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My research interests in condensed matter theory can be identified with three themes:
quantum dynamics of many-body systems, strongly interacting systems, and disorder. In
addition to these themes, an important aspect of theoretical research for me is close col-
laborations with my experimental colleagues. As strong interactions and disorder are well
established themes for condensed matter, in this statement, I will focus on my interest in
dynamics and how I see its connect to disorder and strong interactions. I will begin by out-
lining some of the recent experimental progress in the settings of ultracold atomic physics,
quantum optics, and traditional condensed matter physics that has brought the topic of
dynamics to the forefront. Next, I will present four future directions that I would like to in-
vestigate and comment on how they are related to my past research: (1) universal dynamics
in the vicinity of a quantum critical point, and its break down; (2) dynamics in the presence
of disorder; (3) dynamics in the presence of strong interactions; (4) building up a toolbox of
numerical methods for attacking problems in dynamics. Finally, I will mention a possible
application for the research outside of the laboratory.

EXPERIMENTAL MOTIVATION

Condensed matter physics is a discipline that aims to describe properties of systems
composed of a large number of particles. In the past, most condensed matter research
has focused on understanding systems like metals, ferromagnets, and superconductors in
or near equilibrium. There has been comparatively less research probing the (quantum)
dynamics of these systems. Basic question like what does it mean for a quantum system to
thermalyze, and which quantum systems thermalyze and which do not, have only recently
started to be addressed1. A large part of the reason for focusing on equilibrium properties like
phase diagrams, and near equilibrium properties like linear-response transport, as opposed
to dynamical properties like thermalyzation following a quench of the system parameters has
been the lack of experimental tools for addressing dynamics. This lack of experimental tools
is two-fold: first, it is difficult to control Hamiltonian parameters like interaction strength
in condensed matter systems, second typical electronic systems have energy scales that are
set by the strength of the chemical bond, which means that the corresponding timescales
are indeed very fast (i.e. in the pico- to atto-second range) and therefore very difficult to
probe.

An important reason for my interest in dynamics is the tremendous progress on the exper-
imental side. In particular the advancements in cooling and controlling atoms using lasers
and magnetic fields have been truly inspiring. These advancements have prompted a major
effort to build a quantum emulator as described by Feynman2 based on ultra cold atomic
systems3,4. In such an emulator, atoms would play the role of the electrons and interfering
laser beams the role of the lattice in condensed matter systems. System parameters like the
depth of the optical lattice, the atom-atom interaction strength, and spin-orbit scattering
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FIG. 1. Phase maps of a 51x51 lattice site quantum rotor model (a close cousin of the Bose-

Hubbard model) with color indicating the phase ranging from −π (blue) to π (red). This sequence

of phase maps shows the ”classical” evolution starting from the Mott insulator (J/Jc < 1) phase

as the system undergoes a parametric ramp to the superfluid (J/Jc > 1) phase. On the Mott

side the particle number is fixed one each site, and thus the phase is disordered. As the system

progresses towards the superfluid side, the phase begins to order via domain formation, followed

by domain coarsening. The initial conditions for the classical dynamics correspond to a point

in the equilibrium Wigner distribution function of the Mott insulator. If the action governing

the evolution was Gaussian, averaging over the initial conditions would capture the quantum

nature of the system. The Truncated Wigner Evolution (TWE) method provides a systematic

procedure treating non-Gaussian terms in the action by introducing stochastic jumps into the

classical trajectories.

strength could all be adjusted over a broad parameter range. Therefore, a quantum emu-
lator would allow one to study various systems, including those with strong interactions5

and disorder6,7. Moreover, as the energy scales involved in ultacold atom systems are much
lower than those in condensed matter systems, the resulting timescales are rather slow. As
a result, the system parameters can be tuned during the course of the experiment, mak-
ing it possible to study dynamical properties in addition to the equilibrium properties. An
exciting recent development that compliments the high precision control of ultracold gases
has been the quantum gas microscope that allows one to read out the state of the gas in
an optical lattice with single site resolution8–10. Outside the field of cold atoms, progress
has also been made in probing of traditional condensed matter systems at ever shorter time
scales, with current generation of “lightwave electronics” experiments able to achieve resolu-
tion on the attosecond timescales11. Furthermore, Bose-Einstein condensation has recently
been demonstrated in experiments on coupled polariton-exciton cavities, possibly opening
yet another setting to study many-body physics12.

