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ABSTRACT

A method of simulating the full quantum field dynamics of multimode, multi-component
Bose-Einstein condensates is developed. The truncated Wigner representation is used
to obtain a probabilistic theory. The representation is extended to to use a functional
calculus and can be applied to quantum fields in the arbitrary number of dimensions.

Detailed proofs of the corresponding theorems are given. This approach produces
c-number stochastic equations which may be solved using conventional stochastic in-
tegration methods, with the limitation that it is only valid for large mode occupation
numbers. The equations describe the spatial evolution of spinor components and properly
account for nonlinear interactions and losses. The method is further used to model several
experiments where quantum effects are significant, and cannot be calculated with simpler
approximations. It is shown to describe leading quantum corrections accurately, includ-
ing effects such as phase noise, quantum squeezing, entanglement, and interactions with
engineered nonlinear reservoirs. In addition to this approach, other positive phase-space
methods are also analysed for sampling highly nonclassical states.

In conclusion, the phase-space representations developed in this thesis provide a
relatively fast and accurate method of simulating dynamics of large nonlinear quantum
systems, such as trapped Bose-Einstein condensates. The required stochastic equations
are easily and scalably integrated in parallel. Algorithms for efficient computation on

modern graphical processing unit hardware are presented.
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CHAPTER 1.

INTRODUCTION

The problem of calculating the dynamics of quantum systems has been around since
the dawn of quantum mechanics itself. In most cases, the exact simulation of such
systems is intractable or at least extremely slow due to the exponential growth of the
system’s Hilbert space with particle number. The continuing increase of the available
computational power has made it possible to solve the time-dependent many-boson
Schrodinger equation almost exactly for one-dimensional systems with as many as 100
particles [1].

Meanwhile, mesoscopic quantum systems gain in popularity. The most prominent
of such systems, a Bose-Einstein condensate (BEC), has been first observed by Cornell,
Wieman et al [2], and Ketterle et al [3] 70 years after its theoretical description by Bose [4]
and Einstein [5,6]. A BEC can be easily observed with macroscopic detectors and is, in
fact, almost large enough to be seen with a naked eye. Its properties can be varied in a
wide range (even during an experiment) with an application of external electromagnetic
fields. On the other hand, it is able to exhibit inherent non-classical properties such as
entanglement, formation of quantised vortices or destructive interference. This unique
combination makes BECs a convenient model for various physical phenomena.

BECs are marcoscopic quantum systems exhibiting inherent quantum mechanical prop-
erties, which makes them extremely sensitive to properties of surrounding environment.
Because of this, BECs are used as detectors for precise measurements of time or gravity.
The precision of these measurements is limited by signal-to-noise ratio and can be signific-
antly improved by manipulating the quantum state of a BEC, in particular by reducing the

uncertainty of a measurable parameter (“spin squeezing”). But planning such changes and
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explaining the results of corresponding experiments requires an accurate model of BEC
dynamics. Such model must properly account for the effect of strong nonlinear elastic
and inelastic interactions on the quantum state, all of which can affect the evolution of a
condensate significantly.

However, developing a quantitative model of a BEC proved out to be difficult. At the
time of the writing, mesoscopic systems in two or three dimensions remain unreachable
for exact simulation approaches. In theory, quantum computers can solve this prob-
lem, and Feynman speculated as early as 1982 [7] that they are the most perspective
way to simulate quantum systems efficiently. Unfortunately, even today quantum com-
puters of any useable size are not readily available, and estimates about the speed of
their development seem rather slow. At the moment of writing, the largest universal
quantum computer operates with 6 qubits [8]. If one restricts himself to a particular
algorithm, somewhat larger numbers are available (8 qubits for quantum factorisation,
for instance [9]). Among the problems current quantum computers are facing today
are decoherence, circuit errors, and speed. A more subtle problem is that an exponen-
tially growing number of measurements (and, consequently, experiments) are needed to
perform in order to get the complete result of a computation. Therefore, even despite
a number of recent developments in the field, it will require a major breakthrough for
quantum computers to overcome classical ones in the near future.

That is why, in order to handle existing quantum dynamics problems, approximations of
varying accuracy have been developed in parallel with the quantum computing research.

This thesis is dedicated to one of such approaches — quasiprobabilities.

1.1. Rationale

The essence of the quasiprobability methods is representing the system’s density matrix
in the form of a probability distribution, or at least a probability distribution-like function.
This function can then be propagated in time (directly or by means of a Monte-Carlo
approach) and used to obtain required observables. The first quasiprobability representa-
tions, the Wigner function [10-12] and the Husimi Q-function [13], were introduced as
early as the first half of the 20th century. They were followed by the Glauber-Sudarshan

P-representation [14-16] and its improved version by Drummond, Gardiner and Walls,
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the positive-P representation [17,18]. These representations circumvent Feynman’s claim
(based on the Bell’s theorem [19]) about the impossibility of simulating quantum systems
probabilistically [7]. They use a complex phase space, have a domain larger than the
values of observables predicted by quantum mechanics, and only give correct values of
those observables on average [20,21].

This thesis has arisen from the task of simulating non-classical effects in BEC experi-
ments and is focused primarily on this area. Since different representations may perform
better or worse depending on the system in question, we picked one that was best suited
for our problem.

The Q-function is usually difficult to propagate in time, although it can be extremely
efficient for the sampling of static states (it will make a brief appearance in Chapter 9). The
positive-P representation is exact, but is often characterised by sampling errors that grow
in time. This can be in some cases handled by exploiting its non-uniqueness and tailoring
the exact form of the function for the task, resulting in the gauge-P representation [22].
Alternatively, one may project the distribution on the required part of Hilbert space,
thus preventing it from venturing into “useless” states, which will cancel out during
measurement, yet still affect the total error.

The Wigner distribution is, in general, not positive, which presents problems when
simulating systems with a small number of particles. Fortunately, assuming that the
number of particles is large enough (as in our case), one can make certain approximations
(see Section 5.4 for details), under which the Wigner function can be truncated, making
it strictly positive. This turns it into a probability distribution, thus providing a way to
reduce the initial master equation to a set of stochastic differential equations (SDEs),
for which an extensive set of numerical integration methods exists. Of course, it is
not the only method for this type of the system. A very useful group of two-mode
variational methods has been used by different research groups [23-25], but these have
some difficulties handling nonlinear losses in BECs, and the approximation starts to break
down in the presence of many populated modes. The Wigner method allows us to treat a
large number of independent field modes, thus taking into account degrees of freedom
that are excited due to collisional and nonlinear losses [26,27].

This combination of features made the truncated Wigner representation the best choice

for the task of simulating the dynamics of bosonic quantum fields, including optical
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fields [28-31] and BECs. For BEC systems, the representation has been successfully
used to describe fragmentation [32-34], dissipative atom transport [35], dynamically
unstable lattice dynamics [36], dark solitons [37, 38], turbulence [26,39], quantum noise
and decoherence [40-42], squeezing [43] and entanglement [44]. The truncated Wigner
method is especially effective in low-dimensional and trap environments, where it was
successfully used to predict quantum squeezing and phase-diffusion effects, in good
agreement with dynamical experiments in photonic quantum soliton propagation [31,45].

The comparison of the results of the truncated Wigner method with analytical pre-
dictions has generally shown an excellent agreement [27, 30]. Other quasiprobability
representations, such as the positive-P are known to work better near the threshold of
applicability of the truncation condition [27, 46]. There are studies that compare the
truncated Wigner method with the exact positive-P method [28, 47, 48]. We perform a
simple comparison of the multimode Wigner representation with an exact expansion
in number states in Chapter 6. The typical outcome of such comparisons is that the
truncated Wigner method gives correct results out to a characteristic break time. After
this, the accumulated errors are high enough to give large discrepancies in calculated
correlations. The method thus performs badly in modeling nonlinear quantum tunnel-
ing [49,50], which depends on both long time dynamics and quantum correlations. The
overall picture of how this method is related to other techniques for quantum dynamics
has been recently reviewed [51].

Although the Wigner representation was initially formulated for a single-mode system,
the definition and associated methods were later extended to operate on field operators
and wave functions, which facilitates the phase-space treatment of multimode problems.
The first such description was produced by Graham [52, 53], followed by its usage in
various other works [33,37,39-41, 54, 55] without a formal introduction of corresponding
definitions and accompanying theorems. A more detailed description was given by
Polkovnikov [56] in his review paper of phase-space methods.

Direct numerical integration of the partial differential equation resulting from the
application of the Wigner transformation is, in general, very cumbersome. One has
to truncate third-order derivative terms [28, 40, 57] and apply projection to remove
modes with low population. This adds to the complexity of the formal description of

the method. Moreover, nonlinear inelastic interactions, which were not approached
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methodically before, are important in BEC experiments. Accordingly, much of the
mathematical derivation of these techniques is not readily available. This thesis intends
to provide a rigorous formal description of the functional truncated Wigner method for
simulating the dynamics of multimode BECs, along with examples of its application to
existing experiments. The core of the theory described in this thesis has been published

separately [58].

1.2. Thesis structure

This thesis is laid out in the mathematical tradition, with the formalism preceding its
application. Supplementary information, methods, and parts of the formalism that are
not directly connected to quantum mechanics can be found in the Appendices.

The first three chapters contain the foundation for the functional Wigner transformation.
Chapter 2 introduces the Wigner transformation. In this chapter we also extend it to work
with sets of single-mode operators. This chapter contains proofs of known properties
of the transformation and presents the single-mode transformation in a way facilitating
further extension into the functional domain. Chapter 3 introduces the functional calculus,
restricted basis formalism and their application to bosonic field operators. We then define
the functional Wigner transformation and prove several central theorems that govern
the transformation of field operators and the measurement of their moments. Finally,
Chapter 4 uses these theorems to derive general identities which can be used to transform
different terms of the initial master equation describing a BEC. This chapter focuses
especially on the terms related to nonlinear damping. This is a dominant relaxation
mechanism in BEC systems, and it is often ignored or incorrectly approximated using
linear loss terms.

Chapter 5 applies the formalism from the previous chapters to reduce a master equation
for bosonic field operators describing a BEC to a system of SDEs, which have significantly
lower computational complexity. We discuss the truncation approximation, which is es-
sentially a 1/ VN expansion, and the question of sampling initial states for the simulation.
We also give an example of usage of the formalism for a single-component multimode
BEC.

The next three chapters describe several applications of the truncated Wigner formalism.
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In Chapter 6, we use a simple single-well two-mode system to compare the predictions
for the degree of spin squeezing obtained from the multimode truncated Wigner method
and an exact quantum mechanical solution. We also investigate the behavior of sampling
and systematic errors of the truncated Wigner method for varying mode populations
and numbers of trajectories. Chapter 7 is dedicated to the theoretical description of the
quantum interferometry experiments performed in Swinburne University. It shows how
the truncated Wigner method can predict the visibility dynamics (including its decay)
in the experiment, along with the growth of phase noise. Chapter 8 illustrates how
the truncated Wigner method can be used to calculate the degree of spin squeezing in
interferometry experiments with complex dynamics.

Chapter 9 treats a topic of future significance. It investigates some basic properties of
positive quasiprobability representations, namely their ability to simulate the violation
of Bell inequalities. In contrast to the previous chapters, it mostly makes use of the
probabilistic positive-P and the SU(2)-Q representations. These are used to sample
cooperative photon states and the “Schrodinger cat” state, and demonstrate the violation
of the corresponding inequalities. We also investigate the growth of the sampling error
in these simulations.

Finally, Chapter 10 summarizes the thesis and discusses some possible directions of
development in the field of quasiprobability representations.

The thesis includes several Appendices, which deal with auxiliary topics. Appendix A
briefly describes the relaxed complex (Wirtinger) differentiation and associated integ-
ration, which are commonly used in the field of quasiprobabilities. Appendix B applies
these differentiation rules to define the similar formalism for functionals. Appendix c
contains several theorems, which describe the equivalence correspondence between a
Fokker-Planck equation (FPE) and a set of SDEs, expressed using complex variables and
functional operators. Appendix E outlines numerical methods used for the simulations
described in the thesis. We also provide links to the programs and libraries used to

perform these simulations, including those developed by us.



CHAPTER 2.

MULTIMODE WIGNER

TRANSFORMATION

The single-mode Wigner representation was introduced as early as 1932 [10] and later
extended by Dirac [11] and Moyal [12]. It has been described in textbooks multiple
times and widely used by researchers. A detailed description of the single-mode Wigner
function, analogous to the one provided in this thesis, was given by Moyal [12] or, using
a notation close to the one in this thesis, by later authors [59-61]. Nevertheless, before
diving into the functional Wigner formalism, it is still advantageous to go through a
derivation of the single-mode and multimode Wigner transformations. Firsty, this chapter
will help to familiarise the reader with the notation used in the functional case of the
tranformation. Secondly, the proof structure used here will repeat itself in Chapter 3, and
it is grasped easier when applied to a simpler mathematical object.

This chapter will use the Wirtinger calculus for differentials of complex-valued func-

tions. Details of this calculus are described in Appendix A.

2.1. Single-mode transformation

In this section we will work with a single-mode bosonic system with the standard creation

and annihilation operators

(2.1)
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An essential part of the Wigner function definition is the displacement operator. This

was first introduced by Weyl [62] and thoroughly described by Cahill and Glauber [59]:
Definition 2.1. The displacement operator is the operator-valued function of a complex

variable

D) = exp(Adt — A*a).

We will need the differentials of this operator with respect to A and A*. In order to
calculate these, we separate commuting terms in the exponent using the Baker-Hausdorff
theorem for operators A = Aitand B = —A*4. Inour case [A, [A4,B]] = [B, [A,B]] =0,

so the theorem gives
exp(Ad" — 1) = exp(—IA?/2) exp(Ad") exp(—A*4d). (2.2)
This can be easily differentiated (minding the ordering of factors with @' and @) as

0~ o 4 1.
aD(A) =@ —EA YDA). (2.3)

Similarly, for d/dA* and for two different orderings of operator factors we find that

iD(A) =DW) @t + 1)L*) =@ - 1A*)D(A),
oA 2 2 (2.0)

AP N B

Using the displacement operator we can define the Wigner transformation:

Definition 2.2. The Wigner transformation converts an operator A on a Hilbert space to a

complex-valued function W[A](a) on phase space:
~ 1 ~a
W[A] = — f d?Aexp(—Aa* + A*a) Tr {AD(A)} .
The backward transformation (called the Weyl transformation) restores the operator:

1 ~
Wf1= — [ d*D'(Q) [ dPyexp(=ng* + 1 8)f ().
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It is easy to demonstrate that Wigner and Weyl transformations define a bijection
H < (C — C) for Hilbert-Schmidt operators and square-integrable functions. Let
us assume A = W-[f]. Then, using the fact that Tr {D*(C)D(A)} = md(Red —
ReA)d(Im ¢ —ImA) [59]:

WIA] = %f d?Aexp(—Aa* + A*a)
xTr{[ d2¢D'(@) [ dPyexp(—y&* + rOf DM} (@5)
1
= ﬁf dz/\f d?nexp(—Aa* + A*a) exp(—nA* + 7* A)f (7).

Applying Lemma A.1 to integrate over A:

- 1
WIA] = FI dzqf d?Aexp(—Aa* — ) + A (e — p)f ()
= f d?né(Rea — Rep)d(Ima — Imn)f (1) (2.6)
=f(a).

The proof for the other direction looks the same.
Although, in general, the result of the Wigner transformation is a complex-valued
function, for Hermitian operators, which are of the main interest for us, it can be proved

to always be real-valued.

Theorem 2.1. If an operator A is Hermitian, its Wigner transformation W[A] is a real-

valued function.

Proof. Let us calculate the conjugate of W[A]:
~ 1 ~ . N
(W[A]D* = = f d®Aexp(—A*a + Aa*) (Tr {Aexp(Ad" — A*@)})*. (2.7)
Changing variables as A — —A and using the fact that (Tr B)* = Tr B":

~ 1 Py ~ ~
(W[AD* = — f d®Aexp(A*a — Aa*) Tr {At exp(—=A*d + Ad") } 8)
= WIA'].

Therefore, if A = A*, the conjugate of W[A] is equal to itself and, therefore, is real. []

Earlier in this section we have defined the Wigner transformation for arbitrary operat-

ors, but the most often occurring and the most important case is the transformation of a
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density matrix.

Definition 2.3. The Wigner function is the Wigner transformation of a density matrix:

W(a) = W[p].

The Wigner function always exists for any density matrix [61]. Note also that since any
density matrix is Hermitian, according to Theorem 2.1 W (&) is a real-valued function.

In some cases, it will be convenient to use the Wigner function in the form
1 2 *
W(a) = ;f d?Aexp(—Aa* + A*a)xy (L), (2.9)

where Xy (A) is the characteristic function

AwA) =Tr{pDW)}. (2.10)

We will finish this section with the proofs of two central theorems which are required
for any practical application of the Wigner function. The first theorem provides a way to
transform any master equation written in terms of creation and annihilation operators to

a partial differential equation for the Wigner function.

Theorem 2.2 (operator correspondences). For any Hilbert-Schmidt operator A

Proof. We will prove the first correspondence. First, let us transform the trace using (2.4):

Tr {#AD} = Tr {ADa} = (-% — %A) Tr{AD}. (2.11)
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Substituting this into the definition of the Wigner transformation:

WIGA] = %f d2Aexp(—Aa* + A*a) Tr {FAD(A)}

1 . s d 1 .
= Ff d®Aexp(—Aa* + A*a) <_ﬁ - —A) Tr{AD()} (2.12)
=13 00a - L[ dexp(otat + 100 Te {ADG
T 20a 2 | Erexp-ia )= Tr{AD(V)}.

The second term is almost the definition of the Wigner function, except for the derivative
over A*. Here we can use Lemma A.2 since A is a Hilbert-Schmidt operator, which means
that Tr {AD} is square-integrable [59]. This implies that we can use integration by parts

with vanishing boundary terms, so

. 1 0
WiaA] = 2 da*

10 ~
( 230 )W[A]. O

This theorem is paired with the second theorem, which helps to extract observables

1 d
WIAl+ — | dzA(aA exp(—Aa* +)L*zx)>Tr{AD(/\)}

(again, expressed in terms of creation and annihilation operators) from a known Wigner
function. We will start by proving an auxiliary lemma which connects the expectation of

an operator product with a derivative of the characteristic function.

Lemma 2.1. For a system with a density matrix 0 and a corresponding characteristic

function Xy :

2\ 9\
A7 (Atys — _
@y, = (BA) ( BA*) Xw )

Proof. The exponent in the expression for Y, can be expanded as

A=0

—A*VAk
exp(Adt — A*a) = Z # {ﬁ](ﬁr)k} . (2.13)

T j'k! sym

Thus,
(SATYAR
neh) =3 S o @y, |

<— ok
=l

(2.14)
({A](AJF) } )

sym
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Clearly, the application of (0/0A)° and (—0d/9A*)" will eliminate all moments with j < r
and k < s, and setting A = 0 afterwards will eliminate all moments with j > r and k > s,

leaving only the term with {ﬁr (ﬁ*)s}

sym '

9\’ 92\
(3 () e

Lo 4t
_r's'r.s'<{a( gy

sym
A=0 Y

= {a @} . O

sym

Using this lemma we can now prove the main theorem which connects expectations of

observables with moments of the Wigner function.

Theorem 2.3. For a system with a density matrix p and a corresponding Wigner function

W («), given any non-negative integerst, s:
@y} )= dad@)ywa.
Proof. By definition of the Wigner function:
f d?aa’ ()W () = %f dzzxzxr(zx*)sf d?Aexp(—Aa* + M)y (A).  (2.15)
Integrating over « using Lemma A.1:

9\’ 5}
fdsz(a*)swm) :de/\((BA) ( e ) 5(Re/\)(5(ImA)>XW(A). (2.16)

Integrating by parts and eliminating terms which fit Lemma A.3:

f d?aa’ (a*)W(a) = f d?A6(ReA)S(ImA) (%) ( ai*) XwA)

9\ 2\
(2 () o

Now, recognising the final expression as a part of Lemma 2.1, we immediately get the

(2.17)

A=0

statement of the theorem. O]

With the help of Theorem 2.2 and Theorem 2.3 one can straightforwardly transform any
master equation written in terms of creation and annihilation operators 4" and 4 to an

ordinary differential equation, and use its solution to get expectations of any observables.
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2.2. Multimode transformation

The single-mode definition of the Wigner transformation can be extended to a case of

many modes, where mode operators 4,, n € M obey bosonic commutation relations:

[, 8] = [k, 5] =0,
(2.18)

St _
4, a,] = 5m,n.

Definition 2.4. Let A and a be vectors of complex elements A, and «,, respectively. The

multimode Wigner transformation is

A 1 2 * * A T
WIAl = — [ a2 ( [ ] exp(—Aaa; +Anzxn)> Tr {A [ DH(AH)},
neM neM
where D, (A,) = exp(A,dh — Azdy), [ d?A = [ HneM dA,,, and M| stands for the

cardinality of M. The multi-component Weyl transformation is, correspondingly,

1 -
w1 = o [ e ([T 04 | ([T exponads + mw ) Fon.
neM neM
It can be proved, as in Theorem 2.1 for the single-mode case, that W[A] is real if A is
Hermitian. The equality W[W~1[f]] = f is proved analogously to the single-mode case
as well.

Corresponding definitions of the multimode characteristic and Wigner functions are,

therefore,
xXwA) =Tr {ﬁ ]—[ Dn(/\n)} , (2.19)
neM
and
1
W) =W[p] = =T f d2A ( l—[ exp(—A,ap + /\;zxn))xw (A). (2.20)
neM

Following the single-mode scheme, we can formulate two theorems that govern the

transformation of a master equation and the subsequent calculation of observables.
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Theorem 2.4 (multimode extension of Theorem 2.2). For any Hilbert-Schmidt operatorA

Wia Al =+ 320 | WAL, WIaA] = (a; - -2 ) WIA)
2 da 29u,
WIAG,] = ( o — %;JW[A], WIAa] = (zx +% J )W[A].
Proof. The procedure is the same as in Theorem 2.2. O]

Lemma 2.2 (multimode extension of Lemma 2.1). For a system with a density matrix p

and a corresponding characteristic function Xy :

9 \™ 2 \™
o) ) (1) () oo
{neM nl;\[ﬂ a/\n a)Ln v

sym

A=0

Proof. Mode operators with different indices commute, so

AwA) =Tr {p [ ] expAdf - /\;dn)}

neM

_ (ALY A
=Tr {p 1_[ Z T{ aly @)k }sym} (2.21)

neM j eM, k,eM

:T{ (]_[ Z)(ﬂ %{%( " }sym)}'

neM j k, neM

where we have used <H > > in the sense of the sequence of summations... )
nEM ]n/kl’\ ]n/kn

for all values of n € M. Separating operator and scalar parts:

=y
() SEE) (e

neM j .k, neM neM sym

(2.22)

As in Lemma 2.1, differentiating the resulting expression and setting A = 0 will leave

only the term with required j, = r, and k, = s,,. O]

Moments of the multimode Wigner function correspond to averages of symmetrically

ordered products in the same way as for the single-mode case.
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Theorem 2.5 (multimode extension of Theorem 2.3). For a system with a density matrix

© and a corresponding Wigner function W («), given any non-negative integerst, s:

{ arr (d;)sn} = [ &« ( [] a;n(zx;)sn) W(a).
neM sym neM
Proof. The proof is carried out similarly to Theorem 2.3: integrals over «,, are eliminated

one by one using Lemma A.1, and the resulting integrals over A, are dealt with using

integration by parts and Lemma A.3, until we get the right-hand part of Lemma 2.2. [






CHAPTER 3.

FuncTiONAL WIGNER

TRANSFORMATION

While single-mode and multimode Wigner transformations proved to be quite useful in a
multitude of applications, in multidimensional cases with nonlinear evolution and losses
it is much more convenient to operate on a higher level, using field operators and wave
functions. Of course, it is possible to use single-mode creation and annihilation operators
exclusively, but similarly to how vectors and matrices encapsulate summations and
facilitate operations with sets of values, the field operator calculus simplifies multimode
master equations and corresponding differential equations.

The main thrust of this chapter is to introduce mappings that allow one to replace
non-commuting field operators ¥ and ¥* by classical fields for computational purposes

in later chapters.

3.1. Field operator calculus

Field operators can simplify both the analysis of a master equation and its transformation
to an FPE using phase-space methods, which is the main topic of this thesis. In this
section we are going to outline the field operator calculus. It is quite similar to the calculus
of functional operators, described in Appendix B. The similarity and interconnection
of field operators and functional operators will become even more evident during the
description of the functional Wigner transformation in Chapter 3.

A multimode field of a C-component BEC in D effective dimensions is described by
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field operators ‘T’;(x) and ‘ifj(x), where ‘if; creates a bosonic atom of spinj,j =1...C
at a location defined by a D-component coordinate vector x, and ‘I’j destroys one. We
will use the same scheme as with functions of coordinates in Appendix B, abbreviating
Y, =¥, (x)and ¥} = ¥, (x').
The field operators obey standard bosonic commutation relations
[V, ¥ =¥, ¥f1=0,

L (3.1)
[‘Fj,‘lf;j] = 05 0(X" = X).

Field operators have type ‘T’/ € (RP - H;) = FH;, where the component Hilbert
spaces H; constitute the system Hilbert space H = ®]C:1 H,. Field operators can be

decomposed using a single-particle orthonormal basis (see (B.1) for details):

Y00 = ) 40000 (3-2)
neB;

Note that each component can have its own basis. Single mode operators 4, , obey
commutation relations (2.18), with the pair j, n serving as a mode identifier. From now

on, we drop the coordinate argument of mode functions ¢ (x).
In practice, one cannot use an infinitely sized basis in numerical calculations; some
subset of modes is always chosen. In order to take this into account, we will restrict
ourselves to a subset of modes from the full basis for each component: M; C B;. The

new restricted field operators are

¥= ) Gudin (3-3)

neMj

These map coordinates to restricted Hilbert subspaces: ‘PJ- e (R - HM/_) = IFHM]_.
Because of the restricted nature of these operators, the commutation relations (3.1) no

longer apply. The following ones must be used instead:

(3-4)

where (5M]_ is the restricted delta function introduced in Appendix B, Definition B.4.

Let us now find the expression for high-order commutators of restricted field operators,
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analogous to the one for single-mode operators, which can be found in the book by Louis-
ell [63]. For simplicity we will consider the case of a single component and, consequently,

omit the component subscript of field operators in the following two lemmas.

Lemma 3.1. For¥ € FHy,,

I:qjl (‘Ij/+)l] = 15M (x,/x)(qﬂ-'—)l_l/
(77, (9)'] = =163 (x, ) (¥ L.

Proof. Proved by induction. Given that we know the expression for [‘Tf, C4 ] the

commutator of higher order can be expanded as

[, (TN =¥ FH — (IHY
= (6 (', %) + THE) (P! — (IH'Y (3.5)
3.5
= 5y (X, %) (T 4 PP (Fh -1 - (§r-1g)y

= S (X, ) (DL + 9, (9.

A similar result holds for the second relation, on conjugating the first one. Now we can

get the commutator of any order starting from the known relation (3.4). O
A further generalisation of these relations is

Lemma 3.2. For¥ e FHyy,

o of
’ rt _ ’
[\If/f(\}flll}’ )] —5M(x/x)aq‘j,+/

S of
lI”—, \I//,\Iﬂ‘f — —5* ,, =
[ f( )] M (X, X) 9%

where f (x,Y) is a function that can be expanded in the power series of x and y.

Proof. Let us prove the first relation. The procedure for the second one is the same.
Without loss of generality, we can assume that f (9", 9" can be expanded in the power

series of normally ordered operators (otherwise we can just use the commutation rela-
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tions). Thus,

A ADIEDWALAC DUt PN
=Y £.L, (FH1E)
=3 furbp(x, %) (¥ (T

s a
¥t

= 513 (xllx)

3.2. Functional transformation

Now we have all the tools we need to work with the functional Wigner representation.
The notation for multidimensional integral follows that given in Appendix B. First, we

will define a functional analogue of the displacement operator (2.1):

Definition 3.1. The functional displacement operator D € Fy; — H,y, is defined as

-~

DIA] = expj dx (AP (x) — A* () ¥ (x)). (3.6)

From now on we drop the coordinate argument of functions and field operators for

brevity. It can be shown that the displacement operator has properties similar to (2.4).

Lemma 3.3. Derivatives of the functional displacement operator are

d

N
d

5A/>(-

D[A] = DIA](¥' + %A’* y= (¢t — %A’*)D[A],

DIA] = DIAJ(Y' + %A’) = (¥ - %A’)D[A].

