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Abstract: Over the last twenty years, quantum information and quantum computing have profoundly shaped our thinking about the basic conc
guantum physics. But can these insights also shape the way we /teach/ quantum mechanics to undergraduate physics students? A recent ac
textbook-writing suggests some strategies and dilemmas.

Pirsa: 10090103 Page 1/121



Putting quantum information into
undergraduate quantum mechanics

K

Benjamin Schumacher
Department of Physics
Kenyon College

co-conspirator: M. D. Westmoreland
Denison University

Pirsa: 10090103  Page 2/121



Not a commercial

« Late 2005: Write a QM book?

OOI1IA T1IJAA
F?IJJE ~..[~., - » Putting QI/QC ideas into introductory QM.
SYSTEMS, &
INEFORMATION « "We will know the revolution has
succeeded when this is the way we
teach it."

« Two possible strategies:

« Standard development of QM, plus
QI/QC topics, examples, problems.

« Rethinking QM from the ground up.
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Not a commercial

« Late 2005: Write a QM book?

QUANTUM _ : L
PROCESSES « Putting QlI/QC ideas into introductory QM.
SYSTEMS, & _ :

INFORMATION « "We will know the revolution has

succeeded when this is the way we
teach it."

« Two possibie strategies:

« Standard development of QM, plus
QI/QC topics, examples, problems.
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Not a commercial

« Late 2005: Write a QM book?
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succeeded when this is the way we
teach it."

« Two possible strategies:

« Standard development of QM, plus
QI/QC topics, examples, problems.
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Which ideas are "elementary” and which ones "advanced™?
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Not a commercial

« Late 2005: Write a QM book?
« Putting QI/QC ideas into introductory QM.

SYSTEMS. & = . .
INFORMATION « "We will know the revolution has

succeeded when this is the way we
teach it."

« Two possible strategies:

« Standard development of QM, plus
QI/QC topics, examples, problems.
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Which ideas are "elementary” and which ones "advanced™?

Which problems are "easy’ and which ones "hard™?
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Another QM textbook?

Best-selling QM textbook in US

A very good textbook —- but it [acks
some essential background for
QI/QC work

« Nothing about: Density operators,
POMSs, unitary time evolution, CP
maps, entropy, QC of any type,
NMR, etc.

» A brief final chapter: EPR
paradox, Bell's theorem, the no-
cloning theorem, quantum Zeno

effect, Schrodinger's cat, efc.
(The "dessert” model.)
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Another QM textbook?

Best-selling QM textbook in US

{ NTUN
\1H HANICS

A very good textbook -- but it lacks
some essential background for
QI/QC work

» Nothing about: Density operators,
POMSs, unitary time evolution, CP
maps, entropy, QC of any type,

Every standard QM book is NMR, etc.
really about spectroscopy -- - A brief final chapter: EPR
energy levels and occasional paradox, Bell's theorem, the no-
transitions between them. cloning theorem, quantum Zeno

effect, Schrodinger's cat, efc.
(The "dessert” model.)
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Another QM textbook!

A QM textbook, not a Ql/QC text.

Must be usable for an actual
undergraduate QM course taught

by an actual undergraduate QM
teacher.

Must prepare students for further
study of QM (not necessarily in
QI/QC).

» Assume a typical student math
background.

» Address the standard QM topics
In a useful way.
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Another QM textbook!

Also, our book should only be 2/3
as long as Nielsen & Chuang!
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A QM textbook, not a Ql/QC text.

Must be usable for an actual
undergraduate QM course taught

by an actual undergraduate QM
teacher.

Must prepare students for further
study of QM (not necessarily in
QI/QC).

 Assume a typical student math
background.

» Address the standard QM topics
In a useful way.
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Designing the book
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What'sin a name?

Quantum

Processes,

Systems,

& Information
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What's in a name?

Quantum

Processes, Think about time evolution (inciuding open
systems) more than stationary states.

ut) > H
Systems,

& Information
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What's in a name?

