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Abstract

Quantum Effects from Classical Trajectories: New Methodologies and Applications for
Semiclassical Dynamics

by

David William Howey Swenson
Doctor of Philosophy in Chemistry

University of California, Berkeley
Professor William H. Miller, Chair

Semiclassical approaches to chemical dynamics show great promise as methods to obtain
practical results for a wide range of problems. In this dissertation we make these approaches
more practical, by improving the efficiency of the calculations, and apply them to a wider range
of problems, by developing techniques to explore new kinds of problems.

The approaches to improve the efficiency of semiclassical calculations essentially fall
into two categories: we can reduce the number of trajectories we need in order to converge the
calculation, or we can make each trajectory easier to calculate. (Of course, these two are not
mutually exclusive.)

In this work, we have made attempts on both sides. Our efforts to reduce the number of
trajectories required have been focused on finding ways to make the Monte Carlo sampling more
efficient. The first method uses time-dependent information in order to reduce the sampling space.
The second explores the idea of histogramming the phase of the contribution to the integrand.
Although only the first of these shows real promise as a way to speed up semiclassical calculations,
both methods can provide insights on the nature of the quantum effects we observe.

In an effort to make each trajectory easier to calculate, we developed a new method
for calculating the monodromy matrix, which serves as the input to calculating the semiclassical
prefactor. Calculating the semiclassical prefactor is the most computationally expensive part of
generating a trajectory for a semiclassical calculation. Our new method doesn’t break open the
bottleneck, but it does make a meaningful improvement.

Finally, we step beyond simple improvements in efficiency. The dynamics of fermions
provide a challenge for semiclassical methods. We present a method for generating a semiclassical
Hamiltonian from a second-quantized fermionic Hamiltonian. This technique is applied to a
simple model of a molecular transistor, and the results are in excellent agreement with the exact
quantum calculations.
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tradition, to be reverent in my faith, and to be irreverent in my humor
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Preface

If the goal of science is to understand the world around us, then simulation is the ultimate
test of that understanding. A theory is just a hunch until it has numbers to back it up, and
frequently those numbers come from simulations. By reproducing experimental observations in
simulations, we show that the theories upon which we base our understanding are consistent with
reality. By simulating phenomena that we have yet to see, we can direct experiments in interesting
new directions. Perhaps most importantly, simulations allow us to gain a deeper understanding of
experimental results, because simulations don’t suffer from the physical limitations of experiments.

The work in this thesis is focused on a small area in the global picture of simulation:
the simulation of the motion of atoms and molecules. I take a small sideline into the motion
of electrons as well, but all of this work is united by the goal of simulating molecular behavior
through semiclassical methods.

The Semiclassical Approach

As far as the field of chemistry is concerned, nonrelativistic quantum mechanics is exact[f]
Unfortunately, the quantum mechanical motion of systems of many atoms is too difficult of a
problem to simulate exactly. In fact, the problem is so difficult that despite the rapid development
of faster and faster computers, quantum simulations of more than a few atoms remain beyond
our reach.

On the other hand, modern computers are quite adept at simulating classical mechanics.
The classical simulation of millions of particles is feasible. However, not all important chemical
effects can be captured by classical mechanics.

Chemistry exists on the border between quantum and classical mechanics. We generally
don’t need the full power of quantum mechanics to describe the motion of atoms and molecules.
However, many important effects exist which aren’t captured by classical mechanics — we need
at least some treatment of the quantum effects.

This is where semiclassical theory comes in. It provides a middle ground between quan-
tum treatments and classical treatments. Semiclassical theories are approximations to quantum
mechanics that are based on classical dynamics. We take some of the best from both worlds:
semiclassical methods get some of the accuracy of quantum mechanics while requiring far fewer
computational resources to run a simulation. The fact that methods based on the less accu-
rate theory (classical mechanics) can be used to capture effects from the more accurate theory

* With a few exceptions when it comes to explaining the behavior of electrons in very large atoms.



(quantum mechanics) is one of the fascinating features of semiclassical dynamics.

Of course, we’d still like to make semiclassical methods even more efficient. Much of
this dissertation is motivated by efforts to develop more efficient ways of calculating the semi-
classical expressions described in chapter |1} However, semiclassical theory also provides excellent
interpretational tools. Even when the methods I developed were not more efficient than existing
methods, they provided insights into the nature of quantum effects. Semiclassical methods are
particularly useful for interpretation because they are based on classical dynamics, which tends
to be closer to human intuition. I have also worked to expand the range of problems which can
be treated semiclassically.

Thesis Outline

This thesis is structured in three main parts: literature review, techniques to improve the
efficiency of existing methodologies, and new methodologies (with applications). The literature
review is entirely contained in chapter

Chapters and [4] show attempts to make SC-IVR calculations more efficient. Chap-
ters 2| and 3| focus on the goal of reducing the number of trajectories that are required to converge
a semiclassical calculation. Chapter [2| provides a method for the Monte Carlo sampling of a time-
dependent integrand, which allows us to ignore many of the trajectories which are unimportant
to the overall integral. Chapter [3] takes a somewhat related idea, but considers the histogram
of the phase which result from these trajectories, and considers what we can learn from that
picture. Although these two methods are very similar, they aren’t mutually exclusive. It would
be relatively easy to combine them, although we do not explore that here.

In chapter |4, we switch from Monte Carlo to the semiclassical prefactor. In particular,
we develop a new way to calculate the monodromy matrix that does not require calculation of
the Hessian, and which aims for a sweet spot between being more accurate than a fast (but error-
prone) treatment of the monodromy matrix and the slower (but accurate) methods for calculating
the monodromy matrix.

Chapter [plmarks the turning point toward new applications. The previous chapters found
ways to improve the implementation of the ideas in chapter [I} this chapter aims to go beyond
those ideas and to develop semiclassical techniques that will apply to new fields. Motivated by
an interest in molecular electronics, we returned to a neglected idea on how to treat second-
quantized fermions semiclassically. After making a few essential improvements on the idea, we
tested it against a simple model of a molecular transistor, and we obtained excellent results when
compared to the exact quantum treatment of the same system.

We close with a few concluding thoughts on the progress made by the work contained
in these chapters, and on the directions that this work suggests for future exploration.



Chapter 1

Introduction to Semiclassical
Methods

Efforts to study the connections between quantum mechanics and classical mechanics
are as old as quantum theory. In fact, the first semiclassical approximation to Schrodinger’s
wavefunction (the WKB approximation) was published within six months of Schrédinger’s paper
presenting the wavefunction formalism' — what’s more, the idea was submitted independently by
three authors over the course of a few months: by Wentzel (June 1926),% Brillouin (July 1926),
and Kramers (September 1926).4

The semiclassical methods discussed herein share some spirit with that original semiclas-
sical method (in that they extract quantum information from fundamentally classical mechanics,
and that the classical action frequently acts to tie the quantum to the classical). But these meth-
ods go far beyond the WKB method. The WKB approximation applies to the time-independent
treatment of one-dimensional systems. The methodologies we discuss in this dissertation are
applicable to multi-dimensional time-dependent phenomena.

This chapter will review the background material on semiclassical initial value represen-
tations (SC-IVRs) and some related methodologies in order to lay the framework on which later
chapters are built.

1.1 Semiclassical Propagators

The WKB theory is an approximation for time-independent problems; if we are interested
in time-dependent problems, it is necessary to develop an approximation for the quantum time-
evolution operator. The SC-IVR provides two main approximations. Both IVRs have the same
basic mathematical form:

e HIt/h /dqo /dpo eS¢ (qo, po; t) [x(a0, po; ) (x (g0, o) (1.1)

where S(qo,po;t) is the classical action for a trajectory evolved to time ¢ from initial conditions
(go,p0), and C(qo, po; t) is a prefactor which is determined by the choice of state |x). When |y) is
a position (or momentum) state, the IVR is called the Van Vleck IVR. When |x) is a coherent



state, the IVR is known as the Herman-Kluk IVR. Both of these are described in more detail
below.

Henceforth, the dependence of quantities such as S and C on the initial conditions will
be implicit, and they will be subscripted by the time parameter. That is to say, we will write Sy
in place of S(qo, po;t), C¢ in place of C(qo, po;t), and similarly |x;), etc.

1.1.1 The Van Vleck IVR

The position state IVR is called the Van Vleck IVR because of the connection of the
position state IVR’s prefactor to a determinant discussed by Van Vleck in a paper from 1928.5
One easy derivation of the Van Vleck propagator (obviously not available to Van Vleck in 1928!)
starts by taking the stationary phase approximation to the Feynman path integral propagator.

The propagator for the Feynman path integral®” to get from position state |z) to
position state |zx) in time ¢ is of the form:

N,
<$N‘6_iﬁt/h‘xo> = lim Nm /Q/dl‘N . /dﬂj‘o eiSN(x)/h (12)
with N N
Nm t
Sn(z) = o (z; — xj—1)2 N Z V(z;) (1.3)
=1 j=1

The stationary phase approximation assumes that most of the contribution to the integral
of an oscillatory function occurs at the points where the oscillatory function is at extrema. The
phase function is Taylor-expanded to second order around those points, and the resulting Gaussian
integral can be performed analytically. Mathematically, the stationary phase approximation in
one dimension is:

if(x) ~~ 2mi if(a

/dmmw > g e (1.4)
{alf"(a)=0}

In multiple dimensions, the second derivative is a second derivative matrix, and the stationary

phase approximation has the determinant of the second derivative matrix.

In order to apply the stationary phase approximation to equation , we must find the
roots of the first derivative of the phase, and the value of the second derivative of the phase at those
roots. The one subtle point here is that, any x; appears in two terms of the sum Zj(xj - xj_l)zz
one when ¢ = j, and one when ¢ = 5 — 1. With this warning, we calculate the stationary phase

condition for each x;:

_0Sy 0 Nm Y oyt |

0= dx;  Om; < 2t <($Z Tim1)” + (T — i) ) Nv(ffz)) (1.5)
N t

B Tm (2; = Tio1 — @ip1) — NV,(%') (1.6)

If we define At = t/N, we can show that this gives us the finite difference expression for Newton’s

equation:
—V(x;) = m Tl + xlt; Ti ma; (1.7)




This has to be true at each time slice, which means that satisfying the stationary phase condition
is the same as selecting the classical paths.

Therefore, we can plug the stationary phase approximation in for the Feynman
path integral expression in equation and we obtain:

(o) = g 5 () s

aths

elSn/h (1.8)

where the sum is over discretized paths that satisfy the classical equations of motion at each
discrete point.

Note that the second derivative from the stationary phase approximation will become
our prefactor. Since our phase is the action, the stationary phase condition thus selects the
classical path. The second derivative captures the curvature of our Gaussian approximation, and
therefore we consider the physical meaning of the prefactor to be capturing some of the quantum
dynamical fluctuations about the classical path.

At this point, we observe that the action S as it appears above is actually a function of
all the positions {zo,...,zn} (although the derivatives are only over {z1,...,zx}). Since we're
considering the sum over classical paths, this is redundant. For a given potential energy surface,
the set of classical paths (which we sum over) is specified by the initial position zg, the final
position z, and the time ¢ separating them. So instead of having the action be a function of all
positions Sy (zo, ..., xn), we would like to be able to write it as a function of just initial and final
position, S(xn,zo).

This is trivial when the action appears in the exponent: the value of S should be the
same no matter how it is calculated. However, it is notably non-trivial to do this for the deter-
minant of the second derivative matrix. In both cases, the equation for the action can be written
as in equation , but I will write it as Sy if the intermediate variables {z1,...,zy_1} are
independent, and S if only ¢ and xx are independent variables.

Since we know we’ll have a second-derivative matrix, but with independent variables
zo and zy, we assume that we’ll be interested in the second derivatives with respect to those
variables. In particular, the cross-derivative, based on equation (taking the derivative with
respect to xq first) is:

2
0*S _.m oy (1.9)
8$N 81'0 At 8$N
where we recall that all the x; such that i € {1,..., N — 1} are now functions of x, and that z

(96;1 in terms of the second
N

and z are independent variables. From here, our goal is to solve for
derivative matrix which appears in our determinant in equation (|1.8)).
Assume that the first derivative satisfies the stationary phase condition (i.e., is zero,
giving us a classical trajectory), the second derivative for all other degrees of freedom 7 is
82S 8331 81‘1'_;,_1 8$i_1 At2 8.’L'Z

— 2 _ 1 i
dxn Ox; oxnN orn oxN m Vi )GmN

(1.10)

where, for i = 1, the term dg;]‘vl vanishes (because xy and x are independent) and for i = N — 1




the term % is unity. This can also be written as

8xN8x ZKJ@ O (L11)

0%8 Oz
dxn O Kaxn — N (1.12)

where the second equation is matrix-vector multiplication and subtraction of 1_1, a vector where
the N — 1th element equals 1 and all other elements equal to 0, and with the matrix K given by

2 — ALY () ~1 0 - 0
—1 2 - A2y —1 .. 0
K — ' " o . (1.13)
0 0 L1 242 V”(x 1)

Note that this matrix K is proportional to the second derivative matrix a‘zi%; = which appears

in equation (|1.8)).

Since the path (and therefore the action) is determined by the initial and final positions
(to within the set of classical solutions), it should be independent of the intermediate points
x;. This means that its derivative with respect to them should be zero (as should a further
differentiation with respect to zx). Therefore, equation becomes

oz
oz N

=K (1.14)

8“’; is given by the

Since only the last element of 1_; is nonzero (and it is 1), this tell us that
last column of K1,

A fortiori, if we can get all the elements of the vector a , we can get the first element,
which is what we were looking for. However, we can extract Just the first element by using the
rule

(=1)"*my;
det(A)
where m;; is the determinant of the matrix formed by removing the jth row and the ith column

from A.

In this case, we want:

-1
At = (1.15)

N
where my_1,1 is given by
12— ALy(g) ~1 - 0
0 ~1 2 — ALY () . 0
mpy—1,1 =det [ : : (1.17)
0 0 12— APy (gn )

0 0 0 -1



This is an N —2 x N — 2 upper-triangular matrix, so its determinant is the product of its diagonal
elements (which, in this case, are all —1). Thus we have

a1y = (—1)V2 (1.18)
and .
821?1 . (—1)2N72 o 1 . 62SN B (1 19)
ozn  det(K)  det(K) |dz;0z; )
Inserting this into equation (1.9)), we find
sy | (A _ots (1.20)
Ox; 0x;j N m Oxn Oxg '
Substituting this in equation (|1.8)), we get
s -1 0928 -
—th/n’ ~ == i/ 1.21
<$N’€ $0> Z 2mih 8212]\[ 81‘0 c ( )

paths

Now we’ll rewrite that second derivative in terms of initial conditions. The trick for this
is to remember that z can also be seen as a function of xy and the initial classical momentum,
po- As such, we can formally write the derivative

0S(xn,xo) _ 0S(zN, o) 0xN(po,xo) N 0S(zN, o)
dxg o oxn 0xg 0xg

(1.22)

However, we know that the action is defined as the integral of the Lagrangian. So we write that
derivative in those terms, and use Hamilton’s equations of motion to integrate it by parts:

9S(x N (po, xo0), xo) 0 /t roo
= dt' ppzy — H ot 1.23
8330 6$0 0 DTt (pOa Zo; ) ( )
N
Opy . d Oxy . Opy . Oxyp
= dtli ’ | ————— — Ly —— — Py’ 1.24
/0 8.%0 e +pt dt/ 8330 o 6900 P 8900 ( )
N
d 8$t/ . 8.’Et/
= dt’ py —_— — Dy — 1.25
/0 P 9z~ P By (125)
ozpn
= — 1.26
PN ggg” PO (1.26)
By identifying this with equation ([1.22]), we get the results
aS
= 1.27
orN PN ( 2)
oS
=2 = —p (1.27b)

61’0 N



Inserting the second of these equations into the second derivative in equation (1.21]), we rewrite
it in the form

2 —1
0°S o0 0§ 0 p0:_<6$1\/> (1.28)

- dpo
Putting this into equation ([1.21]) (and generalizing to multiple dimensions by changing the deriva-
tive to its determinant), we obtain the primitive semiclassical result:

- 1 |0
it/ N qt
<xN e’ ‘$0> = E . ‘
oord 2mwih

dpo

This expression for the propagator has been derived several times. Our derivation is linked to that
of Miller.® Another derivation based on path integrals is given by Gutzwiller.® Although it was
one of the first practical semiclassical propagators, its usefulness is limited by a couple of factors.
First, the quantity d¢; /Opy can clearly approach zero. When this occurs, the propagator goes
to infinity. Second, the problem of finding all possible paths connecting two positions in time ¢ is
nontrivial for all but the simplest of systems. In general there are many different initial momenta
which can solve that problem.

The initial value representation solves this “root-search” problem by changing the vari-
ables of integration to initial conditions, which determine a unique classical path. A key insight
is that, in general, the object of interest is not the coordinate representation propagator (which
connects specific points go and ¢;) but the time-evolution operator (which can connect any point
with its corresponding time-evolved positions).

Mathematically, we begin with the time evolution operator and add a resolution of the
identity in position eigenkets before and after the time evolution. Recalling that the position ¢,
can be seen as a classically time-evolved position beginning at gg with some initial momentum pg,
we invoke Liouville’s theorem in order to make the appropriate change of variables.