UNIVERSAL DYNAMICS AND ITS BREAKDOWN

Phase transitions are typically associated with a diverging length scale, the appearance of
which smoothes out the microscopic details of the system, and thus leads to the appearance
of universality. That is, for a given class of disparate systems, in the vicinity of a phase
transition the low energy degrees of freedom can be described by the same universal theory.
The appearance of universal behavior in equilibrium, for both thermodynamic and quantum,
has been a well studied phenomenon. However, what has only recently become appreciated
is that universality also occurs in dynamics. This type of universal dynamics was first
proposed by Kibble13 and Zurek14, who argued that the density of vortices that appear in a
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quench across a thermodynamic phase transition is governed by the appearance of a length
scale over which distant parts of the system are unable to communicate during the quench.

I am interested in extending the ideas of universal dynamics to calculating various ob-
servables following a quench or a parametric ramp. Specifically, consider a system described
by the quantum Hamiltonian H[λ], where λ is a tuning parameter, and λ = 1 is associated
with a quantum phase transition in the equilibrium system. The goal is to describe the
behavior of the system as we tune the parameter λ(t) in time. In particular, we consider
parametric ramps that start at λi and stop at λf after tmax seconds

λ(t) = λi(1 − t/tmax) + λf (t/tmax). (1)

Surprisingly, for certain systems (like the transverse field Ising model) it has been shown that
observables display a universal dependence on the ramping rate used to cross the quantum
phase transition. An example of such an observable is the excess energy added to the system

by a non-adiabatic ramp: Q ∼ t
− (d+z)ν

nν+1
max , where ν is the correlation length critical exponent, z

is the dynamical critical exponent, and d is the dimensionally of the system15. Most previous
work has concentrated on integrable systems, although using numerical calculations we have
shown that it also exists for non-integrable systems16.

A prototypical example of an experimental setup that could show universal dynamics
involves bosons in a time dependent optical lattice. The lattice bosons are well described
by the Bose-Hubbard model, with a time dependent hopping matrix element J(t)

H = −J(t)
∑
〈i,j〉

b†ibj +
U

2

∑
i

ni(ni − 1) +
∑
i

Vini. (2)

Here b†i (bi) are the boson creation (annihilation) operators, ni are the boson number oper-
ators, U is the onsite interaction, and Vi is the electro-chemichal potential (which describes
the trap in the setting of ultracold atoms). By tuning the tunneling, the system can be
driven from the superfluid- to the Mott insulating state9, or in the opposite direction17.
Fig. 1, shows preliminary calculations of the appearance of phase coherence for a Mott to
Superfluid ramps computed using Truncated Wigner Evolution, and further explained in
the Numerical Toolbox Section.

The ultimate goal of this line of research is to develop a paradigm that can be applied
to quantum dynamics of many-body systems near quantum critical point in the same way
that the renormalization group can be applied to equilibrium properties. That is, to find a
systematic way to identify and describe the degrees of freedom (and corresponding operators)
that are important for dynamical properties of the system as opposed to its equilibrium
properties. I suspect that such a unifying RG treatment could be extracted using the Wegner
flow equation approach18. Unlike the usual RG, which is focused solely on the properties
of the ground state, the Wegner approach also keeps track of the excited states, and thus
is a good fit for studying dynamics. How to identify the relevant operators, their action on
observables, and what are the irrelevant/dangerously irrelevant operators remains an open
topic.
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DYNAMICS IN THE PRESENCE OF DISORDER

Since experimental systems usually have some degree of disorder, it is important to
understand its effect. Conversely, disorder can often be added to change the properties
of the system. In this section, I would like to address both aspects of disorder: disorder
as a parasite that washes out the universal dynamics discussed in the previous section, and
disorder as a feature that induces new and interesting dynamics.