Proof. We will prove the second part of the first equation. Using the Baker-Hausdorff

theorem, the functional displacement operator can be rewritten as

-~

DIA] = exp (f dxA‘T”) exp (—f dxA*‘If) exp% U dx’A"If’Jf,f dxA*‘If] . (3.7)



3. FUNCTIONAL WIGNER TRANSFORMATION 21

Recognising the commutator of field operators, we can simplify

U dx’A"P’*,f dxA*‘P] = ff dx dx' A’ A* Sy (X, x) (3.5
3.
= f dxAA*,

resulting in the expression for the displacement operator

-~

D[A] = exp (f dxA‘I’*) exp (— f dxA*‘T’) exp (—% f dxAA*) : (3.9)

Thus, differentiation of the displacement operator gives

d
N

DIA] = (f dx ¥t 6y, (X', x) — %f dxA*(SM(x’,x)) DIA]. (3.10)

Expanding A* into modes and using the Definition B.4 of the restricted delta function, it

is easy to show that

[ axasu =) [ dxgrAngiien

m,neM (3 1 1)
=) PRAL = AT,
neM
and similarly that
f dx¥* 6y, (x',x) = 9. (3-12)
This results in the final expression for the differential
® DIA] = (¥ — A DIA] (3.13)
N 2 '
The remaining equations from the statement are proved analogously. O]

Similar to the single-mode Wigner transformation from Definition 2.2, the functional
Wigner transformation is the Fourier transform of a trace, but expressed in functional

terms.

Definition 3.2. The functional Wigner transformation W € FHy; — Fy; is defined as

1

WIAl = 5

[ ADIA, ¥ Tr {AD[A]}.
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It transforms an operator A on a restricted subset of a Hilbert space to a functional (W[A])[¥].

The corresponding functional Weyl transformation is:
1 -
-1 _ 2 Dtre 2 =
W-F] = WI $*ED'[E] [ 2@ D[P, EJF[P].
Here ¥ = Y(x) is a complex-valued classical field, unlike the operator-valued field ¥

introduced earlier in this chapter.

It can be proved, as in Theorem 2.1 for the single-mode case, that WI[A] is real if A is
Hermitian, and W[W~1[F]] = F (by mode expansion). Following the single-mode and

the multimode cases we define the characteristic functional y, [A] € Fyy —» C

xwlA] = Tr {oD[A]}, (3.14)
and the Wigner functional W € F; - R

1
WI¥] = W(p] = 2M

[ ADIA, ¥xwlAl (3.15)

Correspondence relations and the moment extraction theorem have the same form as

in the single-mode case.

Theorem 3.1 (functional extension of Theorem 2.2). For any Hilbert-Schmidt operator A,

. 1 8 - . 13 -
WIYA] = (‘F + 55 ) WIA], W[PTA] = (‘P — E&TP) WIA],
WI[AY] = (‘F — %83/ ) WIA], W[AY'] = (‘P + %5%) WIA].

Proof. We will prove the first correspondence. First, let us transform the trace using

Lemma 3.3:

Tr {¥AD} = Tr {ADY¥} = Tr {A (— 515\* — %A) D}
51 (3.16)

= (_5/\* —~ EA) Tr{AD}.
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Moving the additional multiplier to the outside of the integral:

WIYA] = Wf 82A (exp [ dx (—AY* + A*¥)) Tr {YAD[A]}
= oM f A (epr dx (-A¥" +A™Y)) (_62* N %A) Tr{AD[Al}

19
= 259 VAl -

d
f %A (exp [ dx (—AY* + A*‘Y)) —— Tr{AD[A]}.
(3.17)
Using Lemma B.2 to move the partial derivative over A* (D[A] equals a product of single-

mode displacement operators, which makes the operator in the trace Hilbert-Schmidt,

and the trace itself bounded):

g 18 5 -

WIYA] = S WAL+ — | 62A<Wexp [ dx (—AY* +A*‘Y)>Tr {AD[A]}
13 R

(‘I’+§5T*>W[A]. O

Lemma 3.4 (functional extension of Lemma 2.1). For a system with a density matrix p

and a corresponding characteristic function Xy :

5\ 5\
(@} = (5x) (“5ae ) wiAl

Proof. The proof follows the same general scheme as in the single-mode case. The

A=0

exponent in the expression for Yy can be expanded as

{(J dxA¥") (- [ dxA*¥)’}

sym (3.18)

exp([ dxA¥" — [ dxA*¥) = Z

r,s

rls!

We can swap a functional derivative with both integration and multiplication by an

independent function, so:

O ([ A = [ don g ([ dead?)

= rf dx 8y, (x', x) 97 (f dxA‘I”) (3-19)

=¥t ([ dxA¥t)
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A multiple application of the differential then gives us

(8?\’ )V (f dxA‘i”)r =7l (¢, (3.20)

Similarly, for the other differential:

(_6/5\,*)5 (—f dxA‘i”)s =s! (Ptys. (3.21)

Thus, as in the single-mode case, the differentiation will eliminate all lower order terms
in the expansion, and all higher order terms will be eliminated by setting A = 0, leaving
only one operator product with the required order:

5 \° 5\ ) o
<5T> (_ST) XwIAN)| - =rtst = () )

sym

A=0
=@ . O
sym
Theorem 3.2 (functional extension of Theorem 2.3). For a system with a density matrix 0
and a corresponding Wigner functional W[Y], given any non-negative integers, s:
<{‘I"(‘if+)5}sym> = f S2Y YT (P)SWI[Y].

Proof. By definition of the Wigner functional:

IR S 4SBRUNIE nz%Tr (0] @YY (¥) [ 8Aexp(—AY* + A*¥)D[A]}

(3-22)

Evaluating the integral over ¥ using Lemma B.1:

5\ 8 Y -
[ ¥ ¥r (¥ W] :f62A<<m) (‘K) AM[A]>Tr{pD[A]}. (3.23)

Integrating by parts and eliminating the terms that fit Lemma B.3:

RN T
IR S UC DRI :f&zAAM[A]<m> (‘5/\*) Tr {pD[A1}

s r (3.24)
d d
- (ﬁ) (‘K) AwlA]

A=0
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Now, recognising the final expression as a part of Lemma 3.4, we immediately get the

statement of the theorem. O]

3.3. Multi-component functional transformation

Many experiments with BECs involve several interacting components, so it is useful to
extend the definition of the functional Wigner transformation from the previous section,
along with Theorem 3.1 and Theorem 3.2, to the case of several components.

First, definitions of the displacement operator and the Wigner functional are extended

to the case multiple components.

Definition 3.3. The functional displacement operatorf)j S IFM/_ - HMj for the component
j is defined as

D]-[A, A*] = expf dx (A‘T’;r - A*‘T’j) ,

where ‘T’;r and ‘I’j are creation and annihilation field operators for this component.

Definition 3.4. The multi-component functional Wigner transformation W is defined as

C C
E(RDﬁnHMI)qHIFMj—»C
(@
WIA] = ZZIMIIBZA(HD ) {AﬂDj[Aj]},

where /\; € IF'Mj, and [ A = [ 8A, ... [ 8*Ac. This transforms an operator A on a
restricted subset of the Hilbert space to a functional (W[A])[Y]. The corresponding Weyl

transformation is

1 C C
WIF] = m[ 525(]_1 1E] )f 52<1>( 1D[<I>]-,Ej])1—“[d>].

= =

Definition 3.5. The Wigner functional W € H]C=1 IFM] — R is defined as

1 C
WI¥] = WIP) = —rogr [ 827 (]‘[ D[A,.,‘Pj])xw[m,
j=1
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where xiw[A] € H]C:l ]FM, — C is the characteristic functional

The two central theorems for the single-component functional Wigner transformation

can be straightforwardly reformulated for multiple components.

Theorem 3.3 (multi-component extension of Theorem 3.1). For any Hilbert-Schmidt

operatorA,
A 13 U ., 13 -
WIY,A] = (‘Pj 58‘1’;‘)%][ 1, WIYjA] = (‘I’] — 56_‘1’]) WIA],
s 13 - , 19 ~
WIAY,] = (‘I’j - 56‘1’]*) [A], WIAY]] = (‘I’ + 56_‘1’]) WIA]
Proof. Proved in the same way as Theorem 3.1. ]

Theorem 3.4 (multi-component extension of Theorem 3.2). For a system with a density
matrix 0 and a corresponding Wigner functional W[Y], given any non-negative integersr,

S:

C C
{H ”7< >} =] o (H‘P}%‘P;ff) WL
j=1

j=1 sym

Proof. Proved in the same way as Theorem 3.2, processing each component successively.

]



CHAPTER 4.

TRANSFORMATION OF THE MASTER

EQUATION

Although the functional correspondences from Theorem 3.3 are relatively straightforward,
there is a certain amount of work required to apply them to actual master equations arising
in real world problems. This chapter contains several theorems describing transformations
of specific operator sequences, encountered in master equations describing BEC evolution.
We will use these theorems in Chapter 5 to obtain a correspondence between operator
evolution equations and functional derivatives of a classical field ¥, which act on the
Wigner functional instead of the quantum density matrix.

In order to give an idea about the form of expressions we are targeting, we will outline
the master equation of interest. It will be described in more detail in Section 5.1 and

Section 5.3. We are interested in transforming a master equation of the form

5= 5 [0+ ) . [ dxsi (o], (4-1)

£,[A] = 20,A0! — O10,A — AO{O,. (4.2)

Herel = (I;, ..., I-)T is the identifier of a loss process, with l; denoting the number of
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particles of the component j lost in the event, and

~ A o ¢ ~ 1

0,=0,(%) =[]¥/ . (4-3)
The Hamiltonian, in turn, has the general form

c C
A=)y { K9, + - f AT (x — x')\If].\If,;}, (4.4)

j=1 k=1

where K = aV? + B(x,t) is a linear operator that does not depend on ‘Ifj, possibly

containing a linear occurrence of a Laplacian.

4.1. Unitary evolution

The simplest non-trivial element of the Hamiltonian (4.4) is the second-order operator

‘i’;‘?k, which may describe, for instance, a potential or a coupling field.

Theorem 4.1. For a Hilbert-Schmidt operator A with a corresponding Wigner functional
WIA] = WIAD[Y],

I 8 B -
W[ dx¥¥,, Al =jdx(—6—%wk+5—%ﬁw;)wm].

Proof. Expanding the commutator and applying Theorem 3.3:

W[i[ dx¥¥, A7) = fdx((‘l@*—%%)(‘l’k+%5gz>

13 15 )
L L | Y
( k 25\?*)( ]+2Wj>> 4]

jdx< ‘Pk+‘P 0 0 =¥ 0 >W[A].

5y 5‘1“ ~Yisy dY,

(4.5)

Changing the order of derivatives and functions using the relation

d d
Tké_‘{[]? = (6_\1;]Tk —_ 5]-k(ij (X, X)) ?, (46)
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we get

S b ¢, 0
W[ dx¥1¥,, Al = | dx(— wj 5y )W[A] (4.7)

which is the statement of the theorem. O

Commutators with a Laplacian inside require special treatment, because the Laplacian
acts on basis functions and, in general, cannot be treated like a constant. For our purposes,
we only need the case where it occurs linearly in a Hamiltonian (referred to as the kinetic

term). Fortunately, in this case the Laplacian does act like a constant.
Theorem 4.2. For a Hilbert-Schmidt operator A with a corresponding Wigner functional

WIA] = (WIAD[Y],

WU dx[‘P*(x)VhP(x),A]] fdx(——Vz‘I’+

5 2\ * A
VY )W[A].

Proof. First, it is obvious from the linearity of the Wigner transformation that an integral

or a derivative acting on coordinates can be moved in and out of the transformation:

w U de(x)A] = f dxW[B(x)A], (25)
4.8
WIV2B(x)A] = V2W[B(x)A].

Let us now expand the commutator and apply the correspondences from Theorem 3.1:

4% U dx[‘i’*(x)vz‘?(X),A]]

= | dx(‘F*—%%) (vzw - )
o

[ dx(v>¥ 1v2 ° V(w4 1 WIA] o
X RE 25¥
_ 1 6 2 *\72 5 2 8 * 2 8 A
_zfdx< AR AR RS (v W)\{f (V¥) g | WIAL
Using the basis expansion, one can easily check that
w2 ey = (v2- ) we e — Y V2o, T Y] (4.10)
R R nt ¥n / 4

neM
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and

d
sg (VO T = ) ¢V, T[], (4.11)

neM

(V2¥) i’y?[‘lf]

d

Therefore,

W[ dx[¥ (0v2¥(x), A7

1 5 5 5 5 - (412
== —— VY 4+ | V2 y 2 Y — V¥ | W[A].
2fdx< Y (V 5\1/*) +<V 5\1/*) Y ) 4]
Now, using Lemma B.4, we can get the final result:
— 1 6 2 6 2\ * 6 2\ * 6 2 A
=5 dx(—ﬁv ¥t VY g VYT — G VRY WA
o -
— 2 2\ *
jdx< V‘F+6T*V‘P>W[A]. O

The last of the terms in the Hamiltonian (4.4) is the fourth order nonlinear interaction
term. We will provide a transformation for its general non-local form, which can be later

simplified to a local one by integration with the delta function.

Theorem 4.3. For a Hilbert-Schmidt operator A with a corresponding Wigner functional
WIA] = WIAD[Y],

wW [[ff dx dx"?}‘?’f‘i’j‘i” , A]]

A 5 b 5
= JJ dxax (‘5\1! S‘P*ka 5%, 5 T 5

r ¥ grr "
RTINS DI N U/ UL /i R Y
0¥ 0¥, \ 0¥, 4 0¥ 4 ) 3¥; 0¥, \o¥; 4 0¥ 4

Whe’e we int’ Oduced
Q LI X X/ = { {, ——1 (S X/ X, ——] {'5 X, X
]’k[ ]( 7 ) ]I k| 2 ] Mk( 7 ) 2 ] Mk( 7 )

Proof. Proved by a straightforward application of Theorem 3.3 and a simplification of the

resulting expression, similarly to Theorem 4.1. ]
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4.2. Losses

In this section we will derive the theorem for transformation of the loss terms (4.2).
Before approaching the main theorem we will need two auxiliary lemmas. The result of
an application of Theorem 3.3 to the operator £ will contain terms with mixed order of
¥, and 6/0Y;, while we need all derivatives to be grouped in the beginning in order to
apply Theorem c.3 to the resulting differential equation. The first lemma will provide a

way to perform this rearrangement.

Lemma 4.1. For a function ¥ € Fy; and a functional operator & € Fy; — F, and

non-negative integers a, b

; 5 b min(a,b) b (_1)]a! ; 8 b—j _
b4 (W) Fl¥l= ) (j)(a_j)!éM(x,x)(é—W> Yo FY].

j=0

Proof. Proved by induction. Let us assume that the statement is correct for b — 1, and

prove it for b (also assuming the non-trivial case of 2 > 0). Moving a single differential

to the left:

5\ 8 5\
a — a _ a—1 .
y (_w) F (—WT a¥ 5M(x,x)> (W) F. (4.13)

Using the known relation for b — 1:

b min(a,b—1) _ _1viAl . b—1—j
W(i) -2 (b 1)( Dat (x,x)(%) yai

oY S i J@—pr™
min(a—1,b—1) .
b—1\(=1)(a—-1)!
— ady (X, X | (4.14)
(6 ]:ZO ( j ) (a—1-p!
- 5\ .
x Oy (X, X) (6_‘P) ya-l-i g,
Merging the coeflicients in front of the sums into the internal expressions:
5 \", ™V b—1\ (=1al 8 \'7 us
wya | — J . ya—j
(o) 7 2 (e () v
min(a—1,b—1) ; b—1—71
b-1 (—1)]+1a! j+1 ) / a-1-j

(4.15)
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Shifting the counter in the second sum:

5 \" . MV p -1\ (=1a! 5\
al|l — I a—j
v(w) 7= 2 (] )(a—jﬂéM(‘x)<8T) e

j=0

min(a, i (4'16)
S S ) = A
j=1 j—1 ])' 1 O, X
b— b— b .
Now we can merge the sums, noticing that ( ]1) + ( ]._11 ) = (]) There will be at

most two leftover terms: first, the term for j = 0 from the first sum, and, possibly,
the term with j = min(a, b) from the second sum. The former term appears only if
min(a,b) > min(a,b — 1), or, in other words, a > b (which means that min(a,b) = b

and min(a,b—1) = b —1):

(3N L (=1 (=D 5\ o
v (5g) 7= (0 e () v

min(a,b—1) b—i
1 d 7 .
3 ( )Ea —)Jb)l' hatx )< ) e (417

j=1
b—1 ( 1)'a' 5 M

where H[n] is the discrete Heaviside step function. Now, since (bal) = (3) and (b 1) =

(Z), we can attach the two leftover terms to the sum as well:
5\ .. Y b\ (~Dyal 8 \'7 s
Yo — = b Sl )
(o) 7= % (apoon (59) ¥o
obtaining the statement of the lemma. [

Lemma 4.2 (sum rearrangement). For any non-negative integers a, b:

min(a—b,k) a a—max(b,v)

Z Z fk m8k,m = va Z So+m,m*

Proof. Clearly, the index v = k — m of the factor f can vary from 0 (when m = k) to a

(when k = a and m = 0). Therefore,

min(a—Db,k)

Z Z fk mgkm va Z gv+m,m/ (4-19)

v=0 meK(a,b,v)
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where the set K is defined as

K(a,b,v) ={m0<k<an0<m<min(a—-b,k) Nk —m = v}
={m-v<m<a-—-vAN0<m<min(a—b,v+m)} (4.20)

={mm<a—vAN0O<m<min(a—-b,v+m)}.

It is convenient to consider the cases of v < b and v > b separately. For the former

case,

Kyep ={mm<a—-vA0<m<min(a—b,m+v) ANv < b). (4.21)

Sincev < bym <a—v <a-—>b < min(a —b,m + v) is always true, and the first

inequation is redundant:

Kyep = {ml0 < m < min(a —b,v +m) Av < b}. (4.22)

Splitting it into two sets to get rid of the minimum function:

K,op = {mo<bAam>0
A((m<a—-bAha-b<v+m)Vm<v+mAa—b>v+m))}
={mv<bAm>0N((m<a-bAm>a—-b—-v)V(m<a-—-b-—0))}
={mo<bAm>0A(m<a->b)}

={mv<bA0<m<a-—b}.

(4.23)
For the latter case of v < U we have
Kysp={mm<a—-vA0<m<min(a—b,m+v) ANv > b}
={mov>bAm=>0
(4.24)

ANlm<a—-vAm>a-b—-—v)Vv(im<a—-vAm<a—b-—0v))}

={mv>bAN0<m<a-uv}.
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The final result is a union of these two cases:

K:KUSbUK0>b
={mu<bAO<m<a-blUu{mpv>bAN0<m<a-—uv} (4.25)

= {m|0 < m < a—max(b,v)},

which gives us the statement of the lemma. ]

With the help of these two lemmas, we can perform the Wigner transformation of the

nonlinear loss operator.

Theorem 4.4. The Wigner transformation of the loss operator £, of form (4.2) is

wtann-$ 35 8 (%) () ot

J1=0k;=0  jc=0kc=0

where

Zijx = (2 — (=1)Zc)e — (_1)chc>
c
L) Ou 6X) 97 le~fe ey L~k
<l <2fﬂ+"f (h)(k )eXp(_ 2 a\FCaT;)TC (o) )

c
Proof. Let us perform the transformation for each term of the loss operator. For the first

term we have

W, = W[0,AO}]

1
= . C k— 2 5 ¢
C I 1. itk . X
= ¢ N - | ¥ (Pl WIA].
g (j:o k=0 (] >(k 2 Y dVY.
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Using Lemma 4.1 to swap ¥, and 0/0Y¥ .:

=122 ()0 6) ()

min(l,—j,k) .
=D"d. =, 0
) (m) @ =) —m) ‘5Mv(’"x)(6‘1’

k—m
) \Iféc‘f‘mulf:)’c—k)wm.

m=0 c
(4-27)
Using Lemma 4.2 witha = [ and b = j, and
5 k—m
fk—m = (51{/ ) ’
¢ . 4.28
_ I\ 1 Rk (=)™ (1. —j)!(sm (x X)‘Flc_j_m(\}h{-)lc_k (4.28)
gk,m_ ] k 2 m (lc—j—TYZ)! M\ c c s
we obtain
C [ j 8 k
=T () (o)
R (4.29)
x Z Q(lc,j,k,mw@c<x,x>\1féc‘f‘m<\1fz>lc—k—m)W[AJ,
where
. 1 (N T \(k+m\(=D)"d =)
S T G L
(4.30)

_ (=1)"m! INCIN(L=Kk\[(I—]
T j+k+m ] k m m )
Similarly, for the second term:

W, W[OIOA

[a—

22 (o) () w

(—1)kQ C,],k,mmc<x,x>‘1fif""m<‘1’:>lc—k—m)W[AJ,

X N&:lﬂ
H:M
»IIP4N
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and for the third term:

W, = WIAOIO,]
B C ( I. 1 ( 5 )]( 6 )k
c=1 \j=0 k=0 5‘YZ 6‘Fc (4.32)
l.—max(j k) ‘
X (-1YQd,,j, k,m)d} (X,X)‘Fi”_]_m(‘yﬁ)l”_k_m) WIA]
m=0

The full expression for the Wigner transformation of £ is, therefore,

The expressions for W;, W, and W; can be simplified further using the formal differ-

entiation notation

a (\{}’lc—j (\P*)lc—k)
0"y oy

=HJ[l.—j—m]H[l, —k —m]

, (4-34)
x (ZC - ]) (ZCT; k) (m| )Z\Iflc—j—m (\Ijx-)lc—k—m’

m

where H[n] is the discrete Heaviside function, which equals 1 for n > 0, and O otherwise.

With this in mind, the internal summation over m can be rewritten as

l.—max(j k)

Z Q(lc,j, k,m)&ﬁc (X, X)"\Iflcc_j_m (\F:)lc—k—m

m=0

G (1) a2 )
WASEIAY AN A omyY omyr

(4-35)

m=

Furthermore, we can extend the summation over m from /, to co since all the new terms

will be equal to zero. This turns the expression into the power series for the exponential:

1 (1.\/I oy (X, x) 9?2 >
- W(;Xkc)e)(p <_ Mcz oY aqf*)qj? O (439

Substituting this into W;, W, and W, and swapping the product and summations over

j. and k,, we get the statement of the lemma. O

This theorem is the most complex result needed in this thesis. It is essential for the

treatment of nonlinear loss processes in a BEC using a master equation. In the next
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chapters we will use these results to analyse realistic experiments, that often do involve

nonlinear loss processes.






CHAPTER 5.

WIGNER REPRESENTATION OF BEC

QUANTUM DYNAMICS

In this chapter we will apply the field operator calculus and the functional Wigner
transformation from Chapter 3 along with the transformation theorems from Chapter 4 to
the master equation of BEC dynamics. We will discuss the applicability of the truncation
approximation, which is required to get rid of the possible negativity of the Wigner
functional. Finally, we will employ the correspondences from Appendix c to derive

stochastic equations which can be solved numerically.

5.1. Hamiltonian

The second-quantized Hamiltonian of a C-component BEC in D effective dimensions is
expressed using quantum field operators ‘i’]* (x) and ‘i’j(x) with the mode expansion (3.2)

and the standard bosonic commutation relations (3.1):

I:I:fdx

]

~ -~ 1 GG N\ G
Z{T;KjkaJer dx W;‘P;uﬂ(x_x)wfwk}’ (5.1)

C
=1 k=

C
1
Here Uy, is a two-body scattering potential, and Kj, is the single-particle Hamiltonian:

G -

where V/; is the external trapping potential for the spin j, w; is the internal energy of spin

j,and ij represents a time-dependent coupling that is used to rotate one spin projection
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into another. For details about the physical source and the concrete form of this term see
Section 7.2.

If we impose an energy cutoff €_,,, and only take into account low-energy modes of the
field, the general scattering potential U (x — x’) can be replaced by a contact potential

Uj6(x — x') [64], giving the effective Hamiltonian
- €& [ o Uy
A= dx Z > {‘I’}Kjk‘lfk + TJ‘P}‘I’,’Q‘FJ.‘Pk}, (5.3)

where IIf]’f (x) and ‘T’j(x) are restricted quantum field operators defined by (3.3), with the
commutators (3.4).

For s-wave scattering in three dimensions the interaction coefficient is U, = 47Th2ajk /m,
where a; is the scattering length. Note that, in general, the coefficient must be renormal-
ised depending on the grid [57,65], but the change is small if dx; > a;, where dx; is the

grid step in dimension i.

5.2. Energy cutoff

As has been noted earlier, in order to use contact interactions, an energy cutoff has to be
imposed. We use two different bases in numerical simulations, plane waves and harmonic
oscillator modes (see Appendix D for details). Both have analytical expressions for modes
and corresponding energies, which makes the selection of modes straightforward.
Besides being a requirement for using the contact interaction in the Hamiltonian,
the energy cutoff has other important functions. First, it allows one to check for the
convergence of integration with respect to decreasing cell size of the spatial grid. It
effectively separates the propagation in momentum space (which remains constant)
from the propagation of the nonlinear parts of the equation in coordinate space (which,
hopefully, becomes more precise when the cell size is decreased). Alternatively, the
energy cutoff can work in a different direction, lowering the amount of modes under
consideration while keeping the spatial grid constant. This helps to satisfy the Wigner

truncation condition (see Section 5.4 for details).
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5.3. Master equation

The time evolution of the density matrix 0 of a multi-component BEC with particle losses
can be written as a Markovian master equation [66]

dp I rry o ~

ikt [H,p] + Z Klf dx £, [p], (5.4)

leL

where L is the set of all loss processes taken into account, and 1 = (I}, 1,,...,I-) is a
vector containing the number of particles of each component involved in the inelastic
interaction causing the specific loss process (with C being the number of components).
The coefficients «; are strengths of the corresponding loss processes, whose connection
to experimentally measurable population losses will be discussed later in Section 7.3 and
is expressed by Eqn. (7.32). Here the local Liouville loss terms (introduced in Chapter 4)

that describe n-body collisional losses in the Markovian approximation are
£, [p] = 20,00] — OfOyp — O[O (5.5)

The reservoir coupling operators O; are products of restricted field annihilation operators

C

~ ~ 1

Ol Ol(‘ll) = | | ]']/ (56)
=1

describing local n = ()_I.)-body collision losses. This definition assumes that [, ..., [~
particles of internal states with quantum numbers j = 1, ... C respectively all collide
simultaneously within the volume corresponding to the inverse momentum cutoff, and
are removed from the Bose gas.

This minimal model of particle loss assumes that the reservoir of “lost” particles does not
interact with the original Bose gas. Its accuracy thus depends on the trapping mechanism
since the “lost” particles are simply in a different quantum state (or are combined into
molecules). The model is valid if the trap is state-selective, or the collision is highly
exothermic, such that the resulting particles are able to move away rapidly. It is also
possible to treat non-Markovian reservoirs within this formalism, by extending the
Hamiltonian to include the detailed loss dynamics, but this is not treated in detail in this

thesis.
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The master equation allows us to derive an important property.

Theorem 5.1. The time derivative of the expectation of the field operator whose evolution is

described by the master equation (5.4) with the Hamiltonian (5.3) is

d ¢ RS S 90} -
£ =Py [<_E Y (K ¥ + U, 909, 9,) - ) KIWOI>} .
]

k=1 leL

Proof. Rewriting the expectation as a trace, and substituting the right-hand part of (5.4):

d o do (. dp
(¥ =5 Tr{o%)} = Tr{d—f:\y]}
. C C
= [ dx (—% SN T {[0K, ¥ 0] E )
; Cmc:1k:1 R ~ (5.7)
-5 Zkz U, Tr {[ ¥ 9T, 91, 0] ¥}
+Y 1 Tr{c[p1 Y},
leL

where K| . = K, (X), £ = L(¥).
Let us transform each term separately. Noticing that K , commutes with ‘Pj, and using

Lemma 3.1, we can transform the first term as:

Tr {[ 91K, %1, 0] ¥}

Te {p (49K, 9, - VK, 1, 9)))

(0]¥, %] K, ¥} (5.8)

Tr
Tr {98,000, (¢ 20K, i} = 8,04 ¢, (K, B

The second (nonlinear) term is transformed similarly:

Te{[ ¥, 9, ¥, 0] ¥} = Tr {p (¥, 9, 919, ¥, - VI9H9, 9,9}
=Tr{p|¥, ¥ ¥} ¥, ¥} (5.9)

= Tr{poy, (<, %) (8, ¥fF +0,971) ¥, %}

Swapping m < k in the term corresponding to the second Kronecker delta, and summing



5. WIGNER REPRESENTATION OF BEC QUANTUM DYNAMICS 43

over m:

Z U Tr { [0, W1, 0] ¥} = 2Udy (X, Tr {1 ¥, ¥ )
(5.10)
= 2ujk5M]_<x',x)<‘?;j‘If;ij;>.