Odxn Oxg - dxyn Oxo _6.TUN

-1
eiSe/h (1.29)

e /M = /dQO /th gz} (el €7 qo) {qo (1.30)

Z/d(Jo/dpo

We should note that in the second line, ¢; is really the function q(qo,po;t). With this, we have
introduced a theme which runs through all of semiclassical theory: the time-evolved phase space
is determined through classical dynamics, but the results of those classical dynamics (such as the
time-evolved positions above) are treated as inputs to quantum and semiclassical formulae.
Figure gives a visual explanation of the initial value idea. The curve traces the path
of possible initial momenta and final positions (at a fixed time) from a given initial position, for
some hypothetical system. The horizontal line demonstrates that more than one trajectory can
connect the initial position to a given final position in a certain amount of time (it intersects
the curve twice). However, no such line can be drawn vertically — we know the positions and
momenta at ¢t = 0, and so, as Laplace would have it, “the future, like the past, is an open book.”
We can immediately insert the Van Vleck expression into our IVR (1.31)), and the
IVR Jacobian has the convenient side effect that it removes the singularities from the prefactor.

a —iH
S e a7 ) o (131)
Po
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Po

Figure 1.1: The IVR “Trick”: The black curve takes a given initial position gy for some hypothetical system
and shows possible final positions ¢; reached from different initial momenta. The red line highlights the
fact that a given ¢; can be reached from more than one pg. The initial value representation switches the
axis of integration from ¢; to pg.

The final result (generalized to a system with F' degrees of freedom) is known as the Van Vleck
Initial Value Representation:

B det (Og; /Opo )
th/FL iSt/h
~ [ada [ apoessn [SECGED 1) (132

1.1.2 The Herman-Kluk IVR

The most commonly used semiclassical IVR propagator is probably the coherent state, or
Herman-Kluk, version. It can be derived in several ways; here we’ll consider Miller’s derivation,'?
which is based on using the “modified Filinov filtering” method'!!? on the primitive semiclassical
expression given in equation . The original derivation of Herman and Kluk'? follows a similar
mathematical path, although we find the physical description in Miller’s derivation to be more
elegant. Hermak and Kluk make a specific change of variables which corresponds to Miller’s choice
of parameter, but the reason for that choice (we regain an expression in terms of the overlaps of
coherent states) is more easily seen in Miller’s derivation. Further, since the Herman-Kluk is seen
as a specific choice of parameter in Miller’s derivation, it is more general than the Herman and
Kluk’s derivation.

The modified Filinov filtering method which serves as the basis of Miller’s derivation
involves multiplying by 1 in the form of a normalized Gaussian integral, and then expanding the
phase of the original integrand to second order about the integration variable from the added
integral. Then the order of integration is switched: the original variable is integrated out, and
the expression is left in terms of the newly added integration.
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We start by noting the identity

1= /Rd:c \/fexp (—A (x — $0)2> (1.33)

which we insert into the arbitrary integral I:

I—/dxo e$(@o) (1.34)
R

A A
:/Rdajo /Rd:rrﬂﬂe_A(x_wo)Qe“ﬁ(“) (1.35)

Now we replace ¢(zg) with its second-order Taylor expansion around x. The argument is that for
any given z, this will be reasonable since the Gaussian exp (—A(a: — xo)z) makes it so that values
of zg near x will dominate.

I~ / dzo / dm/ée—Au—moﬁei(¢(x>+¢'(w>(mo—z)+§¢"(x>(cco—w>2 (1.36)
/dmo/d:m/ A—1¢" (2))(zo—x)*+i¢! (z)(xo—z)+(x) (1.37)

Now we perform the integration over xg:

I~ / do | d)” Xp )%/ <4 (A - ;¢"(x)>>> (1.38)

Makri and Miller!? noted that the identity (1.33)) is true even if A is complex, and that it remains
approximately true if A is a function of z. Therefore they suggested selecting A (which can be
chosen arbitrarily according to the identity (I.33)) as A = 1 (i¢”(z) + ). When we use this
choice of A in equation , we obtain the result:

. ~ .y / ¢, .
[ oo expliota)) = [ da (1406 (@) exp (<50 (@) + i6(0)) (1.39)

This is the fundamental result of the modified Filinov method. In particular, it’s worth noting
that this result is just the original integrand (now over the variable z, instead of x() multiplied
by the damping factor (1 + icd)”(x))fl/2 exp (—5¢/(z)?).

The result shown here is for one dimension. The generalization to multiple dimensions
is trivial: the constant ¢ becomes a constant matrix in the exponent (sandwiched between the
row and column vector forms of ¢/(z)) and the prefactor is a determinant.

Miller’s derivation of the Herman-Kluk IVR starts by considering the propagation from
a coherent state [1;) to a coherent state [¢f), both of width v, using the primitive semiclassical
approximation to the time-evolution operator:

<7,Z)f‘€_iﬁt’¢ /th/dQO (Wylae) <2m> 1/2ei5t (qolvs) (1.40)
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—-1/2
The (complex) phase (except for the prefactor, (2711'%) ), is given by

é(at, q0) = St(gt; q0) + pilg0 — ¢i) — prlat — qr) + % ((ge — a5)* + (00 — ))?) (1.41)

For the Filinov expression, we’ll need the first and second derivatives with respect to qop and ¢;:

d¢  d

= —5(a,90) — s+ iv(a — g 1.42
dp ~ dg, (g1, 90) — ps +iv(qr — gr) (1.42)
=pt —ps +iv(@ —qf) (1.43)
where the second equality comes from equation ([1.27a)). For the first derivative with respect to
qo- a6
o = Pi—potiv(ao —a) (1.44)
40
The second derivative matrix is given by
%9 9%¢ d ' d
ag?  daoqr g T 17 a0 (1.45)
0% 9% | — |\ _9p  _0po '
9qtqo0 0q? oqt 9qo0 v

With those necessary preliminaries, we consider what happens when we apply the mod-
ified Filinov approximation to equation , under the approximation that the prefactor
in equation , which is ruled by the monodromy matrix element Mg,, varies much more
slowly than the phase. This approximation allows us to treat that prefactor as a constant while
applying the modified Filinov approximation to the rest of the integrand. Therefore, the complex
phase to which we apply the modified Filinov approximation is ¢(qo, ¢:) as defined above.

We’ll assume that the Filinov parameter c is diagonal; ¢.e.,

c= <001 2)) (1.46)

In this case, the Filinov modification’s damping exponent ¢gijinoy 1S

GFitinoy = —¢' (Pt,q0) " - g - ¢ (at, q0) (1.47)
= —%1 ((pe — pg)? + 2iv(pe — o) (@ — ar) — V(@ — a5)?)
co

Y ((pi — o) + 2iv(ps — po) (g0 — @) — 7¥* (g0 — @:)?) (1.48)
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and the Filinov damping prefactor Crijinoy is given according to

926 9%
2
Clitinoy = det | 1+ic | 54 O (1.49)
9qtq0 @
0
= det 1+ ZCO% - ZC%&Z; (1.50)
—ic1gor 1 —ici gt —ay
. Opy ) < . Opo . Opt . Opo
=(14+12co=— — o 1l—tci— —c1v ) — | ico=— —ic1 = 1.51
< Oqt K dqo dqo Oq (1.51)

Jdpo opt
=1-coy)(1=c17) —ici=— 940 (1 — co7y) +ico== (1 — 1)

o
((%?t Opo  Opo Opy )
+ cpC1 —

1.52
0q: 0q0  0gq; Oqo (1.52)

Now we express the partial derivatives which appear in the damping prefactor in terms
of the initial conditions. There are three main tricks used here:

(ng N (i)w (g;)w (1.53)
(o).~ (), (&), (a1

_ 9q: Opy _ Ipt Oq

dqo Opo  9qo Opo

The first two are standard identities from differential equations. The last is a property of those
specific derivatives. It can be shown by noting that the right side of equation (1.55)) is the

Jacobian determinant of the transformation between (g, p;) and (qo, po). Since that is a canonical
transformation, and the volume elements are canonically invariant, the value of the determinant

(1.55)

is unity.
The hardest to determine is probably the derivative dp; /0qp , so we’ll show that calcu-

lation in its entirety:
0
+ (apt> (1.56)
Po 9 / g

0p¢(q:(po, 90), qo) _ (8pt> <8qt>
q0
() ) (o), ) (), oo
990 ) o \ Ot / ,, \Oq0 / ,, 99t ) 4o \O20 /,,

dqo Iqt dpo
9po

The portions of the first term which held ¢y constant vanish because 0 = 0. So far, we've

applied the chain rule and identity (1.54]). Now we assume that g%g% =1 and we get
Opt(q:(po,q0),q0) _ ( Op: Opy Jpo Oq
_ _ (1.58)
dqo dqo 0t ) 4o \ Ot ) 4o \Oq0 /

= 1 (8% Opt B Opt 8%)
0qi /Opo \Opo Oqo  Opo Oqo

(1.59)
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where once again we have assumed that we can treat the reciprocol of the partial derivative
naively. Finally, we apply the rule (1.55)), and we get our final result:

8ptéq;0, %) _ 8%—/;])0 (1.60)
After doing similar manipulations on all the derivatives, we obtain:

8ptéq; @) _ ?92; ;g}ljg (1.61a)

8pt((9q;(; %) _ 8%—/2])0 (1.61b)

5170((962: %) _ o /1ap0 (1.61c)

apoézto, @) _ ;zf;gizo (1.61d)

where we have already shown equation (1.61bf). We get equation ((1.61a)) from a single direct

application of the rule (1.531 , equation ((1.61d)) is trivial, and equation (1.61d]) is just the direct
application of equation ((1.54]).

Again using (|1.55)), we have:
Opt Opo Opo Opr  Opy /Opo Oq: [Oqo N 1

— = — 1.62
dq 0q0  O0q Oqo gt /Opo Oqi /Opo  Oqr /Opo? (1.62)
_ 1= 0p:/0po - 0q: /0q0 _ —0q: /Ipo - Opi /9qo (1.63)
dqt /Opo? dqt /Opo? ‘
Opt /0qo
= —— 1.64
dqs /Opo (1.64)

Substituting equations (1.61)) and (1.64) in equation (|1.52) we obtain:

da \ ' (. O  Opy Opy
Ci. —=(1-— 1-— — — (1 — —(1- — -
B = (1= ) (L= )+ () (i1 52 (1= enn) o dca g (1 ex) = e 5
(1.65)
At this point, we recall how this fits into the overall picture of our propagation from one

coherent state to another. We rewrite equation (1.40)) to include the modified Filinov approxima-
tion:

<¢f‘e4m

Now we perform the “IVR trick”: we change the (thus far, implicit) sum over paths and integral
over final positions into an integral over initial momenta. This transform has the Jacobian matrix
0q; /Opo . The result is

1/2 g, \ V2 '
¢i> ~ /dqo /dqt (%) <2ma§;> Crilinov €xp (i0(q¢, 90) + Pritinov)  (1.66)

i B g \'? .
<¢f‘€ ZHt}¢i> ~ (2m) l/dQO /dpo (-2278;) Crilinov XD (1¢(qt, q0) + Prilinov)  (1.67)
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First we’ll calculate the prefactor for this Filinov-filtered Van Vleck (FFVV) IVR:

FFVVA 2 ) 0qs Oqt op . opy
— 2 [ —i(1 — 1—epy) 22t 1— coy) 22t 1— ) 2Pt P
(C ) gl < i(1—cov)(1—c17) ap0 + e ( 007)6(]O +co(1 = c17) 9p0 + ZCoclaq(O |
1.68

Now we’ll look at the argument to the exponential (i.e., the complex phase):

VYV = dpitinov + i0(po, Q03 1) (1.69)
= —% (e = pg)* + 2iv(pe — p) (0 — a5) — 7@ — a5)?)
- %0 ((pi = po)? + 27 (pi — po) (90 — @) — (90 — )?)
- % ((gr — a7)* + (g0 — @:)*) + ipi(q0 — ¢i) — iy (gt — ) + iS:(q0, po) (1.70)
= —%(1 — )@ —qp)” - %(1 —con)(q0 — 41)* — %(pt —pp)? - %O(po —pi)®

—icry (pt - (1 - c;) pf) (gt — qy) +icoy <P0 - <1 - Coly) pi) (90 — @)
+ 1St (qo, po) (1.71)

At this point we have the entirety of what I'm calling the Filinov-filtered Van Vleck IVR. However,
the FFVV-IVR leaves the parameter matrix c undefined. Miller noted that if one makes the choice

1
=) = — 1.72
o =0 2 ( )
one recovers the Herman-Kluk IVR. The argument of the exponential becomes
. ¥ 1 i
" =iy (go, po) — ~(q0 — @:)* — —(po — pi)* + 5 (po + i) (90 — )
4 4~ 2
~ e —aqp)* ~ i(pt—pf)2— i(pt‘pr)(Qt_Qf) (1.73)
4 4y 2
which gives us ‘
exp(911) = (vylve) € (Yolhi) (1.74)

Under Miller’s choice of Filinov parameters ([1.72)), the Filinov-filtered Van Vleck prefactor given
in equation ([1.68) becomes the Herman-Kluk prefactor:

1 /0q  Opr . Op 1 0q; 1/2
HK
=det | = — 1.
¢ © (2 (3% * Opo er67qo * iy Opo (1.75)

Substituting all of this back into the expression for the propagator between two coherent states,
we can easily identify the Herman-Kluk propagator (since the initial and final states [1;) and [¢¢)
can be chosen arbitrarily):

< y ‘ o—iHt

vi) ~ (2”)_1/(1‘10 /dpoCHKeiSt (W lde) (sbolebi) (1.76)
~ <¢f’/d% /dPOCHKwt> (o] € wi> (1.77)
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After generalizing to F' degrees of freedom, the Herman-Kluk approximation to the time-evolution
operator is therefore

et~ (2W)_F/dqo /dpo et CH py g1y (Do qo; Y| (1.78)

where the states |pg;7) are coherent states centered on (p, q¢) with width parameter v and CHK is
defined in equation (|1.75). Frequently, the width parameter is omitted from the state label. We
use the convention

(zlpg;v) = (%)  exp (%(w —q)* +ip(z — Q)) (1.79)

When comparing with other literature, it is important to be aware that other authors will often
use a width parameter equal to twice our width, 2+.

1.1.3 Implementation of a Semiclassical Propagator

We now have the formalism in place for both versions of the semiclassical propagator,
however there remain a few subtleties of implementation worth mentioning.

Time Evolution of the Monodromy Matrices

The semiclassical prefactors require knowledge of elements of the monodromy (or stabil-
ity) matrix. In classical terms, the monodromy matrix measures the sensitivity of the trajectory
to changes in the initial conditions. In the context of the SC-IVR, it appears due to the inclusion
of quantum fluctuations about the classical path from the Feynman path integral.

The monodromy (or stability) matrix is a 2F x 2F matrix of derivatives, where each row
corresponds to a time evolved dimension in phase space, and each column takes the derivative
according to the initial condition of that dimension in phase space. It is typically split into four
blocks, which are described using a specific notation:

8(]15 3%

qq = % Mgy = %
Opt 8pt

Mg = @ My = %

The way we have usually calculated the monodromy matrix has been through the time
evolution of auxiliary equations for the monodromy matrix. These auxiliary equations are easily
determined for each monodromy matrix element. As an example, we sketch out calculation of the

time derivative of the monodromy matrix element Mg, = %:
d d
d 9q _ 9 da (1.80)
dt apo 8[)0 dt
H
_ 0o (1.81)
dpo Opy
0’H 0 0’H 0
- Dt it (1.82)

= +
Opi? Opo  Op Oqr Opo
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where we have left implicit the dependence of H on p; and ¢; and used Hamilton’s equations to
put the time derivative in terms of the Hamiltonian.
If we define the second derivative matrices of the Hamiltonian as

O*H
Hy), = —— 1.83
( aﬁ)z] 8(1 28/8 j ( )
where 7 and j are element labels and «, 3 € {q, pt}, then we can write the results of the analysis
described above for all monodromy matrix elements as:

(qu qu> _ < Hypqg  Hpp > <qu qu> (1.84)
Mypq  Mpp —Hyq —Hgp Mypq Mpp

In many cases, the position and momentum dependence of the Hamiltonian is separable: that is,
the Hamiltonian can be written as H(q,p) = T(p) + V(q), where we usually refer to T'(p) and the

kinetic energy and V' (g) as the potential energy When this is the case, obviously H,, = H,q = 0,
and the equation of motion simplifies to:

. 0 m~1
M = (—VVV 0 )M (1.85)

where m ™! is the inverse mass matrix (if we have the standard kinetic energy term) and VVV is
the Hessian for the potential energy surface.
Other methods for calculating the monodromy matrix will be discussed in chapter

The sign of the prefactor: Maslov tracking

As seen in equations (1.32]) and (1.75)), the semiclassical prefactor is generally the square
root of the determinant of a matrix. We expect this quantity to trace a continuous line when
plotted in complex space. However, the square root is a multivalued function (i.e., V4 = £2),
and a computer program must choose to only return one of these. Generally, computer imple-
mentations of the square root return complex numbers with positive real parts. This means that
there is a discontinuity as the radicand crosses the negative real axis. This line of discontinuity
is an example of a “branch cut.”

In order to keep the prefactor continuous in time, we must track what is called the
Maslov index, v. In this situation, the Maslov index is merely the number of times we have
crossed the branch cut. The easiest way to calculate this is to multiply a variable (initially 1) by
—1 every time the real part of the radicand is negative and the product of the imaginary part
from the previous radicand with the imaginary part of the current radicand is negative. If we let
maslov be this variable (which equals /™, not the Maslov index v itself), and let oldrad be the
old radicand and rad be the new radicand, the the following pseudocode implements this idea:

* The reader who is curious as to when this would not be the case is directed toward the sections on nonadiabatic
dynamics in the Meyer-Miller-Stock-Thoss representation, such as section In classical mechanics, momentum-
dependent friction provides another example of a Hamiltonian with nonseparable position and momentum terms.
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if (Real(rad) < 0.0) && (Imag(rad)*Imag(oldrad) < 0.0) {
maslov = -maslov
}

result = maslov * sqrt(rad)

This involves a lot of comparisons, which tend to be slow operations. It also involves a
full floating point multiplication when only the sign is useful. I have developed a faster method
based on bitwise operations and the IEEE standard representation for floating point numbers.
Assuming a mask (called mask) where the sign bit is one and all other bits are zero, that rad and
oldrad are the current and previous radicands, and that maslov is the previous Maslov multiplier,
then the following pseudocode implements the Maslov tracking:'®

rl = XOR(Imag(rad), Imag(oldrad))
r2 = AND(Real(rad, r1))

ifclause = AND(mask, r2)

maslov = XOR(maslov, ifclause)
result = XOR(maslov, sqrt(rad))

Selection of Initial Conditions

The selection of initial conditions is a non-trivial matter for systems with many degrees
of freedom. A grid method would grow exponentially with system size, and is therefore to be
avoided.

