BOSTON UNIVERSITY

GRADUATE SCHOOL OF ARTS AND SCIENCES

Dissertation

THE OPEN BOSE-HUBBARD DIMER

TADEUSZ PUDLIK

B.A., Amherst College, 2009

Submitted in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

2016



© Copyright by
TADEUSZ PUDLIK
2016



First Reader

Second Reader

Approved by

David K. Campbell, Ph.D.
Professor of Physics and ECE

Anatoli Polkovnikov, Ph.D.
Professor of Physics



Acknowledgments

No project of nearly six years can be completed without incurring many debts of grat-
itude, and the work described in this dissertation is no exception. My advisor, David
K. Campbell, deserves my first and foremost thanks for his patience, relentless optimism,
and excitement for work relevant to experiment. Whether as a teacher, a research super-
visor, or a collaborator, David treats others with a rare yet natural humanity and respect.
I am especially grateful for his support when I worked remotely from Duke University
for a year to live together with my wife.

The work described below owes much to discussions and correspondence with my
two main collaborators, Dirk Witthaut and Holger Hennig. They pointed me to useful
literature, shared the software they wrote, suggested and criticized ideas. I have also
benefited greatly from discussions with Mike Kolodrubetz, Anatoli Polkovnikov, Stephen
W. Teitsworth, Michael Tomka, and Stephanos Venakides.

I spent my first year of research at BU as an experimentalist in the lab of Bennett
Goldberg and Anna Swan. I learned much about the practice of physics from them and
their senior students, Alex Kitt and Sebastian Remi, and appreciate their understanding
when I left to do theory.

My graduate school years would have been dreary without the companionship of my
fellow students: the tennis games with Nahom Kifle, discussing Schutz (1980) and Hastie
et al. (2009) with Shainen Davidson, the conversations with Tom Iadecola and Jason

Christopher, the role-playing games with Michael Chernicoff, and above all the friend-

v



ship Tiago Souza and I have shared from our first days in QM1. These are some of the
fondest memories from my time at the University.

Finally, I would like to thank my family. My parents, Bozena and Artur, have been
enthusiastically supportive throughout these six years, as they had been for the preceding
twenty-four. My brother Jacek was always there when I needed someone to talk to—or
a couch to crash on in Paris. Above all, my wife, Mary Beth, kept up my spirits and
provided inspiration and encouragement every day. I could not have done it without

you.



THE OPEN BOSE-HUBBARD DIMER
TADEUSZ PUDLIK
Boston University, Graduate School of Arts and Sciences, 2016

Major Professor: David K. Campbell, Ph.D., Professor of Physics and ECE

ABSTRACT

This dissertation discusses a number of theoretical models of coupled bosonic modes, all
closely related to the Bose-Hubbard dimer. In studying these models, we will repeatedly
return to two unifying themes: the classical structure underlying quantum dynamics
and the impact of weakly coupling a system to an environment. Or, more succinctly,
semiclassical methods and open quantum systems.

Our primary motivation for studying models such as the Bose-Hubbard is their rele-
vance to ongoing ultracold atom experiments. We review these experiments, derive the
Bose—Hubbard model in their context and briefly discuss its limitations in the first half
of Chapter 1. In its second half, we review the theory of open quantum systems and
the master equation description of the dissipative Bose-Hubbard model. This opening
chapter constitutes a survey of existing results, rather than original work.

In Chapter 2, we turn to the mean-field limit of the Bose-Hubbard model. After re-
viewing the striking localization phenomena predicted by the mean-field (and confirmed
by experiment), we identify the first corrections to this picture for the dimer. The most
interesting of these is the dynamical tunneling between the self-trapping points of the
mean-field. We derive an accurate analytical expression for the tunneling rate using
semiclassical techniques.

We continue studying the dynamics near the self-trapping fixed points in Chapter 3,

vi



focusing on corrections to the mean-field that arise at larger nonlinearities and on shorter
time scales than dynamical tunneling. We study the impact of dissipation on coherence
and entanglement near the fixed points, and explain it in terms of the structure of the
classical phase space.

The last chapter of the dissertation is also devoted to a dissipative bosonic dimer
model, but one arising in a very different physical context. Abandoning optical lattices,
we consider the problem of formulating a quantum model of operation of the cylindrical
anode magnetron, a vacuum tube crossed-field microwave amplifier. We derive an effec-
tive dissipative dimer model and study its relationship to the classical description. Our

dimer model is a first step towards the analysis of solid-state analogs of such devices.
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Chapter 1

Introduction

In this chapter, we briefly review the experimental and theoretical developments that
motivate our work. In particular, we discuss the phenomenon of Bose-Einstein conden-
sation, the rise of optical lattices and related systems, the Bose-Hubbard model, and open

quantum systems techniques.

1.1 Bose-Einstein condensation

The Bose-Einstein condensate (BEC) is an exotic state of matter originally predicted in
the 1920s (Bose, 1924; Einstein, 1924), but created in the laboratory only in the remarkable
experiments of Cornell and Wieman (Anderson et al., 1995), Ketterle (Davis et al., 1995),
and Hulet (Bradley et al., 1995) in 1995.! In the BEC, the de Broglie wavelength of the
atoms exceeds the interatomic spacing, and the atomic gas obeys quantum statistics. As
a consequence, the condensate is characterized by the macroscopic population of a single
quantum state; this leads to a host of unusual experimentally observable properties, such
as matter-wave interference (Andrews et al., 1997), quantized vortices (Matthews et al.,
1999), or solitons (Becker et al., 2008).

The literature on Bose-Einstein condensation is vast and no attempt will be made

ISuperfluid Helium 4 is also a condensed state of bosons; it was observed by Kapitsa, Allen and Misener
as early as 1937, and recognized as exhibiting BEC physics by Fritz London just a year later (London, 1938).
However, due to strong interactions among the helium atoms the fraction of atoms participating in the
condensate is low, approximately 0.1.



to summarize it here. Instead, the interested reader is referred to the many excellent
textbooks (Pethick and Smith, 2008), monographs (Pitaevskii and Stringari, 2003), and

reviews (Dalfovo et al., 1999; Castin, 2000; Leggett, 2001) of the subject.

1.2 Optical lattices

The first atomic Bose-Einstein condensates were confined in harmonic traps, but more
interesting potentials were rapidly developed. At the very simplest, the condensate can
be cut into two with a laser sheet (Andrews et al., 1997), or it may be composed of two
different spin states (Zibold et al., 2010). In either case, we now have two condensates,
the relative phase of which can be controlled by subjecting one of them to a microwave
pulse. The next advance is loading the condensate into an optical lattice, an array of
microscopic potentials induced by the ac Stark effect of interfering laser beams. The
very latest developments, such as the quantum gas microscope (Bakr et al., 2009), allow
for subjecting a condensate confined to a plane to an essentially arbitrary potential.
The strength and even sign of interactions among the atoms of the condensate can be
tuned by means of a Feshbach resonance (Chin et al., 2010). The combination of tunable
interactions with a range of external potentials is what gives ultracold atoms in opti-
cal lattices their rich behavior and makes them subjects of study not just in atomic but
also in many-body and condensed matter physics. A famous early example of the rich
phenomenology accessible in these systems was the observation of the Mott insulator-

superfluid transition (Greiner et al., 2002a).



1.3 The Bose—Hubbard model

The aforementioned Mott insulator-superfluid transition in a sufficiently deep (strong)
optical lattice can be most simply explained in the framework of the Bose-Hubbard
model (Jaksch et al., 1998). This model will be the starting point for work described
in this dissertation. Because of its central importance, in this section we show how the
Bose—Hubbard arises from a more general description of the optical lattice and discuss

its validity as an approximation to the full dynamics.

1.3.1 Derivation
We begin with the Hamiltonian,

H= fd3x J () (—%Vz + Vo(x) + Vr(x) | (%)

14magh?
2

(1.1)
f & 0 (0 ()P ().

where V} is the periodic optical lattice potential, V7 the trap potential, and tﬁ(x) the
bosonic field operator at x. The interaction between the atoms is approximated by a
short-range pseudopotential with an s-wave scattering length of a;, appropriate if the
gas is dilute: na’ < 1, where n is the density (Dalfovo et al., 1999). The field operator can
be expanded in Wannier functions indexed by i, which (since the potential V; is assumed
deep) will be “well-localized” at the minima of the potential at x;, in a sense to be made
precise later. If we assume the energies in the system are low compared to the interband
energy gap, we can restrict the expansion to the first band, and truncate the expansion

at the first term:

P = > amw(x —xi), (1.2)

i



By “well-localized” Wannier functions we mean such that integrals of the form,

f Ex Vow* (x — x;)w(x — X;)

or

f d>x w*(x = x;) Vw(x — x;) (1.3)

are negligibly small if sites i, j are more distant than nearest neighbors. Then, up to a term
which is a constant if the number of atoms is conserved, the Hamiltonian of Equation 1.1

is the Bose—Hubbard model,?

o . 1 R N
H-= —]Z a;(aj+Ze,~ni+ EUZni(ni -1), (1.4)
(i) i i

where 71; = djdi and the parameters are,>

J= f d’x w (x — x;) (—%Vz + Vo(X)) w(X = Xi41),

6= [ @xvrtobes-xP (15
2
U:ﬂfd3x|w(x—xi)|4.
m

The consistency of this tight-binding model can be evaluated by considering a harmonic
approximation in which the potential V; is expanded about the minimum of the well. If
the frequency of the harmonic motion about the minimum is v, the size of the harmonic
ground state wavefunction is ap = Vi/mv, and the well spacing 1/2, the tight-binding
model can only be valid if,

as < ag < A/2,

“The notation Y}, ;, indicates a sum over nearest neighbors.
3] and U are independent of i because of the translational symmetry of the lattice.



that is, the interaction is localized relative to the orbitals, which are in turn localized on

the scale of the lattice spacing, and
1 .
EUn,'(n,' —-1) < hv Vi,

that is, the interaction energy is much smaller than the band spacing (so the higher bands
remain unoccupied).

These conditions are typically satisfied in optical lattice experiments. But while nec-
essary, they are in general not sufficient for the Bose-Hubbard model to be a good ap-
proximation. Studies of small systems with more accurate techniques such as the mul-
ticonfigurational time-dependent Hartree algorithm, which allow for the treatment of
multiple bands, show that the Bose-Hubbard approximation to an optical lattice may be
misleading in certain parameter regimes (Sakmann et al., 2009; Sakmann, 2010, 2011).

Such discrepancies are yet to be observed experimentally.

1.3.2 The Bose-Hubbard without an optical lattice

In the preceding section we derived the Bose-Hubbard model in the context of an op-
tical lattice, arguably its most natural realization in cold-atom physics. Other realiza-
tions are possible, however; many experimental groups today, including those perform-
ing work most closely related to this thesis, choose to employ internal, rather than mo-
tional, bosonic degrees of freedom. Such realizations were originally conceived by Cirac
et al. (1998). The derivation of the Bose-Hubbard model in this context is similar to the
one presented above, with plain localized spatial wavefunctions replacing Wannier func-
tions. The key assumption is again the restriction to a single such wavefunction, in this
context referred to as the “one-mode approximation.”

The one-mode approximation is expected to break down in large condensates, when



collisional interactions among atoms in a mode affect the spatial wavefunction (Steel
and Collett, 1998). A simple estimate due to Milburn et al. (1997) suggests the critical
size is a few hundred atoms. Another potential problem is that the spatial wavefunc-
tion may be spin-dependent, as a result of the spin-dependence of the s-wave scattering
length a,. This effect can be estimated by studies of the ground state modes of the two
species (Zibold, 2012, Section 3.6) and has been shown to be small for experimentally

relevant parameter values.

1.3.3 Mean-field approximation

If the number of atoms per mode is large, the dynamics of interacting cold atoms can
be approximately described by a mean-field model. In this section we briefly review its
standard derivation due to Trombettoni and Smerzi (2001), by first obtaining the Gross—
Pitaevskii (GP) equation and then making the single-mode approximation, leading to the
discrete nonlinear Schrodinger (DNLS) equation. In the next chapter, we will discuss
an alternative approach, deriving the DNLS for the dimer case directly from the Bose-
Hubbard model.

Consider again the many-body Hamiltonian of Equation 1.1. Using the canonical
commutation relation [zﬁ(x), tﬁ(x’)] = d(x — x’), the equation of motion of the bosonic

field operator can be shown to be,

A ~ 2 2 7 7 A
lh%yb(x, t) = [{(x),H] = (—;—sz + Vo (x) + Vr(x) + trash W(X)W(X)) y(x). (1.6)

We decompose the field operator in a generalization of Bogoliubov’s approach (Dalfovo

et al., 1999),

J(x,1) = B(x,t) + P (x, 1), (1.7)



where O(x,t) = (&(x, t)). The mean field approximation consists of setting gﬁ’(x, t) = 0.

The equation of motion for ® follows immediately from Equation 1.6:

i o = —%Vz + Vo (x) + Vr(x) +

AD(x, t n? 4rrash?

0| Lo 0| o). (19)
This is the Gross—Pitaevskii equation.

To obtain a mean-field approximation to the Bose-Hubbard model, we make a tight-
binding approximation to the GP equation (Smerzi et al., 1997; Raghavan et al., 1999).

Specifically, we assume the mean-field wavefunction can be decomposed,

B(x,t) ¥ VN ) Yn(t)pn(x), (19)

where N is the number of atoms in the system, and ¢,(x) = ¢(x — x,) is normalized

(f |¢,(x)|?> d>x = 1) and localized near the nth minimum of Vp, so that

[ #pmatex =0, [ Vg Voudxxoitiki>1 10

Substituting this decomposition into the GP equation, multiplying by ¢, (x) and integrat-

ing over all space, we obtain (dropping the explicit x dependence of ¢, for legibility),

lh% = —h— (l//k f(v¢k)2 d3x + ¢k+1 f V¢k . V¢k+l d3X + wk—l f V¢k . V¢k—1 dSX)

2m

. f 8 B Vo (%) d°x + Y f B Vo) dPx + Ui f 22V () dox

N 4mag

f N|¢klz¢kf|¢kl4d3X-

m



Regrouping the terms,

2
a;ik = —(Yk+1 + Yi-1) |:h ngﬁk Vi1 d x—fgbk(x ¢k+1VO(X)d X
+ vy f Vo @x- 1 [ (V¢k)2d3x]
47ras

NIl wkflgbu &x.

Now, let

2
1= g | [ 900 Tgenx [ gioomatonion .

& = 2][f|¢k )*Vr(x)d X——fvébk )d3] (1.11)

4rah*N 403
A_Z_]—mf|¢k(x)| dX,

and define a de-dimensionalized time scale 7 = %]t. This yields the discrete nonlinear

Schrodinger equation,

(T = s+ i) + et MY (112)
T 2

Comparing the parameters of the DNLS equation with those of the Bose-Hubbard (Equa-
tion 1.5), it is tempting to conclude that A = UN/2]. However, the replacement of op-
erators with c-numbers in the derivation of the GP equation is valid only in the limit of
large atom number N, when N = N = 1, so this expression is only expected to be valid
asymptotically as N — oo. As we will show in Chapter 2, a more careful analysis, with
due attention devoted to symmetrizing operators before replacing them with c-numbers,

shows that A = U(N + 1)/2].



1.4 Open quantum systems

In this section we review the theory of open quantum systems (Breuer and Petruccione,
2002), which provides a set of techniques for modeling quantum systems coupled to ex-
ternal reservoirs. In Chapters 3 and 4, these techniques will be applied to the study of
two models consisting of a dimer exchanging energy and particles with reservoirs: the

open Bose-Hubbard dimer and the quantum magnetron, respectively.

1.4.1 The Born-Markov master equation

The primary subject of study in textbook quantum mechanics is an isolated system,
such as a particle in a harmonic potential, the electrons and nuclear cores comprising a
molecule, or electrons in a lattice potential. But there arise situations in which the small
system we are interested in studying is weakly coupled to a much larger system which
cannot be entirely ignored. Examples of this include atoms interacting with a microwave
cavity (Carmichael, 1993), quantum dots coupled to leads (Datta, 2005), or applications
requiring quantum feedback and control (Wiseman and Milburn, 2010).