Quantum

PFOCGSSGS, Think about time evolution (including open
systems) more than stationary states.

U(t) - H

SyStemS, Emphasize the isomorphisms between
quantum systems (qubits!) and the
properties of composite systems.

& Information

irsa: 10090103
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What's in a name?

Quantum

PfOCGSSGS, Think about time evolution (including open
systems) more than stationary states.

U(t) — H

SyStemS, Emphasize the isomorphisms between
quantum systems (qubits!) and the
properties of composite systems.

& Information Dpiscuss the role of information - in fact.

irsa: 10090103

introduce information ideas before
quantum ideas.
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What's in a name?

Quantum A cute acronym: Q-PSI

P,r'ocessesf Think about time evolution (including open
systems) more than stationary states.

U(t) — H

SyStemS, Emphasize the isomorphisms between
quantum systems (qubits!) and the
properties of composite systems.

& Information Dpiscuss the role of information — in fact.
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introduce information ideas before
quantum ideas.
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A game of cards
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A game of cards

Deck #1

Topics that any good
standard QM book
ought to have

|
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A game of cards

Deck #1

Topics that any good
standard QM book

ought to have

Deck #2

|

.
LIYLPD’F’ LadF T

Topics related to
QI/QC that would be
fun to include

0
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A game of cards

Deck #1 Deck #2

Topics that any good Topics related to
standard QM book QI/QC that would be
ought to have fun to include

1 B S v —
110 CYEATNT ?‘ﬂ-l'.‘:u'r‘

- i et re e
1 il =5 TP

(1) Shuffle both decks together. Arrange
all the cards on a big table.

(2) Think. Rearrange cards. (Repeat.)
(3) Good luck!
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A game of cards

Deck #1 Deck #2

Topics that any good Topics related to
standard QM book QI/QC that would be
ought to have fun to include

|

(1) Shuffle both decks together. Arrange
all the cards on a big table.

(2) Think. Rearrange cards. (Repeat.)
(3) Good luck!

(Discard a




Plenty of strangeness

A QM textbook should include lots of interesting
and bizarre quantum ideas and phenomena.
(Why leave out the good stuff?)
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Plenty of strangeness

A QM textbook should include lots of interesting
and bizarre quantum ideas and phenomena.
(Why leave out the good stuff?)

» Elitzur-Vaidman bomb detection . Recoi”ng mirror (Bohr_E[ngtein)
» Intermediate spin filters
« Quantum cryptography

« Dynamics of all states determined
by properties of stationary states

« R(2m) = -1 for spin-1/2 (observable)
 Bell's theorem

» GHZ state

» Superdense coding

« Teleportation, etc.
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Plenty of strangeness

A QM textbook should include lots of interesting
and bizarre quantum ideas and phenomena.
(Why leave out the good stuff?)

« Elitzur-Vaidman bomb detection » Recoiling mirror (Bohr-Einstein)
+ Intermediate spin filters « 'P(x,t) is not a "field”
« Quantum cryptography - |dentical particle effects

« Dynamics of all states determined . Photon bunching in interferometer
by properties of stationary states - Tunneling, etc.

« R(2m) = -1 for spin-1/2 (observable)

« Bell's theorem

« GHZ state

» Superdense coding

« Quantum gate properties
» Deutsch-Jozsa problem
» Quantum error correction

« Teleportation, etc.
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Plenty of strangeness

A QM textbook should include lots of interesting
and bizarre quantum ideas and phenomena.
(Why leave out the good stuff?)

« Elitzur-Vaidman bomb detection » Recoiling mirror (Bohr-Einstein)
+ Intermediate spin filters « 'F(x,t) is not a "field”
« Quantum cryptography - |dentical particle effects

« Dynamics of all states determined . Photon bunching in interferometer
by properties of stationary states - Tunneling, etc.

