Why study
guantum information?



Big Questions
HEP:

What underlying theory explains the observed elementary
particles and their interactions, including gravity?

QIS:

Can we control complex quantum systems and if so what
are the scientific and technological implications?

Not the frontier of short (subnuclear) distances or long
(cosmological) distances, but rather the frontier of highly
complex quantum states: The entanglement frontier

Also: emergence of classicality, security of quantum cryptographic
protocols, foundations of statistical mechanics and thermalization,
iInformation theoretic principles illuminating the foundations of quantum
physics, information processing by e.g. black holes, etc.



Truism:
the macroscopic world is classical.
the microscopic world is quantum.

Goal of QIS:
controllable guantum behavior in scalable systems

Why?

Classical systems cannot simulate quantum systems
efficiently (a widely believed but unproven conjecture).

But to control quantum systems we must slay the dragon of
decoherence é

Is this merely really, really hard?
Or is it ridiculously hard?



Toward quantum supremacy

The quantum computing adventure will enter the new, more
mature phaseofi guant um sooncewe oaa prgpare
and control complex quantum systems that behave in ways

that cannot be predicted using digital computers (systems that
Asurpass understandingo and s

To reach that goal, it will be useful to gain a deeper
understanding of two questions:

What guantum tasks are feasible?
What guantum tasks are hard to simulate classically?

MIi ght 1t be that the extravag
resources required for classical description and simulation of
generic quantum states are illusory, because quantum states

In Nature have succinct descriptions?



Convergence:

Concern about the hori z
scalinginsiicon( runni ng out of
bott omo) .

Abi Il 1ty to control Nsin
like single atoms or electron spins.

Recognition of computational power inherent
In quantum mechanics.

Relevance to the security of public key
cryptography.
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Factor 193 digits

iIn 30 CPU years (2.2 GHz).

Factor 193 digits
In 0.1 second.

Factor 500 digits
in 1012 CPU years.

Factor 500 digits
In 2 seconds.

W@\s\l&:

Peter Shor
(1994)



More parallelism?
Factoring 2048 bitn u mb er &

Classical algorithm: 10 year run time and requires a
server farm covering 1/4 of North America, at cost
of $10° trillion. Consumes 10° terawatt (10° times
world output). Would consume world's supply of
fossil fuels in one day.

Quantum algorithm (brute force): 10K logical qubits
and 10M physical (superconducting) qubits. 1 cm
spacing to allow room for lost of wires. Costs $100B
($10K per physical qubit) and runs in 16 hours.
Consumes 10 MWatt. (We need to get the cost
dOWﬂ.) J. Martinis



WedOre very FRmrry, Eddi e
Your algorithmos quantur
Canot run 1t on those me
Unti | weoOveemactually got
YoudOre not alone, so0o dgo

Tell Jeffrey and tell Sam:

Come up with something classical

Or el se 1 t0Os Just a scar
Unl ess e you think 1t0s
A gquantum-cal device.

That solves a game and brings you fame.

Damn! That would be nice!



1)

2)

3)

Quantum information vs. Classical information

Randomness. Clicks in a Geiger counter are

Il ntrinsically random, not
outcome even with the most complete possible
knowledge of the state.

Uncertainty. Operators A and B do not commute
means that measuring A influences the outcome of a
subsequent measurement of B.

Entanglement. The whole is more definite than the
parts. Even if we have the complete possible
knowledge of the (pure) state of joint system AB, the
(mixed) state of A may be highly uncertain.



Qubit

A vector (actually a Arayo b
by convention, and the overall phase does not matter) in a
two dimensional complex Hilbert space.

yd al0 &, adb C, |aq1 p? +, y=-€ |
(two real parameters).

ACl assical 0o in theorglhici al c
Apromi sedo.

The two orthogonal states |OEand |1Eare perfectly
distinguishable. If Alice sends one of the other to Bob, he
can measure in the { |0E |1E} basis and identify the state.



Qubit | 16

The orthogonal states

° 6%00 )

are also perfectly distinguishable.

Suppose Alice sends either |1Eor |+Eto Bob.
Now Bob cannot distinguish the states
perfectly. His best measurement, which
succeeds with probability cos?(p/8) U.853 if
the two states are equally likely, projects
onto the orthogonal basis shown. (Prove it!
Generalize it!) Alternative: a measurement
which is sometimes inconclusive, but
identifies the state correctly when
conclusive.

4

7
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Information vs. disturbance (f@
R

Suppose Alice prepares either |/ dor |yd. To distinguish the two
possible states, Eve performs a unitary transformation that
rotates her probe while | eavi

~S

U: |/ 6, 'Z}‘OEB J A O A
Yo, A0g0 [y, df A

where | edand | f dare normalized states. Since U preserves
Inner products,

|/ of@ea O £
and if |f dand |ydare nonorthogonal, then af |e 01:
the states of the probe are t1
probe cannot reveal any information about whether the state is

|y 0or |yd. On the other hand if |y dand |ydare orthogonal, the
probe states can also be orthogonal. Eve can copy the info.




Tensor Product

A | «<— System divided into two subsystems — | B

{1i6,, i £2, o} {lad, a £2, yd.}
Basis states of the composite system are distinguishable if
they can be distinquishedon ei t her Al i ce0Os

(a] AY(li B R dog
If Alice and Bob both have qubits, the basis states
{1008|01 310 ,|a1
are all distinguishable.



