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14.1 Introduction

Wave-packet dynamics can be realised in various physical systems. For example, in cold
atom physics wave-packets can be used to model the motion of matter waves [I] or model
electron packets in the dynamics of Rydberg atoms [2]. In quantum chemistry wave-
packets are used to model chemical processes [3, [4]. When modelling physical systems it
is very useful to look for analytic solutions as these can provide significant insight into the
behaviour of the system and allow for general predictions to be made. However, there are
many cases in which it becomes impossible to find a general analytic solution. In these
scenarios numerical methods can be applied to model systems through solving differential
equations numerically. Early analysis of systems with time-dependent potentials includes
charged particles in electromagnetic fields [5] and 2D wave-packets in magnetic fields [6].
In this Chapter we present a procedure to analytically propagate non-Gaussian wave-
packets in two dimensions. This builds upon the semi-classical dynamics of Heller [7],
essentially a Gaussian wave-packet propagation, and the theory of “extended wave-packet
propagation” originally formulated for one-dimension [8]. A series of transformations of
the Schrédinger equation, including rotation in 2D, are used to derive the time evolution in
a local basis. Of course, two dimensional quantum systems allow the inclusion of angular
momentum which can be divided into both internal and external angular momentum and
a study has been made for the special case of Gaussian wave packets in Ref. [9] with a
general formalism presented in Ref. [10].
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As a concrete example we will focus on matter-wave wave-packets and approximations
to their dynamics. One such semi-classical method is an approach given by Heller [7].
The details of this method will be outlined in subsection but in short, it uses a
Gaussian wave-packet ansatz to generate a system of ordinary differential equations that
can be solved to provide the time evolution. This solution will be an approximate one due
to making a second order approximation of the potential. However, a method exists to
systematically add corrections to the approximate solution. This is known as “Extended
Gaussian Wave-Packet Dynamics” [8] and works by isolating the time evolution that
comes from the higher order terms in the potential the Heller approach neglects. This
additional time evolution is added back into the solution by solving additional differential
equations. This allows for non-Gaussian wave-packets to be propagated, to a certain level
of accuracy, in the same way as the normal Gaussian Heller wave-packets.

The benefit of the Heller method is that the time evolution of a wave-packet can
be found through the solving of a system of first order differential equations. This is
usually less computationally intensive than direct solving algorithms such as the split-
step Fourier method [I1] which requires position space to be discretised. This becomes
ever more computationally intensive as more dimensions are added to the system being
studied. Therefore, the Heller method offers a more efficient alternative.

When using the Heller method in one dimension corrections can be added to the
approximate solution using the extended Gaussian wave-packet approach [§]. However,
no such method existed for more dimensions, and thus the Heller method can provide
inaccurate solutions in such cases. As an example we will consider the Heller method
being applied to a wave-packet propagating in a two-dimensional ring trap. A harmonic
ring trap in two dimensions will have a confining potential

V(r) = %mwz(r —10)?, (14.1)
where w is the angular frequency of the trap and rg is the radius of the ring. This potential
is then used to propagate a Heller wave-packet, the details of which being given in section
A comparison between the Heller method and the split-step method is displayed
in figure [[4.1] where we find that the final positions and velocities are the same for both
wave-packets indicating that the centre of mass motion is being appropriately accounted
for by the Heller method. As expected the wave-packets in both methods have spread in
space as the time evolution is carried out, however, there are distinct differences between
the way in which they have spread. In the split-step method the wave-packet has spread
around the ring itself, whereas the spreading in the Heller method is tangential to the
ring. This discrepancy is a result of using the Heller wave-packet ansatz where there can
be no curvature in the wave-packet. This lack of curvature is the feature that can be
corrected by furthering the extended Gaussian wave-packet method allowing it to work in
higher dimensions. Thus, in the following we will detail how the the method is extended
to two dimensions.

In the next Section [14.2] we will first outline the Heller approach in one and two
dimensions (sections [14.2.1] and [14.2.2] respectively). This introduces the basic method
before introducing the extended Gaussian wave-packet approach in section This
approach will provide corrections in one dimension, which will guide the calculations
in the rest of the study. Section [14.3] covers the series of transformations that need to
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Heller
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Figure 14.1: The position of a wave-packet is shown after it has made a complete rotation
around the ring system and then evolved further in time. The position is compared using two
numerical methods: the split-step numerical method [II] and the Heller method (Sec. [14.2.2).
The parameters for this simulation in scaled units (described in are: m = 1, h = 1,
Tyim = 250, Az = Ay = 0.5, ro = 125, w = 0.01, vy, (0) = 1, vy = 180, t; = 200w and At = /4.
The central position of the wave-packets can be seen to be the same but the way that they spread
in space is distinctly different. In the split-step method there is a curving of the wave-packet
around the ring that is not present in the Heller method.

be made to the Schrodinger equation in order to preform the extended Gaussian wave-
packet propagation in two dimensions. The sections[I4.3.1{I4:3.5 will each cover a specific
transformation that is made, examining its application and resulting equation. Section
[[4.3.7] deals with the selection of the centre of mass frame while section [[4.3.2] covers a
change of phase of the system. The addition of a second dimension introduces a new “xy”
term which needs to be removed via a rotation transformation which we perform in two
steps. In the first step, Section we apply a first rotation to the principal axes of
the local potential. This rotation produces an angular momentum term which is removed
by the fuller transformation in the following section [[4.3:4] Finally, the section [I4.3.5]
introduces the squeezing transformation that is applied in both the x and y direction
to isolate the time evolution that comes from the residual potential. This results in the
correct transformations being found to propagate a non-Gaussian wave-packet in two
dimensions. The Chapter concludes in Sec. and with the two appendices and
[[4.6] which provide information on the scaling system used and details of the angular
momentum calculation for the Heller semi-classical wave-packet.
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14.2 Modelling Wave-Packet Dynamics
14.2.1 Heller Method in 1D