Finally, for the third term we notice that Oi commutes with qu since it is just a product

of annihilation operators itself:

¥,0; - p¥,0{t0; - pO[t 0¥} )

Representing the commutator as a formal derivative of the coupling operator according

to Lemma 3.2:

ITA1T\d ’ ao
Tr {£1 (0] ]-} —(5M]_(x ,X) Tr{ B‘P}+O }
j

R (5.12)
o0t .
—5Mj(x’,x) <f}+Oi> .

oY,

Thus, the full relation is

k=1 1

d I / ’ i - 1 Q7 VIR VAR T4 aol+ s
]
(5.13)

which is equivalent to the statement of the theorem after replacing the integration with

the restricted delta by a projector according to (B.4). [

The same method can be applied to calculating the time derivative of the per-component

population.

Theorem 5.2. For a system whose evolution is described by the master equation (5.4) with

the Hamiltonian (5.3), the time derivative of the population of the component j is

d i : 907 -
5 | ¥ = —2;&] dx <‘F}?M]_ [WOID.
J

Proof. Starting from the master equation, and ignoring the unitary evolution (which,
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obviously, will not contribute to the total population change):

d o i
T ) =)k [ dxdx Tr{4[p] 91} (5.14)

leL

Expanding the loss operator:

%ﬁf;‘?ﬂ =Y xq [[ dxdx' Tr{p (20;"¥}¥,0; - ¥1¥,0,'0; - O;'O¥/¥, ) }
leL
=Y [[ dxdx (¥} [OfO;, ¥, + [¥, 0101 ¥))
leL
= IEZLKII dxdx’ZRe(‘i’;r [Oi*@{,‘?-]).
(5.15)

Applying Lemma 3.2 to transform the commutator and using (B.4) to integrate over x':

A
% f dx(‘?}f‘i’j) -2 Z K ff dx dx’ Re <‘I’}5Mj(x’,x)m>

oyt
leL N ] (5.16)
- 20! .
= -2 i [ dx <‘I’]T?Mj [a—q;olw.
leL J
0

5.4. Wigner truncation

In order to solve the operator equation (5.4) with the Hamiltonian (5.3) numerically, we
will transform it to an ordinary differential equation using the Wigner transformation
from Definition 3.4.

The term with Kj, is transformed using Theorem 4.1 and Theorem 4.2 (since Ky, is

basically a sum of the Laplacian operator and functions of coordinates):

. L ) 0 .
w I:[f dX‘F}LKJ-ka,p]] = f dx (_WKjk\Fk + WK]'](T]' ) W/ (5~17)
Ji k

where the Wigner function is W = W[p]. The nonlinear term is transformed with
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Theorem 4.3 (assuming the locality of the interaction, and Uy; = Uy):

(5 " M ( X, X )
l f dx ‘Fhljh}[ ‘Pkuo]] = f dxt (W (_‘qujk\ljk k (05 ¥ +\Fj))
j
) O, (X, %)
j

5 & 51 5 5 51,
+5_l1g@5_%1wk_5_\1;m5_\1¢1%)w'

(5.18)

Loss operator terms are transformed with Theorem 4.4 and result in similar expressions,
with a finite number of differential terms up to order 2n for n-body collisional losses.
Assuming that Kjk, U]-k, and x, are real-valued, all the transformations described above

result in a partial differential equation for W of the form

dW IR & i
E:de{ Z&‘Y Z \{I%‘/Z]'-I_ Z(S‘Pf&‘ykﬂ]k-i_@[ml}w

(5-19)

The terms of order higher than 2 are produced both by the nonlinear term in the Hamilto-
nian, and loss terms. Such an equation could be solved perturbatively if there were only
orders up to 3 (which means an absence of nonlinear losses) [67], but in most cases
all terms except for first- and second-order ones are truncated. In order to justify this
truncation in a consistent way, we develop an order-by-order expansion in 1/ \/ﬁ, where
N]. is a characteristic particle number in a physical interaction volume, and truncate
terms of formal order 1/N ]3 /2. This is achieved by use of the formal definition of a scaled

Wigner function W¥ [28], satisfying a scaled equation in terms of dimensionless scaled

fields 1, with:

T =t/t,
¥ =Y, L/N,

’ _ - (5.20)
Al =t /NA; + 0 (1/N?),

DY =t (&/N;) Dy + 0 (1/N?) .

Here t. is a characteristic interaction time, and {, is a characteristic interaction length.
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These would normally be chosen as the healing time and healing length respectively in a
BEC calculation. Typically the cell size is chosen to be proportional to the healing length,
for optimum accuracy in resolving spatial detail. Using this expansion, a consistent

order-by-order expansion in 1/ \/ﬁ] can be obtained, of form:

dWll’ .
_fdx{ Zé—%ﬂ;” Z5¢]A;p+ZZ5¢]5¢ D +0

j=1 k=1

1
L]

(5.21)

With the assumption of the state being coherent, the simple condition for truncation —

that is, omitting terms of the order (9(1/N]?’/2) — can be shown to be [57]

N; > M, (5.22)

where N; is the total number of atoms of the component j. The inclusion of the mode
factor is caused by the fact that the number of additional terms increases as the number
of modes increases, which may be needed to treat convergence of the method for large
momentum cutoff. We see immediately that there are subtleties involved if one wishes
to include larger numbers of high-momentum modes, since this increases the mode
number while leaving the numbers unchanged. In other words, the truncation technique
is inherently restricted in its ability to resolve fine spatial details in the high-momentum
cutoff limit. The truncation condition (5.22) has a stronger form expressed in terms of

component density [39]

Oy, (%, %) K [, (5.23)

The coherency assumption does not, of course, encompass all possible states that can be
produced during evolution, which means that the condition above is more of a guide than
a restriction. For certain systems, the truncation was shown to work even when (5.23)
is violated [35]. The validity may also depend on the simulation time [68], and other
physically relevant factors.

A common example of such relevant factors is that there can be a large difference in
the size of the original parameters. To illustrate this issue, one may have a situation

where x; = KZN]‘ even though Nj > 1. Under these conditions, it is essential to include
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a scaling of the parameters in calculating the formal order so that the scaled parameters
have comparable sizes. This allows one to identify correctly which terms are negligible
in a given physical problem, and which terms must be included.

In general, one can estimate the validity of truncation for the particular problem and the
particular observable by calculating the quantum correction [56]. Other techniques for
estimating validity include comparison with the exact positive-P simulation method [28],
and examining results for unphysical behavior such as negative occupation numbers [27].

The use of this Wigner truncation allows us to simplify the results of Theorem 4.3 and
Theorem 4.4. Wigner truncation is an expansion up to the order 1/ Nj, so during the
simplification, along with the higher order derivatives, we drop all components with (5M}_

of order higher than 1 in the drift terms, and of order higher than 0 in the diffusion terms.

Theorem 5.3. Assuming the conditions for the Wigner truncation are satisfied, the result of

the Wigner transformation of the nonlinear term of a Hamiltonian is

lfdx ‘F“I”‘I"Yk,p]] [ dxuy, (5; ( ~¥, ¥, ¥+ ( ’ )( kwk+‘1f].>>
j
5 * * ( ’ ) * *
j
Proof. A straightforward result of neglecting the high-order terms in (5.18). O]

Theorem 5.4. Assuming the conditions for the Wigner truncation are satisfied, the result of

the Wigner transformation of the loss term is

20, 920, A0}
(aw o 225M X3y, av, B‘I’*)
20; 9207 20,
(aw* T2 Z o, X S 59 39, )

5Y,
i 5 90, ao*
£ 5Y;,0%, 0¥, 0Y;,

WL [pl] = (

L

where the coupling functionals O, = O,[¥] = Hil .

Proof. The proof is basically a simplification of the result of Theorem 4.4 under two
conditions following from neglecting the terms smaller than 1/N. First, we are dropping
all terms with high order differentials, which can be expressed as limiting > j.+ >k, < 2.

Second, we are only considering the terms with the restricted delta function of up to first



5. WIGNER REPRESENTATION OF BEC QUANTUM DYNAMICS 48

order in the drift part (containing functional differentials of order 1), and terms with no
restricted delta functions in the diffusion part (containing functional differentials of order
2).

The only combinations of j. and k, for which Z, ; , is not zero are thus {j. = ¢, k. =

o,me[1,Cl}, {j.=0k. =6, me[1,Cl}and {j. =9, k. =90, me[1,Clne

cn’

[1,C]}. These combinations produce terms with 6/6%¥%, 6/6¥,, and 6%/ 5‘Fp 0¥, respect-
ively:

gl = 120 0+ Z ~11Z14.,

cC C 82 (5.24)
+ Z Z WH[ZWZ - 1]H[ln - 1]Z1/emlen> W,

m=1n=1 m n

where e, is a vector consisting of zeros and a single 1 at the n-th position, and H[n] is
the discrete Heavyside function.
Evaluating the partially parametrised Z function in the first term using the expression

in Theorem 4.4:

= O, (%) 92
leemlo = lm E!: eXp (_ Mc 2 a\Y aT ) T c Cm ('LI}'*)Z (525)

Expanding the exponent in series and discarding the terms with more than one restricted

delta function, we obtain:
SN 1 < 02 s l
Z ~ l \P’c_ cm \I)’* c = 5 \P-C— om \I[* . ) ) 6
l/em/o m (g c ( C) 2 nzzl Mn (x/ X) a\P— a\P';; ﬂ c ( C) ) (5 2 )

Multiplied by the Heavyside function, this can be expressed using derivatives of the

coupling functional Oy:

aol . 920, A0;
Hl,, —11Z o~ o Z&M (X, )W ¥ 39 (5.27)

Analogously, for the second term in (5.24) we get

90! 1E 920; 90
H[lm - 1]Zl,0,e a\{r: Ol E Z M, ( X, )a‘{[* aT* a_\Ijl (528)

and for the third term (discarding all terms with the restricted delta function in the
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expansion of the exponent):

30, 90} (529
o¥, oY’ >29

HIL, —1]H[l, - 11Z,, =

Substituting these expressions back into (5.24), we get the statement of the theorem. [

5.5. Fokker-Planck equation for the BEC

With the Wigner truncation applied, we can remove the third- and higher-order functional
derivatives in (5.19). Under the reasonable assumption of K, U, and ; being real-valued,

this results in the functional equation

i ¢ ¢ 5 5]k + ].

5.31
aOl* 820* 00, (531
—Ln aW* Z Ona (X )B\F*B‘F* Y, )
leL k
and diffusion matrix
Z aol ao* ( )
l 81{; a\Ifx- . 5.32

It can be shown (see Appendix c for details) that this truncated equation has a positive-
definite diffusion matrix 2 and is, therefore, a Fokker-Planck equation (FPE), with its
solution W (t) being a probability distribution (provided that W (0) was a probability
distribution). This differs from the original Wigner function(al), which can be negative,
and is the result of the truncation. Thus, the solution of this equation may not be equi-
valent to the solution of the original master equation (5.4), if the corresponding density
matrices have non-positive Wigner functions. If the truncation condition is satisfied, the
difference is small (see Chapter 6 for a simple comparison, and references therein).

A direct solution of the above FPE is generally impractical, and a Monte Carlo or a

sampled calculation is called for. The equation can be further transformed to an equivalent
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set of stochastic differential equations (SDEs) using Theorem c.3 with

20y
Vr_aqm' (5.33)

This results in the set of functional SDEs in the It6 form
dY¥, = Py, l/ljdt +) ledQI] ) (5.34)
leL
or, alternatively, in the Stratonovich form
d¥; = Py, [(flj —8di + Z ledQl} / (5.35)
leL

where the Stratonovich term is

1 C
§ZZ:MW4‘
k=11€L
1 & 920; 20 (539
1 90
222 O % )a‘P*a‘F* ¥,

Note that the Stratonovich term is exactly equal to the correction proportional to dy_in
the loss-induced part of the drift term (5.31). This means that in the Stratonovich form the
SDEs are actually simpler. Physically, this corresponds to the fact that the Stratonovich
form is the broad-band limit of a finite bandwidth noise equation. Hence, one expects
this to occur as the most natural equation in the Markovian master equation limit of
damping.

The equations (5.34) can be solved by conventional integration methods for SDEs
(see Appendix E for details). The required expectations of symmetrically ordered operator
products can be obtained by averaging results from multiple independent integration tra-
jectories according to Theorem 3.4, since the truncated Wigner functional is a probability

distribution:

C C
{H ~?<‘P;f>5f} =J oY (H‘F?@F;ff) WI¥]

j=1 j=1

c
~ <Iﬁ[q3](q7)%> )
j=1

traj

sym

(5-37)
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where {r;} and {s;} are some sets of non-negative integers. The second approximate

equality becomes exact in the limit of the infinite number of integration trajectories.

5.6. Integral averages

It is interesting to derive an expression for the time dependence of some simple observ-
ables using SDEs (5.34) and It6’s formula (Theorem c.6). Namely, we are interested in
the population N; = [ dx(¥I¥,). We will first prove a general theorem which is valid
for any drift and diffusion terms, and then apply it to the concrete expressions (5.31)

and (5.32).

Theorem 5.5. In a BEC with the evolution governed by the set of SDEs (5.34), the population

changes in time as

dN = | dx</l Wi+ AT+ ) By Bidy, (x,X)

leL traj

Proof. Let us apply Theorem c.6 with f] =Y, to 5 = ¥¥,. Since, in the end, we are
interested in the average of 7, and (dQl)tmj = 0, we can discard the third term in the

It6 formula. The resulting expression for the differential is

C " .
d(\P;‘Ifi):fdxf(ZA,é(‘PT) ZA,*E)(‘PT)

= oY’ 5‘1”*
(5-38)
+ -y B B’*—éz(qfﬂlj ) ) dt
1<kl / 1%
j=1k=11€L ! 5‘{[ Oy
The derivatives are evaluated as
S(Y:¥.)
Z ’ : = 5{"P;5M‘(X’,X),
5‘1’]. ]
S(Y;Y)) . pur
sy (Sij\Pi(SM,-(x /X), (5-39)
]
52(‘1’;“{’1-)

SR = 030500, (X', X) 03y (X', X).
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From (5.37), it follows that

dN; _ ¢ dCFTY)
dt _f dx dt
d((¥i¥o),,, — 20,06 20) d(FY ) (5.40)
fdx<#> _
tra]

~ ) dx dt = dt

Substituting the expression for the differential of ¥;¥;, we get

o = [ dxdx’ (A7; 8y, (X, %) + AP Y83 (X, %)

(5.41)
+ZB B oy (X', x) 03y (x’,x)>t »

1eL e

where we were able to move the integral over x since the drift and diffusion terms depend

on x'. Integrating by x, and expanding ¥; and restricted delta functions:

[[ dxdx' A;¥;6y, (X, x) = [[ dxdX' A} Y ¢radin D Gim®Pim

neM; meM;
= [dxA; Y ag.pin (5.42)
meM;
= [ dxA,¥;.
Similarly,
[ dxdx A7, 83 (x,%) = [ dxA;Y,, (5-43)
and
J[ dxdx’ By Bii by, (X', 3083 (X', x) = [ dxB, Byybyy, (x,%). (5.44)

The integration of the equation (5.41) over x thus gives us the statement of the theorem.

]

Now we can substitute the known expressions for drift terms (5.31) and diffusion
terms (5.32) in the equation given by the theorem. We will consider the case with with
the absence of a population transfer between components (i.e., Ky = 0ifj # k), which
would unnecessarily complicate the resulting equation. From the form of the expression

A;Y;+A:Y, itis clear that the unitary evolution part of the drift term does not contribute
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to the population change rate (which agrees with the intuition). Thus, the drift terms can

be safely simplified to

90; 1E 920; 90
(loss) _ = 1
A= IZeL f (8‘1’* 2 Z X )B‘F*B‘P* a‘Pk) (5.45)

which gives the population change rate

BZO* 20
— E l \{r* E 1
B “ f dx < Ol 5Mk %) Sgragr B‘F* B‘I’* a\Fk ‘P

ao1 90;
_a_‘yl a\F; (SMi(X,X)> ’

(5-46)

traj

where we have used the fact that the coupling functional O, are products of integer
powers of ¥, which makes ﬂ;loss)‘lf}‘ = (A1) )

In practice, it is more convenient to express the above equation using more intuitive
quantities, namely real component densities 1, = (¥7%;). To do that, we have to rewrite
the resulting path averages of the moments of ¥, as averages of symmetric products of ‘Ifj,
transform them to the normal order using the analogue of the ordering transformation

formula [59] for field operators

min(r,s)
S KUCrN (S ot r—kdrs
o), = 3w, e

k=0

and simplify the resulting averages of normally ordered operators using correlation
factors g(k) = ((PH*P*y/(FTY). In other words, the coefficients g”‘) define the degree
of high-order correlations. In the ideal condensate, these are equal to 1, and increase
with the temperature (the so called photon bunching, or atom bunching). For example,
the theoretical maximum value for g 3, is 3! = 6 [69], which has been confirmed experi-

mentally [70].

5.7. Usage example

General theorems from the previous sections may seem complicated, so in this section
we will look into a simple example of how they can be applied to real systems.

We will consider a simple case of a single-component BEC with a 3-body loss process
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and no unitary evolution (the same as described by Norrie et al [41]). The master equation

for this system is

dp
d'(t) 3 f dx 111 [0]

= gf dx (293p(F1)® — (¥1)>F%5 — p(¥1)3¥93),

(5-48)

so we have K = 0, U = 0 and a single source of losses with 1 = (1,1,1) and O,;; =
Y3 (and, consequently, O;;; = ¥°). The coefficient 7 = 6x,,; corresponds to the
“experimental” normalization of loss rates; see (7.31) and the surrounding paragraph for

details. The FPE for this system is, therefore,

dd_vtv - 5% <—%|\1f|4\1f + 3_7|W|2W5M<x,x) 37%2 (x, x))
_ 53’* <_%|\1f|4\1f* T IWRE 5y (x, ) — Z‘F*éﬁ,ﬂ(x x))
+ Wizw (%%4 391¥ 26, (x, X) + 252 (x,x)) -
" 5\1321?2 (%mzw B %W&me)) v
- 6(‘13;6‘1’ (%Y'T'Z\F* B ﬁw*éM(x’x))
3

* 5 (%) + 5(*2*) (350r) + [J\H

After truncation, the resulting stochastic equation describing the system is

d¥Y = Py l——(iiiO—%éWx,x)%S—i)dt ao*dQ( ]
(5.50)

= Py [— <%|‘PI4‘P - 3775M(x,x)|‘1f|2‘1f) dt + \I?%(‘P*)de(x, t)] .

The equation above coincides with the one given by Norrie et al, except for the additional
correction to the drift term, which is of order 1/N and, therefore, cannot be omitted.
If we calculate the rate population change over time using Theorem 5.5 and its corol-

lary (5.46), we obtain

dN 9
=7 [ dx (<|\If|6>traj — 50 (%) <|‘1’|4>traj>- (5:51)

This can be transformed further to a more conventional form. Using the equivalence (5.37)
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and the ordering transformation formula (5.47) for field operators, we get

1
<|‘~If|4>traj = ¢Pn? + 26 (x, x)n + E(Sﬁ,ﬂ(x,x),

(I¥1°)

. 9 3 (5.52)
= 0% + 500 ()82 + 28 (x, 0 + 8 (x,%).

traj

Here n = (91¥) is the particle density, and g*’ are correlation factors. Substituting

above expressions into the equation for the population change rate:

dN

9 3
== —y [ dx (g<3>n3 — 5030 0m = E(Sgﬂ(x,x)> : (5.53)

We see that the second highest term in the expression is canceled, which agrees with the
expansion being correct up to the order 1/N. If the quantum correction term to the drift
is omitted, one finds that a physically incorrect quadratic nonlinear term proportional
to n? is obtained, which is inconsistent with the exact short-time solution to the master
equation [41]. The last two terms in this result are artefacts of the truncated Wigner
method. They give rise to loss processes that occur even when N = 0, which, of course,

is physically impossible.

5.8. Initial states

Before integrating the evolution equations (5.34) or (5.35), the initial value of ‘Fj att =0
has to be sampled for each integration trajectory. The general procedure is to take
the density matrix of the desired initial state and find its Wigner transformation using

Definition 3.4. The resulting Wigner function is then sampled.

5.8.1. Coherent state

The simplest case of an initial state is a coherent state. It also serves as a good first

approximation for most BEC interferometry experiments.

Theorem 5.6. The Wigner distribution for a multimode coherent state with the expectation

value ¥ =% ale, is

W, n[¥] = (%>|M l—[ exp(—2la, — alV?).

T neM
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Proof. The density matrix of the state is

p =1, ne M@ ne M = (H |061(10)>) (H <06f10)|) : (5-54)

neM neM

Then the characteristic functional for this state can be expressed as

xntAl =Te{ ([T ) ([T ) ( TT 2wt )}

neM neM neM (5.55)
= n <0(§10) |Dn (/\n’ /\;) IDC;O) >/

neM

where A = ZneM An¢®,. Displacement operators obey the multiplication law [59]
- - - 1
DA AD(a, a*) = DA + a, A* + a*) exp(i(/\zx* —A*a)), (5.56)
and the scalar product of two coherent state is calculated as [59]
1 2 1 2 *
(Bla) = exp(=5al” = SIBI" + p*a). (5.57)

Therefore,

D, A"y = DA, A*)D(a, a*)|0)

1 (5.58)
= exp(i(/\oc* —Aa))A + a),
and the characteristic functional can be simplified as:
1
xwlAl= ] exp(i(An(zx;m)* — A5 ON @O, + a®)
ne (5.59)

1
= | | exp(—ALal® + A, (@) — ZIAP).
2
neM

Finally, the Wigner functional is

1 1
Wl¥1 = o | | (f Ay exp(—Aq (a7 = (@4)") + A (@ — ) = Ewz))
ne

2 [M]
= <—) H exp(—2la, — alV]?). O

T neM

The resulting Wigner distribution is a product of independent complex-valued Gaussian
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distributions for each mode, with an expectation value equal to the expectation value of
the mode, and the variance equal to % Therefore, the initial state can be sampled as

= w(O

o O 4 %’711/ (5.60)

n

where 77,, are normally distributed complex random numbers with zero mean, (#,,77,) = 0
and () = O n» OF, in other words, with components distributed independently with
variance % Physically, this looks like adding half a “vacuum particle” to each mode. In
the functional form, the coherent initial condition can be written as
— gy L
¥,,0 =¥ X0+ ) 2. (x), (5.61)

neM

where ‘Y](-O) (x,0) is the “classical” ground state of the system.

5.8.2. Other cases

While sampling the coherent state is computationally easy, it is not the best choice for
multimode systems. More involved examples, including thermalized states and Bogoli-
ubov states, are reviewed by Blakie et al [55], Olsen and Bradley [71], and Ruostekoski
and Martin [72]. In particular, a numerically efficient way to sample a Wigner distribution

for Bogoliubov states has been developed by Sinatra et al [57].






CHAPTER 6.

COMPARISON WITH AN EXACT METHOD

The first test for an approximate theory is usually a comparison with exact analytical
predictions, when it is possible. For systems where the functional truncated Wigner
method really shines — the ones with hundreds of thousands of particles and thousands
of modes — no exact methods exist. However, one can perform such a comparison for the
multimode truncated Wigner with only a few modes. While it does not demonstrate the
full extent of the truncated Wigner’s functionality, it can still give a general idea about
the accuracy of the method. In this chapter we will investigate a simple two-level system,
the dynamics of which can be described exactly using an expansion in number states,

and simulate its evolution using the Wigner representation.

6.1. Two-mode BEC example

We consider a single-well two-mode BEC system with the Hamiltonian
N 1<
Hih=3 ‘_Zlgjk”;”iak”v (6.1)
ij=

which is a special case of the two-well four-mode system described elsewhere [44].
To simplify the equations, we use the dimensionless variables §; = g;/(81:N) =
a3/ (a1N), T = g1 Nt, where g, is the s-wave scattering length for the interaction
between modes j and k:

S _ 1y, oot o
H = 5 Z Sl Wy ;. (6.2)
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The evolution starts from the coherent state

¥(0) =|JN/2) [VN72) , (6.3)

where N stands for the initial total number of atoms in the well.
In the Schrodinger picture, the evolution of the system is governed by the master

equation

dp T A

After the transformation to an FPE form with Theorem 2.4, truncation, and further

transformation with Theorem c.2, this equation turns into the equivalent system of ODEs

d (“1) o (“1 (811 (12l = 1) + &1z (1o = %D) dr. (65)
2

4y (§20 (I = 1) + 815 (1> = 3))

We note that in this exactly solvable example, there is only initial Wigner noise, as
the damping is zero. These equations can be solved numerically using conventional
integration methods, which in our case was done with XMDS (see Appendix E for details).

Observables are obtained from the moments of a; and &, with the help of Theorem 2.5.

6.2. Exact solution

On the other hand, time-dependent values of any observables for this system can be
obtained exactly using an expansion in number states [44]. Theoretical derivations for
this method were provided by Q.-Y. He and R. Y. Teh.

In the Heisenberg picture, the equations of motion for the annihilation operators are

da,(t)

2
— =i[Aam]= —iy &N, (6.6)

j=1

and their solution is (since the population of each mode is conserved):

2
d.(T) = exp (—i Zgl-ijT) a. (6.7)
=1

]
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The initial conditions (6.3) can be, in turn, expanded as

(e o]

= a" a”
Y (0) = e7la/2 Z \/—_'|m)1e—|“l2/2 Z 7|n>2

— m. — .
m=0 n=0 (6.8)

= > CPimy, Y CPlny,,
m=0 n=0

and used to calculate any required moments f (ﬁ{, ay, ﬁ;, d,) at a time T as

oo

f@,a,a,a)y= ) CrCPCCy
k,l,m,n=0 (6'9)

x (k| (I f (@1 (T), 41 (T), 85 (T), 85 (T))Im), In),.

For the purposes of comparison, we will take a basic quantity that has been calculated
for the system in question [44], namely the degree of local spin squeezing. First we

introduce phase-rotated Schwinger spin operator measurements in the well as

in0 + gtaye

(aba,e —iney,

- (a3a,e™? — dla,en?) (6.10)

4

~— ~— ~—)
N’ <7 X

Il Il
I\JIP—‘Nlp_\NU—‘

(”2”2 - d{@)

where A = 71/2 — arg(a}d, ) is the phase difference between the two modes.
We consider all possible orthogonal pairs of spin operators [, ], +7/2 in the plane

orthogonal to ]y, where J, is defined as
Jo =], cos 6 + ]y sin 6. (6.11)
These pairs obey the Heisenberg uncertainty relation

Ao grrn = Ky )/2. (6.12)

Even with this limit on the pair, the variance of one of the spins in the pair can be reduced

below the Heisenberg limit:

Ay < [KJ)1/2, (6.13)
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FIGURE 6.1.: Comparison of the Wigner simulated time-dependent spin squeezing (blue
bands; the width corresponds to the estimated sampling error) against the
exact results (black lines), plotted on the logarithmic scale. Trajectories used:
2,000. The plots correspond to (a) the case of no inter-component interaction
@12 = 0,811 = §2 = 1/N), and (b) strong inter-component interaction
& = a;/(a1,:N), where a;; = 100.4, a,, = 80.8 and a,, = 95.5). Here N

is the initial total number of atoms in the well (see (6.3)).

which is referred to as the “spin squeezed state”.

It can be shown [44] that the optimal squeezing angle is

1 2(Jz,]x)
0= > arctan (Azfz — Azfx ) , (6.14)

and the degree of squeezing can be quantified as

A2f06+ /2
g = — (6.15)
YT II2
Here we denoted the pair correlation
PN 1, .. o o a
Jz.Jx) = 5 (T2Jx) + Uxlz) = 20 )4Ux)) - (6.16)

6.3. Comparisons of exact results and Wigner

simulations

The expectations above can be expressed in terms of creation and annihilation operators,
and calculated either in Wigner representation using Theorem 2.5, or with the number
state expansion using (6.7) and (6.9). The results for Sy, ., are plotted in Fig. 6.1, using a
low number of trajectories (2,000) for the truncated Wigner in order to make sampling

errors more distinguishable. The Wigner method shows good agreement with the exact
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FIGURE 6.2.: Difference of the Wigner simulated spin squeezing Sy, , , and the exact
results (lines) as compared to the sampling errors in Wigner simulations
(bands), normalized by the exact results. The mean systematic errors for
20,000 trajectories (red dashed lines) and 200, 000 trajectories (blue solid
lines) are plotted. The plots correspond to (a) the case of no inter-component
interaction, and (b) strong inter-component interaction (the interaction
coefficients are the same as in Fig. 6.1).

results in the time range of interest; the growing sampling error can be reduced to a
desirable extent by using more simulation trajectories.

