (5 9). (34,14
pun = |+z)(+x| = % (1 1) . (34.15)

The diagonal elements give the z-basis probabilities. The off-diagonal entries retain the
relative-phase information responsible for the different x-basis statistics. Coherence is
always discussed relative to a chosen basis: a pure-state matrix can be diagonal in its
own eigenbasis.

A third preparation, an equal classical mixture of |+z) and |—x), gives

1 1
pr1 = §|+J:)<—i—x| + §|—$><—CL” (34.16)

1/1 1 1 /1 -1 1
~ 1 (1 1) 7 (—1 1 ) =3t (84.17)
Thus Preparations I and III have different preparation stories but the same density
operator. No measurement on the spin alone distinguishes them. If a separate classical
register records which preparation was used, measurements involving that register

describe a larger system and can reveal information absent from the spin’s density
matrix.

34.4 Pure states, mixed states, and Bloch vectors

Definition 34.4. A state is pure when p = [¢))(¢| for a normalized ket. A density
operator that is not pure is mixed.

The ket of a pure state is only determined up to an overall phase, since
e|y) (le™@ = |)(1|. The following conditions are equivalent:

pispure <= rankp=1 <= p’=p <= Trp*=1 (34.18)

To see this, let r, be the eigenvalues. They obey 0 <r, <1 and ), r, = 1. Hence
>, 2 < 1, with equality precisely when each r, is zero or one. Exactly one eigenvalue
must then equal one.

In dimension d, the maximally mixed state is

i 4.1
pr= (34.19)

It is invariant under every unitary basis change, gives equal probabilities for every
orthonormal-basis measurement, and has the smallest purity:

1= (Zra)2 Seri — Trp*>

IS
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Equality holds exactly when all eigenvalues equal 1/d.
For a qubit, every Hermitian trace-one matrix has the expansion

1 Lil+r, ry,—ir,
p—§(1+r-a)—§<r$+iry 1—@)’ (34.20)
where r; = Tr(po;) is real. Because (r - 0)? = |r|*1, the eigenvalues are (1 + |r])/2.
Positivity is therefore equivalent to |r| < 1. The Bloch sphere is the surface of the
Bloch ball: pure states have |r| = 1, mixed states have |r| < 1, and the unpolarized
state is its center. Furthermore,

2:1"‘|"'|2

_1j:r'n
2 N '

2

Measuring o,, 0y, 0, on separate subensembles determines 7, r,, 7, and hence recon-
structs p.

Trp

P(£n) (34.21)

34.5 The measurement rules in density-operator form

Let the observable be A =", All,, where the orthogonal projectors satisfy

I =10,  ILIO, =000, Y =L
A

A projector may have rank greater than one when the outcome is degenerate.

Theorem 34.5 (Born rule and selective state update). The probability of outcome A
18
pa = Tr(plly). (34.22)

For an ideal projective measurement, conditional on an outcome of nonzero probability,

the resulting state is
1T\ pITy
= ———". 34.23

Proof. For ensemble member i, write gy; = (1;|IIx[1);). Then

bx = sz‘qw =Tr (ZPi|¢i><¢i|HA> = Tr(plLy).

When ¢y; > 0, that ensemble member becomes IIy|1);)/,/qx;. Bayes’ rule gives its
conditional ensemble weight p;x = pigxi/pr. Therefore

Z PigX|i HAW%‘) <¢i|H>\
P ax|i

Px =

’Lq>\|l>0
L\ pIIy
b

Terms with gy; = 0 contribute zero. The denominator normalizes the result because
Tr(II\pIly) = Tr(plIly). O
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For any observable, the expectation is consequently

(A)=> dpy="Tr (,OZ )\HA> = | Tr(pA)| (34.24)
A A
All moments follow by replacing A with A™.

34.6 A measurement whose result is forgotten

If the measurement is performed but its outcome is not retained, average over the
conditional states:

pl = Zp)\p)\ = ZH/\pH/\ (3425)
A A

This is distinct from doing nothing. Before measurement,
p= Il
A

The nonselective measurement removes the blocks with A # p, while leaving coherence
inside a degenerate eigenspace intact. It leaves p unchanged if and only if p is block
diagonal in these eigenspaces, equivalently [p, IT\] = 0 for every .

For example, forgetting a z-measurement outcome on |+z) gives

) (bl — 51001 + 5111 (34.26)

A subsequent x measurement now gives both outcomes equally often, whereas it would
have given 4z with certainty without the intervening measurement. A measurement
can therefore convert a pure reduced description to a mixed one when its classical
record is discarded.

The density operator is sufficient even for a sequence of operations. For a first
projector IIy, a unitary U, and a later projector @), the joint probability is

P\ p) = Tr(QUILpILU'Q,). (34.27)

The normalization in the intermediate conditional state cancels its outcome probability.
Thus different ensembles producing the same p remain indistinguishable under such
experiments on the system.

34.7 Unitary evolution and the von Neumann equation

If every ensemble member evolves by |¢)) = Ult);), with fixed preparation probabilities,
then

P = U)Wl UT = |UpUT | (34.28)

This proves the unitary-evolution rule. It preserves Hermiticity, positivity, trace,
eigenvalues, rank, and purity.
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To obtain a differential equation, use i40;|¢;) = H ;) and its adjoint:

ihp = Zpi (H [1hi) (s] — [w3) (ebi| H) (34.29)

=[[H,p]| (34.30)

Equivalently, p + (1/ih)[p, H] = 0. These equations hold for a time-dependent
Hamiltonian as well.
Let ps(t) = U(t)ps(0)U(t)". The Heisenberg-picture density operator is

pu(t) = U () ps(t)U(t) = ps(0). (34.31)
The cancellation can be checked directly. Since U = —iHU/h and Ut = iUTH/h,

1 1

pi = U HpsU — U (Hps — psH)U = 2U'psHU = 0.
Expectations are picture independent:
Tr(psAs) = Tr(pu An), A = UTAgU. (34.32)

The density operator describes the state; it is not an extra fixed observable whose
one-shot measurement reveals an unknown state. Its matrix elements are reconstructed
statistically from a sufficient set of observables. A specified density matrix is Hermitian
and can of course also be used mathematically as an observable, but that is a different
use of the same operator.

34.8 Comparison with classical Liouville evolution

For a classical phase-space probability density f(q,p,t), conservation of probability
under Hamiltonian flow gives

2—{+{f7H}PB:0> {f?H}PB:;(

of 0H  Of 8H) | (34.33)

9Ga Opa  Opa 944

The formal correspondence { , }pp <> [, ]/(ih) relates this equation to (34.30).
In fixed phase-space coordinates the density evolves, just as pg evolves. Along the
Hamiltonian trajectories it is constant, analogous to moving the evolution into the
operators while keeping py fixed. This is a structural comparison, not a prescription
that maps every classical probability density to a quantum density operator.

There is also an important difference in interpretation. A classical mixture can
represent ignorance of a definite phase-space point. A quantum density operator can
describe either an ensemble of preparations or a subsystem of an entangled pure state,
even when the full state is completely known. To understand the latter possibility we
must first describe composite systems.
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35 Composite systems and tensor products

35.1 The Hilbert space of two subsystems

If distinguishable subsystems A and B have Hilbert spaces H 4 and Hp, the composite
system has Hilbert space

"HABZ/HA@'HB.‘ (35.1)

This is the composition postulate. A product ket [¢)4 ® |x)p specifies the two
subsystem states independently. A general composite ket is a linear combination of
product kets and need not itself be a product.

The tensor product is bilinear:

(al) +0ld)) © [x) = alP) @ |x) + blo) @ |x), (35.2)
V) @ (alx) +bln)) = aly) @ |x) + bl) @ |n). (35.3

A scalar can be moved between factors: (a|v))®|x) = |¢) ® (a]x)). The inner product
on product vectors is

(W]a® (xls) (Io)a @ In)s) = (@ | d)alx | )5, (35.4)

and extends by sesquilinearity to sums. In particular, products of normalized kets are
normalized.

If {|a)4}4, and {|b)5}¢2, are orthonormal bases, their products form an orthonor-
mal basis:

la, by = |a)s ® |b)p, (a,b|a’ by = dua Oy (35.5)
It follows that

dimHap = dadp,  [9) =) cala)a@b)p, Y lewl/* =1 (35.6)
a,b a,b

The tensor-product symbol is often suppressed, but subsystem labels remain important.
The adjoint in a fixed factor order is

(1¥)a® )s)' = (¥4 ® (x5

Changing A® B to B ® A requires the specified swap map [} 4 ®|x)5 — |X)B R |¥) 4;
it is not an equality of vectors in a fixed ordered tensor product.

For spatially separated distinguishable systems, the tensor-product description
expresses their independent local degrees of freedom. Identical particles and quantum
fields require additional care in identifying subsystems; the spin and detector models
used here have explicitly distinguished factors.

35.2 Operators on a composite system

The tensor product of operators is defined on product kets by
(Xa®Yp)([¥)a® |x)5) = (Xal)a) ® (YB|X)B), (35.7)
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and then extended linearly. It obeys
(XY)(X'eY')=(XX")® (YY), (35.8)
XoY) =X oY (35.9)

Every operator on a finite-dimensional composite space can be expanded as a sum of
tensor products, since

L= )" Laaw(la){a']) ® (b)) (35.10)

a,b,a’ b’

It is generally a sum of products rather than one product.
An observable acting only on A is represented by X4 ® 15; an observable acting
only on B is 14 ® Y. They commute:

[(XA®1p,1,® Y5 =0. (35.11)

If XalA\) = AJA) and Yp(€) = £[€), then |A\)4 ® |€)p is a simultaneous eigenket. For
example,

D OANONEl = (Z AW(A!) ® <Z\£><£\) (35.12)
A& A 13
=X,4®15. (35.13)

Additional degeneracy indices can be included in the same way. Commuting local
observables permit joint measurements, but their outcomes can be correlated through
the joint state. Commutativity does not require the probabilities to factorize.

35.3 Two spins and their total spin

For two spin-1/2 systems use the ordered basis
|00), |01), [10), |11). (35.14)

The first spin’s z component is

Sy, = g(|00)<00| +|01)(01] — |10)(10] — [11)(11]) (35.15)
= g(|0><0\ — D) @ ([0) (0] + [1)(1]) = 5. @ 1. (35.16)

Similarly,
Sp. = g(moxoo! — |01)(01] + [10)(10] — |11)(11]) = 1 ® S.. (35.17)

Their matrix representations are
ho.. h ..
Sa, = Edlag(l,l,—l,—l), Sp, = Edlag(l,—l,l,—l). (35.18)
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The total angular momentum is the vector operator
S=84+ 855, S, = hdiag(1,0,0, —1). (35.19)

Its z eigenvalues are h, 0, —h, with a two-dimensional zero-eigenspace. Merely knowing
S, = 0 does not determine the joint state: |01), |10), and all their normalized
superpositions are allowed.

35.4 The singlet state and anticorrelations

The normalized antisymmetric state is

_ |01) — |10)
)= —=. 35.20
) = B (35.20)
It has total spin zero. Indeed, S,|¥~) = 0, while
h h
5,101) = (1) +[00)), 5,/10) = 2 (j00) +[11))
ih ih
S,101) = 2(11) o)), 5,10) = 2([11) ~[00))

Subtracting the members of each pair gives S,|¥~) = S,|¥~) = 0, and hence §*|¥~) =
0.

The same anticorrelation is visible in another spin basis. Expanding the x states,
[z, —) = 5(100) ~ 01} + 10} — [11)), (35.21)
Iz, +a) = %(|00> +101) — [10) — [11)). (35.22)

Their difference is —|01) + |10}, so

|, ) — |-, 4

UT) = 35.23
) 7 (35.23)
The overall minus sign has no observable effect. For the y basis,

1

|+y, —y) = §(|OO> —1]01) +1i[10) + |11)), (35.24)
1

=y, +y) = 5(100) +i[01) —i[10) + [11)), (35.25)
SO .
i

) = —(|4y, —y) — |-y, +9)). 35.26

|>\/§(|yy>|yy>) (35.26)

The common phase again does not matter.
More generally, for a two-by-two matrix U,

(U ® U)(|01) — |10)) = (det U)(J01) — |10)). (35.27)

This follows by expanding both products: the |00) and |11) coefficients cancel, while the
|01) coefficient is the determinant and the |10) coefficient its negative. A spin rotation
has U € SU(2), so the singlet is invariant under a common rotation. Consequently
measurements along any common axis give opposite results with certainty, and either
observer’s two possible results occur with probability 1/2.
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35.5 Product states and entangled states

Definition 35.1. A pure bipartite state is a product state when |¥) = [)) 4 ® |x) 5.
It is entangled when no such factorization exists.

For product states, the coefficient matrix in (35.6) has the form ¢y, = u,v,. Thus
a nonzero pure state is a product precisely when its coefficient matrix has rank one.

For the singlet,
)= (0 4
ab _\/§ -1 0)>

which has rank two. Equivalently, attempting (a|0) 4 b|1)) ® (¢|0) +d|1)) would require
ac = bd = 0 but ad and bc both nonzero, an impossibility.

As another example, suppose orthonormal pairs |A1), |A2) and [£;),|€2) are associ-
ated with local observables. The state

_ [M)alé)s + [A2)al&) s
V2

is entangled. A rank-one measurement on A in the A basis gives either outcome with
probability 1/2. Conditional on outcome J\;, the joint state becomes |\;)|¢;) 5, and a
later ¢ measurement on B has a definite corresponding result.

In fact, a rank-one selective measurement on A always leaves a pure joint state in
product form. The unnormalized branch is

W)

(35.28)

(la)(al © W) = fa)a @ [({a]a © 15)[¥)]. (35.29)

A degenerate projector need not remove all entanglement. Also, when the outcome is
forgotten, the mixture of product branches can retain classical correlations. These
are distinct statements from the disappearance of entanglement in each rank-one
conditional branch.

For mixed states, a product state has the form p4 ® pg. The broader class of
separable states consists of convex mixtures

pap =Y pipy ® ply. (35.30)

Such states can have classical correlations without entanglement. A mixed state is
entangled if no decomposition of this form exists. The distinction between a product
state and a separable correlated state will also matter for entropy.
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36 Reduced states, the partial trace, and no sig-
nalling

36.1 Why a subsystem needs a density operator

The singlet is a completely specified pure state of two spins, yet either spin by itself
gives equal probabilities along every axis. There is no pure qubit state with this
property: every pure qubit has one axis along which its spin is certain. Its local state
must instead be 1/2. This mixedness reflects entanglement with the other spin, not
an unspecified choice of a pure state for the pair.

We seek an operation taking a joint density matrix pap to a density matrix pu
that reproduces every measurement on A. If I, is a local measurement projector, its
full-space version is II, ® 1, so the required relation is

TrAB[pAB(H)\(X)]-Bﬂ :TI"A(pAH)\). (361)

The partial trace constructs precisely this pa4.

36.2 Definition and basis formula

First note the product-trace identity:

Trap(Xa®Yp) =Y _(alXl|a)(b|Y]b) (36.2)
= (iﬂrA Xa)(Trp Ya). (36.3)

For a product operator, define
TI‘B<XA®YB) :XATI'B YB, (364)

and extend linearly to arbitrary operators. A basis-independent meaning is supplied
by the equivalent formula

Trp L= (14@ (b]p)L(1a @ |b)p). (36.5)

Here 14 ® (b|p is a partial contraction. For example,

(La®@ Bls)([)a @ Ix)8) = [¥)alb | X) 5 (36.6)

Applying the right-hand side of (36.5) to a product operator gives X4 ) ,(b|Y|b) =
X4 TrY, so the two definitions agree on a spanning set of operators.

To verify independence of the chosen basis, let [b) = )" Ug|c) for a unitary matrix
U. Then the transformed contraction sum has coefficients

Z UbUap = 0cq;
b
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and reduces to the original contraction sum. No basis choice is part of the physical
reduced state.
In components, the formula is particularly simple:

(TI'B L)aa’ = Z Lab,a’b- (367)
b

The indices belonging to B are identified and summed. The A indices remain as the
row and column indices of an operator on H 4.

36.3 The local-expectation identity
For L =), X, ®Y; and an operator M on A,

Trap[L(M @ 15)] = Y Trap(X;M ®Y)) (36.8)
= TraA(X;M) TrpY; (36.9)
= Try (Z X, Trp Yi> M (36.10)
=|Tra[(Trp L)M] | (36.11)

Thus define the reduced density operator
(pa=Trppas.| (36.12)

Equation (36.11) proves both the local Born rule and the local expectation rule
P(A) = Tra(pally), (Ma) = Tra(paMa). (36.13)

The reduced state contains all information accessible by measurements on A alone,
but not generally the correlations between A and B.

Proposition 36.1. The partial trace of a density operator is a density operator.

Proof. Hermiticity follows by taking the adjoint of each term in (36.5). For any |¢) 4,
(Wlpaltr) = (. blpasle, b) > 0,

b

SO pa is positive semidefinite. Finally,

Trapa = Z@, blpagla,b) = Trap pap = 1.

a,b
All three density-operator conditions are satisfied. O
For a product state,
Tre(pa ® pg) = paTrpp = pa. (36.14)

The same operation on a correlated state averages over the inaccessible subsystem
without selecting a measurement outcome on it.
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36.4 Worked partial traces
For a two-qubit matrix in the ordering (00,01, 10, 11), write

T00,00 700,00 700,10 700,11
To1,00 To1,01 To1,10 To1,11

PAB =
710,00 710,00 710,00 710,11
11,00 T11,01 T1i1,00 711,11
Tracing over B gives
p4= 700,00 + 701,01 700,10 + 701,11 (36.15)
710,00 + 711,01 710,10 T 711,11

Tracing over A instead gives

g = 700,00 + 710,10 700,01 + 710,11 (36.16)
701,00 + 711,10 701,01 + 711,11

The two formulas sum different index pairs; they should not be interchanged.
For the singlet, expand the projector:

(]01)(01] + |10)(10] (36.17)
—|01)(10] — [10)(01]). (36.18)

N | =

pap = [V ) (7| =

The first diagonal term is |0)(0| ® |1)(1]| and its partial trace is |0)(0]. The second
yields |1)(1]. The cross terms vanish because Tr(|1)(0]) = (0 | 1) = 0. Therefore

pa=pp = 5(0)0] + (1) = 5. (36.19)

The contraction method gives the same answer with less expansion:

1®0)v) = —%, (36.20)
(1@ (1)|e-) = %. (36.21)

Taking the two outer products and adding yields 1/2. Notice that these contraction
vectors are not individually normalized. Their squared norms already supply the
correct probabilities.

36.5 Local operations and conditional reduced states

Two partial-trace identities will be used repeatedly. For operators M, N acting on A,

Tep[(M ® 1)L(N ® 1)] = M(Trp L)N. (36.22)
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This follows immediately by commuting M, N past the partial contractions in (36.5).
For an operator Y acting on the traced subsystem,

Trp[(1® Y)L] = Trg[L(1 ® Y)]. (36.23)

To prove the second identity, expand L = ", X; ® Y; and use Tr(YY;) = Tr(Y;Y) in
each term. This is a limited cyclicity rule: arbitrary A operators cannot be cycled
through a partial trace.

If A undergoes an ideal projective measurement with outcome A, the joint state

changes to
(M@ 1)pap(ly®1)
PABIx = o .

Using (36.22), -
APALLN

Tra(pally)
Thus the subsystem follows precisely the same measurement rule as a system described

initially by an ensemble. If A undergoes a unitary Uy, its reduced state similarly
obeys

py = UapaUl. (36.25)

A selected result on B can also change the conditional state assigned to A. If B
has projectors @)y, then

pap= 2218 Qb;':AB(l SQN = Tipa(10 Q). (36.26)

For the singlet, conditioning on B being spin up along z gives paj;. = |1)(1], while
conditioning on spin down gives paj—. = |0)(0]. These conditional states differ from
the unconditioned p4 = 1/2.

36.6 Why remote measurements cannot send a signal

If the result on B is not communicated, the relevant state is the weighted average of
the conditional states. Its numerator is the partial trace of the nonselective joint state:

Pa= Y Trp[(1© Qb)pan(1® Q) (36.27)

=Y Trglpan(1©Q})) (36.28)

PAB (1 ® Z Qb)] = pa- (36.29)

The second line uses partial cyclicity, the third uses Q7 = Qy, and the final step uses
completeness. Every local probability on A is unchanged, even though individual
conditional branches can be different.

= TI‘B
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A unitary operation on B also has no effect on py:

Py = Trp[(1® Up)pap(1 @ UL)] (36.30)
= Trppap(1 @ ULUg)] = pa. (36.31)

This proves the local-unitary exercise directly. More generally, if the outcomes of an
operation on B have operators K, with >, K g K, = 1p, the same calculation replaces
Q? by KgKb and again gives p/y = pa. It is the trace-preserving, unconditioned
operation that cannot signal. Postselection changes a conditional ensemble, but
identifying that ensemble requires a classical record from B.

36.7 The EPR arrangement

Imagine preparing an entangled pair, separating its members into distant laboratories,
and making local measurements while the two measurement events are spacelike
separated. Each laboratory may choose its setting and record its result before a
light-speed message from the other laboratory could arrive. Only later are the two
records brought together and compared.
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Figure 44: The EPR arrangement: an entangled pair is distributed to two laboratories,
local measurements are completed without communication between the measurement
events, and the records are compared later. Original handwritten lecture diagram.

Perfect correlations make this arrangement striking. Knowledge of one result
can determine what the corresponding measurement on the other member will yield.
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Nevertheless, neither observer controls the random local result, and the reduced state
is unchanged by an unannounced remote measurement. The arrangement therefore
does not provide faster-than-light communication.

Interaction with an environment can transfer information about the entangled
degrees of freedom into additional systems. Ignoring those systems can suppress the
coherence responsible for the original entanglement. After a rank-one measurement
and conditioning on its result, the two measured systems may be in a product state.
If the result is forgotten, classical correlations can remain. For example, forgetting a z
measurement on one member of a singlet leaves the mixture of |01) and [10): it retains
z anticorrelation, while subsequent x measurements on the two spins are independent.

No signalling resolves the communication question, but it does not settle whether
all the correlations can be explained by preexisting local variables. That is the question
addressed by Bell inequalities.

37 Bell inequalities and quantum correlations

37.1 The experiment and its assumptions

A source produces pairs in the singlet state. The particles travel to two separated
laboratories, where spin is measured along independently selected axes n4 and np.
Label each outcome by a,b € {+1,—1}, corresponding to the spin values ah/2 and
bh/2. The setting choices and measurements are arranged so that neither measurement
event can receive a light-speed signal carrying the other setting or outcome. If the
separation is L, the relevant setting and measurement interval is shorter than L/c in
the simplified laboratory arrangement.
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Figure 45: A singlet source sends the two particles to separated Stern—Gerlach analyzers
with independently chosen axes. The lecture sketch takes the particles along the y
direction and the analyzer axes in the zz plane.
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A local hidden-variable description introduces a variable A characterizing informa-
tion shared by the pair at preparation. Bell locality is expressed by the conditional
factorization

P(a,b| na,np,\) = Ps(a | na, \)Pg(b| ng, \). (37.1)

The distribution of X is also assumed independent of the freely chosen measurement
settings. The observed probabilities are averages over A. The local probabilities can
be deterministic or stochastic; local random variables can be included in an enlarged A
to represent the latter as predetermined response functions. The essential assumption
is that one laboratory’s response does not depend on the other laboratory’s setting
once A is specified.

For a finite list of possible axes, such a model assigns joint probabilities to the
outcomes that would occur for each setting. The following three-setting argument
makes the resulting constraint particularly transparent. It concerns alternative first
measurements on different trials, not a sequence of incompatible measurements on the
same particle.

37.2 Joint probabilities for the singlet

Let the angle between the two analyzer axes be §. Rotational invariance lets us take
ny =z and ng = (sinf, 0, cos ). For the second spin, choose

|+np) = cos g\O) + sin g]1>, (37.2)
|-ngp) = —sin%\O) —i—cos%]l}. (37.3)

If the first result is 4, which occurs with probability 1/2, the second spin is |1). Tts
probabilities are
2 0 2 0

=, P(—np | +z) = cos” —.

P = si
(+np | +2) =sin 5 5

If the first result is —, the second spin is |0), interchanging these two conditional
probabilities. Multiplication by the first-result probability gives

1 ..,0 1—cosf
P++(¢9) = P,,(H) = 581112 5 = T, (374)

1 0 1 0
P, (0)=P_.(0) = 5 cos® = = Lo

- ; (37.5)

At 6 = 0 the outcomes are perfectly opposite; at § = 7/2 all four pairs have probability
1/4; at 0 = 7 they have the same numerical sign because the two axis conventions are
opposite.

For arbitrary axes, the singlet projector can be written

1
o= (1@1 — Z Ui®ai> . (37.6)

i:%y,z
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For example, 0, ® o, supplies the diagonal distinction between parallel and antiparallel
spins, while o, ® 0, + 0, ® o, supplies twice the off-diagonal exchanges between |01)
and |10). This reproduces (36.18). The local projectors are Il,(n) = (1 +an - o)/2.
Using Tro; = 0 and Tr(o;0;) = 26;; gives

1
P(a,b|na,np) = Z(l —abny -ng). (37.7)

The marginal probabilities are 1/2, independent of the remote axis, whereas the
correlation is
E(na,ng) =) abP(a,b) = —ns-ng. (37.8)
a,b
This calculation displays no signalling and a nontrivial joint correlation in the same
formula.