To demonstrate the use of Heller-wave packet dynamics in simulating the motion of mat-
ter waves we will first look at how the method works in one dimension. The general
principle of the method is to assume a Gaussian wave-packet ansatz that is dependent
on parameters that describe the key properties of the wave-packet, such as the centre of
mass. This ansatz can then be substituted into the Schrodinger equation to find differen-
tial equations describing the time evolution of these parameters. Then by solving these
differential equations the motion of the wave-packet is known. The specific Gaussian
wave-packet ansatz used is given by

0(o) = oxp { flaule — 20 + ple — 20 + ]| (142)

where a(t) = o4 is a complex parameter describing the spreading, z; is the central po-
sition of the wave-packet, p; the central momentum and v, a complex phase factor that
contains the normalisation. Note that the width of the wave-packet is contained within
the imaginary part of «(t).

The wave-packet ansatz can be substituted into the Schrédinger equation and
coefficients matched, in order to determine the differential equations that describe the
time evolution of the parameters x,p;, o and 7,. In order to match coefficients and
derive first order differential equations an approximation to the potential needs to be
made. This is carried out by Taylor expanding the potential and then neglecting terms
higher than second order in z. With this approximation to the potential made, the
approzimate 1D Hamiltonian will be given by

h 0? ov 10%V

H(x,t):—%@—&—V(xt)—i—%(x—xt)—i—iw(aﬁ—xt)z, (14.3)
where the Taylor expansion has been carried out about a point x = x; i.e. the centre
of the wave-packet. The derivatives of the potential are taken at this point x = x; but
this has not been explicitly stated in the above expression for simplicity. Substituting
the ansatz and Hamiltonian into the Schrodinger equation allows for the
derivation of a system of differential equations governing the motion of the wave-packets.
This is carried out by comparing coefficients of (x — x;) and isolating parameters xy, ps, o
and ~, giving the differential equations [7]:

dl‘t 5H(:rt, t)

=, (14.4)
% _ _%7 (14.5)
DBt BV, (147

The first two equations (14.4] [14.5)) are the standard classical Hamiltonian equations of
motion [I2], indicating these classical trajectories accurately describe the centre of mass
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motion of the wave-packet. Another interesting point is that the spreading of the wave-
packet is only affected by terms in the potential of second order, therefore any linear or
zeroth order potentials will only change the phase and motion of the wave-packet. There
are two parts to the differential equation governing the time evolution of ~, , the
first is the correction to the normalisation that comes from the spreading of the wave-
packet while the second can be recognised to be the Lagrangian. Thus, the phase factor
will be dependent on the action along the trajectory as is expected from the path integral
approach [13].

The above equations ((14.4H14.7) can be solved for a given Hamiltonian and the so-
lutions substituted into the wave-packet ansatz (|14.2) to find the time evolution of the
wave-packet. In some systems this can be carried out analytically, however, in the case

where this is not possible numerical methods can be used to find the solutions instead
[14].

14.2.2 Heller Method in 2D

The Heller approach can be extended to higher dimensions by following the same general
steps but applied to each orthogonal direction involved [7]. First, the Hamiltonian will
be expanded around a time-dependent point (x4, ;) and terms higher than second order
are again neglected

h 8? h 02 0% 2%
H - _ — — — —
(‘T7y?t) om 81’2 + om ayg + V(xtaytvt) + (:E :L't) ox + (y yt) ay

1 LV 1 o2V oV

p— J— [ — — 27 J— — [

As a reminder, the derivatives of the potential are evaluated at the time-dependent point
(x =24,y = y¢) in Eq. . The presence of this zy term will change the wave-packet
ansatz since in addition to spreading in the z and y directions an xy term is needed to
fully capture the dynamics. Then the new two dimensional wave-packet ansatz is

Y(z,y,t) = exp {;[%(x —a1)” + ay(y —y)® + Mz — z) (Y — ve)

+ po(® — ) +py(y—yt)+%]}~ (14.9)

The parameters (x, ;) give the central position of the wave-packet, (ps, p,) give the cen-
tre of momentum, (a, vy) give the spreading in the directions indicated by the subscript,
A+ is a new complex parameter governing the spreading in the zy direction and v, is still
a phase factor.

As with the one dimensional calculation, the wave-packet ansatz ((14.9) and the approx-
imate potential (14.8)) are substituted into the Schrédinger equation to produce differential
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equations for the parameters (x¢, yi, Da, Py, Oy Qyy At, Ve ):

d(Et 8H((Et, Yt t)

- il (14.10)
% _ W’ (14.11)
C%c _ _%x,tyut)y (14.12)
% _ _W’ (14.13)
% = —2% (0 + ) — %, (14.14)
2
5 2
%:_% 3_%%_2%, (14.16)
% :i%aeri%aer%Jr 55’1 — V(@ ye,t). (14.17)

This system of ordinary differential equations can be solved for a specific Hamiltonian and
the solutions substituted into the wave-packet ansatz (14.9) to find the time evolution of
the wave-function.

14.2.3 Extended Gaussian Wave-Packets

Unlike the physical wave-packets, when a Heller wave-packet propagates in the example
ring trap its shape does not change as was shown in figure The origin of this is
understood to be the approximation made to the potential as part of the derivation
of the Heller equations. Since the approximated potential discards any terms higher than
second order it allows for the Heller equations to be derived such that the solutions satisfy
the initial Gaussian ansatz . While this approximation allows for the method to
work, it limits the shape of the wave-packet to be exactly a Gaussian shape since any
changes to this shape would come from the higher order terms.