The relative (normalized on the corresponding results from the exact method) sampling
and systematic errors of the Wigner method are plotted in Fig. 6.2. The Wigner results
show a systematic error several times bigger than the corresponding sampling error in the
first half of the time interval, which is a sign of the failing truncation approximation. At
other times, the difference with the exact results is within the sampling error range. The
large oscillations of the systematic error at the start of the simulation can be explained
by accumulating uncertainties in the denominator of (6.15).

It is also interesting to look how the systematic error changes with the mode population
(Fig. 6.3). Since the time scale of the evolution varies with N, for this plot we normalized
the time 7 on the “characteristic time” 7,(N), which corresponds to the time from the
beginning of the evolution at which the squeezing Sy, ,/, rises back to 1. As expected,
the larger is the population N, the smaller is the systematic error. This indirectly confirms
the truncation condition (5.23).

It must be emphasized that, while relative systematic errors are noticeable (about 5%
at the maximum), they correspond to the periods with low values of S (see Fig. 6.1).
Therefore, the absolute error is extremely low (of the order of tenths of decibel). On the
other hand, the technical noise in spin squeezing experiments can reach 10 dB [73]. This

means that the systematic errors in the truncated Wigner method are far from being
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FIGURE 6.3.: Difference of the Wigner simulated spin squeezing Sy, , , and the exact
results (lines) as compared to the sampling errors in Wigner simulations
(bands), normalized on the exact results. The mean systematic errors for
N = 20 (blue solid lines), N = 200 (red dashed lines) and N = 2,000 (green
dotted lines) with 200, 000 trajectories are plotted. The plots correspond to (a)
the case of no inter-component interaction, and (b) strong inter-component
interaction (the interaction coefficients are the same as in Fig. 6.1).

detectable by current technology.

Note that, while in this particular example the exact method gives more accurate results
at comparable or lower computational cost, it becomes unapplicable as soon as one wants
to include tunneling and nonlinear losses into the model, while the Wigner method
continues to perform with the same efficiency [44].

In conclusion, we have decisively shown that the truncated Wigner method gives
accurate predictions for sophisticated compound observables (the squeezing (6.15) is
calculated as a fourth order moment divided by a second order moment). The system used
in this chapter was a very simple one; for more complex systems it is possible to perform
comparisons with the exact (in the limit of infinite simulation trajectories) positive-P
phase-space method [28, 47, 48]. A detailed study of the validity of the truncated Wigner

method was carried out by Sinatra et al [57].



CHAPTER 7.

OQUANTUM NOISE IN BEC

INTERFEROMETRY

BECs have macroscopic quantum states and can be potentially used as high precision in-
terferometric detectors and sensors. Unlike photons, atoms can interact strongly, leading
to loss of coherence and decreased interferometric contrast. An accurate quantitative
model for these quantum many-body effects is essential for explaining the results of atom
interferometry experiments and for planning future ones.

In this chapter we will apply the truncated Wigner method from Chapter 5 to the
task of simulating the dynamics of such experiments. We will start from describing the
mean-field approach leading to the conventional Gross-Pitaevskii equations (GPEs) [74].
We then extend it to include quantum effects, such as the noise from linear and nonlinear
losses. The accurate description of nonlinear losses is especially important as their relative
effect increases when atom numbers are increased to improve contrast.

We will compare the effect of quantum fluctuations and technical noise, such as imper-
fect measurements or coupling phase and amplitude uncertainty, on the interferometric
contrast. We will also consider the experimental measurement of the contrast in detail
and investigate the influence of quantum effects on the important characteristic of phase

noise.



7. QUANTUM NOISE IN BEC INTERFEROMETRY 66

7.1. Two-component trapped BEC

The system we are interested in is an ultracold BEC harmonically trapped in 3 dimensions
such as the one used in the experiments by Riedel et al [73] and Egorov et al [42, 75].
The BEC in question has two components (separate BECs consisting of atoms with
different hyperfine states) with a significant nonlinear repulsive interaction (both inter-
and intra-component), nonlinear losses and additional linear unitary effects, such as an
electromagnetic coupling between components. The number of components is set to two
in order to simplify the resulting equations for the experiments described in this chapter;
it can be easily increased if necessary.

We assume that the BEC has s-wave interactions, which means the nonlinear interaction

coeflicients have the form

gy = L O (7.1

where j and k are the indices of the interacting components, A is the corresponding
s-wave scattering length, and m in this chapter stands for the mass of a 8’Rb atom. Here
we assume a momentum cutoff k; « 1/a; in the numerical simulations, otherwise the
couplings must be renormalized [57].

The external harmonic trapping potential V; for the component j (which can include a

component-dependent shift along some of the axes) has the form

V=

N3

3
Z (1]‘21 (xd - lfi]) )2/ (72)
d=1

where w, are trapping frequencies, which will be specified later when the experiments
are described.

In principle, the methods described in this chapter can be easily generalized to include
an arbitrary potential shape, and possibly some different form of nonlinear interaction

coefficients, but for the experiments to be described the equations above will apply.
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7.2. Mean-field approximation

We will start from a classical model of a trapped BEC — the mean-field approximation.
While it cannot predict quantum effects, it provides the basis for comparison with the
truncated Wigner method, and can be also applied to calculate the ground state of a
trapped BEC numerically.

We will use the combined model which includes linear coupling and losses, and later
in Section 7.3, dedicated to the application of the truncated Wigner method we will show

how we can get almost identical equations from the first principles.

7.2.1. Two-component condensate

In the mean-field approximation the two-component BEC is described by wavefunctions
‘{’j, which are normalized such that f I‘I’jlzdx =N 2 where N ; is the total population of
the component j (consequently, I‘I’jl2 = 1, is the component density). The evolution of the

condensate is described by the system of coupled Gross-Pitaevskii equations (CGPEs) [74]

., d¥Y h?Vv? _
& dtl B <_ 2m +V1 +811|‘P1|2+g12|‘P2|2—1hT1)‘P1
hQ . ,
7 (pilwt+a) —i(wt+a)
s : - " (7-3)
L, d¥Y h?Vv? . .
ih Clt2 - <_ "m +Vy+ hwhf +822|T2|2 +g12|‘1’1|2 — lhf2> Y,
+ @ (ei(wt+a) + e‘i(“’”"‘)) 1},1.

2

Here V;(x) are external potentials (7.2), wy is the hyperfine splitting between com-
ponents, g are nonlinear interaction coefficients (7.1), I'; terms represent nonlinear
losses for the component j, and () is the electromagnetic coupling strength (with w being
the frequency, and « the initial phase shift of the coupling). The CGPEs without loss
or coupling terms were introduced by Zeng et al [76], and Ho and Shenoy [77]. The
coupling terms were first included by Ballagh et al [78], and the loss terms by Yurovsky
et al [79]. A detailed description of the mean-field approximation can be found in the
book by Pitaevskii and Stringari [74].

The exact expressions for the loss parameters I'; depend on the loss processes in a par-
ticular experiment. For example, the dominant three-body and two-body losses in a two-

component 8’Rb BEC with the components [F = 1, my = —1) and |F = 2, m; = +1)
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result in [70, 80]

Iy = (1 + 712i2) /12,
(7-4)
Iy = (71211 + Y22112) /2.
These equations were obtained empirically, but we will see later in this chapter how the
same expressions (to leading order) appear as a result of the application of the truncated
Wigner method.
The coupling frequency w is usually slightly detuned from the hyperfine frequency in
the experiment: w = w),; + 0, where § K wyy. It is convenient to use equations (7.3) in

a rotating frame:

— y
¥, =1,
(1) jicwpet (7.5)
iwy,
Y, =¥, e“n".
This transformation eliminates wj, from the equations and does not change single-time
observable values. Dropping the rotating frame superscript for simplicity, we obtain the

transformed equations

Zhddlt = ( - + Vi+ g1l¥ P + g.Y,17 — ihl‘l) ¥,
+ (ez(<w+w;,f)t+a) + o0t Y
.6
ih% = ( ;Zj + Vo + 800l ¥ol? + 81ol¥4 2 — ihrz) ¥ "
_|_

i(Ot+a) —i((w+wye)t+a)
5 ( +e A 29

Furthermore, in experiments the coupling field is typically applied for short periods of

time ¢ where 1/w < t & 1/6. This allows us to neglect the rapidly oscillating

pulse® pulse

l(w+whf)t

terms proportional to e and come to CGPEs in the rotating frame:

d‘P K2y2 | o
dtl = ( 2 + Vl + g11|1P1| + g12|\F2|2 lhl—'l) \Fl n 76 1(5t+zx)\P-2/

(7.7)
dT Y hQ)
dtz = ( o +V, + g22|qj2| + g12|‘F1| — th2> Y, + 5 el(5t+o¢)11;1.

When the pulse is applied twice using the same coupling field (which is the case for the
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Ramsey interferometry), it is the same as just setting () to zero after the first pulse and
then restoring its value for the time of the second pulse; therefore, a stays the same too.
If one wants to apply pulse with the different detuning, the phase information is lost, and
the value of « has to be regarded as random.

The application of the coupling field can be simplified when certain additional conditions

are valid, namely:
« u/h < Q), where y is the chemical potential of the first component;
« 0K ()
« the characteristic time of the other terms in (7.3) is much greater than ¢

pulse*

This allows us to use an “instantaneous” pulse, multiplying the state vector by a rotation

¥i) [ cos§  —ie?sin§) (Y, ()
Y, —ie'? sin £ cos ¢ Y,

and ¢ = Ot +« is the total phase of the coupling field at the beginning

matrix:

where 6 = O, g,

of the pulse. In particular, for the two-pulse Ramsey scheme (Fig. 7.3, (a)) with the time

tg between pulses, ¢, = ¢; + Ot;.

7.2.2. Ground state calculation

At the beginning of the simulation, the BEC is assumed to be in the ground state which

has the lowest possible energy. The ground state is the solution of the stationary CGPEs

272
¥y = (_ o + Vi +gl¥i P +812|\P2|2> Yy,

272 (7.9)
H¥o = (_ o + V, + g0l Yo +812|\P1|2> Y¥,,

where y; and y, are chemical potentials of the components.

The most common method of finding the mean-field ground state is the imaginary time
propagation [81,82]. The essence of the method is that the propagation of an arbitrary
wavefunction using the time-dependent CGPEs, but with the substitution t - 7 = it,

lowers its energy; therefore, after the sufficient amount of time this propagation will lead
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us arbitrarily close to the ground state. The actual equations to be propagated are (7.7)

without the loss or coupling terms:

dv h2v? y
dT1 - (_ om T Vi +g11l¥: P +812|\P2|2) v
(7.10)
dy h?v? L AEARY
_dT2 - _ (_ 5 T V2 +8nl¥al + g0l 1I2) 2-

The rigorous proof of this method was derived by Bao and Du [82]. The idea can be
roughly illustrated by considering a one-component system with a linear Hamiltonian
K, whose eigenvalues are j; < 4, < ..., where the lowest eigenvalue corresponds to

ground state we want to find. The steady solution of the time-dependent GPE

dvy .
h— = KY¥ 11
ih— (7.11)
then looks like
Y(x,t) =) e imfi(x), (7.12)
K

where f, are eigenfunctions of K corresponding to the eigenvalues 1. After the sub-
stitution t — T = it the solution becomes fading, with higher-energy terms fading

faster:
Y(x,T) =) e i (x), (7.13)
k

Therefore, if we take some random initial solution and propagate it long enough
in imaginary time using (7.10), the higher-energy terms will eventually die out (in
comparison with the lowest-energy state) and leave us with the desired ground state.
The state obtained from the Thomas-Fermi approximated GPE can be taken as the initial
one since it is rather close to the desired one (and, therefore, higher-energy terms are
already quite small).

Since the population will decrease exponentially after each step, and the precision of
numerical calculations is limited, a renormalisation after each step will be required. The

total number of atoms in the ground state serves best in this case (because we will have
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FIGURE 7.1.: Axial densities of two-component ground state for (a) a miscible and (b) an
immiscible regime of 3’Rb BEC with N; = N, = 40,000 atoms in a three-
dimensional harmonic trap with the frequencies f, = f, = 97.6Hz, f, =
11.96 Hz. Blue solid lines and red dashed lines show the axial density of the
first and the second component respectively. Intra-component scattering
lengths are a,; = 100.407g, a,, = 95.68 5, inter-component scattering
length is (a) a;, = 97.0r5 and (b) a;; = 99.0 g, where 7 is the Bohr radius.

to renormalise the final ground state anyway):

f ¥(7,x)[?dx = N. (7-14)

Propagation is terminated when the Gross-Pitaevskii energy of the state converges to
the required precision (that is, only one eigenstate with the lowest energy is left out).

The energy of the two-component condensate [74]

PYiVveY,  hPY3V3Y,
EL¥1 = f <_ 2m B 2m

(7.15)

+(V; +hw)ng + (Vy + hw,)n, + %n% + %nﬁ +g12n1n2> dx

thus has to be calculated after each step and compared to the previous value, waiting for
the desired precision to be reached.

As an example, Fig. 7.1 shows the axial density n, = [ n(x)dxdy of the two-component
ground state for an equal mix of two hyperfine states of ’Rb BEC. Two panes of the figure
illustrate the difference between the miscible (43, < a,,4,,) and immiscible (43, > a,14,,)
regimes.

It should be emphasized that this ground state is not a true many-body ground state,
but rather a type of mean-field (single-particle) approximation, since it omits quantum

correlations.
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7.2.3. Thomas-Fermi approximation

As was mentioned earlier in this section, the starting state for the imaginary time calcula-
tion can be set to the Thomas-Fermi approximate state to minimize the propagation time.
Thomas-Fermi approximation consists of neglecting the kinetic term in the stationary
equations (7.9). For a one-component state (¥, = 0), the resulting equations can be
easily solved analytically:

1
¥, (x)[> = g, max (1 — V1(0),0) . (7.16)
11

In the D-dimensional harmonic trap potential
M &
_ § 2.2
Vix) = 5 2 wixy, (7.17)

this solution has the shape of an ellipsoid with radii r; = ‘/2y1 / (mwﬁ).
The chemical potential y/; is fixed by the normalisation condition [ [¥,[*dx = N;. For

a three-dimensional trap it can be shown to be

g -2\ §
V§3D)=<15N1) (m;]> 811%/ (7.18)

8T

where W = 3/w,w, w,. For a one-dimensional trap it has the form

3¢, Ny \? (ma?\?
ap) _ (2811tV1 1 19
P‘1 ( 1 ) ( 5 ) : (7.19)

Now we can roughly estimate the conditions necessary to neglect the kinetic term from
the equation. Substituting approximate solution (7.16) to (7.9) and comparing the kinetic

term with the potential term, we get the following inequation:

D
D i
2 4(py —Vi(x)

2m

2 b2
h (m Zd=1 wd ) &« ‘I/l (}/{1 _ Vl (X)) ) (7.20)

Near the centre of the condensate, this inequation simplifies to

h
p> slwl, (7.21)
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FIGURE 7.2.: Axial densities of numerically calculated (blue solid lines) and Thomas-Fermi
approximated (red dashed lines) ground states for a one-component ’Rb

BEC of (a) 100, 000 atoms, and (b) 1,000 atoms.

where w = (wy, ..., aJD)T is the vector of trap frequencies.

On the other hand, near the edges of the cloud the left-hand side of the inequation (7.20)
diverges, while the right-hand side tends to zero. This means that near the edges the
Thomas-Fermi approximation fails regardless of the conditions. Fortunately, the particle
density there is low, so we can estimate the width / of the “belt” where our first approxim-
ation of the state function is significantly incorrect. If it happens to be small as compared
to the size of the condensate, the approximation can be considered valid.

The first term at the left-hand side of the inequation (7.20) is constant and can be
dropped in the limit of V; (x) — ;. Then, for the sake of simplicity, we assume all but
one of coordinates to be zero and the remaining one to be equal to r; — h;, where 7 is
the corresponding radius of the condensate. After replacing “«” by “~” and assuming

h, to be small as compared to 7,;, we obtain the conditions for each coordinate:

n2
h; ~ ,dell,..,D]. (7.22)
2u,m

These have to be much smaller than the corresponding radii, which gives us

>>1h max (7.23)
# 2" aem...p] & 723

This condition is less strict than the condition for the centre of the condensate. Therefore,
we have only one condition justifying the application of the Thomas-Fermi approximation
is (7.21).

Let us use some real-life experimental parameters and check how well the Thomas-Fermi
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approximation works. For a three-dimensional trap with frequencies f, = f, = 97.6 Hz
and f, = 11.96 Hz and with N; = 10° 8Rb atoms (which have a scattering length
of a;; = 100.4ry), we have 2y, /(hlw|) ~ 10.68. This means that the Thomas-Fermi
approximation produces a solution which is close to the real one. However, for a lower
amount of atoms, say N; = 103, we obtain 2u/ (hlwl) =~ 1.69, which is a sign that we are
reaching the limit of the approximation’s applicability. Fig. 7.2 shows the axial density
for both cases: for 100,000 atoms the Thomas-Fermi approximation is very close to
the numerically calculated ground state and for 1,000 atoms it differs significantly, as
expected.

An extended discussion of the Thomas-Fermi approximation was given by Dalfovo
et al [83]. It is possible to work out the Thomas-Fermi approximation for a two-component
condensate, but it requires some non-trivial handling of various miscibility/immiscibility
cases [84]. In this thesis we only consider single-component ground states, as these are

the only ones used in the experiments we are simulating.

7.3. Quasiprobability approach

Having discussed the classical mean-field approach in the previous section, we will
now apply the functional truncated Wigner method described in Chapter 5. While the
mean-field approximation gives a fast way to obtain a qualitative picture of the BEC
dynamics, it ignores many important effects that originate from the inherent quantum
nature of the system, in particular, nonlinear quantum noise effects of quantum dynamics:
phase diffusion, entanglement and spin squeezing. An initial satate uncertainty and noise
terms do not occur in semi-classical CGPEs, which are unable to predict these effects.

We will see how an initial master equation produces a system of equations very similar
to CGPEs (7.7) with loss terms resembling (7.4).

Since we assume that the BEC has s-wave interactions, we can use the effective Hamilto-
nian (5.3) expressed using restricted field creation and annihilation operators ‘i’]* (x) and

qj]- (x):

2 2
~ ~ o i oy o
A = [ dx Zl kz {\P;Kjkwk + S ‘P}‘I’,’Q\Fj‘{’k}, (7.24)
=1 k=1
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where g, are nonlinear interaction coefficients (7.1). The single-particle Hamiltonian Kj,

includes the electromagnetic coupling terms, added by analogy with the CGPEs (7.7):
h? ~

Here, as in the classical CGPEs, Vj(x) are external potentials (7.2), and Q) is the linear

coupling matrix

ei(5t+uc) 0

3 0 —i(St+a)
0= @ ( ‘ ) . (7.26)

Taking nonlinear losses into account, the evolution of the system’s density matrix p is
described by the Markovian master equation (5.4):
do i 5]
a H p Z K f dX,CI (727)

leL

where £, are loss operators (5.5), and L is the set of loss processes that are experimentally

shown to affect the trapped 8”Rb BEC [42, 80]:

« three-body recombination O,,, = ¥3,

« two-body inter-component loss O, = ¥, ¥,, and
« two-body intra-component loss O,, = ¥3,

with the coefficients depending on the components used in a particular experiment.
Applying the general formulas from Chapter 5, we can transform the master equa-
tion (7.24) to an FPE for the truncated Wigner functional, and further to a set of SDEs in

the Stratonovich form (5.35):

d¥, = Py, [/lf)dt +) zaudQll,
leL (728)

leL
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with drift terms

(s) i 2 $ 2 51’( +1
Ay = — 7 kZ‘Klk‘I[k + ¥ ;g1k ¥l — > Ong (%, X)

- 3K111|\P1|2|\P1|2‘Y1 - K12|‘¥2|2\P11

i 2 2 5 + 1 (7'29)
AP = - h (ZKZk\Pk +¥5) 8 (|\Fk|2 - 2k2 5Mk(X,X)>>
k=1 k=1
— K101 1PY, — 250, [V, 12 Y,
and noise terms
Bii1 = 3V (‘YT)ZI Bip = kY3, Bixpn =0, (7.30)
7-30

32,111 =0, Bz,lz = \/Klzlyir Bz,zz = 2\/ Ky Y5

Note that the leading order of the loss components in the drift terms coincides with the
phenomenological loss components of the CGPEs (7.3).

The drift coefficients (7.29) and the CGPEs (7.3) use sligtly different loss parameters.
This is caused by the fact that the parameters « originate from the “natural theoretical”
definition (a coefficient in front of the loss operator £), and the parameters 7y correspond
to the “natural experimental” definition based on observed atom number losses:

dn;

4 = —yning ..., (7.31)

where 1; is the density of component j. The conversion between these two parameters

can be carried out easily as

Yip = Zl]-Kl. (7.32)

The choice of an initial state for the integration largely depends on the system in
question. While the mean value of the initial Wigner functional is usually chosen as the
classical ground state minimising the energy functional (7.15), the full distribution is a
more subtle problem. For the interferometry experiments described in this thesis, it is
sufficient to assume an initial coherent state which can be sampled as a set of Gaussian
random numbers according to Theorem 5.6 since the temperature of the atomic ensemble

is low. The main source of quantum noise is due to the beam-splitter rather than the
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FIGURE 7.3.: Timeline of the experiment for (a) a regular Ramsey sequence, and (b) a
Ramsey sequence with spin echo.

initial state, so this approximation is not a crucial one. In more complicated cases when
the temperature cannot be neglected, one can use thermal Bogoliubov states [55, 72],
for which there exists a numerically efficient sampling method [57]. The initial Wigner
distribution may also include uncertainties of the ground state caused by “technical”

reasons, for example, by a variation in the trap frequencies.

7.4. Fringe visibility

In this section we will apply the models from the previous sections to recent inter-
ferometry experiments involving a two-component 8’Rb BEC with two components
corresponding to the hyperfine states |F = 1, my = —1) and |[F = 2, my = +1) [42] (the
components are denoted |1) and |2) further in this section). In the following simula-
tions, the intra- and inter-component scattering lengths for these states were taken to
be a;; = 100.4 75 [80,85], a1, = 98.075, a,, = 95.44 15 [75], and the coefficients for the
dominant loss processes are 7;;; = 5.4 x 1073% cm®/s [80], 7;, = 1.51 x 10~* cm?/s,
and 7,, = 8.1 x 10~ cm?3/s [75].

The experiment starts with N = 55000 atoms of the component |1) in the ground state
in a cigar-shaped magnetic trap with the frequencies f, = 97.0Hz, f, = 99.91 Hz and
f. = 11.69 Hz in a bias magnetic field of 3.23 G so that the magnetic field dephasing is
mostly eliminated [86]. The experiment is then carried out using two protocols.

The first protocol is a regular Ramsey sequence, depicted schematically in Fig. 7.3, (a): a
77 /2-pulse is applied by an electromagnetic coupler, creating a non-equilibrium superpos-
ition of components |1) and |2). Mathematically, it means that coupling terms in (7.7) or

= 0/Q), where 0 = 71/2, with the

in (7.25) are enabled for a period of time equal to £,

Rabi frequency of the oscillator in this experiment being () = 27t x 350 rad/s. Since this
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pulse is short compared to the total evolution time, it was simulated via an application of
the rotation matrix (7.8).

During the further evolution of the system the components experience complex dynam-
ics, separating and merging periodically [80]. This, in turn, leads to periodic dephasing
and self-rephasing of the BEC components. After some period of the free evolution, a
second 7t /2-pulse is applied, transforming the phase difference between the two compon-
ents in the superposition into a population difference which can be measured through
imaging of both BEC components. Many such experiments are performed with different
free evolution times, contributing one time-point each because the imaging effectively
destroys the BEC. A more detailed description of the experiment can be found in the
paper by Egorov et al [42], and in his PhD thesis [87]. The experimental points used in
this and the next section are also courtesy of M. Egorov.

The integration was performed using a low-dissipation 4th-order Runge-Kutta al-
gorithm (see Appendix E for details about the algorithm and convergence tests). Both
GPE and truncated Wigner simulations in this section and Section 7.6 used 80, 000 time
steps for Fig. 7.7 and 200, 000 time steps for Fig. 7.7). The resulting relative convergence
error was lower than 1072 in all cases. The truncated Wigner simulations used 128
trajectories, which lead to relative sampling errors lower than 1072, Both of these sources
of errors therefore would not be noticeable in the figures and have not been plotted.

The simulations in this chapter and Chapter 8 used the plane wave basis (see Appendix D
for details) and a 8 x 8 x 64 spatial grid. This grid choice was made to ensure that
mode populations were high (in view of the truncation approximation inherent in our
method) while making sure that the spatial resolution is sufficient to describe the required
dynamics. More information about the spatial convergence tests performed can be found
in Section 7.5.

Coherence of the interference signal can be characterised by a common quantity — the

fringe contrast, or visibility:

2| (91Y,)dx|

A S A (733)

where the denominator is just the total number of atoms in the system. This quantity
can be shown to be the envelope curve of the population fringes produced by the second

7t /2-pulse in the experiment. In the mean-field approximation, the required correlations
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FIGURE 7.4.: Comparison of experimental and numerically simulated interferometric con-
trast at the end of a regular Ramsey sequence with the evolution time t.
Experimental results (black bars) are shown in comparison with the results
given by the mean-field approximation (green dotted line), the truncated
Wigner method (red dashed line), and the truncated Wigner with technical
noises included (blue solid line). The mean-field results with losses turned off
(yellow dash-dotted line) and the population-dependent visibility limit (7.36)
(grey dotted line) are included as a reference.

are calculated simply as

(7.34)

In the Wigner representation, we have to make the correlations symmetrically-ordered

first, and then (5.37) gives us

i =(¥1Y,) = <{\?{\If2}sym> ~ (Yi¥2),,,
O, (%, %) M (7-35)

)y~ (V1Y

sym B 2 ] ]>traj B W’

where we have used the fact that (SM]- (x,x) = M/V in the plane wave basis, where M is
the number of modes (for the grid we use M = 64 x 8 x 8 = 4096), and V is the volume
of the simulation area.

The visibility can serve as a good parameter of different effects (losses, quantum effects

and technical noises) in the modelling of the experiment. The inclusion of these factors

in the simulation of the Ramsey sequence is demonstrated in Fig. 7.4. The experimental
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FIGURE 7.5.: Numerically simulated decay of the population of components |1) (blue solid
lines) and |2) (red dashed lines) in (a) Ramsey and (b) spin echo sequences.

results and their uncertainties are shown as the black bars in the figure.

The simplest model — the mean-field CGPEs (7.7) with losses turned off — shows
behavior that differs significantly from the experimental points: the visibility is completely
restored during rephasings (yellow dash-dotted lines in the figure). This is to be expected
as the theoretical limit of visibility

2NN,

_ 36
max Nl +N2/ (73 )

where N; and N, are populations before the second 77/2-pulse, equals to 1 in this case,
and there are no other limiting factors.

However, in the experiment losses are present and are significantly asymmetrical as
shown in Fig. 7.5, (a). With populations typical for the experiment (tens of thousands
of atoms or less), the two-body loss process in |2) is significantly stronger than the
three-body one in |1). This makes the theoretical limit (7.36) decrease with time, as
the dotted grey line in Fig. 7.4 illustrates. The resulting mean-field prediction with the
inclusion of nonlinear losses (green dotted lines) is much closer to the experimental data.

The application of the SDEs (7.28) obtained with the Wigner method (red dashed lines)
has little effect on the short-time visibility (although it becomes more important at longer
times as we will see later in Fig. 7.7). The Wigner results can be further adjusted to
account for the noise introduced by the final measurement and non-ideal coupling (blue
solid lines), which will be explained in detail in the next section.

The final agreement with the experiment is still not ideal, and the explanation of this
difference is an open question. Potential unaccounted factors include finite temperature

effects and interaction with the surrounding cloud of non-condensed atoms.
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FIGURE 7.6.: Comparison of experimental and numerically simulated interferometric con-
trast at the end of a spin echo sequence with the evolution time t. Experi-
mental results (black bars) show the final visibility value for a single spin
echo sequence with the full evolution time f as compared with the predictions
from the mean-field approximation (green dotted line), the truncated Wigner
method (red dashed line), and the truncated Wigner with technical noises
included (blue solid line).