Because the environment to which our small system is coupled is typically not of
inherent interest, yet much too large to treat exactly, the first step is to derive an effec-
tive model of the system into which the environment only enters parametrically. In other
words, the model should include no quantum operators defined on the large Hilbert space
of the environment. Achieving this requires approximations, most commonly the Born
approximation (weak system-environment coupling) and the Markov approximation (the
environment is too large for its dynamics to be affected by the dynamics of the system).
Applying these approximations yields the so-called Born-Markov master equation gov-
erning the time evolution of the system’s density matrix. A physically meaningful Marko-

vian master equation can always be expressed in the so-called Lindblad form (Wiseman
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and Milburn, 2010, p. 119),

dp o K .
— =il pl+ kZ DILilp, (1.13)

where p is the density matrix of the system, H is a Hermitian operator, {L;} are arbitrary
operators such that Zle ]A;zf;k is a bounded operator,* and the superoperator D is defined
as,

A A Al 1 AL A AL A
DIAlp = ApAT - - (A"Ap + pATA). (1.14)

For a BEC in an optical lattice in the single-mode (i.e., Bose-Hubbard) approximation
coupled to a thermal gas of noncondensed atoms, the master equation reads (Anglin,
1997; Ruostekoski and Walls, 1998; Witthaut et al., 2011),

dp

- = —1[H, p] + Z yiDlajlp + KZ)[d;dj]P, (1.15)
j

where H is the Hamiltonian (Equation 1.4) and 4; annihilates a boson in the jth mode.
The two superoperators represent the loss of bosons to the thermal gas (with rates y;)
and the heating of the system, resulting in a loss of phase coherence (with a rate x). If
the atom losses are solely due to interactions with the thermal gas, then all the y; are
equal, and y and k are functions of the gas temperature, its chemical potential, and the
trapping potential (Anglin, 1997). But we will be concerned with the general case, in
which additional losses are introduced in a controlled manner, and y; > « for some j.

In Appendix D we derive another master equation, describing the dissipative bosonic

dimer model of the magnetron discussed in Chapter 4.

*An operator L on a normed vector space is bounded if lLo|l < M||v]| for some M € R and all vectors
v in the space. Although Lindblad (1976) proved the necessity of this condition for a physical master
equation, Wiseman and Milburn (2010, p .119) point out that it is often violated by operators of interest in
practice. This inconsistency remains an open problem.
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1.4.2 Quantum jump method

For small systems, the master equation can be integrated directly. But if the Hilbert space
dimension is large, it may be preferable to use a Monte Carlo approach known as the
quantum jump or Monte Carlo wave function method (Dalibard et al., 1992; Carmichael,
1993; Plenio and Knight, 1998). The quantum jump method simulates a stochastic process
in Hilbert space for which the expectation values of all observables (averaged over real-
izations of the stochastic process) are the same as for the original Born-Markov equation.
The advantage of this approach is that only the wavefunction, a vector in Hilbert space
of dimension N, must be stored and operated upon, rather than the full density matrix
of dimension N2. In this section, we derive the quantum jump algorithm and discuss its

implementation and performance.

1.4.2.1 Quantum measurement theory

The quantum jump algorithm can be derived by viewing the system-bath interaction from
a quantum measurement theory perspective (Wiseman and Milburn, 2010). Although
this can be done at a high level of generality, we will consider the specific case of a
Bose—Hubbard system subject to atom loss. The central idea is to consider the loss of an
atom from a well as a measurement performed on the system: by detecting the loss, we
gain information about the system, because we learn that immediately before detection
the well contained at least one atom. In quantum measurement theory, a measurement

process is described in terms of measurement operators {M,}, such that the state of the

system (conditional on the measurement result being r) is,

N

_ N [y)

|V (¢ + dt)) \/p_r,

(1.16)
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where p, is the probability of the measurement result being r,

pr = (YOI MIM, [y (1)) . (1.17)

In the case of a M-well Bose-Hubbard system leaking atoms, we have M possible mea-
surement results, corresponding to an atom decaying from well 1, 2, ..., M, and the mea-

surement operators are proportional to the annihilation operators,
M, = a,\[yrdt, ref{l,2,...,M}. (1.18)

Less obviously, there is one more possible measurement result: we may not detect an
atom between times ¢t and t + dt. This null result also has a corresponding operator,
M,. Based on Equation 1.16 one might expect that this operator is proportional to the
identity: the system has not been affected. However, the probabilities of the measurement

outcomes (Equation 1.17) must add up to 1 for an arbitrary wavefunction. This means,
N L1 .
My=1- (1H + > Z yraIar> dt, (1.19)

for some Hermitian operator H. (As we will see shortly, to recover the Born-Markov
master equation of the previous section we must let H be the Hamiltonian.’) The curious
fact that My # 1 can be interpreted as follows: the absence of a removal event reveals
information about the system, changing the probability distribution over the well occu-
pation numbers and so altering the wave functions. Intuitively, if strong dissipation is
applied to a well and yet no atoms are ejected from it, the well is likely to be empty. Alter-

natively, in the context of a Bose-Hubbard model, one may interpret the suppression of

>This can already be intuited, since in the dissipationless case % [/ (t)) = —1H |¢/(¢)), a special case of
Equation 1.16 with My = —iHdt.
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tunneling into the dissipative well as a manifestation of the quantum Zeno effect (Cirac
et al., 1994). See Section 3 of Mglmer et al. (1993) for a more detailed discussion and
references devoted specifically to this paradoxical “null measurement” phenomenon.

If we perform a measurement on the system and observe the outcome to be r, it

follows from Equation 1.16 that the system’s density matrix is now given by,

A A

]\/Irpj\/l;r

po(t +dt) = (1.20)

r

But if we perform the measurement and do not observe the outcome, our knowledge of

the system’s state is described by the weighted average,

~ N j
pt+dt) = ppr=> NypM, . (1.21)

r

In the case of the leaky Bose-Hubbard model,

A ~ 1 « ~ 1 +
=11= il ata _|_ z At A A a
p(t+dt) = |1 (zH + 5 Zy,a,a,) dt] pl1 ( 1H + 5 Zyra,a,) dt] + Z arpa,. dt
= p—1[H, pldt + ) DlaIpat,
r
or,
dp .
— = -ilH.pl+ ) Dlalp.

Thus, the Born-Markov equation describes the evolution of the system under a contin-
uous measurement, the results of which are not observed. Although the microscopic
measurement process involves discontinuous jumps (Equation 1.16), we average over
them because their timing is random, obtaining a continuous evolution equation for a
probabilistic description of the state of the system. In this sense, the master equation is

analogous to a Fokker—Planck equation.
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But to every Fokker—Planck equation corresponds a Langevin equation, a stochastic

differential equation for individual trajectories. Similarly, we can describe the measure-

ment process in terms of a stochastic differential equation for the wavefunction. Let

N, (t) be the number of atoms which have decayed from well r, and dN,(t) a stochastic

increment which satisfies,

dN;(£)* = dN,(t),

E[N, ()] = p,

From Equation 1.16,

(e +dpyy = SO

(atay(t)

and (expanding a denominator to first order in dt),

[Yo(t +dt)) = (i - (zH + % Z afa— : Z(dim(t)) dt) ¥(t)) -

The wavefunction evolves according to the stochastic Schrodinger equation,

dly(t)) = (i - Z dNr(t)>dt (—zH - Z ia+ > Z< ar><t>) [¥(2))

+ZdN ( aTa>(t)—1)|¢(t>

or equivalently,
dly(t)) = dt (—zH - 12 ala+ - Z( ar>(t)) [¥(1))

R o

(1.22)

(1.23)

(1.24)

(1.25)
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The basic idea behind the quantum jump algorithm is to repeatedly solve this equation
numerically (with different realizations of the stochastic increment) and estimate p(t) as
the average of |/(¢)) (¢ (t)| over the realizations.

1.4.2.2 Algorithms for the stochastic Schrodinger equation

The simplest method for simulating the stochastic Schrédinger equation of the previous
section is the following procedure due to Melmer et al. (1993). We start with a simulation
time interval [0, T] and an initial state described by a wavefunction |/(¢ = 0)). The time

interval is divided into time steps dt. At each time step, we do the following:

1. Evolve the state with the operator,
U = exp (Mo — 1)5t),

which solves Equation 1.16 in the null case when no measurement occurred. Note
that in the absence of dissipation (y; = 0 V) this reduces to ordinary time evolution,

as (My — 1) is then 1H.
2. Draw a random number x ~ U(0, 1) and compare it to,

p=> v yldalp)ot.

If x < p, draw another random number y ~ U(0, 1) to choose one of the wells (with
probabilities summing to 1 and proportional to p,) and update the wavefunction by

removing an atom from the chosen well,

V) — arly).
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This is the quantum jump.
3. Regardless of whether a jump took place or not, normalize the wavefunction.

A superior algorithm can be devised by recalling that the norm of the wavefunction
evolved with U, ie. ||(¢] ]\;Ig]\;lo [/)|%, is the probability that no jump has taken place
during the evolution (Equation 1.17). Thus, instead of evolving the wavefunction in steps
of 6t and generating a random number at each time step, we can adopt the following

procedure (Breuer and Petruccione, 2002, Section 7.1.3.3):
1. Draw a random number x ~ U(0, 1).

2. Use a standard ODE solver to integrate,

dlyy _ o -
T (Mo = 1) [y, (1.26)

from the initial time to T, checking at each integration step whether the norm

IKGII1Z > x.

3. If ||{¢|¥)]|? < x at any time step, perform a quantum jump: /) — d, [/), with r €
{1,2,...,M} chosen at random with probabilities proportional to y;, (|| a'a, [V/).
Then, restart the procedure with the current time and wavefunction as the initial

conditions (i.e., draw a new x value and continue integrating).

Although this algorithm is faster than the naive one, it suffers from a potential accu-
racy issue: the timing of the jump is only determined with a precision of one integrator
time step. This will lead to a loss of precision when using a high-order or adaptive inte-
gration method, which may have large intervals between time steps. The problem can be
solved using a “trick” developed by Henon (1982) in the context of computing Poincaré

maps, a task which also requires determining the time when some function of the ODE
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solution takes on a specified value to a precision greater than the integration time step.
Call this time we wish to determine 7. Henon’s “trick” in the context of our problem

works as follows:

1. Let the integrator that evolves the wavefunction in time also evolve its norm. When
the norm falls below the prescribed value, the integrator returns. This gives an

(over)estimate of 7 good to approximately one time integration step.

2. Next, perform a change of variables: let the wavefunction norm, rather than the
time, be the independent variable. Evolve the system back to the (nearby) point
where norm = 0. This gives an estimate of 7 good to the precision of the integrator

(i.e., as good as the estimates of the other observables).

For a more detailed description see the implementation of the quantum jump algorithm
in Appendix A, or Henon’s original paper.

In closing, we make a few remarks about the performance of the quantum jump algo-
rithm relative to the direct integration of the master equation. For a system with a Hilbert
space dimension N, direct integration requires solving O(N?) coupled ODEs, which in-
volves O(N*) scalar multiplications per time step and requires O(N?) memory to store
the density matrix. In contrast, the quantum jump algorithm solves O(N) coupled ODEs
K times; therefore, the number of operations required is O(N?K), and the amount of
memory required is O(N). For a system with tens of thousands of dimensions, K ~ N is
generally sufficient, giving O(N?) performance. However, the K trajectories can be easily
computed in parallel, so this seriously understates the gain in performance. Furthermore,
the decreased memory footprint is critical: for a system with a Hilbert space dimension
of N = 10°, a dense double-precision density matrix would require 75 GB of memory to

store, while the wavefunction is smaller than 1 MB. As long as only expectation values
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of observables are desired, the full density matrix need never be computed; they can be

found by averaging the expectation values for individual trajectories,

Tr(pA) = E[(y| A|y)].

This is the approach we have taken in our simulations.



Chapter 2

Dynamical tunneling in the Bose-Hubbard

dimer

In this chapter we engage in a closer study of the mean-field approximation in the case of
the two-site Bose-Hubbard (BH) model. We give a more careful derivation of the mean-
field approximation, and review its dynamics with a focus on the onset of self-trapping.
We then develop a semiclassical description of the breakdown of self-trapping as the
number of atoms becomes small.

This chapter is partially based on work published as Pudlik et al. (2014).

2.1 The Hamiltonian and SU(2) coherent states
In this chapter, we will study the Bose-Hubbard dimer, with the Hamiltonian,
A L L u,. . R o o
H = —](aIag + a;al) + E(nl(nl —1) + ny(Ay — 1)) (2.1)

where n; = &jd,u The Hamiltonian commutes with the total boson number operator

>

N = ny + ;. Consequently, using the identity,

A

(N + (i = 112)%)) = N = g (g = 1) + a2z - 1),
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and dropping terms proportional to N, which do not affect the dynamics, we can rewrite
the Hamiltonian as,

s aiay U
H= —](a;faz + agal) + E(nl — fiz)?. (2.2)
The operators appearing in the Hamiltonian can be combined to form an su(2) algebra,
A 1 AT N '\T N
Ly = E(alaz +d,d,),
A 1+ At A
Ly = E(aIaz — dydy), (2.3)
Logs s
L,= E(aZaz - a,a).
In terms of these operators, Equation 2.2 takes the concise form,

H=-2]L +2UL% (2.4)

Rewritten this way, the Bose-Hubbard dimer is equivalent to the y, = 0 case of the

Lipkin-Meshkov-Glick model (Lipkin et al., 1965; Meshkov et al., 1965; Glick et al., 1965),
Himg = hL, + yeL2 + y, L2, (2.5)

Furthermore, from Equation 2.4 it is manifest that the dynamical group of H is SU(2).!
This fact can be used to construct a family of symmetry-adapted coherent states (Zhang
et al., 1990), the SU(2) coherent states, which we introduce next.

Given the total number of bosons N, a basis for the Hilbert space is provided by the

Fock states,

Iy, ng) = @hmai)™ 10,0y, (2.6)

1
an!nz!

IThe dynamical group of a system is the group corresponding to the Lie algebra spanned by a complete
set of operators in terms of which one can write the Hamiltonian.
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where |0, 0) represents the vacuum state. These states provide a convenient basis for
numerical work, but are not typical of the experiments described in the first chapter. In

particular, a Bose—Einstein condensate is represented by states of the form,

1 R R
Iy, Xa)e = —=—=(x1d] + x280)V |0, 0). (2.7)

VNI !

These states are equivalent to SU(2) or atomic coherent states (Arecchi et al., 1972) and
form a foundation for the development of phase-space methods and approximations (Brif
and Mann, 1999). In particular, they can be used to derive exact equations for the evo-
lution of quasiprobability distributions such as the Husimi Q and Glauber-Sudarshan P.
The mean-field model can be recovered from these equations by (a) dropping the second-
order quantum diffusion terms, which decrease in amplitude relative to the first-order
terms like 1/N as the particle number increases, and (b) approximating the quasiprob-
ability distribution with a Gaussian of width ~ 1/N centered at its mean. We will not
discuss this fascinating perspective further here, but refer the interested reader to the

works of Trimborn et al. (2008a,b, 2009).

2.2 The mean-field approximation

If the number of atoms per mode is large, the dynamics of the Bose-Hubbard model
can be approximately described by mean-field equations. We have already discussed the
historical derivation of this model through the GP equation. An alternative approach is
to start with the Bose—-Hubbard Hamiltonian of Equation 2.1 and perform a replacement

of operators with ¢ numbers,

aj = Y
(2.8)
d;.r — (p}“
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To avoid ambiguities, the Hamiltonian must first be symmetrized (Graefe and Korsch,
2007; Mossmann and Jung, 2006). After dropping constant terms, this procedure yields

the classical Hamiltonian,

* *k U
H = =]y + ¥3) + 5(|1//1|4 + 1921, (2.9)
with equations of motion,
oY; OH
h— = —,
ot oY} (2.10)
. 2.10
ha¢j O0H
h—— = ——.
ot Y

The symmetrized number operators satisfy,

N = Ay + hy = A} + A - 1,
which after the replacement of Equation 2.8 becomes [/;|> + [2|> — 1 = N. Thus,
to normalize the coordinates, we perform the transformation to new coordinates ¢; =

j/VN + 1. The canonical equations of motion are preserved if the Hamiltonian takes

the form,
N+1)

YNHD 014 4 1gal?).

H = —J(pip2 + ¢301) + 5

Setting A = U(N + 1)/2] and defining a dimensionless time 7 = 2]t/h, we get the

dimensionless Hamiltonian,

1. . A
H = —5(%(/’2 + @y01) + §(|<P1|4 + g2l *). (2.11)
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The corresponding canonical equation of motion,

dp; OH ¢-j 2
= = - 4 Ao,
1= e 5 loil“@;

is the two-mode variant of the DNLS equation (Equation 1.12). If we perform an amplitude-

phase decomposition ¢; = /x; exp(10;) followed by the canonical transformation,

x1+x2 60
. 2, . 2,91+92 )
2 2

(Z’ Z’ ¢/7 (I)) = | X1 — X2,
we can bring the Hamiltonian into the form (Graefe and Korsch, 2007),

AzZ2 1 ,
H:T—5V1—22C052¢. (2.12)

Finally, we perform a transformation to coordinates (z, ¢), where ¢ = 2¢’. This transfor-
mation is not canonical, as it does not preserve phase space volume, but it is canonoid
with respect to H (Jose and Saletan, 1998, p. 233): the equations of motion in the new
coordinate system are still Hamilton’s equations for some Hamiltonian. That new Hamil-
tonian is the one used by Raghavan et al. (1999),?

