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My research focuses on describing and controlling dynamics of quantum many-body systems. My goal is to address some
of the fundamental problems of condensed matter and ultracold atom physics: (1) how to control excitations of topological
matter in real devices, (2) how to predict dynamics of quantum many-body systems and emergent universality, and (3) what
is many-body localization. My research could have important practical implications. (a) Control over non-Abelian excitations
will be useful for building quantum memory and quantum computers. (b) Control over quantum dynamics will help resolve
the major obstacle to building an ultracold atom quantum emulator: how to efficiently load it. It will also help in building
electronic devices, such as solar cells, utilizing materials with gaps due to strong interactions as opposed to band structure. (c)
The understanding of many-body localization will resolve the long standing controversy: does a system localized by disorder
(an Anderson insulator) become delocalized by interactions? In the next three sections, I will further explain the importance of
these problems, my track record towards their solutions, and how I plan to proceed. In my track record, I want to highlight the
importance of understanding experiments and working with experimentalists, which I believe to be a crucial part of the key to
solving these problems. Finally, I will describe my advising experience and summarize my goals.

TOPOLOGICAL STATES OF MATTER AND MESOSCOPIC PHYSICS
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FIG. 1. Schematic of a device that we propose
to use in order to couple a fluxonium qubit and
a topological superconducting qubit. Majorana
fermions making up the topological qubit are
labeled γ0 ... γ3. Coupling is controlled by
threading flux Φ through the fluxonium or ad-
justed the gate voltage8.

Topological states of matter are of particular current interest because (1) their
excitations have non-Abelian statistics1 and (2) there is a lot of experimental
progress towards their realization2,3. Therefore, learning how to control these ex-
citation is of fundamental interest for building decoherence-free (or decoherence-
reduced) quantum computers and and quantum memories. I want to focus on the
specific case of topological superconducting nanowires as implemented in Refs. 2
and 3. The non-Abelian excitations in this case are Majorana fermions that form
at the interface of topological and conventional segments of a nanowire.

Uniquely identifying a particular nanowire as topological or conventional is a
crucial first step. Thus far, experimental searches for Majorana fermions have
focused on using a point contact to couple to the end of a topological wire, the
signature of Majorana physics being a zero bias anomaly. I am interested in
an alternative line of attack: we propose to make a pair of coupled Majorana
fermions by inserting a Josephson junction into the nanowire. In this case the
coupling can be controlled by gating the junction (see Fig. 1). The signature of Majorana physics is the 4π Josephson effect (as
opposed to the conventional 2π Josephson effect)1. We describe the properties of the 4π Josephson effect, and how to isolate it
from the 2π Josephson effect, in a series of papers4–7. A crucial missing piece, that I want to add to this discussion are the details
of the mesoscopic physics. How large is the 4π Josephson effect? How strong is the quasi-particle poisoning, which changes the
parity of the Majorana state and ultimately destroys the quantum information?

Having made topological nanowires, the next goal is to gain control over the Majorana fermions. We propose8 to use the 4π
Josephson effect to controllably couple a topological qubit and fluxonium qubits (see Fig. 1). This device can be used to detect
Majorana fermions. Moreover, using the control over the couplings between the Majorana fermions, it can function as a quantum
memory. Following investigations of a single qubit, I want to address the question of how to scale up to multiple qubits.

DYNAMICS OF QUANTUM MANY-BODY SYSTEMS

Dynamics of quantum many-body systems is an essentially unsolved problem with very few available methods. On the other
hand, equilibrium behavior of these systems is well established and there are many generic methods like mean field theory, large
N expansion, and quantum monte carlo that are available for use. Now is a particularly exciting time to study dynamics due to
the developments of new experimental methods on two fronts. First, ultracold atom systems are an appealing setting to study
dynamics due to the advantages of millisecond timescales (as opposed to the pico- to atto-second range for electronic systems)
and easily tunable Hamiltonians. Second, the field of ultrafast lasers has made it possible to work at the atto-second timescales.
The goal of this work is to develop new tools and test them by comparison with experiment in order to bring our understanding
of dynamics up to the standards of equilibrium physics.
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FIG. 2. (top) Schematic representation of the
Higgs excitation in the Mexican Hat potential.
(bottom) Superfluid density corresponding to
the lowest four Higgs modes in a 2D trap show-
ing a pattern of ‘ripples’ similar to the modes of
a drum head9.