The asymmetricity introduced by the difference in loss rates can be compensated by
periodically swapping the populations of the two components by a “spin echo” coupler
pulse of the length 71. The simplest, yet already very effective, variant is to apply the
7t-pulse in the middle of the evolution as illustrated by Fig. 7.3, (b). With this additional
pulse, by the end of a single experimental sequence the populations of two components
become equal again as shown in Fig. 7.5, (b), restoring the theoretical visibility limit (7.36)
back to 1.

The mean-field approximation predicts the full recovery of the visibility even at long
evolution times, which is inconsistent with the experiment as seen in Fig. 7.6. On the other
hand, the quasiprobability model qualitatively predicts the decay of visibility with time.
Just as in the case of the regular Ramsey sequence, the predictions of the simulation are
improved by the inclusion of technical noise. Nevertheless, even after that the difference is
still significant and is caused by initial atom number uncertainty, which will be discussed
in the next section and in the conclusion. In the paper by Egorov et al [42] presenting
the results of the experiment, the fit was improved by adding a phenomenological 10s
exponential decay to the visibility.

The simulations can be performed for longer times as shown in Fig. 7.7. The difference
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FIGURE 7.7.: Numerically simulated interferometric contrast for (a) a Ramsey sequence,
and (b) a spin echo sequence at longer times. The results for the mean-field
approximation (green dotted lines), the truncated Wigner method (red dashed
lines) and the truncated Wigner with technical noises (blue solid lines) are
plotted.

between the mean-field and the truncated Wigner approach becomes clearer in Fig. 7.7, (a),
where the truncated Wigner predicts a significant decrease in the amplitude of the
rephasing oscillations, caused by quantum noise. One must remember though that at
such times the simulated atom densities become too low due to losses and violate the

truncation validity criterion (5.23), thus making the predictions less reliable.

7.5. Choice of grid

In the previous section we mentioned that the spatial grid size for interferometry simula-
tions was chosen to be 8 x 8 x 64. This is the point of equilibrium for two conflicting
requirements. First, the number of grid points (which corresponds to the number of
modes) must be low enough to satisfy the Wigner truncation condition (5.22). To quantify
this, we set the threshold N > 10M, where N is the total population (55,000 atoms in
our case) and M is the number of grid points. Second, the number of grid points must
be high enough (or, alternatively, the grid spacing must be low enough) to describe the
dynamics of the condensate. As a quantitative threshold we will use the condition that
the difference in the quantities of interest should be lower than 1% when the grid spacing
is halved.

For our tests, we initially picked the grid

Gt = G5y x Gl x G7, = 8 x 8 x 64 (7-37)

ref = ref
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as the starting point for several reasons:

« it has 4096 points, which is just below the Wigner truncation threshold defined

above;

« its shape corresponds to the shape of the trap (in other words, the spacings in every

direction are close to each other);

« the number of points in each dimension is a power of 2, which is convenient for

numerical calculations.
The box for this grid was set to be 1.2 times wider in all directions than the Thomas-Fermi
ground state (7.16) for the target population. This resulted in the box with measures

B, = B, x BY ; x B%; = 9.10 ym x 8.83 pm x 75.48 yum, (7.38)

ref =

which was used as the reference point along with the grid G,;.
The tests consisted of running the simulation for the Ramsey sequence with the time
t = 1.3 s and comparing resulting vectors V, containing 100 sampled values of V(t) for

times from 0s to 1.3 s, as

AV =|v -V, , (7.39)

/e

grid,box grid,box refsBref refrBref

2

where ||... ||, is the 2-norm.

In different runs we varied axial and radial grid spacing (box length divided by the
number of points in the corresponding dimension) separately. Since the integration
algorithm performed best with numbers of grid points being powers of 2, the required
spacing was achieved by changing both box length and grid size (for example, the axial
spacing 0.75 of the reference one was obtained by using 2G7; grid points in the z
direction, and 1.5B% ; box length in that direction). To verify this approach we ran two
additional tests with doubled box length and number of grid points in both directions,
which resulted in two additional points for the relative spacing 1.0 in each pane of Fig. 7.8.
These points are very close to the reference points (which have y-coordinate equal to

zero), which proves that the AV value is only sensitive to the grid spacing and not to the

box or grid sizes separately.
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FIGURE 7.8.: Spatial convergence tests for the Ramsey sequence. The compound difference
in visibility AV is plotted against the axial (blue circles) and radial (red
triangles) spacing, normalized by the spacing for the reference grid G, and
box B,.. Simulation parameters are the same as in Fig. 7.4. All points were
obtained with 160, 000 time steps, the truncated Wigner simulations were
run with 64 trajectories.

In order to check only the effect of spatial resolution without being influenced by
changing number of modes, we performed a batch of tests for CGPEs (7.7) in addition to
the truncated Wigner SDEs (7.28). The results for CGPEs are plotted in Fig. 7.8, (a). It
is evident that further decrease of spacing after the reference point both in radial and
axial directions does not change the results much. The change caused by decreased radial
spacing is less than our 1% threshold, and the effect of axial spacing is too small to be
noticeable in the plot. On the other hand, when the radial spacing is increased, AV starts
to grow. This means that the reference grid G, provides enough spatial resolution for
our purposes.

For the truncated Wigner SDEs, Fig. 7.8, (b) shows that the decrease of radial or axial
spacing as compared to the reference values still changes the results significantly. But
since it is not observed in CGPEs case, we must conclude that this is the result of the
criterion (5.22) being violated. Even at t = 0's the number of modes for the reference
grid is only ten times smaller than N = 55,000, and at = 1.3 s the total population
becomes 2 times smaller due to losses (see Fig. 7.6, (a)). Therefore, the further increase
of the number of grid points and, correspondingly, modes, makes the truncated Wigner
results unreliable.

In view of the results described in this section, we have chosen the grid G,; and the
box B, for all the interferometry simulations in Chapter 7 and Chapter 8. The only
exception to this is Section 8.2, where we used the same grid, but the box size was scaled

down according to the lower total number of atoms (we used the same criterion of 1.2
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times the size of the Thomas-Fermi ground state).

It must be noted that it is possible to decouple the grid size and the number of modes by
applying the projector in (7.28) explicitly instead of relying on the implicit cutoft enforced
by the grid. This requires grid padding to avoid aliasing [39], and thus significantly
increases simulation time. On the other hand it does not give much in terms of spatial
resolution, since, with higher frequency modes being projected out in mode space, the
corresponding fine details in the coordinate space disappear. Therefore in this thesis we
have settled with using only the implicit cutoff, except for Section 8.2, where the low

number of atoms made the truncation approximation invalid otherwise.

7.6. Phase noise

Another important characteristic of a BEC interferometry experiment is phase noise,
which is connected to the visibility. We will explain it by the example of the same
experiment [42,87] as in the previous section.

While in the simulation we can measure the visibility (7.33) simply by calculating a
second-order moment, experimentalists do not have the luxury of knowing the wave-
functions of the components. Instead, multiple runs of the Ramsey sequence with the
same evolution time are performed, with the second 77/2-pulse having a different phase
lag ¢ each time. The quantity that can be measured in the experiment is the normalized
atom difference

NN

=S N+ Ny (7.40)

where N7 and N7, are populations of the components obtained by imaging after the second
7t/2-pulse. Using the rotation matrix (7.8) it can be shown that P, can be expressed in
terms of wave operators before the second 71/2-pulse as

2 _i %
P.(¢) = —m Im (6 ¢ f (\P{T2>dx) . (7.41)

One can notice that the integral of the second order moment in this expression is the
same as in (7.33) and is also normalized on the total population. Therefore if we vary ¢ in

the experiment, the resulting P, (¢) can be fitted with a sine function, and its amplitude
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FIGURE 7.9.: Phase noise in experimental measurements of visibility at (a) f = 20 ms and
(b) t = 450 ms. Black dots illustrate possible results obtained in a single run
of the Ramsey interferometry experiment.

will give us the visibility V.

In practice, naturally, the measurement of P, is affected by various sources of technical
noise. As a result, the measured points are displaced from the ideal curve. In the
experiment in question, three such noise sources were identified. First, the length
of 71/2-pulses varied throughout the experimental runs with an estimated standard
deviation of A@ = 0.02 rad (caused by the drift of the Rabi frequency (2). The phase of
the coupler also had an uncertainty caused by the microwave frequency instability of
the oscillator used for coupling, that grew with time as A¢/t = 0.5rad/s. Finally, the
imaging technique used to measure populations N; and N, resulted in an uncertainty
of AN/N = 0.023. These factors can be trivially added to the simulations: the first
two at the moment of the application of the rotation matrix (7.8), by adding a random
factor to the length € and the phase ¢, and the third one by adding a random factor
to the populations N; and N, produced by integrating the corresponding moments of
wavefunctions.

The result is illustrated in Fig. 7.9, with the “experimental” points emulated this way
plotted against a sine fit, for two different evolution times. The base simulation is the
truncated Wigner one for the regular Ramsey sequence from the previous section. The
standard deviation ¢ of the horizontal distance from the fitting curve for the experimental
results is called the phase noise. The amplitude of the curve, in turn, is taken to be the
predicted visibility accounting for the technical noises (see Fig. 7.4 and Fig. 7.6 in the
previous section).

A comparison of the phase noise with the experimental data for the regular Ramsey

sequence is shown in Fig. 7.10. The experimental parameters are the same as in the
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FIGURE 7.10.: Comparison of experimental (black bars) and numerically simulated phase
noise at the end of a Ramsey sequence with evolution time ¢. The truncated
Wigner predictions with (blue solid line) and without (red dashed line) the
inclusion of technical noise is shown.

previous section. The effect of quantum noise (red dashed line) is noticeable, but not very
large as compared to the compound effect of the technical noises (blue solid line). There
seems to be a lot of room for the improvement of the apparatus until the measurements
hit the “hard” limit of quantum noise.

Phase noise in a spin echo sequence can be estimated in the same way. The reported
MW frequency instability for this experiment was A¢/t = 0.125rad/s. As Fig. 7.11
shows, even after the inclusion of the technical noise, there is some disagreement with
the experimental data. This may be caused by systematic error introduced by the Wigner
truncation, or possibly by some additional source of technical noise.

The total noise shown in Fig. 7.10 and Fig. 7.11 is lower than the one reported by Egorov
et al [42,87]. The reason for this is that in this thesis we have not taken into account
the uncertainty in the prepared atom number, which can be quite significant. If each of
the experiments starts from a different atom number, each of the measured P, points
in Fig. 7.9 belongs to a different family of results (since the frequency of Ramsey fringes
has a non-trivial dependence on the atom number), so they cannot be fitted with a single
curve. The initial atom number in each of the experiments can be inferred based on
the measured final N; and N,, and the adjustment to phase noise can be made. This
adjustment grows in time as the inference becomes less accurate. Additional phase noise

caused by this factor is comparable to that from the other sources [87] and accounts for
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FIGURE 7.11.: Comparison of experimental (black bars) and numerically simulated phase
noise at the end of a spin echo sequence with evolution time t. The truncated
Wigner predictions with (blue solid line) and without (red dashed line) the
inclusion of technical noise is shown.

the difference in presented results.

7.7. Conclusion

The examples in this chapter demonstrate that the truncated Wigner approach gives
long-time predictions of quantum effects for the system comprised of a large number of
atoms. Both of these features, large atom numbers and long time-scales, are essential to
accurate interferometric measurements.

We show that current experiments are limited primarily by technical noise, and an
accurate inclusion of these factors in the simulations can improve the predictions signi-
ficantly. The uncertainty in the initial atom number has a large effect on phase noise and
accounts for part of the difference of our simulations with the experimental results. A
quantitative estimation of its effect on visibility requires it to be formally included in the
model and remains for future work.

Another possible source of discrepancies are finite temperature effects. These can be
included in the model by using an initial thermalized state (see the end of Section 5.8 for
references). This factor may account for the noticeable difference in the minimum of the

first visibility fringe (Fig. 7.4), which cannot be explained by technical noise.



CHAPTER 8.

SQUEEZING IN BEC INTERFEROMETRY

As we have seen in the previous chapters, the truncated Wigner method provides signi-
ficant corrections to such important experimental observables as visibility or phase noise.
While they do establish the theoretical limits for these quantities, real measurements are
still mostly limited by technical noise, which do not require quasiprobability methods to
account for.

In this chapter we will consider a property of BEC interferometry experiments which
cannot be obtained from the mean-field approximation. This property is the degree of spin
squeezing, which allows to reduce the minimum uncertainty of the collective spin of a
two-component BEC below the shot noise limit. A state with a high degree of coherence
between the two components, the coherent spin state [88], has equal uncertainty in
any direction. Further evolution and nonlinear interactions can redistribute quantum
noise, making it possible to achieve an uncertainty lower than the shot noise along one
direction (at the price of the increased uncertainty in other directions, to preserve the
Heisenberg inequality). Spin squeezing has been theoretically introduced by Kitagawa
and Ueda [88], and by Wineland et al [89], and later observed experimentally [90,91].
It allows an outcome of interferometry experiments to be measured with uncertainty
beyond the standard shot noise limit [73,92] and can serve as a measure of entanglement
in a two-component BEC [93,94].

In this chapter we will derive an expression that will allow us to obtain the degree of
squeezing from the moments of wavefunctions in the truncated Wigner method, and
apply it to a recent spin squeezing experiment. We will also consider another possible

experiment with a BEC near a Feshbach resonance where spin squeezing can be observed
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and discuss the complications caused by nonlinear losses.

8.1. Spin squeezing in the Wigner representation

Following Serensen et al [93] and Li et al [24], we define the components of the collective

spin vector S = (§x, gy, gz) in terms of field operators as

1 - -
S, = Ef dx (919, + ¥19,),
~ i I [
1 o s
S, = Ef dx (919, - 919,
The degree of squeezing is then
;= N min, g ASf:l’ (8.2)

(S)2

where Agé is the variance of the total spin along the direction 7, and N is the total
number of atoms. This quantity can serve as an entanglement criterion, indicating its
occurrence when ¢? < 1 [93]. Note that in this thesis we only consider the squeezing
along the direction orthogonal to the total spin, as was originally introduced, but other
definitions are also possible [95].

A straightforward way of finding the ¢? is to shift the coordinate frame to the end of
the vector (S), and rotate it so that one of the axes is aligned along it. The minimum
variance can then be found by varying the angle of rotation of the other two axes and
calculating the variance along one of them (in fact, this is how it is usually done in the
experiment). The direct approach consists of expressing the desirable minimum variance
in terms of variances of the components of the spin vector in the original coordinates [24].

We denote the polar and the azimuthal angle of (S) as v and ¢ respectively, meaning that

V = arccos %, ¢ = arg(S, +S,). (8.3)



8. SQUEEZING IN BEC INTERFEROMETRY 91

The minimum uncertainty is then expressed as

A 1 1
min AS? = > (cos? veos? ¢ +sin® p) A, + > (cos? vsin® ¢ + cos® ) A

#1(S)
1 1 1
+ = sin?vA,, — Zsin®vsin2¢ A, — = sin2vcos pA,, (8.4)
2 2 42
1 1 =
~5 sin2vsing A, — §VA2 + B2,
where
A = (sin? ¢ — cos? vcos® ) A, + (cos? ¢ — cos? vsin? ¢) A
—sin®vA,, — (1+ cos? v) sin2¢A,,, (8.5)
+sin2vcos pA,, +sin2vsingA,
and

B = cosvsin2¢ (Axx — Ayy) —2cosvcos2pA,,

(8.6)
—2sinvsingA,, +2sinvcos A, ,
The spin correlations A;; are defined as
1 .5 s& 5,8 .
Ai]' = §<Sl i + ]'Si> - (Si><5]')/ L] =XY,z (8.7)

Averages of the total spin vector components and their pairwise moments can be
expressed calculated using moments of the Wigner functional according to (5.37). The
averages are calculated straightforwardly if we remember that the field operators of

different components commute:

(5,) = (Re [ ¥{¥,dx), vy = ReDyy = (Si) 0

<§y> < mf vy dx> - <Iml>tra] <Sy>traj, (8.8)
L1

Sy = 5( [ ¥1¥,dx— | ‘Fz‘I’zdx> o= (N1 =N,)/2) = (52D,

where we have introduced the functionals of wavefunctions in a single simulation path
The second-order moments of the spin operators are obtained by transforming normally

ordered field operator products to symmetrically ordered ones, substituting path averages
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of wavefunction moments and grouping terms. Starting with (52), we can express it in

terms of symmetrically ordered operator products as

(5% = S ([[ (¥1¥, + ¥1¥,) (P59 + ¥71¥;) dxdx’)

|Hu>|+—\
/\

= ({‘Y*‘I’l‘lf’“}”} + {919, 95 9)

o (8.9)
+ {91, 91" }sym + {\Ifﬁﬁf\?’z}sym
1

_ER ( M, (x,x’)(SMz(x’,x))) dxdx’> .

In general, basis sets of the first and the second component are different, and the last
term in the above equation cannot be simplified any further. However, in the numerical
simulations in this chapter we use the same set M; = M, = M for both components,

which allows us to transform it to a more convenient form

ﬂ Re (63 (x,X") 6y (X', x)) dxdx’ = 5 ﬂ ( Z PP Z PP +C. c.) dx dx’

meM neM
:_ Z Z m,n mn+5mn(smn)
mEM neM

= M,
(8.10)

where we have expanded the restricted delta functions using the expression from Defin-
ition B.4. Applying (5.37) to the full expression for (5?), we rewrite it in terms of

wavefunctions in the Wigner representation:

(82y = 1([ V¥ dx [ Wi dx + [ ¥i¥,dx [ W3¥,dx

+ [ ¥i¥,dx [ ¥i¥,dx + [ ¥3¥,dx [ ¥i¥,dx — 'Nzﬂ'> |
traj (8.11)

1
=4 (I +II" + >+ I'I) — M|

traj 8
M

= <(R I) >tra] 8 :< §>traj o ?

Using the same procedure, we find the expectations for other pairwise moments of the
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spin operators:

(82) = (s;)m] — %ﬂ',

S = (52),, ~ =
288, +8,80 = (8.5,), (8.12)
$6.8.+8.80 = (5,5,
28,5 +5.3,) = (3,5.), -

Now we have all the required expectations to calculate the spin correlations A;; and,
consequently, the degree of squeezing ¢2. Note that if we neglect the term |M]|/8 in
the equations for (5?) (which is small as compared to S? when the Wigner truncation
condition (5.23) applies), the spin correlations behave “classically”. This means that
they behave as if we had a “cloud” of spin vectors, where each vector corresponds to a
separate simulation path, and the correlations are classical correlations of different vector
components in this cloud. Consequently, without giving up too much accuracy we can
informally illustrate the total spin uncertainty by plotting the distribution of the total

spin vector (S,,5,,S,) over the integration trajectories.

8.2. Squeezing by component separation

As an example of measurement of the degree of squeezing in a real two-component BEC
system, we will consider a recent experiment [73], in which multi-particle entanglement
and resulting spin squeezing was achieved by controlling nonlinear interaction using a
component-dependent potential.

The experiment essentially consisted of the same regular Ramsey sequence as depicted
in Fig. 7.3, (a) performed for 1250 8’Rb atoms in the hyperfine state |[F = 1, m; = —1) in
a cigar-shaped trap with f, = f, = 109 Hz, f, = 500 Hz. The experiment started with an
application of a 77 /2-pulse using an oscillator with the Rabi frequency () = 271 x 2.1 x
10% rad/s, creating an equal superposition of two hyperfine states |[F = 1, m; = —1)
and |[F = 2, mp = +1). The second pulse had a varied length allowing a measurement of

the spin along the angle 6: S, = S_ cos 6 — gy sin @ (spin tomography).
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FIGURE 8.1.: Dependence of the normalized variance of the total spin in the orthogonal
plane on the rotation angle 6 for the Wigner method (red solid line) and
the two-mode variational method (dashed blue line, data taken from Riedel

et al [73]).

The important difference was an addition of the component-dependent longitudinal
shift to the potential [{? = +0.26 ym right after the first pulse (as described by (7.2)),
persisting the whole time of the evolution until the second oscillator pulse. This effectively
reduced the component overlap and provided a way of enabling the nonlinearity only at a
chosen “best squeezing” time according to the one-axis twisting Hamiltonian model [88].

The truncated Wigner approach is applied straightforwardly to this system and allows
us to measure the degree of squeezing &2 according to the formula (8.2), calculating the
required spin correlations using the expressions derived in Section 8.1. Furthermore, we
can simulate the observations closer to those used in the experiment, and collect the spin
tomography results, as shown in Fig. 8.1. The maximum degree of squeezing and the
corresponding rotation angle corresponds to the minimum of the graph. The simulation
used a 16 x 16 x 128 spatial grid, 20,000 time steps and 12, 800 stochastic trajectories
(to collect more data for Fig. 8.2; the estimation of the optimum squeezing would require
much less than that). We used the energy cutoff €_,, = 5000% (chosen to produce the
safe padded momentum space [39]) which reduced the number of effective modes to 70.

The Wigner method shows good agreement with the two-mode variational method [24],
which was used by the experimental team, and also includes the effect of particle losses.
The two-mode method predictions were taken from [73] and plotted in Fig. 8.1 for the

sake of comparison. The figure demonstrates that the predictions of the two methods for
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the maximum squeezing angle are nearly identical, and the predictions of the degree of
squeezing are close, yet noticeably different (—10.73 4+ 0.05 dB from the Wigner method
as compared with —12.8 dB from the two-mode method). We believe that this is caused
by the Wigner method being a more systematic type of quantum noise treatment, and,
consequently, more suitable for such complex calculations.

This prediction is hard to verify experimentally as the technical noise greatly reduces
the degree of squeezing (down to —3.7 dB), moving it far from the theoretical limit. The
technical noise was not included in the simulations in this thesis, although it can be done
similarly to Chapter 7 (since the technical noise in this experiment has similar nature).
On the other hand, the maximum “unsqueezing” (the maximums of the plot in Fig. 8.1),
while being irrelevant for practical purposes, can serve as a good experimental check
for the two-mode and Wigner methods, as it is much less affected by the technical noise.
The difference of 1 dB in the maximum unsqueezing between the two methods should
be possible to distinguish. We see that while the variational approach is adequate for
current experiments, the more precise method used here will be needed in future.

It should be noted that because of the large number fluctuations, the squeezing definition
used in the experiment actually corresponds to the one introduced by He et al [94], with
variable particle number.

We can go further and reconstruct the spin noise distribution using per-path values of
the total spin components, as explained in the end of Section 8.1. The projections of the
resulting probability distribution on three orthogonal planes are shown in Fig. 8.2. The
projection on the yz plane is similar to the one obtained experimentally [73], and it is
clearly seen that the direction used to measure the squeezing in the experiment is indeed
the best one, as the cloud is much wider in other directions. The yz pane illustrates the
physical meaning of the best squeezing angle: it is chosen so that the standard deviation

of the total spin distribution in the orthogonal direction is minimal.

8.3. Squeezing near a Feshbach resonance

In the previous section we have discussed an experiment with component-dependent
potentials, which helped to reduce the inter-component interaction for the majority of

time and thus avoid “oversqueezing”. A similar effect can be achieved differently — by
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FIGURE 8.2.: Reconstructed probability distribution for the components of the total spin
vector in xy (top), yz (bottom left) and xz (bottom right) planes. The yz plane
illustrates the spin squeezing achieved in the experiment: the variance A?S,,
is the variance of the distribution in the direction 6 (shown with two arrows):
NS, = o}

manipulating the external magnetic field near a Feshbach resonance for a chosen pair of
hyperfine states [92]. This allows one to vary the interaction in a wide range with relative
ease. The downside of this approach is a significant increase of the inter-component
nonlinear loss rate accompanying the change in the interaction strength. This results in
the destruction of the squeezing as the two components interfere with each other and
lose coherence.

The truncated Wigner approach allows us to investigate the combined effect of a reduced
interaction strength and increased losses. In this section we will consider a hypothetical
interferometry experiment with two hyperfine states of 8’Rb and demonstrate how with
the help of the Wigner method we can pick the optimal value of the magnetic field that
leads to the maximum squeezing,.

The experiment follows the general scheme used in this and the previous chapters.
We start from a BEC of N = 55000 3 Rb atoms in the hyperfine state |[F = 1, m; = +1)
in a cigar-shaped trap with the frequencies f, = f, = 97.0Hz and f, = 11.69 Hz.
The first 77/2-pulse creates an equal superposition of two states, |F = 1, mp = +1) and

|F =2, mp = —1). The external magnetic field of strength B ~ B, is applied, where
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B, = 9.1047 G corresponds to the Feshbach resonance for the two hyperfine states
used [96]. We then investigate the time dependence of the maximum degree of spin
squeezing. Intra-component interaction strengths do not depend on the external magnetic
field, and are taken to be a,; = 100.47 and a,, = 95.44 r5. The numerical simulations
used a 8 x 8 x 64 spatial grid, 20, 000 time steps and 2560 stochastic trajectories.

The dependence of the inter-component interaction and loss rate can be described with

a single equation for the complex scattering length [96]

AB
a(B) = g (1— (B =By —i73/2>' (8.13)

where 4y, is the background scattering length, AB is the resonance width, and 4 is the
decay width. For a given B, the real part of this value acts as the s-wave scattering length

a,, for the interaction coefficient in (7.1):

¢1,(B) = (8.14)

Arth®Rea(B) _ 4mth’ay, (1 AB(B — B,) )
m 7

~ (B—By)2+12/4

and the imaginary part can be connected to the loss rate by substituting it into (7.1) as

well and comparing the resulting expression with the corresponding loss term in (7.7):

8thIma(B) 47tha,, ABypg
m ~ m((B—By)2 +v3/4)

Y12(B) = — (8.15)

For the Feshbach resonance we use the reported parameters are AB = 2 x 1073 G,
vg = 47 x 1073 G, and A,e = 97.7 15 [96]. The behavior of the real and imaginary
parts of a(B) near the resonance is shown in Fig. 8.3. From the equations above, as
well as from the figure, it is obvious that the minimum inter-species scattering length
is achieved when B — B, = 0.5y5. Unfortunately, this value also corresponds to a
relatively large value of the imaginary part, and, correspondingly, an unacceptable loss
rate. Therefore, we pick values of B further from the resonance, as displayed in the figure,

where the inter-component interaction is somewhat stronger, but the loss rate is much
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(B—By)/vp

FIGURE 8.3.: Real (blue solid line) and imaginary (red dashed line, negated value is plotted
for compactness) parts of the complex scattering length near the Feshbach
resonance at B, = 9.1047 G. Four pairs of points show the distances from
the resonance chosen for the simulation.

lower. Equations (8.14) and (8.15) give us the following values for the simulation:

B — B, = 2.24v,,
B — B, = 3.20,,
B — B, = 5.357,,
B — B, = 15.47,,

a,, = 80.07g,
a,, = 85.0rg,
a;, =90.07g,
a5, =95.07g,

Y1 = 3.85 x 10712 cm3/s,
Y12 = 1.93 x 10712 cm3/s,

(8.16)
Yo = 7.00 x 10713 cm3/s,

Y15 = 8.53 x 10~ cm3/s.

First, we run the simulations with -y;, set to zero in order to test the squeezing in ideal

conditions. As expected, the lower cross-term 4, is, the stronger is the squeezing, as

shown in Fig. 8.4, (a).

With the inclusion of inter-component losses, the picture is different. Feshbach tuning

to a;, = 90.07g ensures the best squeezing of the four variants (—12dB at 60 ms),

whereas long lasting squeezing is predicted for the variant with a,, = 95.0 r (Fig. 8.4, (b)).

In practice, it is possible to run the simulation for other values of B, thus finding the ideal

balance between the interaction strength and the loss rate which produces the maximum

squeezing.
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FIGURE 8.4.: Truncated Wigner simulations of the squeezing in the vicinity of the B, =
9.1047 G Feshbach resonance in 8 Rb with different values of the external
magnetic field, with (a) losses turned off, and (b) inter-component 1, 2-losses
turned on. Results corresponding to the scattering lengths a,, = 80.0r (blue
solid line), a;, = 85.0ry (red dashed line), a;, = 90.0 75 (green dotted line),
and a;, = 95.07 (yellow dash-dotted line) are plotted. The same-colored
bands show the estimated sampling error.