Az?
H= - V1 — z2 cos ¢. (2.13)

These transformations reveal that the system has only one degree of freedom, rather than
the two one might have expected from Equation 2.11. Physically, this reflects the facts
that the overall phase of the mean-field wavefunctions ¢; has no significance, and that the
number of atoms |¢;|? + |@2|? = x; + x; = 2Z is conserved. The variables that do appear

in the Hamiltonian represent the population (z) and phase (¢) differences between the

Note that the new Hamiltonian cannot be obtained simply by replacing 2¢’ with ¢ in the old Hamil-
tonian, as would be the case if the transformation were canonical.
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Figure 2.1: The phase portrait of the BJJ model at different values of the parameter A. The self-
trapping region is shown in red, and the stable fixed points as red dots. The unstable fixed point
is marked with a blue cross.

two modes. Mathematically, the phase space of the DNLS Hamiltonian of Equation 2.11
is the complex projective space CP', which is isomorphic to the sphere. The coordinates
z and ¢ are cylindrical coordinates for this sphere.

To avoid confusion with the GP equation (Equation 1.8), which is also obtained via a
mean-field approximation, we will refer to the mean-field model of Equation 2.13 as the

bosonic Josephson junction (BJJ) model.

2.3 Dynamics of the BJJ] model

The phase portrait of the BJ] model at different values of A is shown in Figure 2.1. For A <
1, the system has two stable fixed points, centers at (z,$) = (0,0) and (0, 7); when A =
0, the periodic motion around them corresponds to Rabi oscillations of N independent

particles. The model exhibits a bifurcation at A = 1:* as A is increased beyond this critical

3The general bosonic Josephson junction undergoes a Hamiltonian saddle-node bifurcation (Howard,
2013) when the nonlinearity is increased. At the bifurcation, a new elliptically stable fixed point (center)
and a hyperbolically unstable fixed point (saddle) come into being. In the special case of a symmetric dimer
the location of the bifurcation in phase space coincides with the location of an already existing elliptically
stable fixed point such that the bifurcation has the shape of a pitchfork as noted by Zibold et al. (2010).



25

value, a stable center at z = 0, ¢ = 7 breaks down into a saddle point point at the same
coordinates and a pair of stable centers at z = +,/1 — %, ¢ = m. These stable centers,
corresponding to a persistent population imbalance between the dimer’s two wells, are
known as the self-trapping points.

The equations of motion of the Hamiltonian of Equation 2.13 are,

d
dt 0z V1= 22

dz 0H
—_ = —— = — 724i
o oy V1 — z%sin ¢.

cos ¢,

Linearizing these equations about either of the self-trapping fixed point shows that these
fixed points are stable centers, with an oscillation frequency of f = VA2 — 1/2x, or in
dimensionful units of time,

l\/A2 -1
—

fBy = - (2.14)

How accurate is the BJJ model? Both self-trapping (Albiez et al., 2005) and the bi-
furcation at A = 1 (Zibold et al., 2010) have been observed experimentally. An implicit
prediction of the model is that the system remains condensed; this turns out to be accu-
rate for initial conditions near the self-trapping fixed points, but not for ones near the

separatrix (Hennig et al., 2012).

2.4 Tunneling between the self-trapping points

Within the BJJ model, the self-trapping fixed points are stable: a trajectory initially suf-
ficiently close to one of them remains close to it for all time. In the full Bose-Hubbard
dynamics, however, tunneling between the two self-trapping points occurs with a finite

frequency. An example of this process is shown in Figure 2.2, which depicts the Husimi
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Figure 2.2: Tunneling between the self-trapping fixed points. In the BJJ model, trajectories suffi-
ciently close to the self-trapping point remain confined to its neighborhood forever (far left panel).
However, as shown in the remaining panels, in the Bose-Hubbard model the Husimi function of
a coherent state initially centered at the z > 0 self-trapping fixed point tunnels from one fixed
point to the other. Parameters: N = 40 atoms, with A = 1.1 and J = 10Hz.

function (Lee, 1995), a quasiprobability distribution over the coherent states |z, ¢) given
by,
Qy(z. §) = Kz. gly)I° (2.15)

for a pure state |i/). The Husimi function is initially centered at one of the fixed points,
but over time it tunnels to the other, and then back again.

A quantitative signature of the tunneling is an oscillation of the wells’ populations.
The frequency of this oscillation can be found by numerically integrating the Schrodinger
equation of the Bose-Hubbard dimer for a long time and computing the power spectrum
of the well populations. The most prominent feature in the spectrum corresponds to the
tunneling frequency.

Since the dynamics of the coherent state near the self-trapping fixed points appears
very simple, we may try to reduce the dimensionality of the problem by restricting the

system to some subspace of the Hilbert space. Remarkably, in the neighborhood of the
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Figure 2.3: The probability of observing the coherent state centered at the self-trapping fixed
point in one of the n most probable states, for n = 2, 3, 4, .. ., as a function of the particle number
N. (A =1.025,U = 27 X 0.063 Hz.)

mean-field fixed points, only a few energy eigenstates contribute appreciably to the co-
herent state. * How many states need to be accounted for depends on the particle number
(see Figure 2.3). Our intuition is that as N increases, the “size” of the coherent state in
phase space shrinks, but the “size” of the eigenstates shrinks even faster, and ever-more
eigenstates are needed to correctly account for the coherent state dynamics. However,
even for a few hundred atoms much of the tunneling dynamics can be captured by keep-
ing just two states (see Figure 2.4). At the self-trapping fixed points, these two states are
the pair of highest energy states of the Bose—Hubbard model °. They are symmetric and
antisymmetric combinations of states localized in each well.

The energy splitting between the symmetric and antisymmetric states agrees closely

with the oscillation frequency extracted by numerically integrating the Schrodinger equa-

“This phenomenon will be discussed in greater detail in Chapter 3. See also Chuchem et al. (2010).
>The highest energy states are the relevant ones only if A is positive. Self-trapped fixed points also exist
for A < —1, but in this case the relevant states are the two lowest energy ones.
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Figure 2.4: A two-state description of the tunneling remains valid as N increases, although the
dynamics is more complex as the system becomes less discrete. The Husimi function is shown
at the five times spaced by a quarter of the tunneling period expected from the two-state model.
(N =500 atoms, A = 1.025 and U = 2 X 0.063 Hz.)

tion. The splitting between these states can also be computed for A < 1; in this case, there
is only one fixed point at ¢ = , and the energy splitting closely agrees with the B]JJ fre-
quency of oscillations about that point. Both above and below A = 1, the BJJ limit is
approached as N is increased (see Figure 2.5).

The energies of the two highest-energy states are easily found numerically even for
very large N, but it is desirable to explain the simple trends with N and A shown in
Figure 2.5 using an analytical model. Quantum perturbation theory can be used to ob-
tain estimates of the tunneling frequency for small J/U ~ N/A (Bernstein et al., 1990;
Salgueiro et al., 2007; Dounas-Frazer et al., 2007), but not in the region A ~ 1 where
tunneling becomes a significant effect. In the next section, we will pursue an alternative

approach.
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Figure 2.5: The BJJ result of zero tunneling frequency for A > 1 is gradually approached by the
two-eigenstate model as the number of atoms increases. Nonetheless, a nonzero frequency is
expected for any A and any finite N. In all plots, ] = 10Hz. The mean-field result is that of
Equation 2.14.

2.5 Semiclassical quantization

To shed light on the convergence of the results of the two-state model to those of the BJJ,
we will start with the BJJ model and recover additional features of the dynamics through
Bohr-Sommerfeld quantization. Graefe and Korsch (2007) applied Bohr-Sommerfeld
quantization to this problem numerically, obtaining excellent estimates of the eigenen-
ergies even for atom numbers N < 10. In this section, we start from their formulation
of the quantization condition but proceed analytically to produce accurate closed-form
expressions for the tunneling frequency.

The quantization condition in the self-trapping region of the symmetric dimer de-

scribed by the Hamiltonian of Eq. 2.13 is (Graefe and Korsch, 2007),
V1 + k% cos(2S,, — Sg) = —k. (2.16)

Here, 2S,, is the action associated with the self-trapped classical orbit, k = exp(—7zS,),
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Figure 2.6: The actions appearing in the quantization condition (Eqg. 2.16) have a geometric in-
terpretation. This figure depicts the phase space of the BJJ model for A = 2. The grey curves
are trajectories; the actions S,, and S, for energy E = —1.15 are equal to the areas of the marked
regions. In the case of S,,, the action corresponds to the phase space area of the classical orbit.

and 25, is the (Euclidean) action associated with tunneling. Both S,, and S, are measured
in units of Planck’s constant, h, and so are dimensionless. ¢ The phase correction term

Sg can be expressed in terms of S¢ as,
1
S = argl“(g +zS€) —SeIn S| + Se. (2.17)

For a discussion of the physical significance of Sy, see Child (1991, pp. 50-51).

The actions S,, and S¢ are functions of the energy E and the nonlinearity A, and can
be expressed as integrals over phase space (see Figure 2.6); this is discussed in greater
detail in Appendix B.2.

Let us assume that the energy splitting between symmetric and antisymmetric combi-
nations of states localized in the two self-trapping regions of phase space is small relative

to the spacing of allowed energies in each region. As shown in Appendix B.1, in this case

5The factors of 2 are conventional: the WKB approximation, which inspired this quantization condition,
is typically expressed in terms of integrals f p dx between the turning points. But f pdx =1 § pdx =S§/2.
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Figure 2.7: Pairs of classical orbits and their turning points z.. The orbits on the left (A = 2,
E = 1.15) are librations, while those on the right (A = 4, E = 1.15) are rotations.

the quantization condition implies the splitting is approximately

hao
AE = — exp(7Se),
T

(2.18)

where o is the frequency of the classical motion in a self-trapped orbit (related to the

action of the orbit S,,, since 27 /fiw = T/h = 20S,,/0E) and S, is as before the Euclidean

action associated with the tunneling. These quantities depend on the shape and size of

the classical orbits, which are determined by A and the energy of the unperturbed state

E.

Let the classical turning points be z.. (see Figure 2.7). The size of the orbits is captured

by the dimensionless parameter,

Furthermore, let,

(2.19)
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In Appendix B.2 we show that in terms of these quantities the splitting AE of the highest-

energy state is given by,

h
AE = 1o exp(7Se)
T

_ hzi A
-~ 2K(k)

(2.20)
exp (—(N +1) (— (1 - %) Zin(z;z, k') + 2, (K(K') - E(k’)))) ,

where K, IT and E are the complete elliptic integrals (Olver et al., 2015, §19.2(ii)), while E is

the unperturbed energy of the highest-energy state satisfying the quantization condition,

—r(1-2,)-1(E < AJ2) = (1 - %) Zi (K(k) -

+

1

2
1-2zZ

N+l H(az,k)) —2.E(k), (2.21)

with 1 (-) denoting the indicator function.
These complicated expressions constitute a solution to the problem of semiclassical
quantization but offer little insight into the dimer’s behavior. Nonetheless, some of the

problem’s structure has become apparent:

1. The splitting depends on E and A only through the turning points z, and the com-
bination (1 — 2E/A). The sign of this last quantity distinguishes between the two
types of motion depicted in Figure 2.7: 1 —2E/A > 0 for rotations (orbits surround-

ing one of the poles at z = +1) and 1 — 2E/A < 0 for librations.

2. The only non-elementary functions in the expressions above are the complete el-
liptic integrals K, E, and II. When they do appear they all take the same argument

(modulus), either k or k’, which is a measure of the size of the classical orbit.

This structure can be exploited to find much simpler expressions for the splitting, valid

in the limit of N > 1.
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Let us first rescale the energy through a linear transformation:

—_ (2.22)

The rescaled energy e lies in [0, 1) for any orbit in the self-trapping region. The highest-
energy state orbit has an area h/2, while the total semiclassical action of a dimer with N
particles is h(N + 1). As N increases, both the energy e of the highest-energy state and
the dimensionless measure of orbit size k (Equation 2.19) become small. If the highest-
energy state orbit is a libration (e < (A — 1)7%), expanding Equation 2.21 to lowest order

in k and e and solving for e gives an estimate of the energy of the highest-energy state,

2AVAT 1 223
ANt 229

This estimate is very good: the relative error in approximating the numerical semiclas-
sical result is less than 1% for N = 20 and A = 1.25, and decreases with both N and A.
Analogous expansions for the classical orbital frequency and the tunneling phase lead to

the following expression for the ground state splitting:

1 (N+1)(1-¢)
AE ~ 2J% (—e—ZO)
T\

, (2.24)

where zy = \/q is the position of the self-trapping fixed point and @ = VAZ — 1 is
the frequency of motion about it. The tunneling frequency AE/% decreases exponentially
with the “barrier width” ~ z(, the “barrier height” ~ (1 — e) and the number of atoms N.
The details of the calculation are described in Appendix B.3.

Figure 2.8 compares the semiclassical splitting estimates with the results of exact diag-

onalization of the Bose-Hubbard model. The results of solving the quantization problem
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N =20 N =100

Figure 2.8: Comparison of semiclassical estimates of the splitting with exact diagonalization. The
analytical approximation of Equation 2.24 (red line) agrees closely with the results of exact di-
agonalization (blue dashed line). In contrast, the approximation of Scharf et al. (1987), drawn
with a green dot-dashed line performs poorly in this low-A regime, especially for larger N. The
black vertical line marks the A value below which the semiclassical approximation breaks down
because the area of phase space associated with the self-trapped region is less than h/2.
numerically are not shown: except for A so small that not even one semiclassical orbit
fits within the self-trapping region, they agree very closely with the exact Bose-Hubbard
splitting. The analytic approximation discussed in this section is generally within a fac-
tor of 2 of the exact result, and improves with N. Since the splitting changes by as many
as 15 orders of magnitude over the investigated range of A, this agreement amounts to
remarkably robust performance.

A different closed-form semiclassical approximation to AE was obtained by van Hem-
men and Sito6 (1986) and refined by Scharf et al. (1987). This last approximation attains
an excellent accuracy, on the order of a few percent, but only for U = J. In the context
of cold atomic experiments, in which the atom number is on the order of hundreds, this
corresponds to very small tunneling frequencies (well below 1071 Hz). For U < J,
where the tunneling frequency becomes large, the approximation of Scharf et al. (1987)

is many orders of magnitude from the true value (see Figure 2.8). Therefore, the ap-

proximation we provide in Equation 2.24 is the first closed-form expression valid in the
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experimentally-relevant regime.

2.6 Applications

In this section, we consider the implications of the analysis presented above for three
problems: determining the time scale for macroscopic entanglement, producing quantum

speedup of dissipation, and obtaining experimental confirmation.

2.6.1 Time scale for macroscopic entanglement

Tunneling in the self-trapping regime leads to the generation of entangled superpositions
of many-particle states, or macroscopic entanglement (Carr et al., 2010). The entangle-
ment between the two modes is maximized at times T /4 and 3T /4, where T is the tunnel-
ing period. Therefore, our semiclassical estimate of the tunneling frequency immediately
yields an estimate of the time required for entanglement generation. It is notable that the
dynamics of entanglement, a profoundly unclassical phenomenon, is captured by the first

quantum correction to the (classical) BJJ model.

2.6.2 Quantum speedup of dissipation

So far we have considered only an isolated Bose-Hubbard dimer. In this section we briefly
discuss the central role tunneling in the self-trapped regime plays in a quantitatively
accurate model of a dissipative dimer that leaks atoms to the environment.”

Consider a coherent state of N bosons centered at one of the self-trapping fixed points,
say the left well. We will attempt to model its dynamics within a two-dimensional sub-
space of the full system’s Hilbert space, the subspace spanned by the symmetric and an-

tisymmetric energy eigenstates, |Es) and |E4). In the basis of states localized in the two

"For a discussion of the effect of dissipation at large nonlinearities UN/2J > 1, when the tunneling
becomes slow and is dominated by other effects, see the next chapter.
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wells, |1) = (|Es) + |Ea))/V2 and |2) = (|Es) — |E4))/V2, the Hamiltonian is represented

by the matrix,

where E = (Es + E4)/2 and AE = (Es — E4)/2. These parameters can be calculated semi-
classically with high accuracy as we have shown in the preceding section (Equation 2.23
and Equation 2.24), though we use exact values in the simulation discussed below. The
initial condition is the localized state |1). Now, assume there is decay from the right well

at a rate y. In the two-level model this is described by the effective decay rates,
vt — _yolata
I = —y(1laaz; 1), I =-y(2|a,a:l2),

leading to the effective Hamiltonian,

E-ily/2 AE
HY = ) . (2.25)
AE  E-1Ty/2
This simple model can be used to estimate how the probability of all N atoms remaining

in the system diminishes over time. To evaluate the results, we compare them to those

obtained using the complete coherent state and the full master equation of Section 1.4.1,
A A YV (sTa A aaTa A oAn
p=-1[H, p] - 3 (aIalp + pa;(al - 2a1pai) . (2.26)

The probabilities of remaining in the N atom subspace predicted using the two Hamil-
tonians are shown in Figure 2.9. If many-body tunneling between the fixed points is ne-
glected (AE = 0), the rate of atom loss is significantly underestimated. But when the

correct value of AE is used, the effective two-state model produces results almost indis-
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Figure 2.9: Correctly estimating the rate of tunneling between the self-trapping fixed points is
critical to predicting the atom loss rate from a leaky dimer. The probability of finding all N atoms
in the system over time is plotted for three different models. The dashed green line is the simple
Hamiltonian of Equation 2.25, based only on two parameters E and AE which can be calculated
semiclassically. It overlaps with the numerically exact results obtained by integrating the many-
body master equation of Equation 2.26 (solid blue line). The simple model with AE set to zero
differs significantly (dotted red line). (] = 1Hz, U = 4/5Hz, N = 6)

tinguishable from the full Bose-Hubbard. Remarkably, we can thus reproduce the decay
dynamics of a correlated many-body system using only two parameters, E and AE, which

can be calculated semiclassically.

