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ABSTRACT

This thesis presents our work on two separate subfields and has for this reason been divided into
two parts: (I) the development and implementation of a numerical technique for non-equilibrium
dynamics and a (II) detailed investigation of the dirty-boson problem.

In part (I), we optimize and develop the quantum phase space method known as the positive-P
representation (PPR) specifically for the simulations of the real time quench dynamics of quantum
spin systems. The main benefit of this approach is that the dynamics of the density operator is
mapped onto ~ N stochastic variables (where N is the size of the system) that obey Langevin-type
stochastic differential equations, thereby greatly reducing the complexity of the problem.

The first publication presents our initial use of the PPR on spin systems by using a Schwinger
mapping for spin operators on to Bosonic operators since the underlying basis comprises of Bosonic
coherent states. We simulate the quench dynamics of the generalized transverse-field spin-1/2 XXZ
model in 1d showing that simulations of up to 100 spins are possible, albeit for relatively short
simulation times. In our second publication, we reformulate the PPR using SU(2) spin coherent
states and further optimize simulation lifetimes by implementing an extrapolation scheme, to achieve
several-fold improvements over the results of our first publication. We focus solely on the transverse
Ising model and simulate its quench dynamics in 1d and 2d using up to 10* spins, while significantly
extending simulation lifetimes.

The second part of this thesis is a numerical study of the universality class of the Superfluid-Bose
Glass transition of the dirty-boson system. Recently the longstanding exact result z = d, where z is
the dynamic critical exponent and d is the dimensionality of the system, has been challenged by a
series of numerical studies, suggesting the alternative scenario that z should be instead unconstrained.
To address this controversy, we use large scale quantum Monte-Carlo simulations on two independent
quantum models, and average over 5 x 10* — 10° disorder realizations to numerically determine the
universality class of the dirty-boson transition, paying particular attention to the dynamic critical
exponent, z and without any biasing assumptions.
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Thesis structure

This thesis aims to progress the field of condensed matter physics in vastly opposite areas, namely
that of non-equilibrium dynamics and equilibrium critical phenomena using numerical means. As
such, I saw it fitting to divide it into two parts. To optimize readability and coherence, I have also
decided to write separate introductions for each area as opposed to writing a single comprehensive
introduction section here. I would also like to state that this is a ’Sandwich’ thesis and so the results
can be found in the papers inserted ad verbatim.

The first part of this thesis is titled: Part I: Stochastic evolution equations for real time
quantum spin quench dynamics and comprises of chapter 1 to chapter 3 and contains two
publications. The premise of part I is the development and application of a real time simulation
technique for spin systems, based on the positive-P representation (PPR). We use the paradigmatic
transverse field Ising model as a test system in order to study the limits of the formalism and as a
proof-of-concept.

In Chapter 1: An overview of non-equilibrium physics and its resurgence, we first discuss
the renewed interest in non-equilibrium phenomena by reviewing two key areas of the sub-field,
namely the Kibble-Zurek mechanism and quantum thermalization. Although our research does not
directly address these areas, I have nonetheless seen it fitting to include a brief review to convey the
general research direction of both subfields. It provides the motivation for the timely development
of a numerical tool for real time simulations, which is currently a very challenging problem.

In Chapter 2: The positive-P representation, we introduce the PPR and provide explicit
derivations of the formalism for both real and imaginary time evolution, and simulate the quench
dynamics of 1D Bose-Hubbard model in the presence of harmonic confinement as an explicit example
to elucidate the formalism. The details and results of our pioneering simulation of quantum spin
dynamics however, can be found in the paper: ’Fxact real-time dynamics of quantum spin
systems using the positive-P representation’ in section 2.13 at the end of the chapter.

In Chapter 3: Spin coherent states, we reformulate the PPR by switching the underlying basis to
that of SU(2) spin coherent states. We further implement an extrapolation scheme (cf section 3.7) and
an elaborate change of variables scheme (cf section 3.5) with the primary goal of extending simulation
lifetimes. These overall results are showcased in our publication: ’Simulation of the dynamics
of many-body quantum spin systems using phase-space techniques’ in section 3.8.

The second part of the thesis titled: Part II: Universality Class of the dirty-boson transition
in 2d pertains to our numerical study of the Superfluid (SF)-Bose Glass (BG) transition in disordered
bosonic models in 2d and covers our efforts to determine the highly debated value of the dynamical
critical exponent: z.

In Chapter 4: The ’Dirty-Boson’ problem, we provide a review of the relevant results from
scaling theory and discuss the existing controversy in the literature regarding value of z. We use large
scale 2d QMC simulations on two independent disordered quantum models: (i) soft-core quantum
rotors and (i) hard-core bosons (HCB) to achieve this end. Because I was responsible for all results
on the HCB, I decided to include the details of the Quantum Monte-Carlo technique used, i.e. the
Stochastic Series Expansion (SSE) in Chapter 5: Quantum Monte-Carlo technique. The
SSE is discussed in the context of simulating HCB with disorder. Finally we present our results in
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the article: ’Quantum Critical Scaling of Dirty Bosons in Two Dimensions’ included in
section 5.7.

Having familiarised myself with the SSE and PPR, it only seemed natural to explore the possibilities
of hybridizing the best features from each numerical techniques into a single algorithm. To this end,
we document our ongoing research efforts in Chapter 6: QMC-SDE technique: a hybrid.

This thesis is finally summarised in Chapter 6: Conclusion and a brief insight on its future
direction is given.



Part I: Stochastic evolution equations for
real time quench dynamics of quantum spin
systems
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CHAPTER 1

AN OVERVIEW OF
NON-EQUILIBRIUM PHYSICS AND ITS
RESURGENCE

1.1 A new numerical tool for non-equilibrium dynamics

The last decade has seen a renewed interest in the field of non-equilibrium physics owing to the fea-
sibility of isolated non-equilibrium experiments afforded by ultra-cold atoms (Bloch, 2010). This has
opened up the possibilities of testing long-standing theoretical phenomena, which heavily revolves
around two areas (Dziarmaga, 2010, Polkovnikov et al., 2011). The first of these is the extension of
the notion of universality, a concept that has its roots in equilibrium critical phenomena. In essence,
this sets out to answer what is universal in regards to the non-equilibrium dynamics of a many-
body system. Universality in this context is primarily addressed via the Kibble-Zurek Mechanism
(KZM) (Kibble, 1976, Zurek, 1985) for defect generation. The second area deals with the thermaliza-
tion of out-of-equilibrium isolated integrable and non-integrable quantum systems and the character-
ization of their long time asymptotic properties. The conditions under which a quantum mechanical
system thermalizes are important areas of research. In particular, for certain non-integrable models,
the conjecture known as the eigenstate thermalization hypothesis (ETH) (Srednicki, 1994) is the
widely accepted mechanism behind quantum thermalization. Interestingly, integrable systems can
also be shown to relax to the predictions of a generalized Gibbs ensemble (GGE) (Rigol et al., 2007a).
While we have only briefly introduced these two areas an extended discussion can be found in the
later parts of section 1.1.1 and section 1.1.2.

The investigation of non-equilibrium phenomena however requires a simulation technique that is
capable of accurately producing the real time dynamics of a quantum system which is a notoriously
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difficult problem since real time non-equilibrium simulations in general, require knowledge of the
entire Hilbert space which grows exponentially with system size. In light of the rapid advances in
this field, there is now more than ever a demand for such novel numerical techniques particularly
in strongly-correlated quantum models. Several methods exist but each have their own limitations.
Specifically for one-dimensional systems, the time-dependent density matrix renormalization group
(tDMRG) (Daley et al., 2004, Schollwock, 2005, White, 1992) and time-evolved block decimation
(TEBD) methods (Zwolak and Vidal, 2004, Vidal, 2003, 2004) while highly efficient only last for
relatively short simulation life times. In higher dimensions, the typical numerical methods used
are exact diagonalization (ED) (Lin, 1990, Caffarel and Krauth, 1994) and numerical link-cluster
expansions (NLCE) (Rigol, 2014), both of which are however limited to small system sizes. As a
viable alternative, we turn our attention to the quantum phase space method known as the positive-P
representation (PPR) (Drummond and Gardiner, 1980, Drummond, 2013).

The PPR is an exact quantum phase space method that was originally developed to simulate the
real time dynamics of few-mode problems (McNeil and Craig, 1990, Smith and Gardiner, 1989,
Plimak et al., 2001) in quantum optics. In essence, the quantum dynamics of the system is mapped
on to ~ N coupled classical fields obeying stochastic Langevin-type equations, where N is the size
of the system. This vast improvement over the typical exponential scaling in CM problems is a
very appealing feature of this technique. A brute-force approach by way of exact diagonalization
(ED) for instance, while exact can only handle systems up to N ~ 40. Results thus obtained while
capable of providing insight into strongly-correlated phenomena are not an ideal representation of
the thermodynamic limit.

A major triumph of the PPR was achieved in 2007 through a pioneering work by Deuar et al (Deuar
and Drummond, 2007) and has since shifted the focus of its application to many-body systems (Deuar
et al., 2009, Midgley et al., 2009) particularly in dilute Bose-Einstein condensates (BECs). Deuar
et al successfully simulated the "Halo effect’ in momentum space resulting from the collision of two
weakly interacting three-dimesional BECs of nearly ~ 150,000 atoms. This 'Halo Effect’ refers to the
preferential scattering of particles into a spherical shell in momentum space of radius roughly equal
to the colliding velocity. While this was observed much earlier on in experiments (Vogels et al.,
2002) (see fig. 1.1), numerical treatments of BECs relied heavily on approximate schemes using
the mean-field Gross-Pitaevskii Equation (GPE) (Dalfovo et al., 1999) and the semi-classical phase
space method, Truncated Wigner Approximation (TWA) (Norrie et al., 2005). The GPE does not
take quantum depletion into consideration and is therefore unable to simulate spontaneous scattering
altogether. For the parameters of the simulation chosen, the TWA on the other hand produced clearly
unphysical results, i.e. negative density of particles at larger velocities and a fictitious enhancement
of particle density at the lower velocities. This is attributed to an artificial seeding of half a virtual
particle per mode in the initial conditions to model quantum fluctuations as is typical in TWA
simulations (Norrie et al., 2005, Sinatra et al., 2002). Surprisingly, the stochastic equations derived
from the PPR bore a striking resemblance to the GPE, and only required the inclusion of independent
white noise terms to reproduce the exact quantum dynamics of the colliding BECs. Fig 1.1 shows a
comparison between experimental images (albeit for different parameters) and the simulation results
using the PPR.

In addition to real time simulations, the versatility of the PPR was further demonstrated in simulating
the imaginary-time dynamics as a possible alternative to conventional Monte-Carlo approaches. This
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Figure 1.1: "Halo effect’ resulting from collision of two BECs.s

was carried out using the gauge-P representation (Deuar and Drummond, 2002), an extension of the
PPR which entails the incorporation of an additional weight variable. Using the gauge-P, both the
imaginary time evolution of the two point correlation functions in the 1D BH model (Ghanbari et al.,
2010) and a 1D weakly interacting dilute bose-gas (Deuar et al., 2009) were simulated.

The PPR shows promise as a potential state-of-the-art numerical technique and leads one to wonder
if it can be applied to strongly correlated quantum systems as well. In addition, it appears insensitive
to the effects of frustration and unconstrained by the dimensionality of the system, both of which are
afflictions of Quantum Monte Carlo (QMC) techniques (Henelius and Sandvik, 2000, Sandvik, 2010)
and the DMRG (White, 1992) respectively. Surprisingly, its applicability to quantum simulations
of spin systems had not been deeply explored. Given the resurgence of the field of non-equilibrium
dynamics, it seemed timely to engage in a detailed study on the practical application of the PPR,
details of which will comprise chapter 2. Before proceeding however, we shall survey the field of
non-equilibrium dynamics by reviewing both the Kibble-Zurek Mechanism (KZM) and the notion of
thermalization in quantum systems using select results in the literature to provide further insight on
this exciting field. In order to not mislead the reader, I would like to highlight that the remainder of
this chapter is purely pedagogical and the familiar reader can instead skip to chapter 2 for a direct
introduction to the positive-P representation, which is the main numerical tool used in part I of this
thesis.

1.1.1 Universality: Kibble-Zurek Mechanism

The Kibble-Zurek mechanism describes non-equilibrium dynamics and topological defect generation
as a system passes through a continuous critical point at a finite rate. It was originally developed by
Kibble (Kibble, 1976) to study domain structure formation in the early universe but later generalized
to condensed matter systems by Zurek (Zurek, 1985).

7
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Classical Kibble-Zurek mechanism

First let us derive the key result for the classical KZM (Kibble, 2007, Zurek, 1985). To this end, we
consider a simple linear quench experiment, in which a system is swept through its finite temperature
critical point, T, with a quench velocity v. The temperature varies linearly as:

T=T.—ot, (1.1.1)

where t € (—00,00) represents real time and T is the instantaneous temperature of the system. In
this experiment there exist two time scales, the time to reach the critical point: ¢ = |T — T;|/v and
the relaxation time, which scales as: t, ~ 1/|T — T|*¥ where v represents the critical exponents
for the spatial correlation length and z the dynamic critical exponent. When # >> t,,;, the system
is adiabatic and has sufficient time to equilibrate to the changes in the Hamiltonian. It therefore
remains in equilibrium in this regime. On the other hand when t’ < t,,;, the system is diabatic and
the formation of topological defects or excitations can occur. In light of this, there exists a time
scale, t* at which a crossover from adiabatic to diabatic behaviour occurs. This can be obtained by
equating t,,; and ' to yield the scaling relation:

£~y (1.1.2)
and in turn an expression for a corresponding length scale:
&~ ()VE~ o, (1.1.3)

This distance also represents the average separation between defects and as such immediately gives
us the expression for the defect density:

dv
ey = (&)™ ~panT, (1.1.4)

which is the celebrated expression characteristic of the KZM, that relates the defect density, 7y in
a linear quench to the quench velocity, v and the system’s equilibrium critical exponents, v and z
that are associated with its spatial correlation length and characteristic energy gap.

Quantum Kibble-Zurek mechanism

Interestingly, this universal scaling carries over to the quantum regime as well, albeit using dif-
ferent arguments. Insight for the quantum case can be easily achieved by generalizing the results
from a Landau-Zener (Zener, 1932, Majorana, 1932) analysis of a driven two-level quantum system,
described by the Hamiltonian:

H = g(t)0; + Aoy, (1.1.5)

where ¢(t) = vt is a time-dependent splitting of the energy level and A is the excitation gap. The
central result we will use is the expression for the excitation probability, i.e. the probability of a
transition to the excited state at t — oo, starting from the ground state at + — —oo, which can be
shown to be:

Pex =€ 7, (1.1.6)

8
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where v = A% /v is called the Landau-Zener parameter. We see that when > 1, the system remains
in it ground state, whereas when ¢ < 1, a transition to the excited state that is equivalent to defect
generation occurs. We can again quantify the crossover from adiabatic to diabatic regimes as taking
place when 7 ~ 1. For a generic quantum phase transition, we can generalize this condition (using

dimensional arguments) to:

ik,

22~ A2 1.1.7
T (1.1.7)
were A is a characteristic energy scale and % is the rate of change of this energy scale. Interestingly,
this result has recently been reformulated using the adiabatic-impulse approximation (Damski, 2005)
although this is not the route we have taken. In the event that the system crosses a QCP generically
located at A = A, where A is the tuning parameter, the characteristic energy scale is instead given
by the energy gap which obeys the scaling relation:

AA) ~ A =A%, (1.1.8)
Once again assuming a linear quench with velocity, v, such that A(t) = A. + vt, we can write:
A(t) ~ |ot|*, (1.1.9)

which relates the gap via a scaling relation of its velocity and time. Via a simple substitution of
eq. 1.1.9 into eq. 1.1.7, we can solve for the energy scale at which adiabaticity breaks down, i.e.

A* ~ Jo|7H (1.1.10)
and the corresponding length scale as well:
g~ o], (1.1.11)

Noting that the defect density scales as: 1,y ~ (6*)_‘1 we obtain the quantum KZM (Polkovnikov,
2005, Zurek et al., 2005) result:

Hex ~ [0] 51, (1.1.12)

which is identical to the classical result. It is important to note that in both cases, the KZM of
eq. 1.1.12 and eq. 1.1.4 is not an exact equality but only an estimate of the order of magnitude. What
is most intriguing about it is the appearance of power law exponents that are universal quantities.

Extensions of the KZM

The KZM is indeed a remarkable result where the controlled quench dynamics of the model can give
insight to its equilibrium properties. We have thus far only covered the result of the bare KZM and
other extensions do exist. It is possible for instance to take the effects of inhomogeneities in the
system into consideration. This is of particular importance for an honest comparison with ultra-cold
atoms (Lamporesi et al., 2013, Chen et al., 2011, Navon et al., 2015) and trapped ions (Ejtemaee and
Haljan, 2013, Ulm et al., 2013, Pyka et al., 2013) experiments where the effects of inhomogeneous
trap geometries (del Campo and Zurek, 2014, del Campo et al., 2013) have to be considered. For a
linear temperature quench in a 2D BEC, the modifications to the generic KZM scaling for homoge-
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neous, harmonic (del Campo et al., 2011) and toroidal confinement (Zurek, 2009) are summarized
in table 1.1.

Homogenous | Harmonic | Toroidal

2v 2(14+2v) 143v

Scahng (n) 1+vz 1+vz 1+vz

Table 1.1: KZM scaling for the density of vortices ascribing to different trap geometries for the cooling of a
2D BEC: 1,y ~ v", where n are the exponents detailed in the table.

For a more general, non-linear quench protocol that varies the tuning parameter as:
A(t) ~ A ot (1.1.13)

Polkovnikov et al (De Grandi et al., 2010) were able to derive the following modifed KZM:

dv

Ny ~ || G, (1.1.14)

by examining scaling relations for the adiabatic fidelity: F(t) = |((t)|(gs(t))[, where [ipgs(t)) is the
instantaneous ground state of the system and |¢(t)) is the instantaneous wavefunction at time ¢.
Note that the result for a linear quench is correctly reproduced upon setting ¥ = 1. Interestingly, the
heuristic arguments of section 1.1.1 can be used to derive the result of eq. 1.1.14 as well.

In general, the defect density can be a difficult quantity to measure. To this end, other analogous
relations for more accessible physical quantities have also been derived, an obvious example of this
is the energy of the system. More precisely, excess heat is guaranteed to be generated from a
general quench as in eq. 1.1.13 as the QCP is crossed. For a quench that ends close to the critical
point (De Grandi et al., 2010), this quantity has been shown to scale as:

(d+z)v

Q ~ |o| T (1.1.15)

Likewise, the entropy is also expected to increase when adiabaticity breaks down in the vicinity of
the QCP. In the weakly interacting limit, the relation between the entropy and the energy is known
and can just as easily be measured. While the Von-Neumann entropy: S = —Tr(f1lnp) is conserved
for unitary evolution, the diagonal entropy (Polkovnikov, 2005) which is defined by the relation:

Si=—Y_PunInpun, (1.1.16)
n

proliferates when adiabaticity breaks down. This quantity has been shown to obey the same scaling
relation as the defect density in eq. 1.1.14.

Detection of the KZM

Several experiments have verified the KZM, mostly in classical phase transitions. Examples of which
include the scaling of defect formation in multiferroics samples of rare earth compounds such as

10
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ErMnOs (Chae et al., 2012), proliferation of solitons in thermal BECs (Damski and Zurek, 2010,
Witkowska et al., 2011) and the formation of kinks in coulombic crystals (Dubin and O’Neil, 1999,
Ejtemaee and Haljan, 2013, Pyka et al., 2013, Cormick and Morigi, 2012, del Campo et al., 2010) to
name a few.

Testing the KZM in quantum systems however is more challenging due to complications of inho-
mogeneities and small system sizes (del Campo et al., 2013). Recently, a quench experiment has
been performed on the generic transition in the SF-MI transition of the 1D BH model (Chen et al.,
2011) using a gas of 87Rb atoms trapped in an optical lattice. In this study, they use time-of-fight
(TOF) imaging to retrieve the density profile of the expanding gas and calculated its deviation from
a smooth Thomas-Fermi (TF) profile, as a measure of excitations, denoted by 2. While they did
indeed observe power law scaling with quench rate, they measured an exponent of aeyxp = 0.31+0.03
instead, contrary to the expected exponent: apr = 0.75. The latter result is consistent with the uni-
versality class of the generic MI-SF crossing of the 1D BH model that has exponents (v,z) = (%,2).
A possible explanation for this discrepancy among others is decoherence brought about by finite tem-
perature effects, since the experimental condensate was noted to have a significant normal fraction
of ~10% (del Campo et al., 2013).

In the presence of disorder, deriving a modified expression for the KZM, is not usually possible. Rare
exceptions include disordered 1D spin chains where a logarithmic scaling is obtained instead (Dziar-
maga, 2006, Caneva et al., 2007). To elucidate the KZM in a general disordered system, a recent
quench experiment on the Superfluid (SF)- Bose Glass (BG) transition (Meldgin et al., 2015) of a
3D disordered Bose-Hubbard model (using 3 Rb atoms) was performed. A similar analysis as the
experiments of del Campo et al showed a variation of ¥? with quench velocity that was too slight to
detect and instead the excess heat was used. Indeed a power law scaling, indicative of a KZM was
observed as opposed to a logarithmic one. The observed power scaling is a novel result that has yet
to be reproduced numerically as well

1.1.2 Thermalization in integrable and non-integrable quantum systems

We now turn our attention to the thermalization of quantum system which is another focus of
non-equilibrium dynamic research. As a definition, when an isolated system that is initially out-of-
equilibrium relaxes to a state that can be described by a standard statistical ensemble, e.g. canonical,
microcanonical, etc, we say that is has thermalized or that thermalization has occurred. We refer
to a system as integrable if there exists additional constants of motion other than its energy. Typ-
ically, quantum integrable models can also be diagonalized using an appropriate basis choice and
are therefore exactly solvable. Non-integrable systems however only conserve energy. In general,
the conventional expectation is that thermalization only occurs in non-integrable systems and not
in integrable ones.

1.1.3 Non-integrable models: the Eigenstate-thermalization hypothesis
(ETH)

In classical systems, generic thermalization has its roots in dynamical chaos, which in turn implies
ergodicity (Kardar, 2007); This can be neatly summarized by the expression (Polkovnikov et al.,

11



Ph.D. Thesis Ray Ng; McMaster University Condensed Matter Physics

2011):
5(X—X(0) = lim %/OTdt(S(X —X(8)) = pme(E), (1.1.17)

T—o0

where X is a point in phase space and 4(.) is a dirac-delta function. Eq. 1.1.17 states that that the
long time average of the set of phase space points, X, visited by dynamic trajectory of the system,
X(t), will uniformly cover the constant energy (E) hypersurface essentially mapping out a density of
states that is reflective of the microcanonical ensemble, py,c(E). As a result, the long time averages of
a generic observable, A will likewise match the ensemble averages of the microcanonical distribution,
pme(E) ie.:

A(t) = (A)me. (1.1.18)

The conventional wisdom is that non-integrable systems thermalize and while this generalization
applies to quantum mechanical systems as well and has indeed been observed, the underlying mech-
anism necessarily differs. It is after all strange to attribute cause of thermalization to dynamical
chaos given that quantum mechanical time evolution, governed by the Schrodinger equation, is lin-
ear. To address this paradox, a possible mechanism for quantum thermalization was conjectured
by Schrednicki (Srednicki, 1994, Deutsch, 1991) known as the eigenstate thermalization hypothe-
sis (ETH), which we will elucidate for a general quantum system. In (Srednicki, 1994), the ETH
was used in tandem with Berry’s conjecture (Berry and Keating, 1999)! to reproduce the Maxwell-
Boltzmann distribution for a box of particles with hard-sphere constraints. Taking Bose and Fermi
statistics into consideration, Srednicki was further able to reproduce the expected, Bose and Fermi
distributions as well.

Formulation of the ETH

Let us consider a non-degenerate, isolated quantum system that is bounded and described by the
Hamiltonian, H, such that H|a) = E4|a), where {|a)} are complete orthonormal energy eigenstates
with eigenvalue spectrum: {E,}. We also consider generic initial states defined by the usual
superposition of basis states:

[9(0)) =) Cala), (1.1.19)

where ), |C,,¢|2 =1 but subject to the key additional constraint that its distribution is sufficiently
narrow in energy with a quantum uncertainty:

AE = \/(E2) — (E)?) < (E), (1.1.20)

that vanishes in the limit that the linear size of the system L goes to infinity. Such generic initial
states can be easily prepared experimentally as well. Naturally, the time-evolved quantum state,
|(t)) obeys Schrodinger’s equation:

9(D) = Y Coe H [a). (1.1.21)

4

In (Srednicki, 1994), Berry’s conjecture states that each eigenfunction of chosen basis appears to be a superposition
of plane waves with random phase and Gaussian random amplitudes with fixed wavelengths. It is believed to hold for
quantum systems which exhibit classical chaos in all or at least most of classical phase space.

12
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We are now ready to explore the possibility of quantum thermalization but from the perspective
of "special” observables, A. There is no clear distinction as to what observables are considered
"special" but typically they are physically relevant and experimentally measurable, an example being
the magnetization in spin systems or the momentum distribution of bosons. It is further worth
mentioning that eq. 1.1.20 originates from the condition that

A//(E)

(AEP S

| <1, (1.1.22)

where A(E) is a smooth function of energy (Srednicki, 1994). The latter is true if we make the
additional assumption that the difference between the neighboring elements: Agy1441 — A are
exponentially small in L (Rigol and Srednicki, 2012) so that A, is indeed a smooth function of E,
with small eigenstate-to-eigenstate fluctuations.

Now for thermalization to occur, analogous to the classical case, we expect the following equivalence
of the time average of the observable A with the predictions of the quantum microcanonical ensemble:
pQ,mc(E), analogous to eq. 1.1.18. To see how this may arise, let us first evaluate the long time average
of the expectation value of A:

_ 1 T
A = glim | (A())dt (1.1.23)
= Lym [1 Y CiCpAgpe Fa—Ept/M| gy (1.1.24)
T T— 0 wp a=plap
C*C A 7i(Eﬁ*Ea)T/h_l
_ 2 a1 a~pap [ €
- ;|Ca| Aw+zh71gx;oa;g[ E, — L, ( T (1.1.25)
= Y [Cal?Asa- (1.1.26)
14

The final expression is referred to in the literature as the expectation of the diagonal ensemble and
is exact as long as the cross terms can be safely ignored. Interestingly, we see that time plays a
different role in classical and quantum systems. Due to the chaotic origins in classical systems, time
constructs the thermal state as it maps out the energy hypersurface. In QM systems however, time
serves to reveal the quantum state as the cross terms in eq. 1.1.25 vanish. However, eq. 1.1.26 is not
solely due to temporal dephasing. Let us look more closely at the second term in eq. 1.1.25. using
L’hopital’s rule to evaluate the limit we note that:

C*Cr A —i(Eg—Ea)T/ _ )
ih lim o P up (e 1)]_lim Y [c;c,sAa,se—“Eﬁ—EUT/h}, (1.1.27)

T—)oolwéﬁy

Ep — Eq T T—00

o, B
aF#p
where we have taken the derivative with respect to T in the numerator and denominator of the
cross terms. Following the arguments of (Rigol et al., 2008), we note that the dephasing factors

only scale as the square root of the number of terms, then Za,ﬁ;a;éﬁ e (Ex—Eg)T/ \ /Ng, where Nj, is
the number of basis states. Furthermore, assuming that the initial state has a finite overlap with a
substantial number of eigenstates of the final Hamiltonian (as is usually the case), then the typical
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overlap amplitude Cy ~ 1/+/Np. Taken together then, we see that

‘ 1 .
* —i(Eg—Ey)T/h typical
y [CaCﬁAaﬁe i(Ep—Ex) } ~ ,/NgﬁbAag’ (1.1.28)
«, B
-y

Atypical

e, (1.1.29)

where A;ypical is the typical value of an off-diagonal element. We therefore see that it is necessary
to make the additional assumption that:

APl < AP (1.1.30)
to obtain the diagonal ensemble result of eq. 1.1.26. There is indeed strong numerical evidence for
this condition to be true (Rigol et al., 2008).

The microcanonical ensemble on the other hand requires that for an energy window: I(E) =
[(E) — AE,(E) + AE], the expectation value is given by:

1
(Agme =77 L Aw (1.1.31)
wEy€el

where N’ is the number of states in the interval I(E). Thermalization requires the agreement of
eq. 1.1.26 and eq. 1.1.31, so that:

1
Y Gl Aw=15 2 Auw (1.1.32)

wEyel wE el

However, eq. 1.1.32 appears to be paradoxical. The LHS of eq. 1.1.32 depends on the initial conditions
through the coefficients: {C, }, while the RHS of eq. 1.1.32 only depends on (E), which could be the
same for different sets of {Cy}. In order for this to be true, the most likely possibility is that Agy is
roughly constant for eigenstates that are close in energy, i.e. in the energy interval (although non-
generic possibilities can also arise (Rigol and Srednicki, 2012)), in which case eq. 1.1.32 is justified
since we can now rewrite it as

1
Aw Y, |G = N (1.1.33)
wEyel wE el
1
Ape = WAMN’, (1.1.34)

where Ay, represents a typical value in the interval I(E). In addition, it is also necessary to show
that temporal fluctuations are small. This can be quantified by the formula:
\2 . 1T N2
(At — A) = lim — (At — A) di’, (1135)

T—oo T 0
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which can be explicitly evaluated to be:

T\2
(At —A)" =Y [Cal*Cp[* | Angl* (1.1.36)
o 7P

This condition is guaranteed by the second assumption of the ETH in eq. 1.1.30 that was earlier men-
tioned, providing further evidence that the observable is indeed well described by its microcanonical
ensemble and therefore thermal. To summarise, the ETH tells us that thermalization in quantum
systems generically happens at the level of individual eigenstates such that:

Awe = (A)ome(Ea)Va € I(E). (1.1.37)

Additionally, this can only occur for initial states that are sufficiently narrow in energy so that
eq. 1.1.20 is satisfied.

Review of literature

The ETH is a widely accepted paradigm responsible for quantum thermalization and has been
shown to hold for a number of non-integrable systems (Rigol et al., 2008, Rigol, 2009a,b, Santos
and Rigol, 2010b,a). In particular, the pioneering work of Rigol et al (Rigol et al., 2008) elegantly
demonstrated the validity of the ETH in a system of 2D network of hardcore bosons with weak
nearest-neighbour repulsion after a quench using exact diagonalization. Details of the geometry
and the quench protocol can be found in (Rigol et al., 2008). The measured observable was the
asymptotic momentum distribution and was shown to conform unequivocally with the predictions
of the ETH.

It does however beg the question on its limitations, in particular, does the ETH hold for near-
integrable (albeit marginally non-integrable) systems as well, or is there a threshold amount of non-
integrability that has to be present? This line of research was primarily motivated by the ground
breaking experiments of Kinoshita et al (Kinoshita et al., 2006), where the near ideal realization of
the integrable Lieb-Liniger gas with point-like collisions, failed to thermalize even after thousands of
collisions, thereby behaving like a quantum Newton’s cradle. Despite the pristine nature of optical
lattice experiments, experimental imperfections such as anharmonicities or the axial trap potential
ensures that the system is only nearly-integrable. However contrary to expectation, these effects
were unable to bring about thermalization. To address this, let us consider a quench experiment that
mimics the conditions of the experiments of Kinoshita et al. Let us introduce an integrable quantum
system (with a tunable parameter, A, such as the strength of an external field) that is made non-
integrable by explicitly introducing integrability-breaking terms, whose strength can be parametrized
by the parameter, A,. In this scenario, one can then as the question: "Is the ETH satisfied for
arbitrarily small A; or does a threshold strength: A; . exist before integrability is restored?".

The numerical experiments on a system of integrable 1D HC bosons by Rigol et al (Rigol, 2009a)
were aimed at elucidating the nature of this phenomena. To this end, integrability breaking terms
taking the form of next-nearest neighbour (NNN) interactions terms, quantified by the tunnelling
and potential energy parameters (#',V’), were added. When (#,V’) = (0,0), the system is perfectly
integrable. Using the long-time momentum distribution as the measured observable, the breakdown
of the ETH was quantified by calculating the difference between the predictions of the diagonal
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ensemble and the ETH for a series of instantaneous quenches of the NN parameters: (t,;, Vini) —
( finat, Vfina) with different values of (#,V'). The deviations were observed to become appreciable
once ' =V’ < 0.1 signifying the absence of thermalization.

To further pin down the breakdown of the ETH, the distribution of #n(k = 0)a, versus energy E, was
studied. Recall that the ETH requires it to be smooth with minimal fluctuations between adjacent
states. Close to integrability (# = V' =0.03), it was indeed observed that state to state fluctuations
of n(k =0)s were noticeably large for the entire spectrum and thermalization is absent. Far from
integrability (#' = V' = 0.24) however, there exists an extended region where the fluctuations are
suppressed in addition to a region with large fluctuations. Naturally the farther away the system
is from integrability, one would expect the suppressed fluctuation region to grow, suggesting that
there exists a smooth crossover to thermalization. However since the numerical experiments were
performed using exact diagonalizaton, it is possible that this smooth crossover is a finite-size effect.
It would be interesting to investigate how this behaviour scales with system size and if thermalization
will occur for a sufficiently large system arbitrarily close to the the integrable point or if a sharp
cut-off exists at some finite critical value.

Recently, a similar study on quantum spin chains, more specifically the spin-1/2 Heisenberg model
have reached similar conclusions within the limitations of small system sizes as well (Steinigeweg
et al.,, 2013). In this study, next-nearest neighbor (NNN) Ising interaction terms: {SfoJrz} were
used to break integrability instead. Other measures of identifying the breakdown of ETH include
observing the crossover of level-spacing statistics of the eigen spectrum from Poisson to Wigner-

Dyson statistics in the integrable and non-integrable limits (Rabson et al., 2004).

1.1.4 Integrable systems: the generalized Gibbs ensemble (GGE)

Thus far, our definitions of thermalization have relied on the standard statistical mechanic ensembles
as a measure. In that sense, integrable systems do not thermalize. It is then reasonable to ask:
Does there exist some other ensemble that the system can equilibrate to? An example of such an
ensemble is the generalized Gibbs ensemble (GGE). To derive this ensemble, we follow the standard
prescription of statistical mechanics that one should maximize the entropy:

S=kgTTr[pIn(1/p)], (1.1.38)

(where kp is Boltzmann’s constant) but take into consideration all the integrals of motion of the
model: {J;}. This yields the GGE:
p:Z*1€*ZmAWJmI (1139)

where Z = Tr [,Zm Amfm] and the set {A,,} are Lagrange multipliers that are determined by the
initial condition: Tr [fnp] = (Ju)(t =0). If only the energy is conserved, such that J; = H then we
obtain the canonical ensemble as expected.

Using the GGE, Rigol (Rigol et al., 2007b) et al correctly calculated the asymptotic momentum
distribution of a completely integrable system of 1d HC bosons by performing two numerical quench
experiments with different initial conditions. In the first experiment, the system is prepared in the
ground state of the box of size L, which is then abruptly brought out of equilibrium by a sud-
den increase to L’ > L. As expected, the grand-canonical ensemble was incapable of predicting the
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momentum distribution of the relaxed state, but instead showed excellent agreement with the fully-
constrained GGE. The second experiment closely mimicked the experiments of Kinoshita (Kinoshita
et al., 2006) et al and initialized in a quantum superposition of opposite momentum states. In par-
ticular, the well-defined peaks in the initial momentum distribution were seen to persist throughout
the simulations, instead of degrading into a single Gaussian distribution, as would be expected for a
thermal system. Remarkably, the GGE was able to capture the resilience of the initial momentum
distribution, a feature absent when using standard ensembles. The mechanism responsible for the
applicability of the GGE in integrable system was conjectured to take the form of a generalized-
ETH (GETH) (Cassidy et al., 2011). A general microcanonical ensemble (GME) was created using
eigenstates with expectation values of conserved currents (instead of energy as in the standard ME),

i.e.
1
(A)oME = N Z Ana,s (1.1.40)
I o Jman €1

fell within a certain window, I’ = [(J)o — dgmE, (Jm)o + dGgmE], Where (Ji)o is the initial expec-
tation of the conserved charge and gy is variable window 2
agreement with the expectation values of a diagonal ensemble and GGE (Cassidy et al., 2011). Yet
there are instances where the GGE is known to fail. The GGE for instance is incapable of predicting
the asymptotic state for a generic non-translationally invariant initial state (Caneva et al., 2011).
The quench of an anisotropic spin-1/2 Heisenberg chain (Wouters et al., 2014) and spin-1/2 XXZ
chain (Pozsgay, 2014, Pozsgay et al., 2014, Goldstein and Andrei, 2014), also show a similar discrep-
ancy that has been attributed to a breakdown of the GETH. One possible explanation is that local
conserved charges have typically been used to construct the GGE and it has been suggested that a

GGE incorporating non-local charges may be necessary (Mierzejewski et al., 2014).

. This approach showed impressive

2The actual criteria used to construct the GME is actually more involved and the reader is encouraged to refer
to (Cassidy et al., 2011) for technical details.
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CHAPTER 2

THE POSITIVE-P REPRESENTATION

2.1 Quantum phase space methods: Wigner representation

Quantum phase space techniques are designed to provide a classical interpretation of quantum me-
chanics by mapping quantum degrees of freedom onto equivalent classical phase space variables. A
notable example of such a technique is the pioneering semi-classical Wigner representation (Wigner,
1932, Moyal, 1949) which we will briefly outline to provide a general idea of phase space techniques.
The Wigner representation begins by mapping the quantum density operator, p = |)(¢|, onto a
phase space distribution using the transformation:

fw(ﬁfﬂ)Z/dsﬂe.T'(H—§|w><¢|ﬁ+%>, (2.1.1)

where 7 and § are momentum and position states and fyy (7, ) is called the Wigner distribution, that
is reminiscent of a joint probability distribution of g and §. Using this basis, we now have a D = 6N-
dimensional continuous phase space spanned by the variables {,§}. A strong case for interpreting
fw as a joint probability distribution can be made if we evaluate the marginal distributions of
eq. 2.1.1 individually to yield

[ b fwla ) =00 012)
and )
| Grrrfw@n = WP, (2.13)
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(where |¢(p)|? and |(q)|? are the momentum and position probability distributions respectively)
and further take into consideration the fact that it is normalized, i.e.:

/fw q,p ;)9 =1 (2.1.4)

Despite having such attractive properties of a conventional probability distribution however, one
must be cautious in adopting such an interpretation and note that fyy(g,p) is in fact only a quasi-
probability distribution. As much as one would hope, it does not satisfy a cardinal property of
semi-positive definiteness. Regardless, the usefulness of the Wigner representation is evident when
we wish to calculate observables. Just as we performed a transformation on the density operator to
yield the Wigner function, one can also carry out the same transformation on a generic operator,
O(p,4) that is a function of the momentum and position operators:

5 54 B
Ow(@.P 27rh/ (- 0.7+ 5)ds, (2.1.5)

to yield the Weyl symbol, Ow(F,7), of the operator, O(p,7). Strictly speaking then, the Wigner
function is nothing more than the Weyl symbol of the density operator. While eq. 2.1.5 might
seem like a cumbersome expression, it is surprisingly easy to evaluate if O(,§) is a symmetrized
operator. For example, consider the operator: A(f;’,q) =5 (q p+p. q) its Weyl symbol can be

automatically obtained by making the direct substitution: (7,4) — (7,7) so that Aw(F,§) =§.5. A
more general and equally simpler approach to calculating the Weyl symbols for general operators
can also be achieved using Bopp operators (Polkovnikov et al., 2011), where instead the substitution:
(ﬁ, ﬁ') — (_' - %a%,ﬁ + %%) is made. The classical nature of the Wigner formalism is most evident
when calculating expectations values, where quantum mechanical expectation values now take the
form of neat statistical expressions instead, i.e.

