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I. INTRODUCTION

HE purpose of this paper is to describe a general
method, suitable for fast electronic computing
machines, of calculating the properties of any substance
which may be considered as composed of interacting
individual molecules. Classical statistics is assumed,
only two-body forces are considered, and the potential
field of a molecule is assumed spherically symmetric.
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Equation of State Calculations by Fast Computing Machines
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A general method, suitable for fast computing machines, for investigating such properties as equations
state for substances consisting of interacting individual molecules is described. The method consists of
modified Monte Carlo integration over configuration space. Results for the two-dimensional rigid-sph
system have been obtained on the Los Alamos MANTAC and are presented here. These results are compat
to the free volume equation of state and to a four-term virial coefficient expansion.

II. THE GENERAL METHOD FOR AN .
POTENTIAL BETWEEN THE PAR’

In order to reduce the problem to a fe
numerical work, we can, of course, consid
number of particles. This number ¥ may
several hundred. Our system consists of a
taining N particles. In order to minimi
effects we suppose the complete substance
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Monte Carlo sampling nevertheless became one of the most widely
used algorithms for its ability to sample from arbitrary distributions.

JUNE,

NicHorAs METROPOLIS, ARIANNA W. ROSENBLUTH, MARSHALL N. ROSENBLUTH, AND AuGUstA H. TELLER,
Los Alamos Scientific Laboratory, Los Alamos, New Mexico

19353

n putting together this issue of Computing in
Science & Engineering, we knew three things:
it would be difficult to list just 10 algorithms;
it would be fun to assemble the authors and
read their papers; and, whatever we came up
with in the end, it would be controversial. We

tried to assemble the 10 algorithms with the greatest
influence on the development and practice of science
and engineering in the 20th century.

* Metropolis Algorithm for Monte Carlo

Simplex Method for Linear Programming
Krylov Subspace Iteration Methods
The Decompositional Approach to Matrix
Computations
The Fortran Optimizing Compiler

QR Algorithm for Computing Eigenvalues
Quicksort Algorithm for Sorting

Fast Fourier Transform

Integer Relation Detection
Fast Multipole Method
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guantum many-pody physics

Cray @ ETH Zurich
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many-body

Collective phenomena in quantum systems become accessible
to quantitative numerical simulations, such as
superconductivity, Bose-Einstein condensation & topological materials.
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neutron scattering on density matrix renormalization group (DMRG)
quantum material numerical simulation
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(Quantum)2 many-body

IBM Quantum (cloud) _ _
Quantum processors are emerging as a new experimental platform

to simulate “guantum on quantum?”, i.e. the non-linear dynamics
of quantum systems with unprecedented control.

(2019)

(quantum)?2
many_bgdy Google’s Willow chip Microsoft’s Majorana 1 chip

(December 2024) (February 2025)
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(Quantum)2 many-body

IBM Quantum (cloud)

Quantum processors are emerging as a new experimental platform
to simulate “guantum on quantum?”, i.e. the non-linear dynamics
of quantum systems with unprecedented control.

Single-qubit gate:
0) W . = 25 ns
—
0) Qubit ‘/\/\/\ﬁA
VX -~ 71 XY control
0) — Two-qubit gate:
v X A :
12 ns
0) Qubit1
VW 7 Z control
0) . ~| Coupler g
Row Column A B Qubit 2
(2 O 1 9) Time ! I Il Z control
Cycle 1 2 3 4 5 6 7 8 m

quantum circuits are the “assembler-level” of quantum computing

(quantum)?
many-body
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guantum)2 many-body

IBM Quantum (cloud)

Quantum processors are emerging as a new experimental platform

to simulate “guantum on quantum?”, i.e. the quantum dynamics
of quantum systems with unprecedented control.

Article

Quantum supremacy using a programmable
superconducting processor
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The promise of quantum computers is that certain computational tasks
might be executed exponentially faster on a quantum processor
than on a classical processor.
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joint measurements & entanglement

guantum circuit for 2-qubit re
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joint measurements & entanglement

q1) 5 |%2)

parity checks in different basis checks instead of projectors
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T new toolbox for quantum many-body physics
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measurement-induced phase transitions

two-qubit

What happens if our resource
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measurement-induced phase transitions
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What happens if, for the toric code,
we weakly monitor all system qubits?