2.6.3 Prospects of experimental observation

The BJJ dynamics of the BEC dimer was experimentally mapped out in great detail a few
years ago by Zibold et al. (2010). Could a similar experiment observe tunneling between
the fixed points for A > 1?

As we mentioned in Section 1.3.2, experimental realizations of the dimer fall into
two categories: “external” and “internal” (Leggett, 2001), or those utilizing two spatially
separated wells and those using two internal states of atoms. Correctly describing the dy-

namics of the spatially separated wells requires going beyond the Bose-Hubbard model
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Figure 2.10: Frequency of tunneling between the fixed points versus A for U = 27 % 0.063 Hz and
N = 500, the experimental parameters of Zibold et al. (2010). The mean-field prediction is also
shown for reference.

that was our starting point in this work, as the localized orbitals associated with the
operators d;, dj are time-dependent Sakmann et al. (2009). Fortunately, this complica-
tion does not arise in the case of internal states (Zibold, 2012). Therefore, the tunneling
and dissipation enhancement effects we have described are most likely to be observed in
experiments relying on internal states.

The expected tunneling frequency given the experimental parameters of Zibold et al.
(2010) is shown in Figure 2.10. The frequency is on the order of a few Hertz. Since the
atom decay times reported in this experiment are ~ 100 ms, the tunneling frequency is
too small to be observed at present. However, an order of magnitude improvement in
atom retention times would render experimental observation feasible.

At first glance, it may seem that the retention time limitation could be sidestepped by
lowering both N and J by the same factor. Since the quantum tunneling time depends on
N exponentially, but on J only linearly (Equation 2.24), this could speed up the semiclas-
sical dynamics while keeping A constant. Unfortunately, the experiment of Zibold et al.

(2010) was already carried out at the lowest J currently accessible: lowering it even more
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introduces unacceptable noise due to electromagnetic fluctuations. 8

2.6.4 Beyond the dimer: semiclassical quantization for lattices

Although our analysis was limited to the dimer, analogous processes should occur in
a system with multiple states, only one of which has an appreciable population. The
Bose-Hubbard Hamiltonian can be straightforwardly extended to such systems; in the
case of the trimer, self-trapping has been demonstrated in both the quantum model and
its classical limit (Mossmann and Jung, 2006; Hennig et al., 2010). However, carrying
out semiclassical quantization is difficult because the classical model is now chaotic. So
far, progress has only been made for the case of very small and very large J/U (Itin and
Schmelcher, 2011), i.e. precisely the region of parameter space where tunneling between
the self-trapping points does not take place. Therefore, the extension of our results be-

yond the dimer is likely to prove challenging.

2.7 Summary & Outlook

In this chapter we have studied the tunneling between the self-trapped fixed points of the
BEC dimer using a semiclassical approach. We derived an exact solution to the problem in
terms of elliptic integrals giving the phase space areas of semiclassical orbits. For particle
numbers N > 1, the semiclassical ground state orbit and (appropriately transformed)
energy become small; in this limit we found an approximate closed-form expression for
the tunneling frequency that is accurate in the experimentally relevant parameter range.
The tunneling frequency decreases exponentially with the effective width and height of
barriers in phase space, as well as the number of particles. Nonetheless, accounting for

the tunneling is crucial to obtaining quantitatively accurate estimates of atom loss rates

8We thank Wolfgang Muessel for private communication on this point.
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Chapter 3

Dynamics near the self-trapping fixed points

of the Bose—-Hubbard dimer

In the previous chapter, we investigated corrections to the mean-field dynamics of the
Bose-Hubbard dimer when the nonlinearity is relatively weak, UN /2] > 1. In this chap-
ter, we focus on the regime of stronger nonlinearity, when tunneling no longer plays an
important role. We study the connection between the semiclassical phase space and in-
herently quantum phenomena such as entanglement and dissipation-induced coherence.
Near the semiclassical self-trapping fixed points, the dynamics of EPR entanglement and
condensate fraction consists of beats among just three eigenstates. Since persistent EPR
entangled states arise only in the neighborhood of these fixed points, our analysis ex-
plains essentially all of the entanglement dynamics in the system. We derive accurate
analytical approximations by expanding about the strong-coupling limit; surprisingly,
their realm of validity is nearly the entire parameter space for which the self-trapping
fixed points exist. Finally, we show significant enhancement of entanglement can be
produced by applying localized dissipation.

This chapter is partially based on work published as Pudlik et al. (2013).
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3.1 Entanglement and coherence

In addition to the expectation values (z) and (¢) studied in the previous chapter, we will
investigate the dynamics of two quantities that do not have a mean-field counterpart. The
first is the condensate fraction or purity, defined as the largest eigenvalue of the single-
particle density matrix,

. (@yar) (ajaz)

) (aja))|

The condensate fraction measures how close the many-body state is to a pure BEC (Wit-

thaut et al., 2008; Trimborn et al., 2009). The second quantity of interest is the observable

introduced by Hillery and Zubairy (2006); He et al. (2011),
EPR = (a|d;)alay) — (alaa)ay). (3.1)

This observable quantifies the entanglement between the two modes of the dimer: the
modes are said to be EPR-entangled whenever EPR > 0. This entanglement criterion
has two advantages: it is experimentally accessible, and applies to dissipative as well as
closed systems.

Although these quantities have no mean-field analogs, prior work (Hennig et al., 2012)
showed a strong influence of the mean-field phase portrait on their dynamics. Specifi-
cally, the condensate fraction remains large near all of the stable fixed points while EPR
entanglement is found only near the z # 0 fixed points (see Figure 3.1).

This so-called “global phase space picture” suggests a new method for generating EPR
entanglement in the Bose-Hubbard dimer: driving the system closer to the mean-field
fixed points using controlled atom loss. Since the mean-field dynamics is particularly

simple near the fixed points, one might hope the full quantum dynamics to be simple as
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Figure 3.1: The global phase space picture of the BEC dimer. (a) Mean-field trajectories. (b)
The expectation values of z and ¢ over time (phase space trajectory) for an initially coherent
state close to the stable fixed point. The phase trajectory is drawn in blue; nearby mean-field
trajectories are in grey. Note that the actual trajectory has a “thickness” associated with it—a
phenomenon beyond the mean-field description. (c) The condensate fraction after 1 second of
evolution, for initially coherent states uniformly sampled in z and ¢: condensate fraction remains
high for initial conditions in the neighborhood of the stable fixed points. (d) EPR entanglement
for initially coherent states after 1 second of evolution: the only states still EPR entangled are
those initially very near the self-trapping fixed points. All plots are for N = 40, J = 107%/s and
U =100/39 ~ 2.6%/s, so A = 5.3.
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Figure 3.2: The condensate fraction and EPR entanglement over time for an initially coherent (z =
0.95, ¢ = ) state of the Bose-Hubbard dimer with N = 40, J = 10%/s and U = 100/39 ~ 2.6 fi/s,
so A =~ 5.3. The stable fixed point is at z = 0.98, ¢ = 7. Results obtained by numerical integration
of the Schrédinger equation.

well, allowing for a clear yet quantitative understanding. To develop such an understand-
ing, in Section 3.2 we describe the full quantum dynamics of the Bose-Hubbard dimer
near the mean-field fixed points, and in Section 3.3 consider the effects of controlled atom

loss on this dynamics.

3.2 Dynamics near the self-trapped fixed points

Let us consider the behavior of the system near the self-trapping fixed points, located at
z = im, ¢ = . In their neighborhood the observables defined in the previous
section exhibit peculiar dynamics, the most striking feature of which is the presence of
two distinct frequencies (see Figure 3.2).

The higher frequency is expected on the basis of the bosonic Josephson junction

model of Section 2.2. Recall that linearizing the equations of motion obtained from the
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Figure 3.3: The high frequency observed near the fixed point for different values of A (blue circles),
on a log-log scale. The mean-field prediction (green line) is consistent with the numerically exact
results. The O(A™%) perturbative result (show in red) agrees with the mean-field down to A = 1.5,
below which it overestimates the frequency; see Section 3.2.2 for a discussion.

Hamiltonian of Equation 2.13 about the fixed point yields (cf. Equation 2.14),

foy = %% (3.2)
This mean-field prediction works for a broad range of A (see Figure 3.3). The lower fre-
quency, however, cannot be explained within the BJJ approximation. To see this, consider
the trajectory of the system in z, ¢ space (see Figure 3.1(b)). In the BJJ model, this tra-
jectory is expected to coincide with an energy contour of the Hamiltonian. However,
simulation of the full quantum dynamics reveals a “thick” orbit, the size of which oscil-

lates with the low frequency.!

ISimilar low frequency phenomena were noted before by Milburn et al. (1997), but not discussed quan-
titatively.
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3.2.1 Eigenstate decomposition

To explain the low frequency oscillations, let us decompose the evolving quantum state

into the energy eigenstates:

N
[Y(8)) = > ane™ B By (3.3)
n=0

At first glance, this decomposition does not offer much insight, as the Hamiltonian has a
large number of eigenstates and their energies can only be found numerically. However,
in the neighborhood of the system’s fixed points only a few states contribute appreciably
to the wave function (see Figure 3.4). This is not entirely surprising: the stable fixed
points are the extrema of the mean-field energy, so in the neighborhood of these points
only the eigenstates with most nearly extremal energy values should contribute to the
coherent state. Indeed, for the z = 0.95, ¢ = 7 coherent state of Figure 3.2, we find the

contributions of the three highest-energy eigenstates to be,

aop = 0.9353 Ey = 2040 7/s
a; = 0.3474 E; =19427/s
a; = 0.0653 E, = 1850 7/s.

These three eigenstates together account for,

laol? + la1]? + |az]? = 0.9997
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Figure 3.4: A projection onto just 3 eigenstates is effective near the B]JJ fixed points. Consider a
coherent state |z, ¢) = Z],:LO an |E,) and its projection |’y = ¥'%_, a, |E,) onto the three energy
eigenstates with the largest coefficients a, in the energy eigenstate expansion. The plot above
shows the norm [{(y/’|/")|? of this projection as a function of z and ¢. Note that the norm of the
projection is nearly 1 (perfect) near all of the fixed points, including the unstable one, suggest-
ing the three-eigenstate description will be informative for those initial conditions. The system
parameters are the same as those in Figure 3.2, namely J = 107%/s, A = 5.3 and N = 40. The
mean-field stable fixed points are at z = 0, ¢ = 0 and at z = +0.98, ¢ = 7, while the unstable fixed
point is at z = 0, ¢ = 7. Contours of constant mean-field energy are shown in white.
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of the probability weight of the coherent state. We might therefore expect the frequencies

observed in the data to be beats between the eigenstates,

(Eo — E1)/2m = 15.56 Hz = fiaqt
(E; — Ep) /27 = 14.64 Hz

(Eo — E;)/27 = 30.23Hz

or perhaps higher-order beats, such as

E,~E, E, —-E
0 L 2 _0.8805Hz = fiow.
27T 27T

These expectations are borne out: 16.4Hz ~ fg, is the B]J frequency given by Eq. 3.2,2
while 0.85(5) Hz is the measured frequency of the large-amplitude oscillation in Fig-
ure 3.2. The two other beats are also seen in the power spectrum of the condensate
fraction (at 14.65(5) Hz and 30.27(5) Hz), though not in that of EPR.

The projection onto the three most important eigenstates recovers not only the fre-
quencies but essentially all of the observables’ dynamics (see Figure 3.5). A projection
onto just two states is sufficient to recover the mean-field motion, but not the low fre-

quency oscillations.

>The 5% discrepancy between the BJJ frequency and the fast frequency observed in the data will be
discussed in the next section.
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Figure 3.5: Validity of the two-frequency approximation. The condensate fraction and EPR en-
tanglement calculated by approximating the initial coherent state with only 3 eigenstates (blue)
is virtually indistinguishable from the numerically exact results shown in Figure 3.2. An approx-
imation with only 2 eigenstates (green) reproduces the fast, but not the slow oscillations.

3.2.2 ] — 0 limit
To gain more insight into the two frequencies, consider the limit /] — 0 in which the
Hamiltonian can be diagonalized exactly >. The eigenstates are the Fock states,

N1, N = Np) = [Ny),

and the associated energies are,

oy = M0y, (VNI N - 6

which we denote with € rather than E to distinguish the J — 0 limit from the general

case. Note the N; — N —N; twofold degeneracy of the spectrum, reflecting the symmetry

3Strictly speaking, the Bose-Hubbard dimer can be analytically solved in the J # 0 case: a solution
based on the Bethe ansatz was developed in the early 1990s (Enol’skii et al., 1991, 1992; Links et al., 2003;
Links, 2006). This solution replaces the N + 1 dimensional eigenvalue problem with a set of N nonlinear
algebraic equations. Since for generic N such equations can only be solved numerically, the Bethe ansatz
solution amounts to a restatement of our original problem.
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of the system with respect to a relabeling of the wells. The frequencies analogous to f,st

and fyow computed numerically in Section 3.2.1 are,

€)— €1 U(N - 1)
= ~ 15.9Hz,
27th 2rh g

€) — €1 €1 — € U
- = — =~ 0.82Hz.
27h 27h 7h

The ] — 0 estimate of fg,s coincides with the limit of the BJJ expression, up to a multi-

plicative factor of (N + 1)/(N — 1) that leads to discrepancies for small N:

_ VA -1] _ NN+ DT-4F _UW+Y) | 2]\
fou = T h 27h - 27k - (U(N - 1)) (3.5)
_UN-1)N+1

2z N -1

[1 - %A‘z + O(A—4)] .

More interesting is fgow = U/7mh. The slow oscillations are a purely quantum phe-
nomenon, as U/mh goes to zero in the classical limit of N — co with A = U(N + 1)/2]
fixed. A first hypothesis might identify them with the quantum revivals, in which all of
the components of the coherent state re-phase (Greiner et al., 2002b). This is almost cor-
rect. Consider an initial state |/(0)) decomposed into energy eigenstates (Equation 3.3).

Evolving the state over one period 7 = 1/ fjjow of the slow oscillation yields,

Jr:]:o ap |n) for N odd,
W(T» = (3.6)

Zi\lzo(—l)"an In) for N even,

up to an overall phase (see Appendix C.1 for a proof). For odd N, we observe a full
revival, as expected. For N even, the relative phases of the eigenstates are altered, and
a revival occurs only after a translation by 27. However, the additional phases present

after a 7 translation cancel when the condensate fraction and EPR are computed (see
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Figure 3.6: The slow frequency near the fixed point as a function of A. The numerically exact
values (blue circles) are well described by the second order perturbative results (solid red line).
Zeroth-order perturbation theory (dashed green line) slightly underestimates the frequency.

Appendix C.2 for a proof). In the limit /] — 0 one therefore expects revivals in these
observables with a frequency 1/7 = % for all values of N.

