1 Quantum Supremacy

The original point of quantum computing is that it should be better than classical computing
on some problems. This goal was crystallized by John Preskill [16] (see also [17]) who defined
Quantum Supremacy.

Definition 1. Quantum Supremacy is the goal of finding a problem where a quantum computer
can outperform a classical computer. Note that this involves (a) formulating a problem, (b) come
up with a quantum algorithm for it, (c) code up that algorithm on a real quantum computer, (d)
have an argument (it need not be a proof) that any classical algorithm, when coded up, will do much
worse than the quantum algorithm. Note that this is not theoretical. The goal involves real quantum
computers versus real classical computers. The goal is that the quantum computer is better than
the classical one; however, better may be speed or energy or some other parameter.

In this chapter we discussed many problems where quantum algorithms seem to do better than
any known classical algorithm. However, putting these quantum algorithms on a real quantum com-
puter is difficult. Hence other problems have been suggested as candidates for achieving quantum
supremacy. We discuss two problems for which quantum supremacy may have been achieved.

1.1 Quantum Sampling

Problem 1.1. RANDOM CIRCUIT SAMPLING (RCS)

INSTANCE: A quantum circuit C. C takes n qubits as input and outputs n qubit that are then
measured to get an element of {0,1}". Note that if you run C' on the same input twice you may
not get the same answer. Hence C(0™) can be viewed as a distribution rather than an element of
{0,1}™. We call this distribution D. If the quantum circuit is chosen at random then the D is far
from uniform.

QUESTION: (Informally) Take enough samples of the circuit to show statistically that D is
unlikely to be uniform.

The following are known.

1. Bouland et al. [5] and Aaronson & Chen [1] give evidence that if RCS is classically easy then
certain reasonable complexity hypothesis are false. Hence RCS is probably hard classically.
We note that this is a theoretical asymptotic result so it may not be as helpful for quantum
supremacy as it appears at first glance.

2. On October 23, 2019 Google published a paper [8] which claims to have have solved the 53-bit
RCS problem in 200 seconds. They also claim that any classical supercomputer would have
taken 10,000 years. The quantum processor used is named Sycamore.

3. IBM [15] (see also Scott Aaronson’s blog post [1]) showed how the computation would have
taken only 2.5 days on a supercomputer.

4. We will stop here; however, the claims and counter-claims about if Google really did achieve
quantum supremacy continue. For intelligent discussions of the issue go to Scott Aaronson’s
Blog and search for Quantum Supremacy.



1.2 Gaussian Boson Sampling

Aaronson & Arkhipov [3] proposed BOSON SAMPLING as a candidate problem for quantum supremacy.
We omit the description as it is somewhat technical, They give evidence that if BOSON SAMPLING
is easy in one way then the polynomial hierarchy collapses, and if it is easy in another way then
(with some assumptions) computing the permanent of a matrix is easy, which also implies that the
polynomial hierarchy collapses.

Hamilton et al. [11] introduced a related problem, GAUSSIAN BOSON SAMPLING. They give
evidence that if GAUSSIAN BOSON SAMPLING is easy then computing the permanent of a matrix is
easy, so the polynomial hierarchy collapses.

The following are known.

1. In December of 2020, a group based in the University of Science and Technology of China
(USTC) [14] achieved quantum supremacy by implementing GAUSSIAN BOSON SAMPLING
on 76 photons with their photonic quantum computer Jiuzhang. The paper states that to
generate the number of samples the quantum computer generates in 2 seconds, a classical
supercomputer would require 600 million years of computation. For more information on
these results see the articles by Conover [7] and Garisto [10].

2. They later increased the number of photons to 113.

3. Martinez-Cifuentes et al. [12] give reasons why the USTC group may not have actually
achieved quantum supremacy.

1.3 Has Quantum Supremacy Happened?

We close with a quote from a blog post of Scott Aaronson [2]. We insert comments in parenthesis
for clarity.

The experiments by Google and USTC and now Xanadu (they worked on a graph
problem that has a classical O(n?) algorithm so the quantum advantage cannot be to
large) represent a big step forward for the field, but since they started being done,
the classical spoofing attacks have also steadily improved, to the point that whether
“quantum computational supremacy” still exists depends on exactly how you define it.

Briefly: If you measure by total operations, energy use, or CO2 footprint, then probably
yes, quantum supremacy remains. But if you measure by number of seconds, then it
doesn’t remain, not if you're willing to shell out for enough cores on AWS (Amazon
Web Services) or your favorite supercomputer. And even the quantum supremacy that
does remain might eventually fall to, e.g., further improvements due to Gao et al. [J].
For more details, see e.g., the now-published work of Pan, Chen and Zhang [13] or this
good popular summary by Adrian Cho [0] for Science.

Scott later argues that what is really needed are new quantum supremacy experiments.
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