« R(2m) = -1 for spin-1/2 (observable)

« Bell's theorem

« GHZ state

» Superdense coding

« Quantum gate properties
» Deutsch-Jozsa problem
» Quantum error correction

+ Teleportation, etc. Textbook should spur interest in foundational

iIssues - but not get distracted by interpretatian.
[ (M"Standard" internraetation i CJK )




"When you come to a fork in the
road, take it."

Il. Extended theory

V. Quantum information
Quantum circuits, NMR
Entropy and information
Error correction

Entanglement
Density operators
Open systems
|. Basic theory 1
Qubit systems
Hilbert space
Measurement
Time evolution M~ lll. Quantum systems
Wave functions
Angular momentum
Ladder systems

Many particles
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IV. Stationary states
1-D problems
3-D central potentials
Perturbation theory
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"When you come to a fork in the
road, take it."

V. Quantum information
Quantum circuits, NMR
Entropy and information

Error correction

Qubit systems
Hilbert space

Measurement
Time evolution

Wavefunctrnns
Angular momentu
L adder systems
Many particles
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Quantum Mechanics, Fall 2006 (Kenyon College)




"When you come to a fork in the
road, take it."

l. Basic theory
Qubit systems
Hilbert spaﬂe

1

|l. Extended theo
Entanglement
Density operators
Open systems

| Path integrals |
-

Error correction

Pi

IIIII

: 10090103

Many particles

IV. Stationary states
1-D problems
3-D central potentials
Perturbation theory
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"When you come to a fork in the

road, take it."”

Density nperators

V. Quantum information

Quantum circuits, NMR
Entropy and information
Error correction

Qubit systems
Hilbert space
Measurement

Time evolution

Wave functions
Angular momentu
L adder systems
Many particles
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Quantum Mechanics, Fall 2006 (Kenyon College)




"When you come to a fork in the
road, take it."

Entanglement

Density operators

l. Basic theory
Qubit systems
Hilbert space

Tme evolution

Open systems
-1

| Path integrals |

3

Error correction

lIl. Quantum systems

Pi

IIIII

: 10090103

Wave functions

Angular momentu

dder systems
Many particles

IV. Stationary states
1-D problems

3-D central potentials

Perturbation theory

Quantum Theory, Fall 2010 (PSI)
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What's in the book:
Toolkit concepts
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Simple but significant

Need a "toolkit’ of information-related ideas
and results. These should be
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Simple but significant

Need a "toolkit’ of information-related ideas
and results. These should be

« Elementary -- part of the "Basic theory”
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Simple but significant

Need a "toolkit” of information-related ideas
and results. These should be

« Elementary -- part of the "Basic theory”

+ Useful -- applicable in many situations
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Simple but significant

Need a "toolkit’ of information-related ideas
and results. These should be

+ Elementary - part of the "Basic theory”
« Useful -- applicable in many situations

+ Upgradable -- as new ideas and
techniques are developed
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Simple but significant

Need a "toolkit’ of information-related ideas
and results. These should be

« Useful -- applicable in many situations

+ Upgradable -- as new ideas and
techniques are developed

- Significant -- should encapsulate
important concepts in QI/QC

irsa: 10090103

+ Elementary - part of the "Basic theory”
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Basic decoding

Basic decoding theorem. If Alice encodes N equally likely
messages as states in a quantum system with dim # =4,
and if Bob decodes this by performing a basic measurement
(perhaps on a larger Hilbert space) and inferring the
message from the result, Bob's probability of error is

irsa: 10090103

bounded by

F > % (Chapter 4)
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Basic decoding

Basic decoding theorem. If Alice encodes N equally likely
messages as states in a quantum system with dim # =4,
and if Bob decodes this by performing a basic measurement
(perhaps on a larger Hilbert space) and inferring the
message from the result, Bob's probability of error is
bounded by

P >F- % (Chapter 4)

Elementary — pure states, basic measurements
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Basic decoding

Basic decoding theorem. If Alice encodes N equally likely
messages as states in a quantum system with dim # =4,
and if Bob decodes this by performing a basic measurement
(perhaps on a larger Hilbert space) and inferring the
message from the result, Bob's probability of error is
bounded by