N

(O@q,p))

// ;zqufW (,7)Ow (4, 7). (2.1.6)

'@D

Furthermore, if we are interested in the dynamics of the system, this can be taken into account by
evolving the g, 7 variables using Hamilton’s classical equation of motion

ag i o

T ={GHED}, (2.1.7)
and i

F={pH(p) (2.1.8)

where H is the classical version of the Hamiltonian and
{0,0} = ——=———= (2.1.9)

defines the Poisson bracket. Quantum mechanics is then incorporated into the system only through
quantum fluctuations that are mimicked by sampling initial conditions from the Wigner distribution
(which typically has a finite width). This therefore necessitates an averaging over all possible initial
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conditions, which modifies eq. 2.1.6 to:

A

(eltA))

‘Gl)

// dzpﬁgq% (o, Po)Ow (4(£), (1)), (2.1.10)

where pg and gy are the initial conditions of the system obtained from sampling the Wigner function.
This approach however is only justified when the Wigner function is semi-positive definite which is
only guaranteed for specific initial density operators (Olsen and Bradley, 2009), otherwise one would
run into a similar type of 'sign-problem’ as Monte-Carlo techniques.

While we have introduced phase space methods using the Wigner representation, other phase space
methods include the Q-distribution, Husimi distribution, the Glauber-Sudarshan’s P-representation
(or P-representation for short) (see (Lee, 1995) for a review) and most recently Bosonic and Fermionic
Gaussian phase space representations (Corney and Drummond, 2006, 2004, 2003). We are however,
interested in the method called the positive-P distribution (Drummond and Gardiner, 1980) (cf
section 2.4) as the title of this chapter suggests, which is in effect a more generalized extension of
the P-representation (cf section 2.3).

Finally we note that there is of course nothing special about the conjugate operators § and p and
they were only chosen in our discussion of the Wigner representation so as to draw parallels with
classical physics. For Hamiltonians comprising of the Bosonic creation (1) and annihilation ()
operators, as is commonplace in quantum optics, the Bosonic coherent states is a more appropriate
choice. It is indeed the conventional basis chosen for P-representations (including the positive-P)
and as such we have decided it worthwhile to review some of its key properties.

2.2 Bosonic coherent states

This section will only cover certain properties of coherent states that are relevant to PP formalism.
We would like to point out however, that there are many more properties (Carmichael, 2002) that
have been omitted for brevity.

1. A coherent state is a quantum mechanical state that is parameterized by a single complex
number, &« € C so that every point in the complex plane represents a unique state. The
mathematical definition of a normalized coherent state has the following equivalent forms:

1

la) = e*?“*“e”‘f\O), (2.2.1)

which tells us that it can be generated by the action of the creation operator 4t on the vacuum
state |0) or alternatively:

||
N\»—l

n=0,1,2,..., (2.2.2)

[ee]
which expresses it as a superposition of Fock or number states.
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2. It is the eigenstate of the destruction operator
ale) =ala), (a|at = (a|a*, (2.2.3)
with a complex eigenvalue a € C.

3. The set of Coherent states are non-orthogonal. This implies that two different states |a) and
|B) have a non-zero overlap given by:

<0(|IB> :e_%‘az‘e_%‘lgz‘e“*ﬁ (224)

4. Coherent states are overcomplete and so that an integration over the entire complex plane does
not yield the identity, instead:

/dzzx|zx)<oc| =, (2.2.5)

5. Using a Coherent state basis, it is possible to express any operator in terms of just diagonal
terms i.e. any operator is determined by its expectation value in all Coherent states. We can
show this by using eq. 2.2.2 to calculate

(@[Tla) = Y- (n|Pm)e” o (7)), (2:26)

which upon simple differentiation with respect to a and a* gives

(n|T|m) = \/m!n!i " (e (| Ta)). (2.2.7)

ou*™ g
Thus the matrix elements of any operator, T' can be expressed in terms of the diagonal elements
of T in the Coherent state basis.

2.3 Glauber-Sudarshan’s P-representation

The P-representation can be thought of as the predecessor of the PPR and was originally developed in
1963 by 2005 Nobel Prize winner, Roy J. Glauber! (Sudarshan, 1963, Glauber, 1963). In describing
quantum systems, what we are interested in in particular, is the density operator, p as it contains
all the necessary information about the system. According to property 5 in section 2.2, the diagonal
matrix elements of any operator in a Coherent state basis, are all we need to span any operator.
Using this property then, we can simply expand p in terms of a sum of diagonal matrix elements
using some distribution function P(a,a*):

b= /dza\a><a|p(a,a*). (2.3.1)

IThe nobel prize was attributed to his contribution to the quantum theory of optical coherence
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This representation of ¢ is known as the Glauber-Sudarshan P-representation. The benefit in using
the P-representation is in calculating expectation values of normal-ordered operators as they take
the trivial form:

(@tra®y = tr(pa'rar)
tr (/dzaa)(oc|P(oc,oc*)ﬁ+pﬁ‘7)

- / PaP (0 ) (]2 a%|)

= /dzocP(oc,oc*)oc*poﬂ, (2.3.2)

which makes it tempting to interpret P(a,a*) as a probability distribution function, i.e. P(a) =
(a|p|e) being the probability of the system occupying the state |a). Note the similarities between
the expectation values of a generic observable in P-representation (eq. 2.3.2) and the Wigner represen-
tation (eq. 2.1.10) that was discussed in section 2.1, further reinforcing the statistical interpretation
of quantum mechanics as is typical of phase space techniques. Furthermore, P(a,a*) is normalized
as well, i.e.

/.dZaP(oz,oc*) = /d2a<oc|zx>P(oc)

tr (/dzuc|uc><uc|P(1x)>

= tr(p)
= 1, (2.3.3)

where we used the normalization of the trace of p. However, this interpretation must be made with
reservation as in the Wigner case. Owing to the overcompleteness of the Coherent states, P(a,a*) is
not unique. It is additionally not guaranteed to be strictly positive and like the Wigner function is
instead a quasi-probability distribution function. This is an issue if we wish to calculate the dynamics
of the system. Instead of using Hamilton equations of motion, the dynamics of the system in the
P-representation can in some cases be mapped exactly onto Langevin-type Ito stochastic differential
equations (SDEs) using the theory of stochastic calculus (Arnold, 1974). This exact mapping only
exists if the P -function remains strictly positive semi-definite throughout its evolution, a property
which is not generally guaranteed.

2.4 The positive-P representation

In 1980 however, Drummond and Gardiner (Drummond and Gardiner, 1980) formulated the positive-
P representation of the density operator which circumvents the problems associated with the P-
representation, in particular the P- function being only a quasi distribution function. The PPR for
the density operator, ¢ is now instead given by the expansion

p= /dzad2a+wp(a,a+) = /dzad2a+f\(a,a+)P(oc,a+), (2.4.1)
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where |a) is the bosonic coherent state and P(a,a™) is a distribution function over a doubled complex
phase space of variables « and a™ and

Al oty — ()]

Ala,a™) a7y (2.4.2)
is called the projection operator or the kernel of the density operator. Note that a and a™ are
two independent complex variables and not the complex conjugate of each other. This certainly
introduces an extra degree of freedom since according to property 5 in section 2.2, a diagonal kernel:
|a) {&] would have sufficed. The upshot of using the kernel in eq. 2.4.2 however, is that an explicit
form for the distribution always exists and is given by the expression:

ﬁf‘a,qu/ﬂ (a + (;4*)*) 0l (o + (2a+)*) ). (2.4.3)

P(a,a™) =

If p is a positive-definite operator (which is the case for physical density operators) then P(a,a™)
is also real and positive by definition and given the way that P(a,a™) appears in eq. 2.4.1, it has
the reminiscent properties of a probability distribution. This is further evidenced by evaluating the
unit trace of the density operator which demonstrates that P is properly normalized over the a-a™
complex phase space:

tr(p) = /P(oc,of’)dzocdzvfr
= 1 (2.4.4)

Furthermore, the expression for the expectation value of normal-ordered operators has a probabilistic
interpretation:

(atPa1) = tr(patrat)

= /d%d%*P(zx,zx*)(a*)%ﬂ, (2.4.5)

where p,q € RT. In essence, the beauty of the PPR is the mapping of quantum degrees of freedom
onto a simplified classical phase space so that a true probabilistic (and not quasi probabilistic as in
the P-representation and Wigner representation) interpretation emerges.

2.5 Simulating dynamics

Having described what the PPR is, we now put it to practical use. We note that the PP-formalism
can in principle be used for both real and imaginary time dynamics. Deriving SDEs for the real
time case is relatively straightforward and is treated as the conventional application of the PPR.
Imaginary-time evolution requires a modification of the real-time approach as well as the use of
stochastic gauges, which is covered in section 2.6.1.
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2.5.1 Real time dynamics: Master equation

Our starting point is the equation of motion governing the unitary evolution of the density operator:
0 for an isolated system in real time:

d . ia
To=-1inp), 25.)

which we will refer to as the Master equation. A corresponding Fokker-Planck equation can be
derived by first substituting eq. 2.4.1 into eq. 2.5.1 to obtain:

A

/%P(a,zxﬂf\(w,aﬂdzadzfr = P(a,a™" H a,6")A(a,a™)

—A(zx,zx } d*ad®a™, (2.5.2)

where we have made the additional assumption that our Hamiltonian: H(a,4%) consists of bosonic
annihilation and creation operators. This is an operator equation that is usually difficult to solve.
Fortunately, there exist correspondence relations which will allow us to write the master equation in
terms of a partial differential equation for « and a*t in place of an operator equation for a and a*. In
general, the master equation will contain combinations of 4 and 4% on the left hand side (LHS) and
right hand side (RHS) of the projection operator: /A\(tx,oﬁ) which are then replaced with algebraic
operations using the correspondence relations. The two obvious correspondence relations are given
by the action of 4 and 4% on the LHS and RHS of A(a,a™) respectively:

(a]a)) (2]

AA _
! (@ a)
= aA (2.5.3)
and
Ast L lm{tan)
(at*]a)
= aTA, (2.5.4)

which can be seen from a direct application of eq. 2.2.3. We can therefore replace @ and at by
complex phase space variables & and ™ when this type of ordering appears. To obtain expressions
for the reverse orderings, we take our expression for A and use eq. 2.2.1 and the overlap relation in
eq. 2.2.4 to write it explicitly as:

A )| (™
Alw,a™) = |<Z|<*| >|
elad” ““+)|0)<O|e“+ﬁ. (2.5.5)
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We then differentiate eq. 2.5.5 with respect to «

9 4 d 5t

s A= o (T 0)(0fet

= (@' —a")A(a,a"), (2.5.6)
a'tA = (o™ + —)A. (2.5.7)

Ad = (a+ —)A. (2.5.8)

Aat = atA
aA = aA.
~ 0 .~
~t _ +
A = —)A
a (a™ + azx)
X 0
Ad = — 2.5.9
i = (at5) (2.5.9)

which can be thought of as its defining feature.

2.5.2 Deriving the Fokker-Planck equation

Upon subsitituting the correspondence relations. 2.5.9 into the Master equation in eq. 2.5.1, it is
generally possible to convert the latter to the standard form:

% Z//Azxzx aa)d2d2+

- //p(a,oﬁ){(A ()50 + 2 D"(0) 07 0 )Ala )}dzzxdz (2.5.10)

where p is an index over stochastic variables. In the case of a single mode system described by 4,
we denote a® = ,a’ = . Already, this is reminiscent of a Fokker-Planck equation (FPE) (Risken,
1989), which by definition is the equation of motion for a conditional probability distribution function,
and we can intuitively identify the first term A(a,at) as the drift vector and the second term:
D(a,a™) as the diffusion matrix. The next key step is an integration by parts of eq. 2.5.10 with the
assumption that boundary terms vanish.

For now we focus on the drift terms, for which an integration by parts yields:
0
//P(ac,chr)AV(oz,oﬁ)WA(&,&(*)dzocdzoc+ = /dzoc+ [P(a,a*)AO(a,aJr) (2.5.11)

26



Ph.D. Thesis Ray Ng; McMaster University Condensed Matter Physics

A(“/‘X+)] |a:houndaries + /dzlx [P(‘X/‘XJF)Al (0‘/“+)A(“/D‘+)] |a+:hounduries

—//f\(oc,oﬁ)% [AFP(a,0")] d2ad®at,

where there is an implied summation in the last term. If we have an unbounded phase space, then
the first two terms are evaluated at the regions |a|,|a™| — oo which we will assume to vanish. The
effect of integrating by parts then is the introduction of a negative sign to the drift term and a
transfer of derivatives away from the projection operator A(zx,tx"’), ie.:

//P(oc,oﬁ)A”(zx,uﬁ)azy[\(oc,w’)dzad%fr = —///A\(zx,uﬁ)% [AFP(a,a™)] d2ad®a ™.
(2.5.12)

If we repeat this process for the diffusion term, then we see that there is no change in sign since we
integrate by parts twice. However, the derivatives will also be removed from A (a,a™) and transferred
to the remaining terms: DF'P(a). The final result is eq. 2.6.3 being converted to:

//[\(a,a*) {W}d%d%*

5 19 2 (2.5.13)
— A + _ 7 oAnu + = Y Y pw 212 +
//A(oc,zx ){ S AN (,07) 4 5 = =D (rx)}P(zx)d ad’a
from which we can tell that at least one solution that exists is given by:
oP(a,a™) d 19 0
T ) 2 a 42— —D"(a,a™)| P(a,a™). 2.5.14
ot aar A ) T 3 g g D (e T) | PlaaT) (2:5.14)

Eq. 2.5.14 has the conventional form of a Fokker-Planck equation (FPE). Since we have established
that P(a,a™) in section 2.4 does have the properties of probability distribution then this interpreta-
tion is valid as long as D is symmetric and positive semi-definite. The symmetricalness of D depends
on the form of the master equation whereas its positive semi-definiteness is automatically guaranteed
by use of the PP kernel (Drummond and Gardiner, 1980).

2.5.3 Deriving Ito stochastic differential equations

Solving the FPE analytically is usually impossible with some notable exceptions (Risken, 1989) and
a numerical solution is highly non-trivial. A simpler approach is to map the dynamics of an FPE
onto a set of Ito Stochastic differential equations (SDEs) (Arnold, 1974) which is then much simpler
to integrate numerically. The equivalent Ito SDEs that describe the evolution of our phase space
variables are given by:

dat = A¥ (a,a™)dt + B" (a,a ™ )dW" (t) (2.5.15)

where B is the noise matrix that is related to the diffusion matrix via the following factorization:
D(x,a™) = B(a,a )BT (a,a™). (2.5.16)
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The condition imposed by eq. 2.5.16 grants us the freedom in constructing a noise matrix with a
variable second dimension, Ng,. Thus if D is an N x N matrix then B has dimensions: N X N. The
terms dWV (t), where v =1... Ny, are independent Wiener increments or white noise terms with the
statistical properties that

[dWwh(t)) = 0
(AWH(E)AWY () = 6, 0(t —t')dt. (2.5.17)

and can be easily numerically generated using a Gaussian distribution with mean 0 and variance dt,
i.e. ~ N(0,dt) which can be related to a standard normal random variable, N(0,1) via the relation

AWH (1) ~ VdEN(0,1). (2.5.18)

It is important to make the distinction that we have derived Ito SDEs and a technical point is that is
necessary to evaluate the noise matrix using the value of the stochastic variables at the beginning of
the time step (see Appendix A in (Ng, 2010) for an abridged treatment of SDEs.). They also obey a
modified calculus (Arnold, 1974) which necessitates the inclusion of second order differential terms:

d(xy) = ydx + xdy + dxdy, (2.5.19)

in contrast to the rules of ordinary calculus where dx,dy are Ito differentials.

2.5.4 Stratonovich correction terms

In practice, it is the Stratonovich form of the SDEs that are numerically integrated due to better
numerical convergence (Drummond and Mortimer, 1991). To obtain these, one simply needs to
include correction terms in the drift terms of the Ito SDEs:

1 d

B gl % o+ 2

AStrut - Alto - Eszv(a/“ )WBPW(}C)' (25-20)
vy v

whereas the form of the noise terms are unchanged. It is however necessary to evaluate the noise

matrix at the midpoint of each time step interval as opposed to the start. The benefit of using

Stratonovich SDE is that they obey the rules of ordinary calculus, so that:
d(xy) = xdy + ydx, (2.5.21)

where the differentials dx,dy are now in Stratanovich form and which allows for more intuitive
algebraic manipulation. For a generic Stratonovich differential dx, we denote the Stratanovich noise
by the symbol o, where dX¥ = A(X)dt + B(X) o dW.

2.5.5 Noise matrix factorization

In general for non-diagonal diffusion matrices, finding the noise matrix B that satisfies eq. 2.5.16 is
not an easy task, especially so for the multidimensional case. There are two ways to go about this.
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The first way utilizes the symmetry of D, i.e. since
D =D’ =BB’ (2.5.22)

then we can write
D = B? (2.5.23)

and a straightforward decomposition is given by the square root of the diffusion matrix:
B=+vD, (2.5.24)
which can be carried out using common symbolic manipulation software such as Maple or Mathe-

matica.

Alternatively we could makes use of the ambiguity of the second dimension of B. Note that since D
is an N X N matrix then any noise matrix of dimension N X Ny,, will preserve the dimensionality of
D. It is generally possible to break up D into N, constituents such that:

D=) DW. (2.5.25)

Of course, one should be strategic in choosing these constituents so that factorizing each DO is
a considerably easier task. Mathematically this means finding an N X N/, matrix, B® so that
D@ = pHBHT, Using this strategy then, the total noise matrix is given by

B— |B'B2...... BNc} (2.5.26)
since
T BT
BT
BBT = [B(1>B<2)...+B(Nc)
BNOT

BUBWT 4 BABAT 4 ... 4 BNJBNIT
— DM D@ ... DN
=D (2.5.27)

as required. The benefit of using the square root factorization is that we only require 4N noise terms
(recall eq. 2.5.15), at the cost of a (usually) much more complicated expression for the noise matrix.
On the other hand, using the latter trick we end up introducing ) ; Nz(ui ) > N noise terms. In the case
of multiplicative noise, this can have unfavourable effects such as a rapid growth of the variances of
the stochastic variables which can lead to numerical instabilities (Deuar and Drummond, 2006).
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2.5.6 Diffusion gauges

Due to the structure of the noise decomposition, another possible choice for noise matrix is given by:
B’ = BO, (2.5.28)

where O is an orthognal matrix satisfying OOT = I. This choice of noise matrix is also known as
a diffusion gauge (Plimak et al., 2001), since it directly modifies the form of the noise terms, which
originate from the diffusion components of the FPE. For a single mode system, a possible choice of
O is given by:

cos(g)  —sin(g) (2.5.29)
sin(g)  cos(g)

where ¢ is an arbitrary parameter. In some instances such as in the anharmonic oscillator (Plimak
et al., 2001), it has been shown to enhance the numerical stability in the SDEs.

2.5.7 Initial distribution

A salient point that we have not yet addressed is the initialization of the stochastic variables before
evolving them according to eq. 2.5.15. In reality, all one has to do is to calculate the PP-distribution
using eq. 2.4.3 for an initial density operator: p. This step is analogous to calculating the Wigner
function in the truncated Wigner semiclassical technique (Polkovnikov et al., 2011).

Coherent state

The simplest state to initialize the system however is that of a generic coherent state, |7v) (7| such
that v € RT with average particle number: |’y|2. In the PP formalism, this can be simply achieved
by setting the positive-P function in eq. 2.4.1:

b= / Pla, 0 )A (a0 )dPad?a™ (2.5.30)
to the following delta function:
Pa,a™) =6(a —y)6(a™ — 7). (2.5.31)

This distribution function can also be used to set the vacuum state of the system by setting v =0 ().

Fock state

Now suppose for a single mode system, we would like to initialise our system in a, i.e. p = |n)(n|.
a+(at)*

This can be achieved by introducing the change of variables: y = ——5— and 7y = w which we
can then substitute into eq. 2.4.3 to get
! 1P, t
P(uv) = 5 [(pln) (nlp) | e 70T (o, 07), (2.5.32)
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where J(a,a™) is the Jacobian matrix:

[ers Ja
ou dy 1 1
J(a,at) = = ‘ [ ] ‘ =2. (2.5.33)
a(a+)* a(a+)* 1 _1
o 9y

Note that: « =+ and (at)* =pu — 1.

) lu[? m .
Using the overlap between a coherent state ) = e T Yoo %Vn) and an arbitrary fock state

|n), the distribution function P(y,7) is then given by

!

1 (o)™ (W)™ w2 w2 o] =P
P(uy) = Y. e~ e 2 (m|n)(m'|n)|e 174
47-[2 m,m' V4 m! m’!
B B V70 LV e P2
SR 2 vy R
1

| 0 e
|Vl V!

—|7? 2np—|uf?
e e
- - )('P"m! > (2.5.34)

7 (12 11
e N
Py = &L ED), (2.5.35)

efl/)/lz

or more succinctly

where
efxxnfl
(n—1)!

is the Gamma distribution. So we see that in order to sample a fock state, we need to sample the real

I'(x,n)= (2.5.36)

number z = |;t|2 using a gamma distribution and the real and imaginary parts of 7y using a Gaussian
distribution, i.e.:

y= \2 (1 + inz) (2.5.37)

where 11,1y ~ N(0,1) are independent Gaussian random variables and p is given by
1= /ze", (2.5.38)

with 6 being drawn from a uniform distribution: 6 € [0,277). The gamma distribution can be easily
coded and efficient algorithms are readily available (Marsaglia and Tsang, 2000). Once we sample,
u and <y then the original phase space variables can be easily obtained from the equations:

x = u+v (2.5.39)
ot = pt -t (2.5.40)

A variety of initial states can also be set up within the PPR and this has been well detailed in (Olsen
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and Bradley, 2009).

2.6 Imaginary time dynamics

The PP can also be reformulated to obtain ground state properties. We will use a canonical ensemble
in the following derivations, although calculations in the grand canonical ensemble are possible as
well (Deuar et al., 2009). To do so, we construct an analogous equation of motion but in imagi-
nary time, f =1/kpT instead, for the unnormalized thermal density operator: p = e PH T is the
temperature of the system and kg is Boltzmann’s constant. A simple differentiation yields:

5P =5 [Ap+pH]. (2.6.1)

By applying the same procedure in section 2.5.1- 2.5.3, a subtle issue arises. In the imaginary time
master equation, the different permutations of ﬁI:I are added instead of subtracted. The result is
that constant terms (C(a,a™)) arise, yielding an equation that no longer fits the canonical form of
a FPE:

% _ //Azxtx )d2 A2t (2.6.2)

— //p(a,oﬁ){(A (w )aay + 1DW(0¢)%;V)+C(M )}f\(zx)dzocdzoﬁ.
(2.6.3)

2.6.1 The Gauge-P representation

In order to remove the constant term, C(a,a™), we will have to make use of the gauge-P representa-
tion (Deuar and Drummond, 2002) that allows for arbitrary modifications in eq. 2.4.2 by introducing
an extra complex variable, () in the stochastic kernel. ) plays the role of a weight term.

The modified kernel is:

+x
T 20

from which we can introduce an extra correspondence gauge relation.

J + _
<QaQ 1>AgC(oc,1x ,0Q) =0, (2.6.5)
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where C(a,a™,Q)) is any arbitrary function. Adding this gauge into eq. 2.6.3, we get:

% / / / A 2P Q)dzocdzaﬁd()

= //P(oc,oﬁ,ﬂ) {A"(zx)&iy + %DW(zx)iai + C(oz,oﬁ,Q)}Ag(tx,Q)dzocdza*sz

PR
+//P(o¢,a+,0){ a%—l)C(a,oc*,Q)}A (0)d2ad?a* 20

d 1 d d d R
= + H(p)—— 4+ ZDH 2,92+ 72
//P(oc,pc ,Q){A (“)BM‘ + 2D (uc)a i T aQC(tx at Q)}Ag(zx,ﬂ)d ad“a™d=Q)
(2.6.6)

Remarkably, the simple addition of an extra "weight" term allows us to arbitrarily remove constant
terms above. The stochastic evolution for () is determined by the unwanted constant terms and has
the form:

dQ/Q = C(a,a™,Q)dB. (2.6.7)

Meanwhile, the evolution of the &, a™ variables are left unchanged.

2.6.2 Drift gauges

The gauge-P representation in fact grants us even more flexibility in altering the FPE other than
for the removal of constant terms. Consider the choice:

Cla,a™,0Q) = A’V(&)%, (2.6.8)

which has the overall effects of both modifying the corresponding drift terms of the & variables
/ / P(a,0",0) {(A" (@) = A" (w)} 5 Ag &, Q)dad?at 2200, (2.6.9)
as well as generating diffusion terms.:

d 0
+ a2 2 A 2,0 d2at 20
//P(a,a Q) AT A, Q) a0 (2.6.10)
Note that this will have effect of generating SDEs that couple ) and & variables through common
noise terms. The term drift gauges refers to the use of the gauge-P representation in this above
fashion and is formalized in (Deuar and Drummond, 2002). It has been known to have a stabilizing

effect when applied to the single mode anharmonic oscillator for example (Deuar and Drummond,
2006).
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2.7 Stochastic averages of observables

2.7.1 Standard PPR

The advantage of using SDEs is in the relative ease in calculating normal ordered expectation values.
As mentioned in section 2.5.2, the calculation of quantum mechanical normal ordered observables is
given by the statistical expression in eq. 2.4.5:

(at(t)Pa(t)1) = /P(oc,a*)oc(t)*pa(t)qdzadza*. (2.7.1)

where p,qg € RT and we see that the dynamics is implicitly built in to the stochastic evolution of the
variables, a(t) and a™ (t). Furthermore, from the correspondence relations in eq. 2.5.9, we see that
there is a direct relation between the bosonic operators: 4t and 4 with a and «, respectively. There
also exists an exact correspondence between the quantum mechanical average and the stochastic
average of their respective phase space variable functions, i.e.:

@7 (0at(1)) = lim {(a* (5)7a())))irajs (2.7.2)

ntraj—co

in the limit of an infinite number of trajectories, nyy,j, where

<<“+(t)p/‘x(t)q>>ntmj - Z [lxj_(t)plxl'(f)q] (2.7.3)

and i labels the individual realization of each trajectory of the phase space variables. The dynamics
of any normal ordered operator can therefore be monitored by numerically integrating SDEs of
the form 2.5.15 and calculating simple stochastic averages. Although the exact correspondence is
achieved in the limit that the total number of trajectories tends to infinity, in practice it is usually
sufficient to use ~ 10* — 107 trajectories, depending on the nature of the problem.

2.7.2 Gauge-P

Within the gauge-P representation, the normalization is no longer preserved and instead, we find
that:
Tr(Ag) = Q. (2.7.4)

Observables expression are then modified in the following way:

S0 A {(Q(H)O(a(t),a"(t))))
(O(a(t),a+(t))> = . (2.7.5)
{(Q()))
This expression gives further credence to the reason that () is called the "weight" term. The Gauge-
P representation brings to light a salient point. If an unnormalized kernel is used, the trace of the

density operator has to be explicitly taken into account. It manifest itself in the denominator of our
stochastic estimators in our observable calculations as seen in eq. 2.7.4.
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2.8 Multimode case

Although our discussion carried out so far has been explicitly used for the single mode case, the PPR
can also be generalized to a system with N-modes, taking the form:

p= [ A@a")P@&at)dad®at (2.8.1)

where the generalized off-diagonal Coherent state projection operator is obtained from a direct
product of single mode kernels:

-

A&,a™) H® <(a+<3;: (2.8.2)

and «; and oc for i=1...N are independent complex variables. The quantum mechanical average
of normal ordered moments can be analogously calculated via:

—

<H( Vi (;)4) /p (@) [ ()P () dPadPa™ (2.8.3)

which is also equivalent to the stochastic average and an implicit time dependence in the stochastic
variables are implied but not explicitly written out for brevity.

N

hm <<H( )pl( )q >>ntra] (2'8'4)

o .
ntraj— ;

The PPR can therefore be easily generalized to multimode systems and that the number of variables
required to simulate the system scales linearly with N. In this respect, exact many-body dynamics
is reduced to a tractable one that is not computationally exhaustive.

2.9 Short lifetimes and spiking

In principle, the PPR allows us to simulate the exact dynamics of a Bosonic system and seems to
be a very powerful method. However, there is a notorious problem associated with the method;
its short simulation lifetime: fj;r.. This means that beyond f > fj;f., simulations fail to produce
correct results. The single most defining feature is the onset of "spiking" in observable calculations.
This is an indication that the stochastic differential equations are stiff and the ensuing evolution is
systematically incorrect. In the extreme case, this can result in numerical overflow.

As detailed in (Deuar, 2005), spiking simulations are features that arise when two types of boundary
errors occur. In deriving the FPE, we carried out an integration by parts and discarded boundary
terms in the process, assuming they were negligible. This is true granted that the P(a,a™) distri-
bution function does not develop fat tails, in which case the entire formalism breaks down. Such
an error is called a Type-I boundary error. It is usually not possible to evaluate these boundary
terms but there are tell-tale signs for when they could be a problem. Examples of which include:
Moving singularities in the drift, i.e. a set of solutions of measure zero that diverge in a finite time.
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The location of the pole depends on the initial conditions and is moving in that sense. An overly
broad initial probability distribution (Gilchrist et al., 1997) has also been observed to have undesir-
able effects. A very general criteria that was outlined in (Deuar, 2005) states that drift and noise
instabilities arise unless the two conditions:

. A
lim — =0 (2.9.1)
Jaj| =0 [
and
. Bi
lim —— =0, (2.9.2)
Jaj| o0 [

for all k are satisfied. This simple check will give us a good idea if simulation of our SDEs will be
the victim of early peril or not. The type-II boundary error (Deuar, 2005) occurs at the level of our
observable estimates. The quantum mechanical average given by the integral

[ P(a,a™)R[Tr(OA(a,at))]

(O) = JP(a,at)R[Tr(A(a,at))] (2.9.3)

may fail to converge when either O or A in the numerator, grows faster than P(a,a™) close to the
boundaries of phase space. Note that in eq. 2.9.3, we have assumed an unnormalized kernel for
generality.

Typically, there is no way apriori to know what fj;r, will be or how many trajectories are needed
to obtain convergence. The latter usually ranges from 10* — 107 depending on the problem and the
nature of the SDEs, and has to be determined empirically. The positive-P representation is therefore
a method that is particularly useful in simulating many-body systems where the interesting physics
occur at short time scales before spiking occurs. In essence, most of the issues with spiking arises as
a result of a sub-optimal normalization for the kernel chosen. In the PPR in particular, the kernel:

_ e (e

A= T (2.9.4)

while well defined in the diagonal limit, i.e. & = a™* is ill-equipped to represent off-diagonal elements
in an orthogonal basis. For instance, suppose A takes the form |n)(m| in the fock basis and |n),|m)
are Fock states. The denominator in this case approaches zero and is ill-defined for such non-
hermitian operators. Points in phase space with a vanishing normalization is ironically favored by
trajectories which are drawn over to compensate by their sheer numbers. On the other hand, points
in phase space with a large normalization are avoided since they have a higher weight (Deuar, 2015)
and fewer trajectories are required. Ideally one must find an optimal normalization that abates
such extreme behavior, which is a non-trivial task. Regardless, for times t < f};f,, exact quantum
dynamics are still amenable.
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2.10 General recipe

To summarise then, the PPR is the expansion of the quantum density operator, g, in terms of an
off-diagonal kernel, A formed from Bosonic coherent states. The benefit of doing so is that in this
form, the equation of motion for § may take the form of a Fokker-Planck Equation (FPE), which can
then be mapped onto a set of Ito SDES, that are relatively easy to simulate. This is the final goal
of using the PPR i.e. being able to derive Ito SDEs that just as equivalently describe the quantum
system.

2.11 Example: Quench dynamics of the Bose-Hubbard Hamil-
tonian

As an example, let us consider the quench dynamics of the 1D BH model in an external parabolic
potential. It is described by the Hamiltonian:

N u K
At s AT A ~ ~ A D

A=Y [—I (%051 +8500;) + 50y (= 1) + 22 (2.11.1)

)

where U is the onsite repulsion energy and K = mw?d?, represents the external potential. w is the
trapping frequency of the harmonic trap and d is the lattice spacing. We follow closely the quench
protocol carried out in (Trotzky et al., 2012). At an initial time #,, the system is prepared in the
U — oo ground state at half filling described by the state: |¢(0)) =|1,0,1,0,1,0,...). At t > tg, the
system is instantaneously quenched to a new set of values {J,U,K} and allowed to evolve under the
full Hamiltonian 2.11.1. The dynamics of the system is monitored by a series of observables that are
both experimentally and numerically calculable using t-DMRG.

2.11.1 Application of the PPR

We now derive the SDEs for Hamiltonian 2.11.1 as a contemporary, instructive example to elucidate
the PP-formalism. We shall also explore its limitations as highlighted in 2.9. Our starting point is
the master equation:
d, i
T
which we will use to first obtain a FPE by mapping the operator equation onto a differential equation.
Let us deal with the terms individually. Using the correspondence relations in eq. 2.5.9, the tunnelling

(H,p], (2.11.2)
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term maps to:

Sl =
=
=

S WS e

((“zﬂ i 1)

i At A S SR
— |:—] (ﬂjﬂj+] +ﬂj+1ﬂ]‘)/

(2.11.3)

(ABZ+1 +ABI l)aZ )

where we have suppressed summation and integration notations. For the on-site repulsion term, we

can first simplify it by using the commutation relations for bosons

onsite repulsion

u

Sata; (afa; 1) (2.11.4)
u

5 (Aj(1+a}ai)al —ajﬁ,) (2.11.5)
u

5@}2@2 (2.11.6)

which corresponds to a local anharmonic oscillator (Dowling et al., 2007). Applying the correspon-

dence relations yields:

=
-
e}
i
|
= =
| —|

'sﬂE SIESEES

SE

a2 1 , 9%

(2.11.7)

(2.11.8)

(2.11.9)
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Lastly, we focus on the external harmonic potential term, which gives

d" i KA‘I'A-ZA
P h[z" “ ’P} (2.11.12)
2
JK (a n A ata
“on (”J’ a4 — Ad; “f) (2.11.13)
2
Y S O P B
- ' (rx] 51+aa].> ﬁj("‘]+aﬁj) (2.11.14)
2
_ K d
- (faa '813[;]) (2.11.15)

Gathering the three different terms we get the resulting FPE:

TP@p) = ¥
]

i;{ ((06]-1-1 +aj 1)aa] (Bj+1+ Bj- 1)8[%]) (2.11.16)

( ﬁfa L1 ,i' lﬁfaﬁ 7 ﬁfa;#) (2.11.17)

Y )
_i%( (“faij _ ﬁfaﬁjﬂ P(d, B), (2.11.18)

which (in units of i = 1) yields the corresponding SDEs:

.ZK
daj = i (aj +zx]-,1)dt—iutxzﬁjdt—i(]—)ajdt+i\/anj§jdt (2.11.19)
dp; = —iJ (Bj+1— Bj- 1)dt+zU,B]o<]dt+z( ),B]dtJr\/zUﬁ]n]dt (2.11.20)
where we have introduced two independent noise terms: #;,¢; ~ N (0,1). Since the diffusion

matrices are diagonal, obtaining a noise matrix decomposition (see sectlon 2.5.3) is trivially obtained
by taking the square root of the diagonal elements. The Stratonovich correction terms can be
calculated using the formula:

JB
:—fz ]k (2.11.21)

and are especially easy to calculate for a diagonal diffusion matrix, e.g. for j = a;:

1 9Buja;
Soj = -5 a/ Bua; (2.11.22)
= fii iuivila; (2.11.23)
u
= isa (2.11.24)
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and similarly
U

The Stratonovich form of the equations is then given by

u -
]( i1t 1) dt — zszz,B]dt - z(]z E)ajdt +ivillajo g;dt
u (2.11.26)
dp; = —i] (Bjs1— Bj—1) dt + iUt + z(]7 5 )Bjdt -+ ViUp; o mat,

with an appropriately modified drift term. In most cases, it is often better to work with log variables
as they exhibit better convergent properties. As a demonstration of Stratonovich calculus, it would
be instructive to go through this change of variables procedure. In particular we choose to work with
the variables:

9] = %11’1(0(]‘3]) (2.11.27)

and

;= 1 (4, (2.11.28)

B

and derive SDEs for it. In the Stratonovich form, we can treat the variables using the rules of regular
calculus so that:

doj = 5 — 5 (dajB; + dBja;) (2.11.29)
_ <d“1 n dﬁf) (2.11.30)
Bi
iR R P ViUl (g + in;) dt (2.11.31)
2 DC]‘ ,B]

which only retains the tunneling term in the drift. We should now express «, in terms of the log
variables. Note that since:

8 = liti; (2.11.32)
B = eli—9; (2.11.33)
the tunneling term can be rewritten as:
Gt B B i Fti fa i g i
o ,B]' it i~ 19
_ A8T AT A8 iAp; A8 —iA¢.+ A0 —iAgT
=e Je "l +e Te ] —e e j —e e ] (2.11'34)

T ot ot - .
:eAGj (ezA(pj e A ) +6A6]. (em(p]. —e 1A¢j)

+ —
= 2"/ sin(A¢7) +2ie™) sin(A),
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where AG i+1 — 6 and A(p]i = ¢j+1 — ¢;. For later reference, we will also calculate the addition
of the tunnelhng term

Mt Biv1+Bj—1  elintidinn 4 fjatidia + P91 4 i1y

+ + - A
— A B BB B ‘Pf 4t e (2.11.35)
L, » _ o
_ eAGj (elA(f)]- +e 1A¢j ) +6 b; (ezA(pj te iAg; )
N _
= 2" cos(Aqf) + 262 cos(A¢;),
The Stratonovich SDEs for the 6; variable is then given by
+ - 1
d6; = —J (er sin(A¢) + i sin(Acp]f)) dt + o ViUl (i + ;) dt (2.11.36)
We can similarly derive SDES for the ¢ = (%) variable:
1B
- = _ = 2.11.
w = 55 (5% dﬁ) 211.37)
de dp
= — - — 2.11.
5% %) S
= ([t Bt B dt —2illa;pjdt — i (PK—U) dt
2i lX]' ‘B] TF] J
V(g — nj)) dt (2.11.39)
.o (A6 A6 -
= —iJ (e i cos(A¢;r) +e7 cos(A¢; )) — ue®idt — 5 (]2K ll)d
1 , .
+§\/zu(§]- + in;) dt (2.11.40)
Taken together, the SDEs to integrate are
. - .
40, = —J (eA"f sin(Ap7) + ¢ sin(mp]f)) dt + %\/iUE}-“dt
(2.11.41)

A = —i] (e/“’f+ cos(Ap) + ¢ cos(A(pj_)) dt — UeXidt — % (sz - u) dt + %\/iUEjdt

where we define the complex noise: &; = ({,‘] + ii’]j). Note that we can also take diffusion gauges into
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consideration. Following the receipe in section 2.5.3, the noise matrix can be modified as:

B = B,O¢ (2.11.42)
ViUl i1 cosh(A) —isinh(A) ¢
N 2[ 1 i } [ isinh(A)  cosh(A) } [ 17;- ] (2.11.43)
Vil i 1 cosh(A)¢; — isinh(A)y;
2 [ 1 i } [ isinh(A)é]-—i—cosh(A);y; ] (2.11.44)

which means that our original noise terms are affected in the following way: &; — cosh(A)¢; +
isinh(A)n; and ; — isinh(A); + cosh(A)n;. The equations are changed in the following way:

+

dei — _] (eAe] Sln(A(Pf) =+ eAQ; SIH(A(P;)) dt + %\/EEAE;(dt

A = —i] (er cos(ApF) + ¢ cos(Agbj_)) dt — Ueidt — % (j21< - u) dt + e_A%\/iUEjdt
(2.11.45)

where A is an arbitrary constant and determined empirically so as to maximize simulation lifetimes.
From eq. 2.11.45, we can see how the diffusion gauge stabilizes the equations. Its effect is such that
for A > 0(A <0), the noise terms in ¢; decrease (increase) whereas for 6; increasing (decreasing).
An optimal value of A can therefore be chosen so as to minimize the variances of ; or ¢; (Plimak
et al., 2001, Deuar and Drummond, 2006). In principle, it could also be generalized to a function
of stochastic variables, in which case it would be necessary to properly take into consideration
Stratonovich correction terms.