The limitation to the shape of the wave-packet has been observed and mitigated in
one dimensional problems with the use of “extended Gaussian wave-packet dynamics”
[8]. This general method takes the Heller approach as a basis and systematically adds in
the effects of the higher order terms. This is carried out by first isolating the evolution of
the wave-packet that comes solely from the higher order terms by repeatedly transforming
the Schrédinger equation. The final form of this will be (in units where =1 and m =1
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here on)

M52
% = |5 +V@)| v,
:A2 2
= B +V(0)+ Iagg(cO) + x2%aa‘;(20) + } V(. 1),
Y (x,t)  [1 2393V (0 1 94V (0 )

where 1)’ (x,t) is the wave-function that has had a series of transformations applied to it
and Vg(z) is the residual potential containing the terms the Heller approach neglects. In
this one dimensional case these transformations are: a displacement, a change of phase and
a time dependent squeezing operation. Through these transformations a non-Gaussian
wave-packet can be propagated in the same way as the Heller wave-packets. In practice
this is achieved by going to the Fock basis and finding matrix elements of Vz. This method
works since these matrix elements determine the time evolution of the higher energy |n)
states which are neglected by the Heller approach. The result of this is that the higher
energy states can be accounted for through additional differential equations that can be
solved in parallel with the Heller equations. To find the propagation of N additional
states it requires solving 6+ 2N linear first order differential equations [§]. In practice the
number of additional states chosen determines the accuracy of the numerical simulations,
with more states giving a more accurate result subject to diminishing returns.

Generalising this approach to two dimensions will allow for the deformation in shape
seen in figure[T4.1] to be accounted for numerically by solving a finite number of differential
equations. This will save time on making intensive computations using direct solvers.
The approach for generalising to two dimensions can be used as part of future work to
generalise further, describing the motion of three dimensional wave-packets.

14.3 Transformations

Now that the general approach for using extended Gaussian wave-packets has been out-
lined in 1D, it can be used as a basis for the two dimensional version. In a similar way
we will isolate the residual potential by continually transforming the Schrédinger equa-
tion to remove harmonic terms. This will closely follow the one dimensional version but
repeating the steps in both the z and y direction. There will be one new cross-term that
depends on zy which can be removed by making the correct rotation.

To start the calculation we first need the Schrodinger equation that describes the
time evolution of a two dimensional wave function. This Schrédinger equation will be
put into a form where the potential is expanded similarly to equations (14.18)). The two
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dimensional Schrédinger equation in this form can be expressed as

OV(z,y,t) [P D A A
i = Sty T @)Vt (G- u)Vy
~ T A V
+ (@ @) (- w)
(&= 2) (G~ y)Vay + Va(@,9)| e,y 0),  (14.19)

where the subscript of the potentials indicate the derivatives taken, with each being
evaluated at the point z = x;, ¥y = y;. The residual potential Vr contains all the higher
order terms similar to the one defined in the one dimensional version . If the
residual potential is removed then we obtain the Schrodinger equation used by Heller
for the propagation of wave-packets Therefore, removing all the harmonic terms isolates
only the effects from terms the Heller approach neglects. These terms are removed by
transforming the wave-function and Hamiltonian with the appropriate operators. The
following calculation will go through each transformation of the Schriodinger equation
systematically until all the terms other than Vg (Z, §) have been removed. Doing this will
allow for wave-packets of a non Gaussian shape to be propagated.

14.3.1 Displacement

Following the same approach as the one dimensional problem, the first transformation
that will be made is a displacement of the wave-function to bring it into the centre of
mass frame i.e. centred around x¢, ¥+, pz, py. The goal of this transformation is to remove
any terms in the Hamiltonian that depend linearly on %,3,p,,p,. This displacement
transformation is made in a single spatial direction by the displacement operator given
by [15]

D(w¢,ps) = expli(pad — z4P2)], (14.20)

with its inverse transformation being

DYz, pe) = D(—mt, —Pz). (14.21)

This operator displaces a general function U(&,p) as

D Y4, po)U(2,p)D(24,ps) = U(& + 24, D + D). (14.22)

This operator can be applied to the wave-function to shift the co-ordinate system to the
centre of mass so that the origin becomes zy = x4, vy = v in position space and similarly
in momentum space. The relation of this new displaced wave-function 1 ,(x,y,t) to the
initial wave-function is

ba(@,y,t) = Dy (e, p0) Dy (e, 0y) (@, ., t). (14.23)

This relation can be utilized in the Schrodinger equation to find the time evo-
lution of ¢,4(z,y,t). This is carried out by multiplying the equation from the left by
D~ (x4, p2) D~ (ys,py) after the substitution has been made. Doing so isolates a term
with the time derivative of the displaced wave-function
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0 ¢ e +pe)? (D 2
oo t) _Getpa) | Bodn)S gy gy gy,
ot 2 2
A VII A V A A A A
+ 2+ P+ i Vay + Va(E + 30,5+ )

—iD; ! (aézf”) —iD,* (agyﬂ Vy(z,y,t). (14.24)

This transformation has displaced the wave-function and operators but it has also gen-
erated two terms that are dependent on the derivatives of the displacement operator.
The derivatives can be taken and simplified by substituting in the classical Hamiltonian
equations of motion [12]:

A D (¢, s A A o, . .
—iD ™ (24, ps) 9D(w:,pa) = —iD ™ (24, p2) D (24, p2) = (ip2d — i24P2),
ot ot
_ a0
ot ot P
= *Vrj 7pmf’m~ (1425)

Substituting in this result, as well as the corresponding one for the y direction, into
equation ((14.24]) removes all the linear terms from the Hamiltonian

Oy, y,1) p2 vy P2 D
At A Ry /4 Pe 7Y 4 Pz 7Y
T ot oty Ty T T
2 Var | oV | o N N

2 2

With this transformation being made, the form of the Schrédinger equation is brought
closer to one in which the only remaining term in the Hamiltonian is the residual potential.
This general process of transforming the wave-function and the Hamiltonian to remove
terms will be repeated throughout the following calculation.