Surprisingly, the J — 0 result is close to the observed frequencies even when J > U
(see Figure 3.6). To shed light on this, one may compute the shifts in the frequencies due
to J 2 0 using degenerate perturbation theory; see Appendix C.3 for a derivation follow-

ing Bernstein et al. (1990). The resulting corrections to the J = 0 result are proportional

to A72:
€) — €1 _U(N—l) 1 (N+1)3 _ -
onh | 2nh [ R 4)]’ 65
€—€ € -6 _ 3 (N +1)3 _ 4 '
o 2 Can| TN (NN o T oW )]'

The perturbative high frequency estimate agrees with the mean-field result (Equation 3.5)
in the limit of large N, as one would expect. Close to the bifurcation the mean-field
expression performs better than the perturbative one (see Figure 3.3), presumably because
we dropped terms of order A™* and higher. But above A ~ 2, the agreement of the
perturbative expressions with the observed frequencies of both the mean field motion

(Figure 3.3) and the quantum revival (Figure 3.6) is excellent.
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3.2.3 Region of validity

How far from the fixed point can we expect the dynamics to be dominated by the two-
frequency pattern described above? To avoid introducing additional frequencies at the
outset, the initial coherent state |z, ¢) must have an appreciable projection onto just
three eigenstates: that is, the projection [{’) = i:o an |E,) must satisfy [|(z, ¢|y")||> =
IK¥’[¥")]|> ~ 1. But in addition, coherent states at every point of the the mean-field
trajectory must be well approximated by the three eigenstates: if ||(z, ¢|¢/')||* deviates
significantly from 1 anywhere along an orbit, a breakdown of the two-frequency pattern
is expected. An instructive example of such a breakdown is observed as the system ap-
proaches the bifurcation (A — 1;). Although in the neighborhood of the stable fixed
points the norm of the three-eigenstate projection remains high, the orbits of the BJJ
model venture out of this neighborhood (see Figure 3.7). The true quantum dynamics
involves tunneling from one stable fixed point to the other described in Chapter 2 which
is classically forbidden and does not conform to the two-frequency paradigm described
in this section.

Thus, the two-frequency description is valid only for initial conditions in some neigh-
borhood of the stable fixed points. However, this is generally sufficient to understand the
generation of EPR entanglement: On long time scales EPR entanglement is present only
for initial conditions close to the fixed points, as shown in Figure 3.1.

What is more, the slow oscillations set the timescale for which EPR entanglement is
present in the sysem. To obtain a global picture of entanglement generation, we simu-
lated the dynamics of 10,000 initially coherent states uniformly sampled from the Bloch
sphere. In Figure 3.8 we plot, as a function of time, the fraction of these in which the
two wells are entangled. Pronounced revivals occur with the frequency fyow analyzed

above. The implication, supported by an examination of individual phase space trajec-
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Figure 3.7: Breakdown of the three-eigenstate approximation near the bifurcation. The squared
norm ||<y'|¢"}||? of the projection of coherent states onto the three energy eigenstates with the
largest coefficients in the energy eigenstate expansion is plotted, for A = 1.1. The mean-field
trajectories are overlaid in white. Note that the projection norm is not conserved along the
mean-field trajectories, indicating the breakdown of the mean-field approximation and the two-
frequency pattern.
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Figure 3.8: EPR entanglement is predominatly found at the quantum revival times and can be pro-
moted by applying localized dissipation. We plot the fraction of coherent state initial conditions
for which the two wells are EPR entangled (EPR > 0), as a function of time for A = 5.3. The initial
conditions are uniformly sampled on the Bloch sphere. The quantum revival times near the fixed
point (multiples of 7 = 1.13 s) are marked with black vertical lines. The thin blue line is obtained
in the absence of dissipation; the thick green line is the result seen when atom loss at the second
site is induced between seconds 1 and 1.25 of the simulation. Applying dissipation increases the
fraction of initial conditions for which the wells are persistently entangled.

tories, is that entanglement is only observed in those regions of phase space where its

dynamics is dominated by the two-frequency behavior. In this sense, the two-frequency

model explains the dynamics of the dimer’s entanglement quite generically.

3.3 Dissipation-induced coherence

Atoms can be removed from a double-well optical trap with single-site resolution using
strong resonant laser blasts or a focused electron beam (Gericke et al., 2008; Wiirtz et al.,
2009). As we discussed in Chapter 1, this process can be described by the quantum master

equation in Lindblad form for the density matrix p,

\S}

_ 1 ot o Ea o At
—p=-1[H,p]+ 2 ;yj (ajajp +pa; aj — 2ajpaj) , (3.8)

where y; is the loss rate at site j. Instead of solving the master equation directly, we use

the quantum jump method (Section 1.4.2). Previous studies carried out along these lines
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Figure 3.9: Dissipation-induced coherence, with signatures in condensate fraction, EPR entangle-
ment and phase space trajectory (expectation values of z and ¢). The initial condition is the same
as in Figure 3.2, but atom loss (y, = 5]J/%) is induced at site 2 between seconds 1 and 1.5 of the
simulation. The plots of condensate fraction and EPR compare the results without (blue) and with
(green) dissipation.

show that controlled atom loss may lead to improved coherence (as measured by, among
other indicators, the condensate fraction) in the Bose-Hubbard dimer (Trimborn et al.,
2008b; Witthaut et al., 2008) and in multi-well systems (Trimborn et al., 2011; Witthaut
et al., 2011; Kordas et al., 2012).

An example of dissipation-induced coherence, simulated using the quantum jump
method, is shown in Figure 3.9. The initial condition is a coherent state near the self-
trapping fixed point. After a second of free evolution, atoms are removed from the less
populated site for half a second. The result is a long-term increase in condensate fraction
and a transition from intermittent entanglement to a persistently entangled state. This
process can be understood within the phase space picture: the system’s trajectory is
driven towards the stable fixed point, which is a region of high entanglement.

How representative is the picture presented above? Consider again the evolution

of 10,000 coherent states uniformly spaced in z and ¢, shown in Figure 3.8. Between

the quantum revivals, the fraction of entangled states is substantially increased by the



56

application of dissipation. This implies the mechanism shown in Figure 3.9 operates for
an appreciable range of initial conditions.

Analogous phenomena have recently been predicted (Grisins et al., 2016) and ob-
served (Rauer et al., 2016) in a quasi-1D ultracold atomic gas. In that setting, the ap-
plication of dissipation to a rapidly rotating Wigner function symmetrically narrows it,
leading to alowering of the energy. As this happens simultaneously to all occupied modes

of a multimode system, it leads to the cooling of the gas.

3.4 Summary & Outlook

In this chapter, we have used the global phase space picture of the Bose-Hubbard dimer
to illuminate the dynamics of entanglement in this system and provide a novel perspec-
tive on dissipation-induced coherence. We showed that for initial conditions close to
the BJJ self-trapping points the dimer’s dynamics is completely captured by a projection
onto just three eigenstates. Where the projection is successful two frequencies appear
prominently in the observables: f,g, due to the mean-field motion, and fyow, associated
with a quantum revival. These frequencies are accurately analytically approximated by
a second-order expansion about the strong-coupling limit. The frequency fy,w sets the
dominant time scale for the dynamics of EPR entanglement in the BEC dimer. This is
because the regions of phase space in which our description is valid coincide with the
regions where EPR entanglement persists. It is also within these regions that dissipation-
induced entanglement can be induced.

The significance of this work is two-fold. Firstly, the patterns we describe—two-
frequency motion near the fixed point, the driving of the system into the fixed point
by dissipation and the resulting enhanced coherence—should be observable in ongoing

experiments. Secondly, and more broadly, analogous patterns may be present in larger,
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multi-well systems of cold atoms in optical lattices. These systems are potential platforms
for quantum information processing, but by virtue of their size cannot be analyzed via
exact techniques. Consequently, relationships between approximate but tractable semi-
classical dynamics and inherently quantum behavior such as are described here offer an

attractive path to large-scale quantum engineering.



Chapter 4

Quantum magnetron

In the preceding chapters we have studied the Bose-Hubbard dimer as a model for cold
atoms in optical lattices. In this chapter we consider a very different problem, that of
devising quantum models of sources of microwave radiation based on cyclotron electron
motion. We focus on the simplest such device, the cylindrical anode magnetron. Its
effective quantum description turns out to be a dissipative bosonic dimer, albeit with a
different coupling to the reservoir than we have considered so far. Our model shows that
net radiation gain persists deep into the quantum regime and that startup will take place
even if the field initially contains no photons, thanks to spontaneous emission. Most
importantly, though, our work provides a framework for designing solid-state analogs of
the magnetron and related devices.

This chapter is based on Pudlik et al. (2016).

4.1 Introduction

Magnetrons are vacuum tubes that convert a DC voltage into electromagnetic radiation
in the microwave range. Historically, the designs of vacuum tube and solid state radiation
sources were radically different, as transport in semiconductors was limited to the diffu-
sive regime. Today, as a wide range of two-dimensional materials transition from basic

research into the toolkit of device designers, it is becoming possible to build solid state de-
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vices characterized by ballistic transport (Liang et al., 2007; Du et al., 2008; Mayorov et al.,
2011; Wang et al., 2015). Thus, a broad range of vacuum tube designs perfected over the
decades—magnetrons, crossed-field amplifiers, gyrotrons, etc. (Gilmour, 2011)—can serve
as direct inspiration for a new generation of solid state radiation sources. Such devices
could retain some of the advantages of tubes, such as their wide frequency tunability,
without the disadvantages of cost and weight associated with vacuum technology. But
the new solid state devices would be different in one critical respect: due to their small
size and the presence of band structure, they will exhibit quantum effects. Past work
on these devices has focused on analogs of linear beam tubes (Gribnikov et al., 2003;
Asada, 2003; Ryzhii et al., 2009). Here, we discuss crossed-field designs. As a first step
in the investigation of this class of devices, we propose a simple quantum model of the
magnetron.

We focus on the most basic magnetron design, the so-called cylindrical anode or Hull
magnetron (Hull, 1928; Collins, 1964; Ma, 2004). We briefly review the classical mech-
anism of its operation in Section 4.2 before developing in the following two sections a
fully quantum model in which both the electron motion and the electromagnetic field are

quantized.

4.2 The classical model of the magnetron

The cyclotron resonance magnetron consists of two coaxial conducting cylinders; see the
top row of Figure 4.1. The inner cylinder is kept at a negative potential and constitutes
the cathode, the grounded outer cylinder is the anode, and the space between them is

evacuated. An external DC magnetic field points along the axis of the cylinders.
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Figure 4.1: Principle of operation of the cyclotron resonance magnetron. The DC fields are set
up so that V = Vg (first column). If an electron is emitted when the AC voltage has the same
polarity as the DC, the electron collides with the anode before removing much energy from the
field (second column). If it is emitted when the AC voltage has a polarity opposite to the DC, it
remains in the device for a longer time and exchanges more energy with the field (third column).
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Equations of motion Consider an electron moving in the coaxial electrode arrange-

ment of Figure 4.1, with its position given in the usual cylindrical coordinates,

r:s§+¢¢;+zi.

The electron moves under the influence of the Lorentz force,

F=—-evXxB—-¢eE =—eBvXZ+ eESs.

The motion of the electron is confined to z = const.; we’ll take z = 0. Since

v:s’§+s¢§gz§,

we have
F = 3§ (eBs¢ + eE) + § (eBs)
and
_ j_j =5 (5 - 5¢?) + 6 (256 + 59)

The equations of motion are therefore,

) B . ¢eE
§: §—s¢2:—e—s¢+e—,
H H

~ . . B
$: 2 +sh= s,
J7;

where p is the charge carrier mass.

To produce the top panels of Figure 4.1, these equations were solved numerically with
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the electric field magnitude given by,

E(s,t) = Epc + Eac

e Vac
slni s, —s,
Sa

sin(wt + ¢).

In the absence of an AC field, the conserved electron energy is given by,

In

Ini’
Sa

€= g (s'2 + 32(;52) —eVbe

In the presence of the AC field, € becomes a function of time. The difference between

€(t = 0) and e(¢ = 7) is the net energy gained by the AC field in the ¢ interval [0, 7].

Hull cutoff voltage An electron emitted by the cathode performs cyclotron motion
within the device. The radius of the cyclotron orbit increases with the accelerating volt-
age, V. Below the so-called Hull cutoff voltage, Vy, the diameter of the orbit is smaller
than the device radius, and the emitted electrons never reach the anode. Above Vy, the
electrons reach the anode and the device is conducting.

To find the Hull cutoff voltage, rewrite the second equation of motion as,

—_ 24 - —¢
S 59 S
d eBd ,
= ——s“.

2udt

5(52@

This implies,
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If the electron starts from rest at the cathode (¢ = 0, s = s.), then

eB , eB ,
0=—s;+C = C=-—gs]
2p M

24 S

where s, is the anode (outer) diameter.

and so

We’re interested in trajectories in which the electron barely grazes the anode. At the
apex of such a trajectory, s = s, and the velocity is purely tangential, so that conservation
of energy gives,

% ,ugzézsg =eV.

Using the ¢ equation and rearranging, we obtain the Hull voltage condition,

¢ (4.1)

VH_esg 1 s§2
S5 ’

B2 8u\ s
AC operation Now, consider a device operating just below Vy. Connect a resonant
circuit tuned to the cyclotron frequency to the cathode and anode; this generates an AC
voltage in addition to the DC one. Those electrons emitted when the AC voltage has
the same polarity as the DC will absorb energy from the electromagnetic field—but since
they are accelerated by a voltage V' > Vg, they will be removed from the device by a
collision with the anode during their first orbit (see first column of Figure 4.1). Those
electrons emitted when the AC voltage has the opposite polarity lose energy to the field
and remain in the device. Crucially, by the time these slowed electrons reach the apex of
their orbit and turn around, the polarity of the AC voltage reverses, so that they are once

again giving up energy to the field. Thus, those electrons that are not quickly removed
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by a collision with the anode continuously transfer their energy to the electromagnetic
field (see third column of Figure 4.1). The result is net emission.

An important subtlety is that the interaction with the electromagnetic field perturbs
the electron’s orbit, leading to a gradual change of the relative phase of the electron’s and
the field’s oscillations. Therefore, even the electrons which initially contribute energy to
the field will eventually absorb it instead. From an energy perspective, the problem can
be stated as follows: if the only way for the electron to be removed from the device is a
collision with the anode, then by the time the electron is removed it must have absorbed
energy on net from the AC field. To eliminate this problem, all electrons are removed
from the device on some timescale long compared to the cyclotron frequency but short
relative to the dephasing time, even if they are in orbits too small to reach the anode.
In vacuum magnetrons, this can be achieved by tilting the magnetic field slightly away

from the electrodes’ axis.

4.3 Proposed device

The classical model of the previous section suggests the device design shown in Figure 4.2.
Recall that B, the DC magnetic field, is related to the frequency of operation through the
cyclotron condition,

w=—. (4.2)

Critically, unlike in the vacuum device, the effective charge carrier mass can be controlled
by appropriate choice of material. This allows access to higher emission frequencies. For
example, in a monolayer of GaSe, with an effective mass of 0.053 m, (Wickramaratne
et al., 2015), an emission frequency of 1 THz should be achieved at a field of 1.9 Tesla.

(The device geometry and the Hull condition of Equation 4.1 set the voltage drop at



65

Drain

\ ? B
Source
1pum l

Figure 4.2: Solid state magnetron. (a) Top view. (b) Side view.
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1.6 V.) Other two-dimensional materials with small effective masses and parabolic band
structures could be used as well. Bilayer graphene would be a natural candidate, but its
band structure shows deviations from parabolicity, and consequently its Landau levels
are only approximately uniformly spaced (Pereira et al., 2007). Another possibility would
be to use the two-dimensional electron gas in a AlGaAs/GaAs or AlGaAs/InGaAs/GaAs
heterostructure, with effective masses of 0.068 m, (Zudov et al., 2001) and 0.073 m, (Liu
et al., 1988), respectively. This would require a device geometry slightly different from
that shown in Figure 4.2, with electrodes penetrating capping layers to contact the two-
dimensional electron gas.

Unfortunately, the validity of the simple classical model is far from obvious: the dis-
tance between the electrodes is less than 50 magnetic lengths (vV7/eB), a scale at which
the wave nature of the electron cannot be ignored. In the remainder of this chapter, we

propose and develop a fully quantum model of a solid state magnetron.

4.4 Quantum model: DC operation

In the classical picture described in Section 4.2, a DC magnetic field and an absorbing
boundary allow for the transfer of energy from a DC voltage source to an AC signal. We
will now describe the same process from a quantum perspective.

To simplify the analysis, we will discuss a rectangular, rather than cylindrical, ge-
ometry as shown in Figure 4.3. (The rectangular geometry is simpler because the DC
electric field between the electrodes has a constant magnitude. The general mechanism
of device operation is unchanged.) Furthermore, we will restrict our considerations to
a planar, or 2D, device. Within the device region (y € [0, L]) there are constant crossed
electric and magnetic fields E and B, while outside of it—in the electrodes—the fields are

zero. The motion of an electron subject to these external potentials is described by the
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Figure 4.3: A schematic of the quantum magnetron model. We will assume W > L.
Hamiltonian,
1
H = 2—(p +eA)? — ed, (4.3)
U

where —e < 0 is the electron charge and y the electron mass.

We choose the Landau gauge, in which

0 fory < 0, 0 fory < 0,
®=1Ey forye[0,L], A=9\By foryeloL], (4.4)
EL fory> 1L, BL fory > L.

By introducing the cyclotron frequency and magnetic length,

eB h
=, lg=+/—, 45
We B eB ( )
we can rewrite the Hamiltonian in terms of dimensionless variables,
eEl
E=x/lp, n=ylls, a=-—2, A=L/l (4.6)
fiw,
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as,

p§+p$ forn <0,

H = -~ho, X (pe + n)? +p$ —2an forn e [0,A], (4.7)

(p§+A)2+p,27—20(A forn > A

In this gauge, £ does not appear in the Hamiltonian and py is a constant of the motion.