(I) The Higgs excitation is a fundamental consequence of symmetry break-
ing of relativistic field theories (see Fig. 2). In collaboration with the Immanuel
Bloch group, we found the Higgs excitation in the superfluid phase of a 2D Rb
gas in an optical lattice9 (our manuscript appeared on the arXiv shortly before
the evidence from CERN). The observation of the Higgs excitation was made
possible by the joining of forces of theoretical modeling and a new experimental
probe that combines lattice modulation spectroscopy and atom gas microscopy
(imaging of atoms with single site resolution). The experimental probe is simi-
lar to angle resolved photo-emission spectroscopy (ARPES) in condensed matter
systems, and thus has a wide variety of applications. In addition to collective
modes, it can also be used to probe local modes; as an example, we used it to
study the formation of double occupancies in the Fermi-Hubbard model in col-
laboration with the Tilman Esslinger group10. From the theoretical perspective,
these experiments shed new light on poorly understood strongly interacting sys-
tems. From the experimental perspective, theory can help to understand the mode
structure in the presence of complications like the atom trap. For the case of the
Higgs excitation, lattice modulation spectroscopy couples to multiple trap modes, Fig. 2, which result in a characteristic broad-
ening. There is a wealth of new opportunities to apply our understanding of lattice modulation dynamics from 1D systems
showing spin-charge separation to spin liquids and strange metals.

(II) Gaining generic analytical control of dynamics seems like an impossible task. One hope is to find a scaling theory of dy-
namics that becomes ‘universal.’ Kibble11, Zurek12, and Polkovnikov13,14 have argued that we should find universal dynamics,
with power law scaling, in the vicinity of (quantum) phase transitions. Understanding dynamics near (quantum) phase transi-
tions has direct practical benefits. (1) Experimental progress in controlling interactions between ultracold atoms using lasers
and magnetic fields has resulted in a massive effort to build a universal quantum emulator. Initializing the quantum emulator
involves dynamically ramping the initial state (usually a BEC) to the desired final state by crossing a (quantum) phase transi-
tion. This initialization step is currently the major challenge to building a functional quantum emulator, therefore a quantitative
understanding of dynamics near phase transitions would be extremely helpful. (2) Alternatively, studying universal dynamics is
a good way to access critical properties of a system without having to equilibrate the sample; we can thus obtain signatures of
static scaling relatively quickly, which is important in ultracold atom systems that have a short lifetime. The goal of this work is
to test universal dynamics quantitatively and in particular understand how it breaks down. The tools that I have in mind are (a)
analytics using (in)stability analysis [we have used this technique to understand the competition between Stoner ferromagnetism
and pairing in the Wolfgang Ketterle group experiment that quenched a Fermi gas into the unitary regime15,16], (b) numerically
using matrix product states [we were the first to demonstrate universal scaling in a non-integrable model using this technique17],
(c) numerically using semi-classical methods [we used this technique to give qualitative estimates for the onset of scaling in
ramps from the superfluid to the Mott insulator state18], (d) analytically using renormalization group.

(III) Surprisingly, we found that excitations created by lattice modulation spectroscopy can become long lived in the case of
strong interactions19,20. A similar mechanism can occur in solid state materials, where photo-absorption can result in long lived
particle-hole excitations that are protected by interactions. The notion of long lived excitations protected by interactions raises
the possibility that one can use the interaction gap as opposed to a band gap to build electronic devices. I want to learn how to
control these long lived excitations, and thus understand how to harvest them to make diodes, transistors, and solar cells21,22.

MANY-BODY LOCALIZATION AND DYNAMICS OF MANY-BODY SYSTEMS
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FIG. 3. Comparison of the many-body spec-
trum of a 10 site, spin-1/2, disordered Heisen-
berg chain obtained via Exact Diagonaliza-
tion and Real Space Renormalization Group
(RSRG). Inset: RSRG step splits the many-
body Hilbert space with respect to the largest
local gap (indicated by the red arrow).

I conjecture that in many systems with both quenched disorder and interac-
tions, many-body excited states have a hierarchical structure (i.e. power law
distribution of local couplings or gaps) similar to the many-body ground states.
The interplay between disorder and interactions, at first sight appears to be a
difficulty, however it is actually a feature. This feature was used to analyze
critical points and critical phases in which the ground state has a hierarchical
structure in a series of classic papers23–25. We have used this feature to discover
the anomalous sliding phase of a layered superfluid26 and describe the 2D Mott
glass to superfluid quantum phase transition27. If the conjecture about excited
many-body states is true, we should be able to apply Real Space Renormaliza-
tion Group (RSRG) that we used in the past to study many-body ground states,
to learn about the structure of the excited states. As a first step, we have verified
that using RSRG we can obtain the full many-body spectrum of the Heisenberg
chain (see Fig. 3). The RSRG approach will enable us to treat large systems with
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strong interactions, thus bridging the gap between exact diagonalization results obtained for small strongly interacting systems28

with diagrammatic results obtained for large weakly interacting systems29. In conclusion, I hope to resolve the long standing
problem about the fate of Anderson localization30 in the presence of interactions.