Generally, we would like to perform the phase space integral using Monte Carlo methods.
In order to do this, we need to split the integral into a distribution and a quantity to be averaged.
Our weight function needs to be real-valued and non-negative for all inputs. If it is not normalized,
we’ll have to calculate the normalization constant for the distribution.

One advantage of the HK-IVR is that it can easily provide a sampling function for both
the position and momentum coordinates. The position VV-IVR, on the other hand, does not
have a natural sampling function for momentum.

In order to perform the Monte Carlo sampling, we have historically tried to sample using
as much of the time-independent (¢ = 0) information as possible. This means that a single weight
is assorted with each trajectory, and that the Monte Carlo can be completely decoupled from
the trajectory calculations. This has the important advantage that after the Monte Carlo, the
average over trajectories is an embarrassingly parallel problem.

For the HK-IVR, we simply multiply the time-independent overlap by its complex conju-
gate to get the weight function, and divide the remaining expression by the same for the quantity
we will average. That, is we make the transformation:

(wslemui) = [ dan [ dpoCict /™ oyl ) aopol) (1.56)
(trlat pe) 2
d /d CpetSt/ho T ; 1.87
= [ [ amciesn I g, s (187)
where the function w(qo,po) = |(go polti)|? satisfies our need for a weight function (including

normalization). The remainder of the integrand is the function we're averaging.
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For other correlation function IVR methods, described below, we typically try to find
simple sampling functions based on one of the operators, and apply a procedure similar to the
one described above to ensure that we're solving a mathematically equivalent problem.

One would like for a Monte Carlo method to use as few trajectories as possible. Efforts to
change our sampling function in order to reduce the number of trajectories required are described
in chapter

1.2 Semiclassical Correlation Functions

In practice, we generally prefer to apply semiclassical methods to the study of time
correlation functions rather than just using the semiclassical propagator directly. There are several
reasons for this.

From a theoretical standpoint, a very wide range of the experimental properties can be
expressed in terms of time correlation functions, from exact expressions for reaction rates'® to
quantities related to correlation functions through linear response theory.

A more practical consideration is that the sign problem we encounter from the rapidly
oscillating phase factor in the SC-IVR expressions can be partially cancelled out in a correlation
function. A quantum correlation function is written as

Cap(t) = tr(Ae /P Be—illt/hy (1.88)

where one of the operators is usually the “Boltzmann-ized” form: i.e., it includes the density
matrix. The premise used to develop semiclassical treatments of the entire correlation function
is that the forward and backward propagators associated with the Heisenberg-evolved operator
B (t) may show some cancellation. Clearly, if B were 1, the cancellation would be exact.

This idea allows us to develop methods specific to the calculation of time correlation
functions, several of which are described below.

1.2.1 Double Herman-Kluk

The most obvious way to apply the HK-IVR to the problem of correlation functions is
the brute force approach of inserting a full HK-IVR propagator for both the forward and backward
propagation. We call this the double Herman-Kluk (DHK) IVR. Although we can do this, in its
naive implementation it can be difficult to converge. In addition to requiring integration of the
double phase space (squaring the volume of phase space), the highly oscillatory nature of the
integrand makes it difficult to converge numerically.

Since the “backward” time-evolution operator is just the Hermitian adjoint of the stan-
dard time-evolution operator, we can implement it by taking the Hermitian adjoint of the semi-
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classical approximation. That is,
T »
i pt) {46 Po > B (/dqo /dPOCtel " g i) <quo>

Cant < (/ day / dpy Cy €
(1.89)

= tr <A/dq6 /dpi)CZ‘/ e o |Q6p6><q{ep2!3/dqo /dpoCt e |qr pr) <qu0|) (1.90)

where t' indicates the time associated with the backward trajectory. Allowing the integrals to
move outside the trace, and invoking the cyclic property of the trace, this becomes:

Cap(t /dqo /dpo /dqo /dp O e <QOPO‘A’CI0P0> <qtpt‘B‘Qtpt> (1.91)

A > which is appropriate for Monte

This can be calculated by choosing some variant of <q0 Do A

,>2

, or some other positive semidefinite function which can

Carlo sampling (e.g., ‘<qo Do A
be normalized.)

1.2.2 Linearized SC-IVR

One of the advantages hoped for in studying correlation functions (in addition to their
flexibility in describing chemical phenomena) is that the forward and backward propagation might
cancel each other out to reduce some of the oscillatory nature of the integrand, which is the source
of the requirement for many trajectories in SC-IVR methods.

The most brutal approximation to take advantage of this is to assume that the forward
and backward trajectories are infinitesimally close to each other. Mathematically, we start by
writing out a double van Vleck expression (where we have used Liouville’s theorem to write the
backward propagator in terms of forward trajectories):

Capl(t /dq() /dpo /dqo /dp ef (St(g0,p0)—St(q5,p0)) | M| 1/2| ’1/2

X tr (A{q() <Qt‘B‘qt> qO!) (1.92)
_ /dQO /dpo /dq6 /dp6eé(St(qoypo)—St(Q()vpf))) |qu|1/2 ’M;p’1/2
X <CJ0’A’(16> <Q1/5‘B‘Qt> (1.93)

The second equality is due to the cyclic property of the trace.

Now we change variables, and instead of having variables describing the forward and
backward trajectories, the new variables will describe the average and difference of the trajectories.
For the position variables, these new coordinates are defined as

9 + g5

=" (1.94)

Aq = qo — g0 (1.95)
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The new momentum variables are similarly defined, and the Jacobian determinant of this trans-
formation is 1.

Up to this point, we are (semiclassically) exact. But now we will introduce a rather harsh
approximation by assuming that the forward and backward trajectories are infinitesimally close
to each other. Expressed mathematically, we will describe all the time dependent quantities from
the original variables in terms of first-order Taylor expansions in Ag. Replacing the dependence
on gy and py with go + %, one obtains the first-order Taylor approximation:

N Aq _ Ap o o Aq 0q Ap
f— =) = — . 14+ = .= 1.
Qt(Q(H- 5 b0t ) ¢:(qo, Po) + 95 2 " opy 2 (1.96)
_ Aq _ Ap o 05y Aq 0S5, Ap
f— N — 4 . == 1.
St(Q0+ 5 Pt ) St(qo, po) + o0 2 ap 2 (1.97)

The derivatives of the action can be written in a more useful form using Hamilton’s equations of

motion and integration by parts. For the derivative %, we have:
ng _ aaqo /Ot at’ é’fn V() (1.98)
t Dy Gy) OGy
= [ e Ol 2D S (1.99)
_ /Otdt’pt/ <£,ZZ ) +/0t dat’ <8£§'> Z(Z (1.100)
_ pt’g((];ol ;—/Otdt’ <3£,’ ) g?;o' +/Otdt’ (%ﬁi’ ) g(;';' (1.101)
:ptgg; —Poggg = ptMyq — Po (1.102)

(where, for simplicity, we have used treated this as a one-dimensional problem.) An analogous

calculation can be made for g;% . Substituting these into the expansion of the action given in
equation ([1.97)), we get:
_ . Aq _  Ap _ 1 T0¢% 1 T0q
S ( ' 7) ~ 5, (do, - e _5T) A g4 1.103
@0+ =P+ t(d0,Po) + 5 <<pt g, PO ) Bat PG AP (1.103)

A similar calculation can be done for the quantities depending on ¢, and p{,, where the signs in
front of the displacements Ag and Ap are negative.

Looking at the result for the action, we see that the difference in the forward and
backward actions is

1 [ 0§ 0q, ~
St(go,po) — St(CI(),P{)) ~ ptT (thq + QtAp> —pOTAq (1.104)
0qo dpo
= p;r (quAq + quAp) — ﬁoTAq (1.105)

As an aside, we note that we get the same result by expanding the difference in action to second
order instead of first, since the difference in action is an odd function of the difference variables.
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)

Figure 1.2: Cartoon of the linearized semiclassical initial value representation (LSC-IVR) method for
calculating correlation functions. The original forward and backward trajectories (black) are written in
sum (average, (7,p)) and difference (Ag, Ap) variables (red). The linearization approximation is that the
difference variables Ag and Ap remain very small.

(q07, Por

Since the monodromy matrices are independent of Ag and Ap (to first order), we have
Myqg = M, = My and Mgy = Mg, = Myg. Now we make the change of variables from Ap
to Aqg = — (quAq + quAp), which has the Jacobian J' = ‘qu‘. Inserting all of this into

equation ([1.93)) we obtain:

Cap(t /dCJo /dpo /qu
<QO + —
z/dqo /dpo (/quean<qo+Aq Algo

1/2 1/2 Ag —pT A
qp‘/ ‘qu‘/ PLAT =1 Aao)
Aq Aq’ S = Aq’
0= 5 > <qt - Blq (1.106)

)

1 4|q

. . /
X (/ dAg enPrAd <qt + AT Blg A; >> (1.107)
~ /d% /dﬁo Aw (o, Po) Bw (. Pt) (1.108)
V&Zhere we have used the Hermiticity of B and where Xw(q, p) is the Wigner function of an operator
X, defined by
A A
Xy = /quehp Ag <q+ 2q X‘q — 2q> (1.109)

Equation ((1.108)) gives us the linearized semiclassical initial value representation (LSC-
IVR).1"20 The idea behind this derivation is illustrated in figure The forward trajectory,
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(go,po) — (qt, pt), and the backward trajectory, (¢, pr) — (qor, Por), are replaced by their average
(forward) trajectory, (go, po) — (¢, Pt), and the difference between the trajectories (Ag, Ap). The
linearization approximation assumes that this last is very small, and that the forward, backward,
and average trajectories are all about the same.

The LSC-IVR is also known as the “classical Wigner” model. As such, it was already in
use before its derivation in the context of semiclassical IVRs. However, that derivation reignited
interest in the linearized IVR /classical Wigner method, and it is one of the more widely used IVR-
based methods. It has many advantages: mainly, it has much in common with classical methods
of calculating correlation functions. As written above, the only differences are that the initial
conditions are sampled from a the Wigner distribution of an observable instead of the classical
distribution, and that the time-evolved operator is also a Wigner function instead of a classical
function. Although the LSC-IVR is a rough approximation, Liu and Miller recently showed that
it can be seen as the first terms in a series of dynamical terms which lead to exact quantum
mechanics.?!

Practically speaking, there are other important differences that make the LSC-IVR
harder to implement (or at least converge) than classical methods. The first is that not all
Wigner distributions can be calculated analytically. Much work has gone into this problem, par-
ticularly in the context of the Boltzmann operator.?224 Another problem is that the LSC-IVR
correlation function doesn’t allow the time-translation symmetry that is exploited by various clas-
sical algorithms to improve the convergence of classical time correlation functions, such as the
Fourier transform method described in section 6.3.2 of reference 25. This lack of time-translation
symmetry is because the classical mechanics do not preserve the quantum distributions.

It is also worth reiterating that the LSC-IVR approximation is a rather harsh one. In
particular, by only selecting trajectories which are infinitesimally close to one another, it removes
the possibility of “true” quantum coherence effects. A quick glance at the equation for the LSC-
IVR correlation function shows that it doesn’t contain the complex exponential of the action,
which is the source of interference between paths in the path integral (and single-propagator IVR)
formulae. The inability of the LSC-IVR to capture quantum interference effects causes it to fail for
many interesting problems. Considering figure [1.2] and imagining the two-slit experiment, we can
again see that we wouldn’t expect to capture dynamical quantum interferences. It is impossible
for two paths close enough for the linearization approximation to pass through different slits.
That simple gedankenexperiment for the two-slit problem has been verified by computational
studies.?6. While the LSC-IVR can capture electronic surface populations?® (with the assistance
of the MMST Hamiltonian, to be presented in section , it is unable to resolve two separate
nuclear momenta in nonadiabatic dynamics.?” It also fails to capture interference in the radial
distribution function®® or recurrences due to quantum recoherence in calculations of the survival
amplitude.??

With all of these weaknesses enumerated, one might wonder why it has become such a
popular tool. The answer is that it is one of the few methods that are feasible for large systems,
and that in large systems we generally don’t expect quantum coherences in the nuclear dynamics to
play a major role. It has been used to good effect in the calculation of diffusion constants in liquid
para-hydrogen3® and in water.?! While it cannot capture nuclear quantum coherences, methods
like the Meyer-Miller-Stock-Thoss treatment of multiple electronic states (see section can add
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electronic coherent dynamics to the classical equations of motion, which then get carried into the
LSC-IVR. This technique has been used to treat the spin-boson problem with different spectral
densities?” 32 and has even been applied to the problem of energy transfer in a photosynthetic
protein.?? In these cases, the “nuclear” motion is simply a discretization of the spectral density
as coupled harmonic oscillators; asking about coherences in the nuclear dynamics is physically
meaningless. Therefore, the linearized IVR is a perfectly good choice of method for that kind of
problem!

1.2.3 Forward-Backward IVR

The basic idea of the forward-backward (FB) IVR3* begins by writing the B operator
in some unitary form. Usually, we accomplish this only for operators which are functions of only
position or functions of only momenta, but for the purposes of this derivation, we will consider
the general case in which B can be written as e~ ©@®9).

The trick here is that now we can see the e @®% term as a kind of single-time Hamil-
tonian. In fact, we can see the whole sequence of unitary operators, etHte=id(pa) o —iHt 4q the
time-evolution operator for a time dependent Hamiltonian:

. H(t) 0—t
H(t)=1q ¢p,q) t=t (1.110)
H(it) t—-0

That is to say, the Hamiltonian behaves normally up until time ¢’ (forward dynamics). At time
t', it makes an instantaneous jump (which depends on the operator B), and then propagates
backward in time (with the negative Hamiltonian) for the same amount of time as the forward
propagation.

This idea is intuitive if one looks at the full quantum time correlation function, as written
in equation . In the Schrodinger picture, we see that a state at the right side of the trace
propagates forward to time t’, is acted on by operator B , and is propagated backward in time by
t', where it is acted on by operator A. In our semiclassical picture, the action of operator B at
time ¢’ is an instantaneous jump in phase space.

We'll refer to the function ¢(q,p) as the “jump Hamiltonian,” since it clearly plays to
role of an instantaneous Hamiltonian by analogy to the time evolution operator. Since it only
applies at time ¢, it can be added to either the forward or the backward propagation, multiplied
by the Dirac delta §(t —t’). Since the jump “time”-evolution operator exp(—i¢(p,q)) does not
involve t (unlike the normal time-evoution operator exp(—if[ t)) the jump is truly instantaneous,
and is not multiplied by the time differential d¢ when integrated.

This is an approximation beyond the DHK-IVR. The “full semiclassical” forward-backward
idea would involve inserting a resolution of the identity on either side of the jump Hamiltonian.
The additional approximation made in the FB-IVR is effectively to make the stationary phase
approximation between each of the propagators and time evolved operator B.
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Figure 1.3: Cartoon of the forward-backward IVR (FB-IVR) method for calculating correlation functions.
For each forward trajectory (go,po) — (¢¢,pt), @ number of jumps A are made, and a backward trajectory
is run from for each jump from (qp,py) to (gor,por). One such backward trajectory is shown in full; the
starts of others are shown as the green arrows.

By analogy with Hamilton’s equations of motion, we find:

Ap = —w((f;’(n (1.111)
Ag = ng;’q) (1.112)

The change in the action is just the Lagrangian at time ¢/, which we calculate as the Legendre
transform of the jump Hamiltonian ¢(p, q).

do(p, q)
p

AS =p —6(p,9) (1.113)
Finally, the jump in the monodromy matrix is calculated in analogy to equation from
section [I.1.3] above.
AM = < o O > M (1.114)
—®qq —Ppq

where the subscripts refer to taking derivatives with respect to those variables.

The forward-backward idea is illustrated in figure[I.3] For a given set of initial conditions
(o, po), the trajectory is propagated forward in time to (g, p¢). At this point, jump Hamiltonian
causes an instantaneous jump in phase space to (¢, py) (although we note that in most practical
examples, only one ¢; or p; is changed by the jump). Finally, the trajectory is propagated backward
in time from (gy,py) to (qo,por).- The entire process is treated as one dynamical trajectory for
the purposes of integrating the action and monodromy matrices. For each forward trajectory,
many backward trajectories must be calculated, as indicated by the small arrows starting along
the jump path.
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As an aside, two situations which we commonly use are when the jump Hamiltonian
®(q,p) is a linear function of only p or only ¢. In either case, its easy to see that AM is null. In
the case that the ¢(p, q) is a linear function of only p, we can also see that the jump in action is
Zero.

This leaves us with the question of how one can represent a given operator in that unitary
form. One approach is to use the identity

> o d B

B = }\%zae (1.115)
However, when this derivative identity is applied, it fails to capture quantum interference effects.?®
This is because, when A\ = 0, we recover a situation where the forward and backward trajectories
are equivalent (allowing no interference), as in the LSC-IVR. This derivative-based FB-IVR thus
gets results which are similar to those achieved by the LSC-IVR. In order to capture interference
effects, the method we typically use is to take the Fourier transform of the operator in question.

For a general operator, this would require doing the Fourier transform for every degree of
freedom that contributes to the functional form of operator B. In order to make the calculation
feasible, we instead do the one dimensional Fourier transform of some collective function. To
make the jump calculation feasible, we also require that this collective function be of either the
momenta or the positions, but not both. A typical example is for rate calculations: the rate can
be calculated from the long-time limit of the flux-side time correlation function. In this case, the
B operator is the “side” function: a Heaviside function of the dividing surface. This function
gives 1 if the system is in the product state, 0 otherwise.