14.3.2 Change of Phase

The next terms we remove from equation ((14.26)) are the zeroth order terms. This can be
achieved by multiplying the wave-function by a time dependent phase factor. The new
wave-function 9, (x,y,t) is related to the old wave-function (14.23) by

'(/}dp(xvy’t) = exp[i(b(t)]wd(a:,y,t), (1427)

where the phase ¢(t) in the above expression is given by

ﬂb(t):/o |:‘/0(-rt’ayt’>+pm(2t/)2+py(2t/)2 dt'. (14.28)
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The terms in this integral have been chosen to be exactly the zeroth order terms that we
wish to remove by making this transformation. When the above expression is substituted
into the Schréodinger equation it will cancel the non-operator terms

.awdp(xvyvt) -ﬁi 15;2/ pi ng/ 2 Ve | oV
T P R R R R A e
L Do (t
+VR(x +xtay+yt) - % wdp(xay7t)a
2 5 LV, v,
= |5+ S P 8 Vey + V(S + 2§+ 0 | Cap(2,0,8).

(14.29)

Thus, the zeroth order terms have been removed. The next set of transformations will
deal with removing the second order terms from the Schrodinger equation.

14.3.3 Principal Axes Rotation

In the one dimensional extended Gaussian wave-packet approach the second order terms
are removed from the Hamiltonian via a time dependent squeezing operator. However,
there is a distinct difference in the Schrodinger equation namely, there is the
presence of an zy term. If this term were to be removed then the rest of the calculation
will closely resemble that of the one dimensional problem but repeated twice for both the
z and y directions.

The zy term in the transformed Schrédinger equation can be removed by a
principal axis rotation. This will create new coefficients for the z? and y? terms but
remove the xy term completely. If we rotate the co-ordinates by an angle 6 then the new
co-ordinates (z’,y’) can be expressed in terms of the old co-ordinates (x,y) as [16]

x’' = x cos(0) + ysin(h), (14.30)
y' = ycos() — xsin(0). (14.31)
Next we will examine how these transformed co-ordinates affect the potential V' (z,y) =
22V +y?Vyy +2yVyy, since this potential resembles the terms in equation (14.29). In full
these coefficients V., Vy, and V,, are going to be time dependent due to being evaluated
at a point (z¢,y;). The result of this time dependence is that the rotation angle will

also be time dependent. The potential can be rotated and expressed in terms of the old
co-ordinate system by substituting the relations (14.30} |14.31)) and collecting like terms:

V(z',y') = [zcos(d) + ysin(é))]QVm + [y cos(0) — xsin(0)] 2Vyy
+ [z cos(8) + ysin(8)] [y cos(0) — z sin(6)] Vyy,

= { Vi cos®(0) — Vyy cos(6) sin(0) + V,, sin®(0) } 2
+ {Vyy cos?(0) + Vi cos(8) sin(6) + Vi sin®(0) }y?
+ {Vay [cos?(0) — sin®(0)] + 2 [V — Vyy] sin(8) cos(0) } zy.
(14.32)
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The xy term can be eliminated by the correct choice of rotation angle 6 such that the
two terms in the last line of the above expression cancel. To find the expression for this
angle we set a condition that the terms inside the bracket on the last line sum to zero i.e.

2 [Vyy — Vil sin(6) cos(0) =V, [cos2(0) — sin2(0)] , (14.33)
2 [Viyy — Vaz] tan(0) = Vg, [1 — tan?(0)] (14.34)
where the expression has been simplified by diving both sides by cos?(f). The angle

can be found by rearranging the above expression and using a double angle formula for
tan(26)

1 V:r (-Tt7yt> )
0(x¢,y:) = = arctan L . 14.35
(@0, 92) 2 <[Vyy(xt7yt) — Vau (e, yt)] ( )

This angle of rotation will be dependent on time via the parameters x; and y;. When it
is substituted into the potential (14.32)) it can be rewritten as

V(') = Vipa® + V0, (14.36)

where the new coefficients are given by the quantities
V.. = Vir cos?(0) — Vg, cos(0) sin(6) + V,, sin?(6), (14.37)
Vy/y = Viy COS2(9) + Viy cos(0) sin(0) + Vi s1n2(6). (14.38)

Thus, the result of the rotation is that the zy term has been removed from the local
potential.

To carry out this co-ordinate rotation for the whole system, not just the potential, the
correct operator will be needed. This rotation operator is defined by [15]

Ur() = exp(—i0L.) = exp[—if(ip, — Jp.)]- (14.39)

This can be used to rotate the co-ordinate system by applying the transformation to the
operators Z, §, p, and p,. By rotating through an angle 6 the desired transformations of
the operators are achieved:

)
B, = Ur(0)p,Ur(—0) = cos(0)p, — sin(0)ps,

where the results are calculated with the application of the Baker-Hausdorff lemma [17].
These transformations match the previous coordinate transformations in equations (1
m 114.31]) demonstrating that the rotation operator serves the desired function. Note that
the above transformations can be used to show that the angular momentum operator L.

is the same regardless of the angle of rotation chosen:

Ur(0)L.Ur(—0) = (cos(8)a + sin(8)§) (cos(9) — sin(6)p.)
— (cos(@)gj — sin(@):ﬁ) (cos(@)]ﬁx + sin(@);ﬁy)7
= TPy — YPa- (14.44)
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Thus, the operator will be the same in any new co-ordinate system z’,y’.