2.11.2 Results for the non-interacting case: U =0

For a test quench protocol, we perform an extreme quench to the non-interacting limit: U; = o0 —
Uy =0 and evolve the system using the pure Superfluid Hamiltonian, starting from the Mott state of
lp(t)) =11,0,1,0,...). Note that this requires the use of the gamma distribution function to model
the Fock state as mentioned in section 2.5.7. The results in this section were performed using the
«;, B; variables and subsequently setting U = 0 in eq. 2.11.26. In the non-interacting regime, the
thermodynamics limit of several observables can be calculated analytically (Flesch et al., 2008) and
serve as a benchmark to compare our results against. The main observable is given by the average
occupation number for odd and even site

A~ 1 (71)i L 4iJtcos(27tk /L)
(A;(t)) = 5-— e
2 2L k;
1 (-1)
N 5 7( 2) Jo(4]t), (2.11.46)
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Figure 2.1: Average occupation number of even/ odd site ((n;(t))) vs tJ/h. The results are for N =4 (even
and odd) and N =32 (even and odd). The exact results for an infinite lattice with (U =0) are also shown in
the plot. Simulations parameters: T =5.0,dt = 0.005, Np;ns = 100, Nygppre = 100.

where Jo(x) is the bessel J function of the first kind, 7 is either even or odd and L is the number of
sites. The complex phase space function associated with the number operator is given by:

X 1
(1)) =R [(N/z)Z(ﬁiai)] (2.11.47)

i

Next we calculate the correlators or green’s function between sites j and k, which in the thermo-
dynamic limit has the exact result:

o
fe = G Ob0) = 205~ T g (211.48)

so that the nearest neighbor and the next nearest neighbor correlators are given by:

1 —1)+1i=G+1)
fj+1,j = §§j+1,j - %]];(]41)(4]0 (2.11.49)
= 7%(1‘1)],1(4]0 (2.11.50)
_ (=
= 5] (2.11.51)

Using the property of Bessel functions that: J_, = (=1)"],(x),where n € Z we get:

fir1= _%]1(4]1}), (2.11.52)
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Figure 2.2: Nearest neighbor correlators for lattice averaged even/ odd site (b:rﬂl;) Vs
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Figure 2.3: Next nearest neighbor correlators for lattice averaged even/ odd site <bj’+2b> vs t]/h. The real
and imaginary parts of <b1++22> are shown.The results are for N =50 (even and odd). The exact results for

an infinite lattice with (U = 0) are also shown in the plot. Simulations parameters: T =5.0,dt =

100, Nsample = 100.
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Figure 2.4: Global density-density correlators: (Re(®)Ro (1))~ <NE( U0 vs t]/h. The results are for N =32 (even
and odd). The exact results for an infinite lattice with (U = O) are also shown in the plot. The agreement is not

as good but can be improved by using larger lattice sizes. Simulations parameters: T = 5.0,dt = 0.005, Np;,s =
100, Nygypte = 100.

which depends on the evenness and oddness of j. Note that this quantity is pure imaginary as well
and so the calculation of the real part should yield zero. This is indeed observed in fig. 2.2. Similarly
the next-nearest-neighbor (NNN) correlator is given by

1 —1)i+24—(+2)
firoj = §5j+2,j_%]j—(j+2)(4]t) (2.11.53)
—1)(=1)/
= —%(i’z)],z(ﬂt) (2.11.54)
= (_21)]],2(4]& (2.11.55)

and in contrast to the NN correlator in eq. 2.11.51, this is a real quantity. The general expression
for the stochastic estimator of the correlators are

i€e or o

R [(6F100)] = lN/z Y /%me] (2.11.56)

and
SARGRN =°l N/2) Y. By ] (2.11.57)
zee or 0

It is important to note that i is either even or odd and does not simply run over the entire lattice.
The last observable which we calculated is the global density density correlator defined in the large
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L limit as:

A A

(Re(D)o(1)) — (Re(t) (Rot)) = —1= {3+ Jo(8]1) — 40402}, (2.11.58)

where Neo(t) = Yicooni is the total number of particles in the even/odd sites. The stochastic
estimator of the first term has to be evaluated as a single expression and one should be careful not
to take the real part of the even and odd terms individually. Namely, we want to calculate the
stochastic average of

((Ne(H)No(t))) =R [ZZﬁjD‘jﬁi“i , (2.11.59)

icejeco

and not
R Zﬁi"‘j] ” [Zﬁm} : (2.11.60)
jce ico
which is instead the stochastic estimator for the second term on the LHS of eq. 2.11.58.

In Fig 2.1-Fig 2.4, we have compared the exact analytic results with PPR simulations for all ob-
servables discussed above. Even though in the non-interacting regime, the SDEs reduce to ordinary
differential equations, stochasticity is still present in the sampling of the initial state and is necessary
to reproduce the exact dynamics. Despite the simplicity of this treatment, it demonstrates excellent
agreement with the exact results while requiring only a small number of trajectories.

2.11.3 The interacting case: U # 0

Needless to say, it would be more interesting to examine the evolution of the Mott state for U # 0.
First of all since such quenches have no known analytic solution, its dynamics have to be determined
either by numerical simulations or experiments (Trotzky et al., 2012). Secondly, it also serves as
an illustrative demonstration of spiking in numerical simulations and the limitations of the PP
formalism. Our results for the odd and even site occupation number are plotted in Fig. 2.5 for a
series of U values ranging from 0.1 — 1.0. The simulation lifetime for each U value is taken as the time
at which the first sign of spiking is observed. Such spiking is expected since the drift terms arising
from the anharmonic contributions in eq. 2.11.26 violates eq. 2.9.1. The appearance of the standalone
single mode anharmonic oscillator: H; = zii+21ii2 is the root of this behavior and several attempts have
been made to circumvent it. These include Monte-Carlo techniques (Dowling et al., 2007), adhoc
modifications to the SDEs themselves (Perret and Petersen, 2011) and the use of a combination of
drift and diffusion gauges (Deuar, 2005). Gauges are arguably the most effective and reliable way for
improving the simulation lifetimes of the single mode anharmonic oscillator. However when coupling
between modes is present, their positive effects are neutralized. See (Deuar and Drummond, 2006)
for a detailed study. From our simulations, we find that that including interactions severely reduces
the lifetimes of the bare PPR simulations and decays exponentially with U as seen in Fig. 2.6. We
also note that the use of log variables or drift and diffusion gauges were unsuccessful in improving
simulation lifetimes.
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Figure 2.5: (n;(t)) vs U for N = 32 site Bose-Hubbard model. Spiking for different interaction strength U, can
be seen in the form of sharp vertical lines.

2.12 The transverse Ising model

In this thesis, we are interested in simulating the quench dynamics of quantum spin systems. As a
test system, we focus primarily on the paradigmatic spin-1/2 transverse Ising model (TIM) (Pfeuty,
1970) defined by:

H=-]Y 58 -nYys;, (2.12.1)
(i,j) i

in 1D and 2D for quantum dynamic simulations, although we have also attempted to calculate the
dynamics of the more general transverse field anisotropic Heisenberg model as well (Ng, 2010). In
eq. 2.12.1, {SA"‘} la=x,z are the usual Pauli matrices multiplied by a factor of % and (7,j) denotes
nearest-neighbour sites. The 1D TIM is an integrable model and can be diagonalized using Jordan-
Wigner transformation (Sachdev, 2011). In higher dimensions however, no known exact solution
exists which makes it dynamics only accessible either by numerical efforts or experiments. Despite
its simplicity, it manifests several interesting dynamical properties (Heyl et al., 2013, Rossini et al.,
2009, Silva, 2008) and its asymptotic temporal properties after a quench have only recently been
calculated (Calabrese et al., 2011, 2012a,b). This is largely in part owing to the shifting interest of
research efforts to that of non-equilibrium phenomena and the successful emulation of spin systems
in optical lattices (Simon et al., 2011, Friedenauer et al., 2008, Porras and Cirac, 2004, Britton
et al., 2012). The publication included in section 2.13 presents our first application of the PPR on
simulating the quench dynamics of transverse field spin systems in 1D. Majority of the derivations
can be found in the paper to follow and explicit details can be found in (Ng, 2010).
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2.13 Paper 1: Exact real-time dynamics of quantum spin
systems using the positive-P representation

Exact Real-Time Dynamics of Quantum Spin Systems Using the Positive-P Represen-
tation

— Ray Ng and Erik S. Sorensen

J. Phys. A: Math. Theor. 44 065305

doi: 10.1088/1751-8113/44/6,/065305

©IOP PUBLISHING, LTD (2011)

Calculations: I performed all the simulations and produced all the figures.

Manuscript: I wrote the bulk of the manuscript. Erik S. Sgrensen helped to refine and edit the
Introduction.

In this publication, we set out to answer the following questions:

e Is the PPR amenable to quantum spin systems in particular: the transverse field spin-1/2 XXZ
and transverse-field Ising model?

e To what extent are we able to simulate the real time dynamics of spin system following a
quantum quench?

e What are the largest system sizes that we can simulate?
e What are the largest time scales that can be achieved (without gauges)?

e What are the causes of the limitations (if any) of the PPR in the context of spin systems?
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Abstract

‘We discuss a scheme for simulating the real-time quantum quench dynamics of
interacting quantum spin systems within the positive-P formalism. As model
systems we study the transverse field Ising model as well as the Heisenberg
model undergoing a quench away from the classical ferromagnetic ordered state
and the antiferromagnetic Néel state, depending on the sign of the Heisenberg
exchange interaction. The connection to the positive-P formalism as it is
used in quantum optics is established by mapping the spin operators on to
Schwinger bosons. In doing so, the dynamics of the interacting quantum spin
system is mapped onto a set of Ito stochastic differential equations the number
of which scales linearly with the number of spins, N, compared to an exact
solution through diagonalization that, in the case of the Heisenberg model,
would require matrices exponentially large in N. This mapping is exact and can
be extended to higher dimensional interacting systems as well as to systems
with an explicit coupling to the environment.

PACS numbers: 05.10.Gg, 75.10.Pq, 75.10.Jm

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The real-time quantum dynamics following a quench [1-15] is a problem of considerable
current interest. Here, our focus is on methods applicable to this problem that are in principle
exact (up to controllable errors) and we leave approximate methods aside. Unfortunately,
standard quantum Monte Carlo techniques yield results in the imaginary time domain and
require an explicit analytic continuation to access real times, a notoriously difficult procedure.
For lattice-based models it is possible to perform exact diagonalization but for an N site
quantum spin system the size of the Hilbert space is exponential in N, severely limiting
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the applicability of this method. In recent years, methods rooted in the density matrix
renormalization group (DMRG) such as TEBD [16] and t-DMRG [17] have been developed to
study real-time dynamics of one-dimensional systems. Most recently the infinite size TEBD
(iTEBD) has been tuned to yield results for the time dependence of the transverse field Ising
model (TFIM) out to relatively large times of order tJ /h ~ 6—10 [18] as well as in the XXZ
and related spin chain models .J /i ~ 20 [5, 9] and often times scales of order #J /i ~ 100 can
be accessed [19]. How well such methods will perform in higher dimensions or in the presence
of a coupling to the environment is presently a point of intense research and very promising
progress has been made [20-23]. Here we investigate an alternative approach for studying
the dynamics of interacting quantum spin systems using quantum phase space methods, in
particular, the positive-P representation (PPR) [24] of the density operator. As model systems
we have studied the one-dimensional TFIM as well as the Heisenberg model. This approach
is quite general and can be extended to higher dimensional interacting quantum spin systems
and to open systems with an explicit coupling to the environment.

In general, quantum phase space methods map the dynamics of bosonic operators onto
the stochastic evolution of complex phase space variables [24]. Using the PPR, we can easily
calculate the expectation values of any normal-ordered products of creation and annihilation
operators by calculating the stochastic averages of their equivalent representation in terms
of phase-space variables. This is carried out in two steps; first we use Schwinger bosons to
replace the Heisenberg spin operators, then employ the PPR. The PPR converts the master
equation into a Fokker—Planck equation (FPE) which can then be mapped onto a set of coupled,
complex Ito stochastic differential equations (SDEs). The number of SDEs to simulate scales
linearly with the number of spins in the system, /V, in contrast to an exact diagonalization
approach.

To illustrate the feasibility of this approach we study the dynamics of the TFIM as well
as the isotropic ferromagnetic (FM) Heisenberg model subject to a quantum quench at 7 = 0.
The different models are related through the anisotropy parameter, A /J. The spin chains are
prepared in the FM state at 1 = 0 whenever we assume a FM Heisenberg model, and evolved
by including the transverse magnetic field term atz > 0. We calculate the time evolution of the
expectation values of the spin operators: [S*], [SY][S?], which is an average of the individual
components over the entire lattice. The averaging is allowed because of the translational
symmetry of the system. In addition, we also calculate the results of S, nearest-neighbor
correlation functions: [S‘f S‘izﬂ] for the TFIM. In order to verify the validity of our results,
we in all cases compare them with results from exact diagonalization obtaining the excellent
agreement.

In a bid to fully take advantage of the PPR, we also attempt to explore finite size effects
by simulating lattice sizes of up to 100 spins for the FM isotropic model and 10 spins for the
antiferromagnetic (AFM) anisotropic model. Finite size effects are more noticeable in the
AFM Hamiltonian, and for the latter the natural choice for an initial state is the classical Néel
state.

Since the PPR is well established in quantum optics, we will relegate the details of the
formalism to appendix A. Readers who are already familiar with the PPR may continue to
section 2 where Schwinger bosons are employed to map the spin operators onto bosonic
operators. The resulting SDEs are derived in this section with more explicit details laid out in
appendic C. In section 3, the results of the TFIM (A /J = 0.0) and the isotropic (A/J = 1.0)
Heisenberg model are compared with exact diagonalization calculations. We also carry out
a brief discussion on the possibility of extending simulation life times by potentially using
the gauge-P representation [25] instead. In section 3.1, we present our results for finite-size
effects in both the anisotropic AFM and the isotropic FM Hamiltonian and discuss our findings.
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Results and a short discussion on the correlation functions can be found in section 3.2. The
conclusion is presented in section 4.

2. Using Schwinger bosons to derive SDEs

The PPR is based on bosonic coherent states and is only directly applicable to Hamiltonians
written in terms of bosonic annihilation and creation operators. In order to apply it to
the Heisenberg model or any spin Hamiltonian, we therefore need to rewrite the spin
operators in terms of bosonic operators. A convenient way of doing this is by employing
the Schwinger boson representation [26, 27] and we will demonstrate how it can be applied
to the Heisenberg model. A similar approach, based on Schwinger bosons, was previously
applied to the study of spontaneous emission non-interacting two-level atoms [28] in quantum
optics.

The Heisenberg Hamiltonian with FM (J > 0) or AFM interaction (J < 0) subject to a
quench in the x-direction at # > 0O is given by

N A A A h, t>0
H=-J) 88 —n))> 3, h(t)={0 fZ0 Q)
.)) i ’

and can be written in terms of the usual raising and lowering operators, S+ = 8§ +i8Y. If we
allow anisotropy in the transverse direction', then the Hamiltonian takes the following form:

g = = 32| 13:55+ 85875, + 38D | - pp0 D87 +8] @
(07} i

where (i, j) indicates nearest-neighbor pairs and A /J is a measure of anisotropy. The two
models which we first examined were the (i) TFIM (A /J = 0):

N A A 1 A A
Hrp = — Z [7885] = 5h) Z [8+57] 3)
(i) i
and the (ii) isotropic Heisenberg model (see equation (2)) with an anisotropy of A/J = 1.0.
The Schwinger boson representation of spins (setting 7 = 1) is given by

St — bat, 5~ — bla, §: — l@'a—0b'b). “

where @ and b represent two types of bosons and the following commutation relations:

[3*.87] — [a'b.b'a] = a'a — b'h — 287,
[8*. 8] — [a"‘ia, %(a"‘a - 13‘*13)] =—a'b — -8, ®
(3.5 > [iﬂa, data - m)] —ba— §

demonstrate that the commutation relations of the spin operators are indeed preserved. This
is a necessary requirement for a successful mapping. With the Schwinger representation, the
two states of a spin-1/2 particle are now described by either an a-boson or a b-boson per site.
A spin-up state: |1) is the same as having a single a-boson whereas a spin down-state: || ) is
the same as having a single b-boson. We can therefore replace the spin operators in equations
(2) and (3) with the bosonic mapping in equation (4) without altering the physics.

' The transverse direction is relative to the quantization axis which we have taken to be the z-axis.
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As the PPR is well established?, we will relegate a brief review of the formalism to
appendix A. Additional technical details pertaining to the specific examples in this paper can
be found in appendix C. For brevity we will present the derivations for only the TFIM (see
equation (3)) where A /J = 0.

Using equation (4), the equivalent bosonic Hamiltonian for the TFIM is given by

. J b A At At A gt N N PR ria
H=—-=>"(alaala; — ala;b'h; — blb:ala; + blbibih;) — (h(t) > alb; + bja,») . (6
(i,J) i
Now if we take our system to be closed, its dynamics can be captured via the master
equation for the density operator, i.e.

d . i

a’="n
which allows us to use a generalized prescription of the PPR. In principle, it is also possible
to calculate open system dynamics by including a Liouvillan term in equation (7): L[p],? and
so this approach is by no means limited to closed system.
To proceed, we first write our density operator in terms of a direct product of projection
operators for each site, i.e.

[71.7]. ™

loei) {e™ | 1Bi) (B

N—1
INCA-A- N K

ilg 3

i=0 (o exi) (BB ®)

where & = (ag,...,an—1), a@* = (af,....a%_), B = (Bo, ..., By_1) and B+ _
B, -, By_y) sothat

p= [ P@a B EIAG.E B BOCaET R ©)

‘We can then use the usual correspondence relations (see equal}ion (A.3)) to obtain an FPE (see
equation (A.4)) for the PPR distribution function: P (&, a*, 8, B*). A particular factorization
of the diffusion matrix results in a noise matrix which gives us a set of Ito SDEs for 4N of our
phase space variables, i.e.

i 3 . 10)
do; = {Eai [(nm — )+ (o — n?—l):l * > ,B,-}dt

1

[iJ
+ 5 lth [—xxoe,‘oz,»ﬂ (de + idW§i+1) — /oo (dW;-_z — ldWZ_l)]

i .J «, . o, o .
+ %‘ / 1271 [—‘/oc,ﬂ,»_l (@AW, +idWeP ) — Jai B (AWEY —idwl®| ] (10)

iJ o o ih(t)
dg; = {E'Bi [(nfirl —ni)+ (n{il — n,._])] + o oz,-}dt

1 [i7 . .
+ 7‘/1271 [—‘/ﬂ,«ﬁm (@WE +idWE ) — /BB (WE_, — 1dW2€_l)]

2
i .‘I o, . o, o . o
435 [V B @Ws —iaWsh,) — Ve 1B (WS, +iawhe) ] an

2 See [28-33] for successful applications of the PPR.
3 The Liouvillian term models the effect of the environment on the system.
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nf) + () —ni 1)] lh(t) i}dt

iJ
ot = { ot [, -

i [i7 R v
*t3 ﬁ[ — ol (dwsi +idWs,) — Jofaf  (dW5_, — idws_)]
1 [i7 B " -
*t3 ﬁ[ Y, af By (W5 5 +1dW2i—ﬂl V% z+1(dW2ﬂ, _ldW£+1 )] a2

L (i, . ih(r)
ag’ = {E:Bi [( iy — l+l) (niy lﬁfl)il o Y }df

i [iJ / . + / + . +
+2 2h[ ﬂ lBt+1(dW2ﬁ; +1dW2ﬁ;+l) - ﬂt‘FIB:——l(dWZﬁ;—2_ldW2ﬂl—l)]
\/ VA [+1ﬂ+(dwa - ldW;fi ) — V af B (d Wﬂ az +1dW£—1 )] 3)

where i =0.
B

i

— 1 labels the vector components and we have defined n{ = o} «; and
n; = BfBi, Wthh are complex phase space functions representing the number of a and

b-bosons (per site i), respectively. With this particular choice of noise matrix, we have
introduced eight 2N x 1 Wiener increment vectors with the usual statistical properties

that (dW,?‘dW}’) = dr§,,8;; and (dWS) = 0, where i =
ot B* labels each Wiener increment vector. We would like to

a,at, B, B*, Ba,af, Bra*t

..N — 1 and x,y =

point out that the subscript labels of the Wiener increment vector are not unique and the

labeling scheme* was chosen simply for convenience (see appendix C).

2.1. Inclusion of anisotropy

Had we begun with the full anisotropic Hamiltonian in equation (2) instead and carried out
the same steps as in section 2, it would have been shown that anisotropy is included by adding

the following expressions into the drift terms of equations (10)—(13):

iA
do; ~ +E,3i(mi—l +m;yp)dt

iA
dg; ~ +—oz,(m _ +m

271 1+1) dt
daf ~ ,713 (mj_, +m},)dr
iA
dag’ ~ —ﬁoﬁ(m, L +mi)de
where the following shorthand m; = o; 8},

14

(15)

(16)

an

m] = o} B; was used. For the stochastic terms,

however, only the mixed derivative diffusion terms (i.e. those containing o8 and o*g*) are

modified in the following way:

doy ~ +3 |50 [ VTP — 28R (... ) = V@i

YRy X )] 18)

4 Note that with the inclusion of periodic boundary conditions: o1 — ay—1 and oy — 9. However, since there
are 2N x 1 Wiener increments, then it is periodic in 2N instead. For example dW*, = dW5,,_, and dW3,, = 0.

o4
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dp; ~+5\ )50 [~VIBien = 28Bie (.o = VIR —28efii 0] (19)

dort ~ +% /% [—\/Jﬁ,.tla; —2ABfal (... ) = Bl — 2808 BT )] (20)
dp; ~+3\/ 5= [—\/ IBFo = 207 of () =\ IBTal — 20af Bl )} @n
where the termsin (... ... ) represent the same Wiener increment combinations as in equations

(10)—(13). The Ito SDEs we have derived are able to describe other types of spins models
such as the XY model and the XYZ model (to name a few), just by adjusting or including
a few parameters. For the last two cases, we would have to take a trivial generalization in
the derivations by introducing two different anisotropy terms in equation (2). An informative
review article on the the quantum quench dynamics of other variants of the Heisenberg
Hamiltonian using other numerical methods can be found in [9].

3. Results and discussion

To test our formalism, we first simulated the FM (J > 0) spin Hamiltonian for the TFIM
(A/J = 0) and the isotropic Heisenberg Hamiltonian (A/J = 1.0) in equation (2) for
high (h/J = 10) and low (h/J = 0.5) field values. This was compared to results from
exact diagonalization calculations using a small system with N = 4 spins. The Stratanovich
version of the SDES? in equations (10)—(13) were simulated using a semi-implicit Stratanovich
algorithm as they are known to exhibit superior convergence properties [34]. To track the
dynamics of the system, we calculated the expectation values of all three spin components at
eachsite i: (S7), (S7), (S7). Using the translation symmetry of the system, we further averaged
them over the entire lattice to obtain an average expectation value of the spin components per
site: [S*], [S”], [S?]. These expectation values were calculated using the stochastic averages
of their respective phase space functions, i.e.

[5]- Y (3@ +bian) = ({5 + i), @)
(571 = 3 (5@l 51a)) = 3 (5 e — ). e

(af i — ﬂfﬁi)», 24
i=0 i=0
where ((-)) denotes a stochastic average.

The initial state of the system was taken to be the classical FM state: | 11 ... 1) and the
dynamics were observed for ¢t > 0 during which a transverse field is turned on. The results
for the TFIM are shown in figures 1 and 2 for different field strengths while the results for
the isotropic (A /J = 1.0) model are shown in figures 3 and 4. Both models show a good
agreement with exact diagonalization calculations.

S The Stratanovich correction terms worked out to be zero and hence the Stratanovich form of the SDEs from
equations (10)—(13) have the exact same form as the derived Ito SDEs.

6
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Figure 1. TFIM following a transverse quench. From top to bottom: plots of [S*], [SY], [S?]
versus tJ/h, respectively. The stochastic averages, ((-)) are given by red solid lines while
exact diagonalization results are represented by green dashed lines. Simulation parameters:
N = 4, nyyj = 10°, dr = 0.001, h/J = 05, A/J = 0.0. The agreement remains good until
approximately #J /h = 0.6.
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Figure 2. TFIM following a transverse quench. From top to bottom: plots of [S*], [SY], [S%]
versus tJ/h, respectively. The stochastic averages, ((-)) are given by red solid lines while
exact diagonalization results are represented by the green dashed lines. Simulation parameters:
N =4, nyyy =2 % 105, dr = 0.001, h/J = 10.0, A/J = 0.0. Agreement remains good until
approximately tJ /h = 0.65.

7

56



Ph.D. Thesis Ray Ng; McMaster University Condensed Matter Physics

J. Phys. A: Math. Theor. 44 (2011) 065305 R Ng and E S Sgrensen

0.5 p———==—e—e T

0.495 | i

Ej

0.49 N B

0.485 ; ; ; 1

8"

0.04 | B

tJ/h

Figure 3. Isotropic Heisenberg model following a transverse quench. From top to bottom: plots
of [S*],[SY],[S?] versus tJ/h, respectively. The stochastic averages, ((-)) are given by red
solid lines while exact diagonalization results are represented by green dashed lines. Simulation
parameters: N = 4, ny,j = 10°, dr = 0.001, h/J = 0.5, A/J = 1.0. The agreement remains
good and both results are nearly indistinguishable. The simulations diverge at approximately
tJ/h = 0.45.

The only drawback of the PPR is that the simulations are usually valid only for relatively
short lifetimes (roughly #J /i ~ 0.45-0.65 for the models examined) before sampling errors
caused by diverging trajectories take over. In figure 1 for example, the onset of the effects of
diverging trajectories can be seen at around ¢ J /i1 ~ 0.58 where a deviation of the SDE results
and exact calculations begin to appear. However, for the time scales where the simulations
remain finite, it does yield good results.

One should not be alarmed as this is a common problem associated with using the PPR
and can be attributed to the nature of the SDEs derived and not due to a non-converging
numerical algorithm [35—-37]. In fact, Deuar [38] examined this issue when applying the PPR
to the exact dynamics of many-body systems. If we abide by Deuar’s findings strictly,
we see that there are no drift and noise divergences present in the SDEs in equations
(10)—(13). However, we suspect drift terms of the form ~ iX,»[( Fnaf, nfgﬂ) + (n[?'_1 +
nf:,)], where X; = «;, ai*, B, B* can be problematic. This is because if we take into
consideration the translational symmetry of the system, then we can approximately say
that

iXi[(Fnia + ”f+1) +(F i, = ”?—1)] ~ 20X (Fnf £ "lﬂ) (25)
which now clearly exhibits offending terms [38] that cause trajectories to escape to infinity,
since dX; ~ Xl2 [---1dt +---.

The gauge-P representation [25, 37-40] was developed to specifically deal with such drift
instabilities. In the gauge-P representation, arbitrary gauge functions, {gx} can be introduced
into the SDEs whose effect is a modification of the deterministic evolution. This can be done
at the expense of introducing another stochastic variable (£2), in A, which manifests itself as

8
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Figure 4. Isotropic Heisenberg model following a transverse quench. From top to bottom: plots
of [S*],[SY],[S?] versus tJ/h, respectively. The stochastic averages, ((-)) are given by red
solid lines while exact diagonalization results are represented by green dashed lines. Simulation
parameters: N = 4, ny,j = 10°, dr = 0.001, h/J = 10.0, A/J = 1.0. The agreement remains
The simulations diverge at approximately

good and both results are nearly indistinguishable.

tJ/h = 0.45.

a weight term when calculating stochastic averages. To be more specific using the gauge-P

representation [25], the Ito SDEs are altered such that

dOli = (A;L — ngjk) de

dQ = Q(Vdr + g dWp),

(26)

@7

where summation over k is implied and V'is the constant term that may appear after substituting

the correspondence relations into an equation of motion for p.

The gauge-P representation has been very successful in simulating the dynamics of many-
mode Bose gases [41—43] partly because such systems result in neat diagonal noise matrices
that are easier to handle as seen in equation (26). However, it is evidently not as straightforward
to apply it in our case as we have a much more complicated non-diagonal noise matrix. The
true complication arises when we attempt to calculate Stratonovich correction terms as it is
the Stratanovich version of the SDEs that are simulated. We believe that the application of the
gauge-P is possible in principle but requires a bit more thought for Heisenberg systems when

using the Schwinger boson approach.

3.1. Finite size effects

The main advantage of the PPR is the linear scaling with the number of spins, N, as compared
to the exponentially large matrices needed for an exact solution. We first demonstrate the
capabilities of the PPR at simulating large system sizes by showing results for the FM

isotropic Heisenberg case at a field value of h/J

a8

10, prepared in the initial FM state

9
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Figure 5. Isotropic Heisenberg model following a transverse-field quench atzJ/h = Ofromh/J =
0.0 to &/J = 10.0, beginning in the FM ground state: | 11 ... 1). FM interactions assumed:
sign(J) = +1. From top to bottom: plots of [S*], [SY], [S*] versus tJ/h, respectively. The

stochastic averages, ((-)) are for N = 4: (—l—), N = 10: ( ), N = 100: (—&—),
while exact diagonlization results for N = 4 are represented by the black solid line. Simulation
parameters: nn—? =103, n{h='" = 2 % 10, n{3=1 = 5 x 10*, dr = 0.001, A/J = 1.0.

The agreement remains good and finite size effects are negligible. The simulations diverge at
approximately tJ /h ~ 0.45.

as in figure 4. As expected, we do not observe any finite size effects within the life time
of the stochastic simulations. Even with a chain consisting of 100 spins (figure 5), the
dynamics exhibited are similar to that of a 4-spin chain. The simulations are compared
against the exact diagonalization results for an N = 4 system and exhibit identical real-time
evolution of the spin components for a 1D chain with FM interactions, i.e. finite size effects are
negligible.

This is not the case for a 1D AFM (J < 0), however. A quantum quench in this model
with 2 = O starting from the Néel state has previously been extensively studied [5]. In order
to verify that in our approach finite size effects do exist, we performed N = 4 and N = 10
exact calculations for the anisotropic AFM with different values of anisotropy: A/J. Two
sample exact calculations are shown in figures 6 and 7, respectively, for A/J = —0.8 and
A/J = —1.5 for low field values of #/J = 0.5. For the AFM Heisenberg Hamiltonian, the
system is initialized in the classical AFM Néel state: | 1] ... 1]).

An immediate observation is that increasing the value of A, reduces the time, #fpite, Which
we define as the time that significant finite size effects are noticeable. A natural progression
to make in order to take advantage of the SDES we have derived, is to increase the value A /J
till Zfnite < tiife, thereby allowing us to explore the finite size effects of macroscopically large
systems.

10
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Figure 6. Anisotropic Heisenberg model following a transverse-field quench at tJ /A = O from
h/J = 0.0to h/J = 10.0, beginning in the AFM Néel state: | 1] ... 1)). AFM interactions
assumed: sign(J) = —1. From top to bottom: plots of [S*], [SY], [S*] versus tJ /i, respectively.
The exact calculations for the N = 4 (solid black lines) and N = 10 (dashed red lines) are
compared. We observe ffinite J /i ~0.8 for A/J ~ —0.8.
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Figure 7. Anisotropic Heisenberg model following a transverse-field quench at ¢tJ /A = 0 from
h/J = 0.0 to h/J = 10.0, beginning in the AFM Néel state: | 1] ... 1]). AFM interactions
assumed: sign(J) = —1. From top to bottom: plots of [S*], [S¥], [S*] versus tJ /h, respectively.
The exact calculations for the N = 4 (solid black lines) and N = 10 (dashed red lines) are
compared. We observe fnie J/ /i ~ 0.5 for a given anisotropy of A/J ~ —1.5.
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Figure 8. Anisotropic Heisenberg model following a transverse-field quench at ¢tJ /A = 0 from
h/J =0.0to h/J = 10.0, beginning in the AFM ground state: | 1] ... 1]). AFM interactions

assumed: sign(J) = —1. From top to bottom: plots of [S*], [S¥], [S*] versus tJ /h, respectively.
The stochastic averages, ({-)) are for N = 4: (—Il—) and N = 10: ( ), while exact
diagonalization results are for N = 4: (black solid lines) and N = 10: (—&— ). Simulation

(N=4) _

parameters: Miraj = 10°, n‘(rlvzqzlo) = 105, dr = 0.001, A/J = —0.5. The agreement remains

good and finite size effects are unnoticeable up to rJ7 = 1. The SDEs diverge at tjite J /i ~ 0.48.

We observe finite size effects through the same observables as in equations (22) to
(24). However for the initial Néel state, it is more meaningful to take into consideration the
alternating sign of spins when calculating the averaged spin components®, i.e.

[57] = Af <%(ai b + B}a;)> = % <<%(a7ﬁ,~ + ﬁ,»*oe;)>>, (28)

i=0 i=0

N—1 1 ) ~ N N—1 ) 1
[s]=2_ (5(—1>'(&3b,- - bja,-)> => (=1 «E(arﬁi - ﬂ:a,»)>>, 29)

i= i=0
and

N—1 1 o . N—1 . 1
[s7] = ;(5(—1) (ala; —bib,-)> = ;(—1) <<§(a, o — f; ﬁ,;)>>. (30)

Increasing A /J however has the adverse effect of decreasing ;s significantly. Thus, while it
is possible to simulate macroscopically large system sizes, we find that the SDE simulations

diverge much sooner than #j,i. Figure 8 (A/J = —0.5, h/J = 10.0) reinforces our claim
that #4,e decreases with A /J as no finite size effects are observed up to ¢tJ /i = 1, in sharp
comparison to figure 6 (A/J = —0.8) and figure 7 (A/J = —1.5), albeit for #/J = 0.5.

© Note that there exists an exception. There is no need to account for a sign change for the observable: [S,].
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Figure 9. Anisotropic Heisenberg model following a transverse-field quench at tJ /A = O from
h/J = 0.0to h/J = 0.5, beginning in the AFM ground state: | 1| ... 1]). AFM interactions

assumed: sign(J) = —1. From top to bottom: plots of [S*], [SY], [S*] versus tJ /h, respectively.
The stochastic averages, ((-)) are for N = 4: ( )and N = 10: (——), while exact
diagonalization results are for N = 4: (black solid lines) and N = 10: (—l—). Simulation
parameters: n[(rl,vdjj” = 100, n:::j:m) = 10°,dr = 0.001, A/J = —0.8. Finite size effects are

unnoticeable at fife J /I ~ 0.4.

Our last effort to observe finite size effects was to increase A /J to —0.8 with hopes that
hife > tfinite- AS seen in figure 9, our simulations do not survive beyond fgnie. Since fapice
depends on the anisotropy A /J, increasing the system size while possible will result in #jre of
the same order. In general, we find that increasing A /J will decrease tire as well as fgpie SUCh
that fiife < ffinite always holds true. This thwarts our efforts to examine finite size effects for the
AFM case. Furthermore, we find that using an initial Néel state results in poor convergence
for the observable: [S*] as seen in figure 8 (and even more so in figure 9) compared to an
initial FM ground state and it is likely that we have used an insufficient number of trajectories
in our simulations. Nevertheless, we have demonstrated the applicability of the PPR to AFM
systems.

3.2. Nearest-neighbor correlation functions

Correlation functions are generally of greater interest seeing as they are experimentally
accessible quantities. In order to demonstrate the applicability of the PPR in this respect,
we calculate the nearest-neighbor spin correlation functions for the z-component, which is
defined as

e 1 sy ({0 = D) (g — )
(8755, = 3 Piom) 'N’“> =12 i = » 31

i=0 i=0
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Figure 10. TFIM following a transverse-field quench at J /A = O from 2/J = 0.0to h/J = 0.5
(top) and 1/J = 0.0 to h/J = 10.0 (bottom) beginning in the FM ground state: | 11 ... 11).
FM interactions assumed: sign(J) = 1. Plots of [Sf S’fﬂ] versus tJ/h, respectively. The
stochastic averages, ((-)) for N = 4 are represented by solid red lines (—&—) while the

averages plus and minus one standard deviation are presented by (—ll— ) and ( ) lines,
respectively. Exact diagonalization results are given by dot-dashed black curves. Simulation
parameters: nj = 10°dr = 0.001, A/J =0.0.

where periodic boundary conditions apply and as before the following shorthand has been used:
n¥ = of oy, nf‘ = B} Bi. Our calculations in figure 10 compares the stochastic averages of
correlation functions with the results from exact diagonalization. It is because the correlation
function shows poorer convergence than the spin components that we include error bars for
this calculation. Error bars can be calculated from a simple binning analysis of the trajectories
and applying the central limit theorem [32]. It is not surprising to find poorer convergence
for the correlation functions since they amount to higher order moments of the complex phase
space variables. Due to the noise terms in the SDEs, the phase space variables are exponentials
of Gaussian random numbers which are known to diverge sooner for higher moments.

4. Conclusion

‘We have shown how the real-time quantum quench dynamics of spin systems can be simulated
via the use of SDEs. This was done by writing the Heisenberg spin operators in terms of
Schwinger bosons and deriving a Fokker—Planck Equation using the PPR for the density
operator. This in turn allows us to obtain Ito SDEs which can be used to calculate the
expectation values of normally ordered bosonic operators. An attractive feature of this
prescription is that the number of SDEs scale linearly as N and can in principle be used
to simulate macroscopic system sizes. In addition, our method is generalizable to higher
dimensions and other geometries as well and explicit couplings to the environment can be
included.
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The main drawback of the PPR, however, is its notoriously short life time which prevents
us from obtaining useful results beyond a certain time: #¢. For the TFIM and the anisotropic
Heisenberg model, we found a bare application of the PPR to have #js.J /i ~ 0.45-0.65. We
suspect that this is due to drift instability terms present in the SDEs that cause trajectories to
diverge within this time scale.

We also attempted to explore finite size effects which were more significant for the
anisotropic AFM Hamiltonian beginning in the classical Néel state. For the FM case, no finite
size effects were observed even for a lattice size of 100 spins within its lifetime. We find that
the more negative the anisotropy parameter in the AFM Hamiltonian, the sooner finite size
effects are observed, i.e. ts,e decreases. However, this has the adverse effect of decreasing
hife such that fjjfe < tanie for the simulations that we have carried out.

Finally, we would like to point that in cases where the underlying Hamiltonian has
conserved properties, such as the models addressed in this paper, then it could be advantageous
to use projection methods instead [44, 45]. This ensures the use of a more efficient basis set
which will lead to improved simulation performances. In particular, there exists the PPR
approach which uses the SU(n) spin coherent states [46] as a basis set instead.

An obvious future direction of our research involves applying the gauge-P representation
in a bid to extend simulation life times and to examine the efficient of the other methods
suggested above. Also the study of systems in higher dimensions with and without couplings
to the environment would be of considerable interest.
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Appendix A. The positive-P representation

In this section, we will review the PPR [24] that has been applied to both quantum optics
[28-30] and exact many-body simulations of Bose gases [33, 47—-49] successfully. The PPR
is already well established and our aim for including this review is simply to provide a
self-contained paper for readers who are not as familiar with it.