To understand the question of what are the effects of disorder on the universal dynamics
in the vicinity of a quantum phase transition, a useful test is the Harris Criterion, which
evaluates whether disorder is important for equilibrium properties. In the vicinity of a phase
transition the disorder becomes averaged over regions of the size of the diverging length scale,
as the system cannot fluctuate on shorter length scales. The Harris criterion asks whether as
one approaches the phase transition does the disorder strength grow or shrink as compared
to distance away from the transition. If the disorder strength shrinks, then it is an irrelevant
perturbation (at least for the case of weak disorder), and the phase transition survives. On
the other hand if the disorder strength grows, the clean system phase transition becomes
smeared by the disorder, see our work in Ref19 for an example of such a situation.

For the case in which disorder is irrelevant, the dynamics sufficiently near a phase transi-
tion should crossover into the universal (clean) regime. Understanding this crossover, as well
as the effects of disorder away from the phase transition, quantitatively would be helpful
for proposing new experiments and interpreting experimental data on universal dynamics.
Conversely, it would be helpful to understand the case in which the disorder is relevant.
A particularly important example of this situation is the ever-popular 2D Bose-Hubbard
model, in which any amount of disorder results in the formation of a glassy phase that
separates the Mott and the Superfluid phases (see Ref.20 for our perspective on the equilib-
rium transition between the superfluid and the glass). As disorder, however weak, is always
present in experiment, one has to ask whether there is a window of timescales over which
universal dynamics associated with the clean quantum critical point can be observed. Al-
ternatively, one can treat the disorder as a feature, to study the dynamics in the vicinity of
the new transition induced by the disorder, possibly using the tools of Ref.20.

DYNAMICS AND STRONG INTERACTIONS

As mentioned in the introduction, one of the goals of ultracold atom research is to build
a quantum emulator. The purpose of building such an emulator would be to study problems
in many-body physics that have proved to be resistant to other methods of attack. Within
the condensed matter community, these types of problems usually involve so-called strongly
interacting systems (also called strongly-correlated systems). The most notorious example
of such a system is the Fermi-Hubbard model. It is conjectured that the Fermi-Hubbard
model, which describes repulsive fermions in a 2D square lattice, may be a minimal model
for high temperature superconductors and therefore understanding it may have important
industrial applications. Instead of picking on such a notorious example, in order to introduce
the relationship between dynamics, strong correlations, and quantum emulators, I would like
to comment about the more conventional question of Stoner instability in strongly repulsive
fermionic systems (with no lattice).

One of the powerful tools of the ultracold atom arsenal is the tunability of the effective
two atom interaction in the vicinity of a Feshbach resonance. Using a Feshbach resonance,
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it seems that it should be possible to induce strong repulsive interactions in an ultracold
two-component Fermi gas and thus induce Stoner ferromagnetism. However, it is important
to remember that repulsive interactions at a Feshbach resonance are induced by a two
atom shallow bound state. Thus, in addition to the upper branch of scattering states,
corresponding to repulsively interacting atoms, there is a lower branch consisting of bound
pair of atoms. In order to try to make a Stoner ferromagnet, the authors of Ref.21 started
by cooling a weakly repulsive Fermi gas, and then quickly quenching it into the strongly
repulsive regime, with the hope that a ferromagnet would form before atoms can decay from
the upper branch to the lower molecular branch. Unfortunately for Stoner physics, it turns
out that the pairing rate is probably faster than the magnetization rate, and thus following
a quench the sample turns into paired atoms before it has a chance to become magnetized22.
Indeed, a fast pair production rate was confirmed by follow-up experiments23.

The lessons of the quest for Stoner instability are two-fold: First, the interactions between
electrons and between cold atoms are quite different in nature, and one should consider this
difference in the operation of a quantum emulator. Second, a quantum emulator will almost
certainly involve dynamical state preparation. If one wants to make a strongly correlated
state, it is important to understand how to get to such a state, or at least to its vicinity,
dynamically. Therefore, understanding how to design a pathway to a specific state, and not
just the Hamiltonian, is an important question that I want to address.