As with the previous calculations, the wave-function will need to be trans-
formed alongside the transformation of the Hamiltonian. This is again achieved by the
appropriate application of the inverse rotation operator so that

wdpr(x? Y, t) = Ulgl <_9(t))wdp(xa Y, t) = UR (e(t))'(/)dp(x’ Y, t)' (1445)

The use of the the inverse rotation operator in this transformation is such that when the
Hamiltonian is multiplied from the left by Ug(6(x,y:)) the coordinates will be trans-

formed according to equations (14.40H14.43)). Substituting the new wave-function ((14.45))
14.29

into the Schrodinger equation (14.29)), it is transformed as

2o V0 ) O (=0(8)) gy 3, )

ot
- OUR(—6(t)
- ZUR(H(t)) (at) wdpr('r7 Y, t)a (1446)
where the Hamiltonian H is given by
2 ~ sz ~ V A A ~ ~
H—%+%+ 2 -5 +y2%+:cnyy+VR(9:+xt,y+yt). (14.47)

Since we want to know how the final term in (14.46)) changes the Hamiltonian we will
need to evaluate it. Computing the derivative and multiplying by the rotation operator
gives

Using this result and gathering terms in equation ([14.46) produces a new Schrédinger
equation where the rotation has been carried out

81/}(1;) ﬁQ ﬁ2 VI V/

; r )= |22 4 Y 4 g2 32 4 52 VY

=g @yt = |5 AP
89(3%,%)

+Vr(& 4+ 20,9 +ye) — (&Py — UPx) | Yapr (T, y,t). (14.49)

ot

The coefficients V;, and V), are given by the same expressions as the ones derived for
a simple co- ordlnate transformatlon of the potential ((14.37] m 14.38)). However, a rotation
term depending on L. has been introduced which prevents a local separatlon of variables.
In the next section, a full rotation is used to eliminate this angular momentum term.

14.3.4 Full Rotation

It has been shown in the previous section [14.3.3] that it is necessary to rotate the system
not to where the zy term in the potential is zero but to a coordinate system where the
zy term balances the new angular momentum term ([14.48[). To find what this other
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co-ordinate system is, we examine the full form of the transformed Schréodinger equation
(14.46)) substituting in the result from equation ((14.48)):

0 2 P2

i ﬁipr (z,y,t) = {p; + % + &% [Viy cos®(0) — Vg cos(0) sin() + Vi, |
+ 7 [Vyy cos®(0) + Viy cos(6) sin(0) + Vi, sin®(6)]
+ & [Vay (cos®(0) — sin2(9)) + 2 (Ve — Vyy) sin(6) cos(6)]
_ 96(xt, yt)

) (a5, 1) + Ve + 1,0+ 1) e 00). (1450

In order to gather like terms we can act on the wave-function with the angular momentum
operator as given in by equation ({14.95]
(aAijy - gpAz) d}dpr(xa Y, t) = (2(ay - aw)xy + )‘372 + )‘yQ)wdpr(xv Y, t)7 (1451)

where the parameters o, a, and A are the usual Heller parameters defined as part of
the wave-packet ansatz (14.9). Thus, we can substitute this expression into the rotated
Schrodinger equation QQ_%ﬁD and gather terms by acting on the wave-function with the
Z and ¢ operators

iawdpr(zv Y, t)

]32 132 a0
=tz Yy g2 [Vm c0s?(6) — Vi cos(6) sin(0) + V,, sin?(0) )\]

ot 2 "2 T
2 2 . ) 89
+y° | Vyy cos?(0) + Viy cos(0) sin(f) + Vi sin”(0) — a)\
2 .2 . 00
+ a2y | Vay(cos*(0) —sin“(0)) + 2(Vye — Vyy) sin(8) cos(6) — 2&(0@ —ay)
+VR(‘%I+$t7gl+yt)}wdpr(‘r7y7t)u (1452)

where the time dependence of 6 has not been explicitly stated for convenience. The zy
term in the above expression will be eliminated by setting the condition that the coefficient
is zero. Doing so gives a differential equation for the rotation angle

00) sy (Ve [os(00) — s 00)] 2 Ve V010 cos(6))
(14.53)

This angle 6 can be computed, along with its derivative, as part of the extended Gaussian
wave-packet method. This will add additional differential equations that need to be solved
as part of the method. This differential equation allows the Schrodinger equation ((14.52))
to be expressed as
0y D . .

5 @yt = |5+ + BV + 92V, + VRE + 20,0 + 1) | Yape (@, 9,1),

i

(14.54)
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where the coefficients V;, and V), are given by

Viy = Vg cos®(0(t)) — Viy cos(6(2)) sin(6(t)) + V,, sin® (0(¢)) — %(:))\, (14.55)
Vi, = Vyycos® (0(t)) + Viy cos(6(t)) sin(0(t)) + Vag sin®(0(t)) — ag—f)x (14.56)

Thus, we have transformed the Schrédinger equation into a frame where the rotation of
the potential is exactly balanced by the angular momentum of the wave-packet. The zy
term has been completely eliminated bringing the whole expression closer to one in which
the residual potential is isolated.