In short, the PPR is an expansion of the density operator in terms of an off-diagonal
coherent state basis:

lor) (™|

dad®a (AD])
(a** o)

p= / P(a,aMHA(a, ™) dPad’e™ = / P(a, o)
where |a) = e slaf 220:0 %’ |n) is the standard bosonic coherent state [S0] that are eigenstates
of the annihilation operator a. P(a, a*) plays the role of a distribution function in the phase
space spanned by {«, «*} and can be chosen such that it remains real and positive. In addition,
due to the normalization factor in the denominator of equation (A.1) and using the fact that
Tr[p] = 1, we see that

/ Pa, o) dad?a™ =1 (A.2)
i.e. the distribution is normalized over the entire complex phase space. Simply put, we can

interpret P (o, ™) as a probability distribution function for the variables « and «*, hence the
name positive-P.
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A hallmark of the PPR is that the off-diagonal projection operators, A (o, a*) satisfies the
following correspondence relations:

aA =al
R 3\ <
atA = (w + %) A (A.3)
Aat = oA
- 3\ -~
=|oa+ A,
Ja*

which allows us to map complicated operator equations consisting of bosonic annihilation
and creation operators onto differential equations of phase space variables «, ™. The
correspondence relation is typically used in an equation of motion for p, which after integration
by parts and ignoring of boundary terms allows us to obtain a FPE:

IP(E)
ar

= 13 9 - - .
{ 8xl‘A (x)+28x“ ava (x)}P(x), n,v=0...N —1, (A.4)
where X = {a, a*}, A* is called the drift vector and D"V is called the diffusion matrix (which
is symmetric and positive semi-definite by definition). Due to the doubling of phase space,
the diffusion matrix is guaranteed to be positive semi-definite [24]. This then allows one to
convert the FPE to a set of Ito SDEs proportional to the number of bosonic modes of the
system, i.e.

dx* = A*dt + B*dW®, p=0...N—1,v=0...Ny, (A.5)

where dWV is a vector of Wiener increments with V,, components and B*" is a noise matrix
that must satisty the factorization

D = BB’. (A.6)

This factorization is not unique and any noise matrix that satisfies equation (A.6) will produce
the same stochastic averages in the limit of an infinite number of trajectories. This ambiguity
in the choice of B may affect the performance of stochastic simulations [36, 38].

Since D = D7, an obvious factorization to use would be the square root of the diffusion
matrix, i.e. B = +/D, which is easily accomplished by using common mathematical software
such as Matlab or Maple. While this is the most convenient procedure, it does not necessarily
produce the most elegant noise matrix. On the other hand, it is possible to decompose a single
diffusion matrix into different diffusion processes [38]: D = D; + D + D3 + - - - that may be

more easily factorized, i.e. the factorization D; = BiB;r is trivial. Using this procedure, an
equivalent noise matrix that also results in D is given by
B=[B;1B;B3...]. (A7)

Despite possibly taking on a more elegant form, equation (A.7) introduces N,,(> N) Wiener
increments and with that the possibility of larger sampling errors. So we see that there are
advantages and disadvantages of the two factorization methods.

The convenience in using the PPR is in calculating the expectation values of normal-
ordered operators as they can be replaced by simple stochastic averages over their
corresponding phase space functions. The equivalence is as follows:

(@H™@"y = (@)™ (@)")) (A.8)

where (-) is the usual quantum mechanical expectation value and ((-)) represents an average
over stochastic trajectories. In the limit that the number of trajectories goes to infinity, we get
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an exact correspondence, although an average over 10*—10° trajectories usually gives good
agreement’ before sampling errors cause divergences [35].

The main downside of the PPR is its notoriously short simulation life times. This is
typically caused by instabilities in the drift or diffusion term [25] that cause trajectories to
diverge in a finite time, when a finite number of trajectories are used to calculate expectation
values. That being said, the PPR is best used for systems where the interesting physics occur at
short timescales. Nonetheless, this does not deter us from our our current aim of demonstrating
the possibility of simulating real-time spin dynamics using SDEs, even if only for short times.

Appendix B. Initial distribution

An important point in simulating SDEs would be using the right initial values for the phase
space variables, o, «*. For any density matrix, a particular form of the positive-P distribution
function [24] that always exists is given by

1 PR
Pla,a®) = —((@+ @)")/2pl(+ @))/2) el @A (B.1D

It has been shown in [51] that using equation (B.1), it is possible to initialize the phase space
variables for a variety of initial states such as: coherent states, Fock states or crescent states
to name a few. Of interest to us is the initial positive P-distribution for number states: |n)(n|
which takes the form

e P r(u n+ 1)
- ,

P(p,y) = (B.2)

where

—chn—l

I'(x,n) = =D (B.3)
is the Gamma distribution. Our phase space variables are related to y and p via the relation
o =p+yand ot = u* — y* and so by sampling y and p using the appropriate distribution
functions in equation (B.2) (i.e. gamma distribution for © and Gaussian distribution for y),
we can invert them to find the numerical values for o and o™ that represents the Fock state
|n){(n|. Although, we have only outlined the steps for initializing the distribution of a Fock
state, more explicit details can be found in the useful article in [51].

While in this paper, we initialize the system in either the FM ground state or the AFM, it
is in principle possible to initialize the system in a general entangled state, which is described
by the following density operator:

1
p = il 1) +wol 1)) (T w1 +{{ Two) , B.4)

where N = w? + w? and wo and w; represent the probabilities of the entangled state being
spin down and spin up state, respectively. Or in the language of & and b bosons:

1
p = (wrl1.0) +wol0. 1)) ({1, 0wy + (0, T]wp). (B.5)

The general entangled state is of interest as it is the ground state of the random field Ising
model (RFIM), which our formalism is also able to address. Substituting equation (B.5) into

7 This is just a general observation of the number of trajectories used in different articles when applying the PPR.
See [28, 29, 33] for example.

66



Ph.D. Thesis Ray Ng; McMaster University

Condensed Matter Physics

J. Phys. A: Math. Theor. 44 (2011) 065305

R Ng and E S Sgrensen

equation (B.1), the coherent state basis results in the following expression for the probability

distribution:
1 e v
P Yas W3 v3) = 3 [wor(maﬁ < 5(#,3) +wid(ua)T (Ipngl?, 2)
el ) e lval e—wz|u<| e vl
Wow) < |nal b 2cos2n) |,
b4 b4 b4 T
where pg = |pal €00 = |ug| € and pp = |l O = |pg| SE,
have made a similar change of variables as above, i.e.
o+ (ah)* a — (ah)*
Mo = ——F—> =5
By B
B 2 ’ B 2 .

—Iyﬁl

(B.6)

Note that we

B.7)

The PPR based on the SU-(n) coherent states [46] seems more tailored to dealing with
superposition states, as they can be more easily initialized with delta functions.

Appendix C. Fokker-Planck equation for Heisenberg Hamiltonian

If we were to apply formalism outlined in appendix A, we obtain the following FPE for the

TFIM in equation 3):

aP@, a*, B, BH o « ih(1)
—_— = Z 80{, o [(”i+1 - nfn) + iy — n{;—l)] + b Bi
9 iJ lh(l‘)
- 80{_4. {Ea:r [( iy — 1+l) ( ni_1— 171)]
d o lh(t)
8/3 { ’8’ [( l+l - l+l) ( zfl _nifl)]-'- 2h Ol,'}
9 . . 1h<r)
8,8* { B; [( i+l — "f+1) +(nf, —ni_ 1)] of
(Y 82 N 82 32 .
2 4n a()l,' 80{,»+1 didix 80[,'_,_1 80[,' s 80{+8(X’+l %i i
82 82 32 2
— i Piv1 + iPi+1 —
 Bat0ar N BB 0B PP apap, P T aprapr, P
32 32 a2 2
o g B B S B+ B+ ol B
o ap T T daf o, T T ot et T T o, 08!
82 32 82
8,3+ ;,_+1 i+1,8i aaiaﬂi+1 al,BtJrl 3ﬂi+|3a, at,B1+1
82 32 > o
— % pBi mBi| ) Pa,ab, B, Y, C1
b 0B P T g, “P D @an 650 D

where we have already carried out an integration by parts and assumed that boundary terms
vanish. By inspecting equation (C.1), the diffusion matrix (which is a 4N x 4N matrix) has
matrix elements that are specified by the functions associated with their derivatives.
Obviously, calculating the noise matrix is not a trivial task and comprises the bulk of
the analytical work. Instead of simply taking the straightforward B = /D choice, we used

18
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the trick mentioned in appendix A and decomposed our diffusion matrix into eight different
constituents, i.e.

D = D* +D? + D* + D" + DA* + DY + DF'®" L DF" (C.2)

where the obvious choice for these constituents would be

iJ
(Da)i,iH = D41, = Eaiaiﬂ
iJ
D) i1 = D)1 = —BiBi
( ),+l ( )+l, 471'8'8“
. . iJ
D" )jiv1 = DY )ig1,i = —Ea;'oc,ﬁrl
5 4 o,
(D )i,i+1 = (D )i+1,i = *Eﬂi /3,'+1
iJ
DP9, v = DP)ipr; = —Eﬂliﬂm
iJ
D) 101 = DP)ip1; = _E,Biaiﬂ
o - o,
D" )iz = D )1, = Pl Bi
g g o,
D 7)1 = D7 )1, = P

The idea is that instead of factorizing one complicated diffusion matrix, D, we can instead
factorize eight relatively simpler looking noise matrices, i.e. solving BX (B¥)? = D*. To make
things slightly more transparent we will write out the general form for the first constituent, i.e.

X =

B 0 e 711231 0 cee TN 7

a1 0 a0 0
0 oo 0 0 0 0 O

iJ
a::Th 0 0 (C.3)

oN_100 0 0
0 0 0 o0
0 0 0 o0
i 0 0 0 0]

where 0 represents an N x N null matrix. If it were possible to find B* for all x, then the total
noise matrix takes the form of equation (A.7).

Unfortunately, using the obvious choice +/B* would still be messy and it would appear
that we have not made things any easier. However, we can apply the same trick once more
and decompose each D* into N subconstituents: {D}, j =0...N — 1}. Once again taking
the x = o matrix as an example, the intuitive way of choosing the subconstituents is

D* =D§ +D§ +---+D%_, (C.4)

19
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0 ooty ... ... O 0 0 R
a0 0 0 0 a0
i — L, . .
“a| ‘ ' | Ta | e
0 0 0 0 0
0 B N 0 712 2 A
0
+iJ : : (C.5)
(7 T 2 0

where the only non-trivial matrix elements of Dj?‘ are given by
o o iJ
D)iis1 = D )iv1,i = a7, Qi (C.6)

Each subconstituent diffusion matrix D} can then be individually factorized. This reduces the
original problem to the much more trivial problem of factorizing matrices of the following

form:
, 0 X
D _|: X 0 ] (C.7)

for which we can easily show that either

p_| VX2 —ivX/2 (C.8)
| VX2 X2 :
or
p_ [ VX2 iVx2 o)
| VX2 —iJX2 :

satisfies the necessary relation in equation (A.6). Now, granted that the decomposition for
each DY exists, we can write equation (C.4) as

D* =B (By) +BY (BY)  +---+BY_, (B&_ ;)" (C.10)
so that according to equation (A.7), the total noise matrix for D* takes the obvious form:

B =| By B{ ... Bf ... BY, (C.11)

obviously satisfying equation (A.6), with the only non-zero elements being:
o 1 /iJ
(Bj )j_zj = 75 E\/O‘ja.f“
o i [iJ
(Bf) ) 2y = —3 27, VI %in1

. 1 [iJ

(Bj )j+l,2j = 75 E./C(jclj-ﬂ
. i [iJ

(Bj )j+1,2j+1 = 2 Evajajﬂ’
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where j = 0... N — 1. As an explicit example, the N = 4 case of equation (C.11) is shown
below:
—Jaoa;  —iJapga 0 0 0 0
— /XU +ia/0l()0l1 — /1o —iA/OlllJtz 0 0
BOt o i 0 0 — /10 i,/(X](Xz — /0203 —‘L/(XQ(X3
- h 0 0 0 0 — /0203 1,/0003

0 0 0 0 0 0
(C.12)
— /U3 —ia/Ol()Ol:;
0 0

0 0
— /X003 +i~ /O3 (C]3)
0 0

which is an 4N x 2N matrix with most elements being trivial. This noise matrix would
therefore introduce 2N independent Wiener increnlents (see equation (A.5)) can be stored as
the components of the Wiener increment vector: dW*. In this fashion, the noise terms for the
SDEs in equations (10) to (13) can be derived. If we label dW¢ in the conventional way® then

awe
awy

dw® = : , (C.14)

awg,_,
and the resulting stochastic terms only contribute to da, i.e.:

do; o — /o (AWo; +1dWoigg) — oo 1 (dWoi 2 +1dWoi—y),  (C.15)

where we assumed ‘periodic boundary conditions’ for the Wiener increment vectors in the
sense that dW_; = dWy_; wherei € [0, N — 1].
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CHAPTER 3

SPIN COHERENT STATES

3.1 DMotivation

A central requirement when using the PPR is an overcomplete basis. In our first look at simulating
spin dynamics, we utilized a bosonic coherent state basis that was made possible by implementing
a Schwinger Boson transformation (Sakurai, 1993). This choice was primarily used for historic
reasons and while successful, produced relatively short simulation lifetimes. In addition, introducing
two independent Schwinger bosons per spin resulted in a phase space with 4N complex degrees of
freedom instead of the usual 2N. An obvious extension and possible improvement for this technique
was to investigate the use of SU(2) spin coherent states (SCS) basis (Radcliffe, 1971) instead which
is a more intuitive choice for spin systems. Furthermore, since it is parametrized by a single complex
variable, it immediately reduces the complex degrees of freedom to 2N as desired. This new basis
was previously used to simulate the imaginary time dynamics of the 2D classical Ising model (Barry
and Drummond, 2008) and has recently been used to simulate the real time dynamics of a Dicke
Network (Mandt et al., 2014) - an N interacting large spin system coupled to a single mode cavity.
The effects of dissipation of both the spin and bosonic degrees of freedom were also considered in
the latter work. At the time that this research was carried out, we were unaware of any other PP
real time simulations that utilized a SCS basis.

A straightforward application of the PPR (even with this new basis) while interesting, would in-
evitably inherit the usual limitations of short simulation life times as discussed in section 2.9. Be-
yond this time scale, no meaningful results are obtainable and some optimization procedure is clearly
essential. In 2012, Deuar (Deuar et al., 2009) once again made headway in optimizing the PP by
utilizing an extrapolation scheme to calculate the quantum dynamics (QD) of colliding BECs. The
results obtained were not only exact but also had a simulation life time that was significantly longer
than the bare tﬁflz The Implementation of this novel technique, which we will outline in section 3.7
constitutes the premise of our second publication (Ng et al., 2013). In what follows, we will provide
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the derivation of the formalism using SU(2) coherent states and derive the SDEs for the transverse
Ising model as a test system.

3.2 SU(2) Coherent states

While the bosonic coherent state is defined by a € C such that |a) ~ §“§+ |0), where |0) is the vacuum
state, we can analogously define an SU(2) coherent state as |w) ~ % ®|s,—s), where |s, —s) has the
minimum spin projection. We will however follow the parametrization of (Barry and Drummond,
2008) such that our unnormalized SU(2) SCS for a spin-1/2 system takes the form:

_ &+ ,z ez/z
‘Z> — o Szp5Te |0> = |: o—2/2 ], (3.2.1)

where we obtain the second expression by expanding the exponential operator to first order: 5T =
(1+ S*e?). The SU(2) coherent state can be equivalently visualised as point on the surface of the
unit Bloch sphere and there exists a one to one mapping of the complex plane on to the surface of
the Bloch sphere. If we imagine the Bloch sphere located right above the complex plane, with its
south pole located at the origin, the mapping is achieved by wrapping the complex plane over the

sphere. Mathematically, this can be effected by the change of variables:
¢* =e'Ptan(6/2), (3.2.2)

where 6 € [0, 7] is the azimuthal angle extending from the south-pole and ¢ € [0, 7t] is the polar one.
Using this variable change, there is only one problematic point that is located at the north pole (i.e.
6 = 71/2), which corresponds to the infinite regions of the complex plane. Physically, the south pole
represent the spin down state while the north pole represents the spin up state. We will further
address how to deal with this improper map in section 3.6. An additional important property of the
SCS is their non-orthogonality with a non-zero overlap that can be evaluated to be:

N = (z"*|z) =2cosh(R), (3.2.3)

!
where R = ZJEZ .

3.3 Correspondence relations

It is now essential to derive new correspondence relations. The kernel, A(z,z’) that we will use in
the PP expansion:

p= /P(z,z’)f\(z,z')dzdzz’ (3.3.1)
is analogously defined as:
. A /%
Ay =" = |Z>J<i 5 (3.3.2)
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where A, is the unnormalised kernel and our choice of .4 = (2*|z) ensures that Tr(A) = 1. Before
we derive the correspondence relations for the full kernel A, it would be useful to perform the same
steps for A,. It is trivial to show that A, obeys the following correspondence relations:

- 9 .
SRy = A (3.3.3)
o 1 07«

STAy, = ¢72 {2+az} Ao (3.3.4)
. 1 07,

_ L1 9

STA, = e {2 az}A"' (3.3.5)

Using the standard definition for the transverse spin operators, i.e.

§* = > (§ +57) (3.3.6)
A 1 4 A
Y f— — + — -
S o (S S ), (3.3.7)
we can use eq. 3.3.4 and eq. 3.3.5 to obtain:
S*A, = 1cosh(z) - sinh(z)i A (3.3.8)
0 2 oz '

A ] 0] »
SYA, = [;sinh(z) - icosh(z)az] Ao. (3.3.9)

In the PP formalism, one can implement an adhoc mathematical operation to expedite derivations.
For instance, in order to obtain the left ordering of the correspondence relations, i.e. AO from its
right ordering OA(or vice versa), we simply take the hermitian conjugate of the operator on the LHS
and carry out a modified complex conjugate operation on the differential operator, denoted as c.c.’
on the RHS. The essence of c.c’ is that complex constants are conjugated and complex stochastic
variables are replaced by their primed counterparts, i.e. z <+ z’. The kernel itself is non-hermitian
and to be left alone. As an example, under this operation, eq. 3.3.5 becomes:

NI 1 d | 4

[STA] = [ez {2 - az} Ao} lee (3.3.10)
oA I S I
Aos+ - ez |:2 - aZ/:| Ao. (33.11)

Similarly we can derive the left ordering operators for eq. 3.3.3 and eq. 3.3.4.

Another important relation we need is the derivative of the inverse norm: .# 1. For an N-site
(as mentioned in section 2.8) spin system, the kernel generalizes to its direct product: A,(z,z') =

HN Az] ])

® , where we have now restored site indices so that

N = (Z*|z) HZCOSh() (3.3.12)
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Note that z; and z;- appear in a symmetric fashion and so its derivative (which will be used later on)
is given by:

aazi((z/*|z>)—1 _ai (HZ sech(R ><—215ech(Ri)tanh(Ri);>

i
1
= —Etanh(Ri)g/Vfl (3.3.13)
since %sech(z) = —sech(z)tanh(z). We are now ready to derive the correspondence relations. As a

starting example, we will fill in the details for the derivations for the S, correspondence relation by
taking a derivative of A and further using eq. 3.3.3 and eq. 3.3.13. This yields

aazlA = W‘1£A0+Aoaa/ !
= N AGA A+ Ay(— 1 Etanh( )
= §fA—%tanh(R,»)A (3.3.14)
or
SiA = a%A+%tanh(Ri)A, (3.3.15)

thereby completing our derivation for our new correspondence relation for $%. Note that eq 3.3.15
also tells us that it is possible to replace derivatives of the unweighted kernel, A, in terms of the
new normalized ones, A, i.e. either

04 _ 94 1 .
-1 - .
N BZZ —aZiA—f— 2tanh(RZ)A. (3.3.16)
o ) d 1
N 1a' =, ,A+ 5 tanh(R DA, (3.3.17)

where we have made use of c.c’ to obtain eq. 3.3.17. The last two identities will allow us to derive
the correspondence relations for the less trivial case of STA for example where some algebraic
manipulation is in order. To begin, we simply multiply eq. 3.3.4 on both sides by .# ! and replace
derivatives of the unnormalized kernel with derivatives of the full kernel by substituting eq. 3.3.16
where necessary, i.e.:

A 1 0 | 4
-1 + — —1,—z; | = o 1
N TSN =Ne [2 + le} A, (3.3.18)
so that
A N 0
tA = |€ —zi -1 % R

S; W N oz 0]
= [ A e = (L A+ Lann(r)A (3.3.19)
a L 2 aZl' 2 ! o
= [ A e LA+ fanh(R)A (3.3.20)
= |2 =T A |- 5
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Applying the c.c’ operation then immediately yields the left ordering for §I_

—z§ R ;D - e—z’
A+e 5 —A
y Ate it

¢ Atanh(R;). (3.3.21)

AS: =

Note that complex functions where z and z’ appear symmetrically as in tanh(R;) are unchanged
under c.c’. The remaining correspondence relations can be derived in a similar fashion and we will
skip further derivations for brevity. A summary of the important relations however are listed below.
The right ordering gives:

Ay A [ o 1 -

z —_— —_— — .

SN = 2 + 2tanh(Rl)} A (3.3.22)
A = [T el )| A (3.3.23)

12 oz 4 ' -

P S B NP

- , a3 1 1. -
S*A = fsmh(z)g + Ecosh(z) - Esmh(z)tanh(R) A (3.3.25)
SYA = —icosh(z)% + %sinh(z) — ;cosh(z)tanh(R)] A (3.3.26)

A A [ o 1 "

z |2 42 . 3.2
AS B t3 tanh(R,)] A (3.3.27)
PN _ez/ ) e? A
AST = | —¢" = — —tanh(R;)| A 3.2

S 5 e a2 2 tanh(R;) (3.3.28)
AS™ = s 4?2 4 dtanh(R») A (3.3.29)
N 2 9z 2 ' -
A Ay . / a 1 / 1 . / A
AS* = |—sinh(z )@ + Ecosh(z ) — Esmh(z Jtanh(R)| A (3.3.30)
. - 9 . . A
ASY = icosh(z')@ — %sinh(z) + %cosh(z’) tanh(R)] A (3.3.31)

3.3.1 Observables

For spin systems, the observables that are typically of interest are the spin components and the
correlation functions. It is possible to once again use the correspondence relations to derive the
equivalent phase space functions for the expectation values. For instance, the expectation value for
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the S; spin component is given by the following expression:

(57) = T (5ip)

= Tr /P(Z,Z')SAf/A\dZZdZZ/> use correspondence relations

(
— T ( / P(z) (ai + ;tanh(Ri)> Ad2z)

= /P(Z) <8i + ;tanh(Ri)> tr(A)d*z  recall that the kernel is normalized

— / P(2) (;tanh(Rl)) Pz

= ({3 tanh(R))) (3332
= ((SP)) (3.3.33)

where we have introduced the notation S? = Jtanh(R;) and ({...)) denotes a stochastic averaging.
Note that single derivative terms acting on A present in the correspondence relations will vanish in
the stochastic estimator. Adopting the abbreviation: {c;,s;, T;} = {cosh(z;),sinh(z;),tanh(R;)} and

{cl,sl} = {cosh(z}),sinh(z})}, one can trivially to show that:

(81 = tr(8lp) (3.3.34)
= <<é(5i_CiTi)>> (3.3.35)
= {(S])) (3.3.36)
and
Sy = tr(5p) (3.3.37)
= ({5 (G —sT))) (3339
= (S (3.3.39)

where we have further introduced the aptly named expressions

Siy = — (cosh(z;) — sinh(z;) tanh(R;)) (3.3.40)

NI~

and .
i
S¥ = 3 (sinh(z;) — cosh(z;) tanh(R;)). (3.3.41)
And so we see that the expectation value of the operators: {éf‘} map directly on to the phase space
functions: {Sf‘} where & = x,y,z and are therefore aptly named. The correlation functions can be
also calculated analogously more attention has to be paid to the extra derivatives which now appear.

Calculating the SY-correlations between sites i and j for example and using the cyclic property of
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the trace, we can write:

(8181 = T (84pSY)

= Tr </P(z) (—Sl-y/ + ichQ) (S]y - icj8j> Adzz)

= Tr < / P(z) (—siy’sy +icfdjS! +iS!'cjd; + c;c]-a;aj) f\dzzdzz’>

= {(=SV's!)) +i((ciaist)) s
i0 cﬁci

= (SIS + 5 (& (3.3.42)

where C; = cosh(R;) and the second term is only included for on-site correlations. Similarly we can
show that:

axa 8ii sl
(5581 = (SF'S) + (5 (3.3.43)

and . 5 1
(5:87) = FUsis) + LU (3.3.44)

Following the above steps, it is easy to derive general expressions for other non-diagonal correlators:
(S%SP) |ap Where &, B = x,Y,z can be derived as well.

3.4 Deriving SDEs for the transverse Ising model

The correspondence relations for the normalized kernel, A in eq. 3.3.22-eq. 3.3.31 in the master
equation:

d, [N

=i @41
can now be used to derive SDEs as was done for the 1D BH model in section 2.11. We derive the
results for a transverse Ising spin-1/2 model given by the usual Hamiltonian:

H=—]) 55 —h) 5% (3.4.2)
(i) i

where | > 0 is the strength of the Ising interaction and & is the external field along the transverse
x-axis. Let us sketch out the derivations term by term. First let us treat the Ising term:

Tp~ o [8i8EA - AgSE]

= ﬂ i z i 4 - i z i z N

T h Kazj + Sf) (azi +5j) o] +5; 3] +57) || A (3.4.3)
1] N/ / 2N

= 209 + 570, + 870, — 9[- 579 — 579! A,
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where we have made the substitution S7 = tanh(R;) and taken advantage of the fact that it is
insensitive to the c.c.’ operation, and formally speaking: Si= Sf’ . The drift terms arising from the
Ising interactions can be immediately read off, i.e.

dsz% Y. S (3.4.4)

jen(i)
where n(i) is the list of sites connected to i. For a 1D system with NN bonds for example, n(i) =
{i —1,i+1}. Similarly, the diffusion matrix can be further decomposed so that every bond b(i,j)
connecting site i and j corresponds to a unique matrix:

site 1 site j
0 1 site 1
Db(i,j) = i , (3.4.5)
1 0 site j

with the following noise decomposition:

site ©  site j
1 —1 site 1

Byijyy = 5 , (3.4.6)
1 i site j

as well as its own noise terms 77, 17;;’“ € N(0,1/dt). This results in the following stochastic contribution
to the SDEs:

g |z 1 i 7 ‘
= ~ = =4/ A

dt 2 . im 2 ’ (3:4.7)
Zj 1 —1 M My

~

~
<2
S8

t
*

i

where 7j, = 17, +in77,,. This can be further simplified by noting that /5 = %(1 + i) and expanding
out the noise terms so that:

T -

(1+1) (7} £ ii™) (3.4.8)

(l7p F mi™] + il £ 13"]) (3.4.9)
J(n,| +in,) (3.4.10)

<l ol

where (17,7,1,) = (%(17; — iy, Iyt + né’”))are statistically distributed such that 17;E € N(O,Z%dt).
If we further define the complex noise:

m=1, +iny, (3.4.11)
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H=065 %9

Oy

Drift terms Noise terms
. . 8282 = le—>1j
z P
53, §:57 =i ——s'i
Mo(isjz)
Sz
. 7 .«
J1 - ‘ g2 . L) ‘ .
g Js J1 "lb(ijs)
z
Ja 1o
Ja :
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dz, . z z z z
L Vg (57 + 52 +82 +57) des o .
no TR G~ VT | i) + i) + 1005, ) + 5,0

Figure 3.1: Schematic representation of the drift and diffusion terms for a 2D Ising interaction. For the noise
terms, there is a directionality indicated by the arrow that depends on how the operators are ordered in the
Hamiltonian. The base of the arrow indicates the index of the first operator while the tip of the arrow represents
the second operator.

the Ising noise terms in eq. 3.4.7 simplify to:

iJ ﬁb My

5 =] : (3.4.12)
s iy

It is important to further note that the order in which the indices appear matter and a schematic

diagram representing the SDEs associated with a NN Ising system in 2D is shown in Fig. 3.1. If the

index i precedes j, e.g. §f§]z, then it will result in z; variable adopting the noise 7, while its matching

pair z; takes on its complex conjugate multiplied by i, iﬂZ(i,j)' This noise term is unique to bond pair

b(i,j). However, it is also possible for the opposite ordering from a different bond, b(k,i) to arise,

for example in the term S{S7. In this case, z; will further take on an independent noise term, 77,y ;)

with the same statistical properties as eq. 3.4.11 but that is complex conjugated (and multiplied by

i), ie. iﬂiyl’;(k j) instead, while z will yield the non-conjugated pair: VM (ki-
Putting all this together the pure Ising terms produce the following SDES:

dzi_i] z
@~ oStV

jen(i)

, (3.4.13)

Z’?b(i,j) + i;’ﬁ;(k,i)
j

where there exist as many complex noise terms: {7, } as there are bonds, b and there are two different
noise contributions depending on the position of site i in the Ising interaction. As such, this formula
be easily extended to long range interactions beyond NN. The SDEs for the primed variables follow
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immediately by applying the operation c.c’:

dz; i .
@~ n o SV

jen(i)

;77}/3(1',]') - i;ﬂll;zk,i)] , (3.4.14)

where né are independent of 7;, despite having the same statistical properties. Lastly, we derive the
transverse field contributions to the SDEs starting from the master equation:

B~ MigA-Asy (3.4.15)
~ % |:_Siz;.92'i + ST+ s;aazg - Sj"] (3.4.16)
o % {_Sfaazi + S;;’ZJ , (3.4.17)
which only contribute to the drift via:
dz; ~ —ihs;dt (3.4.18)
dz} ~ ihsidt. (3.4.19)

Note that the constant terms Sy — SZ?" do indeed eliminate each other although some tedious algebra
is required to show this. The final equations are summarized as:

le' i . * . .
- = _ﬁ] Y, Si+ VI ) + zan(k’i) —ih) _sinh(z;) (3.4.20)
jénti) 7 % i
dz! i . . . . .
cTtZ = %] ‘Z(:‘) i+ V7 Z%(irf) - 1;’7{;(@') + thsmh(zg). (3.4.21)
jen(i j i

The steps detailed in thus far provide all the necessary ingredients to carry out the derivation of
SDEs for a more generalized spin model, such as the spin-1/2 XXZ chain. This is a straightforward
exercise and the final SDEs can be found in our work in section 3.8.

3.5 Bloch sphere parametrization

Recall in section 3.2 that the | 1) state of the Bloch sphere corresponds to the infinite regions of
complex phase space and as such cannot be properly mapped. To get around this, we will use
a toggling procedure. To begin, let us parametrize the SU(2) states by writing y = ¢** and so

ly) = [ 1%/ } . The mapping onto the Bloch sphere is given by: y = e~ tan(6/2), where ¢ € [0,271]

and 6 € [0, 7] are the azimuthal and polar angles respectively and that 6 is measured from the south
pole. To obtain the equivalent point corresponding to (6,¢) on the complex plane, we extend a
line from the sphere’s origin to the complex plane, oriented at an angle 8/2 from the south pole.
The point of intersection with the complex plane is the mapping of the Bloch sphere point. This
is illustrated as the lower left red point in fig. 3.2(a). Both the point on the Bloch sphere and the
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1M
tan(6/2)
: >
1
; > >y
1 Z i1
1 9 ¢
tan(6/2) | R ) y
Rlz] <0
Yy T
toggle cutoff
(a) Projection of sphere as viewed down its x-axis. We (b) General case when ¢ # 0: Pro-
superimpose the different ¢-planes where the y and 7 jection of sphere looking down its
can belong to. This is similar to the slice ¢ = 0. z-axis / North pole

Figure 3.2: SU(2) sphere

point on the complex plane point share the same azimuthal angle ¢.

1/7
Alternatively, if we use the variable §j = e~ %, so that: |j) = [ ;y ] , the location of the j-complex

plane is instead on top the North pole of the Bloch sphere with their origins aligned. The corre-
sponding point on the §j complex plane is the line that intersects it, and that originates from the
center of the Bloch sphere at an angle (77 — 0) /2 from the North pole instead. One can visualize this
mapping by physically wrapping the complex fj-plane over the North pole. In the § parametrization
it is the South pole that cannot be properly mapped as it corresponds to the edges of phase space.
The corresponding point lies in the same azimuthal plane as the Bloch sphere point as well. This
physical interpretation agrees with the expected expression: § = 1/tan(6/2)e™¢

In figure. 3.2(a), if one looks down the z-axis for any ¢ # 0, the blue point on the Bloch sphere
is mapped on to the red and green points on the y and 7 planes respectively, depending on our
parametrization choice. Note that because we defined y through the complex conjugate, y = é** we
see that the same y and # points lie on the same azimuthal planes.

3.6 Toggling procedure

The SU(2)-SDEs even for the TIM case, are highly non-linear and can be unstable to numeric
integration as they approach the boundaries of phase space(£o0). In this region, the SDEs become
stiff and numerical overflow typically arises. This is attributed to an improper mapping of a proper
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point on the Bloch sphere as mentioned above. To circumvent this, we devise a toggling procedure
that alternates between y and jj variables wherever it suits our cause so as to avoid such onerous
regions. We set a cut off radius |]/cutoff| = |Feuto ff] =1, which corresponds to the exact location of
the hemispheres on the Bloch, i.e. when 8/2 = 71/2 as an indication for when we are too close to the
pole. This is equivalently represented by the unit circle about the origin in the complex plane. The
cutoff procedure therefore prevents the stochastic variables from getting too close to the poles i.e.
values |y| > Yeutofs, by controlling its magnitude. Although the cutoff criteria in the y or § variables
are the same, they represent different conditions in terms of the original z variables, i.e.

7l <1=2 >0, (3.6.1)

whereas
ly| <1=2z <0. (3.6.2)

In fig. 3.2(a), the accepted regions are denoted by shaded green and red regions for 7 and y re-
spectively. The outline of the toggling procedure is as follows. Consider the dynamics of a single
spin, which would entail keeping track of the two points corresponding to z and z’ on independent
Bloch spheres. Let us initialize it in the spin down state so that they are relatively close to the
south pole. We shall concentrate on the z variable since the same argument applies z’ as well. For
this initial condition, we assign it a sign: S = —1 and use the parametrization y = e**. After some
time however, the point on the Bloch sphere may evolve so as to cross the hemisphere towards the
North pole, which is onerous. This occurs when ®[z] > 0, in which case, we perform a "toggle" by
changing variables to 7 = e™* instead and updating the sign to S =1. The sign therefore tells us
which hemisphere we are in, +1 for the northern hemisphere and —1 for the southern hemisphere.
This step is repeated when necessary to ensure that the point on the Bloch sphere never approaches
the onerous pole that is characteristic of the mapping chosen.

3.6.1 New expressions for hyperbolic functions

Note that the toggling procedure has to be carried out for all 2N variables and as a result new
expressions for the stochastic functions that appear in the SDES (see eq. 3.4.13 and eq. 3.4.14) have
to be calculated. First let us consider local hyperbolic functions. If S = 41, then we choose the

parametrization y = e~ *

sinh(z) = 4—527 (3.6.3)
1—e 22
_ 1oy
- (3.6.5)
and 5
_I+y
cosh(z) = 2 (3.6.6)
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On the other hand, if S = —1, we instead choose y = ¢** so that

Z —Z

e-e-
2
ez —1
2e%
y*Z -1
2y*

sinh(z) =

and )
_1+y
cosh(z) = 2y

(3.6.7)
(3.6.8)

(3.6.9)

(3.6.10)

For multivariable functions such as tanh(R;), slightly more algebra is required since it depends on

both z and z’ which can switch sign independently. This therefore gives us four possible forms for this

term. Note as well the useful identity: tanh(In(x¢)) = iii;% and that: S=+1 = [z= —Iny] and
S=—1 = [z =Iny*| The four cases are defined by the signs (S,5’) so that when S = +1,5" = +1,
then
/ _ _ 1%
tanh > J; G tanh(w (3.6.11)
= tanh(In[yy']"?) (3.6.12)
_ )1 (3.6.13)
(yy') ' +1
1 _ /
= 9 (3.6.14)
1+yy
and when S = +1,5' = —1 then,
/ . 1%
tanh ~ —; GE— tanh(w (3.6.15)
y/* 1
= tanh(In[*—]2) (3.6.16)
_ Wy -1 (3.6.17)
" /y) +1
e _
= £ ¥ (3.6.18)
yrty
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and when S = —1,5' = +1, then

/ % /
tanhzgZ = tanh(u

and lastly if S= —1,5' = —1, then

!/ * £
tanhz+z _ tanh(lny +1Iny )
2 2
= tanh(Infy"y"]2)
(yy") -1
(y*y™) +1

(3.6.19)

(3.6.20)
(3.6.21)

(3.6.22)

(3.6.23)
(3.6.24)

(3.6.25)

It is then more convenient to define the function: Z;(S;, S;), which combines these four cases depending

on the sign of (5,5") and that is now equivalent to the stochastic estimator S:

/

i . 1loyw
if [+, +]: 51+yzyz’-

if[+,—]: 14—

. 2y +yi
: . yi—y
if [—,+]: %y;’-‘+yf
e 1. 1Yyl
==l oy

(3.6.26)

The Stratanovich SDEs transforms as: z; = —y;/y; if S=+1and z; = y:‘ /y7 if S; = —1 and a simple

change of variables gives us the new expressions:

iy Dien(n (S8 + F (1 =v2) = vi (S + %) M Si=1

dyi _
dt ,
—i; jen(i Gi(Si,S))" — B (1= v2) + v (Zj Mpij) — Pk Ub(k,i)) if §;=1
and
: * ih : "% : _
dy, 1Y Yjen(i) & (Si5) — 3 (1=v7) —v; (Zj ’7;,(,',]‘) +iYy ”b(k,i)) if 5; =1
==

iV Cjeny G (505D + B (1= v2) + v (Timy) — 1 Tumhey)  1ESI=1
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Thus in this way, we are able to prevent numerical overflow. It does not however remove systematic
bias and spiking. To deal with these issues, we used a noise extrapolation scheme which will be
explained in section 3.7 and detailed in section 3.8.

3.6.2 Numerical integration with toggling

Some care has to be exercised when numerically integrating the SDEs in eq. 3.6.27 and eq. 3.6.28.
The numerical integration of the SDEs can be broken down into a few steps:

1. First, we need to check the sign: S; and Sl’. which is determined from z and zf’.
2. Evolve {y;} and {y!} using the SDEs depending on the sign S/,S;

3. Since we are using Stratonovich calculus, we self-consistently determine a midpoint solution,

{Yi+1/2} and {y§+1/2}'

4. Tterate for {yjy1} and {y},,} using {yi41,>} and {3/1,'+1/2}'

5. At the end of each time step, check for the values of S; and S;. If |y;| > 1. then we update the
sign: S; = —S; make the transformation: y; = 1/y;. The same update scheme applies to the
primed variables as well.

6. Observables are calculated by transforming back to {zi,zf} variables for convenience.

3.6.3 Initial conditions

An interesting point to note that is that with the y,y’ variables, we are now able to access the full
spin up or spin down state. This is simply given by setting y =y’ = 0. and choosing either a S =1 or
S’ = —1 parametrization. Previously, we could only approximate the fully polarized state by setting
z,Z' to be a large number. The range z,z’ € [5,10] proved to be adequate for spin up or the range
[—10,—5] for the spin down state.