The energy eigenstates {1/} can be taken to be simultaneous eigenstates of p;:

Yi(€.m) = e i (n), (4.8)

where ¢y is an eigenstate of the one-dimensional Hamiltonian,

1
Hy = Sho (pf + Vi(n)) - (4.9)
The effective potential Vi () is,
k? forn <0,
Vie(n) =1 (k + n)?—2an forn € [0,A], (4.10)
(k + A)? —2aA  forn > A.

If we neglected the electrodes (assumed the device region extends from —co to oo, rather
than from 0 to A), the effective potential would be parabolic, leading to eigenstates and

energies of a simple harmonic oscillator,

l 2
Ymk = [ WBe’kge_(’”k_“) Hu(n + k —a), (4.11)

1 a?
€m = I, (m + 5) + ho, |ak — - (4.12)
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where H,, is the m’th Hermite polynomial, m =0, 1, 2, .. ; k = %

pforpeZ;and W
is the device width. If the device region is large but finite, we expect the eigenstates to
take a similar form within this region.Halperin (1982) This implies we are interested in
states the center of which is within the device, or those for which k € (a — A, @).

The parameter « is a dimensionless measure of the electric field strength. If the device

is operated at the Hull cutoff voltage, i.e. if the width of the classical cycloid trajectory is

equal to the device length (% = L), then
: (4.13)

the allowed k values are k € (—A/2,A/2) and the effective potential takes the simple

form,
k? forn <0,
Vie(n) =1 (k + n)?—An forne[0,A], (4.14)
k? + 2kA forn > A

Note that the potential is parabolic within the device region and always contains a bound
state as well as higher-energy scattering states. In what follows we will restrict our at-
tention to the k = 0 case, corresponding to an electron injected into the device with no
momentum in the x (or ) direction.

In the absence of an AC field, the magnetron operates as a diode (see Figure 4.4).

For o < %

an electron initially localized just within the device, by the cathode, can
be decomposed into eigenstates that do not enter the anode; consequently, there is no
current. For o > %, however, states localized near the cathode can be decomposed into
scattering states extending to the anode, and current is observed. Increasing a even

further affects states initially localized closer to the device’s center, but since the electrons
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Figure 4.4: In the absence of an AC field, the magnetron operates as a diode. The effective potential
Vo(n) is plotted above for three values of a (or, equivalently, DC voltage), for k = 0. Below and
at the Hull voltage V7, no conduction is observed, as an electron localized near the left edge of
the device can be decomposed into bound states. Above Vj, the electron can only be decomposed
into scattering states, and the current is a constant independent of voltage.

AC field electron

ZERN N\ anode
A

(reservoir)

energy particle
exchange exchange

Figure 4.5: Schematic of the two-mode quantum model of magnetron AC operation.

enter the device near the cathode, this does not increase the current. Thus, the current-
voltage characteristic is approximately a step function, in agreement with the classical

model.

4.5 Quantum model: AC operation

To treat the interaction of the electron with the AC field, we will introduce a simplified
effective model schematically depicted in Figure 4.5. We will consider only one mode of

the AC field, described by the Hamiltonian,

PN 1 PN ~
Head = oo (b*b + 5), (6,67 = 1. (4.15)
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Since the effective potential V() within the device region is parabolic, we will approxi-

mate the single-particle electron energy with another harmonic mode:
Helectron = fiw (de + _) . a, dT] = 1. (4.16)

The interaction energy between the electron and the field is (Marcuse, 1980, p. 57),

Ho= P L 6t v )6+ B) = eA '%“’(aT +a) (b +b), (4.17)

1
where C is the magnetron’s capacitance. Defining

e 1

- ﬁ\/ha)C’

J (4.18)

and performing a rotating wave approximation [justified as long as the coupling is small,
J < w (Walls and Milburn, 2008)], we can write the total effective Hamiltonian in dimen-
sionless form,

Her = ho (a'a+b'b + J(a'b + b'a) + 1) . (4.19)

This model incorporates the effects of the DC and AC fields but does not describe the
electron being absorbed by the anode. In the absence of this dissipative process, neither
the classical nor the quantum model predicts net energy transfer to the AC field.

To model electron loss from the magnetron cavity, we couple the system described

by Heg to a fermionic reservoir representing the anode:

Hp = ) &ilfe, A f) = 8. (4.20)
k

The annihilation (creation) of an electron in a state n of the approximate harmonic poten-
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tial within the device is described by the fermionic operator ¢, (é;), with {¢,,, é;} = Smn-
The electron part of the Hamiltonian can still be written as Equation 4.16,' but the oper-

ator a is now defined as,

a

>V 1éfen. (4.21)

n=0
On the subspace of one-electron states, the operator a satisfies the usual bosonic com-
mutation relation. The most general form of the coupling between the electron in the

device and the fermionic reservoir is,
V=3 Yukln + )G+ 7). (4.22)
nok

Since we are not interested in the dynamics of the reservoir, we will treat the electron
and AC mode as an open quantum system in the sense of Section 1.4. This will allow us
to derive equations of motion for the system degrees of freedom only.

The details of the derivation, which uses the approach of Tomka (2014) originally
developed by Beaudoin et al. (2011) are in Appendix D. Here, we will only recapitulate

the assumptions:

1. Born approximation: the density matrix of the anode is only negligibly affected by

the interaction with the electron in the device.

2. Markov approximation: the anode correlation functions decay at a rate much faster

than any other timescale of the model.
3. Rotating wave approximation in the system-bath coupling.

4. The anode is in thermal equilibrium, and the Fermi factor of the relevant levels is

approximately zero. This implies the anode never emits electrons into the device,

IExcept that the zero-point energy is no longer 1 but rather % +Xn C,Lén
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and any electron impinging on the anode from the device will be absorbed.

5. We ignore the frequency shift of the device energy levels that results from the
coupling to the reservoir. The frequency shift is in general not negligible. However,
its main consequence is that the actual emission frequency of the device is different

from the DC cyclotron frequency eB/p.

6. The system-reservoir coupling constants satisfy y, x = ynx = yn forall n, k, k’. This
is a technical assumption which simplifies the form of the final results; it could be
substantially relaxed if we wished to make more specific assumptions about the

band structure of the anode.

Given these assumptions, the time evolution of the system density matrix is given by an
equation of the Lindblad form,

- ioa_Laa At A

p = —1[Heg, p] + ApA — 3 (A Ap + pA A) , (4.23)
where the operator A is,

A =V2ro Z Vs (4.24)
n=0

with o the anode density of states.? Thus, the effect of the anode is to remove electrons
from level n at a rate y,,.

What are the values of the dissipation rates? The scattering modes of the effective
potential V() (Equation 4.14) overlap with the electrodes; an electron excited into one of
these levels will be removed from the device at a rate of order L/v ~ L\/% > J. But as
we observed while discussing the classical device, the lower energy electrons must also

be removed from the device, albeit at a slower rate ~ J, if net emission is to be observed.

2The density of states is a constant because we have assumed the device, including the electrodes, to
be confined to a plane.
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Therefore, we will assume y,, is a step function of n, taking values of order J for the bound
states and much larger values for the scattering states.

The model described above could be further extended in interesting ways, some of
which we consider in the final section. But the structure we have built up so far is suffi-

cient to capture the essence of magnetron dynamics, as we discuss next.

4.6 Emission from a Fock state

On the face of it, the effective quantum model is very different from the classical one
and rather more complicated.®> This suggests two questions: does the quantum model
agree with the classical one? And does it go beyond it, predicting any new effects? To
answer them, we simulate the model using the quantum jump algorithm introduced in
Section 1.4.2.

The central prediction of the classical model is that energy will be transferred on av-
erage from the DC electrical field which accelerates the electron to the AC field. This
phenomenon is reproduced in the quantum model. The left panel of Figure 4.6 shows the
expected number of quanta (or energy in units of Ziw, or—in the case of the EM mode—
number of photons) attributable to the electron and the field over time, for an initial Fock
state of the field and the electron in which the two have equal energy. Since the electron
decays from the device, in the long-time limit it contributes nothing to the system’s en-

ergy. The field, however, contains more photons at long times than it contained initially.

What is the mechanism behind this process? The interaction between the electron

and the AC field enables emission and absorption events. Because the Hamiltonian of

3In a certain sense, the quantum model is actually much simpler. While the classical model is defined in
terms of partial differential equations on a continuous space, the quantum model is described by ordinary
differential equations on a discrete space.
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Figure 4.6: Transfer of energy from the DC to the AC field in the quantum magnetron. The left
panel shows the time evolution of the expected number of electron quanta, (4'd) (red), and AC
mode photons, (b'by (blue), over time. The electron decays from the device, but deposits in the
AC field some of its energy, which was ultimately derived from the accelerating DC voltage. The
right panel shows the final distribution over Fock states of the EM field: an electron could absorb
or emit photons, but sequences of more than a few absorptions did not occur. See the text for
further discussion.

Equation 4.19 is symmetric with respect to a relabeling of the modes (¢ — b,b — a), an
isolated system would, over times > 1/], be equally likely to emit m photons (transfer
m quanta from the electron to the field) as to absorb m photons, for any m. In the open
system, this symmetry is broken by the decay rates {y,} that depend on n, the index of
the electron level. A sequence of many emissions is now more likely than a sequence of
many absorptions, because just a few net absorptions will place the electron in a scat-
tering state—the electron will be removed from the device before it can absorb further.
This early termination of chains of net absorptions is illustrated in the right panel of Fig-
ure 4.6, which shows the probability distribution over final Fock states of the EM field.
The distribution is dramatically skewed to the right: sequences of many emissions (field
quanta > 50) are common, but those of many absorptions (field quanta < 50) are never
observed.

Amplification of an existing AC field, then, is predicted by both the classical and the
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Figure 4.7: The quantum model of the magnetron predicts spontaneous emission. The expected
energy of the electron (red) and field (blue) are plotted over time, for an initial Fock state of the
electron and vacuum state of the field. Initially, the field carries no energy, but by the time the
electron has decayed, about half of the electron’s initial energy has been transferred to the field.
(The rest of the electron’s energy has been lost to the reservoir.)

quantum models. In the former model, the device can only operate as an amplifier: if
the initial amplitude of the AC field is zero, the classical prediction is that it will stay
zero. In contrast, the quantum model of the previous section predicts spontaneous emis-
sion even if the field is initially in a vacuum state. This is illustrated in Figure 4.7. (In
practice, there is always nonzero field present in the device due to thermal fluctuations,
and the magnetron will start up without an external input even in the classical model.
At low temperatures, however, the contribution of spontaneous emission should become

significant.)

4.7 Summary & Outlook

Inspired by the classical model of the cylindrical diode magnetron, we have proposed
an effective quantum model consisting of two bosonic modes coupled to a fermionic
reservoir. The quantum model captures the essential behavior of the established classical

approach by predicting a net energy transfer from the DC to the AC field. But the quan-
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tum framework can explain a greater range of phenomena, such as spontaneous emission
when the field starts out in the vacuum state.

Our results suggest that a solid-state analog of the magnetron would continue to act
as a radiation source, with the critical difference that the emission frequency could be
elevated to the terahertz range by using a material with small effective mass.

The work discussed here can be extended in interesting ways. Accurate numerical
simulations accounting for the device geometry, perhaps using non-equilibrium Green’s
function methods (Datta, 2000, 2005), are the next natural step. Investigating the wide
variety of vacuum tube designs beyond the cylindrical anode magnetron (and the inter-
play between ballistic electron dynamics and electrodynamics they exploit) is another
possibility. Finally, one could develop entirely novel designs based on materials with
nonparabolic band structures such as graphene. The use of unevenly spaced Landau lev-
els as gain media for lasers had been patented in the 1960s (Wolff, 1966), but at the time
thought impossible to realize. Today we possess both the experimental and theoretical

tools to finally implement such concepts.



Appendix A

An implementation of the quantum jump

algorithm

This Appendix contains a Python implementation of the quantum jump algorithm de-
scribed in Section 1.4.2.2.

The function below assumes your namespace contains a function pseudohamil -
tonian which returns a matrix representation of the null measurement operator (M, —
1) that appears in Equation 1.26. It does not actually perform the quantum jump, which
requires acting on the wavefunction with a problem-dependent operator, but evolves the
wavefunction up to the time when the jump ought to be performed. Throughout the

evolution, the observables are recorded at regular “snapshot intervals.”
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import numpy as np
from scipy.integrate import complex_ode

def evolve_until_jump(psi, obs, t, pa):
"""Evolve the wavefunction until the next jump, recording observables.

Parameters

psi: The initial wavefunction.

obs: An object with 'measure' and ‘snapshots_remaining' methods,
used for recording the observables given the wavefunction.

t: Evolution start time.

pa: Simulation parameters dict. Should include the key
’snapshot_interval’ (the time between successive measurements)
and may include any parameters to be passed to the
‘pseudohamiltonian' function or (under ’integrator_params’) to
the integrator.

Returns
tau: Time when the jump took place.
obs: Updated instance of input obs object.
psi: Wavefunction at time tau (right before the jump).

if ’'seed’ in pa.keys():
# Random number provided by main program
r = pal[’seed’]

else:
r = np.random.uniform/()

h = pseudohamiltonian (pa)
def forward_evolution(t, y):
""M"RHS of equation of motion."""
psi = y[0:-2]
hpsi = -1.0j*np.dot (h, psi)
norm_derivative = 2xnp.dot (psi.conjugate (), hpsi).real
return np.append (hpsi, [norm derivative, 1.0])
jump_took_place = []
def terminate(t, y):
"""Should integration be termined at the current time step?"""
#1f np.linalg.norm(y[0:-2])*#*2 <= r:
if y[-2].real < O:
Jjump_took_place.append(True)
return -1 # Stop integration
else:
return 0 # Continue on

integrator = complex_ode (forward_evolution)
integrator.set_integrator (' dopri5’, =*+pal’integrator_params’])
integrator.set_solout (terminate) # Must be set before initial values to work
integrator.set_initial_value (np.append(psi, [l - r, t]), t)

# Note that the evolved vector was extended by two dimensions, the first

# of which is the norm of the wavefunction.

if t > 0:
# Integrate to the next snapshot. This special step 1s necessary when
# t > 0 so that the interval between snapshots immediately preceding
# and following the gquantum jump is not shorter than the other snapshot
# intervals.
next_snapshot = pal[’snapshot_interval’]lsnp.ceil (t/pal’snapshot_interval’])
integrator.integrate (next_snapshot)



80

obs.measure (integrator.y[0:-2]/np.linalg.norm(integrator.y[0:-2]))
for n in range(l, obs.snapshots_remaining() + 1):
integrator.integrate (t + nxpal[’snapshot_interval’])
if jump_took_place:
break
else:
obs.measure (integrator.y[0:-2]/np.linalg.norm(integrator.y[0:-2]1))

if jump_took_place:

# Use Henon’s trick to localize it.

def backward_evolution(t, vy):
psi = y[0:-2]
hpsi = -1.0J*np.dot (h, psi)
norm_derivative = 2+np.dot (psi.conjugate(), hpsi).real
return np.append (hpsi/norm_derivative,

[1.0, 1.0/norm_derivative])

int_henon = complex_ode (backward_evolution)
int_henon.set_integrator (’dopri5’, =*+*pal’integrator_params’])
int_henon.set_initial_value (integrator.y, integrator.y[-21])
int_henon.integrate (0)
tau = int_henon.y[-1].real
psi_out = int_henon.y[0:-2]

else:
tau = integrator.y[-1].real
psi_out = integrator.y[0:-2]

return (tau, obs, psi_out, jump_took_place)



Appendix B

Semiclassical quantization

This appendix contains technical details of the semiclassical quantization procedure used

in Chapter 2.

B.1 Splitting of the semiclassical ground state

In this appendix, we use Equation 2.16, the quantization condition of Graefe and Ko-
rsch (2007), to derive an approximate expression for the energy splitting of the nearly-
degenerate self-trapped eigenstates. This expression and its derivation have been known
to scholars of the WKB approximation—see Razavy (2003, p. 49) or Child (1991, p. 52)—but
the discussion we give here is more complete than that found in other sources.

Equation 2.16 can be rewritten as,

1

V1+ exp(ZﬂSe).

Considered as a function of x = 25,, — Sy, this equation has pairs of solutions symmetri-

cos(2S,, — Sg) = — (B.1)

cally spaced about (2n + 1) (see Figure B.1). The pairs of roots coalesce as S¢ — —co: in
the absence of tunneling, states come in degenerate pairs, one localized in each well. Let

the two solutions near x = 7 be x4, with x; > 7 and x_ < 7. We have,
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Figure B.1: Graphical representation of the roots of Equation B.1.