8.4. Conclusion

In this chapter we have demonstrated that the truncated Wigner approach can be suc-
cessfully used to obtain correlations of higher orders from simulations without changing
the simulations themselves, but only by processing the raw results. Nonlinear elastic and
inelastic interactions, along with various sources of technical noises can be added to the
model straightforwardly, without affecting the measurement of the required correlations.
The simulations described in this chapter predict the degree of quantum noise-reduction,
which is a technique that can be used to improve precision quantum interferometry.
The quantum noise is initially reduced due to stretching and rotation of the quantum
noise ellipsoid (see Fig. 8.2), similar to that found in quantum soliton squeezing [29, 45].
Importantly, these quantum squeezing calculations indicate conditions that will allow
this macroscopic quantum effect to be experimentally observed in ultra-cold atomic BECs

for much larger atom numbers than calculated previously.






CHAPTER 9.

PROBABILISTIC REPRESENTATION OF

BELL INEQUALITIES VIOLATION

In this final chapter we will diverge from the central topic of this thesis — the Wigner
representation — and briefly discuss other quasiprobability representations. In particular
we will be interested in their ability to model such an inherent property of quantum
systems as an entanglement [97], and a consequent violation of Bell inequalities [19]. The
possibility of this is often discarded because of the famous Feynman’s lecture [7], where
he posed a question “Can quantum systems be probabilistically simulated by a classical
computer?”, and his final answer was “If ... there’s no hocus-pocus, the answer is certainly,
No!”. His argument was based on the assertion that Bell violations cannot be modeled
probabilistically [19].

However, it turns out that positive phase-space distributions of quantum optics [13,
17,60, 61] are capable of such simulations, owing to extended range of the functions of
phase-space variables corresponding to physical observables as compared to those con-
sidered by Bell. Namely, these functions can have a continuous range of values extending
beyond the set of discrete expected values for the physical quantity, and, furthermore,
their values can be complex [98]. The expectations of such observables correspond to
physical quantities only when integrated with the phase-space distribution as a weight.
This method of simulation is analogous to the weak measurement strategy, or POVM
(positive operator valued measure) [99], which has been experimentally demonstrated
recently [100].

The idea of computationally demonstrating the violation of Bell inequalities using
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quasiprobability representations belongs to M. D. Reid.

9.1. Cooperative states

A Bell inequality sets a limit on observable correlations in a physical system that obeys a
local hidden variable theory (LHV) [19, 101]. This is a classical theory where the results
of the measurements are functions of local detector settings and a hidden parameter A.
Thus, values measured by two spatially separated observers, A and B (for Alice and Bob,
as they are usually denoted), can be expressed as A(a,A) and B(b, 1), where a and b are

Alice’s and Bob’s detector settings. Possible correlations are defined probabilistically as
C(A,B) = fAA(a,/\)B(b,/\)P(A)dA. (9.1)

Experimental values A and B are usually encoded as either 1 or —1 in a binary experiment.
The Bell theorem derives inequalities that any such correlations in a LHV theory must

satisfy. Quantum mechanics violates these inequalities, thus ruling out LHV theories.

9.1.1. Quantum state

In this section we will consider Bell violations in cooperative states with N photon pairs,
similar to those demonstrated experimentally by Clauser [101], Aspect et al [102], and

Zeilinger et al [103]. The quantum state in question is

N ~ N
(41,05, + @ @) " 10)

N!(N + 1)"/2 ©2)

IN) =

where N is the number of photon pairs, indices 1 and 2 denote the propagation direction,
and + and — stand for the polarization direction. These states are generated in certain
types of optical parametric down-conversion experiments, and it has proved difficult to
obtain a direct, loophole free violation of a Bell inequality, owing to detector inefficien-
cies [104-106] (although this problem has been solved recently [107]). However, these
issues are not significant for the simulations in this thesis since we are considering an

ideal experiment.
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We define the intensity correlations to be [108]
G"(y,N) = (NIA'(1,a) A/ (7,,)IN). (9:3)

They are proportional (exactly for I = | = N and in the first approximation for other
variants) to the probability of observing I “+”-polarized photons at detector 1 and |
“—”-polarized photons at detector 2. The linear combination parameter depends on the

relative polarizer angle 6 as v = cos? 6, and auxiliary functions are introduced so that:

Ayan = (Yrat. +T=1at,) (Yo +VT=7a, )

(9-4)
; - st A NG
Al(co,ay) = = (al_a_ +af,a,) :.

The “co” case and the corresponding GU (oo, N) correlation stand for the same measure-
ment as for G/ (, N), but with no polarizer in the second detector.

For N photon pairs, the Bell-type inequality is then known to be of the form [108]
AL (8) = 3g),(6) — g\ (30) —2 <0, (9.5)
where
gl (0) = G (cos? 6,N) /G (o, N). (9-6)

This expression generalizes the usual Clauser, Horne, Shimony and Holt (CHSH) [101]
and Bell expressions to a multi-particle form. The quantum mechanical prediction for g{\,
has especially simple form of g (8) = cos?" 6 for the cases ] = N, N = 1,2 which we

have simulated. This gives the violation of
Dy pain(8) = A{(8) = 3cos® 6 — cos® 30 — 2 (9.7)

for the two-particle case, which corresponds to the usual two-particle experiment origin-

ally proposed by Bell. For the four-particle case, the violation can be found to be

Ay pairs (0) = A5(8) = 3cos* § — cos* 360 — 2. (9.8)
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9.1.2. Positive-P representation

We simulate the violation (9.5) using the positive-P representation [17,61]. In essence, it
is an exact expansion of an arbitrary density matrix of bosons with a positive probability

distribution P(w, B), such that the expectation of an observable Ois

(0) = [ d*wd?BP(a,B)(B*10la)/(B"Iw), (9-9)

where |&) is a multimode coherent state. The positive P-representation, therefore, corres-
ponds exactly to the definition of a physical weak measurement [99], with the initial state
la) and the final postselected state |8) occurring with probability P(«, ). The standard
form we use is also known to be measurable using multiple beam-splitter operations [109].

The expression above looks very similar to (9.1), given by an LHV theory. The funda-
mental difference, which allows the correlations obtained from the positive-P distribution
to violate Bell inequalities, is that the quantities being sampled can be complex numbers
of any magnitude. Only after the weighted averaging with the probability distribution P
do they give the value of the observable.

For an arbitrary moment of creation and annihilation operators O(at, a), the expecta-

tion is calculated as

(0) = [ d*>ad?BP(a, p)O(B,a), (9.10)

where O is a function produced as a result of replacing any d, with a; and ] with B, in
O. For example, the mode population (d!d,) corresponds to the moment f,«;, which is,
in general, complex, and only its expectation is real.

The quantum state (9.2) we are interested in corresponds to the positive-P distribu-

tion [108]
P, B) = [(Biy +a5,)(Boy +a5,) + (B +ai ) (Bo + a5 )P
S 27)8(N + 1) (N1)224N
|u|2 + |‘B|2 (9'11)
X exp <—T) )

This distribution exists and has a positive, probabilistic behavior for all values of N. Note

that it is not unique, and it may be possible to find other expressions that correspond to
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the same quantum state, but have better sampling properties.

9.1.3. Sampling

In order to illustrate our point better, we simulate the measurement of the operator (9.3)
using the Monte-Carlo method: we sample the distribution (9.11) and calculate the
weighted average (9.9).

We sample this distribution by transforming it to a form where we can use the well-

known von Neumann rejection algorithm. Performing the variable change

p= 5 5 (9.12)
and grouping the components of A and u as
A = [/\14_1/\1_]/ B = [)L2+//\2_]/
(9-13)
OA = [py, M1-1, OB = [poy, pa_],
we can separate the positive-P function into independent parts as
P(A,B,JA,0B) = P'(A,B)G(6A)G(5B). (9-14)

Here G is a 4-component Gaussian distribution with the variance 0> = 1/2 in each real

component
L sar
G(0A) = — e PAF, (9.15)
s

and P’ is the distribution core with a reduced number of variables

(9.16)

P’(A,B)z( A- B )e"AF_Bz,

T4(N + 1)(N!)?

The Gaussian parts can be sampled exactly using conventional methods, while the
distribution core requires requires an application of rejection sampling. Since |A - B| <

|A||B|, P’ can be bounded as

P'(A,B) < F(A)F(B), (9.17)
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where

|APN

t2yN + 1IN!

The bounding function F will be used as a probability distribution in the rejection sampling,

F(A) = eI, (9.18)

so it must be normalised on 1. In order to do this, we notice that

f IAPNemAPd2A = S, (1) foo r2N+h=1 exp (—r2)dr
1 ’ (9-19)
= EF(N +k/2)S,_,(1),

where k is the number of components in A (in our case A contains two complex numbers,

so k = 4),and S;_; (R) is the surface area of a k-dimensional ball:

27Tk/21’k_1
Spa(r) = T2 (9.20)
Thus, the normalisation coeflicient is
I'(N+2 2772
M= [ F(A)d?A = N +2) T _IN+, (9.21)

X
272N +1N!  T'(2)

and F(A) = MF'(A), where F’' is a probability distribution

APY —IA]?

F(A) = 72(N + 1)!

(9-22)

The distribution F’, in turn, can be represented as a product of two independent

distributions [110]:

F'(A) =F'(r,n) = S,_1(rnNg(r>Umn) = R(r)U(n), (9-23)

where r = |A|, n is a unit vector on a k-dimensional sphere, and U = 1/5,_;(1) is
a uniform distribution of vector directions (or, in other words, a uniform distribution
on the surface of a k-dimensional ball). The latter can be sampled using the Marsaglia
algorithm [111] (sampling a vector of k normally distributed random numbers and

normalising it on 1). In order to sample the distribution R, we have to make another
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variable change, > — x:

1
R(x) = =—=S;_1 (¥x)g(x)

2J/x
1 27.[k/2x(k—1)/2 xN
= Wi 5 e~ (9.24)
x TI'(k/2) m2(N+1)!
xN+1
N+D°

The result is exactly the gamma-distribution with the scale « = N + 2, for which an
efficient sampling method exists [112].
In summary, the rejection algorithm for sampling the probability distribution (9.11)

consists of the following steps:

1. Sample two squared lengths |A|? and |BJ? using the gamma distribution with the

scale N + 2.
2. Sample two directions n, and ny using the Marsaglia algorithm.
3. Combine squared lengths and directions into A and B.
4. Sample u from the uniform distribution on [0, 1).
5. Ifu > P'(A,B)/(M2F' (A)F'(B)), reject the sample and start over.

6. Sample the real components of /A and /B independently using Gaussian distri-
butions with the variance 1/2 and combine them with A and B to get & and

using (9.13) and (9.12).

The resulting phase-space coordinates & and B can be now used to obtain a sample of

any moment of creation and annihilation operators using the formula (9.10).

9.1.4. Results

Using the sampling method described in the previous subsection, we can now sample
the positive-P distribution (9.11) and calculate the violation (9.5). We do this for the
two-particle case N = | = 1, and also for the four-particle case N = | = 2, which has
also been observed experimentally [113]. The results are plotted in Fig. 9.1, together with
the analytical predictions (9.7) and (9.8). The second case requires significantly more

samples to achieve a small enough sampling error, but it is clear that in both cases we
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FIGURE 9.1.: Simulated Bell violation A{\] as a function of the relative polarizer angle 6
for (a) one, and (b) two photon pairs using the positive-P distribution with
(a) 22! and (b) 2%° samples. The filled area corresponds to the estimated
sampling error around the mean of A{\, () for the sampled state, while the
dashed line is the exact quantum mechanical prediction of this value.

were able to demonstrate a violation which is beyond the sampling error range. This is a

direct counterexample to Feynman’s claim.

9.2. GHZM states

To understand the ultimate scaling properties of probabilistic sampling methods, we
have also simulated higher order correlations that violate multipartite Bell inequalities.
These are found in quantum states that display Bell violations with M observers, not just
two. The most well-known examples are the multimode entangled Greenberger-Horne-
Zeilinger-Mermin (GHZM) states [114, 115], corresponding to “Schrédinger Cat” states.
The GHZM states describe M spin—% particles or qubits:

1 )
(@) = —= (I . 1)+ e[ .. 1)) (9.25)

V2

Here |1) and ||) denote spin-up or spin-down particles in the z-direction. As well as being
of deep significance in quantum physics, such mesoscopic states have been generated in
recent ion-trap experiments [116-118].

Quantum paradoxes are obtained on measuring an operator A which is defined as a

linear combination of 2M distinct M-th order correlation functions:

(9.26)
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wheres; € —1,+1,and 7;" and FT]-y are the Pauli spin operators acting on the j-th qubit. We
consider the constraints imposed by a LHV on the expectation A, (¢) = (P (¢) |A|D (P))a
(where (), stands for the expectation under LHV assumptions) as compared to the predic-
tions for these expectations given by quantum mechanics, Aqy (¢) = (CI>(4>)|A|CI>(4>)).

Mermin [115] originally proved that for the phase difference ¢ = 77/2, QM predicts

that
Im Ay (77/2) = 2M71, (9-27)

while the LHV bounds are

ImA, (7t/2) <2M/2 Miseven,
(9.28)
ImA, (rr/2) <2M-D/2 Misodd.

Ardehali [119] then proved that for ¢p = 77, the predictions are
—Re Agy (1) = 2M-1, (9:29)

and

—ReA, () <2M-D/2 " Miseven,
(9:30)
—ReA, (r) < 2M/2, M is odd.

Here we transformed the original expressions given by Ardehali to equivalent ones that
use our definition of the target operator (9.26).

It is clear that the Mermin inequalities are stronger for the odd values of M, and the
Ardehali ones are stronger for the even values of M (in particular, for M = 2 the Mermin
inequalities are not even violated by quantum mechanics). Therefore, for our sampling
tests in this section we will use the strongest of two inequalities, and the corresponding

phase difference in the GHZM state, for every M:

F=—-ReA,(rr), Miseven,
(9-31)
F=ImA,(r/2), Misodd.

Consequently, for QM and LHV predictions we get the uniform QM prediction Foy =
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2M-1 3nd the LHV limit
F, <2M-1/2, (9.32)

The relative violation can thus be made arbitrarily large to compensate for any imperfec-

tions in the measurements.

9.2.1. Positive-P representation

One approach to the sampling of the state (9.25) is to use the the P-representation, the
same as in the previous section. In general, spin-up and spin-down states are represented
as |1) = |10) and ||} = |01), where |0) and |1) are number states, which allows for
straightforward application of Pauli spin operators.

But for our particular choice of the target operator (9.26), we can choose a simplified
representation, which will halve the dimensionality of the resulting phase space: |1) = |0)
and ||) = [1). Since every term of A contains only one spin operator per qubit, it can be
expressed in terms of creation and annihilation operators by replacing the spin operators
with

1
ax o sV Los
of =d;+d;, 07 = Z.(ﬂj aj), (9-33)

from which the equivalent function of @ and f in P-representation immediately follows.

The P-representation of the target state is obtained with the canonical formula [17]

M a2
P[p] = (é) exp (—%) <% (+ B)|o)3 (a+ﬁ*)>, (9-34)

which for p = |D)(D| gives

M 2

nAj+1

=1

P = e~ 1P p=IA?|

5 3M , (9.35)

where we have performed the variable change (9.12)

2 Z’A 5 (9.36)
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The sampling is performed using the rejection method with bounding P as

M
P < 271121\/1 e IH =A% (H AP+ 1) : (9-37)
j=
Therefore, P can be sampled using a combination of independent samples from Gaussian
and gamma distributions, and then conditionally rejecting samples, as described in the
previous section.

The phase space in this representation has 4M dimensions. This can be further im-
proved by using a specialized representation, allowing us to reduce the sampling error
significantly, thus making the states with larger values of M accessible for sampling. We

will discuss this in the next subsection.

9.2.2. SU(2)-Q representation

The theoretical derivation of the SU(2)-Q representation has been performed by L. E. C. Rosales-
Zarate. In this subsection we will briefly describe the framework of the representation,
and apply it to our target state.

The positive-P representation does not impose any restrictions on the phase space,
including the number states with population more than 1 in the calculation of moments.
While it does not affect the calculated observable, it does increase the sampling error.
For the cases when we know that the system consists of binary states, more suitable
representations exist.

We will consider a Q-representation [13] for SU(2) coherent states [120, 121]:

M
Iz = [T (1, +210,), (9.38)

j=1

where z; are complex numbers. The SU(2)-Q function is the expectation value of the

density operator over SU(2) coherent states and is defined explicitly in a normalized form

as:

M

2 -
[] m) (zlipllz). (9:39)

j=1

o=
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FIGURE 9.2.: Correlations for the different parts of the inequality (9.43), in case of (a, b)
positive-P and (c, d) SU(2)-Q representations, 10% samples.

For the target GHZM state (9.25), the function takes the form of a probability distribution

(9-40)

M 2
[lz+e™
j=1

T2 E (1 + |z2)3
The sampling is again performed using the rejection method with bounding Q as
1 M
2
= 1
2n7r(1+|z|2)3 (H|Z| " )

and using the inverse sampling on both terms. The expectation of A can be shown to be

(9.41)

*

z
Asu@y-@ = f 6 l—[ T+ 5P ——Q(z)d’z. (9-42)
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FIGURE 9.3.: Violations of the inequality (9.32) for multi-particle GHZM states. (a) Blue
bars show the expectation F simulated using the SU(2)-Q representation,
with the length of the bars corresponding to the sampling error. The val-
ues of expectations and errors are normalized by the quantum mechanical
prediction for the corresponding M. The horizontal grey dashed line gives
the quantum prediction. The red dash-dotted line is the LHV prediction,
which gives a Bell violation when the expectation F is above this line. (b)
Relative sampling errors for F simulated using the positive-P (red dashed
line) and SU(2)-Q (blue solid line) representations. Sampling errors for a
first order correlation (total number of “spin-ups”) in the SU(2)-Q repres-
entation are plotted as a green dashed line. The grey dotted reference line
log2 error oc M /2 shows the threshold at which the sampling errors would
give scaling properties as slow as an experimental measurement.

9.2.3. Results

The difference between the positive-P and SU(2)-Q representations (and their difference

from LHV theories) can be illustrated on the inequality (9.32) for M = 2:
—(@F0%), + 075y, < V2. (9.43)

The real parts of the correlations in this expression for both representations used are
plotted in Fig. 9.2.

The main feature of quasiprobability representations is apparent: neither of them limits
the value of Re 0 or Re ¢ to the range [—1, 1] as would happen in a LHV theory. This
means that the Bell theorem does not apply to these results because the sampled values
differ from their physical equivalents. Moreover, the plots for the SU(2)-Q show that in
this representation the correlations are more peaked, and also do not have exponential
tails as the ones in the positive-P representation. This, in addition to the reduced phase
space dimensionality, allows for more efficient sampling with SU(2)-Q representation for

high values of M.
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The results of such sampling are shown in Fig. 9.3. We used seven nVidia Tesla M2ogo
GPUs to generate 10'? samples of the distribution (9.40) and calculate the required correla-
tion for the values of M up to 60, and these samples were used to test the inequality (9.32).
This corresponds to measurement of 10'® distinct sixtieth order correlation functions.
As Fig. 9.3, (a) demonstrates, Bell violations were verified in all cases, although closer to
M = 60 the sampling error grew almost enough to invalidate the results. Larger values
of M would require more samples.

We also investigated the growth of sampling errors for F with the positive-P and
SU(2)-Q representations, as shown in Fig. 9.3, (b). In order to have some reference for

comparisons, we also plotted the sampling error for the total number of “spin-ups”
M
N = (07 +1)/2). (9-44)
j=1

This low-order spin correlation physically requires only a linearly growing amount of
measurements in the experiment as compared to the exponentially growing amount
for F. As the plot shows, the sampling error for N slowly decreases as M grows. This
explains why low-order correlations could be efficiently sampled in previous work, for
much larger Hilbert spaces than the ones studied here [28,30,31,45].

On the other hand, high-order correlations showed exponentially growing sampling

24M/5 which with the chosen num-

error. In the positive-P case the relative error scales as
ber of samples, produces Bell violations only up to M = 25. The SU(2)-Q representation
shows much better results with a relative error scaling of 2M/3, so the time taken by the

simulation at constant error scales as 22M/3

. An experiment measuring the same quantity
would take time proportional to 2M since it would have to perform measurements for
exponentially many settings. Thus, the probabilistic sampling of the SU(2)-Q function
scales better than an analogous experiment for high-order correlations.

These results show that the probabilistic sampling is a viable technique both for low- and
high-order correlations. Low-order correlations are the ones most commonly measured,
and sampling errors in these are insensitive to scaling up to mesoscopic sizes. Correlations
of the same order as the system size are still exponentially hard, but a carefully chosen

quasiprobability representation can give an exponential advantage over the experimental

scaling.



9. PROBABILISTIC REPRESENTATION OF BELL INEQUALITIES VIOLATION 115

9.3. Conclusion

The results in this chapter show that probabilistic sampling can demonstrate the violation
of Bell inequalities, due to the extended range of functions of phase-space variables in a
quasiprobability representation. Generally, both low- and high-order correlations can be
obtained. The low-order correlations are the simplest as the corresponding sampling error
does not grow with the system size. Correlations with order comparable to the system
size can also be simulated, but with exponentially large number of samples (although
this does not imply exponentially large memory resources). Universal digital quantum
computers, if sufficiently large, are expected to overcome these problems [122]. However,
these are currently limited in size to 6 qubits or less [8]. Regardless of whether these are
scalable to larger sizes, it is still useful to obtain theoretical predictions with methods
that only require present technology.

Other examples of quantum correlations have been treated using phase-space methods,
including quantum soliton dynamics [29], interacting quantum fields [27] equivalent to
~ 10° qubits and the Dicke superfluorescence model [123]. These simulated correlations
are in general agreement with experimental observations [124], showing the range of

potential applicability of these techniques.






CHAPTER 10.

CONCLUSION

In this thesis we formally introduced the functional Wigner transformation. We proved
the required theorems from Wirtinger and functional calculi, and used them to derive the
essential properties of the Wigner transformation: sequential transformation of operator
products, and the correspondence between operator expectations and moments of the
Wigner functional.

We then applied this framework to the exact operator equation governing the dynamics
of a BEC and showed how to transform it into an equivalent partial differential equation.
An approximation (Wigner truncation) was introduced, which allowed us to simplify
this equation further, and turn it into a set of SDEs for trajectories in phase space. All of
this was done while keeping the functional nature of the equations intact and retaining
the inherent mode cutoff of field operators and wavefunctions, which is unavoidable in
numerical simulations.

Thus, it allowed us to link the coefficients and terms in the master equation directly with
those of SDEs, resulting in a simple method of numerical simulation of BEC dynamics.
The method includes the effect of nonlinear losses in a natural way, is capable of producing
any high-order correlations without changes to the initial state or the propagation, and
is highly parallelisable. The latter is a huge advantage in the modern world of multi-core
and multi-node computations and the recent advent of general calculations on GPUs. In
particular, the use of modern GPUs allowed us to simulate the dynamics of hundreds
of thousands of atoms with thousands of modes with a high degree of accuracy on a
desktop in the order of hours.

As a simple test of the truncation accuracy, we applied the multimode form of the
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Wigner representation to a two-mode system, for which an exact quantum mechanical
description is possible. We have shown that the Wigner method gives correct results
in the characteristic time frame for large squeezing, with systematic errors much lower
than is testable in an experiment.

We then used the truncated Wigner method to model some recent BEC interferometry
experiments, both local and reported by other experimental teams. The method showed
reasonable agreement with the experimental results for such important observables as
interferometric contrast (a second-order correlation), phase noise and degree of spin
squeezing (fourth-order correlations). The method allows one to account for experimental
imperfections (measurement and apparatus noises) naturally, which greatly increases
the accuracy of predictions. There are clearly some currently unknown noise sources in
these experiments.

In the last chapter we considered a more fundamental topic of the ability of phase
space methods to simulate quantum mechanical systems that violate Bell inequalities, and
their differences from LHV theories. We showed that, due to weaker restrictions on the
range of the functions of phase-space variables that correspond to physical observables,
such methods are indeed capable of demonstrating such essential quantum mechanical
properties as the violation of Bell inequalities. We were able to calculate the correlations
involving every particle in the system in highly entangled GHZM states for up to 60
particles. This result is far beyond the capabilities of current experimental techniques.

*
* %k

In conclusion, we have shown that the truncated Wigner method is a convenient and
fast tool that can be used to plan future experiments, and to get better insight into existing
ones. There is, of course, still room for further improvement.

First, we have only used coherent initial states and zero temperature for our simulations.
While it is a reasonable first approximation, for some experiments this may not be
acceptable. The obvious next step here is to include finite-temperature initial conditions
using Bogoliubov modes [33, 35, 40, 55,57]. During the simulation, the validity of the
truncation needs to be estimated more accurately than by using the condition (5.23).
This condition turns out to be, in fact, more of a guideline as there are examples of good
agreement with the exact methods even when it is not satisfied. More accurate test can

be performed by calculating the quantum correction [56].
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For phase space methods in general, despite demonstrating excellent results in sampling
static quantum states, these can struggle in simulating the quantum dynamics of these
systems. In the extreme quantum limit, the positive-P method is known to display
exponentially growing sampling error with time because of the redundant dimensions it
uses. In some cases, this can be neutralized by using a gauge-P representation [22, 125],
or adding a projection.

Finally, it is possible to make the Wigner representation positive in the same way
it was done for the P representation [126]. The applicability of this “positive-Wigner”

representation to various simulation problem is yet to be investigated.






APPENDIX A.

WIRTINGER CALCULUS

Formally, a function of complex variable has to be holomorphic in order to be complex
differentiable. In many cases, however, it is enough to have less strict “physicists’”
complex differentiation rules, which only require the function’s real and imaginary part to
be differentiable, without imposing additional constraints. Such rules were developed by
Wirtinger [127]; further extension to vectors and matrices was performed by Hjerungnes
and Gesbert [128]. A very good review and a thorough description of their application
was made by Kreutz-Delgado [129]. This section will outline Wirtinger differentiation
rules and provide some lemmas based on them, which, in turn, are going to be used in

the further Appendices, and in the main body of the thesis.

A.1. Differentiation

We will start from the definition of the differentiation:

Definition A.1. For a complex variablez = x +iy, and a functionf (z) = u(x,y) +iv(x,y)

o (2) :1(df ,df)O

5z S2\ar lay

One can easily check that if f (z) is holomorphic, this definition is equivalent to the
standard complex differentiation. Wirtinger differentiation is quite intuitive in the sense

that it obeys all the basic rules associated with a real-valued differentiation:

Theorem A.1. For anyf (z) with differentiable real and imaginary parts, Wirtinger differen-

tiation obeys sum, product, quotient, and chain differentiation rules. The chain differentiation
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rule is applied as if the function f (z) had two independent arguments z and z*:

A=) _of g, o %
9z  0godz 0g* Jz

Some important functions we will encounter in this thesis are not holomorphic. There-
fore, we will use Wirtinger differentiation unless explicitly stated otherwise, along with
the notation df /9z. Consequently, by “differentiability” we will mean the property used
in the above theorem, namely the existence of partial derivatives of Ref and Im f over
real and imaginary axes.

It is convenient to connect symbolic rules for Wirtinger differentiation with the rules

for real-valued differentiation.

Theorem A.2. If a function f (z) can be expanded into the series of 2" (z*)", then of / 0z
and of /9z* can be calculated as partial derivatives of the function f expressed in terms of z
and z*, over z and z* respectively:

dof (z) df(zz") of(z) df(zz")

0z dz ~ oz dz*

Proof. We will prove the first identity. Without loss of generality, we can consider f (z) =
z"(z*)®. First, one can easily prove (by transition to real variables) that d(zz*)/dz = z*
and d(zz*)/0z* = z. Let us assume that the identity is correct for some r and s; then,
using the product rule,

3(2”1(-2’*)5) = %(ZZ’(Z*)S) =z(z")" + Z%(Z’(Z*)S)

oz (a.1)

=z (") +rzz 1 (") = (r + 1)Z" (z¥)5.

By induction, the statement is correct for any natural 7 and s, and it is obviously true if

r = 0 or s = 0, which proves the theorem. O]

The chain differentiation rule in Theorem A.1 and the above theorem give rise to
the common notation used in conjunction with Wirtinger differentiation. In order to
emphasize the “independent” behavior of z and z*, function arguments are sometimes
written as f (z,z*), even though technically they are not independent. We will not use

such notation in this thesis because it will create a lot of clutter later on.
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A.2. Integration

Wirtinger differentiation can be paired with the somewhat more common integration

over the complex plane:

Definition A.2. For a complexz = x + iy

f d?z = fj; f_o; dxdy.