In a case like this, we have B = B(s(g)). (In the specific case of the side function, s(q)
defines the dividing surface, and B(s) is the Heaviside function.) To obtain a correlation function
with the second operator written in terms of the jump time-evolution operator exp(—i¢(p, q)), we
write B(s) in terms of its Fourier transform, B(ps):

B(s(q)) = / dps B(ps)e?*@ (1.116)

When we insert this into the quantum time correlation function, we obtain

tr (Aemtée_mt) =tr (flemt/dps B(ps)eipss(‘j)e_iﬁt> (1.117)

= /dpSB(ps)tr (Aeimeipss(‘j)e*im) (1.118)

Now we see that we have ¢(p, q) = —pss(q). At time ¢, we make a jump in momentum according
to equation ([1.111))

Ap = psVs(q) (1.119)

If we have some idea of the scale associated with the features of the function we hope to
see, then we can use that information to estimate the range and step size of the jump parameter
in the Fourier transform method. This is due to fundamental interactions between a discretized
function and its Fourier transform: the resolution in one representation is determined by the range
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in the other representation. Consider conjugate variables p and y. Assume we want a result which
is a function of y — this means that our jump in the FB-IVR is in p. The resolution Ay and the
range Xmax are given in terms of their counterparts in the p representation:

27

Ay=—" (1.120)
Pmax — Pmin
=7 (1.121)
Xmax = Ap .

An FFT routine will give Xmin = — Xmax-

The FB-IVR retains the phase dependence on the action, which allows it to capture
the interferences of true quantum dynamical effects, which, as discussed previously, the LSC-
IVR is unable to do. However, this comes with a couple of significant costs. First, any FB-
IVR calculation can be very expensive. Since we need to do the Fourier integral over the jump
parameter, each forward trajectory corresponds to some number (on the order of thousands) of
backward trajectories. The trick of taking the Fourier transform of some collective function, as
described above, prevents this from being a much uglier situation. However, it is still extremely
expensive.

The other problem with the FB-IVR is that it requires a completely separate calculation
at each time. The jump must be made at a specific time, and all the backward trajectories must
start from there. This means that the FB-IVR is not a very efficient way to calculate a time-
correlation function (at least, not with sufficient resolution to calculate the integral of that time-
correlation function and use a Green-Kubo relation to determine some property). Fortunately,
many quantities are either of interest as a specific time (such as the radial distribution function?®)
or are interesting in the long-time limit (such of the rate as the long-time limit of the flux-side
correlation function®® or various distributions after some scattering process?7).

1.2.4 Other SC-IVR Methods for Correlation Functions

There exist several other methods to calculate correlation functions which are based on
the SC-IVR. These include the double-backward IVR,?¢ the exact forward-backward IVR,?” and
the generalized forward-backward IVR.?? Since they do not pertain to the rest of this thesis, they
will not be discussed here.

1.3 The Meyer-Miller-Stock-Thoss Hamiltonian

Although not strictly confined to the SC-IVR, I will take this opportunity to intro-
duce the Meyer-Miller (or Meyer-Miller-Stock-Thoss, MMST) “classical electron” Hamiltonian
for nonadiabatic systems. A notable subset of my work has involved developing methodologies for
nonadiabatic systems based on the MMST Hamiltonian and applications of the MMST Hamilto-
nian to specific systems of interest.

1.3.1 Derivation

The original development of this Hamiltonian was done by Meyer and Miller in 1979.3%

They started by considering the amplitudes of the quantum electronic basis vectors, and con-
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necting that to the action part of a pair of action-angle classical variables. They found that the
classical equations of motion for these action-angle variables matched the quantum equations of
motion for the amplitudes. One important point in their derivation was that they found it neces-
sary to make the “Langer modification,”3? shifting all action variables n to n + 2 They had to
correct their energy levels for this change by subtractlng from the diagonal matrix elements —
in the more rigorous derivation that follows, we will see that this correction factor comes about
due to the canonical commutation relations for bosons.

A more concise (and exact) introduction of the same Hamiltonian was developed by
Stock and Thoss.“? Their derivation, based on Schwinger’s ladder operator theory of angular
momentum, will be sketched out here.

For a system with N discrete (typically electronic) states, we write the Hamiltonian as:

H = Zrcb Hyy(Q, P) (@] (1.122)

where Q and P are the nuclear coordinates and momenta, respectively.

One can directly map the operators |®,) (®,,| to creation and annihilation operators:
the bra annihilates excitation in the mth basis state, and the ket creates the excitation in the nth
basis state. So we start by replacing the transfer operators |®;) (®;| from equation with
their (bosonic) ladder operator representations:

H =" ala;H;(Q, P) (1.123)
i,J

=T(P) + Vo(Q Za a;Vij( (1.124)

In the second step, we have assumed that each element of the Hamiltonian matrix can be written

Hij(Q, P) =T(P) + Vo(Q) + Vi;(Q).
We recall the isomorphism between the harmonic oscillator and the ladder operators,
=

7= (in — ) (1.125)

an = (mn + ipn) (1.126)

E%\

where we have assumed unit values for the mass and harmonic frequency.
Now we insert these relations into our Hamiltonian.

H = T(P) 4 Vo(Q) + 5 3 (b — if) (& + i5) Vs (@) (1.127)
,J

=T(P)+ W(Q) + %Z (225 + pipj + i23p; — iPity) Vi (Q) (1.128)
4,J

Now we observe that the sum goes over all states for both i and j — that is, there are N? terms.
That means that for every ordered pair (4,5) with i # j from that set of N? terms, there will also
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be an ordered pair (¢',5’) = (j,i). Splitting off the diagonal terms and combining the ordered
pairs of (4,7) and (j,4), we get (assuming that Vj;(Q) is Hermitian):

2

H=T(P)+W(@Q)+5 (Z (27 + p? + idipi — ipids) Vi (Q)
K3
+ ) (il + &5 + pidy + Dipi + iy — 1Dy — ipiky +idp) Vi (Q) | (1.129)
1<J

=T(P)+ Vp(Q) + % (Z (&7 + p; + 1 [2:, p3]) Vi (Q)

i

3" (@@} + i by + i [, 93] + i[5, 91) Vi (Q) (1.130)

1<j

where the braces represent the anticommutator and the brackets represent the commutator. Re-
calling the canonical commutation relations:

[T, Pm] = 10nm (1.131)

Now we obtain one of the forms of the MMST Hamiltonian:

H =T(P)+V(Q) + % D (@ 457 = 1) V(@) + 3 (@i + birs) Vig (@) (1.132)

I usually prefer to express it in the equivalent form:

H = T(P) 4 Vo(Q) + 5 3 (b + pidy — 01) Vis (@) (1.133)

.3

Now the electronic degrees of freedom have been included in a form which is suitable
for semiclassical treatment. The positions and momenta that came from the electronic degrees of
freedom are treated as classical positions and momenta.

This mapping is only exact in the subspace of a single excitation, but that restriction
still leaves many problems of great interest.

1.3.2 Using the MMST in the SC-IVR

To combine MMST methods with SC-IVR methods, we must also consider the descrip-
tion of an initial wavepacket in terms of these classical electronic degrees of freedom. These
calculations are performed with one mode that initially has a single quantum of excitation: we’ll
call a state with the excitation in the ith mode |®;). The standard method*! has been to select
the initial electronic wavepacket using a direct product of harmonic oscillator states. For sim-
plicity, we’ll define the ¢, (z) as the nth excited harmonic oscillator state. To generate |®;) (in
the position representation) for mode ¢ we use the harmonic oscillator first excited state ¢1(x;),
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and for modes j # i we use the harmonic oscillator ground state ¢o(z;). Thus, the full position
representation is
(@) = ¢1(zi) [ ] dolay) (1.134)
J#i
It is relatively simple to show that this prescription selects the correct matrix elements of the
Hamiltonian if we integrate over the electronic variables (still treating the operators quan-
tum mechanically).

For the HK-IVR and FB-IVR, we typically want to sample from something that resembles
the overlap of the initial state with a coherent state. We write the multidimensional coherent
state |pq) as the direct product of one-dimensional coherent states |p, ¢,). As such, our initial
(electronic) overlap is the product of terms of the form (¢x(xy)|pn xn). We choose the width of
the coherent state to be v =1 for all electronic states (which simplifies the math). The resulting
overlap for the unoccupied electronic degrees of freedom is:

(¢olpz) = exp (—i (2% +p%) — ;xp> (1.135)

For the occupied degree(s) of freeom, we have

(@rlpa) = 5 o= ipexp (} (22 +17) ~ o) (1.136)

When we apply the MMST method directly to the LSC-IVR (starting in a specific
electronic state) we apply a similar procedure, but instead of looking at the overlaps, we take
the Wigner transform of the electronic projection operator |®;) (®;|. Again (assuming an initally
uncorrelated state, as we typically do) this can be decomposed into the product of contributions
from each mode. For the unoccupied modes 7,

(o) (G0l = 2exp (—a* — p?) (1.137)

For the occupied mode ¢,

(01} (1w = V8 (42 422 = 3 ) exp (22— ?) (1.139)

1.3.3 Numerical Challenges in MMST Dynamics

However, one can run into numerical problems with the MMST Hamiltonian. As I
discovered when attempting to use SC-IVR methods to study the photodissociation of IBr, the
MMST dynamics can be problematic. Under certain circumstances, the nuclear motion can go in
the wrong direction (effectively on the inverted potential!)

To see why this is, we should return to the original Meyer-Miller formulation of the
problem, where the Cartesian electronic coordinates (z;,p;) are derived from more fundamental
action-angle variables (n;,¢;). In fact, the action variables n; are directly related to quantum
numbers (one can backtrack to a similar position from the Stock-Thoss derivation outlined above).
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Since we do not restrict our initial electronic coordinates to have the correct quantum
numbers, we can find sets of initial electronic coordinates such that:

x? +pf — % <0 Vi (1.139)
For simplicity, consider a two-state system. If we assume a system with V{(Q) constant and V12(Q)
near zero in the region of initial conditions (as is common), then the effect of equation ([1.139)) is
that instead of the effective nuclear potential looking like some (positive) linear combination of
Vi1 and Vg, it looks like a linear combination of the inverted potentials —Vi; and —Va3! As a
result, a system with steep walls will lead to trajectories that overflow, reporting not-a-number.
Furthermore, the condition above is a weak requirement: it is sufficient to guarantee that this
problem will occur, but it is not necessary. If only one state is problematic, that can be enough
for the whole calculation to fail, depending on the specifics of the diabats.

How likely are to we have this problem? If we're sampling the wavefunction described
in section m (using the magnitude of the functions listed in that section), then the probability
of an unoccupied degree of freedom satisfying part of that condition (if we’re sampling for an
HK-IVR or FB-IVR) is 11.75%. Looking at the modulus in terms of » = /22 4+ p2, we have the
probability that 7% < % as

- J1/2
02 de |, / drrexp (—%72)

fo% do fooo drrexp (—i’I“Q)

(1.140)

Similarly, the probability of an occupied state (if we sample from the modulus) satisfying that
is 3.08%. For the LSC-IVR, the results are worse. In that case, 39.35% of trajectories give the
inverted surface for the unoccupied state and 14.94% give the inverted surface for the occupied
state.

Putting this together, for a system with two electronic states, one of which is initially
occupied (a common situation to study), the probability of satisfying the criterion , i.e.,
both states match, guaranteeing failure, is 0.36% for the HK-IVR and FB-IVR case, and 5.88%
for the LSC-IVR. These numbers may seem small, but with tens of thousands of trajectories
required in a typical IVR calculation, they are not insignificant. The probability that one state
or the other will match that criterion (risking failure, but not guaranteeing it) is 14.47% for
the HK-IVR and FB-IVR and 51.59% for the LSC-IVR. Of course, as we go to more electronic
states, the probability of satisfying the strong condition decreases, but the probability
of satisfying the weaker condition where at least one degree of freedom risks causing trouble
increases. If, as is the case for IBr, the unoccupied state has a much larger energy and slope than
the occupied state, then the probability of failure is the probability of that state contributing to
the criterion (|1.139) (for the photodissociation of IBr, 11.75% for the FB-IVR and HK-IVR and
39.35% for the LSC-IVR).

Details of the sampling methodology (sampling by Gaussians of various widths, for
example) can change the specific percentages cited above. However, nothing will change the fact
that the distribution at ¢ = 0 has a large amplitude in the regions where each individual degree
of freedom contribute to the criterion . In order to accurately sample the wavefunction,
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one must sample those regions. And by sampling those regions, one causes the failure of the
calculation.

A quick-and-dirty approach to this problem is to kill any trajectories which will cause
this problem, either by imposing a check on the geometry (to ensure that the system isn’t far into
a repulsive wall) or by imposing a check on the energy. But even that idea is bound to fail: while
it might work for a one-dimensional system that starts out on a repulsive wall (such as the IBr
system that initiated my thoughts on this) within forward-propagator methods, it is likely to fail
for calculations using the FB-IVR. This is because some of those trajectories which are killed in
the forward direction may have made a significant contribution after backward propagation (in
fact, the zero-jump backward trajectory is guaranteed to have a good overlap!) Along a similar
line of thought, even in the LSC-IVR it seems fishy: at relatively short time (that is, long enough
for the distribution to start evolving but not long enough for a significant number of trajectories to
violate the constraint) a wavepacket with initially zero average momentum and which, classically,
should be evolving to forward momentum, will show both positive and negative peaks in the
momentum distribution. There’s also the question of what killing these trajectories means for
normalization.

A similar issue occurs when one looks at other kinds of physical problems. For example,
consider an atom-diatom potential energy surface, with a conical intersection near the saddle
point of the ground state. If, due to coupling near the saddle point, we end up on an inverted
surface in the direction perpendicular to the reaction coordinate (i.e., if our saddle point becomes
a maximum) then we can fall off into the abyss. If we don’t know the details of the potential
energy surface’s geometry near our transition state a priori , then we only know what we’ve fallen
into the abyss after we’ve already fallen. In this case, fixes based on the initial conditions aren’t
sufficient.

To my knowledge, there does not yet exist a method which avoids these problems while
directly combining this mapping approach with the specific semiclassical methods described in
sections and Quasiclassical sampling might ameliorate the problems from starting at a
highly-sloped part of the surface (at least for certain geometries of the crossing point), but they
would still fail to fix the problem near the transition state in the atom-diatom reaction.

However, there is a method which is largely in line with the philosophy of the method-
ologies described above, but which doesn’t suffer from there problems. The “linearized ap-
proach to nonadiabatic dynamics based on the mapping formalism” (LAND-map) of Bonella
and Coker??43 and subsequent work such as the “iterative linearized approach to nonadiabatic
dynamics” (ILND)** doesn’t seem to suffer from these problems. These approaches represent
more of a “half-linearized” approach (despite their names): in the LSC-IVR, we have linearized
the entire trajectory. In LAND-map and ILND, only the nuclear dynamics are linearized. The
classical electronic degrees of freedom are not linearized. A similar “half-linearized” approach to
dynamics was developed by Sun and Miller,!” although their method was not applied to nonadi-
abatic dynamics. Sun and Miller’s method does not solve the inverted potential problem. In the
LAND-map method, the dynamics do not evolve directly according to the MMST Hamiltonian.
The result is that they do not suffer from the inverted potential problem.
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Chapter 2

Time-Dependent Monte Carlo

One of the major challenges in semiclassical theory is the large number of trajectories
required to converge a trajectory. As discussed in chapter [} this is largely the result of the sign
problem, and can’t be avoided without losing the ability to capture some parts of physics.

Even so, any effort to reduce the number of trajectories required by semiclassical calcu-
lations will make semiclassical methods more attractive, and so this chapter will describe several
related ideas to reduce the total number of trajectories required by including time-dependent
information in the Monte Carlo sampling function.

Some of the ideas to use TDMC methods were originally explored by Sun and Miller.4?
However, that work focused on the phase histograms (which we will return to in chapter 3,
whereas this work focuses on the structure of the time-dependent sampling function in phase
space.

2.1 Time-Dependent Monte Carlo

When we perform Monte Carlo integration, we rewrite the integral as

/d:):o f(xo) = /dxo w(zo)A(zg) = </~l>w (2.1)

where w(z) is a normalized distribution function.

We have our choice of how to separate our integrand. In chapter |1 we split it into a
time-independent sampling function and a time-dependent quantity to be averaged. I'll call that
initial value Monte Carlo.

In this chapter, we’re interested in the idea of trying to include as much of the integrand
as feasible in the the sampling function. Before specializing to examples using the SC-IVR (in
particular, the DHK-IVR), let’s treat the problem as follows. We assume that our integrand,
f(xg), can be written as:

f(xo; t) = A(:L'())B({L'o; t) (2.2)

where all the time dependence is contained in B(zg;t) (A(zp) is time-independent).
When we write the integrand like that, it becomes clear that for any point to contribute to
the integral, it must be non-negligible for both the function A(zy) and the function B(xg;t). This
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Figure 2.1: Comparison of two ways of sampling a positive definite A(z)B(z:). (a) Using A(zg) as the
sampling function, we see that we sample many regions where the total integrand is nearly zero. (b) Using
the whole function for sampling, we have several distinct regions of sampling, but we don’t sample where
the integrand is nearly zero.

means that we can consider A(zg) as an envelope for the whole function. This idea is illustrated
for a hypothetical function in figure We show a broad (Gaussian) initial distribution A(xg),
and a time-evolved distribution B(zg;t) which has contributions at four distinct peaks If we
sample using just the initial envelope distribution A(zg), we are certain to capture all the peaks
of B(zo;t) which contribute to the total integrand. However, if B(xg;t) is sufficiently sparse, we
will also spend a lot of time sampling regions where B(xg;t) ~ 0. For example, in figure
we're less likely to sample around x = —2.5 (the leftmost peak of B(z;t)) than we are to sample
around x = —1.0 (where B(zo;t) ~ 0). Those samples where B(xg;t) ~ 0 represent wasted
computational time.