37.3 A three-setting Bell inequality

Choose three possible axes nq, n9, n3. In a predetermined local description, let o; = +1
be A’s result if axis 7 is selected and 7; = +1 be B’s result for that axis. A joint
probability distribution is assigned to

P<O-17O-270-3;7—17T27T3)7 (379)

with nonnegative entries summing to one. For example, one possible assignment is
(0—1a 02, 03) = (+7 ) +) and (T17 T2, 7—3) = (_7 +7 _)

To reproduce the singlet’s perfect same-axis anticorrelation, every assignment of
nonzero weight must obey

Otherwise a same-axis parallel outcome would have a positive probability; nonnegative
probabilities from other assignments cannot cancel it. There are thus only eight
potentially nonzero assignments.

Abbreviate a sign triple by, for example, + — +. The observable probability of two
positive results along axes 1 and 2 is

P (1,2)=PH—-—+—+—)+P(+———++). (37.11)
Indeed 01 = 4 and 7, = + imply 09 = —, leaving o3 as the two alternatives. Similarly,
Pi(3,2)=PH+—-+—+-)+P(——+++-), (37.12)
Pi(1,3)=PH++———+)+P(+———++). (37.13)

The sum of these latter probabilities contains both terms in (37.11), plus two additional
nonnegative terms. Therefore every such local model obeys

Ppi(1,2) < Pri(1,3) + Pya(3,2). (37.14)
Equivalently, the event {o; = +, 09 = —} is contained in the union of {o; = 4,03 = —}
and {03 = +,09 = —}: 03 must be one of its two possible signs. The inequality is

an ordinary probability constraint on a common joint distribution for the alternative
settings.
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37.4 Violation by quantum mechanics

Let 6;; be the angle between axes ¢ and j. Substitution of (37.5) into the Bell inequality
would require
sin? b1z < sin® b + sin® O (37.15)
2 2 2 '

Choose three coplanar axes with n3 halfway between the other two: 6135 = #53 = 6 and
012 = 26.

n
Vt‘ n
4 “3
"o
8/0

Figure 46: Three analyzer axes with equal neighboring angles 6. Original handwritten
lecture diagram.

The bound becomes

0
sin® @ < 2sin® o (37.16)
But
7 0 0 0
sin? @ — 2sin? 5= 4 sin® 2 cos® 3 2 sin? 2 (37.17)
0
= 2sin? 3 cosf >0 (0<6<m/2). (37.18)

Thus quantum predictions violate the local bound throughout this range. For a
concrete example, take 6 = 7/3:

1 3 1
P (1,2) = Esin2g =2 Pr(L,3)+Pii(3,2) =2 (5 sin’ %) -

. (37.19)

1
Z.
The predicted left-hand side exceeds the bound by 1/8.

The contradiction is not a failure of ordinary probability theory for actual recorded
outcomes. Each fixed quantum experiment has a normalized, nonnegative outcome
distribution. What fails is the attempt to embed all these incompatible measurement
contexts into the particular common local assignment used above.
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37.5 What the Bell result does and does not establish

Bell experiments test inequalities appropriate to their actual apparatus, efficiencies,
and spacetime arrangement. A sequence of experiments, beginning with pioneering
tests in the 1970s and followed by increasingly controlled tests, has observed the
quantum violations. Experiments in 2015 jointly addressed major detection and
locality loopholes. The 2022 Nobel Prize in Physics recognized Alain Aspect, John
Clauser, and Anton Zeilinger for work on entangled photons, Bell inequalities, and
quantum information.

The mathematical conclusion is that the observed quantum correlations cannot
be reproduced while retaining all the assumptions entering a Bell-local, setting-
independent model. It is not a theorem that determinism by itself is impossible.
Nonlocal hidden-variable theories can reproduce quantum correlations; accepting
dependence between hidden variables and measurement settings changes another
assumption. Such alternatives must be assessed as physical theories, with their
assumptions stated explicitly.

Bell locality is stronger than operational no signalling. Quantum theory violates
Bell inequalities while retaining the no-signalling identities proved in Section 36.6.
Relativistic quantum field theory also imposes local commutativity for appropriate
observables at spacelike separation. These statements explain why a violation of a
Bell inequality does not by itself construct a controllable signal outside the light cone.
A nonlocal hidden-variable account, such as a Bohmian account, likewise should not
be identified automatically with a faster-than-light communication protocol.

38 Measurement as an interaction with a detector

38.1 A system qubit and a readout qubit

The projective measurement postulate appears different from unitary evolution: a
selected outcome is random and its state update is noninvertible. To understand
how a detector participates, include it in the Hilbert space. Let the system basis be
|0)s,]1)s and a two-state detector have pointer basis |0)p, |1)p.

A tempting detector rule would be

Ulidsli)p = |i)sli)p  for both j = 0, 1. (38.1)

This cannot be unitary. For fixed i, the two orthogonal input states |i,0) and |i, 1)
would map to the same output. Their inner product would change from zero to one.
Equivalently, the proposed map collapses a four-dimensional input space into the
two-dimensional span of |00) and |11), so it is not invertible.

A functioning detector must be initialized in a known ready state. If the initial
detector is |0)p, we only need

Ul0,0) =10,0),  UJL,0) =[1,1). (38.2)

These two requirements preserve orthogonality and can be extended to a unitary on
the full four-dimensional space.
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38.2 The controlled-NOT realization

One such extension is the controlled-NOT operator,
UCNOT’i7j> = ‘27] S¥ Z>7 Za] € {07 1}7 (383)

where @ is addition modulo two. In the basis (00,01, 10,11),

Ucnot = (38.4)

o O O+
O O = O
_ o O O
O = O O

Its columns form an orthonormal basis, so UTU = 1. It is also real symmetric and
squares to the identity: applying the controlled bit flip twice restores every basis state.
This explicitly solves the detector-unitarity exercise.

Preparing the detector in |0) is itself a physical process. If the pointer has |0) as a
nondegenerate ground state, coupling it to a sufficiently cold bath can make its initial
state approximately |0)(0|. At nonzero temperature the preparation generally has
a thermal error. Resetting arbitrary detector states to the same ready state is not
unitary on the detector alone; the bath carries away information and entropy. This
does not conflict with unitarity of the later closed system—detector interaction.

For a superposition, linearity gives

(al0) + b|1))|0)p — a0, 0) + b[1, 1), lal* + 6> = 1. (38.5)

The system and pointer become entangled. Measuring the pointer in its record basis
yields outcome 0 with probability |a|* and outcome 1 with probability |b|?, and the
corresponding system state is |0) or |1).

38.3 Copying a basis label is not cloning a state

The controlled-NOT operation copies the label of the two orthogonal basis states into
a blank pointer. It does not make two copies of an arbitrary unknown superposition.
The desired cloned output would be

(al0) + b]1)) @ (al0) + b]1)) = a*|00) + ab|01)
+ ab[10) + b*|11), (38.6)

which differs from (38.5).

Theorem 38.1 (No cloning of arbitrary pure states). A single unitary cannot copy
every unknown pure state into a fized blank register while retaining the original state.

Proof. Suppose a unitary satisfies

Ulp)loy = [9)10),  Ulo)lb) = |9)|¢)
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for normalized states and a fixed normalized blank |b). Preservation of inner products
implies

(W o)= (]9
Thus the overlap must be zero or one in these phase conventions. In particular, two
distinct nonorthogonal rays, with 0 < |[(¢ | ¢)| < 1, cannot both be cloned by that
device. Orthogonal basis states avoid the obstruction, as the controlled-NOT example
shows. O

38.4 Why entanglement alone is not a selected outcome

The joint state in (38.5) is still pure. Its density operator contains off-diagonal terms:

psp = |al*[00)(00] + [b[*[11)(11]
+ ab*00) (11| + a*b|11)(00]. (38.7)

By contrast, forgetting the outcome of an ideal measurement gives the joint record
mixture
psp" = |al*|00)(00] + [p*11)(11]. (38.8)

These are different global states. For instance, the operator |00)(11| + |11)(00| has
expectation 2 Re(a*b) in the coherent state and zero in the mixture. A unitary acting
on the closed pair cannot change its initial rank-one density operator into the rank-two
mixture when both amplitudes are nonzero.

Tracing over the pointer already gives

ps = 1al*|0)(0] + [b*[1)(1], (38.9)

because the orthogonal pointer records remove the cross terms from the partial trace.
Thus the system alone follows the nonselective measurement rule, even while the
combined state retains coherence. A larger detector explains why recovering that
coherence from accessible variables becomes difficult.

38.5 A detector with many records

Let the detector contain N readout qubits, initially in [0)®. Define a unitary on the
entire computational basis by

Uli, ji,- - jn) = 6,1 ® 4, ..., jn ©1). (38.10)

This is again a permutation of an orthonormal basis, with U? = 1. The resulting state
is
Q) = al0)5]|0)®N + b|1)g|1)®N. (38.11)

Many detector degrees of freedom now carry the same basis record. No individual
degree of freedom carries an independent copy of the original superposition.

Suppose only the last readout qubit is inaccessible. Let R denote the system plus
the first N — 1 readouts, and write

|[Ro) = 10)s[0)*™V7Y, |Ry) = [1)s[1)*N.
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Then |Q2) = a|Ry)|0)y +b|R1)|1) n. Expanding the projector and tracing the last qubit
gives
pr = |al*| Ro)(Ro| Tr(|0)(0]) + [b*| Ry)(Ra| Tr(|1)(1])
+ab"[Ro) (R | Te([0) (1)) + a”b[ Ra) {Ro| Tr([1){0]) (38.12)
= |a|*|Ro)(Ro| + [b]*| Ra) (R . (38.13)

The cross terms vanish because (1 | 0) = 0. Tracing out further readouts preserves the
same form of classical record correlations among the remaining degrees of freedom.

In a less idealized model, let the environment records be |Ey), |E;), which need
not be exactly orthogonal:

The reduced off-diagonal term is then

If the environment consists of many independently correlated factors, |E;) =
N o (k) . ‘
X_;le; ), its overlap is a product:

::]z

(Ey | Ey) = 1 ey, (38.16)

k:l

Even moderately distinguishable records can make this product very small. Suppression
of locally accessible interference through such correlations is decoherence.

38.6 The scope of the unitary detector model

The detector model explains how an initially coherent system can acquire a mixed
reduced state, how a pointer becomes correlated with an outcome basis, and why
many accessible records agree. The coefficients of the reduced mixture are the Born
weights |a|?, |b|*>. Conditional on reading one pointer outcome, the state assignment
agrees with the corresponding projective update.

The calculation uses the Born rule and the rule for conditional measurements when
interpreting an observed pointer result; it does not derive those rules merely from
a unitary matrix. Nor does taking a partial trace turn the total pure state into a
single selected branch. The difference between an unconditioned reduced state and an
individual observed outcome remains part of the interpretation of measurement.

An interpretation retaining a universally unitary pure state may regard the branches
as relative states of correlated observers and records. Other interpretations treat
the occurrence or description of individual outcomes differently. The reduced-state
calculations above do not require choosing between those interpretations. If a larger
closed system is assumed pure, its subsystems can nevertheless be mixed solely because
they are entangled with the rest. Purification makes that mathematical possibility
precise.
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39 Schmidt decomposition and purification

39.1 The Schmidt decomposition

A general pure state of A ® B can involve dadp product-basis coefficients. A suitable
choice of local bases greatly simplifies it.

Theorem 39.1 (Schmidt decomposition). For every normalized bipartite pure state

there are positive numbers py,...,p. summing to one and orthonormal sets {|u;)a},
{|vi)g} such that

) =3 Vpilu)a® v)s,| v < min(da, dp). (39.1)
=1

The number r is the Schmidt rank. The numbers p; are the nonzero eigenvalues,
including multiplicities, of both reduced density operators.

Proof. Diagonalize the positive operator ps = Trg|W¥)(V|:
pa=> pilu)(ul,  p;>0. (39.2)
i=1

Complete the |u;) to a full orthonormal basis of H 4 if necessary. For each positive
eigenvalue define

1
lvi) B = ﬁ(<uz|A ®1p)|¥). (39.3)

)

Their inner products are
(Wlui) {uy| © 15[V)
\/DPiPj

_ {Wilpalw) _ 5 (39.5)

\/PiPj

If a basis vector |u) belongs to the kernel of pa, then

I1({ul @ DIW)|* = (ulpalu) =0,

(39.4)

(0 | vy) =

so its contraction vanishes. Inserting the complete A basis into |U) therefore gives

r

0) =) luw) ® [({w] ® 1)]¥)] = Z Vpilui) @ [vi).

i=1

Because there are r orthonormal vectors in each subsystem, r < min(da, dp). Taking
either partial trace yields

pPa = szfuz><ul|7 pPB = Zp@|vz)(vz| (39.6)
Thus the two reduced operators have exactly the same nonzero spectrum. O

127



This is also a singular-value decomposition of the coefficient matrix c,;: the Schmidt
coefficients /p; are its nonzero singular values. Degenerate p; allow corresponding
changes of Schmidt bases; the multiset of p; and the Schmidt rank do not depend on
those choices.

Corollary 39.2. A bipartite pure state is a product if and only if either reduced state
s pure. Equivalently, it is a product if and only if its Schmidt rank equals one.

Proof. For r = 1, the Schmidt decomposition is a single product with coefficient one.
Conversely, a product has rank-one reduced operators. If either reduced state is pure,
its only nonzero eigenvalue is one; the shared Schmidt spectrum then has a single
term. [

A globally pure state can therefore have mixed marginals only through entan-
glement. The same statement cannot be used for a globally mixed state: classical
correlations can also give mixed marginals.

39.2 Unequal dimensions and maximal entanglement

If dy < dp, the reduced state on B has rank at most dy. When ds < dp, it cannot
equal 15 /dp, which has rank dp. The smaller subsystem can nevertheless be maximally
mixed. Choose orthonormal states [1)g,...,|ds)p and let

@0 = <= i)l (39.7)

Then
e R Z|’i>3<i\3- (39.8)

The latter is maximally mixed on its d4-dimensional support but has zero eigenvalues
outside that support. Both subsystems are maximally mixed on their entire spaces
only when their dimensions are equal.
For example, a qubit and a three-level system may be in
0)410)p +11) 4|1
wy _ 104005+ D15 599)
V2

Their reduced spectra are (1/2,1/2) and (1/2,1/2,0). The zero in the larger space
does not imply an asymmetry of entanglement; the nonzero spectra, and hence their
entanglement entropies, agree.

39.3 Purifying an arbitrary density operator

Definition 39.3. A purification of p4 is a pure state |¥) 45 on a larger space such
that Trg|U) (V| = pa.
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Let the spectral decomposition of a rank-r density operator be

pa = sz (ila,  pi>0, Y pi=1 (39.10)

Choose any auxiliary system B with at least r orthonormal states and define

V)ap =D v/pili)ali)s. (39.11)

The state is normalized because its product kets are orthonormal. Its partial trace is

Tep|U) (U] = > /Bipsli)alila Trp(li) sl ) (39.12)

7-]
= D) aljlady = pa. (39.13)
12
Thus every density operator admits a purification. Conversely, the Schmidt-rank
bound shows that a purification requires

dim Hp > rank py. (39.14)

This condition is both necessary and sufficient.

Purification is a mathematical realization of the fact that a mixed state can arise
from ignoring an entangled partner. It does not assert that a specific laboratory en-
semble was prepared by this particular auxiliary system. Local observations determine
pa, not which of its possible purifications or ensemble realizations occurred.

39.4 Uniqueness up to a unitary on the purifier

Proposition 39.4. If |¥) and |®) purify the same pa using the same finite-dimensional
auziliary space Hp, there exists a unitary Vg such that

@) = (14 ® V3)|T). (39.15)

Proof. Fix one orthonormal eigenbasis {|u;)} for the support of p4, with positive
eigenvalues p;. Apply the contraction construction (39.3) to each purification using
this same basis. It gives two orthonormal sets in Hpg:

= > VBiluv), |®) =3 Vi) w).

Complete each set to a full orthonormal basis of Hpg. The linear map sending the first
completed basis to the second is unitary and satisfies Vg|v;) = |w;). Applying it to
the Schmidt expansion proves the result. Degenerate eigenvalues cause no difficulty
because the same fixed eigenbasis was used for both contractions. O]

The converse is immediate from local-unitary no signalling: a unitary on B leaves p
unchanged. For purifying spaces of different dimensions, the corresponding statement
uses an isometry between the supported subspaces, or embeds both purifiers into a
common larger space before extending that isometry to a unitary.
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40 Entropy and entanglement

40.1 Classical entropy and operator functions

For N equally likely alternatives, the dimensionless entropy is S = log N. For a
general discrete distribution, the corresponding expression is

_Zpi log p;. (40.1)

Natural logarithms are used here. Dividing by log 2 expresses entropy in bits, and
multiplying by Boltzmann’s constant kg gives physical entropy units. The convention
0log 0 = 0 follows from the limit as p — 0*.

For a Hermitian operator with spectral decomposition A = )" a;|¢)(i], a function

is defined spectrally:
= flan)li)il. (40.2)

In particular, the logarithm of a strictly positive density operator is logp =
> ;(logp;)|i)(i]. If zero eigenvalues are present, plogp is defined by continuous
extension on its kernel. This leads to the von Neumann entropy

S(p) = —Tr(plogp) = Zpl log p;. (40.3)

The probabilities in this spectral formula are the eigenvalues of p, not the weights
of an arbitrarily chosen nonorthogonal ensemble decomposition. Different ensembles
describing the same density operator have the same von Neumann entropy, even when
the classical entropy of their preparation labels differs.

For instance, the pure state |0)(0| may be prepared with a redundant classical
random label attached to identical copies of |0). The label can have positive classical
entropy while the system remains pure and has zero von Neumann entropy. Entropy
of a preparation record and entropy of the quantum system are distinct quantities.

40.2 Basic entropy properties
Because 0 < p; < 1, each term —p; log p; is nonnegative. Thus
S(p) >0, S(p) =0 <= pis pure. (40.4)

The equivalence follows because each nonzero term vanishes only when its eigenvalue
is one, and the eigenvalues sum to one.

In dimension d, the largest possible entropy is log d. One way to prove this without
assuming full rank is to let r be the number of positive eigenvalues and use concavity
of the logarithm:

- 1
i=1 pi
~ 1
< log (Zpi—> =logr <logd. (40.6)
i=1
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Equality with log d requires r = d and all 1/p; equal, hence p; = 1/d. Therefore
0<S5(p) <logd, S(1/d) = logd. (40.7)
Unitary conjugation preserves the eigenvalues, so
S(UpUT) = S(p). (40.8)

The entropy of a closed system undergoing unitary evolution is constant, though
subsystem entropies can change as interactions create or remove entanglement.
For a qubit with Bloch vector length r = |r|, the eigenvalues are (1 £ 1)/2, giving

1+7r 14+ 1—7r 1—7r

S(p) = ——5—log - log

. _ (40.9)

It is zero on the surface of the Bloch sphere and log 2 at the maximally mixed center.

40.3 Entanglement entropy of a pure pair

For a bipartite pure state, define its entanglement entropy by

Sent(|¥)) = S(pa), pa = Trp|¥)(¥]. (40.10)

The Schmidt theorem proves that this does not depend on which side is used. Indeed,
the nonzero spectra of ps and pp are the same, and any extra zero eigenvalues
contribute zero. Therefore

S(pa) = S(ps) = — Zpi log pi, S(pap) =0 for a pure joint state.| (40.11)

This solves the equal-entropy exercise, including unequal subsystem dimensions.
Entanglement entropy vanishes precisely for a pure product state, and is at most
log min(da, dg).

Example 40.1 (A continuously variable amount of entanglement). For

[Wp) = v/pl00) + /1 —p[11),  0<p<1, (40.12)
the Schmidt probabilities are p and 1 — p. Hence
Sent = —plogp — (1 — p)log(1 — p). (40.13)

At p =0 or p = 1 the state is a product. At p = 1/2 it is maximally entangled and
each marginal is 1/2, with entropy log 2. The singlet has the same Schmidt spectrum
and the same entanglement entropy, although its spin correlations have a different
basis form.
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40.4 Entropy of product states and correlated states

Proposition 40.2 (Additivity for a product state). For normalized density operators
on two subsystems,

S(pa ® pp) = S(pa) + S(ps). (40.14)

Proof. Let p; and ¢; be the eigenvalues of the two density operators. Their product
eigenvectors diagonalize p4 ® pp, with eigenvalues p;g;. Restricting the sum to positive
factors and using log(p;q;) = log p; + log g;,

S(pa® pp) = — Zpi%(logpi + log q;)

.3

E—_— (qu> Zpilogpi — (Z}%) Zq]‘ log g;
= S(pa) + S(pB).

Zero eigenvalues contribute zero and do not alter the result. O

The product hypothesis is essential. A separable mixture can contain classical
correlations, so the absence of entanglement is not enough to establish additivity.
Consider

1 1
pec = 500)(00] + 5[11)(11]. (40.15)

This is explicitly a mixture of product states. Its joint spectrum is (1/2,1/2,0,0),
while both marginal spectra are (1/2,1/2). Thus

S(pee) =log2,  S(pa)+ S(pp) = 2log2. (40.16)

The same marginals also occur for the pure state (|00) +|11))/+/2, whose joint entropy
is zero. Consequently a mixed marginal by itself does not establish entanglement
when the joint state is not known to be pure.
The quantity
I(A: B) = S5(pa) + S(ps) — S(pas) (40.17)

is called the quantum mutual information. In these examples it is zero for a product,
log 2 for the classical correlated mixture, and 2log2 for the pure maximally entangled
pair. It measures correlations in the joint state rather than the entropy of either part
alone.

40.5 Entropy, environments, and thermodynamic descriptions

If a complete closed system is assumed to be in a pure state, the entropy of any
subsystem’s exact density operator is its entanglement entropy with the complement.
The full entropy remains zero under unitary evolution, while an interaction can raise
the subsystem entropy by distributing information into correlations. The many-record
detector model is an explicit example: the system begins pure, but its reduced entropy
after recording is

—la|?1og |al* — |b|* log |b]*. (40.18)
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The joint state of system, detector, and all retained environmental degrees of freedom
can still be pure.

This observation provides a useful microscopic perspective on entropy in an open
system. Its application to thermodynamics requires specifying the system—environment
division and the state used in the thermodynamic description. Thermal ensembles or
coarse-grained descriptions may also encode incomplete preparation information or
discarded macroscopic distinctions. Therefore thermodynamic entropy can coincide
with entanglement entropy under appropriate pure-global-state assumptions, but the
identification is not automatic for every statistical description. The density-operator
formalism keeps these possibilities compatible: local predictions depend on the reduced
state regardless of whether it was obtained from an ensemble, a purification, or a
larger entangled system.
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Part VI
Continuous Observables

41 Canonical commutation relations and infinite-
dimensional spaces

The finite-dimensional formalism describes spin and other systems with a finite set of
independent states. A particle moving on a line requires a larger state space. The
obstruction can be seen before solving any particular Hamiltonian. Classical position
and momentum obey the canonical Poisson bracket {z,p}pg = 1. The canonical
quantum relation is

[X, P] =ihl. (41.1)
Capital letters will denote operators, while lower-case x, p denote their spectral values.
This distinction is useful when an equation contains both an operator and an ordinary
coordinate.

41.1 The trace obstruction

Suppose X and P were matrices on a Hilbert space of finite dimension d > 0. Cyclicity
of the trace would give

Tr(XP — PX)=Tr(XP) - Tr(PX) =0, (41.2)
whereas tracing the right side of (41.1) would give
Te(ihil) = ild # 0. (41.3)

Thus no finite-dimensional matrices satisfy the canonical relation. The conclusion
concerns the exact relation; truncating a particle problem to a finite basis necessarily
modifies the commutator at the truncation.

In infinite dimensions, this trace calculation is not valid. The identity has infinite
trace, and the traces of the unbounded products X P and PX need not exist. One
cannot subtract two divergent traces and then use cyclicity as if they were finite
numbers.

Definition 41.1 (Trace-class operator). An operator A is trace class if
Tr|A| < oo, |A| = VATA. (41.4)
Equivalently, its singular values s, satisfy > s, < oco. For a trace-class A and

bounded B, both products are trace class and Tr(AB) = Tr(BA). These hypotheses
do not apply to the attempted trace of the canonical commutator.

Another important difference is that position and momentum are unbounded
operators. They are defined on appropriate dense domains, rather than on every
vector of the Hilbert space. Equation (41.1) holds on a common invariant domain
where the products make sense. The Schwartz space of smooth, rapidly decreasing
wavefunctions will provide such a domain.

134

Chapter 6



41.2 Algebra first, representation second

For the oscillator, the Hamiltonian and commutator are known before we have chosen
coordinates for states:

Pl o, )

H=_—+ -mw X", m >0, w>0, [ X, P] = ihl. (41.5)

2m 2
The task is to find a representation of this algebra and determine the energy spectrum.
This resembles the algebraic construction of spin representations, but the oscillator
ladder will have a lowest rung and no highest rung. The state space will be infinite
dimensional.

The construction below separates two statements. The ladder argument classifies
the possible normalizable number eigenstates. The explicit Hermite-function basis
constructed afterward establishes their existence and completeness in the usual position
representation.

42 The harmonic oscillator from ladder operators
42.1 Creation, annihilation, and number operators

Define
mw iP mw iP
=/ — | X+ — = = (X-—). 42.1
¢ V 2% ( +mw)’ ¢ V 2R ( mw) (42.1)

These operators are dimensionless and are adjoints of one another on their appropriate
domains. Neither is self-adjoint. Their commutator is

[a,a'] = ZL—;; [[X, —;—i] + [;_Z’X]]
1. .
= o [FX PL+ilP X)) =1, (42.2)

In particular, they are not normal operators, since aa' # a'a.
The number operator is
N =dla. (42.3)

Expanding the product without interchanging X and P gives

P>
N:@<X2+ +L[X,P]>

2h m2w?  mw
1 /P> 1 1
= — [ — + —mw?X?) — -1. 42.4
T (2m Tame ) 2 (424)
Therefore
1
H = hw (N + 51) . (42.5)

The constant 1/2 comes from noncommutativity. Replacing the operators by commut-
ing classical variables would lose this term.
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For every vector on which the expression is defined,

(WINJW) = llal)]* = 0.