3.7 Extrapolation scheme

The extrapolation scheme (Deuar et al., 2009) is a clever technique that can be used to obtain longer
simulation lifetimes. It is carried out in two key steps, which we will now qualitatively describe.
The first step necessitates the construction of a blended formalism, which is the hybridization of an
exact formalism labelled Hy and an approximate formalism labelled: Hy. The PPR was used as
the exact formalism and therefore limited by short simulation lifetimes, whereas the approximate
formalism despite having no limitations on its simulation times, has the characteristic of producing
only qualitatively correct results. A blended formalism is then formally constructed by writing:

Hyjend = AHg + (1 — A)Hy, (3.7.1)
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where a single parameter: A € [0,1] measures the contribution from each formalism. Setting A =1
corresponds to the exact quantum dynamics while setting A = 0 corresponds to the approximate
scheme. One would therefore expect the simulation lifetime to be a monotonically decreasing function
of A as Hg is approached. An illustration of this can be found in fig. 3.3 which are results taken
from (Deuar et al., 2009). The evolution of the number of scattered atoms as well as the halo density,
after the BEC collision were calculated. Two different blends were constructed using a (i) mean-field
Gross-Pitaevskii (GP) description and a (ii) semi-classical Truncated Wigner Approximation (TWA)
as the approximate formalism.

3 ® 25—
2 2 3 (b) Wwigner)
22 { E
_(; g1.5- XN =04
o D1 |
21 -0 7 1 5 o= ful QD
3 |/ r=t ful @D o 0® |
%) /2 A=1fu 2
0 "".""'.'""T""'.""'.G"F:" g 0 ----|-----|-----|----|-----9-|-D--
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t [units of ms] t [units of ms]

Figure 3.3: (Figure taken from (Deuar et al., 2009)). Demonstration of extrapolation scheme from A =0 to
A =1. The two approximate schemes for the BEC collision are the mean-field Gross-Pitaevskii equation and
the semi-classical Truncated Wigner Approximation (TWA). The full quantum dynamics (QD) is carried out
using the PPR and has an expected short simulation lifetime compared to the approximate methods.

Since the dynamics generated from the series: {A} # 1 do not produce exact results, we instead use
the A-series to extrapolate towards A =1 at a fixed time: #. This entails the second step of the
extrapolation scheme. Considering a generic observable: O(A,t'), one assumes a series expansion in
A of arbitrary power n, i.e.

O(At) = i(:)ai(t))\i(t). (3.7.2)

It is worth mentioning that the order of the expansion is not universal and systematically chosen
so as to minimize the root mean square (rms) deviations, although typically, a quadratic or cubic
fit is sufficient. Using an adequate number of A values then, the coefficients {a;(t)} can be reliably
determined and the desired exact result at A =1 obtained. This procedure can be carried out for a
range of times: t > tflfn depending on the number of A-values available at a given time. The results
of the full implementation of the toggling procedure and the specifics of the extrapolation scheme

can be found in our publication (Ng et al., 2013) included in the next section.
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3.8 Paper 2: Simulation of the dynamics of many-body quan-
tum spin systems using phase-space techniques

Simulation of the dynamics of many-body quantum spin systems using phase-space
techniques

— Ray Ng, Erik S. Sgrensen, and Piotr Deuar

Phys. Rev. B 88, 14430 (Editor’s suggestion)

DOI: 10.1103/PhysRevB.88.144304

(©American Physical Society (2013)

Calculations: I performed all stochastic simulations and produced half of the figures. Piotr Deuar
carried out the extrapolation calculations and produced the figures that resulted from that numerical
effort.

Manuscript: I wrote approximately 50% the manuscript and 50% of the figures. Erik S. Sgrensen
helped to refine and edit the paper.

In this publication, we set out to answer the following questions:
e Can the PP be reformulated using a spin coherent state basis?
Using the spin-1/2 transverse Ising model as a test system:

e What are the longest time scales, tjg that can be achieved (without gauges)?
e How does tjife depend on the parameters of the system?

e Can the extrapolation scheme further increase simulation lifetimes? And if so:

— How much of an improvement can we achieve?
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Simulation of the dynamics of many-body quantum spin systems using phase-space techniques

Ray Ng" and Erik S. Sgrensen
Department of Physics and Astronomy, McMaster University 1280 Main Street West, Hamilton, Ontario, Canada LSS 4M1

Piotr Deuar
Institute of Physics, Polish Academy of Sciences (PAN), Al. Lotnikw 32/46 02-668 Warszawa, Poland
(Received 17 July 2013; published 4 October 2013)

We reformulate the full quantum dynamics of spin systems using a phase-space representation based on SU(2)
coherent states which generates an exact mapping of the dynamics of any spin system onto a set of stochastic
differential equations. This representation is superior in practice to an earlier phase-space approach based on
Schwinger bosons, with the numerical effort scaling only linearly with system size. By also implementing
extrapolation techniques from quasiclassical equations to the full quantum limit, we are able to extend useful
simulation times severalfold. This approach is applicable in any dimension including cases where frustration
is present in the spin system. The method is demonstrated by simulating quenches in the transverse-field Ising

model in one and two dimensions.

DOI: 10.1103/PhysRevB.88.144304

I. INTRODUCTION

With the development of cold-atom experiments, the
nonequilibrium dynamics of closed quantum systems has
become a focus of attention.! In these experiments, it has
become feasible to prepare a model system in a specific
eigenstate of H; and study the ensuing real-time dynamics
when the system evolves under a controllable Hamiltonian H ;.
This can be viewed as a realization of a quantum quench.>™

Here, we focus on how these effects occur in closed quan-
tum spin systems' %22 neglecting couplings to the environment.
The dynamics of quantum spin systems is of particular interest
for two reasons. First, it forms a cornerstone of condensed
matter physics with many open problems, in particular for
models with frustration, where even the equilibrium state is
a matter of debate and little is known about the dynamics.
Second, using cold-atom systems it has become conceiv-
able to implement quantum simulators>>=> using atomic
degrees of freedom to mimic the quantum spin and their
interactions. Recent experiments®*>° have shown significant
progress towards realizing such a quantum simulator capable
of simulating quantum spin systems. Following the initial
proposal®* to implement such a simulator using trapped ions,
it was experimentally realized with two spins,*” three spins,’!
and up to nine spins.>*3® Recently, a system of ~300 spins
with Ising interactions was realized with trapped ions*® and
similar system sizes have been reached using neutral atoms
in optical lattices.>** As a model system, several of these
experiments>323+38 model the transverse-field Ising model
(TFIM) (Ref. 41):

H=-J Z 8:8: — h(z)Z 8z,

(i) i

(e8]

which is the model that we focus on here.

Calculating the quantum dynamics of condensed matter
spin systems is a notoriously difficult problem due to the
macroscopic number of degrees of freedom. In this limit,
the size of the Hilbert space scales exponentially, deeming
it intractable in most cases. While some models can be
solved analytically, they are often not generalizable to higher
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dimension and the solution is often model specific. For
instance, the TFIM (Ref. 41) can be solved exactly in one
dimension using the Jordan-Wigner transformation, but this is
not possible in higher dimensions.

From a numerical perspective, the standard condensed
matter computational toolbox is remarkably successful but
not completely general. For instance, the direct “brute force”
approach by way of exact diagonalization (ED), while always
applicable, can only accommodate relatively small system
sizes of N ~ 48 (for a spin—% system). Quantum Monte Carlo
(QMC) methods*? are extremely useful for calculating ground-
state properties, but only in the absence of any frustration.
However, for the study of dynamics, QMC techniques are
usually limited to imaginary times or, equivalently, imaginary
frequencies. Other methods, such as those rooted in the density
matrix renormalization group (DMRG),** are the dominant
techniques for one-dimensional systems*? but are much harder
to apply in two dimensions due to scaling issues associated
with the area law.*® Currently, DMRG techniques are restricted
to one-dimensional systems and quasi-two-dimensional strips.
Nonetheless, time-dependent DMRG (tDMRG) (Refs. 47
and 48) has been very successful for one-dimensional systems
where the real-time dynamics of quantum spin systems can be
treated out to ¢J /i ~ 100.'° Using time-evolving block deci-
mation (TEBD),* the infinite-size TEBD (iTEBD) (Ref. 50)
has yielded results out to ¢ J /i ~ 6-10 (Ref. 51) for the TFIM
and tJ/h ~ 20 (Refs. 11 and 12) for the XX Z spin chain
and related models. It would therefore be quite worthwhile to
explore techniques for calculating real-time dynamics that are
generally applicable to quantum spin systems in any dimension
even in the presence of frustration.

Another branch of numerical techniques falls under the
category of quantum phase-space methods.”>>’ They can
be summarized by the following expression for the density
operator:

b= / POYAGYAR, (@)

where ):L are parameters, P(X) plays the role of a distribution,
and A (X) is the operator kernel. Quantum phase-space methods

©2013 American Physical Society
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have recently begun to gain exposure in condensed matter
systems. For instance, Polkovnikov et al.’’ have applied the
path-integral formalism of the truncated Wigner representation
to simulate quantum quenches. Aimi et al.’® extended the
work by Corney et al>® by successfully calculating the
imaginary-time dynamics of the Hubbard Hamiltonian in
the high-interaction limit using fermionic Gaussian phase-
space methods.> This was done by implementing symmetry
projection techniques® as well as Monte Carlo methods. The
high-interaction limit was previously unattainable by QMC
techniques.

We focus specifically on the positive-P representa-
tion (PPR) which was developed by Drummond and co-
workers®'=% and originally tailored to solve problems in
quantum optics, where it has been applied with considerable
success, as well as in ultracold bosonic gases. For instance,
Deuar et al.** have successfully implemented the PPR for the
purpose of simulating multidimensional Bose gases.®%¢

The general idea is that the PPR provides an exact
mapping of the quantum dynamics onto a set of Langevin-type
differential equations as long as boundary terms do not
arise.>%7 This mapping is made possible by the existence of
correspondence relations, which are characteristic of different
phase-space methods. In principle, the PPR can be applied to
both real and imaginary times>® and since the computational
effort is proportional to the system size, it is possible to
simulate macroscopically large systems. In addition, it is also
possible to simulate frustrated systems which makes the PPR
particularly appealing. Finally, the PPR can be readily applied
in any dimension. The main drawback of the PPR, however, is
the possible appearance of short simulation lifetimes signaled
by the onset of a divergence in the stochastic averages.
Modified formalisms of the PPR based on the gauge-P
representation®?268:69 have proven useful in this respect by
allowing one to introduce gauge functions that systematically
remove unstable terms in the stochastic differential equations
(SDEs), and with it the source of divergences. This is typically
done at the expense of introducing an extra degree of freedom
that plays the role of a complex weight 2.

‘We implemented the PPR formalism to the dynamics of
many-body spin systems in our earlier work’’ by treating
the equivalent Schwinger boson representation of spin chains
with the canonical PPR method. It was applied to the real-time
dynamics of one-dimensional spin chains under a quantum
quench. A conclusion of that work was that the coherent-state
basis used in other studies where the PPR has been successful
is not very suitable for systems composed of § = % quantum
spins. It led to both early noise onset, and the need for a
broad initial distribution to describe the number state that
corresponds to S = % spin. The latter issue is particularly
onerous as it turns out to preclude efficient sampling of the
distribution for large numbers of spins [O(100)], the regime
where phase-space methods are particularly advantageous.

In this paper, we choose a different route and describe
the system using the SU(2) basis.”'~’®> This allows us to
develop a PPR-like distribution, which is then used to obtain
stochastic differential equations that do not suffer from the
broad distribution and sampling issues encountered with PPR
in Schwinger bosons. A related approach has been used in
the past on an imaginary-time evolution of the Ising model

PHYSICAL REVIEW B 88, 144304 (2013)

by Barry et al.”® using an unnormalized kernel for the density

operator. We will, however, use a normalized kernel, which is
more appropriate for simulating dynamics.™*

The outline of the paper is as follows. The SU(2) coherent
state phase-space representation and related formalism is
derived in Sec. II. Its basic application to the TFIM is discussed
in Sec. III. Even though this approach leads to significantly
longer simulation times, limitations are clearly present and we
also discuss these later in the section. It is possible to extend
the simulation time even further by extrapolating from regimes
with reduced quantum fluctuations into the full quantum
regime. This entanglement scaling technique is described in
Sec. IV. This allows us to obtain longer simulation times,
similar to typical time scales of the problem. We then conclude
in Sec. V and discuss the future direction of this work. Some
more technical aspects are relegated to Appendices.

II. FORMALISM
A. SU(2) basis

Traditionally, the PPR formalism is based upon bosonic
coherent states,”* and hence the most natural generaliza-
tion to spin systems would be the use of SU(2) coherent
states.”!»7>757 The bosonic coherent states and SU(2) coherent
states are analogous and have similar properties such as
that of overcompleteness, and in the large-S limit the SU(2)
coherent states approach the bosonic coherent states. While
the spin versions of other kinds of phase-space representations
(the Q representation,”~”" P representation,®® and Wigner
representation®') have been introduced in the past, the ad-
vantage of the PPR approach is that the kernel can be made
analytic in the phase-space variables, which in turn guarantees
that standard stochastic diffusion equations can be obtained
for the evolution.®!

Labeling the spin quantization direction as Z, with operator
82, we define the SU(2) coherent states for a spin § as’!7275.76

l2) = e 5|5, —8), 3)

where ST is the raising operator and |S5,S.) is the state with
S, spin projection onto the quantization direction. The state
is parametrized by a single complex variable z (not to be
confused with the quantization direction z). Our interest lies
in the spin-% case for which (3) reduces to the SU(2) case:

. o z/2
o) = e 2 |)) = [:dz] @)

with [{) =[9], and S* =[J}]. In this case, |z) has the
physical interpretation of being a unit vector pointing to
the position (0,¢) on the surface of the Bloch sphere.
The transformation that relates the z coordinate to (0,¢) is
e* = ¢'? tan(6/2) where 6 € [0,7/2] is the polar angle and
¢ € [0,27] is the azimuthal one.

B. SU(2) phase-space representation

To obtain stochastic evolution equations with positive
diffusion, we follow standard PPR procedure.’>¢82 For
brevity, we will only highlight key aspects of the formalism
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and refer interested readers to’® where a spin system is worked
out in detail.

First, we represent the density matrix (2) using an off-
diagonal kernel with unit trace constructed from SU(2)
coherent states:

Ik
A )z
AR ©
(z*|z)
For an N -site system, one uses a tensor product of independent
kernels for each site i:

N
A =@ Az ©)
i=1

Itis parametrized by the set A= {z1, ...
independent complex variables.

The dynamics of any system is obtained by evolving the
equation of motion for the density operator

dp i~

T h[H,p]. )]
To counteract the exponential complexity of the Hilbert space
with large system sizes, there exists an equivalent description
of (7) in terms of a Fokker-Planck equation (FPE) for the
distribution function P (%) [cf. Eq. (2)] in the continuous space
of the phase-space variables A. This in turn can be mapped
onto stochastic equations for the variables, which is the final
result of the formalism. These can be sampled with a chosen
ensemble whose size N controls the numerical effort, trading
it off for statistical precision.

The FPE is obtained by using correspondence relations that
establish a duality between the action of spin operators and
differential operators on the kernel A. It is possible to show
that spin operators acting from the left of the kernel satisfy the
following identities (site index i implied):

JINsZps -2y Of 2N

A Gl 2
SYA = [— sinhz— + S"] A, ()]
9z
N . il O a
SYA = |:—z coshz—+S’j|A, )
9z
PO d A
S = [f+SL]A, (10)
0z

while spin operators acting from the right satisfy

PHYSICAL REVIEW B 88, 144304 (2013)

and
R=(z+7)/2. 17

The primed counterparts of (14) and (15) are easily obtained by
making the substitutions z — z’,i — —i, so that (§¥)* = SV
when z = 7*.

To derive estimators for expectation values (O) of general
observables é, we start from the usual expression

(0) = Tr[OAﬁ] _ ((Tr[OAA]», (18)
Tr(p] (Tr[AT)

where the right term follows from (2), with (- --)) denoting
an average over the ensemble that samples P(%), i.e., (---) =
J PGO(- - -)dx. Noting that Tr[A] = 1 and using (8)~(10), one
obtains, e.g.,

(8%) = (5 (19)

for o = x,y,z. This explains the choice of notation $**
in (8)—(16). Using the cyclic property of the trace in (18)
and (11)—(13), one could have just as well have derived
the equivalent estimators for the spin components using
primed coordinates instead: (8%y = ((S*). Either estimator
is valid, but in our calculations we chose to use (19)
simply as a matter of preference. Notably, since the ker-
nel is normalized the expectation value of its derivative
is zero and one can obtain estimators for more complex
observables by taking the expectation value of appropriate
correspondence relations. Once the FPE is obtained, its
mapping onto Ito SDEs is well known,>? and in doing so, we
effectively map the dynamics of N spins onto ~N complex
variables: {)\}. .

An ensemble of N realizations {A")}, with i =1, ... N/,
becomes equivalent to the full quantum mechanical descrip-
tion of the system as the ensemble size becomes large
(N — o00). In practice, 10°~10° trajectories are typically
sufficient for good convergence, depending on the desired
precision.

C. Stochastic equations for quantum dynamics

Even though the numerical results that we present later

Ps 9 X - i itisi -
AS = | —sinhz’ + 57| A, an are only for _the transverse ﬁel_d Ising model (1), ¥t is instruc
7 tive to consider the stochastic equations for slightly more
3 general models. For generality, we therefore consider the
ASY = [i coshz — + S»"’:I A, 12) Heisenberg Hamiltonian in a transverse field A(f) along the X
9z direction:
A A a N
L= — < 'y dz Qz R dx o
As=|fp s A3 A =—r Y [85+AE8 + 58] -hn 38
where @) i
1 (20)
S* = E(coshz — sinh z tanh R), (14)
N with each connected-neighbor pair (i, j) counted once. Here, J
o= L (sinh z — cosh z tanh R), (15) is the hopping strength (J > 0 for the ferromagnetic system),
2 A governs in-plane anisotropy, h(t) is the transverse-field
_ strength, and we choose units such that 7 = 1. Following
St = 2 tanh(R), (16) Sec. II B, we derive Ito stochastic equations to describe the
144304-3
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dynamics of the system:

PHYSICAL REVIEW B 88, 144304 (2013)

dz; iJ . . .
d[' = 7 Z tanh Rj — ih(t)sinhz; + \/7 Z N,y +1 Z 7]2}'1-)
Jjen() JjenL(i) Jjengr(i)
AT . *
717 Z (Sij +Cijtanh R;) +VJA Z VCij & jy —i Z VCij é(i,j) s 2D
jen(@) L jen( JEnr(i)
dz; iJ . sinhz + 7 / . rx
i Z tanh R; +ih(t)sinhz; + v J Z Ny — 1 Z e iy
Jen(i) | jenL() Jeng(i)
CAJ 7 U F i . /g%
i D (S Ctanh Ry +VIA | Y g +i Y e ER |- (22)
Jjen(i) | Jeni) Jengr(i)
[
The R, C, and S functions are This can be used to initialize the t =0 ensemble in a
, simple fashion. More importantly, since this is a zero-width
R; = itz (23) distribution, the initial state remains well sampled and compact
2 even for very large systems.
Cii = cosh(z; — z;), Sij = sinh(z; — z;) (24) A technical hurdle is encountered for the exact |1) and || )
/ ! / ! states, which correspond to the limit z — 00, respectively.
Ci/j = cosh(z} — Z;_)’ Si/j = sinh(z} — Z;_). (25) Some cut is always required when mapping the surface of a

The noise n, &, 1/, & takes the form of complex Wiener
increments of zero mean, one of each per connected pair
(i,j). They are all independent of each other, and delta time
correlated. That s, the only nonzero second-order moments are

(o (Ox5 ) 1) = 8 — 1), 26)

where x can stand for any symbol in {n,&,n’,&’}. Individual
complex noises are easily constructed in practice from two
real Gaussian random variables of variance ﬁ at each time
step of length Az (one for the real, one for the imaginary part).

Some notation is also required to keep track of the
connectivity: n(i) indicates the set of connected neighbors for
site i. For example, a one-dimensional (1D) chain with nearest-
neighbor coupling has n(i) = {i — 1,i + 1}. The noises couple
connected sites in such a way that when one member of the
pair gets the complex noise 7, the other gets in* or —in*
depending on the details. Hence, if we assign to each such
bond (i, j) an arbitrary labeling directionality i — j, then the
“left” site i gets 7y, j) noise while the “right” site j gets the
conjugate one. The neighbors that are labeled as “left” sites for
the (i, j) bond are in the set ny (), while those that are labeled
as “right” sites are in the set ng (i). For the 1D example, one can
have np.(i) = {i — 1} and ng(i) = {i + 1}. With this notation,
the expressions (21) and (22) allow for arbitrary connectivity
between the sites, including frustrated systems.

Equations (21) and (22) are equivalent to the Schwinger
boson phase-space stochastic equations developed in Ref. 70,
but their statistical properties at finite but large ensemble size
N are very different. Importantly, in the present representation,
any product state ®; |z?) can be described as a delta-function
distribution

sphere (such as the Bloch sphere for the spin—% case) onto
a plane, and the in-plane evolution at a cut is singular. In
our z mapping, there are two cuts like in a cylindrical map
projection. We deal with this issue by reprojection onto a polar
coordinate plus a Boolean variable that keeps track of which
poleis being used to define the coordinates. This is explained in
Appendix A.

D. Thermal calculations

An imaginary-time evolution in the temperature variable
B =1/kpT can also be formulated in principle using the
anticommutator®® dp/df = —L[Hp + pH). For the simple
ferromagnetic 1D Ising model (J = 1,k = 0) considered
previously in this context,”> we obtain, for comparison,

dZ,' 1

= — [tanh R;_ tanh R; i o 28
482 2[ﬁn 1 +tanh Ry ]+ + 07, (28)
9% Linh Ry 4 tanh Risy] + 0+ 00 (29)
d(B/2) =3 i—1 i+1 ni M1

aw 1

=-W tanh R; tanh R; 30
26/ "3 Z{an anh R; 11} (30)

with noise variances ((r]i(ﬂ)n;f(ﬂ’))) = 8(B — B')5;j. The vari-
able W is a trajectory-dependent weight and has to be taken
into consideration in Eq. (18). For a general observable O,
(O) is now given by

0y = wotn 1)

(W)

where O(X) represents the stochastic estimator that is a
function of phase-space variables A. Note that the energy
units we choose here are a factor of 2 smaller than in
Ref. 73, so that §/2 is the imaginary time used there. In
comparison, the noise terms are the same, but the normalized

P(Q) = 1_[ 5@ (Zi — Z?)Bm(zi — 2. 27 kerpel we use introduces the tanh R drift terms and evolving
i weights.
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A T = oo initial condition p = I /N can be obtained in a
number of ways. One can have, e.g., a uniform distribution of
z; on the imaginary axis on [—m,7] as in Ref. 73, or an even
random mix of z = £zo with zg — oo. In both cases, z; = z.
Such freedom is typical for overcomplete representations, and
may lead to different statistical properties depending on the
initial distribution chosen.

III. DEMONSTRATION OF THE BASIC METHOD

A. Transverse-field quench

We now apply our formalism to the dynamics of a
transverse-field quench of the ferromagnetic Ising model
(J =1, A =0)[Eq. (1)]. This model is a realistic description
of many physical phenomena,*' and with recent advances in
ultracold atoms and the high degree of parameter control, it
is now possible to reproduce quenches in isolated quantum
systems and to study the ensuing unitary dynamics. In this
context, the TFIM is of considerable interest as a model system.
There has been much recent work done on this system both
theoretically'>!7!8 and experimentally,30-32.3438:83

The quench occurs at + = 0 with a time-dependent field
given by

0, 1<0
h(’):{h 1> 0.

We choose to start from the & = 0 spin-up ground state
[?1 - 1) and quench a 1D spin chain to a value of

(32)

h=h.=0.5. (33)

This is the well-known critical point of the spin model, where
the correlation length in equilibrium diverges,?* separating the
ferromagnetic and paramagnetic phases.

Rewriting Egs. (21) and (22), we find that for the 1D TFIM
the equations to simulate are

dz; T oz z eros Lok

i =z[S;7, +S;+]]—lhsmhz,»—l—n,-—ﬁ—tnifl, (34)
dZ,{ T oz z P ’ ’ 1k

T —i[S7, + 87, ] +ihsinhz} 4+ nf —inf,  (35)

with estimators (16). We calculate the dynamics of the
expectation values of spins (§%) and nearest-neighbor spin
correlations (S‘f‘ A;’H) in the three orthogonal axis directions:
o = {x,y,z}. Our initial results are shown in Figs. 1 and 2
for an N = 10 site chain that is small enough that exact
results by way of diagonalization are available for comparison.
The stochastic averages are in excellent agreement with the
exact results. We use A/ = 10* trajectories distributed among
B = 100 equal-sized bins. The statistical uncertainty in the
estimators for observables can then be determined with the
help of the central limit theorem, i.e., the error bars in the final
estimates are obtained by averaging over all bins is 1/+/B
times the standard deviation of the B single-bin-averaged
estimators.

We observe the onset of spiking after a certain time fgp,
which is a known feature of some PPR-like calculations when
the equations are nonlinear. This is also often a sign of the onset
of sampling difficulties.®” Simulations are stopped at z;;,, which
we determine by the criterion (A6) (see Appendix A2 for

PHYSICAL REVIEW B 88, 144304 (2013)

0.50F===—=— T T T T T

0.421 ~ 4

O'O%.O T o2 0.4 0.6 0.8 1.0 1.2

FIG. 1. (Color online) Spin components: (§%),(8*),(8%) vs time
for the 10-site 1D Ising spin chain with transverse quench from s = 0
to h, = 0.5. Red dashed lines show exact diagonalization results. Our
calculations including error bars are indicated by the cyan region.

details). This time compares favorably to the simulation time of
tsim ~ 0.6 seen in our earlier Schwinger boson calculations.”

Figure 3 shows a calculation for a two-dimensional (2D)
system on a 3 x 3 square lattice. Again, we use a small system
size of 3 x 3 to allow comparison with exact diagonalization.
Much larger systems can be treated, as will be demonstrated
in Fig. 8 in Sec. IV.

B. Limitations on simulation time

While real-time simulations now last longer than in Ref. 70
and scale well with system size even in higher dimensions
(see Fig. 8), it would be very desirable to obtain much longer
simulation times.

FIG. 2. (Color online) Nearest-neighbor correlation functions
(858+.1,(87 87, 10,87 87,,) vs time for a 1D 10-site Ising spin chain
with transverse quench from # = 0 to . = 0.5. Red dashed lines
show exact diagonalization results. Our calculations including error
bars are indicated by the cyan region.
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FIG. 3. (Color online) Spin components: (S‘"), (S‘)'),(S") Vs time
for the 2D Ising spin model on a 3 x 3 square lattice with
transverse quench from 4 = 0 to 0.1. Red dashed lines show exact
diagonalization results.

A major stumbling block is that at the points in phase space
where R; = +im /2, the factor tanh(R;) = 25} diverges. This
is a problem as it appears both in observable calculations
(14)—(16) and in the evolution equations (34) and (35). In
observables, spiking appears when a trajectory passes close to a
pole, which obscures the mean result when it happens often. In
the evolution equations, this causes a poorly integrated sudden
jump, and in fact can be a symptom of the onset of systematic
errors.®’ In the present case, these poles are at the root of the
limitations on simulation time.

It is helpful to look at the equations for R and a comple-
mentary independent variable

Zi — Z;
Qi = CTE (36)
Consider for now what happens if the transverse field 4 is
turned completely off, the equations are

dr; 1 - b
ar = E[')i +in_+n — ”7,‘4]: 37)
dQ; 1
dtl = 5 [tanh R;_; 4 tanh R; ]
i R .
= S+ imi_y =+ iniy ). (38)
The evolution of Q; becomes singular when either of the
R; 4y or R;_y = £im/2.Forasmall deviation §; .1 or §;,_; from
such a pole, as in, e.g., R;y| = *im /2 + 8;+1, we have
dQ;
~ ise. 39
i T + noise 39)

The evolution of R, on the other hand, is purely complex
diffusion, with variances var(|R|) = t. Thus, even if there is
no transverse field %, some trajectories will eventually diffuse
from zo onto the i /2 poles in a time o«(z3 + 72/4). We see
that in the ground-state limit of zop — oo, this time becomes
ever longer. For finite-2 values, there is also a more rapid
deterministic drift away from the 2 = 0 ground state due to
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FIG. 4. (Color online) The dependence of simulation time 7, on
the quench strength / (blue) for the 1D transverse quench Ising model
(A = 0). The trends at low & [Eq. (40)] (green line) and at large h
[Eq. (41)] (red line) are also shown.

precession induced by the transverse field. An analysis of 7
that takes into account finite-2 values is given in Appendix C.

‘While a fundamental resolution or alleviation of these issues
for spin states is beyond our scope here, there is a fairly
straightforward procedure that one can use to extract physical
information for appreciably longer times than those seen in
Figs. 1-4. It is described and demonstrated in the following
Sec. IV.

C. Simulation time in the SU(2) basis

Figure 4 shows the dependence of the simulation time #im
on the quench strength /. The trends are logarithmic at small 4,

fym ~ %m ‘OF, (40)
and approximately constant
tsim A2 c1i + 2 41)
C h

for large h. C is the number of connections per site (C = 2
here), and the constants are ¢y &~ 0.5, ¢; &~ 0.8, and ¢, =~ 0.3.
These trends are derived in Appendix C. The simulation time
in both regimes is inversely proportional to C, hence also to
the dimensionality d.

D. Origin of the poles

For future work in the field, it is instructive to understand
why such poles appear in phase space in the first place.
Consider the matrix representation of A:

A 1 R 0
AZZCoshR emie R |7 “2)

Projectors onto pure states |z)(z| correspond to z’ = z*, and
thus to real values of R and Q. This is the set of all Hermitian
kernels, and all such kernels are well behaved. However,
non-Hermitian kernels that contain complex R can be singular
if the denominator in the normalization approaches zero. The
worst case occurs when cosh R = %(zlz’*) =0, i.e., when the
kernel causes a transition between orthogonal states. This
is the exact location of the unwanted poles in the equations
mentioned in the previous section, i.e., when R; = =i n’% and
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n’ € odd. Such unwelcome behavior occurs for these states
because the present kernel A was explicitly normalized to have
unit trace, while such coherences between orthogonal states
have zero trace. They are unnormalizable, and pathological
behavior ensues.

We have also attempted the obvious idea to use an
unnormalized kernel |z)(z’*| which never divides by a zero
trace. However, despite having equations of motion with
no divergent terms (tanh R or otherwise), this representation
produces a simulation in which systematic errors grow linearly
right from ¢ = 0. The cause are “type-1I” boundary term errors
of the kind described in Ref. 54: observable calculations (18)
now involve ensemble averages of complex weight factors
Tr[A] = W = 2cosh R,e.g., (5.) = (WS%)/{W)),asin (31).
The exponential nature of the weight factors leads them to be
poorly sampled. This is because the distribution of W(z,z’)
has very different behavior than the actual Gaussian sample
distribution that generates the noise in the evolution equations
for z and z’. In particular, trajectories with Re[R] several
standard deviations above the mean are never generated,
while their contribution to weights W(R) included may be
significant.

The dynamical and normalization behavior described above
bears resemblance to similar afflictions seen in PPR simu-
lations of the bosonic anharmonic oscillator H = at242.5403
There, a variable n whose real part is averaged to obtain the
occupation number (ata) = (n) takes on complex values
in the course of the evolution. Unstable regions of phase
space are accessed through diffusion into the imaginary part
of n, much as here diffusion into the imaginary part of R
sets off an instability. Similarly, an unnormalized kernel for
the anharmonic oscillator alleviates instability, but makes
observable calculations suffer again from type-II boundary
terms right from r = 0.

This, and past work on Bose systems treated with the
original positive-P representation, allow us to speculate that
such effects are generic features of PPR-like phase-space
methods with analytic kernels constructed from off-diagonal
basis states:

(1) Complex parts of variables whose real parts correspond
to physical observables mediate instability.

(2) Systematic errors, or at least huge noise, tend to ensue
when phase-space evolution accesses regions corresponding
to kernels with zero trace.

(3) The use of an unnormalized kernel is not effective, as
type-II boundary term errors in the observable calculations
tend to result.

IV. EXTENDED SIMULATION TIME
BY ENTANGLEMENT SCALING

A. Entanglement scaling

We will apply a technique developed for many-body
simulations of Bose gases in tandem with the PPR (Ref. 65)
that uses the trend of results from calculations with reduced
noise terms to pinpoint the full quantum values. Such a
trend can be useful because reduced noise leads to longer
simulation times before the onset of spiking. We will call this
approach “entanglement scaling” because it is the noise that
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is responsible for generating new entanglement between the
sites. Recall that the kernel is separable, so all entanglement in
the system is described by the distribution. Noiseless equations
produce no entanglement.

To use the technique, we need several families of stochastic
simulations (labeledm = A, B, . ..), parametrized by variables
Am € [0,1], that interpolate smoothly between long-lasting,
reduced-noise equations at X, =0 and the full quantum
description at X, = 1. At least two independent families
are required to assess the accuracy of trends extrapolated to
Am = 1. Technical details are summarized in Appendix B. The
philosophy of this approach is similar to comparing trends
of results obtained with different summation techniques in
diagrammatic Monte Carlo.%

The first family of equations A will be the SU(2) equations
(34) and (35) with noise terms multiplied by /A 4, sothat A, =
0 gives completely noiseless equations with no entanglement.
Scaling noise variance linearly with Ao here tends to give
observable estimates that are also nearly linear in A,4. This
aids in making the extrapolation of the trend to A4 = 1 well
conditioned since few fitting parameters are needed.

The second family B will use the same noise 7n; for both
z; and z;* variables at Ap = 0. The difference in stochastic
equations between Az =0 and Az =1 in this family is
analogous to that between equations for a boson field under
a Glauber-Sudarshan P representation®’ and a positive-P
representation, respectively. At Az = 0 one now has stable,
albeit stochastic, equations, but they do not correspond to full
quantum mechanics. The following choice of A dependence
gives approximately linear scaling of observable estimates
with Apg:

n;=vAp2—Ap) i + 1 —Ap)n], (43)

where 7; is now an independent Gaussian complex noise with
the same properties (26) as the old ;.

B. Entanglement scaling performance

Some predictions obtained with the fully deployed entan-
glement scaling approach are shown in Figs. 5-7. The first
of these figures shows some detail of the procedure for the
nearest-neighbor correlation (8787 +1) (see also Appendix B
and Fig. 10 for more).

One can see that, at longer times, the predictions of both
families (green and yellow regions) are much closer to the true
value than any of the magenta or cyan lines that were directly
simulated. An obvious feature is that the family A prediction
gives a much smaller statistical uncertainty than the family B
prediction. This is related to the longer range of datain A 4 than
in A p that is available at a given time (see also Fig. 10). Hence,
for the mean final estimate (blue, central line) we use the family
A estimate. The uncertainty in our final prediction is taken to
be the maximum of three values: the statistical uncertainty
from the family A and family B predictions, as well as the
absolute difference between the mean family A and family B
predictions. The last value takes into account any systematics
due to the extrapolations in A,, without needing to refer to any
exact calculations, so that a reasonable uncertainty estimate
can be obtained for large systems when no exact result is
available.
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FIG. 5. (Color online) Detail of entanglement scaling shown
for the example of the nearest-neighbor correlation (3’[»‘@,?“) for
the 7 = 0.5 Ising quench on N = 10 sites of a 1D Ising chain.
Cyan/magenta sets of lines show the predictions obtained for different
Am values with family A and family B equations, respectively. Green
and yellow zones show the extrapolation to the full quantum values
An = 1 obtained by each of the two methods, respectively. Vertical
width gives the statistical uncertainty. The blue triple lines give
the final combined estimate and uncertainty. For comparison, the
black markers show the predictions available with A4, = 1 direct
calculations, while the black line shows the exact value.

Figure 6 further compares the predictions and their uncer-
tainty with the true values, which can still be calculated for
N = 10. It shows that we obtain useful results until t ~ 2.8,
which is about three times longer than the plain approach
of Sec. III A. This is long enough to access the particularly

0.25

0.2

0.15

0.1

0.05

0.05 1 1 1 1 1
0 . .

FIG. 6. (Color online) Predictions of the nearest-neighbor corre-
lations involving S for the 4 = 0.5 Ising quench on N = 10 sites of
a 1D Ising chain, as obtained using the entanglement scaling method
(triple colored lines), and compared with known exact values (black
lines). Black markers show the predictions available with A, =1
direct calculations.
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v
<8 8>

FIG. 7. (Color online) Correlation between §¥ and S$° spin
components as a function of site-to-site distance d for a N = 10
site 1D lattice at the critical quench value & = 0.5, as calculated
using family A equations. Statistical uncertainty is shown as width of
the color bars, while black lines show the exact results.

important intermediate-time regime of the problem!” that
occurs when vyt ~ d for correlations between dth neigh-
bors, where vy, = 2|J|min[%, 1] is the maximum propagation
velocity. For our examples here, vy, = 1. This is also a
characteristic time scale for single-site decoherence in the
system such that |(S)| decays to its typical long-time value
over this time.

We see that the match in Fig. 6 is well within the uncertainty
reported, and in fact the uncertainty given is quite conservative.
The limiting factor is the relatively poor performance of
family B in comparison with family A. For this system, the
Glauber-Sudarshan—type equations give results further from
the full quantum value than the noiseless ones. To reduce the
final uncertainty, one needs a substitute, “family C,” that gives
results that deviate less while retaining a simple dependence
on Ac.

For example, Fig. 7 shows the buildup of correlations at a
range as time progresses, when calculated using family A data.
One can follow the propagation of the disturbance created by
the quench by observing the times at which the correlation
values diverge from each other with subsequent d. It would
be highly advantageous to have a second family with similar
statistical uncertainty, so as to be able to continue to resolve
the difference between d = 2 and 3 in the final predictions.

C. Large systems

In Fig. 8, we show predictions for two very large systems
(a spin chain with N = 10* sites, and a 2D square lattice with
100 x 100 sites, inaccessible with direct calculation). Indeed,
the full quantum dynamics of a 2D case of the size shown
in Fig. 8(b) is presently numerically intractable by any other
currently available methods.

Importantly, the lifetime for the 1D spin chain calculations
shown in Fig. 6 for N = 10 is the same as for N = 10000 in
Fig. 8. This confirms that with these methods the simulation
performance need not depend intractably on the system size.
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FIG. 8. (Color online) Dynamics of large spin systems after a
quench, showing nearest-neighbor correlations between orthogonal
spin directions. (a) A N = 10000 1D Ising spin chain quenched to
h =0.5; (b) a 100 x 100 spin lattice quenched to & = 0.1. Triple
lines show prediction and uncertainty obtained via the entanglement
scaling method. Black markers show the predictions available with
A = 1 direct calculations.

Naturally, being able to simulate 10* spins would become
especially useful for such cases as nonuniform systems or
quenches, rather than the uniform test cases shown here.

V. COMMENTS AND CONCLUSIONS

A. Summary

We have implemented a phase-space representation for spin
systems based on the SU(2) coherent states and demonstrated
that it can be used to simulate the full quantum real-time
dynamics of large systems of interacting spins, giving correct
results.

A direct application of the representation allowed us to
simulate the dynamics for significantly longer times than previ-
ous attempts using Schwinger bosons,”® e.g., an improvement
from ~0.67/J (in Ref. 70) to 1.1%/J for Ising chains after
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a transverse field quench to the critical value of 4 = 0.5. By
using the entanglement scaling technique, we have been able
to extend simulated times further, to times of up to 2.8%/J,
which is long enough to observe the main decoherence effects
and the propagation of correlations. Furthermore, initial states
are compact so that these representations now exhibit good
scaling with system size; the times achievable do not depend
on the number of spins in the system, apart from computer
resource limitations which scale only linearly with the number
of interspin coupling terms. This allows one to access really
large systems that are not directly accessible by other methods,
such as the 10* spins calculations in one and two dimensions
demonstrated here.