This definition allows us to prove an analogue of one of the properties of the Fourier

transform expressed in terms of Wirtinger differentiation:

Lemma A.1. For a complex B and any non-negative integersr and s

2 T (y%\S _ * * — 2| _ J r(i)s
fdoux(oc) exp(—pa* + o) =7 ( o 9 d(Re B)o(Im B).

Proof. First, by changing variables in the integral and using known Fourier transform

relations, we can prove that for real x and v, and a non-negative integer n
foo dvv" exp(+2ixv) = 7w(Fi/2)"5" (x). (a.2)

Note that we have explicitly written the integration limits here; they are swapped when
we change variables in the first integral.

Denoting « = u + iv and f = x + iy, we can expand the initial expression as

f d?aa” (a*)s exp(—Ba* + B*a)
= f du dv exp(2ivx — 2iuy)

- r M (1,,\T—M - s n : N\NS—N
X Z (m>u (iv) ;(”)u (—iv) (a.3)

m=0

SR

m=0 n=0

X f du u™*" exp (2ivx) f do o™ exp (—2iuy).
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Applying (a.2) and grouping differentials:

=3 5 ()

x {r—m (_i)s—n (_1/2)m+n 5(m+n) (y) (i/z)r—m+s—n(5(r—m+s—n) (X)

r
-3
m=
S

0

r 1 1 m r—m
<m>§(—zd/dy) (—d/dx)

1
<y (Z)E(—id/dy)”(d/dx)s‘”é(y)é(x).

n=0

Collapsing sums and recognising Definition A.1:

— 72 (%(—id/dy—d/dx)> (%(—id/dy+d/dx)> o(y)o(x)

(-2 ) (2 stepiime "

It can be proved by expansion in real variables that the formally written rule of integ-

ration by parts works for the integral from Definition A.2:
98 9(fg) of
s R — o, A.
f dzfaz f dz N f dzazg (a.5)
Integration by parts will be used extensively in further proofs, and we will need two

lemmas that will handle the first term in the right-hand part of the above expression.

Lemma a.2. For a square-integrable f (B) and a complex «

2
| @35

[ g (exp(—pac + Bf(§) 0.

(exp(—Ba* + B*a)f (B)) =0,

Proof. Tt follows from the square-integrability of f that limy, pooo = Oand limy, 4, =
0, so the statement of the lemma can be proved by transforming to real variables and

integrating. L
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Lemma A.3. For a bounded f (z)

d o/ oY
2 — — — —
[d 2o (f(z)(az) ( 82*) (5(Rez)5(Imz)> =0,
[ dz—(f (@) V(-2 r5(Rez)5(Imz) =0
0z oz* '

Proof. Proved straightforwardly by expanding integrals in real values, separating vari-

5}
az*

ables and integrating, using the fact that any derivative of the delta function is zero on

the infinity. [






APPENDIX B.

FUNCTIONAL CALCULUS

The definitions of differentiation and integration from Appendix A can be extended to
operate on functions and functionals. This proved to be a useful tool in the derivation of
the functional Wigner transformation and expressing accompanying results as it helps
encapsulate bases and mode populations inside wave functions and field operators. It has
been introduced (among other places) in most of the papers treating functional extensions
of quasiprobability with varying level of detail. The most extensive description was made
by Dalton [130]. Nevertheless, while these papers cover the foundations quite well, they
are missing several important results which are essential for this thesis, and which will

be, therefore, proved in this Appendix.

B.1. Functional spaces and projections

We will assume that we are provided with an arbitrary orthonormal basis B, consisting
of functions ¢, (x), where x € RP is a D-dimensional coordinate vector, and n € B
is a mode identifier. The exact nature of the mode identifier is irrelevant; we only
require it to have an equivalence relation defined, and be enumerable. For example, for
a three-dimensional harmonic potential, the mode identifier is a tuple (k, [, m) of three
non-negative integers.

The orthonormality and completeness conditions for basis functions are, respectively,

[, #2009 (0 dX = 5, (5.1)
D P00 (x) = (X = x), (5.2)

neB
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where the integration area A depends on the basis set (for example, A is the whole space
for harmonic oscillator modes and a box for plane waves). From now on we assume
that the integration [ dx is always performed over A, unless explicitly stated otherwise.
In addition, to avoid clutter, the argument list will be often omitted for functions of
coordinates (e.g. f(x) = f and f (x") = f'), except where it is necessary for clarity.
Various functions can be combined using all, or the certain subset, of basis modes by

means of the composition:

Definition B.1. For some subset of the full basis M C B, the composition transformation

creates a function out of a vector of mode populations:

Cop(@) = ) Potty.

neM

The decomposition transformation, correspondingly, creates a vector of populations out of a

function:

CotlfDn = [ dxgif, me M.

For any subset of the full basis, there is a subspace of functions that can be obtained by

composing modes from this subset only.

Definition B.2. For some subset of the full basis M C B, Fy; = (RP — C), is the space
of all functions of coordinates that can be obtained using Cy;. In other words, such functions

consist only of the modes from M. We denote Fz = F.

With the help of this definition, the “type signatures” of the composition and decom-

position transformations can be written as

Cy €ECM S Fy, Cyf €F-CM, (8.3)

Note also that, for any f &€ Fy;, the corresponding composition and decomposition
transformations are reversible, that is Cy; (C3/[f]) = f. We will call such functions
“restricted”.

The result of any nonlinear transformation of a function f € Fy is not guaranteed to

belong to FF; and requires an explicit projection to be used with other restricted functions
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from the same subspace F:

Definition B.3. An arbitrary function can be projected to Fy; using the projection operator:

Py EF - Fy
Pulf100 = CuCH M) = )~ ¢ [ dX @Lf".

neM

Obviously, Py = 1.

When applied to the delta function, the projection operator produces a restricted delta

function:

Definition B.4. The restricted delta function 6, € Fy is a projected form of the standard

delta function:

Sy (X, X) = Pyl8]= > ¢y

neM

Note that in general 53 (X', x) = 6y (x,X'), so the order of variables is important. For a full

basis, this definition coincides with the standard delta function: 5 (x',x) = (X' — x).

The projection transformation can be, in turn, expressed using the restricted delta

function:

Pulflx) = f dx’' oy (X', x)f". (B.4)

The conjugate of Py is, therefore,

(Pulf10) = f dx’ 63 (X', x)f ™ = Py [f*100). (B.5)

B.2. Functional differentiation

Let 7[f] € Fy — T be some arbitrary functional operator (not to be confused with
quantum mechanical operators) acting on functions from a restricted basis. Such an
operator can be as simple as an algebraic function of f, for example, F[f] = f 2 but it
can also be more complicated. Note that in general this operator is not linear; therefore,

its result is not guaranteed to belong to the same restricted basis as its argument. Also,
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since C is a specific case of F (a constant function of coordinates), a specific case of
a functional operator is a functional 7 [f] € F; — C. This means that the calculus
described in this section applies to functionals as well.

The composition and decomposition transformations from Definition B.1 define a
bijection between a restricted function space Fy; and a vector space of dimensionality
C™T (where M| denotes the cardinality of Ml). Therefore any functional operator F can
be alternatively treated as a function of a vector of mode populations and a coordinate
vector:

FeCM s F=CM 5 RP - C

(B.6)
Fa,x) = F[Cy(a)](x).

Since the operator is not linear, this correspondence in general cannot be expressed in
the form of a matrix.
Using this correspondence, we can define the differentiation in the space of functional

operators:

Definition B.5. The derivative of a functional operator is

%e(mmqm)ﬁ(wﬁwmﬁm
M-"Lf _ Y g G’M(a)]‘

neM n

a=Cif' [f]

Note that the type of the returned operator differs from its argument type: the result
depends on two coordinates, not just one. The second coordinate (x’) comes from the
function f' = f (x’) by which we are differentiating.

This definition may look too elaborate at first, but later in this section we will see that
it leads to intuitive consequences, making the functional derivative behave very similarly
to the Wirtinger derivative from Appendix A. Let us first demonstrate that the definition

obeys standard differentiation rules.

Theorem B.1. The functional differentiation from Definition B.5 obeys sum, product, quo-

tient, and chain differentiation rules. The latter one is applied as if F[f ] were a function of
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two independent variables f and f*:

5?[9]”] fd,,<5? 5§ O0F BQ*)

9// 5f 9//* 6f/ °
Proof. The first three rules are proved straightforwardly by substituting & + G, &G and
F /G into Definition B.5. To prove the chain differentiation rule, let us substitute 7 [ G]

into the definition:

SFIGIN _ Z ¢,*35”[9[@M(w)]]

of’ N 9
f neM o =Gyl If] (8.7)
_ Z ¢’*a?[€(ﬁ)]
B " Oa,
neM B=C1[G[Cp(@)]]

Applying the chain rule for Wirtinger derivatives, and recalling the definition of the

decomposition transformation:

o0F [C(B)] 0F [C(B)] 9B, = 9T [C(B)] B,
o, ;( P Om, | Oy om, ) =8
where the nested differentials are calculated as
p, o [G(a x)]) , ,,*BG(tx x)
S = [ dx (B.9)
and
ale f dx //(P;I/l oG* (“ X) (B.IO)
Substituting this into (B.7), we get
dF 9 v e 8? 6’( ) " 89 6’( )]
meB m B=C-1[G[f]] neM a=Cyl[f] (B.11)
9F[C(B)] , '
M e v ) -
meB m B=C-1[G[f]] neM —@g,ﬂl[f]

Recognising Definition B.5 for 87 /35 and 0G/0f, we obtain the statement of the theorem.
O

The above theorem demonstrates that, with respect to the functional differentiation,
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functional operators behave as if they depend on two independent functions, f and f* —
just like complex-valued functions with respect to the Wirtinger differentiation.

Most of the time we will deal with functional operators in a particular form, namely
an algebraic expression of their arguments. It turns out that for this subset, functional
differentiation behaves almost exactly like the Wirtinger differentiation and allows one

to circumvent Definition B.5, calculating derivatives based on well-known symbolic rules.

Theorem B.2. If a functional operator & € Fy; — F has the form F[f] = g(f), where
g(z) is a function that can be expanded into the power series of z" (z*)°, then 8F /df" and
d0F /df ™ can be calculated as derivatives of g(f) over f and f*, respectively, times the

restricted delta function:

o = b0 B o = G, B2

of’ oz =f 0 of ' az* =0

Proof. We will prove the first identity. Without loss of generality, we can consider
F = f"(f*)°. Substituting this into Definition B.5, differentiating the composition

according to Definition B.1 and recognising the restricted delta function, we get:

3F Z o 9 (O (@) (Ciy (@))*)

!

5f neM a““ a=Cy [f]
= Z Prrd, C“’g,lﬁl(lx)(@fiﬂ(a))sh_e,lm (B.12)
neM M
C V=1 (frys /oy 98(2)
= 10y (X, 0f () = Gy X0 S
z=f (x)
The second identity is proved in the same way. [

B.3. Functional integration

In this section we will only postulate the expression for the integral of a functional
operator. For the rationale behind this definition one can refer to the detailed explanation
by Dalton [130]. Just as in the differentiation case, we will make use of the equivalence

between a functional operator and a function of two vectors.

Definition B.6. An integral of a functional operator & € Fy; — F is an integral of the
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corresponding function over mode variables:

[ #f € (Fyy - F) » (RP - C)

[ ®fF[f1= [ PaT[Cy@] = (1—[ i dzlxn)?[@M(a)],

neM

where the product of integrals stands for their successive application. If the restricted basis

contains an infinite number of modes, the integral is treated as a limit M| — oo.

The functional integration has a Fourier-like property analogous to Lemma A.1, but its

statement requires the definition of the delta functional:

Definition B.7. For a restricted basis M, the delta functional is

Aylfl1= || 6(Rew,)6(ma,),
neM

where a = C3[f].

The delta functional has the sifting property in functional integrals:

| PFFIF10ulf1 = [ PaF(Cylal) | | 6(Rea,)s(Ima,)

neM

- ?(GM[IX])'VnEMa =0 (e13)
= TJ[f ”fzo'
By analogy with the field displacement operator from Definition 3.1, we can define a

displacement functional, which will often appear in the formulation of functional Wigner

transformation (Definition 3.2) and accompanying proofs:

Definition B.8. The displacement functional takes two functions as arguments and returns

a complex result:

DeF-F-C
Dig,f1=exp [ dx(=gf* +¢'f).

The displacement functional exhibits Fourier-like properties in functional integrals.
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Lemma B.1 (functional extension of Lemma a.1). Forf € Fy; and g € Fy, and for any

non-negative integers r and s:

AV RY
J'52ffr(f>e)sD[g,f]ZNZMI(_ég*> (%) Am[g]-

Proof. We will start by representing the functional integral and the integrand in mode

form:
J' 62ff7’(f>(—)s expf dx (_gf* +g*f)
=J dzw(Z sbnwn) (Z ¢;:a;:) [Texp(—Bars + i) (B12)

neM neM neM

= (%),

where & = Gy [f] and B = €3/ [¢]. Expanding powers of f and f* using the multinomial

theorem:
- [ " T it
(*) f “(Zuz::r<{um} nle—l\lﬂl(p ¢ )
" (B.15)
x ( D ( {j }) [1 <¢;>Un<a;>”n) [ 1 exp(=Bari + Braca),
Y. Um=5 m neM neM

where ( {ur }) =r!/(J]u,!) are multinomial coefficients. Splitting variables:

= Zum:;zvm:f{u;})({vi})

(B.16)
[ ] oin (@) [ danan (@)™ exp(=paa; + Brtn).
neM
Applying Lemma A.1 to evaluate the integrals over a:
r S
o Bl
o e
" " (B.17)

0 \"/ 9 \™
x [T otz (— : ) ( ) 5(Re B,)(Im B,).
ngﬂ aﬁn a:Bn

Collapsing sums, and recognising functional derivatives (Definition B.5) and the delta
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functional (Definition B.7):

(%) = Z'M'( D ¢naﬁn> (Z Pigg | || 0RepOIMB,)

neM neM ) neM
5\ (8

2M| | .

" ( 5g*> (5g> Aualg] .

It is easy to show that functional integration has the same integration by parts property

as regular integration:

s STFITYD _ 28911

J ¥ = 5 5

Slf1= [ &*f aral (B.18)

Functional integration by parts serves as the foundation of several theorems from
Chapter 3. These theorems additionally need several lemmas that help us eliminate
the first term in the right-hand part of the above expression. These are extensions of
Lemma A.2 and Lemma A.3 in terms of functional operators, with an addition of one more

functional-specific lemma.

Lemma B.2 (functional extension of Lemma A.2). For a square-integrable functional

operator J (i.e., a functional operator that produces only square-integrable functions),

d
2 —
[ g5 (DRATIED =0,

d
2 —
[ 85 (DRATIRY =0

Proof. We will prove the first equation. Let & = Gy} [f] and B = € [g]. The displace-

ment functional can be represented as a function of mode vectors:

Digfl=exp[dx Y  (=PuPiPulin + PrPmBittm

neM,meM

= exp Z (_(Snmﬁn“; + 5nm:3:1“n) (B.19)

neM,meM

=exp ) (—Bat + Bitty).-

neM

We introduce a special notation for this lemma to indicate the subset of M used by



B. FUNCTIONAL CALCULUS 136

operators and functionals. With this notation, for fixed n:

DIg,f1= [] exp (—Bmttin + Binttm)

meM
= exp (_ﬁn“; + ﬁ;wn) 1_[ exp (_IBm“:n + :B:n“m) (B'ZO)
meM, m#n
=D_.D,,
and, similarly,
8§ =8-n T 8n/
(B.21)
[ =] @6, [ .
Separating variables in the integral using the introduced notation:
2 o 2 % J
| ¥g5 (DIg,f1FIg)) = [ B ) ¢ii5-D Do 3]
08 et 9Pn
3 (B.22)
= Z (P;: f dzﬁ—\nD—‘n dz:Bna Dn‘?[GM(ﬂ)]
neM 'Bn

For each term the internal integral is equal to zero because of Lemma A.2, and therefore

the whole sum is zero. OJ

Lemma B.3 (functional extension of Lemma A.3). For a square-integrable functional

operator F , restricted function f € Fy;, and non-negative integers v and s,

Fert (0 () (-5 o) o
e (5 () )=

Proof. Proved by expanding the functional integral and differentials into modes and

applying Lemma A.3. [

In order to perform transformations of a master equation in the future, we will need
a lemma which justifies a certain operation with the Laplacian (which is a part of the

kinetic term in a Hamiltonian).

Lemma B.4. Let mode functions in a restricted basis M satisfy the condition that for any
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pair of modesm,n € M
$ ¢ (Vo5 - v)dS =0,
A

where A is the integration area associated with the basis, dA is its boundary, and v is the

outward-pointing unit normal of a surface element dS. Then forany & € Fyy — F,

fdx<v2 )f?[f] fdx (V) F[f]

Proof. Integration limits play an important role in this proof, so we will write them

explicitly. The components of the integral are expanded using the basis functions as

jdx<v2f>f5f[f > (f dx(V2<Pn)<l>m> 9, WFCu@],  (B23)

neM,meM

where & = Gy [f]. Using Green’s first identity and the condition for the integrals over

the boundary of A:

[ V200 = § P05V = [ XV )

=0-— fA dx(Ve:) (V)

(B.24)
= § P2 (Voo - v)dS — [ dX (V1) (Vy)
0A
— * 2
= [, XG5 (V).
Substituting this back into (8.23):
fdx(VZ )f:}”f = > (f dxcpn(Vngm) 9, T ()
f neM, meM
=j dx— (sz)?[f O

Note that this lemma imposes an additional requirement on basis functions, which is,
essentially, a generalised form of periodicity in the zeroth and the first derivative over A.
In this work we use two bases: plane waves and harmonic modes (see Appendix D for
details).

For the harmonic basis the condition is obviously satisfied, since the boundary of A is
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on the infinity, and both zeroth and first derivatives (or any other order, for that matter)
of any mode function (D.6) are equal to zero there.

For the plane wave basis the area A is a box (let us suppose for definiteness that it
spans from 0 to L; in every dimension j), and the mode functions are separable (¢, (x) =
]_[] . qb(] : (x;)) so the variables in the integral from the condition can be easily separated

too:

(])yr D
$ Pm(Ve5 VIS = Z o T] [ duomelr.  ®as)
x-:O k=1k#j
It is obvious from (D.2) that for any mode n
€)) d(l)(])

G _ (]) 1

n; (0) - (L )/ dxj/ dx] s (B.26)
x]-=0 x]:Lj

which makes the integral above zero.

In this thesis we will assume that this condition is satisfied for any basis we work with.



APPENDIX C.

FuncTioNAL FPE 10 SDE

CORRESPONDENCES

Wigner transformation, to which the majority of this thesis is dedicated, produces an
FPE, or its functional equivalent, from a given master equation. An FPE is an equation in
partial derivatives, and, in general, is not easy to solve — even numerically. The major
part of the usefulness of the Wigner transformation (paired with the Wigner truncation)
is that it produces an FPE in a special form, which can be further transformed to a set
of SDEs, with the Wigner function playing the role of a probability distribution. The
algorithms for solving such equations numerically are much more straightforward.

The actual correspondence between FPE and SDEs has been formulated and proved for
real-valued coefficients in literature [131]. In this thesis we need to transform FPEs with
complex coefficients, or even functional operator ones. While it is always possible to
express them in the real-valued form, it is much more convenient to derive correspondence
theorems that work directly on such FPEs. In this Appendix we will do that by proceeding
successively from the initial real-valued theorem to complex-valued and functional
correspondences.

In addition, we will do the same for the It6 formula, which provides an expression for
the time derivative of any function of stochastic variables. This formula is useful, among
other cases, if one wants to derive the time dependence of some integral observable (for
instance, population), without solving SDEs themselves. Alternatively, it can serve as an

additional test of a numerical algorithm used to propagate SDEs in time.
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c.1. Correspondences

We will start by formulating the known real-valued correspondence in a form which is
more convenient for further proofs in this section, and is also closer to the results one
obtains from the Wigner transformation.

Lemma c.1 (real-valued FPE-SDEs correspondence in a convenient form.). Letz! =

(21 ...2zp;) be a set of real variables. Then the FPE

(21_‘?] = 3l -aW +  Tr (2,0 BBT} W

is equivalent to the set of SDEs in the It0 form

dz = adt + BdZ

and to the set of SDEs in the Stratonovich form

dz = (a—s)dt + BdZ,

where the noise-induced (Stratonovich) drift vector s has elements

1 d 1
5= 5 ;Bkia—szﬁ = 5Tr{BTaze].TB},

with e being a unit vector with elements (ej)i = 51.]-. Here W = W(z) is a probability
distribution, a = a(z) is a vector function, B = B(z) is a matrix function (B having the size
M x L, where L is the number of noise sources), 9. = (d/dz, ...d/dz,,) is a cogradient

vector, and Z is a standard L-dimensional Wiener process with <dZ]2> = dt.

Proof. For the detailed proof see Risken [131], sections 3.3 and 3.4. O

The above theorem can be extended to work with complex Wirtinger derivatives and
complex-valued coefficients. Of course, in order to produce a real-valued dW/dt in the

left-hand part, an FPE must have a particular form.

Theorem c.1. Leta’ = (a; ...a,,) be a set of complex variables. Then the FPE

¥ = oTaw —dLa'W + Tr (9,97 BB) W
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is equivalent to the set of SDEs in the Ito form

da = adt + BdZ,

and to the set of SDEs in the Stratonovich form

da = (a—s)dt + BdZ,

where the Stratonovich term has elements

5; = % Tr {BHaa*ejTB} ,

andZ = (X +iY)/V2 is an L-dimensional standard complex-valued Wiener process (with

(dZ;dZ;) = 6. dt), containing two standard L-dimensional Wiener processes X and Y.

Proof. Let us expand the FPE using real variables: « = x +iy,a =u +iv,B = F +iG,

9, = (9, — iay)/Z. This results in
dw 1
5 =~ uW —dfvIW +  Tr{(d,3] +3,3)) (FF" + GGT)

—(3,9; —9,3))(FG" — GF")} W
+ 3 Tr{@L + 3,31 (FGT — GFI)} W

+ 3 Tr{@,97 - 3,90 (FF" + GG")} W.

Since FFT + GGT and 9,9! + aya; are symmetric matrices, and FGT — GFT and axa§ -
ayaf are antisymmetric ones, the corresponding traces are equal to zero, which gives us

the FPE in real variables

d_W_ —or Y 1 T T T T
7 =~ OuW — VW + 2 Tr {(d,3] +3,9)) (FF" + GG") )

—(9,3] —9,3])(FG" — GF")} W.

In order to use Lemma c.1, we need to merge variables x and y into one variable vector

z = X @ y. This will give us an equation in the form identical to that from the lemma,
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with drift vector a3 = u @ v and diffusion matrix

... 1(FF'+GG" FG" -GF”'
BBT = — , (c:3)
2\ GFT —FG" FFT + GGT
which gives the noise matrix
B 1 (F -G
Therefore, the equivalent SDEs in the It6 form are
dz = adt + BdZ, (c.5)
where dZ = dX @ dY. Returning to the previous variables:
dx = udt + 1 FaX ! GdAY
IR A A (c.6)
1 1 '
dy = vdt + —=GdX + —<FdY.
y=vidt+ + 75
Multiplying the second equation by i and adding it to the first one:
da = adt + L (F +iG)(dX +idY) (c.7)
= 7 , 7
which leads to the Itd part of the theorem statement
da = adt + BdZ. (c.8)

The noise-induced drift term in the Stratonovich case can be calculated by substituting
B into the expression for s; from Lemma c.1. We will calculate s; with j belonging to the

x and the y part of the coordinate space separately. Starting from the x part:

. 1 FT GT) (9, F -G
s;):ZTr{(_GT FT)(ay)(e]r 0) (G F)] (c9)
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Multiplying the matrices, we get:

FT G\ (), . .
_GT PT ) (efF _ef G)

y
FT GT)(9.efF —-9.e/G
- —Tr T pT ) ]T ) ]T (c.10)
-GY F Bye]- F —ayej G

Similarly for the y part,

s;y) = 41] (Tr {FTBXe]-TG} + Tr{GTaye]-TG}

(c.11)
—Tr{G"9,e/F} + Tr{FT3,e]F}).
Therefore, the final term in the complex-valued SDEs is
s, =5 4 is® = 1y {B"3,.eT B} (c.12)
A AR w® BJ '
which finishes the proof. [

Note the asymmetry in the expression for the Stratonovich term: if B = B(«), then
s = 0. This is initially caused by the asymmetry in the target SDEs. A truly general form
of an FPE would be

dd_‘?’ = —2Re(87a) W + Tr{d,.97B, B} W + Tr{9,.91B,BY} W o

+2Re (Tr{d,37B, B} + Tr{9,9IB,BT}) W,

which corresponds to the system of SDEs

da = (a —s)dt + B,dZ + B,dZ", (c.14)
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where the Stratonovich term has elements

5 = % (Tr {Bi9,.e7B,} + Tr {BY9,.e7B, }

(c.15)
+ Tr {BlTa“e]-TBZ} + Tr {Bgaae]rBl }) :

In the theorem above we limited the space of possible SDEs to those with B, = 0, leading

to the observed asymmetry.

In many applications (some of which are discussed in this thesis), it is advantageous to
enumerate the state vector of a system using two variables instead of one, namely the
mode identifier and the component number. This helps to describe particles which can
occupy the same set of modes, but are otherwise distinguishable. We will now reformulate

the previous theorem, including this component distinction.

Theorem c.2 (multi-component reformulation of Theorem c.1). Leta’’, j =1...C be C

sets of complex variables ') = (aiﬁ oc](\j/f)l). Then the FPE
7

dw - ‘ ¢ ‘
a - Z 9 pal W — Z a(Ta(]-))*(a(]))*W
j=1 j=1

C
+ 3 Tr {030, 3,BR (B} W

j=1 k=1

is equivalent to the set of SDEs in the Ito form
da¥) = aldt + B dZ,
or to the set of SDEs in the Stratonovich form
da®h = (a® — s0ydt + BOdZ,
where the Stratonovich term has elements

RON

1o .
P =5 > Tr{(B®)"9,u,.eT BV}
k=1

Here Z is an L-dimensional standard complex-valued Wiener process, and the noise matrices

B9 have sizes M; x L.
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Proof. Let us join all variable sets '’ into a single set
C .
o= Pal. (c.16)
=1
Then we can use Theorem c.1 with the drift vector
C .
a=Pa?, (c.17)
=1
the cogradient vector
C
9, =P 3,0, (c.18)
=1
and the noise matrix
B
B = (c.19)
B©
This gives us SDEs in the It6 form
da = adt + BdZ, (c.20)

where dZ is an L-dimensional standard complex-valued Wiener process. Splitting this

equation for different components, we get the It6 part of the theorem statement. Substi-

tuting B into the expression for the Stratonovich term:

a(aa))*

s§f>=%Tr ((B<1>)H (B<C>)H) : (o

a(ﬂé(c))*

. (c.21)
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Multiplying the matrices successively, we get

; a(au))*eer(j)
= — (MH\H .. (C)\H
5 Tei (™) (BO)H)

a(a(C))x-elTB(]’) (C'ZZ)

C
= % Z Tr {(B<k>)HB(a<k>)*eiTB<f)} ,

which is the expression from the theorem statement. [

Most of the time we will deal with FPEs in a functional form, so we will reformulate

the correspondence once again, now using functional derivatives.
Theorem c.3. The FPE in a functional form

C

@ e n gAY g

L

C (32
2 gy, L BB

+

Mm

‘\.

l
_

J

is equivalent to the set of SDEs in the It6 form
L
df, = Py, l/ljdt + IZ BﬂdQl],
=1
or the set of SDEs in the Stratonovich form
L
df, = Py, l(./z]. —Spdt+ ) BﬂdQll,
=1

where

C

1
J'ZEZZBkl@fk

k=11=1

Heref]- S IFMj, ./4]- = ./l]-[f] and Bﬂ = le[f] are functional operators, W = W[f] is a
probability functional, and L is the number of noise sources. The standard functional Wiener

processes Q; are the compositions of standard complex-valued Wiener processes:

= Z (anl,n'

neB
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Proof. Expanding the functional derivatives according to Definition B.5 with f; = ZneMj Pjnltn:

dw & ) .
o = (_Z Y —j dx ¢, AW — Z ) 5o | dxg AW

j=1 neMj; j=1 neMj; jm

cC C
+Z aﬂ( f dx¢]m¢knz Zgkl )

j=1 k=1 meM; neM,;

(c.23)

The diffusion term has to be transformed in order to conform to Theorem c.2:

L

L
[ dx¢mind BuBi = [[ dxdX'¢)| i, > By Bd(x —x)
=1

=1

L
= [[ dxdX' ¢} min Y BiBu Y. ¢, (c.24)
=1

pEB

L
= Z Z f dx ¢;  B;1¢5 f dx ¢5 \ B¢y

I=1 peB

Note that we did not specify the index of the full basis used to expand the delta function.
It can be any orthonormal and complete basis, in particular one of B; — this will not
change the result.