Thus N is nonnegative. In the oscillator representation it is a self-adjoint operator
with a domain specified below.

42.2 How the ladder moves an eigenvalue

The product rule for commutators gives
[N,a] = [a'a,a] = a'[a,a] + [a', ala = —a, (42.6)
[N,a'] = a'[a,a'] + [a', a']a = a.

Let |v) be a normalized eigenvector of N with eigenvalue v. Then

N(alv)) = (aN —a)|lv) = (v — 1)a|v), (42.8)
N(a'|v)) = (a'N 4+ a")|v) = (v + 1)a'|v). (42.9)

Whenever these vectors are nonzero, they are eigenvectors one unit below or above the
original eigenvalue. Their squared norms determine whether a rung can disappear:

lalp)|I* = (vla'alv) = v, (42.10)
laf[1)]|* = (vaal|v) = (WIN +1|p) = v + 1. (42.11)

Positivity requires v > 0. The raising operation never vanishes, and the lowering
operation vanishes precisely at v = 0.

n

N z
n+ |\
n
h—|

Figure 47: The ladder of number eigenstates. Each application of a or af changes the
number by one.

42.3 Why the eigenvalues are nonnegative integers

Starting from a number eigenstate, repeatedly lower it. If v were not an integer,
eventually one would obtain a nonzero eigenvector with an eigenvalue 0 < v/ < 1. Its
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lowered vector would still have positive norm v/, but its eigenvalue would be v/ —1 < 0,
contradicting positivity of N. Hence

v=nec{0,1,2,..} (42.12)

The lowest state satisfies
al0) = 0. (42.13)

Raising it repeatedly produces a state at every nonnegative integer. There is no top
rung because the norm in (42.11) is strictly positive for all these states.
By (42.5), the energy eigenvalues are

1
En:hw<n+§>, n=0,12,.... (42.14)

Neighboring levels are separated by hw. The ground-state energy Ey = hw/2 is the
zero-point energy; the classical equilibrium z = p = 0 would instead have energy
ZEro.

42.4 Normalization, phases, and the Fock basis

Choose an orthonormal vector at each rung and fix relative phases so that the lowering
coefficient is real and positive:

aln) = cy|n — 1), ¢, >0 (n>1).

Equation (42.10) gives ¢2 = n. Taking the adjoint matrix element, or multiplying by

n —

a', fixes the raising coefficient. Thus

aln) = +/n|n — 1), a'ln) = vVn+1|n +1). (42.15)

The ground-state convention a|0) = 0 applies separately. Repeated raising gives

(ah)"

Vn!

To verify the normalization, commute one a through (a')™:

In) = 22 |0). (42.16)

Applying this repeatedly to the vacuum gives a"(a')"|0) = n!|0). Different n values
are orthogonal because they have different eigenvalues of the self-adjoint operator N.
On the oscillator Hilbert space, the basis resolves the identity:

L= Im{nl, )= tuln), ¢n=(n]). (42.17)
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The series converges in Hilbert-space norm and

1I1* = bl (42.18)
n=0
Consequently,
Hosc = gz(N0)7 (4219)

the space of square-summable complex sequences. The algebraic finite linear combina-
tions of number states form a useful dense invariant domain.

42.5 Worked exercise: equal degeneracy of every rung

Let KC,, = ker(IN — nl) be the eigenspace at level n. For |v) € K, (42.10) implies

alv)

NG

Moreover, on K, a'a/n = 1, while on K, _1, aa’/n = 1. Thus

=l (1)

a
% : ’Cn — ,Cn—l (4220)

is a unitary isomorphism with inverse a'/y/n. Every eigenspace has the same degener-
acy as the vacuum space Ky = ker a.
Choose an orthonormal basis |0, «) of Ky and set

In,a) = (“T)”m a) (42.21)

The previous norm calculation gives (m, 8 | n, &) = dndas. The map
In) ® o) — [n, @)

extends to a unitary identification

| H 2 Hose ® Him-| (42.22)

Here Hiny = Ko, and X, P,a,a’, N act as the oscillator operator tensored with the
identity on Hi,. For an electron in a spin-independent oscillator potential, the
second factor may be the two-dimensional spin space. More general independent
internal degrees of freedom give a larger factor. An irreducible representation of the
position—-momentum algebra has only one copy of the oscillator ladder.

42.6 Position and momentum matrix elements

Inverting (42.1),
X = Zoge(a+ al), P = ipes(al — a), (42.23)
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where

h mhw h
osc — PO osc — —a oscPosc — - 42.24
. omw’ P 2 FoscPose = 5 (42.24)
Hence
(M| X|n) = Tos <\/ﬁ Smnt + VR + 1 5m,n+1) , (42.25)
(m|PIn) = iposc (\/n +10mmns1 — \/ﬁém,n,l) ) (42.26)

The diagonal entries vanish, so (X), = (P), = 0. In X2, the terms a* and (a')?
connect different levels, while aa® + a'a = 2N + 1. Therefore

(X%, = %(m +1), (42.27)
(P%), = @(Qn +1), (42.28)
AX,AP, =h (n - %) : (42.29)

Only the ground state attains AXAP = h/2.

43 Unbounded operators, domains, and general-
ized states

43.1 Normalizable does not mean every operator can act

A state belongs to 2 when > |1,|* < co. The ladder operators multiply coefficients
by factors growing as /n, so their outputs may fail to be square summable. Explicitly,

al) = > Vit Tnln), (43.1)
n=0
') = Vninaln). (43.2)
n=1
Their domains and norms are
D(a) = {1/} A f:n|1/}n|2 < oo} , (43.3)
n=0
lap|* = nlepnl?, (43.4)
n=0
D(a') = {w € Z(n—l— D] < oo} , (43.5)
n=0
la'w || =30+ 1)l (43.6)
n=0
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Since 1) € (% already, the two convergence conditions are equivalent:

D(a) =D(a'),  |[a"¢]]* — al® = 0] (43.7)

These statements solve the first two parts of the domain exercise.
For example,
C V6

VYo = n1 C = — (43.8)

is normalized because Y -~ (n + 1)72 = 72/6. However,

;)”WAQ = CQ; ﬁ = 00,

so neither a1y nor af+ is a Hilbert-space vector. Unboundedness is also immediate
from ||a|n)|| = y/n: no constant bounds the output norm by the input norm uniformly
over normalized states.

The number operator has the smaller domain

D(N) = {w €L nnl < oo} : (43.9)

n=0

Finite mean number, > nli,|> < oo, is the quadratic-form condition; it need not
imply that the vector N1 exists in the Hilbert space. The same distinction applies to
finite mean oscillator energy and the domain of H.

43.2 Worked exercise: cancellation can enlarge the position
domain

If ¢ € D(a) = D(a'), the triangle inequality gives
XN < Tose ([lat]| + [Ja’e]]) < oo

Thus av normalizable implies X normalizable. The converse fails, because the two
terms in X can cancel in its self-adjoint extension.
Use the sequence suggested in the exercise,

i’rL

n=Cmy. (43.10)

Its absolute values are the same as in the preceding example, so 1 € £2 but v ¢ D(a).
The coefficient of X at level n > 1, computed from the tridiagonal position matrix,
is

(XV)n = Tosc (\/ﬁlbn—l +vn+1 ¢n+1>

= Crpsei™ ™! {L— n—l—l}

vnoo o on+2

(43.11)
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For large n,

1-—+4+0
2n+

n+ 2 Vn
s0 (Xv), = O(n™%?). The n = 0 coefficient is finite as well. The resulting sequence
is square summable.

This formal calculation does represent an element of the operator domain. To
see it without subtracting two undefined vectors, truncate ) = 3™ 4 |n). Then
M) — o) in norm. The interior coefficients of X)) converge to (43.11); the two
extra edge coefficients have size O(M~/?) and disappear in norm. Thus X
converges to a Hilbert-space vector. Closedness of the self-adjoint position operator
implies ¢ € D(X).

For the same sequence, the two terms in P add instead of cancelling:

Their squared magnitudes are not summable, so v ¢ D(P). The identity X =
Tose(@ + a') can be used as a sum of separate operator actions on their common
domain; extending X beyond that domain requires the limiting construction just
described.

e L (1= 2 vown).

(PY), = Cpogei™ { = O(n~V?%).

43.3 Generalized eigenvectors and a test-function space

A formal expansion Y c¢,|n) with Y |c,|? = oo is not a normalized physical state.
Some such expansions nevertheless define useful generalized vectors. Choose, for
example, the space ® of sequences that decrease faster than every inverse power of n.
If the coefficients ¢, grow at most polynomially, then

clx) =D cxn (43.12)

n

converges for xy € ® and defines a continuous functional on that test space. This is
the sequence version of a distribution.
The inclusions are often summarized as

dCcHCP, (43.13)

with the usual conjugation convention when generalized bras are used. In position
space, one may take ® to be the Schwartz space and ®’ its distributional dual. Position
and momentum eigenkets will belong to this generalized setting. A divergent norm is
therefore a signal to use distributions, not permission to treat an infinite norm as a
finite probability normalization. Not every arbitrary nonsummable sequence defines a
continuous functional on a chosen test space.
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44 Diagonalizing position: Hermite functions

44.1 The position eigenvalue recurrence

Seek a generalized eigenket satisfying
Xlz)=zlz), xzeR, |z)=)_ fulz)n). (44.1)
n=0
Projecting onto (n| and using (42.26) gives

2u(w) =\ g [V faca (@) 4+ VA F T S (2)] (14.2)

For n = 0, the first term is absent. Once fy(x) is given, the recurrence determines
every subsequent coefficient.
Introduce the oscillator length and dimensionless coordinate

h x
(=] — -z 44.3
mw’ T (44.3)
and write N ()
x
nlz) = H,(u), Hy(u) =1. 44.4
Substitution into (44.2) and cancellation of the common factors reduces it to
Hyi1(u) = 2uH,(u) — 2nH, 1 (u). (44.5)
The first polynomials are
Hy=1, Hy = 2u, (44.6)
Hy = 4u* — 2, Hz = 8u® — 12u, (44.7)
Hy = 16u* — 48u* + 12. (44.8)

They have degree n, leading coefficient 2", and parity H,(—u) = (—1)"H,(u).

44.2 Rodrigues’ formula and the generating function

The recurrence is solved by the physicists’ Hermite polynomials,
d” 2
H,(u) = (=1)"e" —e ™", 44.9
() = (= 1) = (1.9
A useful way to derive their identities is to Taylor expand e~®=9* about u:
eQut—tQ _ 6“26_(u_t)2

e} TL

u2 7U2
Z n! du"

n=0

- Z )= (44.10)
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Differentiating with respect to u gives
H! (u) = 2nH, 1 (u). (44.11)
Differentiating with respect to t instead gives H,; = 2uH,, — H],, which is precisely
(44.5). Combining the two identities yields
H! —2uH! + 2nH,, = 0. (44.12)

This differential equation will turn into the stationary oscillator Schrodinger equation
after multiplying by the Gaussian factor.

44.3 Orthogonality, with its normalization proved

Consider -
I — / e o (u) H () du.

Using (44.9) for H,, and integrating by parts n times,

/H —e’“ du
= / H™ (u)e™ du. (44.13)

All boundary terms vanish, since a polynomial times a Gaussian tends to zero at
either end. If m < n, the derivative is zero. If m = n, the leading coefficient gives
Hfl") = 2"n!, and the Gaussian integral is v/7. Symmetry in m,n handles the case
m > n. Thus

/ e Hp(w) Hy (1) du = /7 271! G- (44.14)

o

To obtain a continuous resolution of the identity, require

/_:|x)(x|dx ~1.

Its number-basis matrix elements are
/fm(x)fn(x)* dz = 0.

Comparing with (44.14) after © = (u fixes

V@) = ﬁe—mw. (44.15)

There remains a position-dependent phase. The generalized ket can be written as
i¢( 22 l’ / ﬂ
_ /(262)
z) = 44.16
)= e Z i (44.16)
Its conjugate coefficient is the wavefunction of the number state:

on(z) = (T | n) :7r1/4—\/2”—n'€

The phase convention will be fixed by translations below.

o))" 1C8) (44.17)
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44.4 Completeness of the Hermite functions

Orthogonality alone does not imply that a family spans its Hilbert space. For
completeness, define the dimensionless Hermite functions

H,(u)e /2
/A 2nnl
Suppose g € L*(R) is orthogonal to every h,,. Because the polynomials H,, span all

polynomials, this implies

/g(u)e“ Py du = 0 (n=0,1,2,...).

hon(u) = (44.18)

Consider .
F(z) = / g(u)e " /2e* du. (44.19)

For z in any bounded subset of the complex plane, Cauchy—-Schwarz and the Gaussian
decay control this integral and all its derivatives. Hence F' is entire, and the moment
conditions say F' (”)(0) = 0 for every n. Its Taylor series is therefore identically zero.
Setting z = —ik shows that the Fourier transform of the integrable function g(u)e=*"/2
vanishes. Uniqueness of the Fourier transform implies ¢ = 0 almost everywhere. Thus
{h,} is a complete orthonormal basis of L*(R).

This proves that the map

(0, %1, - Z Ynpn(z (44.20)

is unitary from ¢% to L*(R). It also proves that the oscillator number states exhaust
the usual one-dimensional Hilbert space, rather than merely giving a subset of the
energy spectrum.

The completeness kernel is the distributional identity

e~ (u?+v?)/2

Z N H,(u)H,(v) = 6(u —v). (44.21)

It means that integrating the kernel against a suitable test function reproduces that
function. It is not an assertion that a pointwise convergent ordinary function equals a
delta function.

44.5 Worked exercise: generalized orthogonality and inde-
pendence

Insert the number-basis identity between two position kets and use (44.21), with

u=uzx/l,v=y/t:
(@|y) =D (@|n)n|y)

n

_ ato-ot1Ls (x Y ) Sz —y). (44.22)
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The phase factor equals one on the support of the delta function, and ¢~16((z —y)/¢) =
Sz —y).

If a square-integrable coefficient function satisfies [ f(z)|z) da = 0, project onto
every (nl:

/(n | ) f(x)dz =0 for all n.

Completeness of the Hermite functions implies f = 0 almost everywhere. This is the
relevant continuous-basis independence statement. Changes at isolated points do not
change an L? vector or any of these integrals. The same result follows directly by
taking the overlap with (y| and using (44.22).

There is no contradiction between the countable number basis and the uncountable
family of position labels. The number states are actual Hilbert-space vectors. The
position kets are generalized vectors outside that space, with delta normalization
rather than finite norm.

45 Position measurements and projection-valued
measures

45.1 The wavefunction as a representation of the state

The position-space wavefunction is

b(o) = (@] ¥, )= / (a)|a) da. (45.1)

It specifies the components of an abstract state in the position representation. The
vector [¢)) and the function ¢ (x) carry the same information after a basis convention
has been chosen, but they are not the same kind of object. Changing the basis changes
components without changing the physical state.

The continuous resolution of identity gives

(W x) = / ba)x(@)de, 9] = / (a)]? d. (45.2)

Thus the position representation is L?(R), with functions identified when they agree
almost everywhere. Its scalar product agrees with the ¢? scalar product of the number-
state coefficients.

Projecting X|¢) onto (x| gives

(| X¢) = zij(x). (45.3)
In particular, for a suitable function f and a state with the required finite moment,
G = [ F@l@)P s (15.4)

The self-adjoint multiplication operator X has domain
D(X) = {¢ € L*(R) : ap(x) € L*(R)}. (45.5)

145



An exact position eigenfunction would have support at one point, which has zero
measure. There is therefore no nonzero L? eigenvector of X; its spectrum is continuous.

45.2 Finite-resolution position measurements

A detector resolves a region R, such as an interval [a, b], rather than an exact point.
The corresponding orthogonal projection is

I = /|:)3><:L'| dz. (45.6)
R
In the wavefunction representation,

(Hre)(z) = 1r(z)Y (), (45.7)
where 1 is the indicator of the region. The probability is

Pr(X € R) = (|TIa) = /R ()2 d. (45.8)

Thus [ (z)|? is a probability density, not the probability at an exact point. In one
dimension it has units of inverse length, and ¢ (z) has units of length to the power
~1/2.

For a small interval [x,z + €] at a continuity point,

Pr(z < X <z +¢€) = [(z)]e + o(e).

Conditioned on a successful ideal yes/no measurement of R with nonzero probability,
the normalized state is
g))

VPr(X € R)’
It is still a Hilbert-space state for a finite interval; it need not lie in the domain of
momentum or energy after an ideal sharp-edged projection.

[¥r) =

45.3 Worked exercise: the PVM identities

Multiplication by an indicator immediately proves

I, = Ip, 1% = Ilg, (45.9)
g, g, = HUginks, g =1, (45.10)
HR1UR2 - HR1 + HR2 (Rl N RQ = @) (4511)

For example, 1z,1r, = 1g,nr, gives the product identity. More generally, if the
regions R; are pairwise disjoint,

o p, 0 = > g0, (45.12)

J
where the sum converges in norm for every state. Its norm convergence follows from the
orthogonality of the disjoint pieces and HHle/J”Q < |[4||*. These properties define

an orthogonal projection-valued measure, extending a complete set of discrete
spectral projectors to a continuous spectrum.
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45.4 Why the density of a PVM is not a point projector

The formal symbol
m(x) = |x) (x| (45.13)

is an operator-valued distribution. It is not an orthogonal projector onto an ordinary
one-dimensional subspace of L?. In particular, the formal factor (z | z) = §(0) is
undefined; it must not be used to calculate 7(x)? as a product of ordinary operators.

Integration against a bounded measurable function w gives an actual bounded
operator,

mlw] = /Rw(x)lﬂ (zldr = w(X),  (w(X)P)(x) = w(z)P(z). (45.14)

Its norm is at most the essential supremum of |w|; choosing w = 1 gives 1. For
unbounded w, the multiplication operator instead has the natural domain {1 : wi €
L?}. This is how the same spectral measure defines both bounded projections and
unbounded observables.

45.5 Example: the oscillator ground-state position distribu-
tion
From (44.17) and Hy = 1,
1 2 2 : ]. 2 /p2
= mxd/(207) —ig(a) 2 _ _~ _—a?e
YW L (@) = e (45.15)

The density is Gaussian, with mean zero and variance ¢%/2:

(X) =0, (AXy)? = % (45.16)

Yo(z) =

The variance is the square of the standard deviation AXy. For example,

Pr(—L < X < L)=erf(L/0),  erf(z) = % / e dt. (45.17)

46 Momentum, translations, and phase conven-
tions

46.1 Commutators with functions of momentum
The identity [A, BC| = [A, B] C + B[A, C] gives, by induction,

(X, P"] = ihnP" 1. (46.1)
For a power series that converges on a suitable common domain,

(X, f(P)] =inf'(P). (46.2)
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Figure 48: The Gaussian position density of the oscillator ground state. The width is

set by AX = \/h/(2mw).

This identity provides an algebraic route from the canonical commutator to spatial
translations.
Define the unitary translation group by

T(b)=e®Ph b eR. (46.3)
Self-adjointness of P gives
T0)=1, TO)T(c)=T(0b+c), Tb) =T(-b)=T(0)" (46.4)
Equation (46.2) gives
(X, T(b)] = bT(b),  XT(b)=T(b)(X +bl). (46.5)

Thus
XT(b)|xy = (z+b)T(b)|x).

The translated ket belongs to the generalized position eigenspace at x 4+ b. For one
spinless particle on a line this eigenspace has multiplicity one, so

T(b)|z) = Az, b)|x + b). (46.6)

Preservation of the delta normalization by T'(b) implies |A(z,b)| = 1.

46.2 Fixing the relative phases of position kets

Choose a phase for the generalized position ket at the origin, |z = 0), and define all
others by
|z) = T'(z)|x = 0). (46.7)



Here |z = 0) is a position eigenket, not the oscillator vacuum |0). The group law then
gives

T(b)|z) = T(0)T(w)]a = 0) = |z + b). (46.8)

No position-dependent phase factor remains in this translation law.
Taking the adjoint and acting on a state gives

(@T(0) = (=0, (z[TO)) =z —b). (46.9)

A positive translation of the state shifts its density to the right: |¢)(x — b)|? is centered
a distance b to the right of |1/(x)|>. The opposite sign in the argument is required for
this physical shift.
Differentiate (46.9) at b = 0. Since T"(0) = —iP/h,
0 dy

_ﬁ@; | Py) = 50 (z —b) . =4 (46.10)

Therefore the momentum operator in this convention is

(P)(z) = —m%. (46.11)

Momentum is the generator of spatial translations, just as the Hamiltonian is the
generator of time evolution.

46.3 What changes under a position-dependent basis phase

If the basis is relabeled by |2)pew = €@ |z), then the same abstract state has
components Yney = € “®e). The momentum representation changes along with the
components:

(Pnew¢new)(m) = e—ia(x) <_1h%) [eia(x)d]new(x)]

- (471% + ho/(:v)) Yoew (). (46.12)

All physical predictions remain unchanged by a consistent basis change. Once the
translation convention is fixed, changing the phase profile of a wavefunction while
keeping the operators fixed generally changes the physical state. A constant overall
phase still has no observable effect.

46.4 The momentum domain on the line

The self-adjoint momentum operator on L?*(R) has domain

D(P) = {¢ € L*(R) : ¢’ exists weakly and ¢’ € L*(R)}. (46.13)
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For sufficiently smooth functions with suitable decay, integration by parts shows its
symmetry:
[ o int)do = (=ihgro), + [ (-ihgy v s
— (P, ). (46.14)

The full self-adjoint statement follows also from the unitary Fourier transform below:
P becomes multiplication by the real variable p on its maximal multiplication domain.
Boundary conditions would matter if the configuration space were a finite interval or
a circle; they cannot be ignored merely because the local differential expression looks
the same.

On the common Schwartz domain,

(XP — PX)p = a(—il) + ih(z0)) = i,

which verifies the canonical commutator directly.

47 Momentum eigenstates and the Fourier trans-
form

47.1 Plane waves and delta normalization

For a generalized momentum eigenket, P|p) = p|p), define ¥,(x) = (x | p). Equation
(46.11) gives

d .

Lo gl dyla) = M) (17.1)

To impose the continuous resolution of identity in momentum space, take position
matrix elements:

—ih

/R@f | p)p|y)dp=d(z —y). (47.2)

The Fourier identity in these units is
/ P/ qp = 21k (z — y). (47.3)
R

It fixes the magnitude of M. Choosing its phase real and positive gives

(| p) = —— ) z) = ——

The momentum normalization follows by integrating over position:

6ipac/h

e ipz/h, (47.4)

<prq>:/<p\x><xrq>dm:6<p—q>, /|p><p\dp=1. (47.5)

Plane waves do not decay at spatial infinity, so they are generalized states rather than
normalizable states on the whole line.
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47.2 The two wavefunction representations

Define the momentum-space wavefunction by

v(p) = (p| V). (47.6)

Insert the position or momentum identity to obtain the unitary transform pair

o . 1 —ipz/h
00 = o= [ ) an (47.7)
v(e) = <= [ ™M) dp. (478)
V2rh Jr
They satisfy Parseval’s identity,
o ds= [ e (47.9)

For example, substitute both inverse transforms on the left. The x integral gives
27hd(p — q) and removes one momentum integral, leaving the right side. Normalization
in either representation is thus normalization of the same state.

In momentum representation,

PH®) =pd@), (X)) = m%. (47.10)

The second identity follows by differentiating (47.7) with respect to p. Position and
momentum exchange the roles of multiplication and differentiation, with the signs
required by [X, P] = ihl.

Momentum measurement probabilities use the same PVM construction:

Ppen = [P, (¢P) = [ o0
I
The dimensions of @Z are momentum to the power —1/2.

47.3 Exact position and exact momentum under Fourier trans-
formation

For the generalized momentum eigenstate |q),

Ye(x) = j% Wg(p) = 6(p — q). (47.11)
For the generalized position eigenstate |y),
~ e~ py/h
UYy(z) =0(z—y),  Y,p) = N (47.12)
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Thus a plane wave and a delta function are Fourier descriptions of the same type of
nonnormalizable idealization. Neither is a physical normalized state on the line. A
finite-width wave packet provides the normalizable approximation used in probability
calculations.

A spatial translation multiplies the momentum wavefunction by a phase:

T(B)(p) = e /M(p).

Conversely, multiplying ¢ (z) by e'7%/" ghifts its momentum distribution by ¢. These

two facts connect the phase of a wavefunction with its mean position and momentum.

48 (Gaussian wave packets and the uncertainty
bound

48.1 A normalized packet with specified means and width
Let 0 > 0, xg,po € R, and choose

1 (x —1m)*  ipow

’l/}(x) = (27'('0'2)1/4 €xXp|— 40_2 A (481)
The notation in the source e** is recovered by setting p, = hk. The density is
1
lv(2)|? = %Ue—(x—xoﬁ/(w?x (48.2)
With y = (2 — x¢)/0, the Gaussian integral gives normalization, oddness gives
[ye~¥*/?dy = 0, and integration by parts gives [y%e¥/2dy = v/2r. Consequently,
(X) = o, (X% =22+ 07, AX =o. (48.3)

48.2 The momentum Gaussian, derived by completing the
square

Insert (48.1) into (47.7) and let y = @ — x¢, ¢ = p — po:

. efiq:co/h y2 1qy
= ——— — == dy. 48 4
00 = S [ x|~ (45.9)
The exponent can be completed as
Y ey 1 (2% o
402 h 402 h h?