25— % (Chapter 4)

Elementary — pure states, basic measurements

Useful - “classical capacity” of a quantum system (d < N);
eavesdropping in BB84 quantum key distribution
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Basic decoding

Basic decoding theorem. If Alice encodes N equally likely
messages as states in a quantum system with dim # =4,
and if Bob decodes this by performing a basic measurement
(perhaps on a larger Hilbert space) and inferring the
message from the result, Bob's probability of error is
bounded by

N >F - % (Chapter 4)

Elementary — pure states, basic measurements

Useful - "classical capacity” of a quantum system (d < N);
eavesdropping in BB84 quantum key distribution

Upgradable -- as mixed states and POMs are introduced
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Basic decoding

Basic decoding theorem. If Alice encodes N equally likely
messages as states in a quantum system with dim # =4,
and if Bob decodes this by performing a basic measurement
(perhaps on a larger Hilbert space) and inferring the
message from the result, Bob's probability of error is

irsa: 10090103

bounded by

0 >F = % (Chapter 4)

Elementary — pure states, basic measurements

Useful - "classical capacity” of a quantum system (d < N);
eavesdropping in BB84 quantum key distribution

Upgradable -- as mixed states and POMs are introduced
Significant -- foreshadows more sophisticated entropy-

related resuits (e.g.. Holevo's theorem)
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Entropy
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Entropy

Chapter1 H=logM Used for quantifying "information
S, —k, InW content” of messages, etc.
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Entropy

Chapter1 H=logM Used for quantifying "information
S, —k, InW content’ of messages, etc.
Chapter 4 C=loed How many states of a system can

be reliably distinguished?
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Entropy

Chapter1 H=logM Used for quantifying “information
S, —k, InW content” of messages, etc.
Chapter 4 C=1loed How many states of a system can

be reliably distinguished?

Chapter 8 § =logd Entropy for p that is uniform on
S, ={k,Imn2)s a subspace of H.
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Entropy

Chapter1 H=logM Used for quantifying “information
S, —k, InW content” of messages, etc.
Chapter 4 C=1loed How many states of a system can

be reliably distinguished?

Chapter 8 § =logd Entropy for p that is uniform on
S, =(k,In2)s a subspace of H.

Chapter19 H :—Zplogp Clas_sical anq quantum entropy
and information theory

S =—trplogp (continued in Chapter 20).
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What's in the book:
Recurring ideas
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Isomorphism

Pirsa: 10090103



Isomorphism

Chapter 2: Qubit systems
« Photon in 2-beam interferometer
» Spin-1/2 particle (Stern-Gerlach)

» Two-level atom
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Isomorphism

Chapter 2: Qubit systems
« Photon in 2-beam interferometer
» Spin-1/2 particle (Stern-Gerlach)

» Two-level atom

» Use each type of system to introduce a different aspect of QM
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Isomorphism

Amplitudes, interference.

Chapter 2: Qubit systems -~ unitary evolution

« Photon in 2-beam interferometer i
» Spin-1/2 particle (Stern-Gerlach)

« Two-level atom

+ Use each type of system to introduce a different aspect of QM
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Isomorphism

Amplitudes. interference.

Chapter 2: Qubit systems unitary evolution

« Photon in 2-beam interferometer i
» Spin-1/2 particle (Stern-Gerlach)

» Two-level atom

+ Use each type of system to introduce a different aspect of QM
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Isomorphism

Amplitudes, interference.

Chapter 2: Qubit systems -~ unmary evolution
» Photon in 2-beam interferometer * . Different bases.
7 measurements

« Spin-1/2 particle (Stern-GerIach)ff"""_‘

« Two-level atom

+ Use each type of system to introduce a different aspect of QM
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Isomorphism

Amplitudes., interference.

Chapter 2: Qubit systems = iy evakion
. Photon in 2-beam interferometer ~ . Different bases,
_ _ """ measurements
« Spin-1/2 particle (Stern-Gerlach)<™
- Two-level atom S Schrédinger equation,

operators as observables

+ Use each type of system to introduce a different aspect of QM
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Isomorphism

Amplitudes. interference.