Many qubits

Al A2 A3 e - - An
c?=C? Ac? K* A &

) ntimes
spanned by &

‘X6 I:)%-l fi}X?\z -0 'Z}\)i A‘)% 6XA{ O’ﬁ

where x|y o dx:y
-- complex dimension d = 2", 2"*1 -2 real parameters.
2n-l

yd 7 a, |x For300qubits, vectorin a space with
%=0 dimension 23% ~ 10°, more than the

the number of atoms in the visible universe. No succinct
classical description of the quantum state, in general.



Which decomposition into subsystems?

7
AL A, A, e . . |A
n ~ ~ ~ ~2
C> =C? AC* K£° A @
nt?r%es
Typically dictated by spatial locality. The qubits may be in
di fferent cities, or encoded

Aproductstate |)y O )/ A16 | é(AZ o - ,Z}\ pyg\

has a succinct description; only 2n real parameters. It can be
created by n parties each acting locally in his/her city.

If a (pure) state is not a product state, it is entangled.
Entanglement cannot be created by remote parties acting
locally, even if they communicate classically.



Entanglement

v

Al A2 A3 e " " An

If a (pure) state is not a product state, it is entangled.
Entanglement cannot be created by remote parties acting
locally, even if they communicate classically.

However, by bringing the qubits —
together pairwise, or by sending qubit Ak

messages between parties, arbitrary <
entangled states can be constructed.

Ak+1

Two qubit gates are universal. In general, though, this
construction is inefficient. For most entangled states, an
exponentially large number of two-qubit gates are needed to
create the state, starting with a product state.



Entanglement

A/AB\B

Charlie prepares one of several possible mutually orthogonal
entangled states (for Charlie the states are perfectly
distinguishable). He sends one subsystem to Alice and the
other subsystem to Bob.

If the states are all maximally entangled, neither Alice nor Bob,
acting locally, can acquire any information distinguishing them.
Compare:

{Ifa =(o0 @), p +(d0% |19

(In this case, Alice and Bob

VS. {‘ 006:‘ 0l @10 1‘6-1 each acquires one bit.)



Entanglement

A | B
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Two classical bits are encoded by the state Charlie parity | phase
chooses. But neither Alice nor Bob can acquire this |

iInformation locally. Instead, the information is stored (]? + +
nonlocallyy, s hared equally by [Alilcedls anc
gubits. f é .\ ]
Though either Alice or Bob acquires only a random

bit by measuring the qubitl ocal I 'y, Al i qﬁ&é and B|o|
outcomes are correlated. If they both measure in the ) +
O,1 basi s, they acquire [the] npariity
entangled state, and if the both measure in the +,- ) ES - -
basis they acquire the flphalse bit 10



Entanglement

A/AB\B

{Ife s(oo0 f1), p +(d0% |10

Classical bits can be correlated, too, but the correlations among the qubits
In a Bell pair are stronger than classical correlations. There is just one way
to look at a bit, but there are two complementary ways to look at a qubit ---
we can measure either one of the two noncommuting Pauli operators:

Entanglement, unllk_e classical correlation, is 20 16 13 0
monogamous. If Alice and Bob are X = 6 Z = =
maximally entangled with one another, (aﬁ 0 = Og -1

neither can be entangled with Eve at all.




Monogamy of
Entanglement

Alice, Bob, and Eve share | Q 1 & |O®AB |e00 Ea 181, ﬁn ]
a three-part state: F =
= 2E104 le, (011t B .

Suppose that Alice and Bob can verify that each of their pairs satisfies
XA X=1=ZA Z.. If ZA Z=1, then the state must be

IF Qe :}5( 100 e « Blg B3 )

And if also X A X =1 then it must be

1

|F QBE :\E( |OO AB6 |1:H_AB) &E ’f+6AB :e E
Because gultiicepesr fectly correlated \
uncorrelated with EveoOs system. Al
to generate correlated bits, and E
bit by measuring her system. If the Alice/Bob correlation were merely
classical, there would be no limitation on their classical correlation with Eve.



Entanglement
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Al A2 A3 e " " An

For a system with many qubits, how much quantum information does Bob
acquire, if Alice sends qubits one at a time. This can be quantified by
entropy. Consider a typical state of n qubits.

Classical Quantum

information
information

N
T

number of bits number of qubits

In the classical case, each bit received conveys one bit of information. In
the quantum case, the first ~ n/2 qubits received convey essentially no
iInformation, each of the rest carry about two qubits of information.




Quantum entanglement

If you read ten pages of an ordinary hundred-page book, you learn about

10% of the content of the book. But if you read ten pagesofant ypi c al
hundred-page quantum book, you learn almost nothing about the content of
the book. That's because nearly all the information in a quantum book is
encoded in the correlations among the pages; you can't access it if you

read the book one page at a time.
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ng Atypicalo
(exponential) classical resources.

quantum

Can we verify that Nature allows states with no succinct classical
description?

states



Three coins on the table. Each is either heads or tails. You can uncover

any one of the three coins, revealing whether it is heads of tails, but when
you two the other two coins disappear---y o u 6 | | never Kkno
other two coins are heads or tails.
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There are many sets of coins, identically prepared by Donald.

For each of the three coins, in Pasadena or Waterloo, the probability is %2
that the coin is heads or tails.
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There are many sets of coins, identically prepared by Donald.

For each of the three coins, in Pasadena or Waterloo, the probability is %2
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But, if Alice and Bob both uncover the same coin, the outcomes are
perfectly correlated.
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There are many sets of coins, identically prepared by Donald.
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For each of the three coins, in Pasadena or Waterloo, the probability is %2
that the coin is heads or tails.

But, if Alice and Bob both uncover the same coin, the outcomes are
perfectly correlated.













































































































