Equivalently, apply the convergent complex Gaussian integral [ emay by dy =

V/7/a e/ with @ > 0. The result is

o) = ( 72%; )1/4 e [_ 02<ph—2 po)®  i(p —hpo)xo} | (18.5)
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Its squared magnitude is a normalized Gaussian centered at py with variance h?/(40?):

(P)=po, AP=J  |axap- g (48.6)

Increasing the spatial width decreases the momentum width. The phases in the two
representations encode the corresponding shifts of the means.

48.3 The uncertainty inequality and its equality conditions

Let X = X — (X) and P = P — (P), for a state with finite variances and the
common-domain assumptions needed for the following products. Cauchy—Schwarz
gives

(AX)*(AP)* > [($6 X6 P[)[*. (48.7)
The complex expectation can be separated into its real and imaginary parts:

(IXSPI) = SU6X,6PY) + S(IX, Pl) = Cxp + . (15.5)

where C'xp is the symmetrized covariance. Thus

(AXP(AP) > Chp+ — >

n? _ h?
e (48.9)

The product bound is the Heisenberg inequality,

AXAPzg. (48.10)

For equality in the simple product bound, equality must hold in Cauchy—Schwarz
and the covariance must vanish. The two Hilbert-space vectors must therefore obey

(P = po)l) =ic(X —zo)[¢),  ¢>0. (48.11)
The sign follows from Im(6XdP) = /2 > 0. Taking the expectation after multiplica-
tion by 06X gives c(AX)? = h/2.
48.4 Worked exercise: every minimum-product state is Gaus-
sian
In position representation, (48.11) is a first-order ODE:
—ih)' (x) — pot(z) = ic(x — zo)h(2).

Divide by —ih to obtain
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Integration gives
c ipox
=Aexp|——(v —m)* + ——|. 48.12
0(w) = Aexp| (o — a)? + 2 (48.12)

Normalizability requires ¢ > 0. Using ¢ = h/(20?) and fixing |A| recovers exactly
(48.1), up to a constant phase. Conversely, differentiating that Gaussian verifies
(48.11), so it saturates the bound.

A Gaussian with an additional quadratic phase generally has nonzero C'xp. Such
a state can saturate the stronger first inequality in (48.9) while having AXAP > /2.
Thus the minimum product condition selects a Gaussian with only a linear spatial
phase in the fixed translation convention.

49 The oscillator ground state and zero-point mo-
tion

49.1 Fixing the remaining phase of the oscillator functions

The Hermite construction initially allowed a phase e () in all oscillator wavefunctions.
In the translation convention, P = —ihd,. Apply momentum to the vacuum using
ladder operators:

(] P10} = iposc (x| 1) = iposc V27000 () = imewao (a). (49.1)
On the other hand, differentiating 1y o< e~ **/(2)e=19(®) gives

—ihy = [imwz — he'(x)] Yo (). (49.2)

Agreement requires ¢'(z) = 0. Choose the remaining constant phase to be zero. The
fully normalized oscillator wavefunctions are therefore

1
n\l) = ——F——
#n(2) wl/4\/2nn ¢

Using (44.12), differentiate e**/2H,, (u) twice to find

1 d? 1, 2 1 2
e - —u?/2 — - —u?/2
( 5 qu? + S U ) e H,(u)] (n+ 2) e H,(u).

H, (/0" (49.3)

After x = (u, this is the stationary Schrodinger equation with the energy (42.14).
The ground state can also be obtained immediately from a|0) = 0:

d 1 2 2
2 _ . —x?/(20%)
(x +/ _dx) o =0, o(z) = 7T1/4\/z6 .

h mhw
AXo=\/5—  AR=y 4 (49.4)
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49.2 Worked exercise: excited states are not Gaussian packets

For n > 1, (49.3) contains the nonconstant factor H,(z/¢). It cannot be absorbed
into the exponential of a real negative quadratic plus a linear imaginary phase. One

can prove this without using the locations of the Hermite zeros. Every normalized
Gaussian packet of the form (48.1) saturates AXAP = h/2, whereas (42.29) gives

AXnAPn:h(nJr%) > g (n>1).

Thus no excited number state is such a Gaussian packet. More generally, Hermite
functions at excited levels have nodes, while a nonzero Gaussian with any finite
quadratic phase has no zeros on the real line.

49.3 A lower bound on energy without ladder operators

For any normalized state with finite oscillator energy, write the second moments as
variance plus squared mean:

(H) = (APQ)% + 5mu? [(AX)? + 23]

+ —mw?(AX)?
> " + 1muﬂ(AX)2 (49.5)
— 8m(AX)?2 2 ’ ’
The first inequality discards nonnegative energies associated with the means. The
second uses AP > h/(2AX).
Set s = AX > 0. The derivative of the final expression is

d h? +1 2 2\ h? n 9
ds \ 8ms? MW s | = 4ms3 mes.

The unique minimum occurs at

h
2= —, 49.6
° 2mw ( )

At this width, each of the two terms is hw/4, giving

(H) > %m (49.7)

Every inequality can be saturated simultaneously: choose xy = py = 0, a minimum-
product Gaussian, and the width just found. This recovers the ground-state energy
and wavefunction without finding any excited states.

The physical competition is explicit. Making the packet narrower reduces its
potential energy near the bottom of the well, but increases its momentum uncertainty
and therefore its kinetic energy. At the optimum,

P? 1 9 1
— ) ={(= X?) = “hw. 49.8
<2m>0 <2mw >0 4 ( )

There is no normalizable state with both zero position uncertainty and zero momentum
uncertainty.
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50 The Schrodinger representation in several di-
mensions

50.1 The Hilbert space is not fixed by the choice of potential

The oscillator provided a convenient algebraic construction of the position and mo-
mentum representation. Once this representation is identified, changing the potential
does not change the Hilbert space of a spinless particle moving on the full line. The
operators act as

H = L*(R), X1 = x1), Py = —ih)/, (50.1)

with their appropriate domains. A Hamiltonian P?/(2m)+V (X) changes the dynamics
and usually changes the energy basis, but position and momentum remain the same
kinematic observables. Internal spin adds a tensor factor; changing the configuration
space or its boundary conditions is a separate change to the physical problem.

50.2 The scope of the Stone—von Neumann theorem

The exponentiated canonical relations avoid products of unbounded operators. Along
with T'(b) = e7P/" introduce M(q) = €%*/". In position representation,

(TO))(x) =P —b),  (M(@)¥)(w) = €/ Mp(x).
Their composition gives the Weyl relation
T(B)M(g) = e~/ M(q)T(). (50.2)

For a finite number of canonical degrees of freedom, a strongly continuous irreducible
unitary representation of these relations with the same nonzero A is unique up to a
unitary transformation. This is the Stone—von Neumann theorem.

The hypotheses matter. Irreducibility rules out extra multiplicity factors such as
Hine. Strong continuity ensures that the unitary groups have self-adjoint generators.
The bare formal commutator on an unspecified domain is not by itself the full theorem,
and its finite-degree-of-freedom uniqueness statement does not extend unchanged to
quantum fields with infinitely many degrees of freedom.

50.3 Joint position and momentum bases in dimension d
For a spinless particle in R¢, the canonical relations are
[X:,X;]=0, [P,P]=0, [X;P]=iho;1. (50.3)

The strongly commuting position components have a joint spectral basis, written
’CC) = ’.1171, c. ,iL‘d>i

Xi|x) = xi|x), (50.4)
(@ |y) =09z —y), (50.5)
) (x| d%z = 1. (50.6)

R4
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The state space is L*(R?), and

V(@) =(x|v), Xv=z¢, Pi=-iaVy.
For example,
X) = [ @lo@)Pae
R4

The generalized overlap and Fourier pair are

6ip-:ﬂ/h
(x|p) = (2nh)i2’
~ 1 ,
v(p) = L /Rd e P p(x) d’r,

1 ip-x/h ]
U(x) = 2rh)i /Rd e/l (p) d’p.

Each coordinate satisfies its own uncertainty relation AX;AP;, > h/2.

51 Schrodinger’s wave equation

51.1 From the abstract state equation to a PDE

For a nonrelativistic spinless particle with real scalar potential,
P2
H=—+V(X,t).

The abstract Schrodinger equation is

., 0
ihc (1) = HIb ().

(50.7)

(50.8)
(50.9)

(50.10)

(51.1)

(51.2)

In the Schrodinger picture the position basis is time independent. Taking the overlap

with (x| therefore gives

ihdpp(z,t) = (@ | HY(t)).

The kinetic term uses P? = —h?V? and the potential acts by multiplication. Hence

ihop(x,t) = —%V%(m, t) + V(x, t)y(x,t).

(51.3)

This wave equation is the coordinate representation of the same abstract unitary
evolution law. A self-adjoint Hamiltonian and its domain, including any boundary

conditions, specify the evolution problem.
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51.2 Stationary states and the energy eigenvalue equation

If the potential is time independent and H|E) = E|FE), then

(1) = e FE), () = e pp (). (51.4)
Substituting this form into (51.3) gives
h2
[—%VQ + V(m)} vp(x) = Epp(x). (51.5)

The time-independent Schrodinger equation is an eigenvalue equation, not a second
independent postulate. A superposition of energies evolves by giving each energy
component its own phase. Its probability density can change because of interference,
even though the density of a single stationary state is time independent.

52 Probability conservation and probability cur-
rent

52.1 Deriving the continuity equation

Define the position probability density
plx,t) = [Y(x, b)) (52.1)

Differentiate and substitute (51.3) and its complex conjugate:
Orp = P Opp + Yop)*
Rl — iV, 5 ik PP |
= SV = Y - UV +
ih 9 9
=— (Y~ — ). 52.2
T (VR — V) (522)
The potential terms cancel because V' is real. The vector identity
V- (VY = VY*) = "V — p V)

follows because the two cross terms cancel. Define

§ = 3= (VY — V) = — Im(y* V). (523

Then

0p+V-§=0.] (52.4)
This is a local statement of probability conservation.
For a fixed region R, integration and the divergence theorem give

d

— [ pdiz = —/ j-ndS. (52.5)
dt Jr OR

The probability inside the region changes by the net current through its boundary. On
the whole space, sufficient decay makes the boundary flux vanish and preserves total
norm. In a bounded region, a self-adjoint Hamiltonian imposes boundary conditions
consistent with the corresponding probability balance.
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52.2 A stationary density can carry a current

The equation 0;p = 0 requires V - 3 = 0, not 3 = 0. For example, the formal traveling

plane wave
w(zm t) _ Aei(p-m—Et)/h

has constant density |A|* but
. yy
j==—]A> (52.6)
m

It carries a steady probability flux. A real stationary bound-state wavefunction, on
the other hand, has zero current because Im(¢5;Veg) = 0. Plane waves on the
line are distributional states; a periodic box or a broad normalized packet gives the
corresponding normalizable setting.

52.3 Current and the expectation of momentum

Since —iAV is momentum,

(@, 1) = %Re[w(m,t)*(—ihV)w(m,t)]. (52.7)
Integration gives
/ G, 1)l — %Re(P> _ %), (52.8)

where reality follows from self-adjointness and the necessary domain conditions. Equiv-
alently, symmetrizing the integral of ¢*(—ihV )1y reproduces the two terms in (52.3).
The same relation follows from the continuity equation:

4
dt

(X;) = —/:civ-jddx = /3 d%r = % (52.9)

assuming the surface term vanishes. The quantity mj behaves as a symmetrized
local momentum density in this representation. It is not a positive joint probability
distribution assigning a simultaneously sharp position and momentum to the particle.

53 Wavefunction phase and the classical Hamilton—
Jacobi limit

53.1 Amplitude and phase variables

In a region where p > 0, write
x,t) = R(x,t)e” @D/ =/p>0, e R. )
W R iS(@.t)/h R 0 SeR 53.1

The phase can be chosen locally; nodes and nontrivial phase winding may prevent one
global smooth S. Differentiation gives

Vi) = €S/ (wz n %RVS) ,
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and therefore

Vb = RVR + %pVS.

The first term is real. Equation (52.3) becomes

= g~ 53.2
J=r (53.2)

A spatially varying phase produces current; the density alone cannot specify it. Where
p > 0, the ratio j/p = V.S/m is a well-defined probability-flow field. Its existence does
not change the quantum restrictions on simultaneous sharp position and momentum
measurements.

53.2 Separating the Schrodinger equation into real and imag-
inary parts

The required derivatives are

@1# = Bis/h (Rt + %’Rst) s (533)
| N . )
Vi) = 5/h {VQR + %VR VS + %szs — ﬁmvsﬁ . (53.4)

Insert these into (51.3), cancel €*%/", and divide by R:

LR W VPR ihVR ih _,
M == TR Tm R VY T ?
VS
V. 53.5
= (53.5)

The imaginary part is

R, = —lVR VS — £V2S.
m 2m

Multiply by 2R and use 2RR; = p; and 2RV R = Vp to obtain

2

which is the same continuity equation as before.
The real part is

2 2 2
V5] +V+Q=0, Q:—h——\/ﬁ- (53.7)

S
‘T om 2m \/p

These two real equations are exactly equivalent to the Schrédinger equation wherever
the amplitude—phase parametrization is regular. The term () contains the quantum
correction to the Hamilton—Jacobi equation.
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53.3 The controlled classical limit

If the amplitude and phase vary on scales for which () is negligible, the leading equation
is

[VSP?

S,
et 2m

4V (x,t) = 0. (53.8)

This is the classical Hamilton—Jacobi equation. The limit is a semiclassical approxima-
tion, not a universal permission to set every factor of h to zero: derivatives can become
large near nodes, turning points, or interference structures, making ¢) important even
when £ is small compared with a characteristic action.

In Hamilton—Jacobi theory,

p=VS, v=—, (53.9)

so (53.2) becomes the classical transport form j = pv. Along a classical trajectory,

%zstm-vsz—ﬂw-@:/:. (53.10)

Therefore the principal function can be interpreted, with suitable initial or endpoint
data and a chosen trajectory branch, as the accumulated classical action

S = /Ldt+c0nstant. (53.11)

This explains the appearance of the phase e'%/" in semiclassical wavefunctions and in

the stationary-phase interpretation of quantum propagation.
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53.4 Time-independent Hamiltonians and the characteristic
function

If H has no explicit time dependence, seek
S(x,t) = W(x) — FEt. (53.12)
The Hamilton—Jacobi equation reduces to

VIV

2m

+V(x)=E, (53.13)

where W is Hamilton’s characteristic function. In one dimension,

W'(x) = p(z) = +£/2m[E — V()] W(z) = /mp(x’) dz’.

Thus the leading oscillatory factor is ¢V(®/" the phase that appears in the WKB
approximation. The amplitude is fixed by the next transport equation, rather than by
this phase equation alone.

For a more general Hamiltonian operator with a suitable classical principal symbol
Hy(x,p,t), substituting Re'/" and retaining the leading semiclassical terms gives

Sy + Hy(x, VS, t) = 0. (53.14)

At leading order, the transport velocity is 0H,/Op evaluated at p = VS. The exact
current formula (52.3) was derived for the quadratic kinetic energy P?/(2m) and need
not hold unchanged for an arbitrary Hamiltonian.
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Part VII
Wave Mechanics and Bound States
(Chapter 7|

54 Stationary states and confinement

54.1 Energy eigenfunctions and their time dependence

For a time-independent scalar Hamiltonian

P’
H=—+V(x),
5 T V(@)
the time-dependent Schrodinger equation is solved by expanding in energy eigenfunc-
tions. A stationary state has the form

2
\IIE(.’E,t) = e_iEt/hz/JE(w), |:—2h—mv2 + V(a:)] wE = EQ/JE

Its probability density is independent of time. The word stationary refers to this
density; it does not by itself imply zero probability current.

If the potential and boundary conditions are real, complex conjugation maps an
energy eigenfunction to another eigenfunction with the same real energy. Consequently,
real and imaginary parts are also solutions, and one can choose a real basis within an
eigenspace invariant under complex conjugation. For a real eigenfunction,

i =L m(yve) =0
m

For a normalizable state in the usual full-space domain, this also gives (p) =
m f jd?r = 0. A complex basis that simultaneously diagonalizes other conserved
observables can be more useful. For example, plane waves diagonalize momentum but
are not real.

54.2 The free particle and continuum normalization

For V = 0, choose simultaneous eigenstates of H and p:

1 ip-x/h p2
Q/Jp(w) = We s Ep = —. (541)

The normalization is distributional:
/ Uy () () Az = 5 (p — p').

No individual plane wave is square-integrable over all space. Physical normalizable
states are wavepackets formed by superposing momenta. For p # 0, real combinations
of the opposite momenta give sine and cosine energy eigenfunctions. Such combinations
no longer diagonalize momentum. Complex conjugation reverses momentum while
preserving the free particle energy.
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54.3 A periodic box

Let 0 < z; < L; and impose periodic boundary conditions in every direction. Period-
icity of a plane wave requires

; 2mhn,
elpiLi/h -1 ;= i
7 p LZ Y

n; € 7.

The normalized eigenfunctions and energies are

1 . d n;T;
Un(x) = Wexp (27?12 T ) , V= HL“ (54.2)

=1 %

(27h)? — n?

Finite volume makes the eigenfunctions normalizable and the spectrum discrete. A
one-dimensional periodic box can represent a particle moving on a ring of circumference
L =27R.

For a state with s nonzero components of n, independent sign reversals give 2°
states with equal energy. Equal or specially related side lengths can create additional
degeneracy. The ground state n = 0 is unique. Sending every L; to infinity while
keeping p; = 2whn;/L; fixed recovers the continuum.

Example 54.1 (Symmetry behind the sign degeneracy). On a ring, translations
T(a) and reflection P commute with the kinetic Hamiltonian, but they satisfy
PT(a)P~' = T(—a). They therefore form a noncommutative symmetry group. Trans-
lation eigenstates with momenta +p are exchanged by reflection and have the same
energy. In several dimensions the corresponding translations and coordinate reflec-
tions account for the sign multiplets; a cubic box also has coordinate permutations.
Degeneracy can be analyzed through these symmetries without assuming that every
coincident level is explained by rotations alone.

54.4 A hard-walled box and the momentum domain

For an infinite square well on 0 < x < L, the boundary conditions are 1(0) = (L) = 0.
Inside the well, ¥ + k?¢p = 0, so v = Asinkx + Bcoskwz. The first endpoint

gives B = 0, and the second gives kL. = nm, n = 1,2,.... Normalization uses
fOL sin?(nmx/L)dr = L/2, yielding
2 . nmx m2h*n?
Ynlr) =4[ Tsin——,  Ep= o 07 (54.4)

For a rectangular d-dimensional box, take tensor products:

[2 . nmx; m2h? n?
wn<w) = H ESIH L ) E, = m Z ﬁu n; > 1.

)

The ground energy is positive because confinement prohibits a constant wavefunction.
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There is an important distinction between the kinetic Hamiltonian and the formal
first derivative p = —ihd,. On an interval,

(f.pg) — (pf,9) = —ih[f*g]}.

Imposing Dirichlet conditions makes this boundary term zero but does not make
this first-derivative operator self-adjoint: its adjoint has a larger domain. Moreover,
differentiating a Dirichlet function generally gives a function that does not satisfy
Dirichlet conditions. The self-adjoint Hamiltonian with domain H?N Hg is well defined
independently of trying to square a self-adjoint momentum on that same domain.
This is why box energy eigenstates need not be momentum eigenstates.

54.5 Density of states in arbitrary dimension

In a large periodic box, each momentum state occupies a cell of volume (27h)¢/V
in momentum space. The states with energy at most E occupy a d-ball of radius
pe = V2mE. Since a unit d-ball has volume 7%2/T'(d/2 + 1),

V /2

NE) = Gtz + 1)

(2mE)Y?, (54.5)

Differentiation gives

B d_N v 742(2m)/?
 dE T (27h)? T(d/2)

9(E) B

In three dimensions,
g(B) _ m*?
V \/§ 2R3 '
This approximation describes a smoothed high-energy spectrum; it does not replace
the exact discrete levels near the ground state.

For a hard-walled box, momentum labels have spacing wh/L; but only positive
integers occur. The smaller cell volume contributes a factor 2¢, while restriction to the
positive orthant contributes 27¢. These factors cancel, giving exactly the same leading
density (54.5). For unequal side lengths the allowed region in integer-label space is an
ellipsoid. Rescaling its axes again gives the factor V = [[, L;,. Boundary conditions
affect subleading surface corrections, while the leading term depends only on volume.

55 Multidimensional harmonic oscillators

55.1 Normal coordinates and the spectrum

Consider ) |
b
H = % + §Kijxi$ja
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where K is real, symmetric, and positive definite. An orthogonal change of coordinates
diagonalizes K while preserving the kinetic energy and canonical commutators. In
principal axes,

d 2
Db; L9
Z ( + 5T xl> , w /m
The eigenstates are products of one-dimensional oscillator states:
]nl,...,nd>:®‘ni>, En:Zha)Z(nl—f—%), ni:O,l,Z,....

The one-dimensional Hermite wavefunctions and ladder construction were derived in
the continuous-observables chapter.
For an isotropic oscillator w; = w, let N = ). n,;. Then

The number of nonnegative integer solutions of ) . n; = N is

dy = (N;“_dl_ 1). (55.1)

To count them, arrange NN identical excitation symbols and d — 1 separators; the
numbers between successive separators are the n;. For d =3, dy = (N + 1)(N + 2)/2,
giving 1, 3,6,10,15,21,. ...

55.2 Rotation multiplets and the hidden symmetry

A creation operator aj» transforms as a vector under spatial rotations. A level-one
state has coefficients v; in viag|0>. A level-two state is Sijaja}|0>, and commuting
creation operators mean that only the symmetric part S;; = Sj; contributes.

Under a real rotation O, S — OSOT. Its trace is invariant, so the two projections

TrS TrS
—1 raceless — -
d 3 St 1 S d

Strace - 1
span invariant subspaces. In three dimensions the six-dimensional level splits into
a scalar of dimension one and a traceless symmetric tensor of dimension five, corre-
sponding to ¢ = 0 and ¢ = 2. The antisymmetric / =1 part of 1 ® 1 =20 150 is
absent because the creation operators commute.

More generally, a level-N state is a symmetric rank-/V tensor. Removing successive
traces in three dimensions gives

(=N,N—2N—4,. ..,

ending at zero or one. Thus the first levels decompose as
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N Dimension Orbital angular momenta
0 1 0

1 3 1

2 5+1 2,0

3 7+3 3,1

4 9+5+1 4,2,0

5 114743 5,3,1

The complete oscillator is invariant under O(d), including inversion. At level N,
inversion contributes (—1)", consistent with the parity (—1)¢ of all the angular
multiplets listed above.

Rotations alone do not require different ¢ multiplets to have the same energy. The
additional degeneracy is explained by a larger symmetry. Define Q;; = a;faj. Since
H = ho(Y, ala; + d/2),

These operators generate u(d); the traceless combinations generate su(d). They
transfer excitations between coordinates without changing N. The level-N states form
the symmetric Nth-power representation of this larger group. In three dimensions
this is the hidden SU(3) symmetry that relates the different rotation multiplets.

55.3 High-energy state counting and accessible volume
For d = 3,

NV =Y (Q+1)2(Q+2) _ (N+1)(N;2)(N+3)

q:
At high energy F ~ Nhw, hence
E3 E?
)~ — E) ~ .
NB) = i, 0lB)= 5,
In d dimensions, the corresponding expressions are N (E) ~ E?/[d!(hw)?] and g(E) ~
EL/[(d — 1) (hw)d].
The density grows faster than in a fixed box because the classically accessible
radius grows as rg = \/2E/(mw?).
A rough comparison multiplies the free-particle density by the volume 4773 /3,
giving

(55.2)

8 FE?

= S_WW

It captures the E? scaling but overcounts, because it assigns kinetic energy E every-
where. A precise semiclassical calculation integrates the local kinetic energy:

m3/2
gE:/ ——E - V(x)d.
(2) V(w)<p V2m2h? ()

Substitute r = rgs. Using fol s?v/1 — s?ds = /16 recovers the coefficient 1/2 in
(55.2).

grough (E)

167



N
N | /T

Figure 49: The spatial region accessible at energy E grows with oscillator energy.

56 One-dimensional bound states

56.1 Discrete levels, continua, and thresholds

For a potential tending to zero at infinity, a generic negative-energy state has expo-
nentially decaying exterior tails and can be normalizable. Positive-energy exterior
solutions oscillate and form a continuum of generalized eigenstates. A finite attractive
well therefore has both a discrete bound spectrum and a scattering continuum. A
confining potential that grows without bound has a discrete spectrum, while the free
particle has only the continuum.

The continuum threshold is set by the asymptotic potential, not by the height of a
barrier surrounding a local minimum. If the energy lies above an open asymptotic
channel, a classically trapped state can tunnel out. It then represents an unstable
resonance rather than a normalizable stationary bound state. Specially tuned potentials
can support threshold states or bound states embedded in a continuum, so this
description is a generic one rather than an unrestricted theorem.

q‘nh\-"w “'V-V\U\!“vn.g
_

q,uml'm wave

-
\— LMC—HM ”'!AkS Mﬂl’
__/ i PN NP PN

A=A A2~ B A — s~

Figure 50: A state trapped classically can escape quantum mechanically through a
barrier into an open channel.

56.2 An attractive delta-function well

Let
V(z) = —gd(x), g > 0.

The coupling ¢ has units energy times length. For £ < 0, define k = \/—2m£E/h.
Away from the origin, ¢” = x*). Normalizability removes the growing exponential on
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each side:

() = {Ae“, x>0,

Be™ x <.