On the other hand, if we sample from the product A(xo)B(zo;t), shown in figure|2.1(b)]
we (by construction) only sample the regions which are important to the total integral. However,
we do find another problem: we end up with distinct sampling regions, so we must find ways to
get from one region to another.

In this chapter, we’ll explore three different plans for Monte Carlo sampling: Initial
Value Monte Carlo, Endpoint Time-Dependent Monte Carlo, and Path Sampling Time-Dependent
Monte Carlo. Cartoons illustrating the difference in these three sampling methods are shown in

figure

2.1.1 Initial Value Monte Carlo

Before introducing the time-dependent Monte Carlo methods, let’s start by reviewing
the advantages and disadvantages of the more familiar Monte Carlo sampling method described
previously, which I'll call initial value Monte Carlo (IVMC).

* This hypothetical is not at all an impossible case — in fact, it is designed to be reminiscent of the situation
we find in section , in particular figure
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(a) (b) ()

Figure 2.2: Cartoon illustrating (a) Initial Value Monte Carlo, (b) Endpoint Time-Dependent Monte Carlo,
and (c) Path Sampling Time-Dependent Monte Carlo.

IVMC is defined by taking a sampling function at time zero, using it to select initial
conditions, and then running trajectories from that set of initial conditions.

One of the primary advantages of IVMC is that it allows one to separate the Monte
Carlo from the dynamics. This means that a single Monte Carlo calculation can be used for all
times in the correlation function.

Another advantage of IVMC is that by doing the Monte Carlo first, the remaining
problem of running the many (independent) trajectories is embarassingly parallel. It’s also quite
simple to code.

On the other hand, it has the potential to be very wasteful. The sampling function for
IVMC, which is typically related to the time independent function, can be seen as an envelope
that goes over the whole of the important space. However, not all points within that envelope will
be important — the points that are important will be selected by the time-dependent function.

This means that many points which are selected by IVMC will end up giving a contri-
bution of zero to the total integrand (at least, at a given time). Which points are irrelevant will
vary by time. However, some quantities only require calculation at a given time (or, frequently, at
long time — many quantities are related to long-time limits of correlation functions). For these
cases, it would be good to avoid the waste of calculating the points which are irrelevant at that
time.

2.1.2 Endpoint Time-Dependent Monte Carlo

The basic idea of time-dependent Monte Carlo is that, instead of sampling from some
function based on the time-independent envelope, we’d like to sample from the full time-dependent
function. The allows us to avoid wasting effort by calculating points that do not contribute to the
integral. In fact, we can choose to sample from the magnitude of the time dependent integrand,
and simply average the associated phase. That is, we can calculate the integrand as

dzo A(zg)B(xg;t) o <eiarg(A(z°)B(x°;t))> 2.3
/ 0 Alo) Blzo; ) |Aao) B(aost) (23)
All of our time-dependent Monte Carlo methods will use this scheme for sampling. The
difference between endpoint time-dependent Monte Carlo and path sampling time-dependent
Monte Carlo will be in the method used to move through the phase space of initial conditions.
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Endpoint time-dependent Monte Carlo (EP-TDMC) samples by moving in phase space
at time ¢ = 0. This picture corresponds naturally with the idea that the integral is over initial
conditions: we start with a value of zq, calculate the time-dependent sampling function associated
with that initial condition, and our Monte Carlo step moves us to another initial condition zf,.

As mentioned above, the weight function from which we sample must be normalized.
In IVMC, p(z) is chosen so that it is normalized (frequently, the normalization constant can be
determined analytically). In TDMC, we need to calculate the norm, i.e., we need to calculate

N, = / dz | A(z0) B(ao; 1) (2.4)

We return to the IVMC method to solve this. The key assumption here is that this integrand,
which is positive semidefinite, will converge more quickly than the complex integrand with which
we started. In the case of SC-IVRs, that complex integrand tends to be highly oscillatory —
moreover, the interesting quantum effects are due to the highly oscillatory nature of the integrand.
So to average the phase (a difficult problem) we limit ourselves to important trajectories using
TDMC. To calculate the magnitude (a simpler problem) we use IVMC.

2.1.3 Path Sampling Time-Dependent Monte Carlo

To extend EP-TDMC, I developed path sampling time-dependent Monte Carlo (PS-
TDMC). The premise of PS-TDMC is that, when dealing with deterministic trajectories of fixed
length in time, an integral over initial conditions is equivalent to an integral over paths. So instead
of treating the Monte Carlo move as a step in the space of initial conditions, PS-TDMC treats
the Monte Carlo move as a step in the space of trajectories.

PS-TDMC uses the same sampling function as EP-TDMC, but it allows different moves
in trajectory space. Taking its inspiration from transition path sampling, PS-TDMC proposes
a two-step rule to select a new trajectory. First, a point in time is randomly selected along the
trajectory, and the point in phase space is moved at that time. Then the trajectory is calculated
forward and backward in time, and the value of the sampling function is determined.

If the probability of generating a trial move is equal to the probability of generating
the reverse trial move (i.e., the underlying matrix of the Markov chain is symmetric) then the
Metropolis scheme will satisfy detailed balance.*® For this algorithm, that’s clearly the case: we
have an equal probability of choosing the same time along the trajectory, and then, just as in the
original algorithm, we have an equal probability of choosing the reverse move in phase space.

2.1.4 Sampling Multiple Domains: The Dual-Delta Method

One of the downsides of using TDMC is that the sampling function can consist of multiple
domains on importance, as shown as a cartoon in figure (and shown in a realistic situation in
figure The source this of can be made clear if we consider a survival amplitude calculation
at long time. The basic problem is a manifestation of the root search problem described in
section [[.1.I} any trajectory that starts and ends in an important region of phase space will
contribute to the overall integrand. But, for a given pair of positions (within the envelope of
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Figure 2.3: Cartoon illustrating two methods for sampling distributions with multiple domains within an
envelope: (a) represents the “big-delta” method, which only uses the Monte Carlo step appropriate to the
envelope function; (b) represents the “dual-delta” function, where two step sizes are possible; one from the
envelope function and one from the smaller domain.

important points), there could be more than one momentum (also within the envelope of important
points) to connect them.

This can be a problem if the Monte Carlo step size is determined without prior knowledge
of the multiple domains of the distribution — one can find an optimal acceptance ratio for a single
domain, instead of for the whole probability distribution function, and be left with a Monte Carlo
step size that is unable to traverse from one domain to another. This procedure of optimizing
the Monte Carlo step size to a given acceptance ratio, which is risky for TDMC sampling, will be
referred to as the “optimized-delta” trial step size.

The most naive way to fix this problem would be to use a large step size: since all
the domains of the TDMC distribution fall within the envelope of the IVMC distribution, we
could use the step size appropriate to the IVMC step size. I call this method “big-delta.” The
problem with the big-delta method returns to the issue that TDMC was trying to avoid, because
we calculate, and then reject, the trajectories that make negligible contributions to the integral.
As a result, the Monte Carlo will have a very low acceptance ratem

I propose another way to do this, which will allow us to have a good Monte Carlo
acceptance rate regardless of the sparsity of the TDMC sampling function in the IVMC sampling
function. My idea, which I call “dual-delta,” involves storing two Monte Carlo step sizes: one
associated with the IVMC sampling, and one associated with the TDMC sampling. At each

T This isn’t actually as bad as it sounds: if we compare it to IVMC, then the many rejected trajectories are
trajectories which would not have contributed significantly to the integral. As we’ll note in section we don’t
include the Herman-Kluk prefactor (the most expensive part of the calculation) in the sampling function. Therefore,
we do obtain an improvement by throwing those trajectories before wasting the time to calculate the prefactor.
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Monte Carlo step, one selects which step size to use at random (we’ll define py;, as the probability
of using the IVMC step, leaving the probability of using the smaller TDMC step as 1 — ppig)-
Then we make the rest of the Monte Carlo move as usual.

The probability py;s is a free parameter — as long as it is non-zero, we should sample
the full distribution (assuming that the larger MC step size is on the order of the size of the
time-independent envelope distribution). In the limit that py;; approaches unity, we recover the
big-delta method. In the limit that pyi, approaches zero, we recover the original result from
TDMC sampling. This indicates that too small of a value of py;; will make it difficult to converge
the calculation, since the proportion of trajectories in each subdomain will not be converged.

Either of these methods will work for either EP-TDMC or for PS-TDMC sampling
methods. Both the underlying matrix of the Markov chain for both EP-TDMC and PS-TDMC is
symmetric. Detailed balance for the big-delta method is completely trivial, since it is equivalent
to a (poor) choice of step size in the standard version of the algorithm. For the dual-delta method,
we simply add a step where we choose which Monte Carlo step size to use: since the probability
of each choice is the same at all points, the symmetry of the underlying matrix is retained, and
we still have detailed balance.

It is also worth noting that PS-TDMC was originally developed in the hope that it
might solve the problem of sampling multiple domains. In fact, it could — however, that will
only happen if the system is chaotic. By definition, a small change in a trajectory at one time
leading to large changes in the trajectory at other times indicates chaos. Normally we think of
that as a change in the initial conditions affecting the final conditions, but it applies equally to
a change at some arbitrary time on the trajectory affecting the initial conditions. The problem
is that our move in phase space is the same kind of move as used in our EP-TDMC. Another
approach might be to use a shooting-like algorithm, where the total energy of the particle is drawn
from a distribution based on the IVMC sampling, but the direction of the velocity is chosen at
random.

2.1.5 Specializing to the DHK-IVR

To this point, we’ve discussed a generic phase space integral (although we’ve been moti-
vated by considerations from the SC-IVR). Now I'd like to consider the specific case of the Double
Herman-Kluk IVR, which is given by:

Cap(t) = /dQO /dQO/ <QO‘A)QO/> <Qt/

where = (p, q), a point in phase space.

B‘Qt> C,Cy B8 (2.5)

In this case, the time-independent quantity from the previous sections is <QO‘A‘QO/>.
However, we’ll note a slight subtlety in the time-dependent part: we can split the time-dependent
part into multiple sub-parts. First, we have an “easy” part, <Qt/‘B ‘Qt>, which only requires

the calculations of normal dynamics. Then we have a “hard” part, C;Cj;, which requires the
propagation of matrices as well as the phase space vector. The dynamics for this second part
takes more computational effort than the dynamics for the first part. Finally, we have the term
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e which is just a phase factor, and therefore plays no role in the magnitude of the time

dependent function.
IVMC sampling on this integrand is done in the usual way: we define some normalized

sampling function p(€, Q) which typically resembles the magnitude of <QO‘A’QO/>. Then we

sample the integrand as:

Cag(t) = <<QO‘A’901> <Qt,

> * 1AS
0 B‘Qt>CtCt/e > (2.6)

P(§20,Q0)
The TDMC sampling on this integrand makes use of the fact that Metropolis Monte
Carlo rejects some trial moves. We choose to sample the integrand as

Cap(t) = <ct C D5 ¢id (2.7)

>|<Qo|filﬂof><9t/!f§Qt>|

where ¢ = arg ((Qo|4[Q0 ) (2
we avoid the waste of calculating the expensive prefactor dynamics for a trajectory that we then
reject. However, this does mean that each trajectory must be run twice: once to select the points
from the sampling function, and once to track the dynamics of the semiclassical prefactor.

B ’Qt>) By not putting the prefactor in our sampling function,

2.2 Results

The DHK-IVR can be used to study a wide variety of systems, but for our first analyses,
we’ll restrict ourselves to 1-dimensional systems (which means a 4-dimensional integral for the
DHK-IVR). In fact, these are both Morse oscillators (with very different parameters). Both of
these systems start with a (pure) coherent state a projection operator as the A operator, which
makes the IVMC sampling particularly simple. We look at two different B operators.

2.2.1 Position Probability Distribution for I,

The position probability distribution is a typical function for TDMC, because it is a
quantity which we usually want to observe at a specific given time. In this case, we’ll look at it
for a Morse oscillator representation of Iy at 192 fs, which is roughly one period.

The potential energy function for this system is given by

2
V(g) = D, (1 + (1 - e—ﬁ@—%)) ) (2.8)
with the parameters

D, = 0.0571682424 a.u. (2.9)
B = 0.9826704 a.u.” ! (2.10)
qo = 5.0402645 a.u. = 2.666 A (2.11)
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Figure 2.4: Radial probability distribution for I, calculated by FB-IVR (black line), and DHK-IVR with
IVMC (red), EP-TDMC (green), and PS-TDMC (blue) sampling.

The position probability distribution P(R;t) is the correlation function where A = |1)) (1| and
B = §(q¢ — R). We use the initial state |¢) given in the position representation by

(qyp) = (1)1/4 6—%(¢I—Qw)2+ipw(q—%) (2.12)
T

where our state has the parameters

v = 135.413108 (2.13)
gy = 4.536862 a.u. = 2.4 A (2.14)
py = 0 au. (2.15)

The width ~ is chosen to fit the harmonic frequency of the potential surface, i.e., v = \/V"(q)/m
with mass m = 116500.0 a.u. (the reduced mass of I5).

These parameters correspond to a iodine molecule photoexcited from its ground state into
an electronically excited state. The position probability function for this 1D system is equivalent
to the (nuclear) wavefunction in terms of the internuclear distance.

For the IVMC sampling function, we use:

p(Qo, Q) = (| (¥|Qr) [ (2.16)
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Figure 2.5: Convergence of various methods for the radial probability distribution of I (as a root-mean-
square deviation over several initial random seeds).

The B operator in this system is B = 0(¢ — R) for a given R. Its matrix elements are easily
calculated:

<Qa pa|5(q - R)‘Qb [b> = /dq/ <Qa pa‘q/> <q/‘5((j - R)‘prb> (2'17)
= <Qa pa|R> <R‘prb> (2.18)
= \/ZeXp (—% ((R —qa)* + (R — %)2) —ipa(R — qa) + ipp(R — Qb)>

(2.19)

We’ll compare results to the FB-IVR result for the same, which has been shown to match
well with the full quantum results for this system. The results from the LSC-IVR do not match
the correct results, indicating that quantum coherences play an important role.?8

Figure shows that all three methods can accurately reproduce the FB-IVR result
for the radial distribution. In particular, they all capture the oscillations, which are the re-
sult of quantum dynamical coherences. Both of the TDMC calculations are performed with the
optimized-delta method for selecting trial points, and the accuracy indicates that, at least in this
domain, this method is sufficient.

In figure we consider how rapidly this result is achieved (for R = 2.43 A). The
calculation was run with several different initial seeds, and the root-mean-square deviation was
calculated as a function of the number of trajectories run. The IVMC sampling method is still
settling to its asymptote around 100k trajectories, while both of the TDMC methods have reached
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Figure 2.6: Phase space plots (in atomic units) of the distribution sampled by the TDMC methods for
calculating the radial distribution of I, nuclei at ¢ = 192 fs for (a) 2.43 A and (b) 2.49 A.

theirs by 20k trajectories. Further, the RMSD is smaller for the EP-TDMC than for IVMC, and
smaller still for PS-TDMC.

Figure[2.4shows the results of using an optimized-delta version of the TDMC calculations
(i.e., using only the small steps from the dual-delta methodology). This is sufficient to accurately
capture the results. Figure [2.6(a)|shows the phase space sampled (first 50,000 points) by TDMC
for R = 2.43 A. Figure hows the same for R = 2.49 A. While figure has one
primary region of important phase space, figure shows two regions which have begun to
separate. When we compare this with the respective points in figure we note that R = 2.43 A
(where there is only one important region of phase space) is at the top of a peak, where there
is no destructive interference. On the other hand, R = 2.49 A (where there is more than one
important region in phase space) is at the bottom of a trough, where nearly all the probability is
killed by destructive interference.

Using these TDMC methods allows us to study what regions of phase space contribute
at different times. In particular, it allows us to identify what regions of phase space lead to the
development of quantum coherences.

2.2.2 Survival Amplitude of an Anharmonic Morse Oscillator

We’ll also test this method on a Morse oscillator with parameters originally described in
reference 47. The potential energy is given by

V(g) = 30.0 (1 +(1- e*0~08‘1)2) (2.20)
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Figure 2.7: Survival amplitude for the anharmonic Morse oscillator calculated with optimized delta. Note
the failure to reproduce the correct result from around times 7-9 and times 12-14.

and the initial wavepacket has the position-space representation

1/4
{alv) = (12) e =07 +ipa (2.21)

™

This system is described in detail in appendix [A.2]

To test this methodology, we’ll measure the survival amplitude of this system, which is
given by A(t) = /Cag(t), where A = B = [¢)) (¢/].

This particular quantity suffers from the problem that, as a time-dependent calculation,
the TDMC methods require a separate calculation at each time, whereas the IVMC only requires
one calculation for all times. However, using this sort of system allows us to see how the method-
ology fares for different types of distribution functions, and will highlight some of the practical
challenges faced in time-dependent Monte Carlo sampling.

In this case, we use the single-HK method for calculating the survival amplitude as our
standard. It has previously been shown to accurately reproduce the quantum results for this
system.47

Since we have the same A operator, we use the same IVMC sampling function as the Iy
system: p(Qo, Q) = [(Q0[¢)) (¥]Q0) .

Our first calculation for this system is done using the automatically optimized choice
of Monte Carlo step size (i.e., the step size that gives approximately 50% acceptance rate for
any degree of freedom). The result of this calculation can be seen in figure While the gross
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Figure 2.8: Survival amplitude for the anharmonic Morse oscillator calculated by the DHK-IVR, with
EP-TDMC sampling. Sampling trials for the pink points were selected by the big-delta method; trials for
the light blue points were selected by the dual-delta method.

structure of the correlation function is preserved, this method is unable to capture some of of
the oscillations between the main peaks. These oscillations are the result of interference from the
action term between different trajectories (see section for a discussion of this).