F/1 — cos?(x4)

COS X4

tanx. = = Fexp(7mSe), (B.2)

where the sign difference on the right-hand-side arises because sin(x) changes sign at
x = 7, between x_ and x,.

Recall that x = 2§,, — Sy is a function of energy. Assume the ground state energy
splitting AE is sufficiently small that x(E) is approximately linear in an interval of width

AE about the ground state energy, Ey. Then,

x+ = x(Eg £ AE/2),

and Equation B.2 gives,

tan(2S,,(Eq = AE/2) — Sy(Se(Eo £ AE/2))) = Fexp(nSe(Eg + AE/2)),

or,

28, (Eo = AE/2) — S4(Se(Eo + AE/2)) = F arctan (exp 7Se(Ey + AE/2)) .

Expanding to first order about E,

8S, 0S;S.\ AE o 8S. AE
28, — Sy + (2% 22000\ BE _ et 5)) - —L Dok
v ¢+( 9E 95, 0F ) 2 T arctan(exp(mSe)) = T o BE 2
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Subtracting the lower signs from the upper signs and rearranging yields,

AE arctan exp(mrS

—_ - _ p( E) . (B‘B)
2 905w _ 954 35S
0E ~ 8S. OE

Consider the second term in the denominator. Letting ¢ = S, and using the definition of

S¢ (Equation 2.17), the dimensionless derivative can be written as,

a5, :_ln§+%¢(%—l§)+%¢(%+1§), (B.4)

where ¢/ is the digamma function, defined as

T

VO =T

For [t| > 3, an excellent approximation (good to 0.03%) to this function is provided by

the asymptotic expansion (Olver et al., 2015, 5.11.2),

1 1
ty~xInt—- — - —.
v () 2t 12t2

Using this expansion,

0Sy Lifis 2 4 14282 3-8F%(1-28%)

~ —In — - = ] .
0Se 2 482 ) 3 (144E%)2  2482(1 + 28?)2
This expression is already smaller than 0.01 at £ = 2, and decreases with & as 1/&2. Since
the phase space derivatives 9S,,/0E and dS./0E are of the same order, and & = S is of
order N, the second term in the denominator of Equation B.3 can be neglected:

arctan exp 7S¢

95,
OE

AE =
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Since the splitting is small, exp(7S.) < 1 and so arctan exp(7Se¢) ~ exp(rSe). If we

let T = 27 /w be the period of the orbit corresponding to the action 2S,,,

0S8, 1. 2n

9E h ho
Neglecting the second term in the denominator of Equation B.3, we get,

AE = _h_a) exp(7Se). (B.5)
T

The negative sign of AE indicates that x, is actually lower in energy than x_.
As a special case, this result applies to a single particle in a double-well potential de-
scribed by the Schodinger equation. For that special case there exist a simpler derivation

of Equation B.5: see Landau and Lifshitz (1981), §50.

B.2 Action integrals

To perform actual calculations using the formula,
ho
AE = — exp(7Se),
4

we need to find explicit expressions for w (or the corresponding period T) and S, in terms
of E and A. It will also prove useful to find an expression for 2S,,, the action associated
with the self-trapped orbit, which determines the energy about which the splitting takes
place. All of these quantities depend on the shape of the classical orbits of the mean-field

Hamiltonian of Equation 2.13. The equation of the orbit is,

Az? — 2E

¢(z,E,\) = arccos ———,
2V1 — 22

(B.6)
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and the classical turning points of the orbits (see Figure 2.7) are,

+V1—-2EA+ A2+ AE -1
z+(E,A) = . (B.7)

A%/2

In what follows, we will generally suppress the explicit dependence of ¢ and z. on E
and A to obtain clearer expressions. Recall that we defined the dimensionless measure of

orbit size as,

2 _ 2
zi -z

2
Z+

=
1]

We begin with the simplest problem, that of deriving an expression for the orbit period
T. The approach to computing the action integrals S, and S,, will be the same, but the
technical details are more involved.

See Graefe et al. (2014) and the references therein for a deeper look at the geometry

of the classical model and its relationship to Bose-Hubbard dynamics.

B.2.1 Period T of the classical orbit

The equation of motion for z is,
0H
z2=—-—=-V1-2%sing, (B.8)
and so the period is,

T=2

(B.9)

o dt
—d
f; dz z

:2fz+ dz
z Vl—zzsingb(z).
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Since sin(arccos x) = V1 — x2, we can use Equation B.6 to eliminate the trigonometric

functions:

= dz
T=4 :
fz_ V4(1 — 22) — (Az? — 2E)2

(B.10)

Although at first glance this expression has a very complicated structure, the polynomial
in the denominator (which is also encountered in the S,, and S, integrals) can be rewritten

in the more suggestive form,
4(1 - 2%) — (AZ* = 2E)* = —A*(2* - 2%)(2* - 2%). (B.11)

The period is therefore,

dz 4 z2 — 7* 4

T:%f+ =K == | = K, (B.12)
N (R I z &

where K is the complete elliptic integral of the first kind. Note that in this expression, time
is measured in the dimensionless units introduced with the Hamiltonian of Equation 2.13.

Converting the units to seconds,

= g KK, (B.13)

where ] is measured in hertz.

B.2.2 Action of the classical orbit

The phase space areas (and so actions) associated with the classical orbits can be found

by integrating ¢(z). For an orbit in the self-trapping region, the action is

S(EA) = hNEL (2 f 7= $(z) dz +21(1 — 22)1L (E < A/2) ) (B.14)
m \“J.
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N+1

The prefactor h=

normalizes the total area of phase space to be h(N + 1), with N the
number of particles. If E < A/2, the orbit is a rotation orbit (see Figure 2.7) and the area
of the “cap” at |z| > z, is added to the integral of ¢(z).

The integral in Equation B.14 can be simplified through an integration by parts:

Z+ Zy 2 2 E-A
f n—qﬁ(z)dz:f z(z +2A)

: (1- 2@ -2z + )

where the boundary term is zero since ¢(z.) = x/2. This is an elliptic integral (Olver
et al., 2015, §19.2(i)) and can be reduced to the canonical elliptic integrals using a partial

fraction decomposition. Let,

P =—(z* - 2%)(* - Z2).

Then,

f 7 — $(2) dz = 2. E(k) + (1 - %) L (K(k) -

_ Z4

! -1 (az,k)), (B.15)

1-2z%

where K(k), E(k), and TI(a?, k) are complete elliptic integrals of the first, second and third

kinds, k is the measure of orbit size defined in Equation 2.19, and

, Z2-72%
o =

22-1"
B.2.3 Tunneling action S,

The “tunneling action” is defined analogously to the orbit action,

N+1 z-(EA)
Se(E,A) = - -Zf |7 — ¢(z,E,A)|dz,
47 —2_(E,A)
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with the absolute value necessary because ¢(z, E, A) may be complex within the region
of integration. In fact, in the self-trapping region (E > 1, A > 1) the argument of the
arccosine in ¢(z, E, A) is smaller than —1 for all z € [-z_,z_]. Consequently, taking

advantage of the identity,
arccos(—1 — x) = w —1arccosh (1 + x),

one may rewrite S as,

N +1 2F — AZ?

Se = f 7arccosh (—) dz.
‘ rJo 2V1 — 22

Asin the case of the orbit action, S¢ can be recast as an elliptic integral through integration
by parts, and then reduced to a sum of canonical elliptic integrals using a partial fractions

expansion. The result is,

- (1 - @) LG k) + 2, (KK - B(K)) (B.16)
ANz,

where k’ = V1 — k? and we have used identity 19.6.5 in Olver et al. (2015).

B.3 Approximate solution to the quantization problem for large

N

In this section, we derive an approximate semiclassical expression for the splitting by

expanding the integrals of the previous section in small orbit sizes, k, and energies, e.
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B.3.1 Approximate orbit frequency

To lowest order,

2r mhAzy
0= = K~ VAZ =1+ O(ve). (B.17)

A higher-order expansion is unnecessary because AE depends on e primarily through
the tunneling phase in the exponent.

B.3.2 Energy of the highest-energy state

Many of the quantities encountered in our discussion so far can be expressed more simply
in terms of e [the normalized energy relative to the maximum of E—see Equation 2.22]

than E. For instance, the classical turning points are,
1 _ 2
zizl—ﬁ(1+(A—1)\/E)

and the dimensionless measure of orbit size is,

-2 4+/e
z2 (Ve+1)2+A(1—-¢)

The quantization condition of Equation 2.21 reads,

—r(1-z)-1(e>(A=1)"?) = -z,E(k)

1-(A-1)% 1
A2 Z4

N+1

(K(k) - (a2, k)) , (B.18)

2
1-2z%

with k and z.. given by the expressions in the previous section. Consider the case e < (A—

1)7%, when the highest-energy state orbit is a libration. Expanding the elliptic integrals to
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Figure B.2: Relative error in approximating the (numerically exact) solution of Equation B.18 with
the lowest-order approximation of Equation B.19. The figure on the left shows the dependence
on A (for N = 20) and that on the right—the dependence on N (for A = 2).

lowest order in k and then to lowest order in e,! and then solving for e gives a first-order

estimate of the highest-energy state energy,

 2AVAT -1 1o
TSN+ (B-19)

As was already remarked in the main text, this estimate is very good. See also Figure B.2.

What happens if the nonlinearity is sufficiently high that the highest-energy state

orbit is a rotation (i.e., (A—1)"2 < e < 1)? It turns out that this case cannot be successfully

treated using the same approach. The term 1_1Z2 II(a?, k) becomes ill-behaved, with both
the prefactor and a? very large. The terms of the small-k? expansion of II(a?, k) are
proportional to powers of a? (Olver et al., 2015, Eq. 19.5.4), so keeping only the lowest-

order terms in k? is no longer legitimate. But the difficulty of extending our semiclassical

method to this part of the parameter space is not a major concern, for two reasons:

1. The nonlinearity required for the ground state orbit to enclose the point z = 1 is

large indeed, especially for larger atom numbers. From Equation 2.23, the condition

"Because the prefactors themselves depend on e, a consistent expansion requires expanding I1 to order
k*, though E and K are only expanded to order k2. (No odd powers of k appear in the expansions.)
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e > (A — 1)? can be estimated to imply,

2AVAZ — 1~ 2A* > N + 1. (B.20)

2. The limit of very strong nonlinearity is particularly easy to treat using quantum
perturbation theory (Bernstein et al., 1990; Dounas-Frazer et al., 2007; Salgueiro

et al., 2007; Pudlik et al., 2013).

B.3.3 Approximate tunneling action

Finding a good large-N approximation for the tunneling action (Equation B.16) is more
difficult because both I1(z3?, k') and K(k’) —E(k’) diverge in the limit k' = V1 — k% — 1_.

The lowest order asymptotic approximation is of O(e?):

e o L (A VAT ).

_N+1~

It is possible to derive higher-order approximations by combining the known asymptotic
expansions of the complete elliptic integrals, but they are complex and disappointingly
inaccurate, except for large N and either very large or very small A.

Instead of pursuing a formal expansion, let’s attempt an ad hoc improvement of the
zeroth-order expression. S, is a measure of the barrier to tunneling; as the ground state
approaches the separatrix (e — 1), the barrier should disappear. The simplest way to

enforce this behavior is to multiply the O(e’) expression by (1 — e):

&

s, (_WA* i (A+«/ﬁ))(1 —o). @21

This ansatz works remarkably well; furthermore, unlike the asymptotic expansions which
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Figure B.3: Approximations to the semiclassical highest-energy state splitting. Numerical solu-
tions to Equation 2.16 are shows as blue dots; Equation B.22 is plotted as the solid red line, while
Equation B.22 with e = 0 is shown in dashed blue. The black vertical line marks the point where
the semiclassical approximation must break down because the area of phase space associated with
the self-trapped region is less than h/2.

may be either smaller or larger than the true value, Equation B.21 gives an upper bound

on the magnitude of S¢ for all A.

B.3.4 Approximate splitting formula

By combining the approximate expressions for the classical orbital frequency and the
tunneling phase, we arrive at the following expression for the highest-energy state split-

ting:

where z) = /1 — ﬁ is the position of the classical potential maximum and w = A/1 — ﬁ

is the frequency of motion about it (cf. Equation B.17]. In this expression, the frequency is

measured in the dimensionless units introduced with the Hamiltonian of Equation 2.13.
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In the units of J and U (Hz),

w (1 _ \(N+Da-o)
AE =~ 2]— (—e 0) .
T \w

(B.22)

Figure B.3 shows a comparison of this approximation with the numerical solution
of the semiclassical quantization condition (Equation 2.16]. Since our approximation to
Se overestimates the barrier to tunneling, the tunneling frequency is generally under-
estimated, except close to the bifurcation where the dependence of @ on e (which we
neglect) becomes important. Some qualitative features of the dependence of AE on A can
be reproduced even without the factor of (1 —e) in the exponent, and the agreement with
the numerical solution improves as N increases. However, this e = 0 approximation to

AE is generally not within an order of magnitude of the numerically computed value.



Appendix C

Quantum revivals in the Bose-Hubbard dimer

This appendix discusses revivals of the wavefunction and certain observables occurring
in the Bose-Hubbard dimer at large U. First, in Appendix C.1, we show that for /] = 0
and N odd the wavefunction rephases with a period of 77/U. Then, in Appendix C.2,
we show that the condensate fraction and EPR entanglement measure rephase with the
same period, for any N. Finally, in Appendix C.3 we derive perturbative corrections to
the J = 0 estimates of the “slow” and “fast” frequencies used in Chapter 3; the result of

this derivation is used as Equation 3.7 in the main text.

C.1 Revivals of the wavefunction

Consider a Bose-Hubbard dimer with J = 0 and N atoms. The energy eigenstates of this

system are the Fock states |[n) = [Ny, N — N;), with energies

n(n—l)U+(N—n)(N—n—1)
2 2

€En =

U. (C.1)

It will prove convenient to define a de-dimensionalized energy,

hn

SIE

(C.2)
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The coherent states of the dimer are of the form,

N
Y (®))y = > ane™ /" |n), (C3)
n=0

with the expansion coefficients a, all nonzero. Consider translating the coherent state in

time by

Fh. (C.4)

qﬂ
Il

As was asserted in Chapter 3, the results of this translation depend on the value of N:

¥(0)) for N = 1+ 4p,
- >N (-1)"a, |E,) for N =2+ 4p,

() = (C.5)
- [y (0)) for N = 3 + 4p,

erzo(—l)"an |En) for N =4 + 4p,

with p € Z5¢. Let us prove this assertion case by case.
Case 1. If N = 1+ 4p forp € Zs, then |(1)) = |¢(0)).

Proof. Note that,
exp (—1€,7/h) = exp(—i7mhy). (C.6)

The de-dimensionalized energy h, satisfies,

by =n(n—1)+(N=n)(N=n—1) = n(n—1) + (1 +4p - n)(1 +4p — n— 1)
=n’*—n+4p—n+16p° — 4np — 4np + n® = 2(n* — n) + 4p + 16p* — 8pn

hy, = n(n—1) + 2(p + 4p* — 2pn)

The right-hand side is even for any n € Z>( and any p € Zs. Therefore, h, is even and
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exp (—irhy,) = 1. It follows that |/ (7)) = |¢/(0)). mi
Case 2. If N =3 + 4p forp € Zsy, then |y(1)) = — |¢(0)).
Proof. We proceed as in the previous case.

2hy=n(n-1)+(N-n(N-n-1)=nn-1)+B3+4p-n)3+4p—-n-1)

n —n+6+12p—3n+8p + 16p* — 4np — 2n — 4np + n

= 2n® — 6n + 20p + 16p* — 8np + 6

ha = [b(b = 1) +2(=b + 5p + 4p* — 2np)| +3

Note that the number in square brackets is always even; thus, h, is odd. Consequently,
for any n,

exp (—irh,) = -1
The claim then follows from the definition of |{/(t)). O

Case 3. Let N be even. Then,

N
() = ) ane " |E,)
n=0

ffzo(—l)”an |E,) for N = 4p + 4,

— Yo (-D)"an |E,)  forN =4p+2,
Wlthp (S Zzo.

Proof. Let g = N/2. We have,

2h, =n(n—1) + (2¢ — n)(2g — n — 1) = 2n* + 4¢° — 4nq — 2q

h, = (n* = q) + 2(¢* — nq) = (n* — q) + even factor
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The factor n* — q (and, by extension, h,) is even if and only if n and g are of the same

parity. Recall that q is even when N = 4p + 4 and odd when N = 4p + 2. Therefore,

( lEnT)
exp |—
h

exp(—1rhy)

1 ifN=4p+4andnisevenor N = 4p + 2 and n is odd,

-1 ifN=4p+4andnisoddor N =4p+2and nis even.