The wavefunction must be continuous. A jump would create a ¢’ term in )" that the
potential cannot cancel. Thus A = B.

(%)

Figure 51: An attractive delta-function potential.

Integrate the Schrodinger equation across [—e, €]:

_h_2[¢,<e) — ' (—€)] — gip(0) = E/_6 Y(x) dx.

2m

As € — 0, the integral vanishes and

_ 2m
¥(0%) = /(07) = ==(0). (56.1)
Substitution gives —2xA = —2mgA/h?, hence
mg mg’
K= —, = ——=
h? 2h?2

Normalization gives 1 = 2|A|* [© e *"dx = |A|*/k, so

Y(x) = /re el (56.2)

There is exactly one bound state. An odd state would have ¥(0) = 0 and would
reduce to a globally smooth, decaying free solution, which must vanish identically.
Positive-energy scattering states remain present.

56.3 Parity reduction for the finite square well

Consider

Y
V()= { 0 ey,
0, lz| > a,

Since V(—x) = V(z), energy eigenfunctions can be chosen even or odd. At z = 0,
an even solution satisfies ¢/(0) = 0; an odd solution satisfies ¥(0) = 0. Thus it is
sufficient to solve on x > 0. For —Vj < E < 0, define

2m (Vo + E) vV—2mkE

K =

h ’ h
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The normalizable solutions are

Acoskzr, 0<z<a,
€Tr) =
V(o) {B’e_’“”’7 x> a,

Asinkzx, 0<zx<a,
(z) =
¥-() {Be_’“, T > a.

At a finite step, both v and ¢’ are continuous. Even matching gives
Acoska = Be "™, —kAsinka = —kBe ™",

and division yields ktan ka = k. Odd matching similarly yields —k cot ka = k. These
are the quantization conditions.

56.4 Graphical quantization, level count, and energy bounds

Introduce
a/2mV;
z=ka, q=kKa, zy= - 0, z2+q2:z§
The two equations become
ztanz = /22 — 22 (even), —zcotz =4/22 — 22 (odd). (56.3)

The positive branches alternate. On each admissible half-period the left side increases
from zero to infinity, while the semicircle on the right decreases. Each intersection
gives one bound state.

There is always an even ground state for every zy > 0. Numbering states n =
1,2,... from the ground state,

(n—1)m e, T _
— <y < —, Zn < Zp.
2 2 0

A new bound state appears when 2y exceeds (n — 1)7/2. Thus

2
Ny = [ﬂw . 2> 0. (56.4)

™

Away from integer values of 2zq/m, this equals 1 + [229/7]. Exactly at a threshold
the zero-energy solution has a nondecaying exterior tail and is not an additional
square-integrable bound state.

Since E,, = h?z2/(2ma®) — Vj,

h2 _122 h222
M_%<En< nm

— W, E, <O0.

8ma? 8ma?

For a deep well and fixed low n, z, — nm/2. The upper bound becomes the hard-wall
spectrum of a box of length 2a, shifted by —Vj.
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katan(ka) _k acot(k a)

Uy (ka)?

ka

Figure 52: Even and odd square-well levels are the intersections of the transcendental
matching curves.

56.5 Normalization, tail probability, and signs

Choose the interior coefficient A real and positive. For an even state,

1= 2A2/ cos? kx dx + 232/ e 2" dg
0 a

sin2ka  cos®*ka
= A? )
{a + ok + - }
Using ktan ka = k simplifies the bracket to a + 1/k. For odd states the analogous
expression is a — sin(2ka)/(2k) + sin?(ka)/k, which simplifies to the same result.
Therefore

(56.5)

1+ ka’

K Ae"@ coska, even,
Aef*sin ka, odd.

For the nth state, the sign of B is (—1)“”_1)/ 2] under this phase convention. Its
magnitude is

Kk?
B|=e" .
Bl =e \/(/{2+/@2)(1+fm)

The exterior probability is

BQG—Qna kQ

Py = = >
’ K (k% + k2)(1 + ka)

P, =1—-Pu. (56.6)

These probabilities lie between zero and one. Weak binding increases the fraction
outside; it does not make a probability diverge.
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56.6 A shallow well and the delta-function limit
If zy < 1, only the even ground state exists. Since z < zg, ztan z = 22 + O(z%), so
qo~ 22 -2 ~0.

The positive root gives

—1+ /1 + 422
2~ + 5 + 02 zg + O(20).

z 0_

The leading z2 term cancels the well depth in the energy. The next term is essential:

B n?z; _ 2ma®Vg _ _mg®
~ 2ma? h?2 2h2’
This is exactly the attractive delta-well energy with the same integrated strength. A

narrow well with fixed area approaches that point interaction.

g = 2aVj.

56.7 A state approaching the continuum

Let zp = z. + €, where z. = N7 /2 with N > 1 and 0 < ¢ < 1. Write the newest root
as z = 2.+ 0. On the appropriate even or odd branch, the matching equation becomes

q~ 20, ¢ = (20 — 2)(20 + 2).
To leading nontrivial order,

2z.(€ — ) ~ 220°, J=r¢€— %62 +O(€).
Thus g ~ z.c and
h2q2
E=— ~ —eVj.
2ma? €

= a/q diverges as the threshold is approached. Using (56.6),

The decay length x*

P, ~ ka— 0.
Parity gives (x) = 0. The exterior contribution to the second moment is evaluated
exactly by putting x = a + y:

(@)ow = 2B% % [ (s gy
0

- 9 G 1
T\ T T e )

For completeness, its interior counterpart can also be evaluated without an ap-
proximation. Write s = 41 for even parity and s = —1 for odd parity. Since
2cos? kx = 1 + cos 2kx and 2sin® kz = 1 — cos 2kz,

(%), = AQ/ 221 + s cos(2kx)] dz
0

3 2 . .
Ty a”sin(2ka) acos(2ka)  sin(2ka)
_A{sﬂ{ ST W
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The antiderivative follows by integrating % cos(2kx) twice by parts. Together with
the exact exterior expression this gives the variance of any bound level:

(A2)2 = (120 + Pou ( Loy L) |

Kk 2K?

The interior contribution is bounded by a?P;,. Therefore

1
2
Conditioned on finding the particle outside the well, the distance y = |z| — a has
density 2xke™2% and mean 1/(2x). This makes the growing tail directly measurable.

56.8 Nondegeneracy, nodes, and a threshold example

For two square-integrable solutions of a regular one-dimensional real potential with the
same energy, the Wronskian W = ¢y, — ¢ |1)5 has derivative zero by the Schrodinger
equation. The decaying boundary conditions imply W = 0, so the solutions are
proportional. Bound levels are therefore nondegenerate under the usual separated
boundary conditions. The Sturm oscillation theorem orders them by nodes: the
ground state has none, and the nth state has n — 1 interior nodes. In a symmetric
well this makes parity alternate.

The finite-range square well has no normalizable threshold state, but slower-
decaying potentials can. To construct one, choose a nodeless normalizable function
and solve the zero-energy equation for V:

B h2 w//(x)
Y= )

For
¥(z)

1 1
~Vma /11 (z/a)?’
normalization follows from ffooo dx/(1 + 2%/a*) = ma. Direct differentiation gives
B2 92 — o2
Vig)= 22—
2m (a? + x2)?
This potential tends to zero but supports a square-integrable state right at the

threshold. More generally, writing 1 = e“(®) gives 1" /1) = u” + (u')?, a useful inverse
construction. A Gaussian choice instead produces a confining quadratic potential.

E=0.

57 Central potentials and the radial Schrodinger
equation

57.1 Rotational symmetry and orbital angular momentum

A central potential depends only on r = |x|: H = p*/(2m)+V (r). Define L; = €;j,x,py.
There is no ordering ambiguity because the antisymmetric tensor selects different
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Cartesian indices, for which z; and p, commute. The canonical commutators give
[Li, v;] = ihejray,  [Li,ps] = iheijipe,  [Li, L] = iheijpLy.

The first two identities imply [L;, z*] = [L;, p*] = 0; hence [H, L;] = 0 for a central
potential. We can diagonalize H, L?, L, simultaneously.
In spherical coordinates,

V2:£¥Mﬁ@q+T%ne%@me@) ﬂgﬁe%’
where
L? =— Sm&@g(smﬁ&g) 1112 08; , L, = —ih0,.
The angular eigenfunctions are spherical harmonics:
LY = B30+ 1) Yo, LY, = hmYy,,.
A scalar orbital wavefunction carries integer ¢ = 0,1,..., with m = —/,...,¢; half-

integer spin requires additional internal degrees of freedom.
With the Condon-Shortley phase included in P;",

20+ 1 (¢ —m)! .
BN CERT T ——

They obey
/ Vi Vim0 = Sy Z Vi (V0 () = 852 (2, ).
S2
Here d€) = sin #dfd¢, and the angular delta function is defined with this measure.

57.2 Removing the radial measure
Set (1, Q) = R(r)Yem(2). The radial equation is
n* d

S E(TQR’) + |V(r)+

R20(0+ 1)

oo | R=ER.

Define x(r) = rR(r). Since (r*R’) = ry”, the equation simplifies to

—E%WHﬂmnszMm wm:vm+ﬁﬁﬁﬁ.

s (57.1)

2mr?

The extra positive term is the centrifugal barrier. The problem is one-dimensional on
the half-line, but with an angular-momentum-dependent potential.
Normalization becomes

/|¢|2d3x:/ r2|R|2dr/|ng|2dQ:/ [x[?dr = 1.
0 0

174



Thus |x(r)|>dr is the probability in a spherical shell of thickness dr. For the standard
regular central-potential domain, x(0) = 0. A nonzero constant y(0) would make
R ~ 1/r and introduce an inadmissible singularity without a suitable point interaction.
Singular potentials and contact interactions require their own domain analysis rather
than automatic use of this condition.

A general wavefunction has the decomposition

Y(x) =) X"’;(T)Yem(ﬂ), Z/w Xem|?dr = 1.
lm lm 0

Central symmetry decouples these angular sectors. This differs from Cartesian sep-
arability: a sum of one-dimensional finite wells creates semi-infinite troughs along
coordinate directions and is not the same potential as a bounded spherical or square-
shaped well.

57.3 The infinite spherical well

Let V =0 for r < a and impose a hard wall at » = a. Inside,

(041 h2k?
—x”+—( 2 >x=k2><, E=—-—
r 2m
Its solutions are x = Arjy(kr) + Bry,(kr). Rayleigh’s formulas are
1d\"sinz 1d\"cosz
. et a A e e _
i = (25) T w = (Bg) 2
For example,
, sin z 4 sinz cosz Cos 2 cosz sinz
Jo = y 1= 2 y Yo = — y Y1 = — 5
z z z z z z

Near zero, jo(2) ~ 2¢/(20 + 1) and y,(2) ~ —(2¢ — 1)!!/2*T1. Regularity eliminates B.
The outer wall requires

jg(k’a) =0.
If z, is its nth positive zero, then

hgzg V2
—n, (1) = ————90(zpnr/a). 57.2
S o(r) a3/2|j£+1<%)’]e( 7/ a) (57.2)

The normalization follows from [ r2j,(zer/a)?dr = a®jep1(2n)? /2.
For { = 0, zo0p, = nm and xn0 = +/2/asin(nnr/a). The ground energy
is By = h?*m?/(2ma?®). The first angular sectors in increasing energy are

0,1,2,0,3,1,4,2,5,0,.... Each radial level retains its 2¢ + 1 magnetic degener-
acy, even though different radial-angular pairs generally have different energies.

Example 57.1 (Sphere versus cube). For a cube of side L, Eoupe = 37202 /(2mL?). 1f
L = 2a, the cube has 3/4 of the sphere’s ground energy; the cube also has the larger
volume. If the volumes are equal, L = (47/3)'/3a, and

Ecube o 3 =
Esphere B (4’”/3)2/3

At equal volume the sphere has the lower ground energy.

EnZ -

1.
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Jo(ak)

Figure 53: The zeros of the spherical Bessel functions determine the radial levels.

58 The Coulomb spectrum by factorization

58.1 Two-body reduction and natural scales

For V(r) = —K/r, K > 0, the hydrogenic value is K = Ze?/(4me¢) in ST units. If the
nucleus is not treated as infinitely heavy, separate the center of mass from the relative

coordinate:
MeTe + MNTN
R = , rT=7,—TnN.
Me + My

The kinetic energy becomes P?/[2(m.+my )] +p?/(2u), where i = memy /(me +my).
The internal problem therefore uses the reduced mass. In the following, m denotes

this mass.

Define

h? mK? h? 2mE

f— _7 ER p—
mK

For ordinary hydrogen, aq is approximately 5.29 x 107! m and Ex approximately
13.6 eV, with small reduced-mass corrections. The radial equation is

2n  2ma?’ T TR

(%)

& aery 2 (58.1)

dr2 72 aor

hEX =EX, he =

We seek square-integrable solutions with € < 0.
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58.2 Factorization and the lowest state at fixed angular mo-
mentum

Let A =d/dr + W(r) with real W. Integration by parts on radial functions whose
boundary term vanishes gives AT = —d/dr + W. Acting on a test function,

ATAf = (=0, + W)(f' + W)
- _ ”—W/f—Wf/—l—Wf,—l—WQf
= [0+ W?—-W'] f.

Choose 041 .
W, = — )
elr) r * (¢ + 1)ag
Then
ATAg =hy+ ¢ Cy = ; (582)
¢ ’ (04 1)2a2

Since (x, AJAex) = || Aex||? > 0, € > —¢;. Bquality is possible exactly when Ayx = 0:

X l+1 1

% r (0 + 1)ay

Integration gives

XZ+1,€<T) _ Nr£+1efr/[(f+1)ao} )

Using [;° rie~rdr = ¢! /b,

2 2r 1" e
— —r/l(t+1)ao
XE-H,E(T) - \/(6 + 1)&0(2£ + 2)| |:<£ i 1)@0:| € ) (583)

with energy E' = —FEpg/({ + 1)2. The overall ground state has

2T —Tr/a 1 —Tr/aQ
X10 = —375¢ o, o) = ——e "/, Ey = —ER.
a

0 V 77@8

The first-order equation has only one solution up to scale, establishing uniqueness of
the fixed-¢ lowest radial state.

58.3 Shape invariance and quantization of every bound energy
Reversing the factors changes the sign of W':

(+1)(0+2 2
L—lé—l———+@=mﬂ+@
T aogr

AAL = % +

Therefore

AgA}; — Cp = A};-HAZ—I-I — Cp41- (584)
This is called shape invariance: the partner operator has the same functional form
with a shifted angular-momentum parameter.

177



If hyx = ex, then
he1(Aex) = eAgx.
The norm is
[Aex? = (¢ + co)[IxII*-

An excited state in the ¢ sector has € > —c¢y, so the new state is nonzero, normalizable,
and has angular momentum ¢ + 1 at the same energy.

Repeat this operation. A fixed negative € cannot satisfy ¢ > —¢; for arbitrarily
large j, because ¢; — 0. The chain must therefore terminate at a state annihilated by
one of the A;. If its final angular momentum is j = n — 1, its energy is

1 E
E, = ——£ n=1,2.3,.... (58.5)

Ep = =t
n2’

——,
nag

The starting angular momentum satisfies 0 < ¢ < n — 1. This argument obtains the
entire allowed set of bound energies from positivity and the terminating ladder.

58.4 Descending in angular momentum and normalization
factors

For ¢ > 0, the adjoint operator AZ—1 maps an {-sector state to one with £ — 1 and the
same energy. Its squared norm factor is

t 2 e T
[Ap_ix[I” = (e + ce—)[IXII” = WHXH > 0.
Thus every £ = 0,...,n — 1 occurs. With a compatible phase convention,
N
Al Int) = F———|n, £ —1 58.6
Z—lln’ > n€a0 |n> >> ( )
n?—(L+1)2
Agln, ) = {4+ 1). 58.7
Zlnu > n(€+ 1)(10 |TL, + > ( )

The second formula follows either from its norm or by taking the adjoint matrix
element of the first with ¢ replaced by ¢ + 1.

The procedure stops at £ = 0. The formal expression A_; contains 1/(¢+ 1) and is
undefined, and a scalar orbital wavefunction does not have an ¢ = —1 angular sector.

There is one radial state for each pair (n,¢). To see this directly, map any such
state repeatedly to the unique highest-¢ state £ = n — 1. The maps have nonzero
norm factors on all intermediate sectors, so they are injective there. Two independent
states could not both map into a one-dimensional final space. Including m, the orbital
degeneracy at principal number n is

[y

(20 +1) =n
¢

Il
o

This count excludes electron spin and any relativistic corrections.
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Figure 54: Coulomb radial states of equal energy are connected by the factorization
operators.

58.5 Explicit radial polynomials and their recurrence

Set u = 2r/(nag) and write
une—u/2

2
Xne(T) = n—aofne(u), Jono1(u) = W

Substitution into (58.6) gives

fno—1(u) = \/ﬁ [n — 20 (% + é)} Fae(u). (58.8)

Every application reduces the lowest power of u by one but leaves the highest power

u™ unchanged. Hence
Fae(w) = u™ PG (u)e™ 2,

Usek=n—¢—1and a =2¢+ 1. Then

Po-2(y) = (k + o)ubg(u) — (a — 1)[u(Fy) (u) + aPg(u)] pa_ 1
kil VE+ D) E+a) - \/(aT(l)'
58.9)
The first three polynomials are
) = 1
PO ( ) \/ma
oy u—(a+1)
Biu) = Via+3)(a+ 1)l
P () = u? = 2(a+2u+ (a+1)(a+2)
2 V2(a+5)(a +2)! '
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A closed finite-sum solution is

El(a+ k) b up

a+2k+1p plp+ )

(58.10)

To verify the recurrence, insert this sum into its right-hand side and collect the
coefficient of u?. The multiplication-by-u term uses the coefficient at p — 1, while
ud, + a multiplies the coefficient at p by p + a. Putting these over the common
denominator (k + 1 — p)!p!(p + o — 2)! yields exactly the coefficient in Pk+12, the
square-root prefactor changes by \/ (k+ 1)(k + «). At k =0 the formula reduces to

the prescribed constant, completing the induction.

58.6 Laguerre form, normalization, and low states
Define generalized Laguerre polynomials by Rodrigues’ formula

u et dF

o W (ukJraefu) )

L () =

Leibniz differentiation gives

- Pk +a)
> ) o
— ( ppp+a)

SO

k!
PY = (=1) )
¢ = (=1 \/(a+k)!(a+2k+1) K

Dropping an overall state-dependent sign, the conventional normalized radial function
is

2 \*? (n—¢—1)! 2r
R — —u/2 ZL(QZ-‘Fl) — 11
ne(T) <nao> 2n(n + 6)! ¢ b ”_e_l(u)’ b nao' (58' )

The full states are 1,4, = RpeYsn. The polynomial equation follows by substitution
into (58.1):
ul” + (2042 —u)L'+(n—¢—1)L =0.

For example,

R10 = 2@53/26_T/a0,

.
2\/5 3/2
e (r/an)e e,

Ry = 2 —1/ag)e”"/2®)

Ry =
\/— 5 /7 3/2

The 2s state has one radial node, whereas the 2p state has none.
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Orthonormality is inherited from the self-adjoint radial problem and the normalized
ladders. It also gives a useful identity for the P polynomials. With p = 2r/ag and
fixed /,

R (o) P e — 2555,
0

Here n,n’ > ¢ + 1. Although the argument and exponential scale depend on n,
the identity follows immediately by inserting the normalized radial functions into

f()oo XnéXn’Zdr = 6nn’-

59 Propagators and free-particle wavepackets

59.1 The kernel of time evolution

Insert position completeness into an initial state:
|W(to)) = /ddx’\Il(a:’,to)|:c’>.
Apply U(t,ty) and project onto (x|:
U(x,t) = /ddx'K(a:,t; x' o)V (x' tg), K = (x|U(t, to)|x). (59.1)

The propagator is a position-space matrix element of the evolution operator. It
satisfies the Schrodinger equation in its first arguments and the initial condition
K(z,ty; ', 1) = 6D (x — x'). Composition of time evolution gives

K(*rl:?t;yat(]):/ddZK(w7t;z7tl)K<z7t1;yatO)'

For a time-independent Hamiltonian, write 7 =t — ¢y, and insert a complete energy
basis:

K(m,y;7) = > e My, (w)y(y), (59.2)
with integrals over continuum labels when present. A retarded Green function for
iho, — H is G = (ih)™'O(t — t))K.

59.2 The free kernel by a Gaussian integral

For the free particle, momentum completeness gives

dp ip’r ip-(x —y)
K . — —

Complete the square:

. 2 . 2
iT B m(x — y) N im|x — y|
omh |P T 2hr
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Using the Gaussian integral with a small damping factor and then taking its limit

yields
m\d4/2 im|z — y?
Ko(w,y:7) = (5 ) mEZYL) 59.3
o(@, 43 7) 2mihT P [ 2hT ( )
For positive 7, choose the branch obtained continuously from the regularized integral.
Negative times follow by Ko(x,y; —7) = Ko(y,x;7)*. The limit 7 — 0 is a delta
distribution, not an ordinary pointwise limit of the oscillating expression.

59.3 Gaussian spreading, current, and momentum uncer-
tainty

Take a normalized initial packet with variance o7 in each Cartesian coordinate:
1 2

———aexp |[——— | -

™ i

Convolution with (59.3) gives another Gaussian. Define b(t) = o3 + ihit/(2m). Before
integration, the exponent is

. 2 . 2 2 2
im Y imb(t o T
T — y|2 _ ( ) (y o O)ZB)

2ht 402 2holt b(t CAb(t)

The square here is the algebraic dot product, without complex conjugation; the shifted
center is generally complex. The original real integration contour can be shifted
because the Gaussian is entire and damped. Its integral is

imb(t) a2 \?| 4 ([ 2mihojt 42
/Rd eXp[thrgt (y maz &y = mb(t) '

Multiplying this by the kernel prefactor and initial normalization gives

U(z,t) = W (%)M exp {—4:(;} . (59.4)

The square root is continued from ¢t = 0. Taking the absolute square,

U(x,0) =

.’132

BT ) o= (QZZO)Q'

The dispersion time is tq = 2mo3/h. At long times, o(t) ~ h|t|/(2mog). A narrower
initial packet spreads faster because its momentum uncertainty is larger: Ap; = h/(200).
Momentum is conserved, so the long-time width is precisely |t|Ap;/m.

To obtain the current, differentiate the logarithm of (59.4):

et
dmiog + h22

| =

xr
V="V j = |02

For t > 0, probability flows outward from the center. The associated velocity field is
(6/0)x, which is exactly the velocity required to expand a Gaussian of width o(t).

182



59.4 A moving Gaussian and a general quadratic phase

For initial mean position &y and momentum p,

1 exp = =mo]* | ipg - (x — o)
(2mod)d/4 4o h

U(xz,0) =

Let vg = py/m. The evolved solution is
U(x,t) = ellPo@=20) w5t/ Cm)l/Iy (1 — g — vt t),

where Wy is the zero-mean packet in (59.4). The center follows (x) = x¢ + vot, while
the width evolves as before.
A complex Gaussian in one dimension can initially be written

U (x,0) = Nexp|—Ag(z — 20)? + ipo(x — x0) /A, Re Ay > 0.

Separate the translating center and its plane-wave phase, and write the remaining
packet as C(t) exp[—A(t)(z — vot — x¢)?]. Matching the quadratic and constant terms
in the free Schrodinger equation gives

The first equation integrates to A(t)~™! = Ay' + 2iAt/m; inserting it into the second
gives

A C(t

A= U

1 + 2ihAgt/m C(0)

The imaginary part of Ay is an initial position-momentum correlation. Equivalently,
the Heisenberg identity x(¢) = x(0) + p(0)t/m gives

= (1 + 2iRAgt/m) "2,

(Az(t)?* = (Ax)® + % Cov(z,p)o + ;—Z(Ap()f.

A negatively correlated packet may initially contract before spreading.

59.5 Propagator on a circle

On a circle of circumference L, the momentum labels are p,, = 2whin/L. Therefore

a1 omin(x —y) ikt (2w’
KL(x7y7t) - Lzexp[ I m ( 7 ) .

nez

Alternatively, sum the free-space kernel over winding numbers:

Kp(z,y;t) = > Kolz,y +wL;t).

WEZ
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To verify the equality directly, put X = x — y and expand the periodic image sum in
Fourier modes. Its nth coefficient is

1 [t .
ea(t) = ¢ /0 D Ko(X —wL,0;t)e X/t dx

wWEZ

1 [ .
=7 / Ko(X,0;t)e >mm X/t dX

1 it (2mn\?
In the second step, translating each interval by wlL does not change the Fourier phase,
and the translated intervals cover the real line. In the last step, the Fourier transform
of the free kernel is the free evolution phase. These are exactly the coefficients in the
spectral formula. The image representation makes periodicity explicit; the spectral

one makes the discrete energies explicit. Both reduce to the periodic delta function at
t=0.

60 Oscillator propagation, coherent states, and
squeezing

60.1 Mehler’s formula and the oscillator kernel

The normalized Hermite eigenfunctions are

mw>1/4 H,(u)e /2

Yale) = (= Yo

, u=+/mw/hz.

Their spectral sum is

2 = P H,, (w) H, :
K(l’, v t) _ @e—(u2+v2)/2—wt/2 Z P 2(1“;7)1' (U) 7 p= et
n=0 )

mh

Mehler’s formula, initially valid for |p| < 1, is

i prH,(u)Hy(v) 1 {quv — pP(u? + UZ)}
= ex .
— 2nn! V1—p? P 1—p?