B. Outlook

This work is a first application of the entanglement
scaling approach® beyond BEC collisions. Avenues for
further improvement of simulated times fg,, include diffusion
stochastic gauges®® to reduce diffusion of trajectories into
badly normalized regions of phase space such as Im[R],
or a combination of drift and diffusion gauges of the kind
presented by Dowling et al.®® with Metropolis sampling of
the resulting real weights. For application of entanglement
scaling, stabilization of the equations may be useful by the use
of just drift gauges®>®> or the methods presented in Perret
et al.® Finding a third family of equations, “family C,”
which more closely matches the full evolution at A,, = O than
family B, would strongly improve the precision of the final
estimates.

Perhaps the most promising avenue to consider is to build a
different kind of kernel that is more closely suited to the natural
states of the Hamiltonian (20), especially some variety that
builds nearest-neighbor correlations into the basis. To this end,
the conjectures at the end of Sec. III D are points to remember
when formulating new kinds of phase-space descriptions.

Within the existing time limitations, there is a range of
problems for which short-time spin dynamics can tell us a
lot. This includes quantum quenches in general, the study of
critical behavior, and the pinpointing of phase transitions by
analysis of the Loschmidt echo.”® The coherence properties of
a system can be investigated with echo sequences of external
forcing parameters,’'~** something that is especially useful for
lossy systems because it alleviates the need for evolution over
long times. The representations developed here can be used
to simulate such situations without imposing approximations
or projections onto the Hamiltonian, especially in 2D and 3D
systems, something for which efficient methods have been
lacking.
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APPENDIX A: REMAPPING THE VARIABLES
ONTO A SEAMLESS SPACE

1. Polar and Boolean variables

To allow the representation of the 1), || ) states polarized
in the 7 direction, and avoid the stiffness of the equations near
these points in phase space, we make a change of variables
that prevents such infinite values. While the surface of the
Bloch sphere can not be seamlessly mapped onto a plane,
hemispheres are easily treated. We make a transformation
similar to a polar projection centered on the nearest pole, and
introduce a Boolean variable s that keeps track of which pole
is being used for a given trajectory.

For a state |z) we implement the following transformation
to a complex variable y:

e?, and s=+41 if R[z]>0
y= Al)

e, and s=-1 if R[z] <O,

where the variable s = sign(R[z]) tells us which Bloch
hemisphere we are in. Under this parametrization, the variable
y never leaves the unit circle |y| < 1. The extreme spin values
of S, = :i:% are now at the well-behaved y = 0 point, with
s ==£I1.

Since the branch cut in this parametrization lies on the far
pole, the trajectories can never go near this singular region so
long as we make sure to change the parametrization whenever
the trajectory crosses the “equator.” This is implemented by
checking at the end of each time step whether |y| has crossed
outside the unit circle. If it has, we carry out

1
Y= — and s — —s. (A2)
y

‘When time steps are small, there is then no risk of approaching
the far, pathological, pole. The evolution near the equator
of the Bloch sphere is gradual, although swapping between
projections occurs.

For the many-mode system, we need separate variables y;,
¥, si, and s/ for each spin. The SDEs (21) and (22) take on
slightly different forms depending on which hemispheres the
bra and ket components of the kernel lie. In terms of only the
new variables, they are

—ivi ST+ S+ 5 (10-7)

- . if si = +1,
dy; —yilmi +in;_]
R e ) e U A
. =
+yiln; —ini-1]
(A3)
and
MISLH Sl - 4007
dy, | —vilm—inZy)
dr | . . . ;
iVASE ST+ S (1 —7) if s = —1
+y/nj* +inj_] ! ’
(A4)
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where the S¢ estimator in terms of the new variables is

1—yiy; e — ;o

]ﬂ_’y:, if s =+1,5] = +1,
VAR

i‘u;' if s =+1s=-1,

z i
287 =tanh R = ):*,,r ) , (A5)

yLJrv', if s =-—1,5] =+1,
)

yeyeol _ ,

1’+)'-f>,’* if s =—1,5]=—1.

2. Simulation termination

At times f 2 fgm, as shown in Fig. 4, a pronounced
spiking behavior is seen in observable means. It is caused by
approaches to the R = =£ix/2 poles described in Sec. III B.
Spikes are a warning sign that poor sampling of the dis-
tribution may be occurring®” so one should disregard the
simulation for times after its onset. With the original z,z’
variable equations that have stiff behavior, spikes also lead
immediately to numerical inaccuracy and overflow, so that
ensemble averages of the estimators also overflow and any
actual spiking/systematic error is hidden from view. A sim-
ilar behavior was seen in positive-P simulations of boson
fields.®> The seamless variables y,y’ are less stiff so that
overflow does not occur and the bare spiking behavior can
in principle be seen. An example is shown in Fig. 9. The
results shown in other figures disregard evolution after the
appearance of the first spike. We detect spikes by checking
whether

187 = Lltanh Ri| > 1/e (A6)

for any trajectory at any site i, where we choose € = 0.04.

0.5F=—— T T T T T - 5
T (s
0.41 S ]
0.3F N 1
. (8) ool T
5] Y-, S~ T
wn - L SRR S. o
~ 0.2f e - S - ]
s e B -
s 7 Sy
7 4 ™
’ yd LT,
’ R
0.1 . J i
S LS
/ .,
’ yad
S
0.0f -~ 1
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0

FIG. 9. (Color online) Spin components: (S'X), (S‘”),(S‘Z) (bottom
to top) vs time for the 10-site Ising spin chain with transverse quench
fromh = 0t00.5. Results of simulations using the seamless equations
with y,s variables. Here, we do not use the criterion (A6) to stop the
simulation, so as to show the bare behavior. N’ = 10* trajectories,
B = 100 bins. Error bars and exact results are shown. The criterion
(A6) to stop the evolution is achieved at fg, =~ 1.1.
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FIG. 10. (Color online) Extrapolation details for the nearest-
neighbor correlation (S’;"S‘fﬂ) for the data of Fig. 5 at + = 1.8.
The black circles show observable estimates O,,(,,) obtained with
family A and B equations. The green and yellow lines show the
j=1,...8 =100 ensemble of quadratic fits f¥’(,,) obtained for
family A and B, respectively, with the synthetic data sets OY(%,,).
The black square is the exact quantum value obtained through exact
diagonalization.

APPENDIX B: ENTANGLEMENT SCALING PROCEDURE

The technique is described in detail in Ref. 65. We proceed
as follows:

(1) For an observable of interest 0, we generate observable
estimates O, (t,A,,) = AO,(t,1,) for a sequence of A,
values, for each method m. Here, m = {A, B}. We expect that
at long times t > t (A,), the data are missing (here, due
to rejection because of the onset of spiking) (seen in Figs. 5
and 10).

(2) We use the available A,, ranges of data to extrapolate to
the full quantum predictions Q,,(t) at A,, = 1.

(3) We estimate the statistical uncertainty of these extrapo-
lations A Q,,(2).

(4) The final best estimate Q(t) is taken to be the prediction
Q,,(¢) with the smallest uncertainty among the A Q,,(t).

(5) The final uncertainty A Q() is taken to be the maximum
among all statistical uncertainties A Q,,(¢) and discrepancies
[|Qm(t) — Q()|. The latter takes into account systematics due
to poor fits without needing to refer to any exact calculations.

Two or more families m are used to provide a check on each
other’s accuracy. For this to work, they must make independent
estimates of Q,,(¢). Since we are in principle free to choose the
functional form by which A, enters the evolution equations,
estimates will only be independent when the A = O starting
points differ to a statistically significant degree.

There is also the matter of choosing fitting functions in
the A,,. In principle, they are unknown a priori. In practice,
complicated dependencies on 1,, are unacceptable because
the extrapolation would become ill conditioned due to poorly
constrained fitting parameters. Scaling the noise variance with
Am tends to give near-linear dependence, when the result at
An = 0 is a noiseless set of equations. We try polynomials
up to third order as our fitting functions f,,(¢,,,) in A,,. In
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almost all cases, quadratic fits give the best results; linear fits
tend to disagree between methods m by more than statistical
uncertainty because the dependence is too simple, while cubic
fits are usually ill conditioned and give huge uncertainties.

Uncertainty estimates for extrapolations can be found by
various means.” One relatively straightforward method is to
generate a set of synthetic data sets where deviations from the
fit are randomized. To do this, we calculate the rms deviation
from the fit R,,(1)* = 515 22, [Om(t,2m) = fin(t, 1)1, and
add random Gaussian noise having this standard deviation to
the original data. N,,(¢) is the number of A,, values used. This
gives an ensemble of data sets labeled by j = 1,...,S, with
values

Ot hm) = Ot h) + REP(U 0)EL (1, 0),  (BL)

where the S,(,,D(t,)\m) are independent Gaussian random vari-
ables with mean zero and variance unity. In practice, we
use a deviation that is capped from below Ry’(f,A,) =
max[A O, (t, ), R, (¢)] to not be smaller than the statistical
uncertainty in the data points.

Having these sets, an extrapolation Qf,{)(t) is made with
each one. The uncertainty in our final estimates AQ,,(?) is
based on the distribution of Q(rj)(z‘). This need not be Gaussian,
so instead of using standard deviations we consider percentiles
(68.3% in the figures). We use S = 100 such synthetic data
sets in each case.

APPENDIX C: SIMULATION TIME FOR NONZERO A

Consider the equations (A3) for the “seamless” y variables,
and let us stay now generally in the s = s’ = +1 projection,
since what follows is very approximate and this simplification
is sufficient to obtain the observed scaling (40) and (41). The
poles correspond to the denominator in (A5) going to zero,
i.e., for the s = s’ case, when yy’ = —1. Since |y| < 1, this
means

Iyl =1=1 (&)

is the location of the poles, i.e., y and y’ lie opposite each other
on the unit circle.

To estimate when this can occur, consider that y and y* start
out equal, and have a similar evolution that differs by some
random noise. Hence, the variance of the distance |y — y'| is
of the same order as the variance of |y|. Poles can occur only
when |y — y’| = 2, so we expect approaches to the poles to
begin when the variance of y is of the order of half (then 20
outliers are separated by a distance of ~2). We will estimate
tsim by looking for the time when

var[|y[] = (Iy*) — (0> = A3, (C2)

where A, is a constant O(1/2).

Let us look at the evolution of y. Initially, all the S;_, and
S7,, contributions are negligible because they are multiplied
by y ~ 0. If we ignore them, the sites decouple, and one has
some hope of a simple analysis, so let us proceed in that way.
The noises 1, ;) can be collected together into one larger noise,
and the approximate equation is

dy i

ih 2
=5 0=y y/Cn(t), (C3)

y =—y and
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where C is the number of connections per site. For example,
C =2d in d-dimensional square lattices. n has the same
statistical properties (26) as one of the ;.

Initially, y ~ 0, and (C3) leads to

h
(1) ~ i?t (C4)

so that the trajectories move upwards towards y — i, while
starting to acquire fluctuations. There are two extreme possibil-
ities: either the trajectories all move up towards the unit circle
without acquiring much noise along the way (large /), or their
average stays small while the outliers approach the unit circle
(small %). Let us, for now, ignore also the nonlinearity that
occurs when y ~ O(1), and consider the early-time equation

dy ih
- == v Cn(t C5
-2ty n(t) (C5)
which can be solved. For y(0) = 0, it is
in P
Y1) = ’7 o—VCI® / VIO g, C6)
0

where the function
f@® =/0 n(s)ds = fr(t) +ifi(1) (o))

is an integrated noise that has the following properties:

(f®)y=0, (fOfE)) =0, (ffOfE)) =1t -1
(C8)
and fr and f; are the real and imaginary parts, respectively.
These are independent and have equal variances of [t — t'| /2.
To proceed, we will need the following results,>* valid for
real Gaussian random variables & of variance 1 and zero mean:

() =72, (e7F) = T2, (€9)

Let us now evaluate the variance of |y|. The expression
(C6) for y can be grouped according to independent noises in
the exponential, such that

: 1
y= %/ ds eVCURO—Fx®) JVCLO-1O1 - (C10)
0

Each factor with independent noises can be evaluated inde-
pendently, so

(y) = ﬂ /tds(ex/E[fR(f)*fR(-‘)J)(ei*/flfl(t)*fl(x”)' (C11)

2 Jo

The noise difference is f(t) — f(s) = f; n(s")ds’ and its real
and imaginary parts have a variance of |t — s|/2. Then, using
(C9) we obtain
() = iht
Y= 5
A similar but slightly more lengthy procedure using the
substitution (C10) gives (|y|?) = Z—Z’(ec’ — 1) so that

(C12)

lyll= hzjt[ ¢ —1-Cr (C13)
Tl — 11—
var(|y 2 e s

to be compared with our variance criterion (C2).
The approximate deterministic evolution (C4) is valid
as long as (y) remains small, i.e., for times <ty =2/h.
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When £ is small, 7y >> 1, and the variance at this time is
~¢*¢/"(h/2C) > 1. Hence, our variance criterion (C2) for #p,
is exceeded while our assumptions hold. Under the 2/h > 1

assumption, var[|y|] &~ Z—zec’, so that for small h (C2) gives

2 2A,V/C 1 2 2A,8/C
tim ~ —In| ——— )| — = Intgpn ~ —In| ——— ).
C h C C h

(C14)

The In ¢ term is negligible for small enough %, so the observed
scaling behavior (40) is recovered. A comparison with the data
of Fig. 4 gives a match for A, ~ 1/4.

Different behavior occurs when £ is large. In this case, by
the “large-y” time of fy, (C13) gives

varllylo)] ~ <1 c15)
so that by the time the linear drift approximation (C4) used to
obtain (C13) breaks down, the variance is still small and the
yy’ = —1 poles have not been approached.

At later times, if we continue to ignore the Ising drift terms
~yS%, then upon reaching y = i, we make the coordinate
change (A2) to obtains — —1,and y — ~ —i, soon followed
by also a complementary flip in s” and y’ since the variance of
the trajectories is small. The evolution then continues to drift
upwards according to y &~ ihy/2 until we againreach y ~ +i,
and so on. This basically corresponds to precession invoked by
the strong transverse field along the X axis. For large &, many
such periods will occur before tg, is reached. Let us make a
gross approximation that on average the value of |y| is y in
the time period #y < t < fgm, expecting y to be O(1). Then, an
approximate equation of motion is

dy L _
o = deterministic terms + y\/E n(t).
The equation of motion for the variance, on the other hand, is
(via the Ito calculus)

d P Ly [dy\
Tvarllyll = = +<<y dt> <dt>< >)+c.c.

(C17)

(C16)

The covariances on the right-hand side can have a complicated
dependence on y, but in the spirit of simplifying down to the
bare essentials, let us omit them. With that, we find

C 12
var[|y()]] ~ var{|y(to)|] + '2y B — 1)

L P 2
~C|l-+—71|t——)],
[h+ 2 h

using also (C15). Applying the criterion (C2), we obtain the
following estimate at large h:

i)
tim X —— + — ——5 )
"R h [y1?

the general behavior being (41). A comparison with the data
of Fig. 4 gives amatch forc; ~ 0.8 and ¢, ~ 0.3,i.e.,y ~ 1.1
and A, ~ 0.7.

(C18)

(C19)

(C20)
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Part 1I: Universality Class of the
dirty-boson transition in 2d



CHAPTER 4

THE DIRTY-BOSON PROBLEM

4.1 Introduction

Disorder is ubiquitous in condensed matter systems, particularly in real materials and can give rise to
non-trivial effects; a classical example of this is the phenomena of Anderson localization (Anderson,
1959) of non-interacting electronic systems in disordered media. Suffice it to say, the interplay be-
tween the strength of disorder and interactions adds an extra layer of complexity and is an extremely
challenging problem. This is especially due to the shortage of well-controlled approximations for an-
alytical treatments, save for a few exceptions such as weak disorder in 1d. In light of such inherent
difficulties, it is only natural to gain insight on the physics of disordered system using numerical
tools, such as its quantum critical properties.

There are two common ways of studying disorder physics that are often encountered. One way is
to quench a system by incorporating a fixed amount of disorder, followed by tuning an external
parameter, (say A) that is known to induce a quantum phase transition in the disorder-free system.
The second way is to instead fix the parameters of the ’clean’ system and increase the disorder
strength (say A). In the latter scenario, one can treat A as another dimension of exploration for
new quantum critical phenomena. As well, a novel A — A phase diagram can be mapped out. Some
novel disorder-induced phenomena include the smearing of a sharp transition (Vojta, 2010), new
critical exponents as dictated by the Harris criterion (Harris, 1974) (see section 4.5.1) and of course
the manifestation of novel quantum phases such as the spin glass (SG) phase in random bond Ising
models (Cho and Fisher, 1997) and the Bose glass phase (BG) in disordered Bosonic models (Fisher
et al., 1989).

Of interest to us is the effects of uncorrelated disorder in the 2d Bose-Hubbard (BH) model, dubbed
the ’dirty-boson’ problem, which was studied in detail in the seminal work of (Fisher et al., 1989) and
has since been established as a central reference. It is interesting to note that the interest in disordered
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boson physics has been spurred on by several natural experimental platforms, examples of which
include *He in random media such as Vycor (Crowell et al., 1997) or Aerogel (Finotello et al., 1988)
and most recently transition metal halogenides (Zheludev and Roscilde, 2013) in place of traditional
metal oxide quantum magnets. It has further been successfully emulated using ultra-cold atoms in
optical lattices (Sanchez-Palencia and Lewenstein, 2010) using bichromatic potentials (Damski et al.,
2003, D’Errico et al., 2014, Roux et al., 2008), speckle potentials (White et al., 2009) or different
atomic species to mimic random impurities (Ospelkaus et al., 2006) as well.

Surprisingly to this day, the universality class of the ’dirty-boson’ problem, is filled with conflicting
results in the literature. In particular the dynamic critical exponent, z, has been proven to be par-
ticularly difficult to pin down. In (Fisher et al., 1989), Fisher predicted that z = d in all dimensions,
an exact longstanding result that invalidated the existence of an upper critical dimension and has
been used as a major assumption in most numerical studies (Runge, 1992, Yu et al., 2008, 2012b,
Zhang et al., 1995) since its inception. Oddly enough a series of numerical results demonstrated that
an alternate scenario z < d (Alvarez Zuniga et al., 2014, Priyadarshee et al., 2006, Meier and Wallin,
2012, Kim and Stroud, 2008, Markovié¢ et al., 1999) was possible and was further lent credence by
the theoretical work of Weichman et al (Weichman, 2008).

Our work in this thesis, details our numerical efforts to determine unequivocally the universality
class of the ’dirty-boson’ problem, paying special attention to z. To this end, we engage in large-
scale QMC simulations making no prior assumptions to the value of z, which traditional simulations
heavily relied on (cf. section 4.6.1). For the remainder of this chapter, we aim to elucidate and
review the features of the ’clean’ and ’dirty’ BH model and provide insight on the controversy with
regards to the ’dirty-boson’ problem, to which our research is targeted at.

4.2 The Insulator-conductor transition in bosonic systems

4.2.1 The Bose-Hubbard model

The Bose-Hubbard model (Fisher et al., 1989) is an approximate description of interacting bosons
in a lattice that manifests a conductor-insulator type transition arising from a competition between
kinetic energy and potential energy terms. Its Hamiltonian takes the simple form:

~

. e s I
H= —tZ(b;rbj—F ]J»rbl') _ZP‘”i+§Z”i(”i_1)f (4.2.1)
(i.f) i i

where t represents the tunneling amplitude, p sets the chemical potential and U is the on-site
potential energy that penalizes occupancies greater than one. The bosonic operators, I%E* satisfy
the usual commutation relations: [b;,bf] = dij and [b;,b] = 0 where Jij is the kronecker delta function.
i = Eﬁ?l is the number operator for a given site. It also has a global U(1) symmetry such that
H ({Bl — lAﬂl-e*ie,B:-r — E?eie}) =H ({Bi, B:r}) We will now discuss its zero temperature properties.
The BH model admits a Mott insulator (MI) and a Superfluid (SF) conducting phase and a phase
diagram in the t/U-pu/U plane that is uniquely distinguished by the existence of asymmetric Mott
lobes surrounded by a SF phase as shown in the schematic phase diagram in fig. 4.1(a).
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3 A Generic MF transition
Special (d+1) XY-model
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(a) Phase diagram of the clean BH (b) Phase diagram of the BH model
model with disorder, éy;/U = 0.

Figure 4.1: Schematic phase diagrams of the BH model adapted from (Weichman, 2008) with and without
disorder. The multicritical point is indicated by the red dots. The transition through the latter at fixed
u/V lies in the (d+1) XY universality class. The generic transition can be described by its mean-field values.
Experiments involving *He in random media such as Vycor is an excellent emulator of BH with disorder (Zimanyi
et al., 1994) and may be a viable option to probe the transition indicated by the brown dashed arrow.

The Mott insulator (MI) is a gapped phase and characterized by a vanishing compressibility, x = g—z,
where p is the density of particles. Based on this definition of the compressibility then, in the Mott
phase, the density of the system is stuck at commensurate integer filling albeit only for a certain
range of values of the chemical potential. One can imagine that a sufficiently large chemical potential
will inevitably overcome the energy gap and allow the addition of particles or holes. To visualize
how a Mott phase can arise, it is instructive to first study the BH Hamiltonian without tunnelling,
i.e. the t =0 limit, which is given by the on-site interaction Hamiltonian

A . Ue—. .
H=-) un;+ EZni(ni —-1) (4.2.2)
i i

that is diagonal in the Fock basis with eigenstate: |¢) =TT; (ﬁ+)n |0) where |0) is the vacuum state.
The energy per site of the system as a function of u/U and at different integer fillings are then given
by:

Ifni:O: EiZO

Ifnizlz Ei:*y

If 7’11':2: Ei:U—Zy (4.2_3)
Ifn;=3: E =3U-3u

and depicted in fig. 4.2. We see that in order to minimize the energy of the system, it is preferred to
have 1 bosons per site for the range of chemical potentials: u/U € (n — 1,n). This region represents
the aforementioned Mott insulator with a density that is insensitive to changes in p/U. A crossover
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Figure 4.2: Energy per site of the BH model in the absence of hopping. The system is in a Mott phase in

commensurate filling with # bosons per site for u/U € [n,n —1]. A crossover from density 1 to n + 1 occurs at

values y’/u =n labeled by red diamonds.

to Mott phases of different densities occurs at u/U = n precisely when E(n — 1) = E(n), implying
an energy gap of nl. For finite t however, the system can gain energy by hopping between sites and
use it to overcome the energy gap which is of order U. For t < U, the on-site interaction dominates
and the MI phase still persists. On the other hand, for ¢t > U, the gain in kinetic energy dwarfs the
gap and particles/holes can now be added easily. The system is essentially in a gapless superfluid
phase. We therefore expect that for intermediate values of t/U, extent of the Mott lobes in the
p-direction which represents the excitation gap, must decrease accordingly, eventually vanishing at
a unique point, t./U that demarcates the location of the tip of the Mott Lobe.

In the regions between the Mott Lobes, the system is a SF and particles can be added to the system at
no energy cost, thereby realizing a gapless phase with finite compressibility. In contrast to the Mott
phase, the density increases continuously as the chemical potential is increased. In effect, the on-site
interaction strength is completely offset by the gain in kinetic energy. The T = 0 wavefunction for the

~\ N
SF state is given by the state with all its bosons in the zero momentum state: [Pgp) = \/1]\7' (b+> |0).
Additionally it exhibits long-range off-diagonal long-range order and is characterized by a non-zero
complex order parameter (b).

Fascinatingly, the SF-MI transition through the tip of the lobes, induced by varying t/U (and
indicated by the red dashed arrow in fig. 4.1(a)), is a special multicritical point at which a "hidden"
particle-hole symmetry! is restored and belongs to the universality class of the (d + 1) classical
XY model (Campostrini et al., 2001, Fisher et al., 1989), where v = vé(fl,z = 1. This particle-hole
symmetry implies that particle and hole excitations occur in equal numbers. Meanwhile, the generic
transition crossing of the Mott lobe either at constant /U or constant p/U (that does not cross the
tip) however, is mean field in nature (Fisher et al., 1989) and traversing an upper (lower) branch of
a given Mott Lobe, results in only particle (hole) excitations.

1'We say that this symmetry is "hidden" since it is not explicit in the Hamiltonian in eq. 4.2.1
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ni | E(u,oui = —A,ni) | E(u, 04 = Any)
0 0 0

1 —pn+A —p—A

2 —2u+ U+ 2A —2u+U—-2A

Table 4.1: Energy per site at the extreme values of disorder strength, A with no hopping terms.

4.2.2 The effect of disorder

Now let us consider the effects of bounded uncorrelated disorder in the form of a random on-site
chemical potential which amounts to the modification:

>+ ou; (4.2.4)

in eq. 4.2.1, where dy; is uniformly distributed in the interval [—A,A]. Once again, we turn to the
t =0 limit for insight. The Hamiltonian in this case now reduces to:

. . u, .
Hi = —(p+ 6pi) i + =i (A —1) (4.2.5)

and at different values of n; for a given site 7, there exists a range of possible energy curves E(p,du;,1;)
that are bounded above and below by du; = £A respectively that can give rise to a new phase in
the region:

ue [nl—A,nl+ A (4.2.6)

To elucidate this, one simply has to explicitly write out the possible values of E(u,du;,n;) for the
different fillings and the bounds of disorder strength as summarised in table. 4.1 and illustrated in
Fig. 4.3. Considering the two extreme cases, dy; = A, we see the boundaries of eq. 4.2.6 are obtained
by solving the equation: E(p,n,£A) = E(u,n —1,£A). For general disorder strengths, dy; € [—A, A]
however, we can solve for the crossover point y' at which a transition from an occupancy of n to
n + 1 occurs, by equating:

E(y',pi,n;) = E(4', 0, m; + 1), (4.2.7)

to yield:
p' =nU — by, (4.2.8)

Once y is tuned past p’ the site occupancy increases from n to n + 1. The special region of eq. 4.2.6
represents a novel BG phase, which is evidently compressible; the density of the system increases
continuously from 7 to n+1 as y is tuned from nV — A to nV 4 A. In the complementary region:

Huotrt € [(n —1) + A,n — A (4.2.9)

however, we see that a Mott insulator state persists and so the net effect of disorder on the phase
diagram is to shrink the Mott regions uniformly by exactly A. As in the clean system, introducing
a tunnelling into the system via a nonzero f means that the kinetic energy gained can be used to
overcome the energy gap, resulting once again in the tapering of the Mott lobes, till it eventually
vanishes at a multi-critical point. Naively, one might expect that the regions originally occupied by
the MI, would be replaced by a SF but we now know that this scenario is incorrect and instead a
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Figure 4.3: Energy for site i of the BH model without hopping but with disorder du;/U € [—A,A], where
A =0.2 as a specific case. This represents the BG phase (yellow region) which exists between the n =1 and
n =2 Mott lobes (grey region) (cf. Fig. 4.1(b)). The red (blue) lines correspond energy profile for maximum
(minimum) disorder strength. The dashed line is an example of the energy profile for a general value of dy;
within the bounds. Depending on the strength of the disorder du;/U, site i is either occupied by 1 or 2 bosons
at a depending if y/U is lesser or greater than p//U indicated by the red circle.

Bose-glass (BG) phase emerges (cf section 4.3).

To obtain a qualitative understanding of the BG phase, we consider the effects of exiting the upper
branch of a Mott lobe by increasing the chemical potential at fixed t/U. Fisher (Fisher et al.,
1989) argued that when pu/U in eq. 4.2.4 is tuned larger than the upper (lower) branch of the Mott
Lobe (see fig. 4.1(b)), excess particles (holes) that are added to the system (on top of the existing
Mott Background) must be Anderson localized by the random potential of the disorder: {du;}. As
such, the phase of the system just outside the Mott Lobe cannot be a SF instead we have a peculiar
compressible insulator with localized quasiparticles. For sufficiently large /U however, the irregular
potential is eventually smoothed out as more particles enter the system, eventually admitting a SF
phase. A comprehensive summary of the 2d BH phase diagram from stochastic series expansion
(SSE) (cf. chp 5) simulations can be found in Fig. 4.4.

4.3 Absence of direct MI-SF transition: Theorem of inclu-

sions

A highly debated issue surrounding the ’dirty-boson’ system was if a direct MI-SF transition was
possible. Although, Fisher put forth a convincing case that SF cannot generically arise upon exiting
a Mott lobe, it did not definitively rule out the possibility of a direct MI-SF transition through the
multi-critical points, where the excitation gap exactly vanishes. Curiously, a large number of direct
numerical simulations (Krauth et al., 1991, Makivi¢ et al., 1993, Wallin et al., 1994, Pdzmandi and
Ziményi, 1998, Lee et al., 2001) and some approximate approaches (Zhang and Ma, 1992, Wu and
Phillips, 2008, Bissbort and Hofstetter, 2009) observed this unlikely scenario. It was only in 2009
that Pollet et al resolved this controversy by proving the 'Theorem of Inclusions’ in all dimensions,
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Figure 4.4: The phase diagram of the 2D BH model taken from (Lin et al., 2011). Shaded areas are the Mott
insulating phases for zero disorder as determined from strong-coupling expansions in (Elstner and Monien, 1999)
and (Niemeyer et al., 1999). The mean-field phase boundaries and constant density profiles for zero disorder
are shown as red dotted lines. The dashed line indicates the constant chemical potential p/U = 0.375. The
solid triangle indicates the location of the transition to the Mott phase in the absence of disorder as determined
by QMC simulations along the dashed line from (Niemeyer et al., 1999). The three solid squares from bottom
up are for the locations of superfluid to Bose-glass transitions with on-site disorder of strength A/U =1 at
u/U =0,0.375,1, respectively, are the results of the QMC simulations of (Lin et al., 2011)

and verified by QMC simulations (Pollet et al., 2009, Soyler et al., 2011).

The theorem of inclusions states that in the presence of generic bounded disorder there exist rare, but
arbitrarily large, regions of the competing phase across the transition line. By generic disorder we
mean that any particular realization has a non-zero probability density to occur in a finite volume.
This theorem immediately implies the absence of a direct SF-MI quantum phase transition. In (Pollet
et al., 2009), Pollet et al proved the following two theorems, named theorem I and II. Theorem I
states that if the bound on the disorder strength A was larger than half the Mott-gap, E¢/>, then
the system must be compressible. In short, if

then the transition is to the BG phase and not the MI. Meanwhile, theorem II states that the system
must have non-zero compressibility on the SF-I critical line and in its neighborhood in the presence
of on-site disorder potentials. Together, theorem I and II proved that a direct SF-MI transition was
not possible, putting an end to nearly two decades of controversy.

4.4 General results from scaling theory

Before pressing on, we turn to scaling theory to derive some general results for the insulator-conductor
transition of the BH model. Scaling theory (Continentino, 2011, Stanley, 1999, 1987) is a powerful
tool that predicts universal scaling relations as a function of proximity to a QCP (of a continuous
phase transition) which we denote by § ~ |A — A;|, where A is a generic tuning parameter and A, is
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the critical point. Remarkably, the heart of it lies in the simple assumption of two diverging length
scales (for quantum systems),

G o

4.4.1
Ge~ 07", b

which defines the critical exponents v and z. A feature of this is that dimensionful observables of a
system near a continuous QCP then exhibits scale invariance. Consider the free energy density of
the system defined in the T = 0 thermodynamic limit:

f(p,]) == lim lim Lan, (4.4.2)

p—sooL—rco BLA

where Z = Tlr((f/3H ) is the partition function and N is the spatial dimension of the system, is a
homogeneous function. Using a path integral representation, it is trivial to see that B =L, =1/kpT
plays the role of an extra imaginary time dimension. Upon inspection of eq. 4.4.1, we see that there
exists an anisotropy in the scaling between space and time. Consequently, under an arbitrary length
scale transformation of b such that L — L' = bL and Ly — L} = b*L/, the singular part of the free
energy, fs is a homogeneous function that satisfies the following relation (Fisher et al., 1989):

f:(8) ~ b TR £ (b1/79), (4.4.3)
which for the standard choice b'/V§ =1 implies that:
fo(8) ~ 8V1H2), (4.4.4)

By convention, a defines the critical exponent for the free energy such that fs ~ 5%27% and reconcili-
ation with eq. 4.4.4 reproduces the quantum hyper-scaling relation:

2—a=v(d+z), (4.4.5)
in comparison to the classical hyper-scaling relation:
2—a=vd. (4.4.6)

In quantum systems then, the quantity dgff = (d + z) plays the role of an effective dimensionality.

4.4.1 Compressibility and Superfluid condensate density

Scaling forms for other physical observables can be derived directly from eq. 4.4.4. For instance,
choosing the chemical potential as the tuning parameter such that § =y — p, is is easy to show by
simple differentiation that the singular part of the compressibility: xs = dp/du = —9>f/9u? scales
as:

K ~ 600@+2)=2, (4.4.7)
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Moreover at criticality, the disorder averaged unequal time green’s function defined by:
G(r,7) = (ar(1)a}(0)), (4.4.8)

obeys a power law decay which introduces the anomalous critical exponent, 77 through the expression:

G(r,7) ~ rd%wgwg,r/gﬂ. (4.4.9)

Noting that lengths scale as 6~V and that the order parameter () by definition scales as OB, where
B is its critical index, we expect that G(r,T) ~ 028, And so ensuring that the dimensionality of the
LHS and RHS of eq. 4.4.9 remains consistent, yields the following scaling relation:

2B=v(d+z—-2+1). (4.4.10)

Additionally, one can also define a Superfluid density, ps to further distinguish the insulating and
SF phase. It is a global quantity that is not accessible by trivial derivatives of the singular free
energy. Instead, it is formally related to the change in free energy, Af, arising from a spatial phase
twist (Fisher et al., 1973) and measures the spatial stiffness of the phase of the SF order parameter:
(@). As such, it can be treated as a rescaled helicity modulus Y through the definition: ps = ’;Z—;Y.
Following Weichman (Weichman, 2008), this energy correction works out to be

Afy = é;}/oﬁd‘f/dde(p(x,r)F, (4.4.11)

where B =1/kpT, V is the volume and T represent imaginary time. ¢(x,7) is the phase of the order
parameter. Afy ~ sv(d+z) (cf eq. 4.4.4) and assuming that the spatial twist is a relevant perturbation
then it generates a singular correction so that we can write V¢ ~ §”. Simple dimensional analysis
then tells us that

ps ~ 6V(@+272) (4.4.12)

Analogously, one can also compute the change in free energy associated with a twist in imaginary
time (Fisher et al., 1989), Af;. The helicity modulus associated with this energy change translates
directly to the total compressibility, «;, of the system. Following (Weichman and Mukhopadhyay,
2007) once more, we can write this as

p
Afy = 2/3% /0 dt / d'x(3:9), (4.4.13)

but in this case once again assuming that imaginary time twist is a relevant perturbation, then
d¢¢p ~ 6~ which means that the compressibility scales as:

Kt ~ 6V(472) (4.4.14)

so as to ensure that eq. 4.4.13 remains dimensionally consistent with eq. 4.4.4.
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4.5 Universality class of the SF-BG transition

Determining the universality class of a continuous QPT in general requires knowledge of at least
three critical exponents, which can then be used to obtain the remaining exponents using scaling
relations such as eq. 4.4.10 and eq. 4.4.5. For disordered systems, obtaining exact values for the
critical exponents are especially challenging, however several bounds for the exponents: v,1 and z
for the dirty-boson system exist and the derivations of these relations can be found below.

4.5.1 The Harris criterion: lower bound on v

The Harris criterion (Harris, 1974), a long-standing result in disorder physics is represented by the
inequality:

v > %, (4.5.1)

where d is the dimensionality of the system, which when satisfied dictates that the effect of disorder
is an irrelevant perturbation (in the renormalization group (RG) sense) and the critical properties of
the clean system persists. When violated however disorder is now relevant and new disorder-induced
physics can arise . One possible scenario is that under a coarse graining procedure, the RG flow of
the disorder strength approaches a new fixed point that yields new critical exponents that satisfies
the Harris criterion. An example of this is the classical 3D Ising model with site diultion (Ballesteros
et al., 1998). Alternatively, the RG fixed points can be characterized by infinite disorder strength
resulting in exotic exponential (activated) scaling (Fisher, 1992) instead of the usual power law
scaling relations of thermodynamic observables. In the latter case, a smearing of an otherwise sharp
phase transition (Vojta, 2006) can result, an example being the heat capacity of the McCoy and Wu
model (McCoy and Wu, 1968), a special variation of 2d random-bond Ising model that surprisingly
has an exact solution.

The derivation of the Harris criterion (Cohen, 1985) starts with the assumption that in a material
(at finite temperature) with uncorrelated bond disorder, there exists a unique critical point, T at
which a diverging correlation length: ¢ ~ (T — T,)™V can be defined. At any temperature, T the
system can be broken up into independent regions of size ¢ comprising of ~ gd bonds in d-dimensions.
Furthermore, each block is expected to yield a unique critical temperatures T, and so the statistical
fluctuations of the distribution of the mean of T, is inversely proportional to the square root of the
number of bonds, i.e.:

6T, ~ E9/2, (4.5.2)

Writing the distance to the unique critical point as:
AT=T—T.~Z 7, (4.5.3)

Harris argued that a sharp transition can only occur if the fluctuations shrink more rapidly than AT
as ¢ approaches infinity, i.e.
8T, /AT = gV/v=4/2 (4.5.4)

as ¢ — oo. To this end, we require the exponent in eq. 4.5.4 has to be negative. This yields the
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Harris criterion of eq. 4.5.1 which establishes a a lower bound on the critical exponent, v
v>2/d. (4.5.5)

Note that while we have seemingly derived a criteria for sharp transitions with the same clean critical
exponents, the Harris criterion actually bears deeper implications. When violated it tells us that the
critical properties must change in some way, i.e. either smearing or new critical exponents perhaps.
Although the Harris criterion was originally formulated for uncorrelated disorder, this result was
generalized to correlated disorder as well. It was further extended by Chayes et al (Chayes et al.,
1986) and was shown to be applicable to systems without a "pure" analogue such as in percolation
and Anderson location phase transitions, as long as a correlation length: ¢ ~ |A — A¢|™Y could be
defined. A in this case, quantifies the strength of the disorder and A, is the critical point beyond
which a disorder-induced phase arises.

4.5.2 An upper bound on: 7

The equal space green’s function can be related to the single-particle density of states, p1(€) via the
formula (Bruus and Flensberg, 2004):

G(r=0,7)= /OOO dee=¢lp (%), (4.5.6)

where the sign of € depends on the sign of . In what follows, we will derive the scaling behaviour
of p1(€) by considering its asymptotic properties at large 7. First of all, since the excitations in BG
phase are localized, the density of states is a constant at low energy. This means that upon evaluating
the integral in eq. 4.5.6 in the € = 0 limit yields the following asymptotic long time behaviour:

.= 1
F}gl’.}oG(T =0,7) ~ ;pl,BG (0), (4.5.7)
having dimensions of 1/T. Moreover, at the transition and noting that T scales like r*, we can deduce
from eq. 4.4.9 that

G(r _ O,T) -~ T—(d+z—2+77)/2g~(_[/€2)
1

_ ?Tf(d72+77)/zg~(_[/§z>.