The reason these features were not captured is evident when we consider the distribution
of points sampled: in figure[2.9] we show the regions of phase space sampled by different methods
for this system at time t = 12.3. Figure [2.9(a)| shows the sampling for the IVMC method. This
is our envelope function which plays a role at all times. In figures [2.9(b)| and [2.9(d)| we see
the sampling that we should get from TDMC (with nearly the same results given by big-delta
and dual-delta methods). Figure [2.9(c)| shows what we actually get with the optimized-delta
method to select trial states. Since the regions are completely separated, a Monte Carlo step
that corresponds to a 50% acceptance rate is necessarily too small to make the jump from one
region to another. In particular, we see in this the momentum coordinate. Along the momentum
coordinate from one region to another, less than 50% of the space is occupied by important
trajectories. Therefore, it is impossible to have a step size that gives a 50% acceptance rate and
is large enough to sample multiple regions.

The leads us to the considerations discussed in section in order to jump between
these regions, we need to use a larger Monte Carlo step size. We can either use the big-delta
method or the dual-delta method: as shown in figure [2.8] either reproduces the correct result.
Figure demonstrates that both methods also result in the same sampling of phase space.
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Figure 2.9: Phase space for calculating the anharmonic Morse oscillator survival amplitude at t = 12.3 for
various sampling methods: (a) IVMC, (b) EP-TDMC with big-delta trial selection, (¢) EP-TDMC with
optimized delta (~ 50% acceptance ratio) trial selection, and (d) EP-TDMC with dual-delta (ppig = 0.1)
trial selection.
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Figure 2.10: Convergence of the survival amplitude for the anharmonic Morse oscillator at t = 12.3 for
EP-TDMC with the dual-delta trial selection (with several values of ppiz) compared to big-delta trial
selection.

The question then becomes about the relative efficiency of these two methods. In fig-
ure [2.10] we compare the convergence of the big-delta method to the dual-delta method with
various choices of ppi. The result is, somewhat to my surprise, that the big-delta version is
more efficient than the dual-delta version. The choice of pi, makes very little difference in the
dual-delta results; the best results, from py;, = 0.8, are marginally better than the others. It’s
particularly interesting that it doesn’t appear that we approach the big-delta result in the limit
that ppig approaches unity.

This may be because the specific method employed here was to select the small step
size such that the total probability of a move being accepted was around 50%. As a result, a
larger frequency of choosing the larger step (larger value of pyig) is compensated by increasing the
acceptance probability of the smaller step, i.e., making it smaller. This may not be the best way
to approach the problem.

2.3 Discussion

This chapter has primarily explored three ideas: first, we compare the IVMC, EP-
TDMC, and PS-TDMC methods for sampling. Second, we have compared the big-delta, dual-
delta, and optimized-delta methods for selecting trial states when doing time-dependent Monte
Carlo. Finally, we look at what these phase space plots can teach us about the way that we
capture quantum effects.
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As we see in figure the convergence of IVMC is slower than that of either of the
time-dependent Monte Carlo methods. This is hardly surprising, since IVMC is guaranteed to
sample many trajectories which have a very small contribution to the total integrand, and that will
significantly slow the convergence. For the system in figure the PS-TDMC method converges
to a slightly better RMSD than the EP-TDMC method does, although it takes a little longer to
level off — around 20k traectories for PS-TDMC, compared to 10k trajectories for EP-TDMC.

The method that we have usually used to select the Monte Carlo step size is the
optimized-delta method: the step size is selected such that the acceptance ratio is around 50%.
However, when using a time-dependent Monte Carlo method, our sampling function can consist of
distinct areas in phase space separated by regions where the sampling function is nearly zero. This
means that it can be impossible to have a single step size that is large enough to “jump” from one
region to another while maintaining the 50% acceptance ratio, as evidenced in figure 2.9} Both the
big-delta and dual-delta methods are capable of sampling the full phase space (and thus succeed
in capturing the quantum effects). In figure we found that the big-delta sampling method
performed better than the dual-delta sampling for this system. This may be the result of the spe-
cific system: sampling along the position axis is about the same for any sampling method; only
the momentum axis changes. Perhaps a more sparse time-dependent sampling function would be
better served with the dual-delta method. The other point to note is that even if we find that the
big-delta method is most efficient, we can still benefit from the TDMC methods for larger systems
because our rejected trajectories don’t involve the expensive prefactor calculations. That is, while
IVMC doesn’t “reject” the trajectories that contribute nearly zero to the integrand, they’re still
wasted calculations, and they involve the expensive step of calculating the prefactor. Big-delta
TDMC methods will reject those trajectories (after calculating the prefactor-free dynamics) but
never calculate the prefactor for them. For systems of more than a few degrees of freedom, this
can represent a significant reduction in computational time.

The last point to consider is less about computational efficiency than about how this
perspective on the semiclassical calculation can improve our understanding and intuition about
semiclassical calculations in general. As discussed in chapter [I] we know that certain types of
quantum effects (which we typically refer to as “true quantum dynamical coherences” or some
subset of those words) can be seen in the Feynman path integral picture as resulting from inter-
ferences of the path actions between different paths. In semiclassical theory, this means that the
phase factors associated with the classical actions interfere when doing the integral over phase
space.

When we consider this, it is not surprising that there might exist distinct regions in
phase space which are associated with trajectories that would interfere with each other. Even
so, it is interesting to see what these regions look like. Further, we have shown that even in
cases of full destructive interference, these regions can still be connected (e.g., figure . In
regions of partial destructive interference, we can see multiple widely-separated regions, as shown
in figure 2.9] Even if this doesn’t provide us with a practical computational method, it does give
us further insight into the nature of the semiclassical treatment of quantum effects.
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2.4 Future Directions

The most obvious way to take this forward is to do exactly what I have already done,
but on other systems. I do think that there’s at least one more question to be answered that way,
as described in subsection below. However, a potentially more interesting future direction
to take this line of research is to use the lessons learned from it (detailed in the discussion
above) and develop algorithms which take advantage of those ideas to better approximate SC-
IVR calculations.

One point to reiterate here is that, while we have used the tools developed in this chapter
for the DHK-IVR, it is in no way limited to that problem. Application to the LSC-IVR and the
single-propagator HK-IVR (or VV-IVR) are trivial. Techniques to apply this kind of approach to
the FB-IVR were discussed by Sun and Miller.4?

2.4.1 Another System: Tully Model 1

Another calculation which would be of interest is the nuclear momentum probability
distribution for the Tully model 1 system.® In this system, we have two electronic states and
one nuclear degree of freedom. We treat the nonadiabatic dynamics according to the MMST
Hamiltonian given in section In the Tully model 1 system, the two diabatic curves are
symmetric such that Vi1 (R)+ Vaa(R) = 0. They are essentially flat to either side of an interaction
region (where the coupling is described by a Gaussian). Previous studies with SC-IVR methods
indicated that the resolution of two momentum peaks comes from the interference of action
terms.?” That is, we cannot capture two peaks in the nuclear momentum distribution using the
LSC-IVR, but we can when using the FB-IVR.. One presumes that the DHK-IVR, will also capture
this effect, since it is a more exact theory than the FB-IVR.

The question then becomes what one might expect from this system. We know that
the nuclear dynamics from the MMST model essentially follow the Ehrenfest (average potential)
dynamics. The conclusion in reference 27 is that destructive interference due to the action term
removes contributions from between the two peaks.

Given this, my first hypothesis would be that, for the Tully Model 1 system, this inter-
ference would be visible in the t = 0 nuclear momentum distribution. My general thought is that
the initial nuclear momentum will serve as the envelope function, and the long-time result will be
multiplied by a result (arising from the action) which separates the two peaks. If this proves to
be true, it would confirm the interpretation in reference 27.

2.4.2 Proposed Method to Approximate IVR Results

The analysis presented above is interesting, but much of it might have been intuited by
a sufficiently perspicacious reader. We're already aware that quantum dynamical coherences are
the result of interferences between different action phases, and it is hardly surprising that this
would lead to certain regions of the action getting “interfered out” of relevance.

The more useful question is whether we can take advantage of that insight to provide a
simple approximation to an SC-IVR calculation which might still capture the relevant quantum
effects (at least qualitatively, even if not quantitatively).
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My proposal is that we should be able to do exactly that, and that the key idea is to
use clustering algorithms to identify the regions of importance. Clustering algorithms take the
points in a multidimensional space and sort them into groups. The problem is that many of these
methods don’t scale well with dimensionality. Even so, it would be worth exploring the idea in
low dimensionality.

The outline of such a procedure would be this:

1. Run some number of trajectories (without the semiclassical prefactor) using the TDMC
method. One must run a sufficient number to identify the sampling regions.

2. Use some clustering algorithm to define approximations to the sampling regions, and the
relative weight of each region.

3. Sample from these regions (with appropriate weights) to generate an approximate IVR.
The hope is that a small number of trajectories would work: I would start by sampling
one trajectory from each region in phase space, starting at its barycenter, and weighted
according to the relative weight of that region (determined in the previous step). The hope
would be that this extraordinarily simple method would suffice to capture the qualitative
nature of true quantum coherences (interference effects).

The basic goal would be to use many inexpensive trajectories (calculated without a pref-
actor) to determine a very small number of initial conditions to use in the semiclassical calculation.
Of course, the benefits associated with not requiring the prefactor in the initial trajectories only
become significant as the dimensionality grows — when, unfortunately, the clustering algorithms
become difficult.
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Chapter 3

Phase Histogram IVR

The ideas developed in chapter [2] were based largely on the observation that we could
split the Monte Carlo average into its magnitude (as a sampling function) and its phase (the
quantity being averaged). In this chapter, we present an idea which is similar in spirit, but takes
a different approach to that idea.

In this chapter, we again consider the final calculation as an (appropriately-weighted)
average of the phases. But in chapter the phases were the dependent variable, with the
trajectory as the independent variable. Here, we will perform the average after constructing a
histogram by phase, making the phase the independent variable and the histogram weight into
the dependent variable.

Sun and Miller®® have previously studied phase distributions arising from semiclassical
calculations, although they did not look at the time-dependence of the phase distribution, nor
did they explore using fitting to further smooth the resulting distribution.

3.1 HK-IVR as a Phase Histogram Problem

In this chapter, we will study the phase histogram of the survival amplitude, calculated
by a single (HK) propagator method. That is, we're looking at the quantity

Alt) = <¢‘e—im)¢> (3.1)

which, importantly, is complex. Many of the ideas in this chapter could by applied to other
semiclassical methodologies and other quantities, and that might even open up other techniques.
For example, should we choose to directly study a real-valued quantity (such as the modulus of
the survival amplitude, instead of just the amplitude) we could also make use of the fact that the
phase histogram would have to be symmetric about zero phase.

In chapter [2] we observed that we can sample a complex integrand by splitting it into
its magnitude, which we use as a sampling function, and its phase, which is the quantity which
we average. In this chapter, we take an extra step to make the angle associated with the phase
into the dependent variable. We obtain a distribution as a function of this angle, which we call
the phase histogram (since, in practice, it amounts to histogramming the phase associated with
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each trajectory at given time). The Monte Carlo calculation generates the amplitude of the phase
histogram.
Mathematically, we express the phase histogram idea as follows:

/ de f(x) = / dz |f(x)| expliarg(f()) (3.2)

" y dz |f(z)|0(¢ — arg(f(x))) ,
= fas"lie) f ao LI e 32)

=N [ 4 (5(0 — arg(1)) ¢ (3.4)

where N = [dz |f(x)|. The quantity P(¢) = (6(¢ — arg(f)))s is the phase histogram. In order
to calculate the integral at that point, the additional steps of multiplying by the normalization
constant N (which is actually included in the phase histograms as described below) and averaging
with the €*® term. All of this can be directly applied to the HK-IVR survival amplitude, where
the integrals over x in the expressions above are simply the phase space integrals.

3.2 Gaussian Fitting of the Phase Histogram

Of course, if all we do is histogram the phase and then re-average it, we can’t expect
to gain much in the process (although, as will be shown, the plots of those histograms can
provide interesting insight on the nature of the physical processes involved). The more interesting
question is whether we can get a good estimate to the correct result by fitting some function
to the histogram. In this example, we fit the histogram to a sum of Gaussians, which are then
analytically integrated to estimate the contribution at that time.

This shares some of the spirit of the method proposed in section However, the
major advantage to this method is that it only involves fitting a one-dimensional function. The
cluster identification idea in section is a very difficult problem for multidimensional systems.

Even so, the practical matter of fitting Gaussians to the phase histogram requires con-
sideration of a few subtle points. The first is the matter of the bin width in the histogram. If we
have too few bins, we risk losing important information about the nature of the interferences. If
we have too many bins, the histogram will look jagged and it will be hard to accurately fit our
Gaussians. There exist many different ways to estimate the best number of bins to use, usually
based on the number of samples (trajectories in our case). One widely used rule of thumb is to
use the square root of the number of trajectories. The work presented in this chapter, however,
mainly serves as a proof of concept for the calculation we’re doing, so the best number of bins will
be “eyeballed” after initially calculating with 250 bins. The rehistogramming procedure assumes
a flat distribution within each original histogram bin when re-apportioning the weights.

Another detail to consider is the fact that the domain is periodic. Therefore, the fitting
function must account for all relevant periodic replicas of the Gaussian. This was done by defining
the fitting function to be the sum of 27-periodic Gaussians. Until the Gaussian was 0.1% of its
maximum height, its contributions were wrapped around as periodic images.

We use the Levenberg-Marquardt algorithm*® ! (as implemented in SciPy®?) to perform
our nonlinear fit. One of the features of this method is that it requires an initial guess for the
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parameters to be determined. We have split this guessing procedure into two parts: we fit our
Gaussians sequentially, so when fitting N, Gaussians, we use the results from the previous fit as
the guess for Ny — 1 of our Gaussians. The remaining guess is determined by considering the
residual of the previous fit (or the full dataset when there is no previous fit) and finding the point
with the largest absolute value. This provides a guess for the height and center of the Gaussian.
We assume that all of our Gaussians decay to the baseline at zero, so we find the width at half
maximum of this peak (paying careful attention to the periodic boundary conditions) in order to
estimate the width of our Gaussian. The fit is then performed for the full dataset, allowing the
previous Gaussian parameters to change to get the best fit with the addition of the new Gaussian.

3.3 Test System: The Quartic Oscillator

The first system we test is a quartic oscillator. This system has been studied before,
and shows an interesting recoherence at long time (which the LSC-IVR fails to capture).?? As
explained in chapter [I] the LSC-IVR is unable to capture coherence effects which occur due to
the inteference of two trajectories with different actions. Since the action is one of the major con-
tributors to the phase, we expect the phase histogram to be delocalized when quantum dynamical
effects are important.

The potential energy for this system (with unit mass) is:

V(g)=q¢*—0.1¢*+0.1¢* (3.5)

We start with an initial Gaussian wavepacket displaced to the right of the potential with param-
eters:

qyp = 1.0 (36)
Dy = 0.0

v=V2 (3.8)

The phase histogram for calculating the survival amplitude (using the HK-IVR) is shown
in figure We can see that the overall structure of the phase histogram follows a slope that
roughly corresponds to the harmonic approximation. At early times, most of the phases that
contribute are near the harmonic phase. As time goes on, more structure develops in the phase
histogram in regions far from the harmonic phase. This additional structure corresponds to
the increasing inaccuracy of the survival amplitude as calculated by the LSC-IVR, as shown in
figure At later times, all phases make some contribution to the phase histogram, but
there is still a lot of structure. As we can see in figure the LSC-IVR treatment of this
survival amplitude fails to capture the amplitude of the oscillations as time goes on, and also fails
to capture the recurrence of the maximum which we see in the HK-IVR calculation just before
t = 60.0.

To study the Gaussian approximation idea for this system, we choose the time ¢ = 55.0.
From figure we can see that this is a region where the phase distribution is very delocalized,
and as figure shows, it is also a point where the recoherence which the LSC-IVR, cannot




Figure 3.1: Survival amplitude of the quartic oscillator system.
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Figure 3.2: Convergence of the Gaussian fit for the quartic oscillator at ¢ = 55.0 as a function of the number
of rehistogrammed bins, for different numbers of Gaussians. The exact HK-IVR result is shown, as is the
rehistogrammed result for each number of bins.

recapture plays an important role. The HK-IVR gives |AHK(55.0)‘ = 0.2688. The LSC-IVR
result is [.AYS€(55.0)| = 0.6307; more than a factor of 2 too high.

The fitting method decribed in section occasionally fails to fit multiple Gaussians
(and, of course, if it fails for Ny, Gaussians, it necessarily fails for Ny +1 Gaussians). This problem
seems to be specific to the histogram; using a different number of bins fixes the problems. In
addition to that, some numbers of rehistogrammed bins can be extraordinarily difficult to fit.

In addition to the obvious approximation made by fitting the rehistogrammed data to a
sum of Gaussians, the re-histogramming is itself an approximation. In figure the black line
shows the exact HK-IVR result, and the red line shows the full rehistogram results for a given
number of bins. As we use fewer bins, the error compared to the exact HK-IVR increases. The
full HK-IVR calculation is equivalent to a direct calculation in the infinite-bin limit, and we have
essentially no change between that infinite bin result and the 250-bin result with which we start
our rehistogramming procedure.

The error introduced by the rehistogramming procedure is smaller than the error from
the Gaussian fitting process for any number of bins, although the error due to the Gaussian fitting
process in this case is frequently on the other of the error made by reducing the histogram to 20
bins. However, our ability to fit the rehistogrammed result to a sum of Gaussians is very sensitive
to the number of bins we have used in the rehistogramming process (equivalently, the bin width).
For some numbers of bins, the results converge quickly. For others, they don’t.
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Figure 3.3: Phase histogram and sum-of-Gaussians fit for the quartic oscillator at ¢ = 55.0, with 100 bins
and 10 Gaussians.