Apply it with a small damping regulator, then take its boundary value. Since
1 — p? = 2ie " “'sinwt and 1 + p? = 2e7“! coswt, one obtains, for 0 < wt < T,

K(z,y;t) = (60.1)

2h sin wt

mw imw (2? + y?) coswt — 2xy
2mihsinwt

The short-time limit reproduces the free kernel.
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The square root must be followed continuously through successive intervals; using
the principal square root independently at every time loses phases. For positive
noncaustic times, put n = |wt/7]. An unambiguous equivalent prefactor is

mw
—_— —im/4 —inm/2].
27h| sin wt| exp|—im/4 —inm/2)

At t = nm/w, the kernel becomes the distribution
K(z,y;nm/w) = e_immé(:p —(=1)"y).

In particular, U(r/w) = —1P and U(27/w) = —1. Hence the propagator is antiperiodic
after one classical period, while physical rays and all expectation values return to their
initial values. The minus sign is due to the zero-point energy.

60.2 A coherent (Gaussian moving without distortion

Take an initial Gaussian centered at z, at rest, with the ground-state width o, =
V R/ (2mw):

W(z,0) = (2712)1/4 exp|—(z — 70)?/(402)].

Insert this into the kernel integral and put § = wt. Using mw/(2h) = 1/(40?), the
exponent of the integrand is

i[(x? +y?)cosO — 2zy]  (y— :170)2'

Sly) = 4o?sinf B do?
Complete the square explicitly:
el L 2
S(y) = — W [y — (z +izo sinf)e™]
(w—me™)?  iage “sind
do? do?

The integral of the first factor contributes [47ria§ sin @ e 1]'/2. Together with the kernel
prefactor this leaves the phase e~¢/2

intermediate form of the result is

e 10/2 (x — zoe™9)?2  ix2e ¥sing
—————exp|— S—
(2mo2)1/4 4o 4o

, on the branch continued from ¢ = 0. Thus an

U(z, t) =

Separating the real and imaginary parts of its exponent gives

e wi/2 (x — 29 coswt)?
V(z,t) = ——7 —
(z,t) GOk exp [ 102 1
. . t . 2 . t t
X oxp | 0 81211 wt  izdsinwtcosw (60.2)
207 4o
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The absolute square is a Gaussian of fixed width o4, with
(x(t)) = xq coswt, (p(t)) = —mwmq sin wt.

The second expression follows by differentiating the spatial phase. These are exactly
the classical oscillator trajectory and momentum. The current is j = ({p)/m)|¥|?,
translating the complete profile.

Vi

Figure 55: A coherent Gaussian follows the classical oscillator motion while retaining
its width.

For arbitrary initial (zg, pg), replace the center and momentum by

z.(t) = xocoswt + PO i wt, Pe(t) = po cos wt — mwxg sin wt.
mw

The state remains a minimum-uncertainty Gaussian. In ladder notation it is an

eigenstate of a with a = y/mw/(2h)x¢ + ipo/V2mhw, and time evolution sends

a — e @t apart from the common zero-point phase.

60.3 A squeezed packet and its breathing width

If the initial real Gaussian has width oy # oy, the center still follows the same classical
orbit, but the width changes. The Heisenberg equations give

z(t) = x(0) cos wt + r(0) sin wt,
mw

p(t) = p(0) cos wt — mwx(0) sin wt.
Initially Cov(z,p) = 0 and (Apg)? = h?/(402). Thus

h2
(A[L’(t))2 = O'g COS2 wt + m SiIl2 Wt, (603)
0
h2
(Ap(t))? = 12 cos® wt + m*w?o] sin® wt, (60.4)
90
Cov(z,p)s = ( — Mwo, ) sin wt cos wt. (60.5)
dmwo} 0
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The width oscillates at frequency 2w. At a quarter period, position and momentum
squeezing exchange roles. Although AzAp generally exceeds h/2, the full covariance
relation remains saturated:

(A (Ap)? — Covla,p)? = "=

For a zero-mean state, define b(t) = coswt +i[o? /og] sinwt. The full Gaussian solution

is
b(t)~1/? z? coswt +i(og/07) sinwt

(2mod)l/4 P _4a§coswt+i(0§/0§)sinwt '

U(z,t) =

The continuous square-root branch supplies the correct global phase. Setting og = o,
reduces this to the stationary ground-state Gaussian with phase e /2,
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Part VIII
Scattering and Resonances

61 Stationary scattering amplitudes and probabil-
ity flux

61.1 Incoming and outgoing solutions

Consider a real one-dimensional potential that vanishes outside 0 < x < L. At a
positive energy E = h?k?/(2m), k > 0, an energy eigenfunction has the exterior form

AeF* 4 Be=hz 2 < (),
P(z) = { (61.1)

Ce** 4 De= k= x> L.

The solution inside the interaction region is obtained from the Schrodinger equation
and matched at the boundaries. As a second-order ODE it has two independent
solutions: specifying the two left coefficients (A, B) determines (C, D), subject to the
usual matching conditions.

e
Sic Sl
rd o 1S

V=0 M'b\\'rw\:) Vi) V=0

Figure 56: A localized potential with free-particle regions on both sides.
With the time factor e *#¥/" understood, e travels to the right and e ** to the

left. Thus A, D are incoming amplitudes and B, C outgoing amplitudes.

61.2 The conserved current and flux normalization

A stationary density obeys 0,7 = 0, with
. h .
j=—Im(¥")).
m
In the left exterior region,

U = ik|A]® — ik| B]? 4 ik B* Ae®** — ik A*Be 't

The two cross terms have a real sum, so they do not contribute to its imaginary part.

Therefore . Lk
Jleft = E(|A|2 —|BJ), Jright = Eﬂc’? —|DP?).
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Conservation gives
|A|> +|D|> = |B* + |C*. (61.2)

The total incoming flux equals the outgoing flux. The simple squared amplitudes apply
because both asymptotic regions have the same velocity. If asymptotic potentials
differ, a transmitted probability includes the ratio of transmitted to incoming group
velocities.

For incidence only from the left, set A =1, D = 0 and define

Lo e r(k)e e <0,
Vi (@) = {t(k;)eik‘w, el (61.3)
Then
R(k) = |r(k)|?, T(k) = [t(k)|?, R(k)+T(k) =1. (61.4)

The quantities r,t are complex amplitudes; their absolute squares are reflection and
transmission probabilities. Their phases carry additional information about the motion
of wavepackets.

61.3 Recovering arbitrary incidence from one scattering solu-
tion
For real V and real k, ¥)£* is another solution. Form

,wR — 15* — T*¢£
ETT :
On the left, its right-going component cancels, leaving

1—1r? . :
Vi(z) = %e_m = te x < 0.
On the right,

wé{(m) — efikm . T_*teikx.

t*
Thus the right-incidence transmission amplitude equals ¢, while the right reflection
amplitude is rgp = —r*t/t*. A general incoming combination Awr + Dy gives
r*t

B=rA+tD, C=tA——D. (61.5)

t*

B-sm(d) o=

Its columns have unit norm and zero mutual inner product, so STS = 1. This is
unitarity expressed in the basis of incoming and outgoing channels. For a finite
nonsingular potential and k > 0, ¢ is nonzero; limiting cases with an impenetrable
barrier can be taken separately. Spatial reflection symmetry, when the origin is chosen
at the center of the potential, further equates the two reflection amplitudes.

Equivalently,
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62 Scattering of localized wavepackets

62.1 Building a packet from stationary scattering states

To interpret the stationary amplitudes, form a packet initially far to the left:
U(z,t) = N/ dk e_£2(k_kO)Q_ikzo_ihkzt/(zm)¢,f(x), (62.1)
0

where ky > 0, g < 0, kol > 1, and |z9| > ¢. In the narrow-band, far-left limit,
normalization gives N' = (¢£2/(27))'/%. Indeed, the squared modulus of the initial
Caussian integrates to |[N|?(7/¢2)v/27¢ = 1. Since the Gaussian is exponentially small
near k = 0, integrals may be extended to the whole real axis with exponentially small
error.

ko V£O
—s region

Figure 57: A narrow momentum packet approaches the localized scattering region
from the left.

At t = 0, the incoming contribution for z < 0 is proportional to

/OO o2 (k=ko)>+ik(z—20) . — ge—(a:—azo)Q/(4£2)+ik0(z—ro).

It is the desired Gaussian centered at o with position variance ¢2. If r(k) is nearly
constant over its momentum width, the reflected piece initially has the form

r (ko) ge(“%)%(ﬁw?)iko(“%) .

Its formal center is —xg > 0, outside the region x < 0 where this exterior formula
applies. Consequently it is exponentially small in the left region at the initial time.
The transmitted exterior contribution is also initially exponentially small for z > L.
The superposition therefore describes a single incoming packet rather than three
simultaneously present distant packets.

62.2 Exact free dispersion and the separated outgoing packets

The Gaussian integral underlying the time-dependent pieces is

I(Y)t) = /OO Al @0 (k—ko)>+ikY —ihk?t/(2m)
P (62.2)

_ T gikoY —ihk3t/(2m) exp |— (Y — wgt)?
A1) e |
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where 1 .
1 0
Alt) =0+ — = —.
®) * 2m’ -,
To derive it, put k = ky+q, collect the quadratic term —Ag? and linear term iq(Y —wot),
complete the square, and use [ e~ A’ qq = /7/A with Re A > 0.
The width becomes /(2 + [ht/(2mf)]2. If the collision occurs near ¢, = |zol/vo,

dispersion during the encounter is small when

2mi? T
o or approximately |k_0| <P < x%.
0

te K<

The last inequality also guarantees initial separation from the scatterer. In the leading
narrow-band approximation,

\Ijin = NI(I’ - .fo,t),
Uyer ~ N7 (ko) [ (—x — w0, 1),
\Ijtrans >~ Nt(ko)](il? — Xy, t)

After the interaction, the reflected center is —xq — vot and the transmitted center is
2o + vot. They move away from the interaction region in opposite directions.

V£0
«— regjon _—

(ko) A )

Figure 58: After scattering, the outgoing packets have reflection and transmission
amplitudes (ko) and t(ko).

Integrating the probability in each separated packet gives R(ko) and T'(ky) when
the initial packet has unit norm. More generally, a packet with nonnegligible momen-
tum width samples the weighted averages of |r(k)|* and |t(k)|? over its momentum
distribution.

62.3 Phase derivatives and time delays

To retain the leading variation in transmission amplitude, expand its logarithm near a
nonzero t(ko):

log t(k) = logt(ko) + (a + i) (k — ko) + O((k — ko)?),

where
t'(ko)
t(ko)’

t'(ko)  dargt

:R —_ .
a=ne iko)  dk |y,

£ =1Im
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The real linear term shifts the Gaussian momentum center to ko = ko + a/(2¢2). The
imaginary term replaces xg by g = 1o — 5. Thus
h o
Tirans(t) =~ o — B+ - (k‘o + 272) l.
For sufficiently narrow momentum width and times short compared with strong
dispersive reshaping, the velocity-filtering term is negligible. The packet is then shifted
backward by 3, which corresponds to the transmission delay
d dargt

m
(k) = ﬂlm@logt(k;) =h 15

The reflection calculation is identical after reversing the outgoing coordinate:

(62.3)

m d
Sy | .
7, (k) o mdk ogr(k)

These delays are measured relative to free reference propagation with the same
exterior phase convention. Near zeros or very rapid variation of an amplitude, a single
translated packet may not be a good description; filtering and distortion must then
be kept.

63 A delta scatterer and analytic continuation

63.1 Exact reflection and transmission
Let V(z) = gd(x), where g may have either sign, and define ko = mg/h?. For left
incidence,
b 4 ope=ihr <,
T) = .
V(@) {te"”, x> 0.

Continuity and the derivative jump give

L+r=t, ¢/(07) —/(07) = 2ke1(0),

SO
ik(t —1+1) = 2kot.
Using t = 1 + r, solve for

Ko —lKg ik K
rik) = ik — ko k+ikg’ k) = ik —ko k+ikg (63.1)

Hence ) )
K§ k

k% + k2’ k2 + K2
At high energy T" — 1. At low energy T" — 0 for every nonzero g, including an

attractive delta. Strong reflection is therefore not limited to a classical barrier higher
than the incident energy.
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Since
d loe ¢ 1 1
— 10 —_ —
kB TR T kting

the phase derivative is g/ (k* + k2). The same imaginary part occurs for 7. Thus

mro

RO 1) (63.2)

Tr = Tt =

A repulsive delta gives a positive delay, an attractive one a negative shift relative to
the chosen free reference.

63.2 The high-energy classical limit
At large py = hk,

m2g
T~ —=.
o
For a smooth localized potential with [V| < p2/(2m), the classical travel-time differ-
ence is
Tel = / 5 = -~ .
pg —2mV(z) Do

Expand (1 — 2)72 =1+ 2/2 + O(2?) to obtain

2
Tel & %/V(z) dz.
Do

The delta result agrees when g is identified with the integrated potential strength.
This comparison concerns the high-energy limit of a narrow potential, rather than a
literal classical trajectory through a singular delta distribution.

63.3 A pole is not automatically a bound state
The delta amplitudes have a pole at

2,2
I’ kg

om

k* = —ilio, E* = —

For g > 0, the pole lies on the negative imaginary axis. The Hamiltonian is nonnegative,
so it has no negative-energy bound state. This pole is a virtual or antibound state,
not a normalizable eigenstate. For g < 0, the pole lies on the positive imaginary axis,
with kK = —kg > 0. The associated solution is

h2k?

om’

() =vee ™, E=—

precisely the attractive delta bound state. The sign of the imaginary momentum
determines whether the exterior exponentials decay or grow.
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64 Poles, bound states, and a double-delta poten-
tial

64.1 Why upper-half-plane poles give bound states

For compactly supported sufficiently regular real potentials, the solutions and scat-
tering amplitudes can be continued in complex k. The differential equation depends
analytically on k2, even though normalization and conjugation identities require sepa-
rate attention. A generic complex-k scattering solution grows at at least one spatial
infinity and is not a physical Hilbert-space eigenvector.

Suppose a common pole occurs at k, = ik with k > 0. Divide the left-incidence
solution by ¢(k) and take the pole limit:

vh(x) _ {t(krle“m +[r(k) /t())e *, x <0,
t(k)) eikm’ x> L.

At the pole, the incoming coefficient vanishes. The limiting solution is purely outgoing
in the analytic sense:
cre™,  x <0,

cre "™, x> L.

o

Both tails decay, so it is normalizable. For a nonsingular finite interaction, a bound
state cannot vanish on an entire exterior interval: zero value and derivative at an
endpoint would force the ODE solution to vanish everywhere. This is why the physical
bound-state pole appears in both reflection and transmission, though their residues
differ.

If a pole in the upper half-plane had k = a +ib with a # 0, its outgoing tails would
still decay but its energy h?(a® — b* + 2iab)/(2m) would be nonreal. Self-adjointness
rules this out. Hence physical upper-half-plane poles lie on the positive imaginary
axis. Negative-imaginary-axis poles instead have growing tails and do not represent
bound states.

64.2 Exact amplitudes for two identical delta functions

Consider

V(e) = glo(e) + 8z = L)), ro= 3.

For a single delta write t; = k/(k +iko) and r; = —iko/(k + ikg). A wave transmitted
through both barriers may make any number of round trips between them. A round
trip contributes r#e?*L. Summing the geometric series gives
tQ

1

t=—131
202ikL
1 —ries

For reflection, include direct reflection from the first delta and every path that transmits
through it twice and reflects from the second:
12, o2k L
r=n7r+ —1 — T%eQikL‘

194



Thus

k2
t(k) = . 64.1
(%) (k +1Ko)? + KieHkL’ (64.1)
.k +iko + (k — ikg)eHkE
k)= — . 64.2
r(k) 1o (k +1ko)? + kieZkL (642)
kL ik

The lack of an overall ™" in ¢ reflects the convention that the transmitted wave is te
in the original global coordinate. The pole equation factors into two parity branches:

k= —irg(1 £ &%), (64.3)

A zero of a denominator must still be checked against its numerator; in particular, the
universal algebraic root £ = 0 is not automatically a pole of the scattering amplitudes.

64.3 Imaginary poles and the number of bound states
Put k =ik, y = kL, and A = kqL. Then

_ Yy
1+e v’

y=-M1=xe), A= (64.4)

These curves determine the imaginary-axis poles graphically.

KL

'

Figure 59: Imaginary-axis poles of the double-delta amplitudes as the coupling changes.

For attraction, let @ = —X > 0. The even branch is y = a(1 + e7¥) and always has
one positive solution. The odd branch is y = a(1 — e™¥). Near zero its right-hand side
has slope a; it has a nonzero positive solution only when a > 1. Consequently there is
one bound state for —1 < A < 0 and two for A < —1. At A = —1, the second state
is at threshold and is not square-integrable. For —1 < A < 0, the corresponding odd
pole lies on the negative imaginary axis.
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For repulsion A > 0, all imaginary poles have y < 0 and are virtual states. Let
u = —y > 0 on the plus branch. Then A = u/(1 4 e*). Its maximum occurs when

(u—1)e" = 1.
Writing W for the Lambert function, defined by W (z)e"'*) = 2, this gives
Ae = W(e ™) ~ 0.27846.

For 0 < A < A, there are two negative imaginary poles. At . they merge, and for
A > )\ they leave the imaginary axis as a resonance pair. The free case A = 0 must
be treated separately because numerator cancellations remove the interaction poles.

64.4 The infinite families of complex poles

Define x = A — ikL. Equation (64.3) becomes
xeX = +xe,

Thus, formally,

k= % [(Wa(£A) — A, n € 7Z,

with cancelled roots excluded. The infinitely many branches display the infinite
resonance families produced by repeated propagation between the two scatterers.

To obtain the graphical relation in real variables, let n = Re(kL) and £ = A +
Im(kL), so x = £ —in. The imaginary part of yeX must vanish:

Esinn +ncosn =0, & = —ncotn.

Its real part is then —ne~"7°*"/sinn. Therefore

ne—ncotn

D= : Im(kL) = —ncotn — . (64.5)

sinmn

The case n = 0 is handled by the imaginary-axis analysis above.

All poles with nonzero real part lie in the lower half-plane for this self-adjoint scat-
tering problem. Reality of the potential implies ¢(—k*) = ¢(k)* and the corresponding
relation for r, so resonances occur in pairs k = kg — iy and k = —kg — iy, v > 0.

65 Resonances, time delay, and unstable trapped
states

65.1 A narrow pole produces a Lorentzian peak

Focus on a pole k, = kr — iy with kg > 0 and small v > 0. Near it,

C1

t(k):k—kR+i~y

+ a regular background.
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Plot this:

KoL aKol +Dm(kL)

S

NVER e
-2
—4

Figure 60: The graphical construction of double-delta resonance poles. The horizontal
coordinate determines the real part of kL and the curve difference determines its
imaginary part.

If the pole term dominates and the background changes slowly,
[t
(k= kr)? + %
The complete amplitude still obeys T < 1; the residue and background are constrained
by unitarity. The phase derivative is

T(k) ~

d gl
Im —logt ~ .
BTk kp)? 2

Thus
m v m

~

k)~ — max )
k) = o (k—kp2+42 hkry

A narrow resonance has a long delay: the particle can remain near the scatterer before

(65.1)

escaping.
The complex pole energy is
h? i 2h2k Ry
E, = —(k} —4* — 2ikgy) = Eyes — =T g = : 65.2
Qm( R~ ikr) ot B E m ( )

For v < kg, the energy-space Lorentzian has full width I'y. The amplitude time
factor is e 1frest/he=TEt/(2h)  The survival probability therefore has decay time

h m
Tdecay — =~ — .
decay FE 2hkR7

For a pure isolated pole, the peak phase delay is twice this probability lifetime. Both
become large as the pole approaches the real axis.

(65.3)
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65.2 OQOutgoing resonance functions and self-adjointness

At the pole, the incoming wave disappears after suitable rescaling, and the formal
stationary solution has outgoing tails
pula) = § Cre 50 = Cpeime, a <,
()= : .
Crelf® = Cpelbrot7e, x> L.
They grow exponentially as |x| — oo. This function is not a normalizable eigenvector
of the self-adjoint Hamiltonian. Its complex energy consequently does not contradict
the reality of the Hilbert-space spectrum. It is a resonance solution with outgoing
boundary conditions, not an ordinary stationary state prepared with unit probability.

The role of the boundary is seen directly. On a finite interval [a, b], multiply the
stationary equation by ©* and integrate:

b b h2 h2
B [ ke = [ |4 VIR | de - ol

2m
Taking imaginary parts gives

_hj(b) —jla)
2 [Pyde

For a normalizable eigenfunction in the self-adjoint domain, the boundary form vanishes
as the endpoints go to infinity, so Im £ = 0. For the outgoing resonance, outward flux
and a growing exterior norm remain; the limiting argument for a normalizable state
does not apply.

There can be no nontrivial purely outgoing solution at a strictly positive real k
for a real potential with equal exterior channels. The current would be negative on
the left and positive on the right, whereas stationary current conservation requires
them to be equal. Both amplitudes would have to vanish. This rules out real positive
scattering poles; the threshold £ = 0 needs separate treatment.

(65.4)

65.3 Why the formal spatial growth has a physical interpre-
tation

Multiply the resonance function by its complex-energy time factor. On the right its
magnitude is proportional to

exp|yx — hkgyt/m| = exp[y(z — vgt)], vg = hkgr/m.

The left outgoing branch has the analogous dependence on —x — vgrt. At a fixed
location, probability decays as exp(—t/Tqecay). Farther outgoing particles were emitted
earlier. Because the trapped population was larger at earlier times, the formal outgoing
profile grows with distance.

The decay rate per surviving trapped particle is constant in the exponential regime,
but the number of surviving particles decreases. The bare outgoing solution extends
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Figure 61: The outgoing resonance profile grows with distance because distant parts
correspond to earlier emission. A physical packet supplies an outer envelope.

that history indefinitely into the past and is therefore not normalizable. A real
scattering experiment has a finite incoming packet and a finite excitation time. Its
outgoing resonance contribution must be cut off by a moving envelope. The next
calculation constructs that envelope explicitly.

66 A normalizable scattering packet near a reso-
nance

66.1 Separating the pole from the smooth background

Expand the transmission amplitude near a lower-half-plane pole:

C_1

T k—Fk,

t(k) +co+ O(k — ky).

The smooth terms produce the ordinary transmitted packet and its phase-dependent
shift. The pole contribution to the transmitted packet is

dk, x> L.

(66.1)
As before, extending the lower endpoint from zero to minus infinity is justified by
kol > 1. The pole expansion is useful when the packet samples the neighborhood
where this term controls the rapid variation.

o0 _02(L _ 2 | . T
Upoe(,t) = Ny / exp[—*(k — ko) —l-klk_(xk o) — ihk%t/(2m)]

66.2 Deriving the Gaussian-pole integral

For Re A > 0 and Im z < 0, define

)
0 q Au“+Bu

I(A,B,z)—/ —— du.

oo U—Z
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Because Im(u — z) > 0 on the real axis,

1 <
= —i/ el(U=2)5 g
U —z 0

Insert this representation and perform the Gaussian u integral:

\/>/ exp{—lzs—F(BZ_j;S)]d
il G () o

Complete the square in s. The remaining half-line Gaussian is expressed through the
complementary error function:

2 w
erfw = —/ e_”2dv, erfcw =1 — erf w.
VT Jo

For complex arguments this definition is understood by analytic continuation. The
result is

(66.2)

I(A,B,z) = —ASEBE orf [M} :

2V A

The square root is the branch with positive real part, continued from positive real A.
The lower-half-plane condition on z fixes the contour prescription and the sign in this
formula.

66.3 The exact pole packet

Set X =z —x9, A =(*+iht/(2m), and B = 20k + iX. There is also an overall
factor e **¥ from expanding the initial Gaussian. Applying (66.2) gives

Uoole(z,t) = —imN oy heko)* +Hike X—ifkSt/ 2m) o1 7 (1, ¢), (66.3)
2' 2 * X - *
Z(x.1) 102 (kv — ko) + htk /m.
2,\/0% + ikt /(2m)

The first exponential is exactly the formal outgoing resonance solution, multiplied by
the incident packet’s spectral weight at the complex pole. The error-function factor
provides the missing spatial envelope.

Choose the incident central momentum to match the resonance: kg = kg, k., =
kg — iy, and vg = hikg/m. Then

—62(k’* o kO)Q — 22727

T — Tg— URrt
Z(x,t) = y\JA() + 10 IR 66.4
(.0) = AD + (664
This form keeps all dispersive effects. In the regime Alt|/(2m) < ¢2, replace v/A by ¢

to obtain
T — xg— Urt

Z(x,t) ~ by + 57
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For real z > 1, erfcz is exponentially small; for 2 < —1 it is approximately two.
Define the moving front
x1(t) = w0 + vRt — 2077, (66.5)

Away from a transition region of width of order ¢,

_zﬁwc_leéz'ﬂ—i—ik*(x—xo)—ihkft/@m)’ L<uzx § l’l(t),

Loote(:1) = {0, xr 2 xi(t).

Behind the front, the pole wave has the exponentially decaying time behavior of the
trapped state. Ahead of it, the error-function envelope suppresses the unphysical
growing tail. When z;(t) < L, this outgoing resonance region has not yet emerged on
the transmitted side.

The exact integral (66.1) is a superposition with Gaussian momentum weighting
and no real-axis singularity because Imk, < 0. It is therefore compatible with a
normalizable wavepacket. The full scattering state also contains the incident, reflected,
and smooth transmitted pieces, whose interference describes formation and decay of
the trapped component. The resonant eigenfunction is thus a useful intermediate
description of a physical time-dependent process, even though that eigenfunction by
itself is not a normalizable stationary state.
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Part IX
Approximation Methods

67 The variational method

Exactly solvable Hamiltonians are useful both as physical models and as starting
points for approximations. Three approaches will be developed here. The variational
method bounds energies by optimizing trial states. Perturbation theory expands
about a solvable Hamiltonian. The WKB method uses the slow spatial variation of
the local classical momentum. Their assumptions differ, and their answers should be
interpreted accordingly: a variational energy is an upper bound, whereas a truncated
perturbative or semiclassical expression need not bound the exact answer.