(4.5.8)

As highlighted in eq. 4.5.7, the long time behaviour of G has to scale as 1/7 and in order for this
to be consistent with eq. 4.5.8, we require that the long time behaviour of the scaling function, i.e.
limxﬂoog(x) scales as xT(@=2+1)/2 5o that the extra T dependencies cancel out exactly, leaving us
with the expression:

- 1
G(r=0,1)~ ;ngd*'l. (4.5.9)
A quick comparison with eq. 4.5.7 leads us to concludes that:
0p1(0)pc ~ &1, (4.5.10)
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This further tells us that generally at the transition, and at finite energy, € then we have:

p1(€)pc ~ el TNz, (4.5.11)

since & ~ e 1/Z,

Now, in the SF phase, we expect that limr_e G(r = 0,7) = M?, where M = (4) is the order param-
eter. Comparing this with eq. 4.5.6 requires that right at the transition, the SF density of states
must be proportional to a delta function in energy J(¢), i.e.:

o1(€)sp = M?8(e), (4.5.12)

due to enhanced fluctuations of the condensate. Physically speaking then, one expects that as the
SF-BG transition is approached from the BG phase, that p1(€)pg ought to diverge at € =0 to match
01(€)sp. In order for this to hold, we must at least have

n<2-d (4.5.13)

thereby establishing an upper bound for 7.

4.5.3 The dynamic critical exponent z

One of the central long-standing results from Fisher et al’s seminal work (Fisher et al., 1989) is the
exact relation z =d in any dimension, d, for the SF-BG transition. To understand this, one only
needs to recall the scaling relation for the total compressibility in eq. 4.4.14, x; ~ |y — ]/tC|V(dfz) and
the fact that both the SF and BG phases must have a matching finite non-zero compressibility right
at the transition. This constrains z = d. For completeness however, we shall rule out the other
possibilities as well. Suppose we made the assumption z > d, implying a diverging compressibility

so that x; ~ k5. Comparing eq. 4.4.14 and eq. 4.4.7 then yields the scaling relation:
vz=1, (4.5.14)

which in combination with our original assumption (z > d) implies that:

(4.5.15)

[U| =

v <

However this immediately violates the inequality of Chayes et al that v > 2/d which was earlier
mentioned in section 4.5.1. In light of this contradiction, the assumption z > d must be false. On
the other hand, the scenario z < d would require a vanishing compressibility precisely at 6 = 0,
corresponding to a finite energy gap. Bearing in mind that the SF and BG phase both have finite
compressibility at both sides of the critical point, one would expect that this sudden opening of a
gap is physically implausible. This then leaves us with the the most likely conclusion z = d which for
many decades has been left unchallenged until recently, where the scenario z # d has been numerically
observed.

To understand how the scenario z # d can arise, we have to point out possible flaws in the earlier
arguments. A subtle point is that Fisher’s argument makes the assumption that the twisted boundary
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conditions in both spatial and imaginary time directions generate relevant perturbations and as such,
the twists result in singular corrections, i.e. V(x,T) ~ &1 ~ 6" and dr¢(x,T) ~ EV* ~ ', Upon
closer inspection, Weichman (Weichman and Mukhopadhyay, 2007) found this to be the case only
for spatial twists because it generates relevant symmetry breaking terms in the Lagrangian. This
validates the usual scaling relations for the condensate density. On the other hand, imposing a twist
in imaginary time twist: wp only results in a trivial shift of the chemical potential: y — p —iwp. This
is considered an irrelevant perturbation and does not justify the inclusion of singular corrections.
As a result, the relation ;¢ (x, T) ~ 6% no longer holds and the relation « ~ §"?~2) breaks down as
well. Instead of eq. 4.4.13, the change in free energy resulting from an imaginary time twist is given
by:

5fc ~ U1 — i) — O o), (4.5.16)

where fo(],y) is the free energy with periodic boundary conditions. All contributions to x therefore
come from fO which has a singular, fSO and analytic contribution, f,? . The singular term results in a
contribution to the compressibility: Kgm g™ 6%, where quantum hyperscaling (see eq. 4.4.5) dictates
that « =2 — (d + z)v. This vanishes under the condition that « <0 or v > dz? which is guaranteed
by the inequality of eq. 4.5.1, v > % We therefore see that the compressibility is dominated by a
remaining analytic contribution instead. This conclusion makes no statements about z and therefore
leaving it unconstrained, providing an explanation for the unconventional values of z observed in the
literature.

4.6 Numerical studies of z

4.6.1 Apriori assumptions of z

Let us highlight the inherent difficulties in extract critical properties from simulations numerical
simulations and the importance of apriori knowledge of z, which emphasizes the importance of the
exact relation z =d. As an example, let us consider the finite-size scaling form for the superfluid
density:

0s(6,L,B) ~ L™= =2)5(L1/vs g/ 17), (4.6.1)

where f is a scaling function and 6 = u — y,. The quantity ar = B/L* is referred to as the aspect
ratio of the simulation, which can be set in simulations via the temperature B, i.e. the size of the
(d + 1) — th dimension of the equivalent classical model. Once z is known, it is possible to fix ar
apriori for all simulation sizes L. Now since the numerical effort increases with a¢, it is beneficial
to pick a smaller aspect ratio. However this has to be balanced by a sufficiently large B so as to
minimize finite temperature effects. Typically, we find in the literature: a; € [0.2,1] is used.

Upon picking an aspect ratio, the scaling function immediately reduces to a univariate function.
In this situation, a series of plots of the quantity: L¥+*72p4(5,L)|s, for different system sizes L,
versus y should cross exactly at the true thermodynamic critical point, y—p.. This point is sys-
tem size independent and at which the scaling function evaluates to: §(0,a¢). Alternatively, one
could also observe data collapse for an appropriate value of the critical exponent v, when plotting
L=+2-2)p (§,1) |, versus LY/V6 for different L’s.

Most simulations for the SF-BG transition have adopted either strategies and assumed z = d when
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determining the critical properties of the system and are essentially self-consistent checks for the
scaling z =d. It becomes clear that if z is instead treated as undetermined as suggested by We-
ichmann (Weichman and Mukhopadhyay, 2007), then the above analysis no longer holds and much
more complicated. For instance, we now have a function of two variables and even locating the
critical point is no longer trivial. This therefore brings into question a plethora of earlier results in
the literature and emphasizes the need for unbiased analysis that make no assumptions on z.

4.6.2 Recent estimates of z

The study of Priyadarshee et al (Priyadarshee et al., 2006), which used path-integral Monte-Carlo
(PIMC) to simulate the two-dimensional disordered hardcore boson model (Priyadarshee et al.,
2006) produced the numerical estimate: z ~ 1.4(5). The simulations however were fixed at relatively
high temperatures of: f=1/T = L so that impressively large system sizes of up to L =96 could
be simulated. Since the aspect ratio was not fixed, finite temperature effects may have not been
properly accounted for. Furthermore, very few disorder realizations (~ 50 — 100) were used, which
leads one to wonder if the average effects of disorder were amply taken into consideration. It is entirely
likely that statistically less probable disorder configurations were unsampled, thereby resulting in
systematic errors. Most recently, an independent calculation of the critical properties of this exact
system were performed using the stochastic series expansion (SSE) and found a different estimate
of z=1.8(5) instead (Alvarez Zuiiga et al., 2014). An analysis of the distribution of the superfluid
stiffness showed signs of self-averaging as well.

In 2012, a state-of-the-art PIMC 2d calculation by Meir et al (Meier and Wallin, 2012) produced
the first unbiased estimate of z = 1.80(5) for the SF-BG transition. The simulations were performed
on an effective (d+1)-dimensional classical equivalent of a link-cluster model that can be derived
from quantum rotors via the Villian transformation (Villain, J., 1975). No assumptions were made
on the value of z in the simulations. To this end, they constructed a time scale: L, which was the
location of the maximum of the quantity: (W?)/Lt? where (W?) is the squared winding number of
the system and determined z by assuming: L% ~ L=%. This approach was inspired by an earlier work
where a similar argument was used to determine the classical critical exponent of the 3D XY model
with columnar disorder (Vestergren et al., 2004).

Recent 3d QMC results for a silte-diluted anisotropic spin-1 heisenberg model (Yu et al., 2012b,a)
however have found: z = 3.01, in agreement with fisher’s z = d result. A natural physical realization
of this quantum model was found in the quantum magnet Br-DTN (Yu et al., 2012b, 2010), with dis-
order introduced via doping of magnetic Ni>* sites with non-magnetic Br ions. The simulations were
carried out at low enough temperatures so as to allow unbiased estimate for z. Interestingly, a similar
simulation protocol on the field induced transition in site-diluted spin-gapped antiferromagnets (Yu
et al., 2008) in 2d found z = 2.0(1).

4.7 This thesis

In light of the conflicting results highlighted in section 4.1 and section 4.6.2, our work presents results
from state of the art large-scale QMC simulations on two different quantum models in 2d making
no assumptions on z. In contrast to previous work in the literature, we perform simulation on the
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unadulterated quantum mechanical Hamiltonian instead of mapping it on to an effective classical
problem. The first model consists of the QR model in the strong disorder scenario, i.e. A/U =1/2 at
u/U =0. In this regime, the Mott Lobes completely disappear without the complication of special
symmetries at multi critical points, and only the generic BG-SF transition remains. The phase
diagram then greatly simplified as schematically shown in fig. 5.7. The quantum parameter in this
case is given by the tunnelling term in the Hamiltonian. The second model is a 2D hardcore boson
model as treated in (Priyadarshee et al., 2006) with disorder modelled as random on-site chemical
potential. This can be equivalently expressed as a 2D XY-model with random transverse field and
is capable of reproducing the SF-BG transition. The strength of the disorder is used as a tuning
parameter in this case. Both of these models and their properties are discussed in Appendix 5.A.
Since I was responsible for the simulations on the hardcore version of this model, a brief exposition
of the QMC technique used will be outlined in chapter 5, before reverting to our article.
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CHAPTER 5

QUANTUM MONTE CARLO
TECHNIQUE

In this chapter, we present a brief exposition of the stochastic series expansion (SSE) which was
used to obtain results for the disordered quantum XY model. A comprehensive review including
pseudo-code of the base method for the Heisenberg model can be found in (Sandvik, 2010).

5.1 The Stochastic Series Expansion

The stochastic series expansion (Sandvik and Kurkijarvi, 1991) is a quantum Monte Carlo method
that samples the partition function:
zzﬂ{e—ﬁh’}, (5.1.1)

where B =1/(kpT) sets the temperature of the system. Assuming that the Hamiltonian can be
decomposed into M terms, i.e.
M
H=) -H, (5.1.2)

and expressing the exponential as an infinite series, eq. 5.1.1 can be rewritten using an appropriate
basis {|a) }as:

I L
Z Z<a|;)n! ;Hl o). (5.1.3)

Note that the Hamilton is decomposed such that its constituents, {I:Il} can only bring about a
transformation among the basis states, i.e. H;|a) = |B),Vi where supposing |a) is a basis state, then
|B) can only be a basis state and not a superposition of basis states.
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Figure 5.1: Visual representation of a possible configuration of a six-site s =1/2 spin chain with parameters:
n=>5,L =8. Filled and unfilled circles represent spin up and down basis states respectively. Filled and unfilled
rectangular boxed represent possible Hj, operators that are off-diagonal and diagonal in the basis respectively.
The vertical dimension is the expansion order of the operator string with fixed-length L, while the horizontal
dimension represents the spatial degrees of freedom.

One may also obtain an equivalent expression for eq. 5.1.3, by rewriting it as a summation over all
possible permutations of possible operator strings: S, comprising terms from {Hli}7 where I; € [1, M]
and varying lengths n:

zzzig(i2"<m|ﬁgli|a> Zisz (a,Sn) (5.1.4)

n=0 S, : i=1

where the replacement W(a,S,) = (:ﬁ)n («|TT/-; H;,|«) has been made and represents the weight of
the configuration (a,S,). Since we are calculating the trace, only operator strings that leave the
bra: |a) in eq. 5.1.4 unchanged contribute to the partition function. In practice, it is numerically
convenient to work with non-fluctuating strings. This is done by fixing the length of the operator
string at some sufficient large value: L and augmenting strings of order n(< L) with L — n identity
operators. A schematic graphical representation of the SSE configuration in the fixed string length
representation is shown in fig. 5.1. While this may seem like an approximation, it is important
to note that during the equilibration phase of the simulations, L is enforced to be larger than
n by a sufficient margin such that n < L. Empirically, n eventually plateaus and the stochastic
series expansion remains numerically exact. Taking into account equivalent permutations of a given

operator string of length #, i.e. m, the final expression for the partition function takes the form

Z= Zzﬁ tx|HH, ) =) ) W(a,Sp), (5.1.5)

S, @ S, @
where W (a, S| ) represents the weight of the configuration. By inserting L — 1 closure relations using
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the a-basis, eq. 5.2.3 for the partition function can be expressed in an analogous path integral form:

"(L—n)! ik A L —n)! o
ZZZZﬁ(LL!)H{DaiIHI,-Iwi_ﬁ} =YY ) 'B(LL!)EW(M), (5.1.6)

Spon =1 & S {a(i)}

where periodicity of the trace enforces: |a) = |ag) and W(a;) = (aj|Hy |aj_1) is the vertex weight
depending on the operator H;, and the states at consecutive propagation level i —1 and i. For
operators acting on a particular bond, a vertex comprises of a single operator and four spin states,
called the legs of the vertex, as shown in fig. 5.3.

It is important to note however the extra dimension in the SSE represents the expansion order of the
series and is not to be confused with that of imaginary time: §, when using a path integral approach.
This also raises another salient point, i.e. that the SSE does not suffer from any discretization errors.

5.1.1 Derivation of weights

As an instructive example, let us derive the weights for the spin-1/2 disordered 2D quantum XY
model, defined by the Hamiltonian:

. 1 e A
H——zg(sjsj +3; ;)—;hisi (5.1.7)

where h; € [—h,h] is a uniformly distributed random field!, §1,58~ are the spin ladder operators
and §7 is the usual z- spin component such that [SAZJF,SA;] = 2§Z5ij~ The standard notation that (7, )
refers to nearest neighbour sites applies here as well. Note that it is the strength of the disorder,
h that serves as our tuning parameter and that the system of eq. 5.1.7 is at half filling on average.
We choose the S*-basis and the usual bond decomposition of the Hamiltonian and further categorize
them according to whether they are diagonal or non-diagonal in the chosen basis, i.e. in place of
eq. 5.1.7, we write

H=Y —H,— Hyy, (5.1.8)
b
such that:
Hip = Cp+higy Sip) + i) Sip) (5.1.9)
N e - ot
Hy = 5 (SiwSim +SiwSin) - (5.1.10)

The first index in H)j, indicates if we have a diagonal or off-diagonal operator in the chosen basis.
p=1 = diagonal and p =2 = off-diagonal. (i(0),j(b)) denotes the nearest neighbour sites
belonging to bond b and the field: h/(i(b)) = hj(y)/ (24) is renormalized due to an over-counting in the
bond representation. Cj is an arbitrary positive constant that can be added with impunity to ensure
a semi positive-definite weight for diagonal operators.

For a spin-1/2 system, there are a total of eight possible vertices: W(Déi) € {Wb,‘o}a although only

INote that operationally, we enforce the average value of the field to be precisely zero by calculating the average:
how = % Yih; and then subtracting it explicitly from the field at each site, i.e. hj — h;j — hgp.
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six of which (for a given bond, b) will yield non-vanishing weights for the 2d quantum XY model:

Woi = (o |Hyyl o) =3 (5.1.11)
h 1
Woa = (ox|Hiplox)=7+en—3 (hi(b) - hj(b)) (5.1.12)
Wps = (X X |Hpp|lo00)=0 (5.1.13)
h 1
Wb,4 = <O o |H1,b| o o> = ﬁ +e€p — 5 (hz(b) + I’l](b)) (51]_4)
and
1
Wps = (xol|Hyplox)=37 (5.1.15)
h 1
Whe = (xol|Hpp|xo0)=77+en+5 (hi(b) - hj(b)) (5.1.16)
Wp7 = (oo|Hyp|x x)=0 (5.1.17)
h 1
Wis = (xx|Hislx x) = o0 e+ 5 (i) +hiy ). (5.1.18)

where we have set C, = hy +¢€p, | €, > 0,hy, =h/(2d) and x and o represent up and down spins
respectively. The reason behind the deliberate inclusion of €, will be explained in section 5.4.2. Due
to the presence of disorder, the weights derived above are bond specific as indicated by the subscript

b.

5.2 Observables

Of course, sampling the partition function itself is not useful if we are unable to calculate physical
observables. The usual expression for expectation value for a general observable, O:

. Tx[e0]
O)=—+—+ (5.2.1)
Tr {e—ﬁH}
is accessible within the SSE formalism if an estimator of O: O(a,S,) can be found such that:
A O(a,Sp)W(a,S
(0) = Oy = Z0ES (2, 51)W(® 51) (5.2.2)
Z(X ZSL W(DCISL)

The SSE formalism has been shown to be amenable in calculating a wide variety of observables both
diagonal and off-diagonal in the underlying basis and to date, many useful estimators have been
derived. For a general understanding, we will only derive a few expressions to give the reader a
general idea and simply provide a non-exhauastive list in table 5.1 of other estimators. We refer the
interested reader to (Sandvik, 1992, 2010) for details.
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5.2.1 Diagonal observables

Diagonal observables are perhaps the easiest to calculate. By direct substitution, the observable
expression given by eq. 5.2.1 can be written as:

n _ L-1 R
(0) = ;;25%””@4 [TH;0%) (5.2.3)

Now assuming that the operator: O = Oy is diagonal in the basis such that: Ozla) = o(a)|a), we
obtain the required form in eq. 5.2.2 immediately:

np gy Lol
) = ;;;W<R|EH&|¢X>O(“> (5.2.4)

_ %ZZW(“’SL)O(“)’ (5.2.5)

Sp o«

making it clear that the estimator for O is simply o(a). We can further derive an improved estimator
for diagonal expectation values. First let use denote the m-th propagated state as:

ja(m)) = ﬁleo«(o» (5.2.6)

Due to the periodicity of the trace however, there is nothing special about the very first state
|a) = |ap) and taking into account all L cyclic permutations of the operator string S;, we can use
the following expression

(0) = 7 (X o(a(p)))w (5:2.7)

instead.

5.2.2 Off-diagonal observables

Obtaining estimators for off-diagonal observables is often a more involved process. As an example,
we derive the estimator for the energy and refer the reader to table 5.1 for other examples. We begin
by stating the end result, i.e. that the energy of the system: (E) = %Tr [e_ﬁHH} can be calculated
using the estimator:

By =W, (5.2.8)

which is the average number of non-trivial operators in the operator string. To derive this estimator,
we simply perform a series expansion on the exponential: e PH in the trace and manipulate it
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Description Observable Estimator
Energy (E) - <n2;W
Specific h C,) =48 2y — ()3, —
pecific heat (Co) = F7 (n*)w — (m)yy — (m)w
Hj, = single term in{H,;} (Hg) - <N(/§)>W
String of ordered terms in {H;} (T, Hy,) o % (N(kt,....km))w
Imaginary time-dependent foﬁ dt(014(7)044(0)) (Z’;;(l) =0 %%ol(a(p))
product of diagonal operators o (a(p+m)))w

Table 5.1: Summary of observables and estimators that can be calculated within the SSE. This is a non-
exhaustive list of what can be calculated.

appropriately:
® = Y¥ (_ﬁ)” (| HF ) % :EZE;;? (5.2.9)
- ¥ g ”_*ﬁl WWHHH@. (5.2.10)
Letting n’ = n + 1, we obtain:
(E) = Zif/ﬁ (_n’f!)nl (| H |a) (5.2.11)
= ;niof;a (_ﬁ)nl (a|H" |a), (5.2.12)

where we have reindexed n’ to start from 0. Because of the n’ factor in the front of eq. 5.2.12, letting
n’ = 0 does not contribute to the summation, thereby allowing a reindexing and giving us the desired
result of eq. 5.2.8: (E) = —(n/B)w>.

The specific heat can now be easily calculated by taking a single derivative of (E) with respect to
temperature. This yields the expression:

Co = o = (n)w — (n)fy — (m)w, (5.2.13)

2Note that the form of the estimator is insensitive to the fluctuating or fixed-length representation. We have just
used the fluctuating length representation out of convenience.
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almost similar to the fluctuation of the average number of non-trivial operators with the exception of
the subtraction of an extra linear term (n)y. If the observable of interest happens to be a term in the
decomposition in eq. 5.2.3, i.e. that O = Hy,Vk € [1,M], then its estimator can be shown (Sandvik,
1992) to be:

(Hi) = =2 (N(k))w, (5.2.14)

where N(k) is the number of occurrences of Hy in the operator string.

5.3 Other observables

Other nontrivial observables that can be calculated include the superfluid stiffness and the fidelity
susceptibility to name a few. The superfluid stiffness is related to the winding number of the system
which can be easily calculated by keeping track of the net particle current along a particular axis as
described in (Sandvik, 2010). Detailed instructions for calculating the fidelity susceptibility within
the SSE formalism can be found in (Albuquerque et al., 2010), where the critical properties of the
2D transverse ising model were successfully reproduced. The fidelity approach was further used to
determine the critical points of a spin-1/2 Heisenberg magnet with one-fifth depletion, a model for
the CaVO lattice (Schwandt et al., 2009). Other exotic quantities like the Renyi-entropy (Humeniuk
and Roscilde, 2012, Hastings et al., 2010) can also be calculated.

5.4 Configuration sampling

To sample the (a,Sp) configuration space with excellent acceptance rates, we use two types of
updates, 1. diagonal and 2. directed loop updates. Diagonal updates insert diagonal operators at
different levels of p € [0,L — 1] in the operator string and is the only means to increase the number of
non-trivial diagonal operators in the operator string. In order to introduce off-diagonal operators, an
obvious option is to introduce pairs of off-diagonal operators located at the same bond but different
propagation time slices, to preserve the initial and final states. This algorithm is however somewhat
antiquated and a more efficient and extensive update scheme can be achieved using directed loops.
In our simulations a single MC step consists of one diagonal update followed by N; directed loops,
where Nj is determined self-consistently during the equilibration phase so that on average ~ 2(n)
vertices are visited. We now elucidate what diagonal and directed loop updates entail.

5.4.1 Diagonal updates

Diagonal updates (Sandvik, 2002) can be achieved at each propagation level: p depending if it is
occupied by a non-identity operator or not. If the occupying operator is off-diagonal, we immediately
move on to the next propagation level. On the other hand, if it is occupied by a diagonal operator,
then we attempt to remove it with probability:

L—n+1

Wi o, 5.4.1
‘BNb b,U ( )

Pb,remove(Hb — Ib) =
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where Wy, () is the weight at bond b of vertex type: v. If we encounter an identity operator however,
we pick a bond at random and attempt an insertion of a diagonal operator with probability:

Ny
Pb,insertUb — Hb) = L‘B_

Wi, (5.4.2)

These are the metropolis solutions (Chib and Greenberg, 1995) chosen to satisfy detailed balance:
W(C)P(C — C') =W(C")P(C" — C) where C,C’ are different configurations which have a difference
of £1 non-trivial operators.

5.4.2 Directed loop updates

To sample strings with off-diagonal operators, we instead make use of the directed loop algo-
rithm (Syljudsen and Sandvik, 2002), analogous to worm algorithms (Boninsegni et al., 2006).

Fig. 5.2 summarises the procedure we are about to describe. In the original directed loop scheme (Syljudsen

and Sandvik, 2002), a loop is constructed by first uniformly choosing at random, any leg, e belonging
to a non-trivial vertex as a starting point.
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Figure 5.2: (Left) Graphical representation of the path of a directed loop in yellow. (Right) The resulting
configuration after implementing changes along path of the loop. While not demonstrated here, one can imagine
how directed loops traversing the vertical boundaries can result in a change to |ag).

2 3 2 3 3 2
ﬁ 1 H 1 1
(i) bounce (ii) turn (iii) straight (iv) switch-and-continue

Figure 5.3: The four possible paths of a loop can take during an intra-vertex move. Vertex legs are numbered
0 to 4 accordingly.

We then pick another leg belonging to the same vertex, at random in accordance to a pre-calculated
probability table: py(v,e,x). This quantity represents the probability of exiting at leg x, assuming
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an entrance leg e and that bond b is a vertex of type v. Details on how to calculate py(v,e,x) will be
provided in section: 5.5 for a Hamiltonian comprising nearest-neighbour bond interactions. Once an
exit leg, x is chosen, the loop progresses to the closest vertex, v’ that shares a common leg, denoted
¢/, on the same site. A new exit leg,: ¢ is then chosen according to probability py (v/,¢/,x’) just
like before. This pair of intra- and inter-vertex moves are repeated till the very first leg of the loop
is reached. The spins encountered along the path of the loop are then immediately flipped and the
vertex type updated accordingly. Typical loops can span the entire extent of the system thereby
bringing about a global change in the configuration space. While the operator string length is kept
constant during the loop update, it effects change in the configuration space through vertex-type
updates as well as modifications of the initial state |x(0)).

5.5 Probability tables

The probability tables can be constructed by ensuring that the fundamental requirement of detailed
balance is satisfied (Syljuasen and Sandvik, 2002), i.e.

P(s — s )W(s) = P(s' — s)W(s'), (5.5.1)

where P(s — s') is the probability of the transition from configuration s to configuration s’ and W(s)
is the weight of configuration s. For the procedure outlined in section 5.4.2, one can show that
detailed balance is satisfied as long as the following condition is satisfied on each bond b:

Wy (e, X) = wyy(x,e€). (5.5.2)

This states that the weight of the transition, wy,(e,x), that is brought about by changing states
at legs e and x and changes the vertex from v to v’ is equal to the weight of the reverse process,
Wy, (X, ), which changes the vertex from v’ to v.

In order to ensure that a transition through a vertex always occurs, it is necessary that the sum over
all the possible exits legs is equal to the weight of the vertex itself, i.e.:

Zwb,v(e/x) = Wi, (5.5.3)
x

Eqg. 5.5.3 can be neatly expressed in graphical form as seen in fig. 5.4. These weights are also related
to the probability table mentioned in section 5.4.2 through the relation:

Wy, U(elx)
e,x) = —F—-. 5.5.4
pb,v( ) Wb,v ( )

In total, there are Ny = Ny X Nj, X 4 X 4 possible weights to solve for subjected to N, =4 X Ny X N,
constraints, where N, = number of vertices and N = number of bonds. This is therefore an over-
specified problem with multiple solutions available (Sandvik, 2002).

To proceed, it is generally accepted though not always true (see (Alet et al., 2005)) that a solution
that minimizes the bounce weights is the most efficient choice. This is because bouncing worm
trajectories in general cause back-tracking and result in the undoing of earlier changes made to the
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Figure 5.4: Visual representation of a set of related vertices that obey eq. 5.5.3. Detailed balance (see eq. 5.5.2)
constrains the vertex matrix to be symmetric. Note that this is one such set out of a total of N; diagrams, that
was generated by picking v =6 and e =0.

SSE configuration. This is counterproductive to the purpose of the directed loop, i.e. to make global
changes in the configuration space. To this end, finding a solution of the weights reduces to a linear
optimization problem (Alet et al., 2005), where the function we chose to minimize is a superposition
of bounce weights over all bonds and vertices,

Whounce = Z Z Zwbv ee) (5.5.5)

=0v=0e=

subject to the constraints of eq. 5.5.3 and eq. 5.5.2. The set of free constants {€;} are unconstrained
degrees of freedom that can be used during the minimization process. Typically, it is advantageous to
further constrain {€;} to be a small positive number (Sandvik, 2002). The minimization procedure
can be carried out very efficiently with the simplex algorithm (Press et al., 2007).

5.6 Equal time Greens functions

For a spin systems, we define the equal time greens function to be:
C(r,t=0)=(S;S,), (5.6.1)

which measures the correlation between spins a distance r apart. This quantity can be calculated
on-the-fly during the construction of a directed loop with the caveat of single modification (Dorneich
and Troyer, 2001). In the standard directed loop (Sandvik, 2002), the start of the loop is chosen to be
a random leg on any non-trivial vertex. When calculating greens function however, loops are allowed
to start at any point with coordinate (i,,p,) in the configuration space, where i, € [0...N — 1] and
Po € [0,L — 1]. This starting point serves as the reference point. Note that upon insertion, the loop
propagates either upwards or downwards with equal probability until the next vertex leg is reached.
Even if the reference point belongs to an existing vertex, a direction still has to be sampled.

Specifically for a spin-1/2 system, a measurement of C(r) is obtained by calculating the average
number of times the loop crosses the reference level: p, a distance r away from i,. For s>1/2
systems, other non-trivial weight factors have to be taken into account (Dorneich and Troyer, 2001).
We further note that the calculation of unequal time correlation functions: (Sg (0)S, (7)) are also
accessible within the SSE but is much more involved. Details on two equivalent methods can be
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Figure 5.5: Directed loop procedure measuring: C(r). In the loop, a single measurement of C(r =1) is made.
The insertion/ reference point: (i,,p,) is indicated by the yellow square. Yellow arrows represent intra-vertex
moves while green arrows represent inter-vertex move. The red arrow represents the initial direction of the loop,
which was chosen with probability half after insertion.

found in (Dorneich and Troyer, 2001) and (Pippan et al., 2009).
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5.7 Paper 3: Quantum Critical Scaling of Dirty Bosons in
Two Dimensions

Paper 3

Quantum critical scaling of dirty bosons in two dimensions
— Ray Ng and Erik S. Sgrensen

Phys. Rev. Lett. 114, 255701
DOI: 10.1103/PhysRevLett.114.255701

(©American Physical Society (2015)

Calculations: I performed all simulations for the hardcore boson model and produced all the figures.

Manuscript: I wrote approximately 50% the manuscript and produced all the figures. The numer-
ical simulations and results pertaining to the disordered quantum XY model were produced from an
original SSE code that I had written myself. Erik S. Sgrensen performed all simulations of the quan-
tum rotor model. As such, we were each responsible for the portions of the manuscript addressing
the results of our respective models.

In this publication, we set out to answer the following questions pertaining to the quantum rotor
model and the hardcore boson model, in the presence of on-site disorder (without apriori assumptions

on z in the simulations):

e Where are the exact locations of their critical points ?

What values of z, v and # do the models yield?

Do both the critical exponents obtained from both models agree within errorbars?

Do both independent models produce a value for v that satisfies the (quantum) Harris criterion?

Is Fisher’s z = d relation observed?
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Quantum Critical Scaling of Dirty Bosons in Two Dimensions

Ray Ng* and Erik S. Sgrensen’
Department of Physics and Astronomy, McMaster University, 1280 Main Street West L8S 4M1 Hamilton, Ontario, Canada
(Received 23 January 2015; published 23 June 2015)

We determine the dynamical critical exponent z appearing at the Bose glass to superfluid transition in
two dimensions by performing large scale numerical studies of two microscopically different quantum
models within the universality class: The hard-core boson model and the quantum rotor (soft core) model,
both subject to strong on-site disorder. By performing many simulations at different system size L and
inverse temperature f close to the quantum critical point, the position of the critical point and the critical
exponents, z, v, and 5 can be determined independently of any implicit assumptions of the numerical value
of z, in contrast to most prior studies. This is done by a careful scaling analysis close to the critical point
with a particular focus on the temperature dependence of the scaling functions. For the hard-core boson
model we find z = 1.88(8), v = 0.99(3), and n = —0.16(8) with a critical field of h. = 4.79(3), while
for the quantum rotor model we find z = 1.99(5), v = 1.00(2), and n = —0.3(1) with a critical hopping
parameter of 7. = 0.0760(5). In both cases do we find a correlation length exponent consistent with v = 1,
saturating the bound v > 2/d as well as a value of z significantly larger than previous studies, and for the

quantum rotor model consistent with z = d.

DOI: 10.1103/PhysRevLett.114.255701

Most familiar quantum critical points (QCPs) are char-
acterized by Lorentz invariance implying a symmetry
between correlations in space and time and consequently
between the respective correlation lengths &~ &, [1].
In turn, the dynamical critical exponent, defined through
&, ~¢&, is simply z =1, such as in the crossing of the
special multicritical point of the Bose-Hubbard model [1].
Anisotropic systems where z # 1, implying different scal-
ing of £ and &, are comparatively less common [1,2].
This quantum critical scaling is particularly intriguing if
disorder is present, in which case nonintegral values of z
have been proposed [3.,4]. One model for which it is
generally believed that z # 1 is the Bose glass to superfluid
(BG-SF) transition describing interacting bosons subject
to disorder, the so-called dirty-boson problem, modeled by
the Hamiltonian

+ . U. .
Hy, = —zZ(brbHe +Hec.)— Zﬂrnr +Eznr(”r -1).
r.e r r
(1)

Here e = x,y, and b:, b, are the boson creation and ann-
ihilation operators at site r with 7, the corresponding
number operator. The parameters of the model are the hop-
ping constant ¢, Hubbard repulsion U, and site-dependent
chemical potential y,, inducing the disorder.

Experimental setups emulating dirty boson physics
include optical lattices [5S] adsorbed helium in random
media [6], Josephson-junction arrays [7], thin-film super-
conductors [8], and quantum magnets such as doped
dichloro-tetrakis-thiourea-nickel(IT) (DTN) [9]. For recent
reviews, see Refs. [10,11].

0031-9007/15/114(25)/255701(5)

255701-1

PACS numbers: 67.25.D-, 05.30.Jp, 05.30.Rt, 71.55.Jv

The dynamical critical exponent z appearing at the BG-
SF transition has proven exceedingly hard to determine.
Assuming the validity of the (quantum) Harris criterion for
disordered systems v > 2/d [12], initial theoretical work
[13] argued that z =d in any dimension. This has in-
triguing implications since it implies the absence of an
upper critical dimension. Although many initial numerical
studies [14—19] were consistent with z = d = 2, most were
biased by implicit assumptions about z, using it to fix the
simulation aspect ratio L*/f. The exponent z was therefore
not fruly independently determined. However, recent theo-
retical work by Weichman and collaborators [11,20] has
challenged the arguments leading to z = d leaving the
value of z an open question. A subsequent numerical study
[3] of the hard-core version of Eq. (1) found z = 1.40(2),
v = 1.10(4) while a recent unbiased state-of-the-art study
[4] using an effective classical model of Eq. (1) determined
a significantly larger value of z = 1.75(5) and v = 1.15(3).
Both results violate z = d. Intriguingly, in three dimensions
both numerical [9,19,21] and experimental [22], studies
yield evidence for z = d = 3, although these numerical
estimates cannot be seen as fully unbiased.

At present, the value of z at the dirty-boson QCP along
with many of the other exponents most notably v can
therefore best be regarded as ill determined, at least for the
fully quantum mechanical model. It is not known to what
extent, if any, the relation z = d is violated or if the relation
v >2/d [12] is satisfied. Here we try to answer some of
these questions by performing large-scale simulations on
two fully quantum mechanical models in two dimensions
within the dirty-boson universality class: A hard-core
boson model (HCB) modeled as a transverse field XY

© 2015 American Physical Society
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model and a soft-core quantum rotor model (QR), both
subject to strong on-site disorder. In all cases do we find it
necessary to use 10*-~10° disorder realizations over a large
range of temperatures extending down to f = 1024 for
system sizes L = 12-32. In contrast to Ref. [3] these
dramatically improved statistics allow for a significantly
better determination of the critical point of the HCB model.
We also note that the use of fully quantum models presents
significant advantages over the effective classical model
used in Ref. [4]. Finally, through a fully unbiased analysis,
without implicit assumptions on z, we find for the first time
strong evidence that z = d = 2 and thatv > 2/d is satisfied
as an equality.

We now briefly summarize some of the theoretical
discussion. The arguments leading to the equality z = d start
with hyperscaling [23] which states that the singular part of
the free energy inside a correlation volume is a universal
dimensionless number, (f,/h)£¢, = A. With &~ 57 it
follows that f, ~ 6*(4+2) with a finite-size form [1]:

f5(8.L.p) ~ 8 TIF(E/L.&/P). (2)

Imposing a phase gradient J¢p along one of the spatial
directions will then give rise to a free energy difference
Afl\,/i’z:%p(aqrﬁ)2 where p is the stiftness (superfluid
density). Since Af; must obey a form similar to Eq. (2)
and since J¢ has dimension of inverse length implying
A ~ 1/&, it follows that p ~ E25°(4H2) ~ §(d-242)  with a
finite-size scaling form of

p=L>=R(SL'" p/L%). (3)

If an analogous argument is used with a twist in the temporal
direction scaling as 0,¢ ~ 1/&,, Fisher et al. [1] argued
that the compressibility scales as x ~ 6“4~ which they
then used to argue that z = d. In contrast, Weichman and
collaborators [11,20] argue that in the presence of disorder
0.¢p ~ 1/, should not apply, invalidating the relation
Kk ~ 8143 leaving z unconstrained. Interestingly, a differ-
ent theoretical argument [9] favoring z = d has also been
put forward.

Models.—The first model we study, closely related to
Eq. (1), is the QR model. It is defined in terms of conjugate
phase and number operators 6., n,. satisfying [0, ny| = &,
on a L x L lattice:

U
qu == ZICOS(HI. - 0r+e) - Zﬂrnr + Ezng, (4)
3 T

rort+e

where U is the on-site repulsion, ¢ is the nearest neighbor
tunneling amplitude, and y, € [-A, A] represents the uni-
formly distributed on-site disorder in the chemical poten-
tial. As before, e = x,y. We fix A = %, U =1, and cross
the BG-SF transition by varying 7. In contrast to Eq. (1) n,
can take negative as well as positive values and can be
interpreted as deviations from the average filling n.

For convenience we study Eq. (4) using a link-current
representation [24] for which directed worm algorithms
are available [25]. We use lattices ranging from L = 12
to L =232, with 5x10* disorder realizations for
L =12,...,28 and 10* disorder realizations for L = 32.
In all cases we average over 6 x 10* Monte-Carlo steps
(MCS) per disorder realization. For the simulations of the
QR model a temporal discretization of Az = 0.1 was used,
sufficiently small that remaining discretization errors could
be neglected.

The second model we consider is the U — oo HCB limit
of Eq. (1) equivalent to the S = 1/2 XY model onan L x L
lattice in a random transverse field:

1 i
Hy = =5 (S5Ste+ 585 + D _mSi. (5)
r

re

with A, € [—h, h] uniformly. In this case we traverse the
transition by tuning the disorder strength 4. We use a
directed loop version of the stochastic series expansion
(SSE) [26] to simulate this model. This technique is free
of discretization errors and efficient directed algorithms
[26,27] are available. We further use a beta-doubling
scheme [28] that allows for rapid equilibration at large
values. In contrast to the QR model, we employ a micro-
canonical ensemble for the disorder by constraining
each disorder realization to have exactly > .h, = 0. This
facilitates the analysis without affecting the results [29].
We use at least ~10° disorder realizations per data point, a
large improvement over [3]. In the following [...] denotes
the disorder average and (...) the thermal average.
Observables.—Our main focus is the scaling behavior of
the superfluid stiffness p for which the finite-size scaling
form Eq. (3) was derived. For both models we measure p as

_ Wi+ w3 »
P = 2% s
where W, and W, are the winding numbers in the spatial
directions. [For the HCB model Eq. (6) is multiplied by 7z
to yield p.] From Eq (6), it follows that fp = W? has a
particularly attractive scaling form when d = 2, which we
may write

s

Z

W2 == W(SL'",L/B"?), (7)
where we define 6 = (¢ — ¢,) (QR model) and § = (h — h,.)
(HCB model). We also make extensive use of the
correlation functions, defined as C(r—r'.,z-17) =
[(exp{i(0.(z) — 0. (7'))})] for the QR model and as
C(r—r',z—7) =[(S}(r) S;())] for the HCB model.
Results, QR.—A large number of independent simula-
tions of Eq. (4) were carried out at many different L, / close
to the QCP. Since we expect p to approach zero in an
exponential manner as L is increased at fixed f and since p
is likely exponentially suppressed in the insulating phase it
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FIG. 1 (color online). Scaling collapse of 142 independent
simulations of W? = fp for the QR model. (a) Unscaled data
of W? versus t. (b) Scaling collapse of the data of panel (a).
The data are plotted against the scaling variable X =
In(aB/L?) + b(t —t.)L'" — cL /Y — d(L/BY?)?.

seems reasonable to approximate the function W(x,y) in
Eq. (7) as aexp[f(x,y)] with x = 6L'/*, y = L/p"/%. If the
temperature dependence is carefully mapped out [30]
one indeed sees that W(x, y) has a clear exponential depend-
ence. As a first step, we then assume f(x,y)=
bx —cy —dy*>. We can then fit all 142 data points to
this form determining the coefficients a, b, ¢, d along with
t. = 0.0760(5) v = 1.00(2) and z = 1.99(5). The results are
shown in Fig. | with a scaling plot using the scaling variable
X = In(ap/L?) + b(t — t.)LV" — cL/p"* — d(L/p"?)>.
A more refined analysis [30] shows that the temperature
dependence likely involves a correction term W?2=
ay*exp(bx—cy) +dy " exp(bx—c'y). The correction term
is here proportional to 7" and disappears as 7 tends to zero. It
is straightforward to fit all our data to this form which yields
identical estimates for 7., v, z along with w = 0.6(2).
Estimating the AIC (Akaike information criterion) for the
two forms heavily favors the latter. We note that our results
appearto satisfy z = d andv > 2/d as equalities in contrast to
[4] which finds z = 1.75(5), v = 1.15(3).