Generally speaking, in figure we see that adding more Gaussians will eventually
improve our result. However, this is not uniformly true, especially if the choice of number of bins
is poor. In particular, we note that the change from five Gaussians to six Gaussians leads to worse
result for many choices of bin width.

For this problem, it appears that if adding Gaussians leads to little change in the final
result, then the result was usually pretty good. The case at 75 bins might be an exception to
this, but generally this inspires us to consider this as a criterion to determine whether a given
Gaussian fitting is good or not.

We find that 100 bins does the best regardless of the number of Gaussians, and that ten
Gaussians does the best regardless of the number of bins for this system. So in figure 3.3 we
look more carefully at how we fit that particular result. The red points are the original phase
histogram: this corresponds to a vertical slice of figure [3.1(a){ at ¢ = 55.0, where phase is now
the dependent variable, and the color scale has been converted to the vertical axis. We note that
with the sum of ten Gaussians, we're already starting to fit features which are probably artifacts
of the noise remaining in the rehistogram (e.g., the negative peaks near 5.1 and 5.5, as well as
the positive peak near 2.8). Overall, the fit matches the rehistogrammed result (and the original
phase histogram) very well.

The most useful question for the Gaussian fitting procedure is whether it can be used
to estimate the final result using fewer trajectories. All the results discussed to this point are
based on fully-converged (100k trajectories) results. In figure we show the convergence by
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Figure 3.4: Convergence of the phase histogram for the quartic oscillator at ¢ = 55.0 as a function of
trajectories for various methods of choosing the “best” number of bins and number of Gaussians for the
Gaussian fitting method.

number of trajectories for three methodologies to pick the “best” Gaussian fit. The first method
is to give the best match to the rehistogrammed value (which, as shown in figure is typically
closer to the exact result than the Gaussian fits are). The second method is to choose the best
match to a given value — in this case the (known) exact converged HK-IVR result. This is
basically cheating, since if we already know the exact converged HK-IVR result we have no need
to do this calculation! However, it gives us an idea of the limitation of a hypothetical “perfect”
method. Finally, we use a method based on considering the internal consistency. The idea behind
this method starts with the observation that the cases where adding more Gaussians had little
effect on the final result tended to be situations where we had good fits. For each number of
bins, it finds the three consecutive fits with the smallest range in the result, and then these are
compared across the numbers of Gaussians. The reported value is the one associated with the
middle number of Gaussians from the three fits.

In addition to these three methods, figure shows the exact (converged) HK-IVR
result, and the full HK-IVR result for each number of trajectories. The only method that beats
regular HK-IVR method is the “cheating” method, which matches to the known exact value.
Neither of the practical possibilities are more efficient than the full HK-IVR for the same number
of trajectories. The internal consistency method is particularly atrocious, making false choices at
2000 and 8000 trajectories. While there may exist a better method for selecting the number of
bins and number of Gaussians, clearly, none of these algorithms can be recommended.
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Figure 3.5: Survival amplitude of the anharmonic Morse oscillator system. (a) Phase histogram of the
survival amplitude as a function of time. (b) Modulus of the survival amplitude as calculated by the
HK-IVR, by the LSC-IVR, and by rebuilding the phase histogram with cutoff 0.005 (normalized to 250
bins).
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Figure 3.6: Convergence of the Gaussian fit for the anharmonic Morse oscillator at ¢ = 5.0 as a function
of the number of rehistogrammed bins, for different numbers of Gaussians. The exact HK-IVR result is
shown, as is the rehistogrammed result for each number of bins.

3.4 Test System: The Anharmonic Morse Oscillator

Another system we will study is the anharmonic Morse oscillator, which is described in
detail in section The potential energy for this system is given by

V(q) = 30.0 (1 +(1- e—O-OSQ)Q) (3.9)
and the initial wavepacket is given in the position representation by
12 1/4 )
(ql) = () ¢~ 00> +ipg (3.10)
T

The phase histogram for the survival amplitude of this system (using the HK-IVR) is
shown in figure Again, we see that the harmonic frequency follows the major feature in
the phase histogram plot. Overall, this phase histogram is much more sparse than the phase
histogram for the quartic oscillator. For this Morse oscillator, we can see that we have significant
quantum effects whenever the average phase differs from the brightest features. We note two main
types of such features: first, when the bright features bifurcate, as around ¢t = 5, ¢ = 15, and
t = 25. These correspond to the system completing n + % periods (n € N), and the bifurcation
is due to the significant anharmonicity of this potential[f] The other situation where the average

* After completing a full period, this distinction is cancelled out, as is evident at ¢t = 10 and ¢ = 20.
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Figure 3.7: Phase histogram and sum-of-Gaussians fit for the anharmonic Morse oscillator at ¢t = 5.0, with
70 bins and 6 Gaussians.

phase varies significantly from the brightest features are when the average phase is pulled away
from the main feature by the highly-sloped low intensity (purple) lines, leading to wiggles in
the survival amplitude between the main recurrence peaks as seen in the survival amplitude in
figure

For the first example, we’ll look at the phase histogram at ¢ = 5.0. For the second,
we’ll look at the phase histogram at ¢ = 12.3. One important point about this system is that
we can see two main features: the first is the bright feature which approximately follows the
harmonic frequency. The second is the highly-sloped low intensity (purple) lines. These are much
lower in magnitude than the bright feature (which actually goes off the scale of the numbers in
ﬁgure. This secondary feature is interesting: what looks at a casual glance like several lines
is actually a single line corkscrewing around the bright feature in the 27-periodic phase domain.

In ﬁgure we note that neither type of quantum effect is captured by the LSC-IVR.
The first type of effect leads to a deeper drop between the peaks around ¢ = 5, and futher structure
in the double peaks around ¢t = 15 and ¢ = 25. None of this is captured by the LSC-IVR. The sec-
ond type of quantum effect is also notably absent from the LSC-IVR calculation. In figure
there is also a third line, corresponding to only including phases that contribute at least 0.005
(based on histogramming the phases into 250 bins). This effectively removes the purple from
figure and, as we see, it recovers the first kind of effect, but not the second. If we compare
this with the results from section we note that qualitatively, this cutoff approximation has
a lot in common with the result we get by turning off the action (see figure . Both are
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Figure 3.8: Convergence of the Gaussian fit for the anharmonic Morse oscillator at t = 12.3 as a function
of the number of rehistogrammed bins, for different numbers of Gaussians. The exact HK-IVR result is
shown, as is the rehistogrammed result for each number of bins.

able to capture the deep dip around ¢ = 5 (which we do not capture if we turn off the prefactor,
as shown in figure [A.3(a)|), but are unable to capture the wiggles between the recurrences. The
cutoff method is notably more quantitative in its agreement with the original, but this still leads
us to suggest that the low intensity lines from the phase histogram result from the action.

In figure [.6] we see how different numbers of bins and different numbers of Gaussians
affect the accuracy of the result from fitting the phase histogram at ¢ = 5.0. In this case, we see
that we have some numbers of bins that have very good results (70, 90) but most of them are very
bad, to the point of giving meaningless numbers. With the exception of the “good” bin choices,
results are actually made worse by using more than three Gaussians.

To see how a good fit works for this phase histogram, we choose the case of 70 bins and
six Gaussians, shown in figure[3.7] The phase histogram is very simple: most features could clearly
be reproduced with four Gaussians (one for each peak, and one each to correct the asymmetric
tails). Yet, for some numbers of bins, the calculation fails completely.

Figure shows the result of trying to fit the phase histogram of the anharmonic Morse
oscillator at t = 12.3 with different numbers of rehistogramming bins and different numbers
of Gaussians. The result is an abject failure. Fitting to two Gaussians does best; adding more
makes it worse. We have bad results for all numbers of bins, verging toward atrocious. Of greatest
concern is that we find that we obtain very consistent results as we add more Gaussians at many
numbers of bins — very consistent results, and very wrong results.
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Figure 3.9: Phase histogram and sum-of-Gaussians fit for the anharmonic Morse oscillator at ¢ = 12.3,
with 80 bins and 10 Gaussians.

To try to understand why this fails, we look more closely at the fit with 80 bins and
10 Gaussians. The phase histogram at this time shows the two main features discussed in the
time-dependent phase histogram in figure the “bright” feature, which here is a very large,
very thin peak near a phase of 2.4, and the low intensity “purple” feature, which is a broad peak
centered near a phase of 5.1 (shown in the inset to figure . This short, broad feature has a
peak that is an order of magnitude shorter than the peak of the bright feature, but the relative
widths and relative phases mean that they are both able to contribute to the final result.

From figure we know that we capture most of the features of the re-histogrammed
result, although the original histogram is very noisy. Since the rehistogrammed results do reason-
ably well according to figure [3.8] we assume that it is not necesary to capture the noise exactly.
Most likely, the Gaussian fit is unable to accurately capture the result for this phase histogram
because the two main features are so different. A small error in the total width of the broad peak
may lead to a substantial error in the calculation. In all the other examples we have seen, the
features involved were of similar scales. It is the scale mismatch that leads to the complete failure
for this example.
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3.5 Discussion and Future Directions

Although we have not found a way to use the phase histogram idea to make semiclassical
calculations more efficient, it still gives us a way to learn more about semiclassical methods and
the way they capture quantum effects. In particular, we note the features in the time dependent
phase histogram which nearly follow the harmonic approximation (and are probably the result of
the prefactor) and the results which we showed (for the anharmonic Morse oscillator) result from
the interference of action terms.

The fitting process obviously has problems: it doesn’t work for all systems, and even
when it does work, we don’t have a good way to select the right number of bins and number of
Gaussians to get the best fit. The particularly difficult problem to automate is to determine the
appropriate bin width. The fitting procedure can be very sensitive to the number of bins.

Although we have automated the guessing procedure, it is quite possible that another
procedure would be more efficient, or that different guessing algorithms would be better suited
for different specific fits. The Levenberg-Marquardt algorithm is known to be very sensitive to
the initial guess, so there’s no guarantee that our results would be robust with respect to different
guessing methodologies. All of these provide potential avenues for improvement.
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Chapter 4

The Precision Finite Difference
Monodromy Matrix

Most methods involving the semiclassical IVR also involve a prefactor, which is generally
the square root of the determinant of an F'x F' matrix, where F'is the number of degrees of freedom.
The matrix used in the prefactor involves the blocks of the monodromy matrix.

As was seen in section the prefactor can be viewed as the result of quantum paths
near the classical paths, or as it is often said, as quantum fluctuations about the classical path. The
prefactor is one of the things that sets semiclassical theory apart from purely classical methods,
and so we expect it to be important for capturing quantum effects.

However, calculating the prefactor is one of the most difficult problems in the semiclas-
sical IVR, as the Hessian can be a very expensive calculation in complex systems. Further, the
matrix multiplications required at each step have computational scaling on the order of F? (which
must then be multiplied by the number of time steps).

In this chapter we present a new method for calculating the monodromy matrix which
requires neither the Hessian nor the matrix multiplications of other methods. We will first review
several previous efforts to simplify the calculation of the prefactor, including a previous method
to avoid the Hessian. Then we will introduce our method, dubbed the precision finite difference
method, and finally we will compare the results of our technique to the other methods.

4.1 Older Methods

The most commonly used method to calculate the monodromy matrix, which requires
second derivatives of the Hamiltonian (notably, the Hessian) and involves matrix multiplication
in order to determine the time derivative of the monodromy matrix, is described in section [I.1.3]
The most relevant equation, previously equation , is repeated below:

(qu qu> _ < Hyq  Hpp ) <qu qu) (4.1)
Mpq Mpp _qu _qu Mpq Mpp
with (Haﬁ)z'j = #g@’ where H is the Hamiltonian. In many cases, equation (4.1) can be

simplified by noting that, for a Hamiltonian H(p,q) = T'(p) + V(q), the terms H,, = Hy, = 0.
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Figure 4.1: Cartoon of the naive finite difference method for calculating the monodromy matrix.

The derivation of this method was outlined in section [[LT.3

Most work in this thesis involves situations where we have an analytical form of the
Hessian. However, in the general case, we need to determine the Hessian by finite difference on
the forces. If the force at point ¢ is given by F(g), the matrix elements of the Hessian Hy, are

given by:

(HQQ)ij = Fla+ AZJC;; —Fla): (4.2)

where Ag; is a small displacement in the jth element of the position, and F'(q); is the ith element
of the force vector. We will use this when discussing the computational cost of this method.

4.1.1 Nailve Finite Difference

The most obvious method to calculate the monodromy matrix is by finite difference. Our
expectation is that it would fail, because one would assume that (at least, at long time) chaotic
behavior of the system would mean that a finite change in initial conditions is, quite simply, too
large to accurately represent the infinitesimal change which defines the derivative. However, this
method would have the advantage over the standard method of not requiring the calculation of
the Hessian. To my knowledge, a simple finite difference method had not been previously explored
in the literature on the SC-IVR.

However, we have tried it as a part of our work below, and found that it worked far
better than expected. We found that it works quite well even for unstable trajectories in the
Hénon-Heiles potential — it only failed at long time when the initial displacements were made
orders of magnitude larger than necessary.

The procedure for this method is quite straightforward. For each set of initial condi-
tions from our IVR, we propagate 2F + 1 trajectories: the central trajectory plus a trajectory
corresponding to a small change in each initial condition. We will refer to the 2F-dimensional
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Figure 4.2: Cartoon of Garashchuk and Light’s method for calculating the monodromy matrix.

phase space vector for the central trajectory as X (t), and the auxiliary trajectory for phase space
dimension j will be labeled as Yj(t).
The (naive) finite difference monodromy matrix is then:

ir ) - 050 X(0) (13)

where §;2(0) = (¥;(0) — X(0));. The subscripts outside the parentheses indicate an element of
the vector within the parentheses.

An illustration of the naive finite difference method for calculating the monodromy
matrix is shown in figure [4.1l The red line at the bottom represents the original trajectory
X (t), and the black line diverging from it is an auxiliary trajectory Y;(¢). The initial distance
between these, d;2(0), is what is used for the finite difference.

4.1.2 Garashchuk and Light’s Finite Difference Method

Garashchuk and Light presented a different kind of finite difference method to calculate
the monodromy matrix elements without requiring the Hessian.®® The key insight that led to their
method is the fact that the monodromy matrix is unitary. As a result, the monodromy matrix
M(t2,to) which describes evolution from time ¢y to time ¢2 can be described as the product of
matrices connecting intermediate times, e.g.:

M-ty = My, Myy—ty (4.4)

This is easily verified by writing the phase space variables as nested functions of the internal times
(such as e, (¢, (Gto, Pto )s Pt (Gt Pty ))) and taking the appropriate derivatives using the chain rule.

The technique proposed by Garashchuk and Light is then to simply make a short-time
finite difference approximation to the monodromy matrix between simulation timesteps, and to
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Figure 4.3: Cartoon of the precision finite difference method for calculating the monodromy matrix.

multiply the resulting matrices together in order to obtain the monodromy matrix for longer
times. Mathematically, we have (for some dt):

(FD) (FD)

FD
M(GL) (t) = M( ) t—26t—t—6t = MO—>6t (4'5)

- t—ot—t

M

where M(D) (t2,t1) is the finite difference prefactor from equation , replacing time t with to
and time 0 with ¢;.

In figure we have a cartoon of Garashchuk and Light’s method for calculating the
monodromy matrix. It consists of several disconnected naive finite difference monodromy calcu-
lations, which are then multiplied together to obtain the total monodromy matrix.

4.2 The Precision Finite Difference Method

My new method for calculating the monodromy matrix, called the precision finite dif-
ference (PFD) method, is based on the “precision shooting” method of Griinwald, Dellago, and
Geissler.”® Precision shooting was designed in the context of transition path sampling, where it
was used to keep a new trajectory near a trajectory known to be reactive for a longer time.

The mathematical concept behind both of these “precision difference” methods is the
linearization of the dynamics of small perturbations. To describe this, we will use the notation
from section where X (t) and Yj(t) are two trajectories which start very close to each other.
We will define the quantity 0;2(t) = Y;(t) — X (t), so that Y;(t) = X (t) + 0;2(t).

We define the solution operator ®; as the operator which takes a system in state Z(t)
and propagates it in time to make the system Z(t + At). We can write the displacement 6;z(t)
in terms of the solution operator:

djx(t) = Yj(t) — X (1) = ®:(X(0) + 6;2(0)) — ®+(X(0)) (4.6)
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Now we make the linearization approximation. We expand the solution operator about X (0),
assuming that the displacement §;2(0) is small:

P4(X(0) +6;2(0)) — (X (0)) = w

For small displacements and short times, this approximation will hold.

The trick developed by Griinwald et al. is based on the fact that what holds for one
displacement in the linear regime will hold for another such displacement. Suppose that the
displacement 6;2(0) discussed above is well below the threshold of the linear regime. There will
be a larger displacement, ¢;2(0) = cod;z(0) (with ¢y > 1) corresponding to the start of another
trajectory, Yj(t)7 also still within the linear regime. The same analysis would lead us to see that

, 09(X(0))

5;2(0) (4.7)

g2(0) ~ S 0 (4.8)
~ aqg;()ié;))) codjz(0) (4.9)
~ 005j$(t) (4.10)

Within the linear regime, the constant of proportionality between the two trajectories remains
unchanged.