-
0<t< —
- 4

Is the monitored toric code stable
to this coherent deformation?
|s there a threshold?

Nishimori transition
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Nishimori physics

Phys. Rev. Lett. 131, 200201 (2023)

G-Y. Zhu, N. Tantivasadakarn, A. Vishwanath, R. Verresen




Nishimori physics

Nishimori (1981)
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NIshimori's cat
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NIshimori's cat
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experiment

Nature Physics 21, 161 (2025)

E. Chen, G-Y. Zhu, R. Verresen, A. Seif, E. Baumer, D. Layden, N. Tantivasadakarn, G. Zhu, S. Sheldon, A. Vishwanath, A. Kandala




|IBM quantum cloud devices

NISQ devices built on transmon qubits
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protocol on IBM heavy-hexagon lattice
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~ validate
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@® system qubit: site of honeycomb lattice « a < 7/4 injects tunable coherent error
@ auxiliary qubit: bond of honeycomb lattice * generically a non-Clifford gate
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incoherent & coherent errors

Dennis, Kitaev, Landahl, Preskill 2002
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OZ peox B coherent error transition
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qubit loss

arXiv:2505.22720

M. Putz, R. Vasseur, A. Ludwig, G-Y. Zhu




Nishimori / percolation & RG flows
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Nishimori / percolation & RG flows
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monitored toric codes

arXiv:2502.14034
PRX Quantum 5, 040313 (2024)

F. Eckstein, B. Han, Q. Wang, R. Vasseur, A. Ludwig, G-Y. Zhu




entanglement by measurement: surface code
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Why is there a critical point
when all the bulk qubits collapse?
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bulk-boundary correspondence

criticality is dictated by self-duality

duality
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toric code
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coherent information evaluates the size of the
degenerate space of the boundary state
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toric code
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Shannon entropy S AC = S C —+ S AlC entanglement entropy
of mixed state of boundary state
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self-dual criticality
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universality classes

Ising Nishimori weak self-dual
o disorder Born-rule qllsorder Born-rule g:hsorder
(1-replica) (1-replica)
/> SSB /> SW-SSB /> SW-SSB
spontaneous strong-to-weak spontaneous strong-to-weak spontaneous
symmetry breaking symmetry breaking symmetry breaking
Kramers-Wannier broken weak
duality duality duality

KWp x p KW pKW = p
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Ising

no disorder

Z> SSB

spontaneous
symmetry breaking

Kramers-Wannier
duality

KWp x p
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universality classes

Nishimori

Born-rule disorder
(1-replica)

Z> SW-SSB

strong-to-weak spontaneous
symmetry breaking

broken
duality

weak self-dual

Born-rule disorder
(1-replica)

/> SW-SSB

strong-to-weak spontaneous
symmetry breaking

weak
duality

KW pKW = p

tricritical

Born-rule disorder
(1-replica)

strong/weak/broken

Z> symmetry phases meet

learning transitions

arxiv:2504.12385
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perspectives




Nishimorl physics

* a staple of classical statistical physics

* but ubiquitous in quantum physics

Pdisorder
theory - Phys. Rev. Lett. 131, 200201 (2023)

experiment (IBM) - Nature Physics 21, 161 (2025)
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Nishimorl physics

* a staple of classical statistical physics Incoherent error

* put ubiquitous in quantum physics @ % :l

* enforced by Born’s rule

* induced by coherent and incoherent errors

ZCian At

coherent error

[ 0.16757 /4

theory - Phys. Rev. Lett. 131, 200201 (2023)
experiment (IBM) - Nature Physics 21, 161 (2025)
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Nishimorl physics

percolation "~""""Treg

weak
* a staple of classical statistical physics self-dual
RG flow

» but ubiquitous in quantum physics /

* enforced by Born’s rule Nishimori

* iInduced by coherent and incoherent errors \

* RG flow form percolation, self-dual, tricriticality

. : : : : tricritical
* an emerging fixed point universality class
for non-unitary conformal QCPs? Ising <

percolation — arXiv:2505.22720
self-dual — arXiv:2502.14034, PRX Quantum 5, 040313 (2024)
tricritical — arXiv:2504.12385

theory - Phys. Rev. Lett. 131, 200201 (2023)
experiment (IBM) - Nature Physics 21, 161 (2025)
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