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The Computer Science
Picture of Reality

Quantum computing challenges this picture

That's why everyone should care about i,

whether or not quantum factoring machines
rdre ever built
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As far as | am concern[ed], the QC model consists of
exponentially-long vectors (possible configurations) and some
“‘uniform” (or “simple”) operations (computation steps) on
such vectors ... The key point is that the associated
complexity measure postulates that each such operation can
be effected at unit cost (or unit time). My main concern Is
with this postulate. My own intuition is that the cost of such
an operation or of maintaining such vectors should be linearly
related to the amount of “non-degeneracy” of these vectors,
where the “non-degeneracy” may vary from a constant to
linear in the length of the vector (depending on the vector).
Needless to say, | am not suggesting a concrete definition of
‘non-degeneracy,” | am merely conjecturing that such exists
and that it capture[s] the inherent cost of the computation.

—QOded Goldreich
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My Two-Pronged Response

(1) It’s not easy to explain current experiments
(let alone future onesl), If you don't think that quantum
states are exponentially long vectors

[A. 2004, “Multilinear Formulas and Skepticism of Quantum
Computing’]




My Two-Pronged Response

(1) It’s not easy to explain current experiments
(let alone future onesl), If you don't think that quantum
states are exponentially long vectors

[A. 2004, “Multilinear Formulas and Skepticism of Quantum
Computing’]

(2) But it's not that bad

[A. 2004, “Limitations of Quantum Advice and One-Way
Communication’]
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Prong (1)

Quantum states are exponentially long vectors
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How Good Is The Evidence for QM?

(1) Interference: Stability of e orbits, double-slit, etc.
(2) Entanglement: Bell inequality, GHZ experiments

(3) Schrodinger cats: C,; double-slit experiment,
superconductivity, quantum Hall effect, etc.

401:680-682 (1999)




Exactly what property separates

the Sure States we know we can

create, from the Shor States that
suffice for factoring?

nature
- =
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Not precision in amplitudes:

]
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Not precision in amplitudes:

=)

Not entanglement across hundreds of particles:

‘ o>®n 5 ‘ 1>®n
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Not precision in amplitudes:

=)

Not entanglement across hundreds of particles:
‘ O>®n 4 ‘ 1>®n

NG

Not a combination of the two:

R [\0>+II>T"+(\0>—\I>T"
= Wb V2




Intuition: Once we accept |\y) and |¢) into our set of
possible states, we're almost forced to accept |\y)®|d)
and o|y)+B|d) as well
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Intuition: Once we accept |\y) and |¢) into our set of
possible states, we're almost forced to accept |\y)®|d)
and o|y)+B|d) as well

But we might restrict ourselves to tree states: n-qubit
states obtainable from |0) and |[1) by a polynomial
number of linear combinations and tensor products




Main Result

If

€] : Y |x) is auniform superposition

over the codewords of a binary linear code,
then |C) requires tree size n“°9" (even to
approximate)—uwith high probability if the
generator matrix is chosen uniformly at random

Pirsa: 05070108




Prong (2)

It’s not that bad
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Prong (2)

It’s not that bad
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Quantum Advice

Nielsen & Chuang: “We know
that many systems in Nature
‘prefer to sit in highly entangled
states of many systems; might it be

possible to exploit this preference to
obtain extra computational power?”
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Quantum Advice

Nielsen & Chuang: “We know
that many systems in Nature
‘prefer to sit in highly entangled
states of many systems; might it be
possible to exploit this preference to
obtain extra computational power?”

BQP/gpoly: Class of languages decidable by
polynomial-size, bounded-error quantum circuits,
given a polynomial-size quantum advice state
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Challenge: Is quantum advice more powerful
than classical advice?

|.e. does BQP/qgpoly strictly contain BQP/poly?
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Challenge: Is quantum advice more powerful
than classical advice?

|.e. does BQP/qgpoly strictly contain BQP/poly?

Notice that, given an exponential amount of
classical advice, a computer could solve any
problem whatsoever

S0, could quantum advice be similar to that?
Could it let us solve, say, NP-complete
problems in polynomial time?
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PostBQP: Class of problems solvable in
quantum polynomial time, if you can postselect
measurement outcomes (i.e. measure, then Kill
yourself if you don't like the outcome)

A. 2004: PostBQP equals a classical complexity
class called PP
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Pirsa:

PostBQP: Class of problems solvable in
quantum polynomial time, if you can postselect
measurement outcomes (i.e. measure, then Kill
yourself if you don't like the outcome)

A. 2004: PostBQP equals a classical complexity
class called PP

Result: BQP/qpoly — PostBQP/poly

(Anything you can do with poly-size quantum
advice, you can also do with poly-size classical
advice, provided you're willing to use
exponentially more computation time)

00000000




Alice Is the

Pirsa:

Intuition

% Bob is the
& PostBQP
“machine

(:
“advisor’ 0

;ﬁ.

Alice wanted to send Bob a Q-qubit quantum
advice state |y)

Instead she’ll send Bob an O(nQ)-qubit
classical message, containing a “Darwinian
training set” of inputs that he can use to

reconstruct [\y) on his own

00000000




Alice’s Classical Message

BOb, If you use the maximally mixed

state in place of my quantum message, |
then X, Is the lexicographically first

input for which you'll output the wrong
answer with probability at least 1/3.

X, —H

. But if you condition on succeeding on

X4, then X, Is the next input for which

you'll output the wrong answer with
probability at least 1/3.

But if you condition on succeeding on
X, and X,, then X, Is the ...

)
.".Il
rd
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Technicality: We assume Alice’s quantum
message was boosted, so that the error
probability is negligible
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Technicality: We assume Alice’s quantum
message was boosted, so that the error
probability is negligible

Claim: Alice only needs to send T=0(Q) inputs

Proof Sketch: Bob succeeds on x,,....X;
simultaneously with probability at most (2/3)'.

But we can decompose the Q-qubit maximally
mixed stateas 1 Z where [y )=|y) is
2—921[% :

wa

Alice’'s “true” quantum message. Therefore Bob
sticceeds with probability €2(1/2%)




Recent Improvement:
BQP/qpoly < QMA/poly

Here QMA (Quantum Merlin-Arthur) is the
quantum generalization of NP: the class of
problems for which a "yes” answer can be
proven with a polynomial-size quantum witness

(Note that QMA < PostBQP)
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Recent Improvement:
BQP/qpoly < QMA/poly

Here QMA (Quantum Merlin-Arthur) is the
guantum generalization of NP: the class of
problems for which a “yes” answer can be
proven with a polynomial-size quantum witness

(Note that QMA < PostBQP)

Yet another improvement:

QCMA/gpoly = QMA/poly, where QCMA (Quantum
Classical Merlin-Arthur) is the generalization of NP
~With a quantum verifier but a c/assical withess
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Conjectures

* ALL can be quarantined—in particular,
QMA/gpoly — PostBQP/poly
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Conjectures

* ALL can be quarantined—in particular,
QMA/gpoly — PostBQP/poly
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Conjectures

* ALL can be quarantined—in particular,
QMA/gpoly — PostBQP/poly

* The question of whether classical advice can
always replace quantum advice is not
independent of ZF set theory

» Similarly for whether classical proofs can
replace quantum proofs (i.e. QCMA = QMA)
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Summary

* The state of n particles is an exponentially long
vector. Welcome to Quantum World!
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Summary
* The state of n particles is an exponentially long
vector. Welcome to Quantum World!

« But for most complexity-theoretic purposes, it's
no worse than a probability distribution being
an exponentially long vector
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