Now we have the FPE in the form required by Theorem c.2 with

aw = [ AX@jmAj, m € M, (c.25)
and
%) .
Bn]1,<p,l) = f dx PimBipp, mE M, p € B,le[1...L]. (c.26)

Note that the columns of B are enumerated using the compound index p, [.

Therefore, the initial FPE is equivalent to the set of SDEs in the It6 form

daw' = [ dxgimAdt+ ), [ dxginBuppdZyr ()

pEB,IE[1...L]
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Multiplying by ¢; ., and grouping by component:

Z ¢ mdmn = Z ) m f dx ¢ A, dt

meM; meM;
L (c.28)
t ) P ] X ) ) By,
meM; I=1 peB
Recognising Definition B.3 of the projection operator:
L
df} = JDMj [/l].dt + Z Bj, Z gbdep,l] . (c.29)
=1 pEB
Defining the standard functional Wiener process as Q; = ZPEB oy i
L
df. = Py [/ljdt +) BﬂdQl] : (c.30)
=1

Performing the same multiplication and summation on the Stratonovich term from

Theorem c.2:

1 < '
Y g =] Y g ST )

meM mEM]» k=1

Transforming the trace to a summation:
1 - - k 0
— ’ (k) * J
S = 7 Z ¢J'/mZ Z Z Z(Bn@ n) A (k))*Bm<p D (c:32)
meM, k=1neM; I=1 peB
Using the multimode form (c.26) of the noise matrix:

1
5215 Gy X0 Y J axouid; | P iy (9

meM; k=1neM; =1 peB

Substituting ZP€B Pppp, = O(x —x'):

1 < 9
5]'=§ Z 4’},mZ Z Zf dx‘rbknBZl‘PJm A (k))*le- (c:34)

meM,; k=1neM; I=1
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Recognising the projection transformation and the functional differential:

CS’]:‘SD |: Z Z Z(Pkn kla( (k))*le]

k= 1nEMkl 1
Bkl ] ]
=30
Alternatively, the FPE from the above theorem can be expressed in a short matrix form.
The FPE in this case is
dw T ek
= = [ dx (=8 AW — 8. - A*W + Tr {8.8] BB} W), (c.35)

where the functional cogradient &; = (8/8f; ... 8/df-), A is a vector of C functional
operators, and 3B is a matrix of C x L functional operators. Such FPE is equivalent to the

matrix SDE in the Stratonovich form:

df = P[(A - 8)dt + BdQ], (c.36)

with the Stratonovich term

1
8; = 5 Tr{B"5.¢] B}, (c:37)

where PT = (P, - Pui.) 1s a vector of projection operators, and Qf = (Q;..-Qp) is

a vector of standard functional Wiener processes.

c.2. Ito formula

In this section we will follow a procedure similar to the one in the previous section
and derive the It6 formula for the differential of a functional, based on the standard
definition for the multi-variable real-valued case. Again, we will formulate the real-valued

correspondence in a way that is convenient for future proofs.

Lemma c.2. Let zT = (24 ...2p1) be a set of real variables, and Z(t) be a standard

L-dimensional Wiener process. For the set of SDEs in the Ito form

dz = a(z, t)dt + B(z,t)dZ(t),
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the differential of a function f (z) is
df(z) = a-9,f(z)dt + %Tr {BBT9,9]} f (z)dt + Tr {BAZd]} f (2).

Proof. For the detailed proof see Gardiner [132], section 4.3.3. [

As a next step, we will extend this lemma to operate on vectors of complex variables

and SDEs with complex-valued coefficients from Theorem c.1.

Theorem c.4. Leta’ = (@ ...ay;) be a set of complex variables, and Z = (X +iY) /2
be an L-dimensional standard complex-valued Wiener process, containing two standard

L-dimensional Wiener processes X and Y. For the set of SDEs in the It6 form

dae = a(a, t)dt + B(a, t)dZ (1),

the differential of a function f («) is

df (x) = 2Re(a- 9, )f (a)dt + Tr {BB"9,.9]} f (a)dt + 2Re Tr {BAZ] } f ().

Proof. The proof follows the same scheme as Theorem c.1, just in the opposite direction.
Letf =¢+ih,a =x+iy,a=u+iv,B=F+iG, 9, = (Bx—iay)/Z. Then the set of

SDEs from the statement is equivalent to

d X u df + 1 (F =G\ (dX (38)
= —_— . C.
y \4 V2\G F dY ’

Applying Lemma c.2 for real-valued functions g(x,y) and h(x,y) and combining them

into f = g + ih, we get

T

ar— [V 3V e d(F ) (2N (3 L
y) g, 4 lc F)\=cm m)\3,) 3,
L Lo (F6) (ax) (3, '
21\ F )lay) s,

Now let us match this equation and the lemma statement term by term.
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The first term:

2Re(a-9,) = Re ((u +iv) - (Bx - iay))

:u-ax+v-'c)y (c.40)
()6
y) \9

Tr (B39} = ; Tr {(FFT + GGT) 0,07 + 3,]))

1
- Tr {(FG™ — GF")(9,3] — 93,9}

The second term:

; (c.41)
T T T T
+ A—LTr{(FG — GF")(3,9] +3,3])}

i

+ 4 Tr {(GG" + FF")(3,3] —3,0])}.

Same as in Theorem c.1, we notice that FF" + GG" and 9,9, + 9,9, are symmetric
matrices, and FGT — GFT and a;a; - ayaxT are antisymmetric ones. Therefore, the last

two terms contain traces of antisymmetric matrices and are, consequently, equal to zero:

- }ITr {(FFT + GGT)d,3T + (FGT — GFT)3,9])}
1
+ 4 Tr {(GFT = FG")3,d! + (FFT + GG")9,3])}

1 FF' + GG" FG" —GF" ) (9,0] 9,9,
=-1TIr
4 |\GF" —FG™ FFT +GG" )\9,0] 9,37

T
1 F -G\( F' GT)\(9,)( 9,
= — Tr .
4 1\ F)\-c" FT)\3,)\3,

The third term:

(c.42)

2ReTr{BdZd]} = % ReTr {(F +iG)(dX + idY) (3, — id,) }

1
= 5 Tr {FdXd, + FdYd, — GdYd, + GdXd, }

(e

(c.43)
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All terms are matched, thus proving the theorem. O]

The above theorem can be reformulated for the multi-component SDEs from The-

orem C.2.

Theorem c.5. Leta”, j = 1...C be C sets of complex variables ') = (a(]) al) ) For

the SDE in the It6 form
dal = adt + BYdZ,

the differential of a function f (¥, ..., a©) is

C Cc C
df =2 Z Re(a@ . B,Xq) )fdt + Z Z Tr {B(j) (B<k) )Ha<“(k))*az(j) }fdt
i=1

j=1k=1

C
+2) ReTr{B"dZ3],}f.
j=1

Proof. Proved analogously to Theorem c.2, by combining &’ into a single vector and

applying Theorem c.4. ]

Finally, we can use the multi-component reformulation to derive the It6 formula in a

functional form for the set of SDEs from Theorem c.3.

Theorem c.6. Given the set of functional SDEs in the It6 form

L
df, = Py l/l].dt + ; BﬂdQl],

the differential of a functional operator F [f] is

dF[f] = [ dx ( ]Sf) [£]dt
cc 1
+];];;B]1B,’55f 6f Ff1dt
23 Y Re(mag s )7 ])
=1 11 j

Herefj, ./l]., Bﬂ, L, and Q, are defined in the same way as in Theorem C.3.
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Proof. The set of SDEs can be rewritten in terms of complex vectors as

L
dad) = [ dx¢fmAidt+) Y [ dx ¢ By¢,dZ,;, mE M, (c-44)

I1=1 peB

Now, treating the functional operator as a function of C complex vectors

F =T [Cy, ), ..., Cpp &'D)], (c-45)

we can use Theorem c.5 with the drift vectors

am = [ dx ¢}, (c.46)
and the noise matrices
( )
](p n— f dx ¢]m ]l‘:bp (c.47)
Applying Theorem c.5:
S d
dﬂ“:zZZRe(jdx A )?dt
j=1 meMj;

2T
DI NN WWE T X QB 9 5t
n 7m

j=1 k=1 meM,; neM; /=1 peB

C
+2ZRe(Z Y Y [ By 5").
],m

j=1 meM; /=1 peB

(c.48)

Recognising definitions of the functional differentials, the functional Wiener process, and

the delta function, we get

C C C L ’ ,*5 5
2ZRe(j dx' A ]éf)?dt+ZZZfdeﬂBkléf fk,fdt
]

= j=1 k=1 I=1

+ZZZR (j dx’ ;ﬂQ;%)ﬂf,
J

(c.49)

which leads to the statement of the theorem. O
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Alternatively, the functional It6 formula can be written in a matrix form as

d7[f] = [ dx (2Re (A’ - 8y,) F[£]dt + Tr {B'(B)"8,.87} F[£1dt o
C.50
+2Re Tr {8'dQ'8T} FIf]).
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BASIS SETS

While it is possible to apply the central theorems from this thesis to many different basis
sets satisfying the orthonormality and completeness conditions (B.1), other factors restrict

the choice in practical applications. Ideally, one would want the following to be true:

« the basis modes are natural to the physical problem in question (e.g., plain waves

for a freely expanding BEC);

« decomposition of a function defined on a discrete spatial grid in the basis is com-

putationally effective; and
« the generalised periodicity condition from Lemma B.4 applies.

For the applications discussed in this thesis, the first condition is the hardest to satisfy
since the equations we use are nonlinear, which makes ground and excited states of the
system inexpressible algebraically (with some exceptions, e.g. when the nonlinearity is
negligible). The advantage of this condition being satisfied is that fewer modes will be
required to describe the dynamics of a system, thus making it easier to satisfy the Wigner
truncation condition (see Section 5.4 for details).

Taking this into account, we have settled on two basis sets to use in the calculations.
The plane wave basis was used as the primary one, and the harmonic oscillator basis
was used as the backup. In practice, the latter was not very useful for the simulations
considered in this thesis since it required roughly the same number of modes as the plane
wave basis, and was more difficult to work with from the computational point of view.
Nevertheless, we are including its description in this Appendix as it may still be useful

for different (e.g. one-dimensional) systems.
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D.1. Plane wave basis

The plane wave basis consists of eigenfunctions of the kinetic term of a Hamiltonian:

i V2 =E
<_% ) (Pn - n¢n' (D‘l)

The eigenfunctions are defined in a D-dimensional box with the shape (L, ..., L) with

]_[dD: , Ly = V (which corresponds to the integration area A introduced in Appendix B):

P (x) = enx 3V, (D.2)

and have the corresponding eigenvalues (energies)

_ h2|kn|2

T (D.3)

E

n

Because of the periodic boundary conditions at the edges of the box, possible values of

the components of the spatial frequency vector k are

27tn,

This basis set is the most computationally effective. Functions defined on the discrete
gridx; = 0,h,...,L; — h (the stepd = L;/M,, where M, is the number of modes in
the dimension d) can be decomposed into this basis using the Fast Fourier transform
(FFT), which is available for a wide range of platforms and programming languages,
and has the asymptotical complexity O (M log2 M) (where the total number of modes
M =TT M,).

While this basis is far from being natural for a harmonically confined BEC with nonlin-
ear interactions, its effectiveness overweighs all the disadvantages; plane wave modes

can be viewed as pixels for the mode space.

D.2. Harmonic oscillator basis

It often happens that, for a pseudo-1D BEC, the confinement in transverse dimensions

is strong enough to make the nonlinear interaction negligible. In these cases, it can
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be advantageous to use the harmonic oscillator basis for these dimensions despite its
computational drawbacks.
The harmonic basis consists of eigenfunctions of the kinetic and potential terms of a

Hamiltonian:

—5 Vi — S —— . ) Pn = Enn- (0:5)

The eigenfunctions are

D D 2
1—[ 1—[ 1 X X
= (d) = —H _d __d , _6
P d=1 s (Xa) i1 V2Man g/ " ( l; ) =P ( 215) (0.6)

where H,,  is the “physicists’ " Hermite polynomial of order 1,, and [; = h/(mw,) is

the characteristic length. The corresponding eigenvalues are

D

1
En:hgwn+—. D.
d:1 2 (Mg 2) (D.7)

Decomposition into this basis is less computationally effective than FFT in terms of
speed, memory, and even precision (due to extremely large range of weight coefficients
needed for the decomposition). There are even some restrictions on the function being

transformed. The next section describes the algorithm and these restrictions in detail.

D.3. Discrete harmonic transformation

The numerical algorithm for the decomposition of a function defined on a discrete grid
in the harmonic basis [133] is much less known than the FFT and has some unusual
properties, so it is worth describing in brief.

Given some function f (x), one can expand it into the harmonic oscillator basis as

= (C7fD, = [ fO)P5(x)dx, (D.8)

where we have used the terminology from Appendix B. The corresponding backward
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transformation is

FOO =CI @ =) (). (D.9)

neB

In general, when we do not know anything about f (x), and only have its value sampled
at some set of points, the value of the integral can be calculated only approximately.
However, we can obtain exact results for functions of a certain kind if we are allowed to
choose the sampling points.

The method is based on the Gauss-Hermite quadrature [134], which states that the

value of a Gaussian weighted integral can be approximated as a weighted sum:

N
foo g(x)e‘xzdx = Z w,g(r;) + E, (D.10)
- i=1

where N is the number of sample points. The weights w; are calculated as

2N-INt /7T

w; = N2(Hy_, ()2 (D.11)

and the sample points r; are the roots of the Hermite polynomial Hy;. The error term is

N!Jmr

— (2N)

Therefore if g (x) is a polynomial of order Q, one can eliminate the error term by choosing
N so that 2N > Q + 1, thus making the quadrature exact.

In practical applications, we are dealing with restricted bases. Without loss of generality,
we can consider a restricted basis to be consisting of the first several low-energy modes. If
the modes are actually sparse, it will only reduce the effectiveness of the method because
we can always assume that we are dealing with sequential modes up to the maximum

one and then drop all the superfluous components from the result.

D.3.1. One-dimensional case

Let us consider a one-dimensional case first, with a function ¥ (x) € Fy;, where |[M]| =
M. We want to find the population of the first M' modes for the decomposition of

f(x) = ¥°(x), where s is a natural number (note that, despite the original function ¥



D. BASIS SETS 159

having non-zero population only in a finite number of modes, ¥° may, in general, have

an infinite number of modes in its decomposition). This means that we need to calculate

a,, = [ ¥ (x)¢p, (x)dx. (p.13)

By definition of the mode functions (D.6),

2
Ei%», (0.14)

¥ (x) ¢y, (x) = P(x/1,) exp (— TP

where P(x) is a polynomial of order less than or equal to (M — 1)s + m. Since we want
to have the same set of sample points for any m € [0, M' — 1], we will consider the
worst case m = M' — 1, which makes the order of P(x) limited by (M — 1)s + M" — 1.
Changing variables in the integral to make it comply to the form (p.10) and applying the

quadrature, we get:

(s + 1)x?
wmsz(x/lx)eXp (—T)dx
2 2 2
=1, —S+1fP(y S+1)6ydy (D.15)

’ 2 ¥ , 2
== Plra—— |,
* s+1;wl (r’ s+1)

where the number of sampling points necessary to make the quadrature exact is determ-

ined by the order of P(x):
N> M-Ds+M (D.16)
2
Replacing P with ¥ and ¢ using (D.14):
’ 2 U ’ 2 ’ 2
=1 s | [ r. Lo —— 2
= (D.17)

N
= ¢, (F)f (%),
i=1
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where the modified sampling points are

(D.18)

and the modified weights are

- ’ 2 >
.= . _ ‘ D.1
W; = wl, S exp(ry). (D.19)

Since we usually need the population of all modes at once, it is more convenient to use

the matrix form of the discrete harmonic transformation (DHT):
a = G(f) = ®T diag(w)f = ®T(Wo f), (D.20)

where ®;,, = ¢,,(%;) is an N x M' matrix, W is an N-vector of elements @;, f is an
N-vector of elements f (¥;), and the symbol o stands for the Hadamard (element wise)

product. The corresponding backward transformation is then expressed as
f=Gl(a) = Du. (D.21)

There are a few catches in the practical implementation of this algorithm. First, there
can be significant round-off errors during the expansion for the large N due to the
exponential term in the expression for weights (p.19). Second, note that G (G(f)) # f
for s > 1, since during the expansion we are effectively discarding the higher-order
modes of ¥* and are thus losing some information. For s = 1 and M" > M though the
transformation is reversible.

Lastly, since the known order s is hard-coded into the algorithm, including the values
of the sampling points, one has to transform different orders of the known function
from FFy; separately. This is a usual case when the DHT is used to solve a nonlinear
Schrodinger equation in momentum space. For a concrete example, consider an equation

dy h? mw?x?

o — 2‘1/
lhdt 2mV +

Y+ oYY — iy PP (D.22)

If this equation is propagated in momentum space, the last two terms have to be trans-

formed using different transformations because the first one has the order s = 3, and the
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second one has the order s = 5:

d
ihd—? =E- &+ 9G,_5(G L )IG L (0)P) —ivG,_5(Gls (@) IG5 ()[Y).  (D.23)

D.3.2. Multi-dimensional case

The DHT can be easily generalized to operate in several dimensions. Basically, we need

to apply the 1D transformation for each dimension successively. If F;; = f (J?lm , J?]@ yees)

is a D-dimensional matrix of shape N; x N, X ... x N, consisting of samples of f taken

- 2
w0 = ooy 2 24

then for every dimension d we want to perform the transformation, we need to:

on the discrete grid

« perform the multidimensional transposition F' = T, _ ;[F], which changes the

shape of F to N; x N, x ... x Ny x ... x N (i.e., makes the d-th dimension major);

« calculate the dot product C' = (DT diag(W<d))F', where CIDE-Z? = (,bqu) (J?Z@) is

an N,; x M/, matrix, W is an N;-vector of weights

’ 2
o (d) @) p(d) (d)y2 D.2
w; w;" I o exp((r;")7), (D.25)

and F' is treated as a 2-dimensional matrix of shape N; x N, ... Ny ... Np;
« perform the backward transposition C = T ;[C'].

In a single expression, it is a composition of two transpositions and one dot product:
Gy = T1o,(@T diag(W D)) T, 4, (D.26)

with backward transformation
Gl =T, (DT, 4 (D.27)

These 1D transformations can be applied in an arbitrary order for all the required dimen-

sions.






APPENDIX E.

NUMERICAL METHODS

This Appendix outlines the approach to numerical simulations performed for this thesis.
While full texts of the programs used are too long to include verbatim in the text, the

main choices made will be described here.

E.1. Parallel calculations

The phase space methods described in this thesis are inherently parallel. Such algorithms
are suitable to run on modern graphical processing units (GPUs), as long as the data
being processed fits the video memory (which was our case). We chose nVidia’s CUDA
as the general purpose GPU (GPGPU) platform because of its maturity and the included
set of libraries with effective implementations of the FFT, random number generators,
and other useful algorithms. In practice, OpenCL could be used as well: at the moment it
is just as fast as CUDA on nVidia video cards, and has an additional benefit of supporting
AMD cards.

Furthermore, in order to speed up prototyping we did not use the CUDA language
itself (which is, essentially, a superset of C++), but Python bindings to it. Python is a
general-purpose dynamically typed language with a rich set of third-party libraries. It is
quite popular in the academic community owing to the excellent NumPy and SciPy pack-
ages [135], which provide an extensive toolset for numerical calculations. PyCUDA [136]
augments it with a convenient access to CUDA and its libraries, significantly reducing
the amount of boilerplate code and making metaprogramming possible. Of course, the

dynamical facilities of Python make it slower than C++, but this was negligible in our
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simulations since the majority of calculations was done on GPU, and the Python language
overhead was masked by their asynchronous execution.

The use of GPU hardware allowed us to reach a hundredfold speedup of calculations on
a single nVidia Tesla C2050 as compared to MatLab implementations. This was improved
even further by combining the results calculated on several video cards, such as we did

for the calculations in Section 9.2, where we used seven nVidia Tesla M209go.

E.2. XMDS

For cases where the raw speed of calculations was less important, and a custom GPGPU
program was not required, we used the XMDS package [137, 138]. XMDS is a code
generator for numerical simulation problems, written in Python. It creates and compiles
a C++ program that performs the integration, based on a brief XML description of the
simulation problem. The strength of XMDS lies in highly optimized integration algorithms
it uses (which is improved even more by on-demand compilation), and in its transparent
usage of multi-processor interface (MPI), which allows it to take advantage of multiple
cores of a CPU, or multiple nodes in a cluster. We used XMDS to integrate the SDEs in
Chapter 6.

E.3. Stochastic integration

The problem of integrating SDEs is well-studied; for some general information, one can
refer to a book by Kloeden and Platen [139], or to extensive reviews by Drummond and
Mortimer [140], and by Werner and Drummond [141].

Convergence properties of stochastic integration algorithms may depend on the equa-
tion being integrated, so we tested several widely used algorithms with our target system.
The first one is the semi-implicit central difference method (CD) [141], which is robust
and simple to implement. We tried it both in its general form, and in the interaction
picture (denoted CDIP in the figures below), which is commonly referred to as “split-step”.
Unfortunately, CD and CDIP have only second order convergence in time.

The methods from the Runge-Kutta family can be applied without changes to a set
of SDEs in the Stratonovich form [142, 143] and are able to achieve higher orders of

convergence for the deterministic part of the equations. It is even possible to employ
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variable-stepsize methods, which are strongly convergent, provided that stochastic differ-
entials on the subintervals are sampled correctly [143]. Since our target problems have
relatively uniform characteristic time over the whole range of interest, there was no
particular need in variable stepsize methods. We have implemented two fixed stepsize
RK methods: the RK4 interaction picture method (RK4IP) [144], and a low dissipation,
low dispersion and low storage RK46NL method [145], which both have fourth order
convergence in the drift part.

As Burrage et al correctly point out in their comment [146], the major drawback
of RK methods when applied to SDEs is that convergence for the stochastic part for
these methods is, in general, only of the first order. Nevertheless, when the evolution
is dominated by the deterministic part, as in our case, high order methods can still
demonstrate maximum achievable overall convergence for a certain range of time steps.
This means that while asymptotically CD and CDIP methods may perform better, a
satisfactory accuracy can be achieved with RK4IP and RK46NL using a much lower
number of time steps.

To test that we have applied the four methods described above to a typical simulation
problem from Chapter 7, the Ramsey interferometry sequence, with the parameters
described in Section 7.4. This includes nonlinear elastic interactions and three sources
of nonlinear losses (and corresponding noises in the stochastic part of SDEs). The test
consisted of integrating the equations used to plot Fig. 7.4 for a shorter time f, = 0.1s.

The convergence was estimated as the relative difference in a quantity of interest
between the reference results obtained with S time steps, and auxiliary results obtained
with §/2 time steps. We initialized the random number generator with the same seed for
all tests and sampled the noise for the auxiliary integration as two sequential noises, so
the total noise for two steps of the reference integration was exactly the same as the noise
for a single step of the auxiliary integration. This allowed us to test strong convergence
in addition to weak convergence (i.e., convergence of a quantity averaged over simulation
trajectories). In addition, we always started from the same noises in the initial state for
all tests, so all the tests which had the same number of steps used exactly the same noises.

The quantities used to estimate convergence are:

« The “full” error Ey = [¥°(t,) — ¥°/2(t,)ll, /II'¥° (¢,)]l,, where || ... ||, is the 2-norm,

and W5 (t) is the full solution vector at time ¢ for the total number of steps S,
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FIGURE E.1.: Convergence tests for classical CGPEs with (a) RK46NL, (b) RK4IP, (c) CD
and (d) CDIP integration algorithms. The plots show full errors Ey (solid
lines), errors for a second order correlation E, (dashed lines), and errors for
a fourth order correlation E, (dotted lines). Slopes corresponding to first,
second and fourth order convergence are given for reference (dash-dotted

grey lines).

consisting of solution vectors for all trajectories. This quantity was used to estimate

the strong convergence.

« The error in the total population E, = [N°(t,) — N%/2(t,)|/IN°(t,)|, where N =

(P19, + 91 9,) is a second order correlation. The total population N is averaged

over trajectories and therefore the behavior of its error corresponds to the weak

convergence.

« The error in the square of the z-component of the total spin operator E, = |Z°(t,) —

ZS/Z(te)I/IZS (t,)l, where Z = <§§) is a fourth order correlation (8.12).

To check the order of convergence in the deterministic part only, we executed our tests

for the classical CGPEs (7.7). The results are plotted in Fig. £.1, with dt, d#?> and d#* lines

given for reference. It is evident that RK4IP and RK46NL have fourth order convergence,

while CD and CDIP have only second order, as expected.

The tests for the Wigner representation SDEs (7.28), plotted in Fig. E.2, which include

stochastic terms, show a different picture. The RK algorithms behave as fourth order
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FIGURE E.2.: Convergence tests for the Wigner representation SDEs, 64 trajectories. The
meaning of the lines is the same as in Fig. E.1.

ones for larger time steps, and then deteriorate to the first order. On the other hand, the
CD algorithms show steady second order behavior for all time steps. This is in agreement
with the Burrage et al predictions.

While the CD algorithms clearly outperform the RK ones on the infinity, we do not
need much accuracy in the simulations from Chapter 7 and Chapter 8, as the errors in
the experimental results are quite large. It is enough to have 1073 — 10~ relative weak
convergence in the quantities of interest for integration times of the order of t = 1s,
which approximately corresponds to the range 10~* — 10~° in our tests (which were only
executed for 0.1s).

In order to compare the methods, we have plotted errors in the total population as a
function of time spent for integration in Fig. .3, with the target accuracy area marked
with the grey band. It is apparent that the RK methods achieve the target accuracy about
one order of magnitude faster than the CD methods. That is why for our simulations we
decided to pick one of the RK algorithms.

Since the problem is not stiff (notice that CD and CDIP show almost identical results
in Fig. .1 and Fig. .2), the RK4IP method does not have much advantage over RK46NL,

while the latter has a low-storage property, which means that in each substep of the RK
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FIGURE E.3.: Comparison of the weak error in total population E, for RK46NL (blue
solid line), RK4IP (red dashed line), CD (yellow dash-dotted line) and CDIP
(green dotted line). The errors are plotted against the time taken by the
corresponding integration algorithm to achieve them. The approximate
target range of errors is shown as the grey band.

propagation the result depends only on the output of the previous step. It is quite im-
portant in the GPGPU world, where one has to keep whole arrays of intermediate results
in video memory. Finally, the RK46NL algorithm was picked and used for simulations in
this thesis.

The number of time steps for each simulation in this thesis was chosen so that the
total error in plotted quantities was indistinguishable in the plots (quantitatively, this
corresponds to a relative error of at most 1073, estimated using auxiliary integration
with a halved number of time steps, as described above). Consequently, in the body of

the thesis the time convergence errors are omitted in figures for clarity.

E.4. Software developed for this thesis

In the process of writing this thesis we have created several libraries used by our sim-
ulation programs. While usefulness of these libraries may decrease with time quickly
(in case we choose not to maintain them), and many of the sources are not very well
documented, we still feel that it is necessary to reference them here.

The programs used to obtain and process the numerical results in this thesis can be
found in the Git repository github.com/Manticore/thesis, along with the sources of the

thesis itself. This includes both Python programs and several XMDS scripts used in


http://github.com/Manticore/thesis
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Chapter 6.

The processing code for the XMDS scripts was generated by a symbolic calculation
library github.com/Manticore/wigner, written in Haskell. This library is able to perform
the Wigner transformation of arbitrary operator expressions (including the ones with
field operators) and conversions between normally and symmetrically ordered operator
products. In addition to Chapter 6, it was used to test the theorems from Chapter 4 and
also in several other places in the thesis where ordering conversions of complex operator
expressions were needed.

To obtain the results in Chapter 7 and Chapter 8 we created github.com/Manticore/be-
clab, a framework in Python and CUDA for simulating the dynamics of trapped BECs.
The low-level part of this library later gave rise to github.com/Manticore/reikna, a code
generator for GPGPU algorithms written in Python, which can work both with CUDA
and OpenCL.


http://github.com/Manticore/wigner
http://github.com/Manticore/beclab
http://github.com/Manticore/beclab
http://github.com/Manticore/reikna
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