Chapter 2: Qubit systems umtary evolution
- Photon in 2-beam interferometer ~ __ Different bases.
_ _ " measurements
» Spin-1/2 particle (Stern-Gerlach)<™
= Bwo-level alom € Schrédinger equation,

operators as cbservables

+ Use each type of system to introduce a different aspect of QM

« All have the same underlying mathematical structure.
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Isomorphism

Amplitudes, interference.

Chapter 2: Qubit systems | o~ Uiy eveluton
- Photon in 2-beam interferometer * . Different bases.
_ _ " measurements
» Spin-1/2 particle (Stern-Gerlach)<™
* Two-level atom € Schrédinger equation,

operators as observables

+ Use each type of system to introduce a different aspect of QM

« All have the same underlying mathematical structure.

« Qubits become the simplest example of almost everything,
Including time evolution, entanglement, mixed states, decay and

decoherence processes, efc.
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Isomorphism

Chapter 13. "Ladder’ systems

 Introduced as an abstract system, then applied to
harmonic oscillator as an example

« Coherent states

« New example of thermal states, open system evolution
(e.g., damped quantum harmonic oscillator)
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Isomorphism

Chapter 13. "Ladder’ systems

» Introduced as an abstract system, then applied to
harmonic oscillator as an example

» Coherent states

« New example of thermal states, open system evolution
(e.g., damped quantum harmaonic oscillator)

» Chapter 16: 3-D isotropic oscillator
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Isomorphism

Chapter 13. "Ladder’ systems

 Introduced as an abstract system, then applied to
harmonic oscillator as an example

« Coherent states

« New example of thermal states, open system evolution
{e.g., damped quantum harmonic oscillator)

Chapter 16: 3-D isotropic oscillator

Chapter 14: Occupation number picture for many particles
Each 1-particle mode is ...
» fermions: ... a qubit (|0),|1))
* bosons: ... a ladder system (|0 ),|1),|2 ,etc.)

*
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Thermodynamics
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Thermodynamics

Chapter 1: Information and thermodynamic entropy
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Thermodynamics

Chapter 1: Information and thermodynamic entropy

Chapter 8: Thermal (canonical) mixed states P — €

irsa: 10090103
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Thermodynamics

Chapter 1: Information and thermodynamic entropy

=2
Chapter 8: Thermal (canonical) mixed states P — Ee =

E, = (E) = rpH

Chapter 9: Interaction with thermal reservoirs

Work and heat dE, = E.dt = (tr pH)dt + (tx pH )dt

f

|
dQ  -dw
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Thermodynamics

Chapter 1: Information and thermodynamic entropy

Chapter 8: Thermal (canonical) mixed states P = EB

E, = (E) = wpH

Chapter 9: Interaction with thermal reservoirs

Work and heat dE, = Edt = (tr pH)dt + (tx pH )dt
\ : I'. II

T 't
dQ -dW
Chapter 19: General entropy 83 = —&,trplnp

Free energy and work W < —AF,

Thermodynamic cost of communication &;7 In2 pegrhbat,



Informational isolation
(or, How We Discovered the Plot of Our Own Book)
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Informational isolation
(or, How We Discovered the Plot of Our Own Book)

Section 1.1 — Information and bits

"Information is the ability to distinguish reliably
between possible alternatives.”

Section 1.2 -- Wave-particle duality

Explore probabilities and quantum amplitudes in the
two-slit interference experiment.

Problem: How do we convince the reader from the start
that these have anything to do with each other?
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Informational isolation
(or, How We Discovered the Plot of Our Own Book)

Section 1.1 — Information and bits

“Information is the ability to distinguish reliably
between possible alternatives.”

Section 1.2 —- Wave-particle duality

Explore probabilities and quantum amplitudes in the
two-slit interference experiment.