The claim follows immediately from the definition of |{/(t)). O

C.2 Revivals of the condensate fraction and EPR

Consider the two observables discussed in Chapter 3. The condensate fraction is given

by the normalized largest eigenvalue of the single-particle density matrix,

1

c=—
2N

(pu + p22 + \/(,011 — p22)* + 4P12P21) , (C.7)
where p;; = (djdj). The entanglement measure EPR is,
EPR = (a]d;)alar) — (alaa)ay). (C.8)

In this section, we show that these observables take the same values at time t = 7 = 7h/U
as at t = 0, regardless of the value of N. For N odd, this follows immediately from the
results of the first section of this Appendix, so assume N even.

Consider first the condensate fraction. We have,

pi(t=0)= > > anan (Enl 4] d;|En)
n m
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and, by the result proven in the first section,

pii(t =1) ZZ( 1)@y (En| @1 | Epn) -

At ] = 0 the energy eigenstates are the Fock states, so the components of p can be found

immediately:

p1(t =1) Z Z( D"ar amndy, m = Z(—1)2n|an|2n = Zlanlzn = p11(t = 0)
n n

p22(t = 7) = paa(t =0) (analogously)

pr12(t = 1) Z( 1) a5 amy(m + 1)(N — m) 8y, ms1

= Z(—l )" ata, (N —n+1) = - Z a,an—1\Yn(N —n+1)

= —p12(t = 0)

p21(t =17) = —po1(t =0) (Hermiticity)

Note that p(t = 7) differs from p(t = 0) only in the sign of the off-diagonal elements.
But these elements enter the condensate fraction only through their product (cf. Equa-
tion C.7). Therefore, c(t = 7) = ¢(t = 0).

The argument for EPR is similar. The first term in Eq. C.8 is equal to p;3p21, and so
the same at t = 7 as at t = 0; the second term is equal to N1 N;, the product of the wells’

populations, and so independent of time. Therefore, EPR(t = 7) = EPR(t = 0).

C.3 Perturbation about the /] — 0 limit

In this Appendix, we derive the perturbative corrections to the / = 0 mean-field and

quantum revival frequencies (Equation 3.7).
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It is convenient to rescale the problem by dividing all energies by NU. Then, the

unperturbed Hamiltonian is given by,
AF At A A At aTa A
Hy = — (aIa1a1a1 + aZa;agaz) (C.9)
and is its representation in the Fock basis is,

N(N-1)
2N

(N-D(N-2)
2N

(N-2)(N-3)

SN + L (C.10)

N

N(N-1)
2N

As in Chapter 3, we will denote the diagonal entries ¢y, ¢, and so on; because of the

rescaling of the Hamiltonian, €; = NUg¢;. The perturbed Hamiltonian is
H=H+ 2 (~djaz — ajar) = Ho + AV (C.11)

NU

and the Fock basis representation of V is the tridiagonal matrix,

- V2(N -1) 0 V3N -2) (C.12)

VYN 0

Let P be a projection operator onto a subspace corresponding to a set of degenerate levels

of Hy. Number the levels n = 0, 1, 2, ..., as in the main text; then, this operator is
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represented by a matrix with only two nonzero entries, Ppi1n11 = PN+1-nN+1-n = 1.

Degenerate perturbation theory can be used to show that the kth order corrections to

(k)

the level energies, €'/, are the eigenvalues of the matrix (Bernstein et al., 1990),

PW,P (C.13)
where the first few W) matrices are
W=V,
W, = -VLV,
(C.14)
Ws = V(L7'V)?,

W, = —V(L7'V)? = PV (L2,

with L™! represented by a diagonal matrix with entries,

Y Ho = €ODy if (Hy - QD # 0,
(L™ = (C.15)

0 otherwise,

where ¢©

are the unperturbed energies.
Since V has no diagonal entries, PW; P is a matrix of zeroes and there are no first-order
corrections. (That € = 0 is used in the expressions for Wi and W, in Eq. C.14, which

would otherwise contain terms proportional to €V).) The second order corrections can
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be computed using the matrix W;. Its nonzero entries are,

—N/(e1 — &n) fori=j=N+1lori=j=1,

_(i=1)(N+2-i)  i(N+1-i)
€i-1—¢én Ei—én

for other i = j,
(Wa)ij =

—i(i + 1)(N + 1= i)(N —i)/(eix1 — &) forj=i+2,

G+ DN +1=)(N = j)/(ejs1 — &) forj=i-2.
(C.16)

where n is the index of the level considered.

Recall that the degenerate states are those corresponding to rows i and N + 1 — i, for
i=1,2,....Since W, has nonzero entries only on the main diagonal and the +2 diago-
nals, the projection onto the subspace of degenerate levels PW,P may have off-diagonal
entries only for the second-lowest energy level. Conversely, if N > 1, the second-order
corrections to the higher energy levels are given by the corresponding diagonal entries

of W;. The corrections to the three highest-energy levels up to second order are given by,

N J J
o — &9 — ( ) & + (—)
&1 — & NU N - NU

N 2(N - 1) N(N°2°=N+1) [ J \?
gl_’gl_(go—gl R )(NU) AT NN )(NU) (C.17)
2(N-1) 3(N-2) 2 N2—3N+8) J\?

82_)82_( &1 — & " &3 — & )( U) —5)(N 3) (NU)

After substituting in the entries of the unperturbed Hamiltonian matrix (Equation C.10)
for the unperturbed energies ¢;, these expressions lead immediately to Equation 3.7.
Consider now the third-order corrections to the energies, determined by the matrix
Ws. Except for the lowest-lying states, there are no off-diagonal entries in PW3P; this
follows from the central result of Bernstein et al. (1990), since off-diagonal entries would

break the degeneracy the authors prove to hold to Nth order of perturbation theory.
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Therefore, the third-order corrections to the energies are given by the diagonal entries
of the matrix W3. As we show below, these entries are all zero, and thus there are no
corrections of this order.

Let A be a matrix. We will call A an odd matrix if A;;, = 0 for all i and all p even
(including p = 0), and an even matrix if A; 1, = 0 for all i and all p odd. Even and odd ma-
trices have the following properties under multiplication which provide the motivation

for our terminology:
Lemma 1. Let A and B be odd N x N matrices. Then, AB is an even matrix.

Proof. Let n be an odd integer.
N N-i
(AB)iji+n = ZAi,kBk,Hn = Z Aji+pBisp,ien
k=1 p=1-i

Since A is an odd matrix, we may restrict the sum to odd p (the other entries are zero):

(AB)ii+n = Z Aji+pBitp,itn
podd

Letm=i+p.

Bi+p,i+n = Bm,m+n—p

Since p is odd and n odd, n — p is even and so Bjp;+n = 0 because B is an odd matrix.
Thus,
(AB)ii+n = 0

for n odd, and AB is an even matrix. O

Lemma 2. Let A be an odd N X N matrix and C an even N X N matrix. Then, AC and CA

are odd matrices.
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Proof. Let n be an even integer. Proceeding as before,

N N-i
(Ac)i,i+n = ZAi,ka,Hn = Z Ai,i+pci+p,i+n
k=1 p=1-i
= Z Aji+pCitp,itn-

podd

Letm=1i+p.

Ci+p,i+n = Cm,m—p+n-

Since p is odd and n is even, n — p is odd. Since C is an even matrix, Cjp i1, = 0 and

(Ac)i,i+n =0

for n even, proving that AC is an odd matrix. The proof for CA is analogous.

O

The matrix V is odd, while the matrix L™! is even. By the lemmas above, W =

V(L™V)(L™'V) must be odd. The diagonal entries of an odd matrix are all zero. This

implies there are no third-order corrections to the energies, except for the lowest few

energy levels. Incidentally, the same argument can be used to show that the fifth-order

corrections are zero.



Appendix D

Derivation of the magnetron master equation

In this Appendix, we derive the master equation describing the AC operation of a mag-
netron, Equation 4.23.

We start from the Schrédinger equation for the system density matrix written in the
interaction frame,

d L .
P 1 f dt' Vi (8). Vi(t'). proc(t)]]. (D.1)

Here, p is the system density matrix, py is the density matrix for the system plus environ-
ment, and Trg indicates a trace over the environment degrees of freedom. The interaction

picture coupling V; is related to the Schrédinger picture coupling V of Equation 4.22 by,

A

V'I — e—l(Heﬂ+HE)tVel(ﬁeg+ﬁE)t

— Z Z Yn,uelHeﬂt(én + éi)e—lHeﬂFtelHEt(";'u + f;)e_lHEt.
nop

Equation D.1 is exact.

Our first step will be to rewrite the coupling operator V; in a simpler form.
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D.1 Coupling in the interaction picture

For the environment operators, the anticommutation relations (Equation 4.20) imply,
[1Hgt, Pyl = —ite,fy

and so by the Trotter formula,

n

5 Het (o AT\ —iHegt (a —1eut | A t
Vi = ZZY"”el (¢, + c,Tl)e Heft (rye et 4 rﬂe’gﬂ ) (D.2)
U

We would like to similarly replace the system operator exponentials with phases, but the
commutator [Heg, é,] is not simply proportional to é,, so this is not possible. Instead, we
will rewrite V; in terms of dressed analogs of the system and bath annihilation operators.

Let |j) be an eigenstate of the system Hamiltonian H.g. We choose the system eigen-
states to be simultaneous eigenstates of the electron number operator ), éall. A resolu-
tion of the identity for the Hilbert space of the system is }’; |j) (j| = 1. Inserting it twice,

after the system time evolution operators,

Vi = Z Z Z Ynij(]:l) 17} <k| (fye_’g”t + fZe’E”t) e! Mkt

noopojk

where

Aji = (jl Hegr 1j) — (k| Hegt k),

X0 = Glen + &} 1K)

Since the system eigenstates were chosen to be simultaneous eigenstates of the electron

number operator, XJ.(J.") = 0 for all j, n. We split the sum over k into two parts, with a view
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towards performing a rotating wave approximation in the system-bath coupling:

Vi = Z Z anX;,?) 17> <kl (f el g ful et ) it

nph,j k:k>j

0 XS U Gk (e + e ) €,

nu.j kik<j

Note that,

20 2K ke = 0 D XD k) (il e
J

k:k<j k jij<k
5 K
J kik>j
= 37T X1 Gkl
J kik>j

SO we may write,

Vi =" (Balt) + Bi(®)) (Su(t) + Si(®)).

n

with

By(t) = Z }’nufpe_w”t’
I
Sa(t) = D7 DL X1 (kl e,

J kik>j

If we assume the system eigenstates are indexed in order of increasing electron number,
so that S, (¢) is indeed a dressed annihilation operator, we may perform a rotating wave

approximation in the system-bath interaction to obtain,

Vi D Brt)Sa(t) + SH(6)Ba(t).
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D.2 Born approximation and commutators of the coupling

As we have noted at the beginning of this Appendix, the evolution of the system density

matrix is given by the equation,
o 1Bt /A A —iH.gt (o —1e,t AT 1e,t
Vi = ZZY””e f(Cp + C))e el (rye S )
noop

We now perform the Born approximation, replacing piot(t’) with p(t’) ® pg(0) on the
right-hand side. This is a weak-coupling approximation: although the system and envi-
ronment become entangled as a result of their interaction, for the purposes of finding the
effect of the environment on the system we will neglect any change in the environment’s
state. We obtain,

P 1 fo dr' [Vi(0), [Vi(t'), p(t') ® pr(0)]].

We will now evaluate the commutators appearing on the right hand side of this equation.!

Vi), p® (t')pe] = ) Sip ® Bupr — pS} @ prBy + Sup ® Blp - pSn ® peB]

IFor clarity, we will drop the explicit time dependence of $ and B (which can be inferred from the index:
m—t,n—t).



108

and

[Vi(1), [Vi(t), p® (t')pE]] =

ZST STP ® (B BnPE - BnPEB ) (S' STP S ps#) ® BanB
-St pST ® (BmpEB - pRB B m) — (ST pST prSA;;) ® pEBan
+55.5np ® (BuBlpE — B} peBum) + ($},5np — SnpSh,) ® Bl peBm
-St pS ® (Bm,oEBT pEBiBm) - (§,Tnp§n - pSA,,SAL) ® pEBZBm.

Now, assume the reservoir is in a thermal state. The trace of the first half of the terms is

then zero, and

Trg [Vi(t), [Vi(t)), p @ () pel] ZS $up ® Trg, (BB} pr) — S48}, ® Trp, (B]prBim)

— S} pSn ® Trg (BmpeBY) + pSuS, ® Trg (peB}Bn)

+ h.c.

The master equation can be written as a sum of four integrals (and their hermitian con-

jugates),

=, fo dt’ S50 p(t")Sa(t')Bi(E) B (1)) — p(t')Su(t') S5, (£)(By (¢') B (1))
| S (4 n &t D AU dl oYU "N/ D AU (D3)
+ Sn () p(t") S (£) (B (£)B,, (")) = Sy (1) Sn () p () (B (£) B, (1))

+ h.c.
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where the bath correlation functions are,

(BI(t")Bn(t)) = Trg (BL(t')Bn(t)pr) = Trg (Z y:llymvemvtfg#t)
u,v

—1ei (t—t'
= 3" meyrmee 0,
k

with nj the Fermi factor of bath level k (and (Bm(t)fijl(t’ )) defined analogously). Because
we are working in two dimensions, the reservoir density of states is a constant, o(w) = o.

Converting a sum over the levels into an integral over energies,

(Bl (t)Bn(t)) = f do oy} (0)ym(@)e ™ n(w),

Bn(t)B! (') = f do oy} (0)ym(@)e ) (1 = n(w)).

D.3 Simplifying the master equation

To make further progress, it is necessary to make additional approximations. Consider
the first integral in Equation D.3 (the other integrals can be treated analogously). If we as-
sume that the bath correlation functions are memoryless (depend on t and ¢’ only through
T = t'—t) and make the Markov approximation by replacing the upper limit of integration

with oo,

I = fo dt’ $5(0)p(t)Sa () BE () Bun(1))
= [ e Sypt - 80t - B B0
0

= fom dr ST (1) p(t)Sa(t — 7)(BI (1) B (0))



110

Expanding the operators S and B,

L = f dTZZZZX(m x ™ k) Gl p 11y {p] € (Atp=Aji)t

J kk>j 1 pp>l

Xf dway:(w)ym(w)e_’(“’_A’P)Tn(w).

The real part of I; contributes to the decay rate, while the imaginary part is the frequency

shift. We will ignore the frequency shift, and taking advantage of,

‘P\f e dt = n5(w),
0

will write,

1= 0 00 DU XX 1) Gl p 1) (pl € AT oy (M) Ym(Aip ().
J I

k:k>j pip>l1

We will now make a second rotating wave approximation. The usual way of doing so
would be to drop all terms for which Ay, # Aj. We will make the milder approximation
of replacing Ay, with Aj in the argument of y,, in the expression above. This allows us

to write,

b= 302 D 3 A oA e ), 0.4

J okk>j 1 pp>l

where we have defined

= V2ro X ym(Ai) 1) <kl
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Performing analogous manipulations for the remaining three integrals in Equation D.3,

we obtain,

b= X5 NS AAE sy,

J kk>j 1 pp>I

H=Y >3 Z A p AR =M (1 — n(Ay,)),

J kik>j 1 pp>l

Iy = Z Z Z Z 2A§km }Alp pe M= (1 — n(Ap)).

J kik>j 1 pp>I
Now, assume that the anode only absorbs (never emits) electrons. This means the relevant
energy levels of the anode are unoccupied, or n(Ay,) = 0 for all , p. The master equation
is then,

22

1
Z Z 5 Alp jk)t A("l)pA(m” _ Aﬁzl VA(TI p) +he.
I

m,n p:p>l

k:k>j

Recall that this is the equation for the density matrix in the interaction picture. The

Schédinger picture evolution of the density matrix is given by,

d,DS & lHeﬂ‘t

I = —l[Heﬁ‘, ps] pelHeﬁt. (D.S)

Since the sums over the states in the dp/dt equations above are over eigenstates of Heg,

the exponential factors cancel:

d;:_ eff’“*ZZZZZ (A(m 1 A(m)TA(np)+hc

mn j kik>j 1 p>l

Let,

A:ZZ

n

k:k>j
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In terms of this operator,

A

. I SV A
ps = —1[Hef, ps] + ApsAT — 2 (ATAPS + PSATA) ,
which is Equation 4.23. Let us examine the operator A:

A= iz Z V2o (jlén + & k) y (M) 17) <kl .

n=0 j kik>j

We have ordered the eigenstates by their electron number, so that in this sum |k) is always

a state with at least as many electrons as [j). Consequently, (j| éz k) =0, and

A=Emz Y30 S ) ) 16 ) G

n=0 j kik>j

If we strengthen our second rotating wave approximation (recall the discussion preceding
Equation D.4) by assuming not merely y,(A;,) ~ yn(Ajk), but that y, is independent of

energy, then this expression can be simplified to,
n=0

which is Equation 4.24.
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