67.1 The ground-state energy as a minimum

Suppose that H is self-adjoint and bounded below, and that its lowest energy is Ej.

For any nonzero trial state in the domain of H, define the Rayleigh quotient

EY] = (WIH]) (67.1)

CEEON

In a discrete orthonormal energy basis, 1)) = > ¢,|n), this is

_ SalalBy e Sl (B — )
Zn |Cn|2 Zn ‘CTLP

The same argument uses a spectral integral when continuous spectrum is present: the
spectral measure is nonnegative and supported at energies at least Ej.

A parameterized trial family ¢ (z;aq,...,q,) converts an infinite-dimensional
minimization into an ordinary one. Every member gives an upper bound, so the
smallest value within the family is its best energy bound. An overall nonzero multiplier
of ¢ has no effect on (67.1). Normalizing the trial states is convenient, but unnecessary
if the denominator is retained.

Y] > F. (67.2)

67.2 A Gaussian trial state for the quartic oscillator

Consider )
H=2"1 )t  r>o. (67.3)
2m
There is no harmonic term. Choose the normalized even Gaussian
- v r>0 67.4
¢[($) = Wexp —@ s > U. ( . )

Its probability distribution has variance £2. Gaussian integration gives

(x%) = 12, (z*) = 30*.
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For the kinetic energy, differentiation yields

T ” x? 1
2/}2 = _ﬁwﬁ ¢ = ( - _) 77b€'

Consequently,

2 2 2 2
PN P () Ly h
<2m> - 2m (464 2122) - 8m?’ (67.5)

2
&0 =i

+3AC% (67.6)

A narrow wavefunction lowers the potential energy but raises the kinetic energy. The
optimum balances these two effects:

d€ h2 B2\
— = 1203 = = :
- ame A =0 Lo (48m/\)

Substitution gives

3 4/3 pa/3)\1/3 BA/3)\1/3
> (67.7)

EO S gmin = (Z_l —m2/3 ~ (.6814 —m2/3

The numerical ground-state coefficient is approximately 0.6680, so this one-parameter
trial state already gives a fairly accurate energy. The combination A*¥3\Y/3m=2/3 ig
fixed by dimensions; the nontrivial output is the dimensionless coefficient.

67.3 Why an approximate state can give a better energy

Let |0) be a normalized ground state and let |¢) be a normalized orthogonal state.
Write a nearby normalized trial state as

0) + €l¢)
1+ e

Because H|0) = Ey|0) and H is self-adjoint, (0|H|¢) = (¢|H|0) = 0. Therefore

) = (0]¢)=0.

|e®

((¢|H|¢) — Eo). (67.8)

The state error begins at order €, but its energy error begins at order |e[*>. This
stationarity of the Rayleigh quotient explains why energy estimates are often more
accurate than the trial wavefunctions that produce them. It does not imply comparable
accuracy for every observable.
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67.4 Excited-state bounds and parity

If a trial state is orthogonal to the first 7 exact energy eigenstates, its expansion starts
at F,, and the same weighted-average argument gives €[] > E,. Orthogonality is
essential: minimizing over unrestricted states returns the ground state.

Symmetry can enforce the needed orthogonality without knowing the ground
wavefunction. For a one-dimensional even confining potential, the nondegenerate
ground state is even, whereas the lowest odd state is the first excited state. For the
quartic oscillator choose

1 =z z?
odd o
Its normalization follows from (z?),, = (2. For the potential term,

<376>w 4

Differentiating (67.9), or integrating h2[¢'|?/(2m), gives

p2 B B2 . 22 2 B 352
2m ) pqq  2mL> 2¢) 1, o 8me
4

<x4>odd -

Thus
3h2
Laa(l) = 1504 1
Eoa() = 575 + 15ALY, (67.10)
w h2 1/6

¢dd — 67.11
opt (80mA> ’ ( )

9 5l/3 pa/3)\1/3 BA/3\1/3
E1 S godd,min == WW ~ 2424 W (6712)

The numerical coefficient is approximately 2.394, about 1.3% below this bound. The
odd trial function has the required node at the origin.

68 Nondegenerate stationary perturbation theory
Consider a Hamiltonian

H=Hy+eH,,  Hyn'”) =EDnO) (68.1)

The parameter € keeps track of orders; after the calculation it can be set to one if its
smallness has been included in H;. We first assume the unperturbed level of interest
is isolated and nondegenerate. Small denominators signal the need to reconsider this
assumption.
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Figure 62: An odd Gaussian trial wavefunction for the first excited state of an even
potential.

68.1 Intermediate normalization and two exact equations

Let |n) be the exact eigenstate continuously associated with [n(?)). As long as their
overlap is nonzero, its scale and phase can be chosen so that

(n® | n) = 1. (68.2)
This is intermediate normalization; it does not set (n | n) = 1. Write
In) = [n©) + |na), (n® | np) =0, E,=E" + A,.
The exact eigenvalue equation becomes
(B — Hy)|na) = (eHy, — A,)|n). (68.3)
Multiplication by (n(®)| gives the exact energy relation

A, = e(nOH|n). (68.4)

To extract the orthogonal component of the state, the zero eigenvalue of Eflo) — H,
must be treated carefully.

68.2 The pseudoinverse and the reduced resolvent
For a normal operator with spectral decomposition N = . A;j) (j[, define its spectral
pseudoinverse by
Nt =3 5l
2;#0

The symbol 4+ here denotes the pseudoinverse, not the Hermitian adjoint. If Il
projects onto the null space, then

NTN=NNT=1-Tl.

Thus applying N* to N|z) = |y) determines the component of |x) outside the null
space. A component in the null space remains undetermined. For the self-adjoint
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operators used here, the solvability condition is that the source have zero projection
onto the null space.
Define the reduced resolvent

O} ()
R, = (E® — fm 2)m | 68.5
7 g = 3 555

m#n

It annihilates [n(?)), and Rn(Ey(LO) — Hy) =1 — [nO)y(n®]. Applying it to (68.3) yields
Ina) = Ry(eHy — Ay)|n). (68.6)

Equations (68.4) and (68.6) are an exact coupled formulation of the eigenvalue problem

near the chosen state.

68.3 Expansion and recursion

Expand
E, = E7(10) + EES) + €2E7(12) 4 (68.7)
n) = [©) + eln D)+ @)+, @O | a®) =0 (k> 1),

Substituting in the exact equations and comparing powers of € gives

E® = (nO|Hy o) (k> 1), (63.9)
and
n) = Ry | Hiln® ) = 37 ED )] (68.10)

The term with j = k& would be proportional to |n(?)) and is annihilated by R,. In
particular,

B = (O Hy|n©®), (68.11)
nV) = R, Hy|n)), (68.12)
E® = (n")|H,R,H|n"), (68.13)
n®) = R,(Hy — EV) R, Hi ). (68.14)

In the unperturbed energy basis these formulas read

(0) (0)
1y _ (mO|Hy|n®)
[n'") = % WW ) (68.15)
H
EP =% [(m | i 5 i (68.16)
m#n E

For the ground state all denominators in the second-order energy are negative, so
E((]Q) < 0. For an excited state, levels above and below it contribute with opposite
signs.
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A necessary practical smallness condition is that the mixing coefficients
e(m© | H, [n(©)
EY — B

be small for states coupled appreciably to |n(?)). The overall size of a matrix element
alone is insufficient; the energy separation matters.
Intermediate-normalized states can be converted to unit norm at the end. To
second order,
(n|n) =1+ nM) 4+ 0(,

so the normalized state acquires the additional component —2e*(n") | n)|n(?)). This
component is a normalization effect, not additional mixing.

68.4 A longitudinal perturbation of a two-state system
Let
HO = <0y, Hl = <0, EO > 07 |E1| < E07

and absorb the bookkeeping parameter into F;. The unperturbed states |1), |{) have
energies Ey/2, —FEy/2. The first-order shifts are

m _ I m_ I
ET —_— 77 Ei —_— _7.
For example,
1
Ry = EM (41, RyH,|T) = 0.
0

There is no state mixing and all higher energy shifts vanish. Indeed, H = (Ey+ FE1)o,/2
is diagonal in the same basis and has the exact energies £(Ey + E1)/2.

68.5 A transverse perturbation and exact comparison

Now take ) E,
H = 7@ + ?O'x.
The diagonal matrix elements of H; vanish, while (| |H;| 1) = F1/2. Hence
BV =B" =0, (68.17)
2 = 4E_E%0’ EP = —%, (68.18)
E E
1) = 35 R TALLS (68.19)

Diagonalizing the 2 x 2 matrix directly gives

E, = il,/b? + FE} =&+ o + B + O(E}/EY)
TV T 2 ' 4E, Vel )
This agrees with perturbation theory.
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Exercise 68.1 (Exact eigenvectors and their expansion). Compare the exact eigen-
vectors with the perturbative state correction.

Define 6 by

E E
cosf = ———2 sinf = !

VE +E? VE + B

taking the branch with § — 0 as E; — 0. Normalized eigenvectors are
0 0 0 0
[+) =cos o) +singl), =)= —sing|t) +cos ).

With n = E;/Ey, their expansions are
2
[+ = (1= 1+ 21 + oo
2
)=+ (1= ) o + oo

Dividing the first by cos(6/2) gives its intermediate-normalized form |1) + tan(6/2)|]).
The first-order coefficient is /2, exactly as obtained from (68.15).

68.6 The anharmonic oscillator

Take )
1
H=2" 4 “mw?e? + \a* = Hy + H,. (68.20)
2m 2
Writing
i (a+ al) Hy = he (ata + -
€T = a a = nw a' a -
2mw ’ 0 2
gives

2mw

EW = ) <i)2 (n|(a + a')*|n).

For the ground state,
(a+a")?[0) = |0) + V2[2).

Since (a + af)? is Hermitian,
(0l(a + a"*0) = |[(a+a?O)||* = 1+2 = 3.

Equivalently, commuting each annihilation operator to the right in the fourth power
leaves three vacuum contractions. The needed commutations follow from aa’ = afa+ 1:
for example (0|a?(a’)?|0) = 2 and (0|aa’aa’|0) = 1, while the other surviving-order
possibilities either vanish against the vacuum or reduce to these terms. Therefore

i o2
E, = — _ 21
0 5 + 3\ <2mw) + (68 )
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Exercise 68.2 (The shift of an arbitrary oscillator level). Compute (n|z*|n) and
determine when the first-order energy shift becomes comparable to the unperturbed
energy.

Apply the square of a + a' first:
(a+a")?n) = /n(n — 1)jn —2) + (2n + 1)|n) (68.22)

+/(n+1)(n+2)n+2).

The squared norm is
n(n—1)+ (2n+1)>+ (n+1)(n+2) = 6n* + 6n + 3.
Consequently,

h 2
O _ 2 , 2
(1) — ) <2mw) (6n2 + 6n + 3) (68.23)

At large n, comparison with EY ~ nhw gives
By 3\hn

ET(ZO) T 29m2w3’

The correction becomes order one when n ~ 2m?w?®/(3\h). Thus a perturbation
that is small for low states need not be small throughout the spectrum. The same
conclusion follows from the oscillator size (2%), = (n+3)h/(mw): sufficiently energetic
states explore positions where A\z* competes with the quadratic term.

For A > 0, evaluating the full Hamiltonian in the unperturbed ground state
gives precisely the first two terms displayed in (68.21). The variational principle
therefore makes this particular truncation a ground-state upper bound. More generally,
whenever the full Hamiltonian is bounded below and the unperturbed ground state is
an admissible trial vector,

Ey(H) < (091H|0)Y) = B 4 BV,

Thus the ground-state energy truncated after first order is a variational upper bound,
irrespective of convergence of the perturbation series. A generic higher-order truncation
does not have this property.

68.7 Analyticity is a separate question

If an eigenvalue is analytic in the perturbation parameter, the perturbation series is
its Taylor series. The formal recursion alone does not prove analyticity or convergence.
The quartic oscillator illustrates why this matters. For A < 0, the potential tends to
—00 as |z| = 0o, and there is no ground-state energy bounded below. A harmonic-
looking central well can support metastable resonances, but these are described by
outgoing boundary conditions and complex resonance energies rather than normalizable
ground-state eigenvectors.

Even for positive A\, the perturbation is not uniformly small in position: the
quartic term eventually dominates the quadratic term at large |x|. Useful perturbative
information can therefore exist without an ordinary convergent Taylor expansion
around A = 0.
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69 Asymptotic expansions

69.1 The meaning of an asymptotic series

A function has the asymptotic expansion
[o¢]
flx) ~ Z " (x — 01)
n=0

if, for each fixed integer N > 0,

N
z—0t v

=0. (69.1)

The limit is taken with N fixed. It makes no claim that the infinite sum converges
at a nonzero value of z. Taylor expansions of sufficiently regular functions provide
familiar examples, but the definition also includes divergent series. The direction of
approach, such as  — 07 rather than  — 07, is part of the statement.

At large z one often uses inverse powers: f(x) ~ ag + ai/x + az/x* + ---. More
generally, let {g,(x)} be an asymptotic scale satisfying g,.1(x)/gn(z) — 0 in the
specified limit. Then

(@) ~ > auga(a)

n=0
means that the remainder after gy is o(gy). Powers are only one possible scale;
logarithms, exponentials, and products of these also arise.

69.2 Stirling’s expansion and optimal truncation

For large positive x, the gamma function has the expansion

1 1 1 139
[(z) ~ V2ra™ 3¢ (1 - ). 69.2
(z) e ( T 1or T 2882 T 51Ra0a8 ) (692)

It is useful to divide out the rapidly varying leading factor:
['(x)e”
VoratT:

The first approximations are 1, 1+ 1/(12x), and 1 + 1/(12z) + 1/(288z?). Each
additional fixed-order approximation becomes more accurate in its appropriate large-x
limit.

For comparison, the rational function

fx) =

R S S S (69.3)
1422 2 xt ab ’

g9(z)

has a geometric expansion convergent for |z| > 1. At x = 2, adding terms in this geo-
metric series improves the result indefinitely. At the same fixed argument, sufficiently
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Figure 63: The scaled gamma function and successive low-order Stirling approximations.
The asymptotic regime is large positive x.
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Figure 64: Errors of successive truncations at a fixed argument: the convergent
geometric series continues to improve, whereas the asymptotic Stirling series has an
optimal truncation order.
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high-order Stirling terms eventually worsen the approximation: its coefficients grow
so rapidly that the terms cease to decrease.

The distinction is between two limits. In an asymptotic statement, x approaches
the expansion limit at fixed N. In a convergence statement, N — oo at fixed =x.
For a divergent asymptotic series, one usually stops near the smallest term. As the
parameter approaches the asymptotic limit, the useful truncation order generally
increases. These properties explain how perturbation theory can be quantitatively
valuable even when summing arbitrarily many terms would not converge.

70 Degenerate perturbation theory

70.1 Choosing the zeroth-order state

Suppose E© is a degenerate eigenvalue of Hy, and let P, project onto its entire
eigenspace. Write ()9 = 1 — Fy. A perturbation generally selects particular linear
combinations within this eigenspace. Therefore the zeroth-order vector cannot be
chosen arbitrarily and then kept fixed.

Let [¢(©) € ran Py be the leading state, with

) = 1) + efp@) + W)+ E= B0+ BV + EED 4

Choose (@ | ¥) = 1. Set A = E — E(® and define

(0) (0)
_ (0 + _ [m'™) (m™|
Ry=(F Hy)" = E —E<0) —EO (70.1)

EW#E©)

The sum excludes the whole degenerate eigenspace, not just one chosen basis vector.
The full Schrodinger equation is equivalent to

Po(eH1 — A)[y) =0, (70.2)
QolY) = Ro(eHy — A)|1). (70.3)

The first is the condition in the null space of E©® — Hy; the second solves the
complementary equation. Together they recover the full equation.
At first order, (70.2) gives

D@ = EM|y), D, = P,H, P,. (70.4)

d

Thus one diagonalizes H; restricted to the degenerate eigenspace. If {|a(0)) ¢— 1s any

orthonormal basis of that space, the finite matrix is
(D1)ag = (a©1H,|5).

Its eigenvalues are the first-order shifts, and its eigenvectors specify the zeroth-order
combinations that evolve into perturbed energy states.
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70.2 Second-order splitting of residual degeneracy

The complementary equation first gives

Qo) = RoHy|p?). (70.5)

It does not determine Py|y)(")). Intermediate normalization only requires orthogonality
to the single vector 1)), so mixing into other vectors of ran P, is still allowed.
At second order, projection onto the original eigenspace yields

Po(Hy — EO)[p0) = E®[30).
Substitute (70.5) and define A = PyH;RoH1P,. The result is
(D1 — EOR) Ry + Ap©) = B ), (70.6)
Let P, project onto the eigenspace of D; with eigenvalue E® inside ran Py. Then
PyP, =P Py=P, P(D —EYR)=0.
Applying P; to (70.6) gives
Do|p@y = E@p©) Dy = P H,RyH, P,. (70.7)

If the first-order correction leaves a degeneracy, Dy must be diagonalized within the
remaining subspace. In an orthonormal basis {|a)} C ran P, its matrix is

(Do)=Y (al H ) ' Hy ) (70.8)
) EW#E© EO) — By

The intermediate states lie outside the original degenerate eigenspace.
If P, has rank one, its only normalized vector, up to phase, is [¢)(%)). There is then
no further diagonalization, and

E® = (O H,RyH, |p©)). (70.9)

This resembles the nondegenerate formula, but the state and the excluded subspace
have first been chosen by degenerate perturbation theory.

70.3 The first-order state within the original eigenspace

Define the restricted pseudoinverse

S1 = (EWPy — Dy)}

ran Py’

extended by zero on ran Q). If |b) are eigenvectors of Dy with first-order eigenvalues

EWM it is o
S= % o



Rearranging (70.6) and applying S; gives
(Py — P)[v™) = SiHy RoHy [¢©). (70.10)
Consequently, the full first-order correction is
[00) = RoHy [y ©) + S1Hy RoHy[v©) + Py[op™M). (70.11)

If P; is one-dimensional, intermediate normalization sets the last term to zero. If it
is still degenerate, its component orthogonal to [4)(?)) is determined by higher-order
equations. In particular, if the degeneracy is first lifted at second order, determining
that part of the first-order state generally requires the third-order equations. It cannot
in general be discarded merely because it lies in the original degenerate space.

For a nondegenerate first-order branch a, the internal contribution can also be
written

<b’H1ROH1’G>

Py — PV =
( 0 1)| > Z Eél)—E,EI)

b#a
Here the sum is over different first-order branches in the same unperturbed eigenspace.
This makes the sign and the first-order energy denominator explicit.

1b).

70.4 A practical sequence of calculations

1. Find the degenerate eigenspace of Hy, its projector Fy, and the reduced resolvent
Ry excluding that entire eigenspace.

2. Diagonalize D, = PyH,F, to find all first-order shifts and the corresponding
subspaces P;.

3. Within each remaining degenerate first-order subspace, diagonalize D, =
P H{RyH, P;. This chooses the leading vectors at second order.

4. Compute mixing outside the original eigenspace using Qo|¢V) = RyH,[)©®).

5. Compute mixing between distinct first-order branches using (70.10); if degeneracy
remains, use higher-order solvability equations for the unresolved component.

A conserved symmetry can make these steps easier. If both Hy and H; commute
with a symmetry operator, different symmetry sectors do not mix. Degenerate levels
in different sectors can then be treated separately. The reason is a vanishing matrix
element enforced by symmetry, rather than an assumption that arbitrary vectors in a
degenerate eigenspace remain eigenstates.

71 'Two coupled harmonic oscillators

71.1 Degeneracy and the oscillator symmetry

Consider

2 | .2
2y 1
_ Ty + —mw?(z® + 9?), H, = Axy, (71.1)

H,
0 om 2
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with |A| < mw?. The bookkeeping parameter is included in A. Product states
|n, ny) have unperturbed energies
0
EY, = hw(ng +ny, +1).
At fixed N = n, + n,, there are N + 1 states. Rotations of the x,y plane give an
evident SO(2) symmetry. The equal-frequency oscillator also has a larger symmetry:
if a = (agz,a,)", then
Hy = hw(a'a + 1)

is invariant under a — Ua for U € U(2). The nontrivial SU(2) part is generated by

1
J, = 5(@1% — azay), J, = a;ay, J_ = a;ax.
They obey [J,, Jo] = +Jx, [Jy, J_| = 2J,, commute with N, and act within a fixed
energy eigenspace. At total occupation N, the magnetic quantum number runs from
—N/2 to N/2, so the representation has j = N/2 and dimension 2j +1 = N + 1.

The perturbation is

hA
Hy = g(as +al)(ay +a),  g=5—

= ) 1.2
2mw (7 )

It changes each occupation number by one, with either sign when allowed. Its diagonal
matrix elements in the product basis vanish.

71.2 First-order splitting of the first excited level

The ground state |0,0) is nondegenerate. The first excited energy 2hw has basis
|1,0),]0,1). Restricted to that space,

D, - ((1,0|H1|1,O) <1,0\H1\0,1>) _, (0 1) |

o0 01]m]01)) =91 o
Thus 11,0) % [0, 1) hA
£y = #, Eil) = 4g= im. (71.3)

The perturbation selects symmetric and antisymmetric combinations. Applying the
nondegenerate formula directly to |1,0) would instead encounter a zero denominator
associated with [0, 1).

71.3 Second-order energy shifts
Because the first-order branches are nondegenerate for A # 0,

g0 — Y e m O]
2hw — hw(ng, +ny, + 1)

Ng+ny#1

215



LRy -

= A

Figure 65: The first excited oscillator doublet splits at first order into symmetric and
antisymmetric combinations.

To find the nonzero terms, apply the perturbation before taking overlaps:

Hi(1,0) = ¢(]0,1) + V2|2,1)), (71.4)
H,10,1) = g(]1,0) + v2|1,2)). (71.5)

The components |0,1) and |1,0) lie inside the original degenerate space and are
excluded by Ry. Outside it,

QoHi £y = g(|2,1) £1,2)).

Both intermediate states have energy 4hw. Therefore

24 2 e HA2
g _9 -7 = 1.
* —2hw hw 4m2w3 (71.6)
The same negative shift is added to both first-order branches:
hA hA?
EL =2hw+ + e (71.7)

2mw  4m2w3

The second-order effective matrix on the original doublet is proportional to the
identity. Hence there is no first-order internal mixing between |+(©) and |—©)), while
the external correction is

Ql+W) = —52-(12,1) % 1,2)).

For completeness, the ground state couples only to |1,1): H;|0,0) = g|1,1). Its
first-order shift vanishes and its second-order shift is

&8 hw — 3hw 8m2w3’

(71.8)
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Figure 66: The two first-order branches receive the same second-order downward
displacement.

71.4 Exact normal modes and perturbative comparison
Introduce an orthogonal change of coordinates and momenta,

Tty -y _ Pty _ PPy

U:—, UZ_? u y  Mv T .
NG V2 =" T A

Since 2 + y* = u? + v? and 2y = (u? — v?)/2, the full Hamiltonian becomes

2 1 2 1 A A
H = p—u + —mwiu2 + p_v + —mwin, Wy = w? + —, Wy = w? — —. (719)
2m 2 2m = 2 V m V m

Both modes are stable when |A| < mw?. The exact energy spectrum is

1 1
B, = (43 ) s (3.

At A =0, the states |1,,0,) and |0,, 1) reduce to the symmetric and antisymmetric
combinations in (71.3). Expanding

A A? A3
Fup = ¢ [ 2mw?  8miw? o (m3w6 )}

1 A A?
Eip= ghwu + ihwv = 2hw + f f

gives

2mw  4m2w3 T
1 3 hA hA?
Eyy = §ﬁwu + éhwv = 2hw —

2mw  Am2wd
The exact ground-state energy similarly gives

hA?

8m2w3

i_L(wu + wy) = hw

5 _|_7

confirming (71.8).
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72 The semiclassical WKB expansion

72.1 A local momentum and the phase equation
For a particle in one dimension, the time-independent Schrodinger equation can be
written )
0@+ B @) =0, pla)? = 2m(B - V() (12.)
x s x) =0, p(x)” =2m x)]. .
For constant positive p, its solutions are plane waves exp(tipz/h). If p varies slowly,

one expects waves whose local phase gradient is approximately +p/#.
Write

vlo) = (370,

where W can be complex so that its imaginary part describes amplitude variation.
Differentiating twice gives

" : N2
w_ — lwl/ (W)

vk h2

The Schrodinger equation is therefore equivalent to the Riccati equation
(W2 —ihW" = p?. (72.2)

The WKB method, named for Wentzel, Kramers, and Brillouin, solves this equation
as a semiclassical expansion.

72.2 Leading phase, amplitude, and the next correction

Expand W = Wy + AW, + R?W; + - - - . Equating successive powers of /i in (72.2) gives

(Wo)? = p, (72.3)
2WW, = Wy, (72.4)
QW Wy + (W])? = iWy. (72.5)

Let s = =1 denote the direction of the leading wave. Then

Wy=sp, Wy= s/ p(y) dy,
up to an irrelevant constant. The next equation gives

Wi =-=—, leélogp.

$ol) ~ —exp (E [ v dy) | (726)
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The factor p~'/2 is essential. Its squared magnitude scales as the time a classical
particle spends in a given interval, since v = p/m. A single traveling component has
current

3|CS|2

m

. h .
m
to this order, independent of position.