Problem: How do we convince the reader from the start
that these have anything to do with each other?

"The quantum rule for adding probability amplitudes applies

when the system is informationally isolated and produces no

physical record anywhere in the Universe about which
possible intermediate alternative is realized.”

Page|
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Informational isolation
(or. How We Discovered the Plot of OQur Own Book)

Section 1.1 — Information and bits

"Information is the ability to distinguish reliably
between possible aliernatives.”

section| ' Quantum mechanics is
what happens when | ..
nobody is looking."

Problem: How do we convince the reader from the start
that these have anything to do with each other?

EXp

L i

“The quantum rule for adding probabiiity amplitudes applies
when the system is informationally isolated and produces no
physical record anywhere in the Universe about which
100008 DOSSIDlE Infermediate alternative is realized.” Page 68/121




Informational isolation

Pirsa: 10090103



Informational isolation

After a while, the same idea showed up everywhere!
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Informational isolation

After a while, the same idea showed up everywhere!

« |nterference and unitary evolution (Chaps. 2 & 9)
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Informational isolation

After a while, the same idea showed up everywhere!

« Interference and unitary evolution (Chaps. 2 & 9)
«  Quantum key distribution -- effect of eavesdropper (Chap. 4)
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Informational isolation

After a while, the same idea showed up everywhere!

« Interference and unitary evolution (Chaps. 2 & 9)
« Quantum key distribution — effect of eavesdropper (Chap. 4)
* No-cloning theorem (Chap. 7)
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Informational isolation

After a while, the same idea showed up everywhere!

*
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Interference and unitary evolution (Chaps. 2 & 9)

Quantum key distribution — effect of eavesdropper (Chap. 4)
No-cloning theorem (Chap. 7)

Isolation theorem (Chap. 9)
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Informational isolation

After a while, the same idea showed up everywhere!
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Interference and unitary evolution (Chaps. 2 & 9)

Quantum key distribution — effect of eavesdropper (Chap. 4)
No-cloning theorem (Chap. 7)

Isolation theorem (Chap. 9)

Heat and work (Chap. 9)

Page 75/121



Informational isolation

After a while, the same idea showed up everywhere!

*

L
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Interference and unitary evolution (Chaps. 2 & 9)

Quantum key distribution — effect of eavesdropper (Chap. 4)
No-cloning theorem (Chap. 7)

|solation theorem (Chap. 9)

Heat and work (Chap. 9)

Recolling mirrors (coherence) (Chap. 10)
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Informational isolation

After a while, the same idea showed up everywhere/!

&
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Interference and unitary evolution (Chaps. 2 & 9)

Quantum key distribution — effect of eavesdropper (Chap. 4)
No-cloning theorem (Chap. 7)

|solation theorem (Chap. 9)

Heat and work (Chap. 9)

Recoiling mirrors (coherence) (Chap. 10)

External potentials as interactions (Chap. 15)
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Informational isolation

After a while, the same idea showed up everywhere!

*

*
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Interference and unitary evolution (Chaps. 2 & 9)

Quantum key distribution -- effect of eavesdropper (Chap. 4)
No-cloning theorem (Chap. 7)

Isolation theorem (Chap. 9)

Heat and work (Chap. 9)

Recoiling mirrors (coherence) (Chap. 10)

External potentials as interactions (Chap. 13)

Requirements for coherence in quantum computing,
especially in NMR systems (Chap. 18)
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Informational isolation

After a while, the same idea showed up everywhere!

E
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Interference and unitary evolution (Chaps. 2 & 9)

Quantum key distribution — effect of eavesdropper (Chap. 4)
No-cloning theorem (Chap. 7)

|solation theorem (Chap. 9)

Heat and work (Chap. 9)

Recoiling mirrors (coherence) (Chap. 10)

External potentials as interactions (Chap. 15)

Requirements for coherence in quantum computing,
especially in NMR systems (Chap. 18)

Link between informational isolation, quantum error
correction, and quantum cryptographic security (Chap. 20)
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