COMPUTATIONAL TOOLBOX

The goal of building a computational toolbox, is two-fold. First, it let’s us solve problems, specifically in dynamics, that are
not solvable otherwise. Second, numerical results can be used to test analytical results and to make quantitative connections with
experimental research.

Tools for mesoscopic physics: to study the interplay of interactions and disorder, I want to implement a Bogoliubov-Hartree-
Fock code that could simulate topological superconducting nanowires and and films. Results from this code would be directly
applicable to understanding the current as well as the next generation of experiments on topological superconducting systems.

Tools for quantum dynamics Unfortunately, computational 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 methods for selecting a smaller subspace to work with.
Nonetheless, I would like to implement, and possibly extend, the established approaches.

First approach: trial wave functions. The goal of this approach is to capture the dynamics using a family of variational wave
functions Ψc1,c2,..., where the time dependent parameters c1, c2, ... are found by minimizing the effective action

S eff = 〈Ψc1,c2,...|i∂t − H|Ψc1,c2,...〉. (1)

The main disadvantage of the trial wave function method is that it is not general, as the choice of trial wave functions depends on
the type of system that one wants to describe. The corresponding 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 and
short time dynamics.

Second approach: Truncated Wigner Evolution (TWE)? . TWE is based on the fact that the evolution of a Gaussian field
theory is computationally easy, as one can average over classical trajectories instead of calculating path integrals. TWE provides
a systematic expansion in powers of ~ 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. 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.

Third approach: Time dependent Matrix Product States (tMPS) also known as Time dependent Density Matrix Renormaliza-
tion Group (tDMRG). In the tMPS approach the wave function is represented as a product of matrices, where the entries of the
matrices can be thought of as the variational parameters. The advantages of the tMPS approach are that (a) it is a well established
procedure for both equilibrium and dynamical calculations and (b) it provides a systematic method for improving accuracy by
increasing the size of the matrices. Using (b) it is typically possible to converge the result to very high accuracy, thus the tMPS
method can be used as a benchmarking tool for comparison to other methods and experiments. Unfortunately the tMPS method
has important shortcomings: the trial wave functions it produces are not at all transparent, it only works well for 1D systems, and
it fails to describe long time behavior as the product wave functions fail to capture the emerging entanglement between distant
parts of the system.

Tools for many body localization Many body localization can be thought of as a a special case of many-body dynamics,
in which the dynamics becomes almost completely local (in space). Localized dynamics is exactly the problem that tMPS was
designed to solve. Therefore, implementing tMPS would be very helpful for performing numerical comparison with RSRG
studies in larger systems. Exact diagonalization can also be a helpful tool for understanding smaller systems.

ADVISING EXPERIENCE AND PHILOSOPHY

In the course of my career I have worked with many faculty, postdocs, and graduate students. I have also co-advised two
undergraduate students: Eric Vernier and Sam Goldberg. At Harvard, Prof. Eugene Demler asked me to help advise Eric, who
was visiting us from Paris. I taught Eric about Green functions and scattering theory, which we used to understand Shiba states in
ultracold gases31. At Caltech, Sam Goldberg already had some idea that he wanted to work on a project related to topologically
protected quantum computation. Thus we decided to work out the physics of phase-slips in topological superconducting wires.
In the process we taught Sam about second quantization, topology, and instantons. As a result of Sam’s project we figured out
how phase-slips can lead to decoherence in topological qubits, how to detect the topological nature of nanowires by observing
phase-slips, and the connection between phase-slips in topological superconductors and t’Hooft’s solution of the missing meson
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problem in high energy physics7. Working with graduate students and advising ‘my’ undergraduates has really been an inspiring
process in which I see students who start out as complete novices become competent physicists.

CONCLUDING REMARKS

My vision is to understand how to control quantum systems from the mesoscopic level of topological qbits to the macroscopic
level of quantum phase transitions. As a consequence, I hope to contribute not just to the development of our science but
to practical innovations like quantum computers and quantum emulators. At the same time, I hope to resolve long standing
problems in many-body dynamics like the nature of real insulators that have both disorder and interactions. In addition to
achieving the research vision, I am looking forward to advising students and thus educating the next generation o great physicists.
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