14.3.5 Squeezing

Now that the coordinates have been rotated to a frame that eliminates any xy terms the
system becomes a two dimensional harmonic oscillator with varying frequencies given by
the coefficients V, and V. Due to the rotation, these two axes are completely orthogonal
allowing for each axis to be treated independently. This means that the calculation can
closely resemble that of the one dimensional treatment [8]. The way the second order
terms are removed in the one dimensional problem is by applying a time dependent
squeezing operation therefore, in the two dimensional system we will apply a different
time dependent squeezing to each axis simultaneously.

Time Dependent Two Dimensional Harmonic Oscillator and its Ground State

In order to calculate explicitly what the squeezing operation should be, we will first
examine the two dimensional harmonic oscillator system in more detail. This will allow
for notation to be introduced as well as to link the ground state of this system with the two
dimensional Heller wave-packet ansatz. The Schrédinger equation for a two dimensional
harmonic oscillator with time varying spring constants is given by

~9 n2

To find the “ground state” of this system we will follow the general process outlined in Ref.
[18] but applied to two dimensions. The approach is to define a time dependent form of
the creation and annihilation operator using constants of motion. Then the annihilation
operator can be used to find the “ground state” for the system. This “ground state” will
not be stationary since it will depend on time due to the explicit time dependence of
the Hamiltonian. Since the state is not stationary it cannot be considered a true ground
state. Since the new creation and annihilation operators are constants of motion, they
can be applied in the two orthogonal directions simultaneously in much the same way as
for a time independent harmonic oscillator. The time dependent annihilation operators
will be defined for each direction as

Ay(t) = 7 o (B)ps — e (8)3] (14.58)

Ay(t) = /2 ey (1)Dy — &()3], (14.59)
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where the € functions are solutions to the classical differential equations

€x(t) = —kz(t)eg(t), (14.60)
€y(t) = —ky(t)e, (2). (14.61)
Here the dot notation is being used to specify a time derivative of the quantity e.g.
€x(t) = Oez(t)/0t. The €,4(t), €,(t) solutions will guarantee that the operators A, (t),
fly(t) are constants of motion. This can be demonstrated by taking the time derivative

of the operators and seeing that this time derivative is zero. This will be shown first for
the A, (¢t) operator using the Hamiltonian given in equation (14.57))

L [, Auo)] + 22,
éz (t) kw (t)ew <t) :

2 [ﬁiaj] - W [i'zzﬁz] + ﬁew(t)ﬁm - ﬁéw@)i‘a

i
= ——(kz()ex(t) +€x(1))2. 14.62
s (ba)ect) + (1) (1462
Thus, with the application of equation ([14.60) it can be seen that the time derivative of
the A, (t) operator is zero and therefore, is a constant of motion. A similar calculation
can be carried out to prove the same thing for A, (t).

We will now demonstrate that with an appropriate choice of initial conditions the
operators A, (t) and A,(t) will obey the familiar creation and annihilator operator com-
mutation relations. Furthermore, this commutation relation will be time independent and
thus, a “ground state” of the Hamiltonian can be defined [I8]. The initial conditions for
€x(t), €,(t), are set such that

. . A I
€(0) =1, é:(0) =1, = A,(0) = 7 [ + ips],
. . A |
€, (0) =1, €,(0) =1, = A,(0) = —=[§+ip,] - (14.63)
V2
The form of /1]-(0), for j = {x,y}, is the same as the normal annihilation operator for a
time-independent harmonic oscillator. The commutation relation for A;(t) is

[A; (1), AT(1)] = 1, (14.64)

and it is zero for [A,(t), /Al;fl(t)] These results are found by applying the definition of the
operators @D, then at time ¢t = 0 the initial conditions give the above
result that the commutation relation is one. It can then be shown by taking the derivative
that the commutator does not change in time thus, it will always have a value of one.

Now that the properties of the operators A, (t) and A, (t) have been understood, they
can be applied to find a ground state wave-function for the time dependent harmonic
oscillator. Since the annihilation and creation operators in each direction commute with
one another and the commutator is time independent, it is possible to define
number states |14, ny,t) similar to those of the time independent harmonic oscillator [18].
The “ground state” will be defined by the relation

A, (t)A,(t)]0,0,t) = 0. (14.65)
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Since A, (t) and A,(t) commute they will act on |n,) and |n,) independently leading to
two differential equations in the position space representation

—1 |, d .
7% [zem(t)dx + ex(t)x] Polz,t) =0, (14.66)
—i [ d .
s i+ aon] vt o, (14.67

where the “ground state” wave-function v (xz,y,t) is separated as ¥ (z,y,t) =
Yoz, t)y(y,t). The solution to these differential equations gives the “ground state”

o lia) i,
Vo) ey () p(zem 3 <t>y>' (14.68)

7lex (t €y

The above expression is the full position space representation of the ground state wave-
function for the two dimensional time dependent harmonic oscillator. This has the form of
a two dimensional Gaussian wave-packet and can be connected to the Heller wave-packet
by performing the inverse transformations of 1, as detailed by equation :

(@, 9,t) = Dy(Ys, Yo) D (4, ) e DU (—0(2)) 0 (2,9, 1),

= exp {; El cos?(0) + Z—y sinz(G)} (x —24)? +ipa(z — x1)
L €2 y

g |2 eo)+ st 0)] (- 0+ iy - )

€y €x
ey , L
i |2 = S cos() sin(6) ( — )y — i) — 0+ 2 In (wlealley ) ¢
L~Y x

(14.69)

where the explicit time dependencies of the parameters €, €y, 0, x¢, pz, Yt, py and ¢ have
not been explicitly stated for simplicity.

