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The dynamics of quantum criticality revealed by
quantum Monte Carlo and holography
William Witczak-Krempa1*, Erik S. Sørensen2 and Subir Sachdev3
Understanding the dynamics of quantum systems without long-lived excitations (quasiparticles) constitutes an important
yet challenging problem. Although numerical techniques can yield results for the dynamics in imaginary time, their reliable
continuation to real time has proved di�cult. We tackle this issue using the superfluid–insulator quantum critical point of
bosons on a two-dimensional lattice, where quantum fluctuations destroy quasiparticles. We present quantum Monte Carlo
simulations for two separate lattice realizations. Their low-frequency conductivities turn out to have the same universal
dependence on imaginary frequency and temperature. Using the structure of the real-time dynamics of conformal field theories
described by the holographic gauge/gravity duality, we then make progress on the problem of analytically continuing the
numerical data to real time. Our method yields quantitative and experimentally testable results on the frequency-dependent
conductivity near the quantum critical point. Extensions to other observables and universality classes are discussed.

T

he quasiparticle concept is the foundation of our understanding of the dynamics of many-body quantum systems.
It originated in metallic Fermi liquids with electron-like
quasiparticles; but it is also useful in more exotic states, such as
the fractional quantum Hall states and one-dimensional Luttinger
liquids, which have quasiparticle excitations not simply related to
the electron. However, modern materials lacking a quasiparticle
description abound,1 and developing their theoretical description
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both computing the universal properties of the CFT describing the
superfluid–insulator transition. Complementary results along the
T = 0 axis have appeared recently9 .
For experimental comparison, we need predictions in real time,
and so cannot use the results from Fig. 1b directly. Without
further physical input, the analytic continuation from imaginary
to real frequencies represents an ill-posed problem in which
minute errors are invariably magnified by the continuation. We
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Modern phases of quantum matter:	

1. Ground states disconnected from independent	

electron states: many-particle entanglement	

2. Boltzmann-Landau theory of quasiparticles
Famous examples:
The fractional quantum Hall effect of electrons in two
dimensions (e.g. in graphene) in the presence of a
strong magnetic field. The ground state is described
by Laughlin’s wavefunction, and the excitations are
quasiparticles which carry fractional charge.

Modern phases of quantum matter:	

1. Ground states disconnected from independent	

electron states: many-particle entanglement	

2. No quasiparticles
2. Quasiparticle
structure of excited states
Only 2 examples:
1. Conformal field theories in spatial dimension d >1
!

2. Quantum critical metals in dimension d=2

The Superfluid-Insulator transition
Boson Hubbard model
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Observation of Quantum Criticality with
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Quantum Monte Carlo for lattice bosons
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Analytic continuation by a holographic model
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Transport revealed by QMC and holography
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Predictions of holographic theory,
after analytic continuation to real frequencies
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Non-zero T dynamics of CFT
maps to dynamics of a “horizon”
in (Einstein’s) gravitational
theory