A complimentary property of strongly interacting systems, is that sometimes strong in-
teractions can make life easier, or at least different. One reoccurring theme, that can govern
dynamics, is the relaxation of a high-energy excitation into a large number of low energy
excitations. This type of dynamics appears in various contexts ranging from the decay of
a Delta-isobar in nuclear matter to the relaxation of excitons in nanotubes. The decay
of excess double occupancies in the Fermionic-Hubbard model is a prototype for such a
process. The relaxation proceeds by converting the on-site repulsive energy of the double
occupancy into a large number of spin-wave excitation (or particle-hole excitations away
from half-filling). An important result of our work was to show that the relaxation time
scales exponentially with the number of secondary excitations produced in the decay24–26.
In Ref.27, Chudnovskiy, Gangardt, and Kamenev made further theoretical progress by ob-
taining an elegant semi-classical formula for the decay rate of a double occupancy in the
Bose-Hubbard model. Understanding the decay of double occupancies has important impli-
cations for ultra-cold atom experiments, as it sets an upper limit on how fast one can change
the optical lattice height without trapping double occupancies. Decay of double occupan-
cies may also be important for building solar cells based on strongly correlated materials, as
discussed in the Applications Section. I would certainly like to try to come up with a semi-
classical method for computing the decay rate of double occupancies in the Fermi-Hubbard
model.

COMPUTATIONAL TOOLBOX FOR DYNAMICS OF QUANTUM MANY-BODY

SYSTEMS

The goal of building a computational toolbox, is to provide a way to test theoretical
ideas and make quantitative connections with experimental research. Unfortunately, com-
putational tools for studying dynamics of quantum-many-body systems are rather limited.
The limitations basically arise from the fact that quantum many-body systems have large
Hilbert spaces, and with the exception of one dimensional systems, there are no general
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methods for selecting a smaller subspace to work with. Nonetheless, I would like to imple-
ment, and possible extend, the established approaches.

First approach: use simple trail wave functions. This is more of an analytical rather
than a computational approach, depending on the complexity of the trial wave functions.
The main advantage of this approach is its transparency and simplicity in highlighting the
physics. In many instances, this method works remarkably well, especially when describing
local physics or short time dynamics. However, the method is not general, as the choice of
trial wave function depends on the type of system one wants to describe.

Second approach: time dependent matrix product states (tMPS) also known as time
dependent density matrix renormalization group (tDMRG). The advantage of the tMPS
method is that it is a well established procedure that provide a systematic method for
choosing trial wave functions for doing both equilibrium and dynamical calculations. Thus
the tMPS method can really be used as a benchmarking tool for comparison to other methods
and experiments. Unfortunately, tMPS method has important shortcomings: the trial wave
functions it comes up with are not at all transparent, it only works well for 1D systems, and
it fails to describe long time behavior as distant parts of the system become entangled.

Third approach: Truncated Wigner Evolution (TWE)28. TWE is based on the fact that
the evolution of a Gaussian field theory is easy, as one can average over classical trajectories
as opposed to calculating path integrals. TWE provides a systematic expansion in powers
of h̄ to include the effects of non-Gaussian terms in the action by inserting random jumps
in the classical trajectories. One nice feature of the TWE is that it provides a natural
mechanism for studying symmetry breaking that occurs in a phase transition, as each initial
condition for a classical trajectory is chosen randomly from the Wigner distribution function
and thus breaks symmetry. Of course by averaging over all initial conditions symmetry is
restored. An example of TWE calculation (without jumps) is shown in Fig. 1, which shows
a particular classical trajectory for a Mott-Superfluid ramp that I have computed. To use
the full power of the TWE approach, it is necessary to develop efficient algorithms that
incorporate jumps in the classical trajectories, which is still an open problem.

APPLICATIONS

In addition to the intrinsic interests, understanding dynamics of many-body systems can
have important industrial application. An example of a potential application is to use the
excitation gap due that arises in Mott insulators due to strong interactions as a substitute for
the band gap of semiconductors in microelectronic devices. Explicitly, the gap for creating
a double occupancy and a hole in a Mott insulator could be used to build a solar cell
as described in Refs.29,30. Of course to understand the functionality of these devices it is
essential to understand the dynamics involved. For the solar cell example, the question is
how to extract the energy imparted by light to create a double occupancy and hole before
they recombine24–26.

CONCLUDING REMARKS

For me, the two most important principles of research are (1) that the interplay of theory
and experiment is the essential mechanism that leads to advancements in physics and (2)
this interplay is often enhanced by the combination of ideas from seemingly different fields,
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as it often happens that theoretical tools developed in one field have a direct relation to
experiments in another. My ambition is to apply these principles to the area of strongly
correlated and/or disordered systems and their dynamics in the settings of both condensed
matter physics and ultracold atom physics.
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