With a reliable estimate of z we can now fix the scaling
argument L?/f. If we then study the Binder cumulant
By = [(W*)]/[(W?)]? we see that at fixed L7/ it should
follow a simplified form of Eq. (7), By» = B(SL'/*). As
shown in Fig. 2, lines for different L will then cross at ¢,
thereby confirming our previous estimates.

Our results for the correlation functions for the QR
models are shown in Fig. 3 for a L = 20 lattice at ¢, for a
range of temperatures. Asymptotically, one expects [1]
C(z) ~ 7~ (@=2ztm/z and C(r) ~ r~(@=2+211) Clearly, C(r)
drops off much faster than C(z) confirming that z # 1.
However, pronounced finite temperature effects are visible
in C(r) arising because the limit 4> L has not yet been
reached which prevents us from reliably determining the
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FIG. 2 (color online). The Binder cumulant By for the QR
model versus ¢ with = L?/4. (a) Unscaled data showing a
crossing close to the critical point 7. = 0.0760(5). (b) Scaling
plot versus (¢ — ,)L'/* obtained by fitting the data in (a) to the
form a + b(t —t,)LY" + c(t — t.)?L*" yielding 1, = 0.758(5)
and v = 0.98(3).

power law for C(r). However, from C(r) we determine
(z+n)/z=y, =0.85(2) and hence 5 = —0.3(1) using
our previous estimate z = 1.99(5). This estimate satisfies
the rigorous inequality 2 — (d+z) <n <2—d [1] and
agrees with the prior result 7 = —0.3(1) [4].

For the QR model we have also verified that the comp-
ressibility k remains finite and independent of L throughout
the transition, consistent with z < d. Furthermore, a direct
evaluation of OW? /0t directly at ¢, for fixed L?/f, expected
from Eq. (7) to scale as ~L'/, yields v = 0.98(4) con-
sistent with our previous results.

102
o o ((r), L=20, 3=800.0
a4 2 C(r), L=20, 3=800.0
104 Lo . n n
10° 10! 10° 10°

T,T

FIG. 3 (color online). The correlation functions C(z) and C(r)
as a function of 7, r for a system size L = 20. Results are shown for
the QR model at the critical point and a range of # = 55, ..., 800.
The solid red line is a fit to # = 800 results for C(z) using the form
alt™ 4 (f —7)™] with pi (z +7)/z =y, = 0.85(2).
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FIG. 4 (color online). Finite-size scaling analysis of the stiff-
ness for the HCB model using data only at # = 512. (a) p vs h.
(b) Crossing of the scaling function: R = L?p at the critical point,
h. = 4.79(3) (vertical dashed line). For both panels, the dotted
lines are fits to R(x) = a + bx + cx°.

Results, HCB.—Because of the hard-core constraint
number, fluctuations are dramatically suppressed in the
HCB model. Combined with the very effective beta-
doubling scheme we can reach much lower temperatures
compared to the QR model. Hence, we use a simplified
form of Eq. (3),

p= L2—d—21~e(5Ll/u)’ (8)

suppressing the temperature dependence. We have exten-
sively verified that this is permissible for the system sizes
used [30] and that our data appear independent of temper-
ature at # = 512 to within numerical precision. We then
fit our data for p at # = 512 to an expansion of R in Eq. (8)
to second order R = a + bSL'/* 4 ¢(SL'/*)?, obtaining
the estimates i, = 4.79(3), z = 1.88(8), v = 0.99(3) to be
contrasted with the values h, = 4.42(2), z = 1.40(5), and
v = 1.10(4) determined in Ref. [3] with significantly less
statistics. The result of this fit is shown in Fig. 4. In panel
b of Fig. 4, we show the crossing of the scaling function p,
at h, = 4.79(3) as carried out for the QR model in Fig. 1
to yield similar results for z, v, and A..

The correlation functions show a pronounced temper-
ature dependence as shown in Fig. 5(a) for C(r). However,
as we lower the temperature, C(r) reaches a stable power-
law form at = 512 for all L studied, showing that the
regime f# > L* is reached, confirming that the temperature
dependence can be neglected in Eq. (8). To determine the
anomalous dimension # we then fit the results in Fig. 5(a)
for L = 20, = 512 and h, = 4.79(3) to a power-law form
with z+#n =y, = 1.718(1) as shown in Fig. 5(b). Using
our earlier estimate of z, we obtain 7 = —0.16(8) in reaso-
nable agreement with the QR results. For the HCB model
we have also calculated the compressibility k. It remains

(@)

fit: a/r’ +a/(L-1)"

o O ¢ p=512
— e
= e BN
= 107 e ]
C.g
©eo-
(b)
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10° 10'

T

FIG. 5 (color online).  Theequal-time spatial correlation function,
C(r) of a20 x 20 lattice for the HCB model at /... (a) Convergence
of C(r) using the beta-doubling procedure. (b) C(r) (open circles)
at L =20, =512 fitted to the form a(1/r + 1/(L —r)*)
(dashed line), yielding z + 7 = y, = 1.718(1).

roughly constant and independent of L through the tran-
sition. We note that our results significantly improve on
previous conflicting calculations for the exponents of
the HCB model which include z = 2.0(4), v = 0.90(13)
in [16], z = 0.5(1), v =2.2(2) in [31], and z = 1.40(2),
v =1.10(4) in [3].

Conclusion.—Our results for v for both models studied
indicate clearly that v > 2/d is satisfied as an equality.
For the dynamical critical exponent z, describing the
BG-SF transition, we find a value that is significantly
larger than previous estimates. While there is a slight
disagreement in the estimate of z for the two models we
studied it seems possible that indeed z = d. During the final
stages of writing this manuscript we became aware of
Ref. [32] which for the HCB model reached conclusions
similar to ours.
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Supplementary material

HCB SIMULATION DETAILS

A central assumption made in our analysis of the HCB
results was that a simplified scaling function, Eq.(8), for
p. In the main text, we showed the convergence of the
equal-time spatial correlation function: C(r) in Fig.(5)
at the critical point using data from the beta-doubling
procedure. For completeness, we show the convergence
of the stiffness in the 20 x 20 system, we need to go up to
B = 512 before finite temperature effects are eliminated.
The data indicates that for the simulation of even larger
system sizes, one may need to go up to f = 1024 to
validate the use of the simplified scaling form. Note that
for each temperature in the beta-doubling scheme, we
average over 48 Monte Carlo sweeps (MCS), with each
sweep consisting of one diagonal update and N; directed
loop updates. N is set during the equilibration phase so
that on average 2(ny) vertices are visited, where ny is
the number of non-trivial operators in the SSE string.

10' 10 10°

¢

FIG. 1. Demonstration of the convergence of the spin stiff-
ness: p versus [ using the beta-doubling procedure, for a
32 x 32 lattice. As f increases, thermal effects can be clearly
seen to disappear, thereby justifying the use of the simplified
scaling form in Eq.(8).

Another important point that is often overlooked, is
the convergence of observable data with the number of
disorder realizations, N, used. For the SSE parameters
chosen, we find that it was necessary to use at least
~ 5 x 10* disorder samples before disorder fluctuations
are reasonably small. This is demonstrated in Fig. 2 for
the largest lattice size: 32 x 32. For reliable data with
controlled errorbars, all the HCB data points were av-
eraged over least 10° independent disorder realizations.
This is contrast to earlier studies [1] most relevant to
our work, where only 10% —10% disorder realizations were
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10? 10° 10 10° 10°

FIG. 2. Convergence of spin stiffness: p with number of dis-
order realizations, N;, for h values used. The shaded region
indicates the errorbars of points which decrease as more sam-
ples are used. Note that for the equilibration step size chosen
in our simulations, ~ 10° disorder realizations are necessary
to obtain true convergence.

used. We note that it is quite unlikely that self-averaging
applies in this model and increasing the lattice size does
therefore not decrease the number of disorder realizations
needed.

Since different disorder realizations are statistically in-
dependent we estimate errorbars using standard binning
techniques on the data for different disorder realizations.
We have verified that boot-strap methods yield essen-
tially indentical errorbars.

TEMPERATURE DEPENDENCE OF W? = 3p

Insight into the temperature dependence of W? can
be gained by first studying p for the QR model without
disorder. A model for which it is know that z = 1. Re-
sults for p for a 40 x 40 lattice are shown in Fig. 3 for
B=09,...400. For B < L we expect p to go to zero in an
exponential manner while for 8 > L it should approach
a constant. The simplest ansatz is therefore:

e, (1)

where we have tentatively included an L dependence.
However, as is clearly evident in Fig. 3, p has a maxzi-
mum close to L/ = 0.4. The presence of this maximum
signals that there are likely two contributions to p de-
scribing the f <« L and > L regimes. (Although we
note that the existence of two terms does not imply a
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maximum.) We therefore assume the presence of a cor-
rection term proportional to 7Y with y > 0. Such a term
will therefore disappear in the zero temperature limit.
For our final ansatz we therefore take:

Y
p= %e‘”% +b <%> e 4% (2)

This is the form used in Fig. 3 and it gives an essentially
perfect fit over the entire range of the figure. We can
immediately generalize to a scaling form for W?2 = fp:

w2 = a%e_”% +b (%) e 95, (3)

A fit to this form yields w = 0.97(9) in relative good
agreement with similar correction terms used in Ref. [2]
and estimates for the 3D XY universality class [? |.

We now turn to the QR model in the presence of dis-
order. In this case we assume that the scaling variable
L/B generalizes to L/BY/*. We therefore expect to find:

z L\ z
w?= a%e_d‘/ﬁl/ +b<?> e~dLIB”, (4)

In Fig. 4 results are shown for W2 for two different lat-
tice sizes L = 12,20 Assuming z = 2 in this case we plot
the results against L/+/B demonstrating that the results
fall on a single curve with only slight deviations from a
straight line. It is perhaps surprising that it is the vari-
able L/B/* that appears as opposed to L#/f but this can
very clearly be verified from the simulations. Perform-
ing a fit to the ansatz we find exceedingly good agree-
ment with the expected form with a correction exponent
w = 0.92(7), close to the value for the model without
disorder. An inspection of our results for p for this sys-
tem size shows that in this case there is no maximum in
p versus f.

We have performed a similar analysis of W? as a func-
tion of  for the QR model again clearly confirming the
overall exponential dependence and the presence of the
two terms.

CROSSING OF 3p FOR THE QR MODEL.

With the z and ¢, determined from the fit in Fig.1, p
plotted for different L at a fixed aspect ratio g = L?/4
should also cross at the critical point ¢, = 0.0760(5). This
is indeed the case and is shown Fig. 5. Since this data is
essentially already shown in Fig.1(a) we have in the main
text opted to show the crossing using the related quantity
By = [(WH)]/[(W?)]* shown in Fig.2. Note that in
simulations of both models two independent replicas «, 3
of each disorder realization are simulated in parallel to
correctly estimate averages like[(...)%] as [(.. Dol )g)-

10°
S pa(lyee
10‘3 ....... e G
"
= b(g)e
. O O 40x40 data
10°
Q
10°
10°
-7
1075 1 2 3 4 5

L/

FIG. 3. (Color online) p as a function of L/j for the QR
model without disorder. Results are shown for L = 40. The
solid black line indicgtes a fit to the L = 40 data of the form
2e™F +b(L)"e™"F yielding y = 1.97(9). The dotted line
indicates the first part of this fit while the dashed line shows
the second part.

10°
—_— a£r77+b(’ ) z'ﬂli
w0t R e ale
ol
102 © O 12x12 data
[ I 20x20 data
B
10°
10"
103
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35

L/\J‘E

FIG. 4. (Color online) fp as a function of L/y/B for the

QR model. Results are shown for L = 12,20. The solid

black ling indicates a ﬁtLto the L = 12 data of the form
L wo_qg-L

afﬁge_cT +b (%) e V7 yielding w = 0.92(7). The dotted

line indicates the first part of this fit while the dashed line
shows the second part.
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FIG. 5. (Color online) Bp as a function of ¢ for the QR
model. All simulations are performed using the fixed aspect
ratio # = L?/4 with z = 2. Lines cross at the critical point
te = 0.0760(5).

140

3



APPENDIX

Appendix 5.A Other models

The BH model can be mapped onto a quantum rotor (QR) model, which has a natural physical
realization in Josephson junction (JJ) arrays (Bruder et al., 2005). It is described by the Hamiltonian:

- N A 1~
Hjpy = —t ZCOS(Gi - 9]) - Zﬁ&ﬁl + EUZ(SniZ, (5.A.1)
(i) i i

where the phase and number fluctuations given by: 6; and 67; form conjugate variables satisfying
the commutation relations: [éir5ﬁi] =1id;j. Eq. 5.A.1 can be easily derived by invoking the transfor-
mations

b" = /no + omgel® (5.A.2)
h = e*"éf\/no—kéﬁi, (5.A.3)

in eq. 4.2.1. Together with the asymptomatic limit of large occupancies, i.e. n, >> (8#;), quantitative
agreement is reached between the BH and quantum rotor (QR) model. Note however that 7;
represent fluctuations that can take both positive and negative integer values, unlike, #; in eq. 4.2.1
which is confined to only positive integer values. The parameters of the QR model are related to
but not identical to the BH parameters. Following (Weichman and Mukhopadhyay, 2007), their
equivalence is given by:

{f,fl,ﬁ}_{not,u,y—nuu-i—g} (5.A.4)
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Figure 5.6: Phase diagrams of the JJ model adapted from (Weichman, 2008) with and without disorder. The
multicritical point is indicated by the red dots. The transition thro~ugh the latter at fixed fi/U lies in the (d+1)
XY universality class. Note the translational symmetry in the ji/U direction.

Phase diagram

The phase diagram in Fig. 5.6 exhibits the same qualitative features of the BH model, most notably
the existence of the MI and SF phases as in the clean BH model and the characteristic Mott Lobes.
However, two symmetries are now explicitly present in the Hamiltonian of eq. 5.A.1. For instance,
a translational symmetry defined by: én; — dn; + n,, transforms the free energy as: fj(ji) = fj(ji —
nofl) + €,, where €, is a constant, and is reflected in the periodic structure of the phase diagram
along the ji/U axis and the symmetry of the Mott lobes. The extra constant has no effect on the
phase diagram.

In addition, the "hidden" particle-hole symmetry of the BH model is now explicitly present in the
phase diagram at the tips of their corresponding Mott lobes. Defining this symmetry by the trans-
formation: én; — —dén;,0; — —0;, we see that at the special multicritical points fi; = kn;/2 (red dots
in fig. 5.6), where k is any integer, and together with the translational symmetry, the free energy
remains invariant such that fj(ji) = fj(—f).

These symmetries are identical to those present in the classical XY-model defined by the Hamiltonian

H=—]) cos(6;—0,), (5.A.5)
{iif)

where {6;} represent the orientation of the spins in spin space. Note that the transformations:
0; — 6; + 6, and 0; — —0; leave the Hamiltonian invariant. This translational and inversion symmetry
in the classical XY model corresponds to the translational and particle-hole symmetry present at the
multicritical points in the quantum rotor model. Using the Villain transformation (Villain, J., 1975,
José et al., 1977), the QR model can also be mapped on to a link-current model (Sgrensen et al.,
1992) which is amenable to numerical simulations.
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Adapted from (Fisher et al., 1989)

Figure 5.7: The schematic phase diagrams of the BH and QR model. Note the disappearance of the Mott
Phase altogether.

Disorder effects

Just as in the BH model, we model uniform disorder by making the substitution:
fi — i+ iy, (5.A.6)

where 6fi; € [-A,A] in eq. 5.A.1. Both the shrinking of the Mott lobes by A and the appearance
of a surrounding BG phase appears as well. The invariance of the free energy under particle-hole
combined with translational symmetry now implies fj(f, {0fi;}) = fj(—fi,{—0fi;}). Note that for
both the disordered BH and QR model, we can classify them in terms of strong (A/U >1/2) and
weak (A/U < 1/2) disorder. As one would expect, in the strong disorder scenario, the Mott lobes
completely vanish and we are only left with the SF and BG phase. Due to the translational symmetry
of the QR model, the phase boundary is a vertical line at f./U, while for the BH model, the phase

boundary decreases monotonically as p/U increases. Their phase diagrams are schematically shown
in fig. 5.7.

5.A.1 Hardcore-boson model

An even simpler model that is also capable of recapturing the generic BH physics is that of the
uniform hardcore boson model governed by the Hamiltonian:

_t ata | ata 1
H= Zg(aia]'i_ajaz)'i';y(nz 2)1 (5.A.7)

where ﬁi,ﬁ? are hardcore bosonic operators that forbid multiple occupancies for each site, i.e. {i% =
4'2 =0, in addition to abiding the the same commutation relations as their softcore counterpart.
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Figure 5.8: PIMC (QMC) results adapted (Priyadarshee et al., 2006) that clearly locate the critical point that
demarcates the SF-MI transition of eq. 5.A.8 in 2d.

They can therefore be equivalently represented by the transverse-field quantum XY model:

t AL A AL A
_ +8—- 4 &+é-
H=—Y) (5587 + 858 | + Lonst, (5.A.8)
(i.j) i

where SA; and SAIJr are the spin-1/2 ladder operators satisfying the commutation relation: [SA:,SAH =
2(51']31? and $% measures the transverse spin component, coupled to an external field, . Clearly, the
equivalence between hardcore bosons and quantum spins is obtained via the mapping;: {IAﬂl"', Bi, i — %, y} =
{5F,57,5%,h}.

Phase diagram

With only a single parameter to tune, the zero temperature phase diagram can be represented on
a straight line that manifests two phases at known critical points: h./t =2 (Priyadarshee et al.,
2006) with in-plane XY order when h/t < h./t and when h/t > h./t, an S, polarized phase. These
phases can be identified by keeping track of x and ps as a function of i/t as in fig 5.8 and mimic
the SF and MI phases respectively. The insulator-conductor transition yields mean-field critical
exponents (Priyadarshee et al., 2006).
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CHAPTER 6

QMC-SDE TECHNIQUE: A HYBRID

6.1 Motivation

We have thus far discussed two distinct numerical methods, the SSE and the PPR, both of which
have their advantages and disadvantages. The SSE along with most QMC variants are primarily
used for simulating imaginary time dynamics but is limited by the sign problem when applied to real
time simulations. Generally speaking, this amounts to the appearance of negative weights, which
are unphysical. On the other hand, while the PPR is in principle able to compute imaginary time
dynamics, it requires the use of drift gauges which then necessitates the introduction of a weight term:
), in the formalism (cf. section 2.6.1). More often than not, the distribution of the weight is far
from Gaussian and systematic errors arise (Dowling et al., 2007). The PPR has therefore primarily
been used for simulating real time dynamics. Interestingly despite its extensive use and with the
exception of a few cases (Olsen and Bradley, 2009), initializing the density operator within the PP
formalism, beyond a pure state, remains a challenging issue that has not been thoroughly addressed.
For instance, how does one initialize the density operator to reflect the quantum correlations of a
strongly correlated system in its ground state.

For the TIM simulated in chapters 2 and 3, the initial state was taken to be either polarized up or
down, corresponding to the ground state of the system with vanishing transverse field, k. In this
limit, the distribution of the stochastic variables are trivial delta functions. How one should initialize
the stochastic variables when I # 0 however, is unclear. To this end, we propose a hybrid formalism
that allows us to take advantage of the best features of both algorithms. We are currently in the
development stages of this novel formalism which we will document in this chapter.
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6.2 Sampling the density operator

The standard SSE formalism only samples the diagonal elements of the density operator via the
partition function, in a given orthogonal basis {|a)}, i.e.

Z =Y (alpla), (6.2.1)

and non-zero configurations that are sampled are indicative of the diagonal elements of the density
operator: |a){a|. A full description of the density operator however requires calculation of its off-
diagonal elements as well. To this end, we construct an analogous albeit unphysical quantity:

z'= Z%(wlplﬁ% (6.2.2)

where the states |8) and (x| are unconstrained to be equal to each other. In this case, contributing
configurations allow us to sample off-diagonal density operators: |a)(B|. Strictly speaking, this
quantity will also sample the diagonal elements as well. However for an N-site, m-state system,
there is an overwhelming number of off-diagonal elements compared to the diagonal elements, i.e. a
ratio of m*N —1:1. It is therefore preferable to split up the sampling into diagonal and off-diagonal
components of the density operator. These initial diagonal and off-diagonal density operators can
then be easily initialized in the SU(2) coherent state basis, and subsequently propagated in time
using stochastic equations. A schematic description of algorithm is illustrated in fig. 6.1, where the
imaginary time evolution is depicted on a hyper-plane, while the real time evolution occurs on the
surface of the Bloch sphere. The exact quantum mechanical evolution of the average of the system
can then be calculated from a simple stochastic average over all Bloch spheres trajectories.

6.3 SSE sampling of configurations

With periodic boundary conditions in the trace relaxed, both insertion of single diagonal and single
off-diagonal operators are now allowed. This gives rise to increased flexibility of possible local
updates, unlike the conventional SSE formalism. For instance, one may consider updates of the
form:

1 Ib — Hdiagonal,h
d Ib — Hoff—diagonal,b
® [yt diagonal,b — Hdiagonal,ba

where the subscript b indicates bond index, fb is the identity operator, Hdiagonal is a diagonal
operator in the chosen basis and Hof diagonal is off-diagonal. The last two updates are specific to
the samplings of Z’. The directed loop updates still hold in this formalism as they depend only on
the vertex weights and their respective probability tables, which are unaltered when calculating Z'.
Since the directed loop is a much more efficient way of sampling off-diagonal operators, one can just
rely on the same procedure as the original SSE, namely a combination of diagonal and directed loop
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!
{5 Yo g, {27} a9

7 {le)(Bl}

R

Figure 6.1: Schematic representation of the sse-sde algorithm. The horizontal plane represents the discrete
operator basis which will be sampled according to the Boltzmann weight using the modified SSE. This is
represented by the gray path with the red dots representing independent samples. Each point on the discrete
basis: {|a){(B|} can be mapped on to an equivalent point on the Bloch sphere (for spin-1/2 systems), which is
subsequently evolved using the stochastic differential equations derived from the PPR. We have drawn three
example Bloch spheres and a possible evolution of the stochastic variables, which can be represented by a path
on the surface. The blue arrows demarcates the Bloch spin.

updates. However unlike the original SSE, we now have to keep track of two unique spin states at the
boundaries: |B)(=wap)) and |a)(=|ar)) in eq. 6.2.2. Another crucial modification to the formalism
is that the directed loops terminate right away should they hit the propagation boundaries.

6.4 Stochastic evolution.

To reiterate, Z' does not allow us to calculate anything meaningful unlike Z, it only provides us the
means to sample the off-diagonal matrix elements of the density operator, to be subsequently used
to seed the SDEs. There are however some intricacies that need to be carefully dealt with when
initializing the density operator in an off-diagonal kernel, which we will discuss in this section.

|z) (="

|2") (2]

eR o eQ 1
A= — 4.1
{ e Q e R } 2cosh(R) (6.4.1)

where R = 1(z+2') and Q= 1(z —2’). With this representation, initializing the density operator in a
pure state is a fairly straightforward procedure. This corresponds to the limit: (z,z") — (fo0,+00) =

First, let us consider the explicit form of the normalized kernel: A = in the S*-basis:
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(R,Q) — (£00,0) and is well defined because of the normalization of cosh(R), i.e.:

1 0
li A= 6.4.2
(R,Q>§?+oo,o> [ 00 } (642)
and
00
li A= ) 6.4.3
(R,Q)g?—oo,o) [ 01 ] (6.43)

Off-diagonal states, corresponding to the limits: (z,z’) — (+o0,Fo0) = (R,Q) — (0,+00) however
cannot be properly controlled with the normalization: 1/ cosh(R) and instead we get:

. 0 +oo
1 A= 6.4.4
(R,Q)i%,m) [0 0 } (64.4)
and
lim A= [ 0 0 ] (6.4.5)
(R,Q)—(0,—c0) +oo 0

This is further demonstrated if one considers the estimator of (S*) = 1 (cosh(R + Q) — sinh(R + Q) tanh(R)).
One immediately realises that limg o), (0,+c0) (S*) — oo. This unphysical result is simply a patho-
logical effect of the normalized kernel chosen.

6.5 Specialised kernel for off-diagonal elements.

To circumvent the issue with off-diagonal elements, we instead introduce the unnormalized kernel.

/ |2) (="
= . 01
cosh(z) + cosh(z’)’ (6:5.1)
such that: 2 cosh(R
Tr(A) cosh(R) (6.5.2)

~ cosh(z) + cosh(Z)’

One can easily show that evaluating A’ at the relevant limits now allow both diagonal and off-
diagonal elements to be initialized in a well-defined fashion. With the new kernel choice, it is now
necessary to rederive new correspondence relations, SDEs and observable estimates which we will
detail in the remaining in this chapter.

6.6 Correspondence relations

Before we begin, let us highlight the use of the following abbreviation for notational convenience:
(¢,s,c',s") = (cosh(z),sinh(z),cosh(z’),sinh(z")). Their upper case equivalents correspond to func-
tions of R = (z 4 z’)/2 instead so that (C,S) = (cosh(R),sinh(R)). Note that the latter functions
have no primed counter parts because it is symmetric under the transformation: c.c.” (recall sec-
tion 3.3, where we introduced the operation c.c’ which implies the transformation z <+ z’ and complex
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numbers are complex conjugated).

Correspondence relations generally require the explicit calculation of the following identity:

A 10A, 10N
_ 1aA, 19N (66.2)

N oz Noz ~

which upon rearranging gives:

10A, O0A 10N

———=—4+=—A 6.6.3

N oz 0z + N oz ( )
where N is an arbitrary function of z,z’. In the generic PPR formalism, it is chosen to be the trace
of A,. For the new kernel, A’, we make the choice N = cosh(z) + cosh(z’) instead in addition to the

usual base kernel: A, = |z) (z/*|

1 9A, oA sinh(z)

— = — A 6.6.4
N oz 0z + cosh(z) + cosh(z’) ( )
oA s
= — 4+ — A, 6.6.5
0z * c+c ( )
The key identities that we will use to derive correspondence relations are the identities for the basis
vectors:
1 — pz/2 2 1
[0] _ <az+2 12) (6.6.6)
0] _ e 9.1
{1} _ ( 2421 (6.6.7)
as well as the correspondence relations for an unnormalized off-diagonal kernel:
1 0
Son = <2C — Saz> Ao (668)
SYA, = —i 1s+ci A (6.6.9)
o 2 0z) ° o
SN, = iA (6.6.10)
0 aZ 0- 0.

e—2/2
A sample derivation for S*A’ is shown below. First, noting that: S¥|z) = [ o2/2 ], we can use
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eq. 6.6.6 and eq. 6.6.7 to rewrite this as:
1 0 1
x _ i\ ,-z/2 | ,-z/2 - z/2 | z/2( _ Y | *
o = e (@Yl serlen(Ze)u] e
(e + ez)] |z) (6.6.12)

9.
8z
0 1
_ (_saz + 2c> 12). (6.6.13)

To obtain the correspondence relation for the desired kernel A’, we multiply the equation from the
!/
left by the bra: % to get

19 1
A= —A A .6.14
S ( N 57 o + 2C ) (6.6.14)
Putting eq. 6.6.5 to use gives us the desired result:
A = AL S VAl (6.6.15)
N 9z c+c 2 o

0 s c
— e _ Z A .6.1
( oz c+c’+2> (6.6.16)

The left correspondence relations are easily derived by taking z — z’ and the complex conjugate of
any complex variables, which we will denote as the operation: c.c.”. The remaining identities can be
obtained in a similar fashion:

A 0 s
SFA = —+— A 6.1
<az+c+c’> (6:6.17)

A 0 52 1

x —_— pa— —— — —
S*A = ( S5~ o + 2C> A (6.6.18)
A 0 sc 1

Y - — -

SYA i (Caz + R 25) A. (6.6.19)

and under the operation c.c.”, we immediately obtain the complementary ordering:

R ] s

A = (az' + C,> A (6.6.20)
R ) EE

ASY = (_S,az/ - ﬁ + 2C’> A (6621)
R ) s'c! 1

ASY = ild—+—"=—=5)A. .6.22
S Z(Caz’+c+c’ 28) (6.6.22)
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6.7 Gauge-P representation and stochastic evolution equa-
tions

A point of concern when using an unnormalized kernel is that a direct implementation of the usual
steps to derive the FPE will generate constant terms, thereby requiring the use of the gauge-P
representation (Deuar and Drummond, 2002) (see section 2.6.1). As an example of how this arises,
we consider the TIM again and the contribution of the transverse field term to the FPE:

0 52 , 0 s

Cc
SXA—ASX — _SE_C—‘—CI+§+S@+C+C/+E. (671)

Paying attention to the constant terms and after some algebraic manipulation, we see that

s2 c "2 d —s2 —s2 42 4cc! 5% +52— % —c

Texe T2ty 2 T 2(c+ ) (6:7.2)
(%= 4 (e =) + (cF — ) — (? —57)
- e o) (6.7.3)
1—c2—1+c¢?
- =i (6.7.4)
(=) +0)
= Sera (6.7.5)
= C_ZC/. (6.7.6)

Constant terms as discussed in section 2.6.1, do contribute to the evolution of () and therefore cannot
simply be discarded. Carrying on, if we map the Ising term in the TIM onto an FPE, we get the

i_f_i i_ﬁ.i _ !
0z cj+c;- 9z; ¢+ “c

S | R S R B o e | A
N 0z0zj  ¢i+c;9zj  cj+cidz (¢i+¢)(ci+c)) -
(6.7.8)

following expression:

SIS — AS;S: A (6.7.7)

This implies a diffusion matrix that can segmented according to the range of the interactions (nearest
neighbor for the TIM):

0 1
D = 1{ 10 ] (6.7.9)
to yield the noise matrix:

i1 —i
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which is in fact the same noise terms obtained when using a normalized kernel. The only change
takes place in the ising drift terms of the final SDEs:

dz; ) s; Si_ . .

o l<ci+1 :LHc" e 11+1d 1) BRI (o740
_ i

dz' sh_ , .

ditl — (CZ-H :_rlc - l+ld 1) + zhs; + 171( — zqffl (6.7.12)

_ i

dw 8iSj — sis} 1

dw IS — o 6.7.13

i Z] C1+C)(Cj+C})+2; (C1 Cz) ( )

where ((17;(t )77* (t'))) = &(t — t')9;; are complex Wiener increments and we have introduced the new
logarithmic Welght variable: w =1InQ).

6.7.1 Switching to y-variables

In order to circumvent the ill-defined mapping at the poles of the Bloch sphere, we will implement
the same transformation and define y-variables such that:

e %ifz, >0 —In(y) ifz, >0:5=+1
y= = z= (6.7.14)
e*if z, <0 In(y) ifz, <0:S=-1

Table 6.2 and table 6.3 below summarizes the transformation of several important complex functions
of the variables y and y’ depending on the sector, S which they belong to.

6.7.2 Calculating observables

Observables will now have to be modified because A’ is unnormalized. We will need to evaluate the
following the derivative of the trace, using eq. 6.5.2

oTr(A S 2sC Sc+ S¢’ —2sC
r(A) S SR (6.7.15)
0z c+c  (c+d) (c+¢)
To compute the expectation value for the y spin component for example, we evaluate:
R{{(Tr(QSYA
(8¥) = W ) (6.7.16)

RU(Tr(AQ)))
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(z2) =] (++) | (+7) | B | ()
R | =3in(yy) | 3In(}) | $n(%) | in(yy)
mh(®) | B | B | B |
on(R)|EE R
tanh(R) | [ | LY | LX) w

Figure 6.2: Transformation table between z and y variables for multivariate complex functions, depending on
the sector, S.

(zorz)—| + -

114y | 114y
cosh(z) = | 3 1y
. 11_]/2 1]/2_1
sinh(z) |3 2y

Figure 6.3: Transformation table between z and y variables of univariate complex functions depending on the
sector, S.

153



Ph.D. Thesis Ray Ng; McMaster University Condensed Matter Physics

where 3t denotes the real part of the complex function. Using eq. 6.6.22 the numerator yields:

0 sc s
YA — g e / n _ 2 !/
QTr(SYA") i (caZTrA +— C,Tr(A ) 2T&r(A )) (6.7.17)
. (Sc® + Scc’ — 2scC 2scC 2sC
= —i0 ( Ty e C,)> (6.7.18)
.sC—cS

= i (6.7.19)

and so: Q(sC — ¢5) OC

vy = (i T2 kil
(8) = R{(==—=) [RUI==0) (6.7.20)

The estimators for the other components can be derived in a similar fashion:

(57) = Rl ) /RS (6.7.21)
=R =), 0,

It is important to note that the expectation value is given by the independent stochastic averaging
of the real parts of the numerator and denominator and not of the whole fraction.

6.8 Status

Unfortunately, we have not been able to produce any concrete simulations for the hybrid scheme.
This chapter was written with the purpose of laying the foundation and blueprint for future nu-
merical implementation. A preliminary investigation however does seem to suggest that additional
optimization may be necessary to preserve the normalization of the stochastic average of the weight
term and prevent it from decaying exponentially.
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CHAPTER 7

CONCLUSION

In the first half of this thesis, we performed a detailed investigation of the quantum phase-space
method called the positive-P representation and its effectiveness at simulating the real time dynam-
ics of quantum spin systems. In this formalism, the quantum degrees of freedom are mapped on
to stochastic variables that evolve according to Ito stochastic differential equations. The positive-P
representation was originally designed to handle few mode problems and has only recently been ex-
tended to multi-mode systems, particularly for use in the simulation of colliding weakly interacting
BECs. However, an application to strongly correlated spin systems had not been explored. Further-
more, in light of the recent advances in optical lattices, the study of non-equilibrium dynamics using
different quenching protocols can now be experimentally realized and is fast becoming an increas-
ingly fashionable avenue of research. This strongly motivated our first publication where we used the
Schwinger boson representation of quantum spins in order to apply the positive-P, and successfully
simulated the ensuing dynamics of the anisotropic quantum XXZ spin-1/2 model (and its deriva-
tives) in a transverse field, after an instantaneous quench of a parameter of the system. While exact
results can indeed be obtained, they were only available for relatively short simulation lifetimes of up
to 0.5 — 1.0/, where | is the strength of the exchange interactions. Beyond this time scale, spiking
occurs which results in either systematic errors or numerical overflow. This spiking behaviour is
a notorious feature of the positive-P technique and can be essentially attributed to ill-defined re-
gions of phase space where the kernel is unnormalizable but where trajectories unfortunately tend
to gravitate towards to compensate for this.

Our attempt to significantly improve simulation lifetimes formed the premise of our second publica-
tion. In this work, we focused our efforts on the quench dynamics of the transverse-field Ising model.
Instead, we switched the underlying basis of the positive-P representation to that of SU(2) coherent
states, which seemed more aligned with the physical nature of the system. The phase space can now
be mapped onto the surface of the unit Bloch sphere with the exception of a single ill-defined point
at either of its poles (depending on the definition chosen). Using an elaborate change of variables
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toggling mechanism, we were able to carefully avoid these poles, which when combined with a novel
extrapolation scheme culminated in a significant improvement of simulation life times. Depending on
the observable calculated, we were able to achieve an extension of a two to three-fold improvement in
simulation lifetime ~ 2. — 3.] /1, versus a bare application of the positive-P (in our first publication).

In our third publication that constitutes the second half of the thesis, we present our results on the
universality class of the superfluid-Bose glass transition in a 2d dirty-boson system. To this end,
we performed large scale quantum Monte-Carlo simulations on two independent quantum models,
i.e. a 2d quantum rotor model and the 2d hardcore boson model with on-site disorder introduced
through a random chemical potential. Most importantly, we obtain a highly accurate estimate for
the elusive dynamic critical exponent, z, using up to 5 X 10* — 10° disorder realizations for each
data point. Unlike a majority of prior simulations in the literature, we make no biasing assump-
tions on z in determining the critical exponents of the transition. Our final independent estimates
of the exponents: {v,7,z} are {0.99(3),—0.16(8),1.88(8) };y for the hardcore boson model and
{1.00(2),—-0.3(1),1.99(5) } qr for the quantum rotor model, both agreeing within error bars. This
presents compelling evidence that Fisher’s long-standing result: z = d for the dirty-boson Superfluid-
Bose glass transition still holds in 2d, contrary to the plethora of recent numerical and analytical
contradictory results. Additionally we verify that the quantum Harris criterion is satisfied as an
equality while the bound on the anomalous dimensions: 17 <2 —d is met.

The natural future direction of this work is outlined in Chapter 6. We present a novel algorithm that
is in principle able to hybridize the strongest features of quantum Monte-Carlo and the positive-P
representation. The general idea is to sample the initial states from the Monte-Carlo algorithm and
subsequently evolve it using the stochastic equations of the positive-P. Of course, it may seem more
intuitive to obtain the ground state by using the gauge-P representation to evolve the system in
imaginary time and subsequently carrying out the evolution using the positive-P. However, the in-
herent barrier to this strategy is the typically short simulation life times of the formalism (especially
in the regime of strong correlations), which would preclude reaching the ground state at large imag-
inary time (or inverse temperature) values. The best demonstration to-date of such ground state
simulations using a phase space technique, is the post- and pre-projected Gaussian basis Monte-
Carlo technique for Fermionic systems (Corney and Drummond, 2004), although extra care has to
be taken to deal with potential sign problems (Rombouts, 2006) and to preserve the symmetry of
the system (Aimi and Imada, 2007, Assaad et al., 2005). Curiously, its real time evolution has not
been explored, presumably due to unfavorable simulation life times (especially in strongly correlated
systems). What differentiates our approach from the latter is that we now wish to generate strongly
correlated initial states using a stable algorithm (QMC) which can then be evolved via the positive-P
built from the SU(2) basis with a potentially simpler Hamiltonian, so as to obtain as long as possible
simulation lifetimes. Currently, we have only outlined the theoretical framework for this approach
and have yet to produce any concrete numerical results. Interestingly, an algorithm with the same
premise but using the Wigner representation has recently been proposed as well (Schachenmayer
et al., 2015).

A different avenue of research that I would be most interested in exploring is the application of the
positive-P to large spin systems, which was brought to my attention through a recent work on a
Dicke Network (Mandt et al., 2014) in the presence of dissipation and pumping. It is my opinion
that the positive-P might be better suited for large spin systems as opposed to the pure quantum
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case. For sufficiently large spins, it is my conjecture that the effects of quantum fluctuations may be
linearized as in a Bogoliubov approximation (Deuar et al., 2011), potentially resulting in well-behaved
stochastic differential equations and a significant extension of simulation lifetimes.

We are highly optimistic of the future direction of our research and it is our opinion that phase space
methods such as the positive-P representation still has room for further optimization and can one
day be developed into a state-of-the-art numerical tool for condensed matter system simulations,
particular in real time.
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