Exercise 72.1 (The second phase correction). Find W5 and identify the first correction

beyond the p~/? amplitude.
Using
i p/I p12 9 p/2
W// — A Wl _ _ £
1 2 (p p2 ) ( 1) 4p2
in the last equation of (72.5) gives
p// 3p/2
2spWy = —— .
spWy % + 12
Hence
. p// 3p/2
W2 =S (_4_192 + 8p3 s (727)
Pl / “p(y)?
Wy=—s|-—5+ = dy| . 72.8
T [4192 s (728)

The integration uses (p'/p?) = p"/p* — 2p”/p®. The exponent through this order is

iw s [* 1 I 1 [Fp?
2 pdy— Zlogp—sin |+ 2 [ Edyl 4+ 2.
- h/py 5 logp — si {4p2+8/ 5 4|+ (72.9)

72.3 Validity and turning points

The leading hierarchy requires the momentum to vary little over a reduced local
wavelength //|p|:

h /
p—]; <1. (72.10)
Since p’ = —mV’/p, this becomes
(V)2 < 8m|E — V|°. (72.11)

Higher derivatives must also be controlled. Direct substitution of (72.6) into (72.1)
leaves a relative residual

W R, 3

Vs 4p? 2p

For a slowly varying smooth potential, its magnitude is small relative to p?/h*. This
gives a useful direct check on an approximate solution.
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In a classically forbidden region, define a positive real quantity

k(x) = /2m[V(z) — E].
The continuation p = ik turns oscillation into exponential behavior:

Cr trmmayy C= dyreay (72.12)
rk(z) k()

At a turning point xy where V(z9) = E, both p and k vanish. The WKB amplitude
diverges and (72.11) fails. A separate local solution is needed to connect the two
regions.

72.4 Counterpropagating waves and the phase around a well

Within a classically allowed well, a bound-state wavefunction contains both right-
moving and left-moving components. Reflection at each turning point converts one
into the other.

NS —

NN

Figure 67: Counterpropagating semiclassical waves in a potential well. Reflection at
the turning points closes the classical orbit.

Ignoring the reflection phases for a moment, consistency after a complete round

trip would suggest
21 [*2 2
exp <—/ pdx) =1, / pdx = nwh.
h T 1

This is the motivation for action quantization, often written f pdx = nh with h = 27h.
A smooth turning point contributes an additional phase, however. The missing phases
are responsible for the half-integer shift in the correct two-turning-point rule. They
must be derived by matching to a nonsingular local solution.
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73 Turning points, Airy functions, and bound-state
quantization

73.1 Reduction to the Airy equation

Consider a simple right turning point xy with V(xzy) = E and F = V'(z) > 0.
Sufficiently close to it,

V(z) = E+ F(x — x0) + O((z — 70)?).

The linearized Schrodinger equation is

o
Introduce 13
2mF
z = a(r — xg), a= ( 7;;2 ) : (73.1)
Then
d?y ) .
el 2, Y = AAi(z) + BBi(2). (73.2)

The Airy functions are finite at z = 0. Their large-|z| forms overlap with WKB in a
region sufficiently far from the turning point for WKB to apply but sufficiently close
that linearizing the potential remains accurate.

Fsvbiddean

Allowed region vegion

X =Xo

Figure 68: A simple turning point with V’(z¢) > 0: the classically allowed region is
on the left and the forbidden region is on the right.

For s,z > 0 and large,

. 1 . (2 s
Al(—S) ~ W Sin <§SS/2 + Z) R (733)
. 1 2 . i
Bl(—S) ~ W COs (583/2 + Z) ) (734)
. 1 2
Ai(z) ~ SN exp <—§,33/2> : (73.5)
1 2
Bi(z) ~ ———exp [ =2%2% ). (73.6)
V24 (3

Both the phase 7/4 and the factor of two in the decaying solution are needed in the
connection formulas.
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Figure 69: The Airy functions oscillate for negative argument. For positive argument,
Ai decays and Bi grows.

73.2 Deriving the connection at a right turning point

Define positive action distances from the turning point:

)= /“p(y)dy (@<a0).  Z)=; /‘rm(y)dy (x> x0).

xo
For the linearized potential, these integrals are § = 2(—2)*? and Z = 22%/2. Also
p=hav—z (2<0), k=havz (2>0).
Thus |z|~/* differs from p~'/? or kK~ /2 by the same constant (ha)'/? on each side.
Matching the Airy asymptotics term by term gives

c _, 2C T

ﬁe < ﬁ Sin (9 -+ Z) , (737)
D , D i

ﬁe <—— % COS (0 + Z) . (738)

Here the forbidden expression is on the right of the turning point and the oscillatory
expression is on the left. The arrows specify the asymptotic forms of the same local
solution; they are not propagation in time.

Exercise 73.1 (Matching all coefficients). Starting from A Ai(z) + B Bi(z), recover
the two connection formulas, including the relative factor two.

On the forbidden side, the coefficient of e=%/\/k is A(ha)'/?/(2y/7), whereas
the coefficient of e?/\/k is B(ha)'/?/y/x. On the allowed side, the sine and cosine
coefficients are respectively A(ha)'/?/\/7 and B(ha)'/?/\/m. Their ratios give (73.7)
and (73.8) directly.
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73.3 A left turning point and signed action conventions

For V'(z¢) < 0, the forbidden region is on the left and the allowed region is on
the right. Reverse the local coordinate, or repeat the Airy reduction with z =
(2m|V'|/?)Y3(zy — x). With

1 [*o 1 [*
Zp(r) = ﬁ/ kdy, Or(x) = ﬁ/ pdy,
x o

both positive in their respective regions, the formulas become

C 5 2C . T
ﬁe — % Sin (0]{ + Z) , (739)
D , D ™
—=e“t — — . 1
\/Ee e 7 cos (93 + 4) (73.10)

The decaying exponential again has twice its coefficient in the allowed sine wave.

vegiom allowed region

X =¥o

Figure 70: A left turning point, with V'(zg) < 0. Its matching formulas follow by
reflecting the right-turning-point problem.

For calculations with several turning points it is helpful to use actions whose
derivatives are always positive:

e = [ v K@) =1 [ sy (13.11)
The first is defined in the relevant allowed interval and the second in the relevant
forbidden interval. They can be negative to the left of their reference point, although
I! =p/h>0and K! =/l > 0. Absorb a common factor v/% into coefficients so that
amplitudes are written 1/,/I/ and 1//K..
At a turning point with positive slope, the connection formulas are then

cos(l +m/4) e N

1! 2/K!’
sin(l; +7/4) ki

I VE!
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Indeed, the positive allowed distance is § = —1I;, and sin(—1; + w/4) = cos(I; + 7 /4).
At a negative-slope turning point, the corresponding formulas are

cos(l; +m/4) el

I VE!

sin(l; +7/4) M
I/ 2/K!'

Here K; < 0 on the forbidden side, so e’ is the decaying solution. These signed forms
will make scattering and resonance calculations compact.

(73.14)

(73.15)

73.4 Action differences and classical travel times
For two turning points bounding an allowed interval, define
1 [%(E)
I;(E) = —/ p(z, E)dz, x; < ;. (73.16)

Within that interval, I; — I; = I;;. Since dgp = m/p = 1/v, differentiation gives

0l;; i m Y dx
Y = . A
f OF /x p(z, E) dz /x v(z, E) (73.17)

The right-hand side is the classical time to travel from one turning point to the
other. The endpoint terms in differentiating the original action vanish because
p(x;) = p(z;) = 0. The derivative integrand behaves as |v — x;|'/2 near a simple
turning point and is integrable.

For a forbidden interval, define

1 [ei(B)
Kiy(E) = ~ / (2, B) du. (73.18)
Then Kl — K] = KZ] and
0K;; 1 [ m
Y= dzx. 73.19
oF h /x k(z, ) v ( )

This is a real derivative of the forbidden action, not a real classical travel time through
the forbidden region.

73.5 Bound states between two simple turning points

Suppose the potential has an allowed region xy; < x < x5, with forbidden regions
extending outward on both sides. Normalizability selects a decaying exponential in
each exterior region.
Write
1 x 1 To
01(z) = 7—1/ pdy, Oa(z) = ﬁ/ pdy, 01 + 0y = I1a.

1
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Figure 71: A bound-state well with two simple turning points. The exterior solutions
decay in regions I and III, while region II is oscillatory.

Matching a decaying exterior solution at the left endpoint gives

Yin(z) = % sin (91 + %) .

Matching the right decay gives, in the same interval,

in(x) = % sin <92 + %) )

Set A = 60, + w/4. The second sine is sin(l12 + 7/2 — A). Expanding,
sin(l1o + /2 — A) = sin(l12 + 7/2) cos A — cos(I12 + 7/2) sin A.

For this to be proportional to sin A throughout the interval, its cos A coefficient must
vanish. Therefore

m\/Qm[En—V(x)]da::ﬂh n 2 , n=0,1,2,.... (73.20)
/ (++3)

1

The relative coefficients satisfy Cgr = (—1)"Cy. Equivalently, § pdz = 2rh(n + 3).
The half-integer shift is the combined effect of the two smooth turning points. Hard
walls and singular endpoints require their own boundary phases.

73.6 The harmonic oscillator

For V(z) = mw?x? /2, the turning points are +x, with =3 = 2E/(mw?), and

p(x) = mwy/xk — 22

The action is the area of a semicircle multiplied by mw:

o tx: wF
/ pdr = mw—= = —.

o 2 w
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The phase rule without turning-point corrections would give F,, = nhw. The correctly
matched rule gives

1

which is the exact harmonic-oscillator spectrum. The WKB wavefunctions still need
local turning-point treatment; exact energies do not make the leading WKB expression

uniformly exact.
Pbﬂ / ma
e /T\

Weld diste - > %

Xy

Figure 72: The harmonic-oscillator action integral is proportional to the area of a
semicircle in the (z,p) plane.

73.7 The pure quartic oscillator
Return to V(z) = Az*. Let x9 = (E/\)"/%. Then

p(z) = V2m/zh — 2.
With u = x/xo,

Zo
/ pdz = V2mAz) K, (73.22)

—x0

4’2

1
1 13
K= / V1—utdu = §B (— —) ~ 1.748. (73.23)
-1

Solving the quantization condition for E gives
m(n+ 3)1"° BN
\/iK: m?2/3
For the first two states, the dimensionless coefficients are approximately 0.546 and
2.36, compared with numerical values 0.668 and 2.394. The lowest state is poorly
semiclassical, whereas the first excited state is already much closer. The approximation

improves for highly excited states, whose action is large compared with h.
The comparison with the variational method is instructive:

(73.24)

n

EWKB — |:

Energy coefficient Ground state First excited state
Gaussian variational bound 0.6814 2.424
Leading WKB 0.546 2.36
Numerical value 0.668 2.394

All entries multiply A*3\Y/3/m?/3. The variational estimates are upper bounds; the
WKB values are asymptotic approximations without that ordering guarantee.
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74 Tunneling through a smooth potential barrier

74.1 Scattering boundary conditions and phase conventions

Let a localized barrier have two simple turning points z; < z2 at energy E > 0.
Regions I and III are allowed, while x; < x < x5 is forbidden. Assume V(z) — 0
sufficiently rapidly as x — 400, so the same asymptotic wave number k = v2mFE /h
applies on both sides. Unit-amplitude incidence from the left means

e 4 r(E)e x — —o0,
o) ~ { -

. 74.1
t(E)elk, xr — +o00. (74.1)

Since the incident and transmitted velocities are equal, the transmission probability is
T = |t|* and the reflection probability is R = |r|%.

AVAVYAY SV VAYES A=

TV NN
VX
region T regian 1 ? regian TL
«— JE—

Figure 73: A smooth tunneling barrier with allowed exterior regions I and III and a
forbidden interval II between x; and x-.

To retain the asymptotic scattering phases, define

1 x
I o(z) =kx+ 7 / [p(y) — hk] dy in region I, (74.2)
1 x
I o(z) = kx+ 7 / [p(y) — hk] dy in region III. (74.3)
+oo

Their derivatives are p/h, and each approaches kx at its indicated infinity. The
corresponding WKB states are

_ il oo —il o
Y1 = T (e 4 re7H-=) (74.4)
vk |
Ym = T tell+es. (74.5)
The factor vk ensures the plane-wave amplitudes in (74.1).
Let I; and I be the signed turning-point actions from (73.11). The constant
differences are

1 [
AE) =1 — 1) = kx; + ﬁ/ (p — hk) dz, (74.6)
1 (0.0
x2
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The forbidden action is

K = Kp(E) = % / " e B) d. (74.8)

xr1

74.2 Matching from the transmitted wave back to the incident
wave

Start on the right, where there is only an outgoing wave. With C' = ¢tk e 1B-17/4 it

can be written
C i(Io+7/4) C ..
Y = ﬁe = N [cos(Is 4+ w/4) +isin(Iy + 7/4)].

The slope at z5 is negative. Using (73.15), the forbidden solution is

Y = \/% (e_K2 + %el@) . (74.9)

Because Ky = K; — K, this is also

_ 1
Y = (eKe Ky e KeK1> :

C
VE 2

At ;1 the slope is positive. Matching again yields

Y = < {QeK cos(fy +m/4) + %GK sin(/; + 7T/4)] : (74.10)

VT
To identify incoming and reflected amplitudes, put § = I + 7/4:

1 1 . 1 .
2¢K cos @ + %e_K sin § = (eK + Ze_K) el + (eK - Ze_K) e 17,

The incident coefficient must agree with vk e4elt in (74.5). Comparing both traveling
components gives

ci(A+B)

eK+ %efK ( )
K 1 —K
. 2ia® T 3€
r>~ —1e —_—. 7412
ek + %e*K ( )

These are the amplitudes obtained from the leading Airy connection formulas while
retaining both exponential components. Their reflected and transmitted fluxes sum

to one because
1 2 1 2
(eK + ZG_K) — (eK — Ze_K) =1.

The connection approximation is not uniform when the two turning points approach
each other near the top of the barrier.
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For a thick barrier, K > 1, the terms suppressed by e 2X can be discarded in
these amplitudes:

t o (lATB) oK ror —iefd, (74.13)

In particular,

T~ oK — oxp {_% / Vam[V(z) — B de| . (74.14)

The reflected wave has nearly unit magnitude. The exponentially small transmitted
amplitude is determined by the forbidden action.

74.3 The transmission phase and wave-packet delay

For a narrow incident packet, the energy derivative of the transmission phase controls
the displacement of the transmitted peak. To see this, write the transmitted packet
far to the right as

%
- 2m’

V(1) = / alk) 108 expilkz — w(k)t + e (k)]} Ak, w(k)

Stationary phase near its central wave number gives x — vt + Or¢y = 0, where
vo = hk/m. Relative to free propagation, the phase delay is therefore

L6, _ 00 m ooy

vy Ok OE  hk Ok (74.15)

Tph

At leading thick-barrier order, ¢; = A+ B; the forbidden action changes the magnitude
of t, not its real phase.

Exercise 74.1 (Differentiating the exterior phase). Differentiate A(E) and B(FE),
including the energy dependence of the turning points, and express the answer in
terms of classical velocities.

Since hOgk = 1/vy and Jgp = 1/v, differentiating A gives

1 1
hA =12 4 hkx) —|—/ <— — —> dz + [p(z1) — hk]x)

—0o \ U Vo

1 1
~oy (___)dx.
Vo —o \V o

Thus

e [ (B [ (e n
P —oo \V Vo o v Vo Vo

229



The first two terms are the classical excess travel times in the allowed exterior regions.
The last subtracts the free travel time across the width of the forbidden interval.
This result says that the leading WKB forbidden-region action contributes attenu-
ation without a real propagation phase. It does not define a literal zero time spent
inside the barrier. A peak delay is a property of an outgoing packet relative to a
reference packet; energy filtering and reshaping can change that peak. Other questions
about tunneling duration require an explicit operational definition and need not give
the same quantity. Furthermore, the Schrodinger equation used here is nonrelativistic.
Its phase-delay result cannot by itself establish a relativistic signal or front velocity.

75 Euclidean trajectories and the tunneling action

75.1 The inverted-potential problem

The forbidden action has a useful classical interpretation after analytic continuation
to imaginary time. At fixed energy FE, consider the Euclidean action

m (dz\?
Here 7 is Euclidean time. The Euler-Lagrange equation is
d%x

It is the Newton equation for the inverted potential Ug(z) = E' — V(x). A region
forbidden at the original real energy becomes accessible to a Euclidean trajectory.

r~
V=E-V
region L region T region T E
N =0
o o7
N o —
X‘ X,L

Figure 74: The inverted-potential description of tunneling. The Euclidean trajectory
connects the turning points through the region forbidden to the original real-time
motion.

Because the Euclidean Lagrangian has no explicit 7 dependence,
g, =M (o)’ V(z)+E (75.3)
E= 9 \dr v ’
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is conserved. A trajectory starting at a turning point with zero Euclidean velocity
has £ = 0, and therefore

g (j_f)Q =V(z) - E. (75.4)

For motion from x; to x5, choose the positive square root,

dv  [2[V(z) - E] /f(x)

dr m m
The turning points of the original and inverted problems coincide.

75.2 Instanton and bounce actions

Evaluate (75.1) on this trajectory. The two terms in its integrand are equal by (75.4),

SO
dz\ 2
St = / m <§) dr (75.5)
X9 dl‘ )
= / m——d = / V2m[V (z) — E)dz = hKy,. (75.6)
T T 1

Consequently,

|| ~ e Smst/h T o~ e 25inst/h, (75.7)

A Euclidean trajectory that goes across the forbidden region and returns is a bounce.
Its action is Spounce = 2S5ist, SO0 the same probability suppression can be written
e Sbounce/ N

This is the semiclassical origin of the connection between tunneling and Euclidean
path integrals: stationary Euclidean trajectories determine exponential suppressions.
The same construction extends to field configurations, where bounce solutions describe
processes such as decay of a metastable vacuum. The Euclidean trajectory determines
a tunneling amplitude; its imaginary-time parametrization is not an ordinary real-time
history of a particle moving through the barrier.

76 Metastable states and resonance lifetimes

76.1 A symmetric well between two barriers

Consider an even potential V(—z) = V(z) with a central well separated from the
asymptotic exterior by two barriers. At the energy of interest there are four turning
points

T < To <0< a3 < 24, Tl = —Xy4, L9 = —IT3.

The central interval (x9, z3) and both exterior regions are allowed; the intervals (z1, x2)
and (x3,x4) are forbidden.

If the barriers were impenetrable, the central well would have ordinary bound
states. Finite transmission lets probability escape, producing long-lived resonances
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Figure 75: A symmetric central well bounded by two tunneling barriers. The five
regions alternate between allowed and forbidden motion.

when the barriers are sufficiently opaque. Their real energies approximately obey the
bound-state quantization rule for the inner turning points, while their small imaginary
parts determine the escape rate.

For an even potential, solutions may be chosen to have definite parity. It is sufficient
to solve on =z > 0 with

Y'(0) =0 for even parity, ¥(0) =0 for odd parity. (76.1)
The resonance boundary condition is purely outgoing:
Y(z) o e (2 = +o0), () oxe ™ (2 — —o0).

A decaying resonance has k = ko — ik; with kg, k; > 0 and an energy below the
real axis. Its outgoing spatial solution grows at infinity and is not a normalizable
stationary eigenvector of the self-adjoint Hamiltonian. It represents the pole governing
an approximately exponential decay of a physical state localized in the well.

76.2 Matching the outgoing solution through the right barrier

Use the signed actions [;, K; of (73.11). An overall normalization is irrelevant, so
choose the outgoing solution in region V as

1 .
Yy = ﬁe‘@*”/‘*). (76.2)

At x4 the slope is negative. Matching its cosine and sine pieces gives

1 :
Yy = NI (6K4 + %em) : (76.3)
Let | e
K3, (F) = ﬁ/ k(z, F)dx. (76.4)

Since K, = K3 — K34, the same function near the inner edge of the barrier is

1
V&

Yy =

[eK34e—K3 + %e—K34eK3:| )
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At x3 the slope is positive. The positive-slope connection formulas give the central-well

solution . _
_ K3y i —K34 ;
Y = Nid 2e*3cos(I3 +7/4) + 5e sin(ls +m/4)] . (76.5)
The second term is exponentially small compared with the first, but it must be retained:
it is the only source of the imaginary energy at this order. Discarding it would recover

perfectly reflecting barriers and an infinite lifetime.

76.3 Even and odd resonance conditions

Define the action measured from the centre,

b =5 [ d@ = [ o)

Then I3 = Iy — Ioz. Since p is even, I; is odd and I[/(0) = p’(0)/h = 0. In particular,
differentiating the WKB amplitude 1/v/I’ makes no contribution at the centre.
Put
T
042—703—17 K = Ksa.

At z = 0, the angle I3 + 7/4 is —a. Apart from nonzero common factors, the value
and derivative of (76.5) are

(0) o 2e" cosar — %e_K sin «, (76.6)
Y'(0) o< 2e sin o + %e_K cos a. (76.7)

Therefore the even condition is

tan ([03 — %) = —ie_QKi“‘, (76.8)
and the odd condition is )
cot ([03 — %) = ie’QKM. (76.9)

In the opaque-barrier limit, the right-hand sides vanish. For even states, lp3—7/4 =
lm, so
[23 = 2[03 = (26 + %)ﬂ'

For odd states, Iog — 7/4 = {m + 7/2, so
123 = (2£ + %)7’(’

Combining both parities gives
1
[23(En) = (n—|—§> T, n:O,l,Q,.... (7610)

Even n corresponds to even parity, and odd n to odd parity. These are the usual real
WKB levels of the central well.
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76.4 Expanding around a real level

For small leakage, write the angle as its real root plus a small complex displacement.
Near an even root tan o >~ o — 7. Near an odd root cot v ~ —[ov — (£ + %)7?] Both
parity equations therefore reduce to

Ios(E) — (g - ;1) T —ie2K34<E>. (76.11)
Equivalently, .
Ios(E) — (n + %) o —%e*m(E). (76.12)
Parameterize the complex energy by
E=Fr— %, r>o. (76.13)

Here T is the energy width. Expanding the left-hand side of (76.11),
ir 9
Iog(E) = 103<ER) - 5103(ER) + O(F )

The forbidden action similarly satisfies

Ksu(B) = Kaa(Er) — 5 Kis(Fr) +O(%),

and thus
o 2Kua(B) — o=2K1(Br) [1 4 T K}, (Eg) + O(T?)] .

The correction on the right is of higher exponential order because I itself is proportional
to the barrier transmission. To leading order it may be omitted.

The real part of the resonance equation gives I»3(Eg) = (n + %)W, so Ep ~ E,.
The imaginary part gives

1 _
Ll (By) = Semmonte,

Using I}5 = 21, the width is

e 2K34(En)

M~
I35(En)

(76.14)

Since I5; > 0, the width is positive and the imaginary part of the energy is negative,
as required for decay.

76.5 Lifetime and the classical escape picture
The time-dependent resonance factor is

e—lEt/ﬁ — —1ERt/ﬁe—Ft/(2ﬁ) ]

e
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The amplitude decreases with exponent I'/(2h); the probability decreases twice as
rapidly:

h
P(t) oc e T/ = o7t/7, T=r (76.15)
Combining this with (76.14),
Tp =~ hlby(E,) e*Kaa(En) (76.16)
By the action-time identity,
B de
te = hiy(E,) = _
23( ) /:sz U(]J, E’ﬂ)

is the one-way classical travel time across the central well. The full oscillation period
is 2t.. Each barrier has transmission probability T' ~ e=2K31 5o
t.  full classical period

T = 5T (76.17)

S >

Figure 76: The escape interpretation: a particle traverses the central well between
successive encounters with its two weakly transmitting barriers.

This result can be recovered by counting barrier encounters. After N encounters,
the survival probability is approximately

Py =(1-T)".

For T'« 1,
log Py = Nlog(l —T) ~ —NT.

There is one encounter after each time interval ., since the particle alternates between
the two walls. Thus N ~ ¢/t. and

P(t) ~ exp (—E) ,

te

which gives (76.17). Counting only one escape attempt per full period would miss the
second barrier and produce an incorrect factor two.

For a large well, this picture can be made especially direct by following a wave
packet between the barriers: a small piece escapes at every encounter. The stationary
resonance calculation does not require a sharply localized packet at every stage; its
controlled ingredients are the semiclassical connection formulas, weak leakage, and
the separation of the lifetime from the much shorter oscillation time.
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Source-to-topic index

The fourteen source PDFs are incorporated as follows. When printed and handwritten
lectures cover the same argument, it is developed once; additional examples and
derivations are included in the relevant section.

Source Location in these notes

1: Motivation (19 pages) Motivation and experimental
foundations

2: Hilbert Spaces (10 pages) Finite-dimensional Hilbert spaces

3: Postulates (13 pages) Quantum states, measurements, and
evolution

4: Time FEvolution and Symmetries (31 pages) Time evolution and symmetries

5: Quantum Information (10 pages) Quantum information and
entanglement

5B: Quantum Information, handwritten (37 Quantum information and

pages) entanglement

6: Continuous Observables (12 pages) Continuous observables

6B: Continuous Observables, handwritten (22  Continuous observables
pages)

7: Wave Mechanics (29 pages) Wave mechanics and bound states
7C: Bound States (12 pages) Wave mechanics and bound states
8: Scattering (19 pages) Scattering and resonances

8B: Note on Resonances (2 pages) Scattering and resonances

9: Approzimation Methods (52 pages) Approximation methods

9B: Degenerate Perturbation Theory (4 pages) Approximation methods
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