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What is Quantum?

Double Slit Experiment
When light is sent through two slits onto a back screen, we
see an interference pattern with alternating light and dark
fringes. This is because light is a wave that travels through
both slits at the same time, interfering with itself to create
these fringes. The same pattern is observed when single
photons, electrons, atoms, or molecules are sent through
two slits; a particle goes through both slits at the same
time, interfering with itself in a wave-like way! The phe-
nomenon of a particle being in multiple places at the same
time is known as quantum superposition.

Quantum Superposition and Correlations

Many physical systems, especially atoms and molecules, are
inherently in quantum states, which are superpositions of
many configurations. This allows quantum states to have
stronger correlations than allowed by classical(not quan-
tum) probabilities!

Quantum Computers

A quantum computer could be in a quantum superposi-
tion of all configurations at the same time. This would
allow a quantum computer to solve certain problems far
faster than any computer we now have today. How-
ever, there are many obstacles towards the building of a
large-scale quantum computer; quantum superpositions
are fragile and can decay easily.

Quantum Chemistry

Atomic and molecular systems, involving positively charged
nuclei and negatively charged electrons, like to go to their
lowest energy possible state, known as the ground state.
The energy of a quantum state comes from interactions
between pairs of particles. Because of this, the energy of
a quantum state is completely determined by the correla-
tions between pairs of particles. The lowest energy state
will always have the lowest possible energy set of corre-
lations allowed by quantum mechanics, called an extreme
point. Mathematically solving these systems is equivalent
to finding the lowest energy extreme point:

Extreme Points

An extreme point represents correlations just barely allowed
by quantum mechanics. Extreme points are fundamental;
if we knew all of the extreme points, we could compute the
properties of physical systems by simply picking the lowest
energy extreme point! However, very little is known about
extreme points. How can we characterize them?

Main Result
Erdahl hypothesized in 1972 that every ex-
treme point uniquely determines the quantum
state that gives rise to it. This hypothesis has
been believed to hold since then.

We found counterexamples to Erdahl’s hypoth-
esis about extreme points, disproving it. Our
counterexamples come from recent advances in
the theory of quantum error correction codes.
Very little about extreme points is actually
known.

Quantum Error Correction

Error correction is important to the realization of a large-
scale quantum computer; quantum states are very fragile to
errors, so errors must be corrected. Error correction is also
used in classical(not quantum) computers; for example, if
we encode possible bit values into codewords:

0→ 000, 1→ 111,

we can recover from single errors through “majority rules”:
000−→︸ ︷︷ ︸

Error
001 −→︸ ︷︷ ︸

Correction
000.

One example of natural error correction is human language.

In a quantum computer, quantum bits would encoded into
quantum codewords in an error-resistant way.
•The criteria for a quantum code to be able to correct
single errors is exactly the criteria for all quantum
codewords to have the correlations between pairs of
particles

Putting the Pieces Together

One proposal for realizing quantum codes is to design a
physical system with multiple lowest ground states which
are quantum codewords. Recently, such a system has been
designed which has interactions only between pairs of par-
ticles. In such a system:
1. All ground states have the same correlations between
pairs of particles, since they are quantum codewords.
2. This set of correlations is an extreme point, since it has
the lowest energy allowed by quantum mechanics for this
system.
3. This extreme point does not uniquely determine the
quantum state, since multiple quantum states (the code-
words) can give rise to it.

This is a counterexample to Erdahl’s hypothesis!
Future Directions

While we have shown that the set of extreme points is more
varied than previously believed, very little is known about
them. Can we write down a new class of extreme points
useful for quantum chemistry?
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