A direct comparison between the above expression and the regular form of the two
dimensional Heller wave-packet can be made. Coefficients can be compared to see
that the two wave-functions have the same form with the Heller parameters being given
by:

an(t) = % [Zi cos(0) + Zsin%&)} , (14.70)
oy (t) = % [Z cos®(6) + ZsinQ(H)} , (14.71)
A(t) = Kz - E} cos(6) sin(6), (14.72)
A1) = ~6 -+ 5 Inleslley | (14.73)

Therefore, we have found that the “ground state” of the two dimensional harmonic oscil-
lator with time dependent spring constants corresponds directly to a Heller wave-packet.
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Applying the Squeezing Transformation

Now that the time dependent harmonic oscillator system has been studied we will examine
how to remove all quadratic terms from the Hamiltonian. Doing so will completely isolate
the residual potential and allow for its effects on the wave-packet propagation to be
studied. The quadratic terms can be removed by using a time dependent squeezing
operation. This has been achieved in one dimension [8] and can be applied to this two
dimensional system by treating the x and y direction independently.

The transformation of the wave-function will be preformed in the j = {x, y} direction
by a squeezing operator Us;(t). The explicit form of Us;(t) will be derived later but for
now we will assume, and later prove, that it will only act on functions and operators in
the same j direction. This squeezing operator will transform the wave-function given in

equation (|14.45)) as
¢dprs (:E7 Y, t) = U:yl (t)U:a:l (t)d)dpr(xa Y, t) (1474)
This new wave-function can then be substituted into the Schrodinger equation (14.54) to

give

Z-aq/}dprs (,ZE, Y, t)
ot

U <p2x + 932‘%) Usa(t) — iU (2) <8ng(t)>

+Ug' () <p2y + szy’y) Urslt) = iU/ ®) (w‘;m)

+U (UL (OVR(E + 26,9+ y2) sy(t)Usw(t)] Vaprs (7,9, 7).
(14.75)

Thus, we can directly see that the quadratic terms will be removed if the squeezing
transformations obey the relations

ity (ngﬂ =030 (B +atv) 0o (14.76)
iU, (1) <8U§i(ﬂ> =U,\(1) (2?2’2’ + yQVy’y> Usy (t). (14.77)

Since each of these expressions are the same as in the one dimensional version of this
calculation the same squeezing operator can be applied. The only difference is that the
ladder operators a,a’ and €(t) will need to be substituted for the ones appropriate to
the direction in which the squeezing is applied. Thus, for a complex parameter £(t) =
r(t)eX(") the squeezing transformation in the j direction is [§]

Us(t) = §(&(1) explif;0,(1)], (14.78)

where N; is the number operator in the j direction, ©; a complex phase factor and S (&(1))
is the squeezing operator [19]

a7l . (14.79)
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The operators a; and &; are the conventional ladder operators as opposed to the time
dependent ones that have been discussed in the previous section. For this squeezing trans-
formation to satisfy equations (14.76} [[4.77) £(¢) will need to be specified. This is done
by substituting the squeezing transformation (14.78) into the conditions
and coefficients compared to specify r;(t),€;(t), ©;(t). The two sides of the equations can

be compared by expressing the position and momentum operators in terms of a;, d;r- and
the ¢;(t) functions. This leads to conditions on r;(t), x,(t) and ©;(t) being [8]:

ri(8) = arctan (1941, (14.80)
’ l€j — &l
J J
ey (G &) lej — &l (14.81)
lej + &l (6 — &)’
(e — &)
e®i(t) — ﬁ (14.82)
J J

where the time dependence of the ¢; functions has not been explicitly stated for con-
venience. The above relations can be substituted into the formula for the squeezing
transformation to eliminate the quadratic terms from the Hamiltonian .
This will therefore, leave only a term containing the residual potential

81/) TS z,y,t ~ L . N ~ ~
Z$: Usyl(t) swl(t)VR(xl+xt7yl+yt)USy(t)US$(t) wdprs(xvyat)' (1483)

Since the residual potential depends on the operators & and ¢, transforming these is
sufficient in order to specify the residual potential in the squeezed basis. These trans-
formations are found by expressing & and ¢ in terms of the ladder operators and using
known results for the squeezing transformation acting upon the ladder operators [19]:
U (1)iUs (t) = Re(ex(8)) @ + Tm (e, (t)) b, (14.84)
UL (0)3Usy(t) = Re(ey (1)) 9 + Im(ey (£)) py- (14.85)
The residual potential depends on ' and ¢’ as specified in equations ([14.40} [14.41]).

Therefore, to apply the squeezing transformations to the residual potential we need to
apply them to the rotated co-ordinates defined by ([14.78)) using the results from equations

(14.84} [14.85):
i, = Uy, (DU, ()3 Usy ()Uss (1) = cos(0(t)) [Re(ex (1) + ( 2(£))Pa]
+sin(0(t)) [Re(ey(t))9 + Im(ey(t))py] . (14.86)
[ ]

cos(@(t)) Re(ey(t))y ( (t))ﬁ
—sin(0(t)) [Re(ex(t))& 4+ Im(ex(t))pa] . (14.87)
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This transformation can be substituted into the Schrodinger equation (14.83) to isolate
the evolution from the residual potential giving the main result of this analysis

i awdprs (1‘, Y, t)

ot = VR(‘%Q + T4, g; + yt)z/)dprs (.T?, Y, t) (1488)
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This equation gives the time evolution of a two dimensional wave-function that comes
solely from the terms neglected by the Heller treatment. This will allow the time evolution
of Y gprs (z,y,t) to be computed and then transformed back into the original frame using
the full series of transformations derived in this Chapter:

w(xv Y, t) = DI (xtv pl’)ﬁy(yh py)e_w“(t) UR (—Q(t)) USW (5:1: (t)) Usy (gy (t))wdprs (557 Y, t)'
(14.89)

14.4 Conclusions and Future Work

It has been shown how to perform a two-dimensional extended Gaussian wave-packet
propagation. The equations for €,(t), €,(t) and 6(t) can be solved and then used to
specify the transformation of the wave-function, and residual potential, alongside the
Heller parameters. This amounts to adding additional differential equations to be solved
numerically, which will allow for two dimensional propagation without the position space
being discretised.

In the one dimensional extended Gaussian wave-packet approach the effects of the
residual potential are computed by changing to a Fock basis and computing coefficients
an(t) of the |n) states. Similarly, the wave-function v4,.,(z,y,t) can be put into a two
dimensional Fock basis |n;,n,) with coefficients being computed in a similar way. In
cases where the residual potential is orthogonal the results from Ref. [8] can be applied
in each direction simultaneously.

Future work can be carried out to derive the coefficients using matrix elements of the
residual potential where cross terms arise. Additionally, in future work the theory can be
extended to a three dimensional propagation where there will be significant improvements
in computation time compared with direct solving algorithms.
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14.5 Appendix A: Scaled Units in Numerical
Simulations

In numerical simulations it is often useful to examine a system in scaled units as opposed
to using specific values since this allows for the simulation to be applied to a variety of
cases. Scaled units have been used throughout the paper to show the general trends of a
system without worrying about the details of a specific physical system being studied.

In the quantum systems parameters will be made dimensionless through scalings often
coming from the starting point of desiring the mass m and reduced Planck’s constant A
to be unity. This is carried out by scaling the physical mass m’, position z’ and time ¢’
by:

m=—, r=—, t=—, (14.90)
mg Ts tS
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with mg, x5 and tg being the scaling factors. A dimensionless mass m = 1 can be achieved
simply my setting the mass scaling to be ms; = m’. Similarly a dimensionless time can
be achieved by setting the time scaling ¢t; = 1 second. With the mass and time scaling
chosen the length scale can be set such that A = 1:

hts

ms

Lo = (14.91)

Thus, the complete set of scalings are

[ h
ms =m’, Ts =\ —, ts =1s. (14.92)
m

Using these conditions a quantum system can be simulated with dimensionless parameters
and later be related to a physical system by using the inverse of the relations ((14.90)).

14.6 Appendix B: Action of the Angular Expectation
Value

In order to examine the expectation value of the angular momentum operator we will
examine its effect on a wave-packet that starts at rest. This result will apply to the wave
function since we are examining a transformed Gaussian wave function that is in the
centre of mass frame. The initial wave-function is defined by (h = 1)

Y(x,y,t) = exp [z (aer + ayy2 + Azy + ’yt)} . (14.93)

Comparing this wave-packet to the full Heller wave-packet ansatz we can see that
the initial position and momentum of ¢ (z,y,t) is zero.

The angular momentum operator is given by L = sﬁpy — @I:’x, so to calculate its
expectation value we will fist look at the effect of one of these terms. Acting on the
wave-function given in equation with the i"py term gives

By, 0) = 2 (20,4 30) 0,00, (14.94)
BBy, y,t) = (20yzy + Aa?) P(@,y.1). (14.95)

The expectation value of this quantity can be found by integrating it with the mod square

of the wave-function (|14.93))
. oo oo
(ZPy) = / / (2ayzy + )\x2)
—0o0 — 00
x exp [—2 (Im(a)2® + Im(ayy)y® + Im(A)zy + Im(v,))] dzdy. (14.96)
This integral can be evaluated by splitting up the calculation into various parts, focusing

on each part individually before bringing the parts back together to find the full solution.
Firstly, the v, term in the above expression gives the normalisation of the wave-function.
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This can be calculated relatively simply by integrating the mod square of the wave-
function defined by equation (14.93)). The value of the normalisation is given by

exp [~2Im(y,)] = % (4Tm(a)Im(ay,) — Tm(A)?) /2. (14.97)

The first term (the zy term) in the integral (14.96) can be evaluated using exponential
integral identities [20] to give the result

2ay exp [-2Im(y / / Ty exp (Im(am)x2 + Im(ay)y2 + Im()\)xy)} dxdy,

—ay, Im(A
4Im(a$)lm(ay) - Im()\)2 ’

(14.98)

where the normalisation from (14.97)) has been used. Similarly the second term in (14.96))
can also be evaluated

Aexp [—2Im(7,) / / z? exp | —2 (Im(ary)z? + Im (v )y® + Im(A)ay)| dady,

Alm( ay

4Im(ax)1m(ay) —Im(\)?

(14.99)
Thus, by putting together the two expressions ((14.98] [14.99)) the expectation value of :fc]:’y
can be found by splitting up A and «, into their real and imaginary components

(GP,) = Am(ay) — o, Im(A) _ Re(A)Im(cy) — Re(ay)Im(A)
Y1 4Im (o ) Im(ayy) — Tm(N)2 4Im (o )Im(ay) — Im(N)2

(14.100)

A similar result can be obtained by going through the same process for the other half
of the angular momentum operator i.e. calculating the expectation value of (§P,). The
result of such a calculation is

(3B} = —Re(A)Im(a,) + Re(az)ir;(k)' (14.101)

4Im( o, ) Im(er,) — Im(

Thus, the expectation value of the full angular momentum operator can be found by

taking the difference of equations ((14.100) and (14.101))

Re(Aa)Im(A) — Re(A)Im(Aa)
4Im (o )Im(ey) — Im(N)2

(L) = (2P) — (9P,) = (14.102)

where Ao = az — . The above expression gives the full time evolution of the expectation
value of angular momentum as long as the solutions for «,, a, and A are known.
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