What this means is that we can use a larger displacement (but still within the linear
regime) as a proxy for a smaller displacement — possibly so small that the displacement falls below
machine precision. The method developed as “precision shooting” and adopted here to calculate
the monodromy matrix elements uses successive trajectories in the linear regime to rescale to
a very small initial displacement. The proxy trajectory Yj(k) (t) (where the superscript (k) is a
label on the number of times the displacement has been rescaled) starts some initial distance o
in phase space from the known trajectory X (¢). After some number of steps 7 (but while f’j
is still within the linear regime) the trajectory is rescaled again have a norm of ¢ within phase
space. The rescaling factor is cgk) = ‘6j§c(k)(k7)| / |5j:%(k)((k —1)7)|. The initial displacement is
8;2(%)(0)

k (n)*
n=0 cj

similarly rescaled so that 5jx(k)(0) = At any time, we can calculate the monodromy

matrix by finite difference using equation (4.3)), with the current proxy trajectory }A’j(k) (t) in the

numerator and the rescaled initial displacement 5jx(k) in the denominator. This idea is illustrated
in figure Like Garashchuk and Light’s method, the precision finite difference method involves
a sort of “restarting” of the trajectory. But whereas Garashchuk and Light’s auxiliary trajectory
is restarted without reference to the previous state, the precision finite different method actually
rescales the previous state. In essence, this trick can be seen as keeping information that allows
us to avoid the matrix multiplications that Garashchuk and Light have to do.

A flowchart for the precision finite difference algorithm is shown in figure [£.4]

4.3 Comparison of Methods for Simple Potentials

In this section, we will look at two simple systems in order to test the precision finite
difference method. First we use a simple one-dimensional system in order to confirm that the
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Standard Method, Finite Difference Hessian F O(force) + F3
Garaschuk and Light’s Finite Difference Method | F O(force) + F3
Naive Finite Difference Method F O(force) + F?
Precision Finite Difference Method F O(force) + F?

Table 4.1: Computational complexity of various methods for calculating the monodromy matrix, assuming
the force calculation is a “black box.” The number of degrees of freedom in the system is denoted by F'.

methodology works at all. Since the expected advantage of the precision finite difference method
over the naive finite difference method is that it should work better for chaotic systems, we then
explore a two-dimensional system which is known to exhibit chaos.

4.3.1 One-Dimensional Potentials

An energy-conserving, one-dimensional potential cannot exhibit Lyapunov instability[]
Therefore, we can use such systems to compare the accuracy of the methods in the absence of
chaos. As a first system to test, we’ll look at an anharmonic Morse potential. This system is
described in greater detail in section It has the potential energy

V(g) = 30.0 (1 +(1- e—0-08q)2) (4.11)
with initial wavepacket (in the position representation):
12 1/4 )
) = () oot (112)
T

In figure 4.5(a), we see the survival amplitude calculated using the HK-IVR, with each
of these methods to calculate the monodromy matrix. For all three finite difference methods, the
finite difference displacement is set to 107> for both position and momentum. For the precision
finite difference method, we rescale every 50 steps. The results are indistinguishable.

To take a closer look at how these methods perform, we’ll use the magnitude of the
Herman-Kluk prefactor

1 (0¢  Opr . Op 1 0g 1/2
CHK = det ( ( + + + —— 4.13
k 2\0q  Opo w@CJo iy Opo (4.13)

This gives us a single number to observe (instead of the 4F? monodromy matrix elements), and
also happens to be the number that is most important to us for practical purposes. Figure
shows the percent error (compared to the standard method) for the modulus of the Herman-Kluk
prefactor for a trajectory with initial conditions (g, po) = (0.0,1.0). The largest errors up to this
time are on the order of 0.002%. The magnitude of the prefactor is around 1-3, so this error, after
100 timesteps, the error is up to about 6 x 107°. Since the original displacement is just 1075, so
essentially all the error can be attributed to the finite difference approximation. Futher, all the
methods show essentially similar amounts of error.

* This is consequence of the Poincaré-Bendixson theorem.
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method) for the naive, Garashchuk and Light (G&L) and precision finite difference (PFD)
methods for a trajectory starting at ¢ = 0.0, p = 1.0.

Figure 4.5: Tests for the one-dimensional anharmonic Morse oscillator.
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Figure 4.6: The Hénon-Heiles Potential. The arrows show the initial directions of the A-type and NP-type
trajectories.

Label | 1(0) z2(0) p1(0) p2(0)
Al 0.0 0.0 0.0 0.1
A2 0.0 0.0 0.0 0.4

NP1 0.0 0.0 0.1 0.0

NP2 0.0 0.0 0.4 0.0

Table 4.2: Initial conditions for trajectories on the Hénon-Heiles potential.

4.3.2 A Chaotic Two-Dimensional Test: The Hénon-Heiles Potential

The main reason that we expect the naive finite difference method to eventually fail
is that we expect trajectories in realistic molecular dynamics simulations to exhibit Lyapunov
instability. That can’t occur in one dimension. In order to test the performance of these methods
on unstable trajectories, we use the Hénon-Heiles potential,® which is one of the classic examples
of a nonintegrable system. The Hamiltonian for the generalized Hénon-Heiles potential is:

1
H(wy,w2,p1,p2) = 5 (P + 3+ wiw] + wins) + axias + G (4.14)
We use the parameters of the original Hénon-Heiles system: w; = wy = 1.0, a = 1.0, f = —1/3.

The potential is illustrated in figure It is a C3-symmetric surface with a basin centered
around the origin and a barrier with escape energy 1/6. All of the trajectories considered here
are classically bounded.
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Figure 4.7: Percent error in the magnitude of the Herman-Kluk prefactor for the NP-type trajectories from
the Hénon-Heiles potential, comparing the precision finite difference method to the naive method
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the Hénon-Heiles potential, comparing the precision finite difference method to the naive method.
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We use stable (low energy) and unstable (high energy) members of the “A” family of
periodic trajectories as described in reference 56, as well as low energy and high energy nonperiodic
trajectories of various (classically bound) energies. Initial conditions are given in table The
high energy trajectories, with £ = 0.16, are near the dissociation limit of £ = 1/6. The low
energy trajectories have E = 0.01.

In figures and we show percent error in the Herman-Kluk prefactor for each
trajectorym Each figure shows the error (as compared to the standard method) in the naive finite
difference method in black, and two rescaling frequencies of the precision finite difference method.
In dark blue, we rescale every 10 steps (each step being 0.004 time units). In light blue, we
rescale every 1000 steps. Both the naive finite difference and precision finite difference have initial
displacements of 1076 for the auxiliary trajectories in both position and momentum space.

For both figures, the first observation to make is that the error in the prefactor is
surprisingly small, even for the naive finite difference method. The calculation goes all the way to
t = 5000, which is 1.25 x 105 timesteps, and the worst errors (in the high-energy trajectories) are
on the order of 0.1%. Furthermore, we still see linear growth in the error in the naive prefactor
(which may indicate that these trajectories are not sufficiently chaotic to show the exponential
divergence in the error).

Figure [£.7] shows the results for the nonperiodic trajectories. We expect this behavior
to be typical of the system, since the nonperiodic trajectories are (by definition) ergodic, and a
trajectory selected at random is extremely unlikely to be periodic. In figure we see the
results from the low energy trajectory. Rescaling every 1000 steps begins to get much worse than
the naive method, indicating that after 1000 steps we are no longer in the linear regime, so the
precision finite difference approximation is no longer valid. However, if we rescale every 10 steps,
the precision finite difference method is, on average, better than the naive finite difference. The
same statements are true, but amplified, at high energy, as shown in figure Rescaling
every 1000 steps fails quickly and exponentially, while rescaling every 10 steps stays well under
the typical error for the naive finite difference method (although it looks like it may be curving
upward at very long times, possibly moving into an exponential regime).

In figure we explore the same issues as applied to the A-type periodic trajectories.
Here we see different behavior. Rescaling every 1000 trajectories fails even more miserably, show-
ing that this rescaling frequency takes us well outside the linear regime. However, in this case,
even rescaling every 10 steps fails to improve the naive result at long time (although it is as good
or better up to a time on the order of ¢+ = 2000, which corresponds to 5 x 10° timesteps). As with
figure both energies show the same qualitative behavior, although it is more pronounced at
higher energies. This may be a specific result of the periodic trajectory, although the reason the
periodic trajectory would suffer from this is unclear.

It is possible that the integrator is accumulating error at long times, since we go to over
a million timesteps. However, we use a good fourth-order symplectic integrator.’” Further, if this
were the problem, we would expect to see it in the naive finite difference calculation as well.

T Technically, what we show is the local maxima of the error. As can be seen from figure |4.5(b)| the error
oscillates. In order to make the plots readable, we only show the local maxima.
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4.4 Discussion and Future Directions

One of the most surprising conclusions from this work is that the naive finite difference
method is much more robust than one might expect. The precision finite difference method,
which can be seen as a layer on top of the naive method, does improve the naive results for the
nonperiodic trajectories and for the periodic trajectories at relatively short times. The “short”
times here, which reach to hundreds of thousands of timesteps, are actually quite long by the
standards of SC-IVR calculations. Therefore, we believe that the precision finite difference method
might be a practical way to calculate the monodromy matrix.

If the precision finite difference method is practical (i.e., if it approximately obtains the
correct answer), then it will be slightly faster than either the standard method or Garashchuk
and Light’s method. It can’t reduce the leading term in the calculation cost (the calculation of
the auxiliary trajectories, or, equivalently, the calculation of the Hessian), but the second term,
which deals with how that information is used to generate the monodromy matrix, is faster than
these methods.

However, it is not faster than the naive finite difference, so the question then becomes
whether the precision finite difference method is more accurate than the naive finite difference.
We have shown that it is more accurate up to reasonable times for the trajectories we explored,
although the accuracy of the naive finite difference method may be sufficient. Nevertheless, it is
possible that the precision finite difference will hit a sweet spot in the trade-off between accuracy
and speed, being faster that the standard method or Garashchuk and Light’s method, and more
accurate than the naive finite difference method.

There are still a few questions to explore. First, we would like to know why it is that
the precision finite difference method fails at long time for the A-type trajectories, and whether
that is a trait specific to the periodic trajectories, or if trajectories starting from other points in
phase space would exhibit similar behavior. The ergodic nature of the nonperiodic trajectories
guarantees that they sample all of (energetically available) configuration space, but that doesn’t
mean that the specific examples chosen are representative of all nonperiodic trajectories in phase
space.

Another question to answer is why the naive method works so well. It is possible that
these trajectories simply don’t exhibit enough instability to show the exponential divergence on
these timescales. In order to further explore this idea, I'd like to turn to an even more highly
non-linear system.

To provide a difficult test, I'd use a Hamiltonian which has been referred as the “quadric

oscillator” or the “z?y?” model. The Hamiltonian for this system is:

H(p,q) = % (02 +p2) + %:chz + g (z* + ) (4.15)
This potential is illustrated in figure This system was studied semiclassically by Kay®® for
the case where # = 0.01 (in atomic units, with unit mass).

Part of Kay’s approach to the semiclassical treatment of chaotic systems was to use
a cutoff function on the prefactor. If the magnitude of the prefactor is larger than the cutoff
function, then that trajectory is thrown out for all later times. Omne concept which would be
of interest would be to see how the various finite difference methods behaved as a function of
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Figure 4.9: The Quadric (or #2y?) Potential.

whether they were within that cutoff or not. Kay’s cutoff is a reasonable, but arbitrary choice,
so this idea could be easily expanded to multiple cutoffs bounding several domains. It is possible
that we would see that the precision finite difference method (or even the naive finite difference
method) would be better for the trajectories before they are rejected by Kay’s algorithm than for
the trajectories after they have been rejected.
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Chapter 5

Semiclassical Treatment of Fermionic
Systems

Fermionic dynamics provide a special challenge in semiclassical theory. The more clas-
sical the behavior of a system, the better we expect semiclassical theory to do — after all, semi-
classical theory should capture all classical effects, as well as whatever quantum effects it can
manage. Fermions, however, have two particularly notable nonclassical behaviors[f The first is
the exchange antisymmetry of fermions, which leads to the fact that fermions obey fundamental
anticommutation relations instead of commutation relations. The second is the Pauli exclusion
principle, which prevents any two fermions in a system from having the same set of quantum
numbers.

In this chapter we develop a way to treat fermions semiclassically. This work is based
on a semiclassical treatment of second quantization, similar to original Meyer-Miller Hamiltonian
described in section [L3l

5.1 Classical Mapping of the Quantum Hamiltonian

Capturing semiclassical behavior of fermions remains a difficult problem. The problem
is that in addition to mapping a quantum Hamiltonian to a classical Hamiltonian, we also have
to account for the antisymmetry of fermions. The approach we suggest here is a bit ad hoc, but
it seems to work.

One way to map a bosonic Hamiltonian written in second quantization to a classical
Hamiltonian was discussed in section Fermions present the additional challenge of accounting
for the antisymmetry of the wavefunction; to date, no derviation analogous to that of Stock and
Thoss (as presented in section has been developed for this problem. So we return to the
original ideas described by Meyer and Miller.?® The basic procedure for applying this to fermionic
systems was described by Miller and White in reference 59. Although we have made some changes
(both to their method and to their derivation), we reprise the basics of the Miller-White idea here.

* Really, these properties are better seen as two sides of the same coin: they are both manifestations of the
antisymmetry of the fermionic wavefunction.
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The natural way to approach these mappings is in terms of action-angle variables, where
the action corresponds to the quantum occupation of a state. In fact, all the calculations in this
chapter will remain in action-angle variables, although we will discuss a Cartesian version of this

mapping in section [5.1.4]

5.1.1 Mapping Matrix Elements to Classical Expressions

The approach to generate our mapping is based on the observation that the second-
quantized operator can be factored into a direct product of 2 x 2 matrices, each of which we
then map to classical action-angle variables according to Meyer and Miller’s spin-matrix mapping
method.5% 61

The idea of Meyer and Miller’s spin-matrix mapping method is to “invert”lﬂ the Heisen-
berg correspondence principle, which gives the matrix elements of a quantum operator in terms
of the corresponding classical function of action-angle variables:

U

where n = %(n’ +n) and F is the number of degrees of freedom. To solve for the classical operator
Ac(n, q), we take the formal inverse of the Fourier transform:

. k|«
Aq(n,q) = Z eika <n + 2‘14

kezr

27
A‘n> = (2n)F / dge "' ="9 4, (7, q) (5.1)
0

n— §> (5.2)

Now we reach the point where the inverse becomes nonunique (and nonexact). The ambiguity
is from the fact that the classical action variable n has to interpolate for all real numbers, while
matrix elements are only defined for integer values of the quantum number n.

The spin-matrix mapping method is one approach to making this “inverse.” It it based
on the fact that any two-state system is equivalent to a spin % system. In particular, it uses the
fact that the spin matrices S, Sy, and S, along with the 2 x 2 identity matrix 1, form a basis
for the space of 2 x 2 matrices. Each of these basis matrices are mapped to a function of the
classical action-angle variables (m,q), where m is the action variable related to the z-projection

spin quantum number. The identity matrix maps to 1, and the other operators map as

S, = Vo2 —m?cos(q) (5.3a)
S, = Vo2 —m?sin(q) (5.3b)
S.=m (5.3c)

where o is the length of the spin vector, the value of which will be discussed in section [5.1.3
The quantum values of the action variable m are j:%, but we would like to discuss this

in the context of a system where the quantum values are 0 (for an unoccupied state) or 1 (for an

occupied state). To do this, we make the elementary canonical transformation n = m + % Thus,

T I put “invert” in quotes because this inverse is not unique.
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an arbitrary 2 x 2 matrix A can be mapped to a function of the classical action-angle variables
(n,q) as:

A(TL, q) = (1 — ’I’L) AOO + TLAH +Vvn-— n2 + A (Alo 6iq + A01 e—iq) (54)
where \ = 02 — %.

The key idea presented by Miller and White was to use the fact that a second-quantized
operator can be factored into a direct product of 2 x 2 matrices, each of which can then described
by the SMM method. This factorization is possible because (for example) the operator a; only acts
on the ith mode. This allows us to suggest a practical method for mapping any second-quantized
fermionic operator to a classical function of the action-angle variables.

First, we’ll look at the operator &Tdi. The matrix elements for this are simply:

<n/ n> = niH(Sn},nj (5.5)
j

The 2 x 2 matrix associated with all degrees of freedom other that the ith degree is the identity
matrix. For the ith degree of freedom, the off-diagonal elements are zero, and the diagonal
elements are equal to n;. So in the basis {|n; = 0),|n; = 1)}, the matrix for the ith degree of

freedom is "
(aj&i) :(8 ?) (5.6)

where the parenthetical superscript outside the parentheses on the left-hand side of the equation
indicates that this is the 2 x 2 matrix for the contribution to the operator from the ith degree of
freedom. Using equation (5.4)), this immediately gives us the mapping

At A
aiai

T&i = Ny, (57)

a;

which, as expected, means that the quantum number operator for a given degree of freedom maps
to the classical action for that degree of freedom.

The coupling operator &I&j is a little more complicated. The matrix elements are:
j—1
<n, CALICAL]’TL> = 5n§,ni+15n;.,nj71 H 5n;€,nk H (_1)np (5'8)
k#i,j p=i+1

where we have assumed that ¢ < j. In the case ¢ > j, the product over p goes from j+1 to i —1:
it always includes the states between (but not including) ¢ and j. That product is the result of
the anticommutation of the fermionic creation/annihilation operators.

We can separate these contributions into four groups: the ith degree of freedom, the
jth degree of freedom, the degrees of freedom p located between i and j, and all other degrees of
freedom. This last group each give the identity matrix, and thus multiply the classical function
by 1. For the ith degree of freedom, the Kronecker delta (indicating a raising of n;) gives the

2 X 2 matrix:
RN 0 0
1) = (0 ) oo
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Using equation ([5.4]), this gives the contribution to the classical function for the ith degree of

freedom as @
(alay) " = y/mi = n2 + Al (5.10)

The jth degree of freedom is similar, but the Kronecker delta relates to the lowering of n;. So
the 2 x 2 matrix is
.\ G) 01
(%Taj) = (0 0> (5.11)

and the classical function corresponding to the jth degee of freedom is

) .
(&Z&j) T g —ni 4 e (5.12)

That just leaves us the degrees of freedom p between ¢ and j. Each of these degrees gives us a

matrix of the form .
o\ (P 1 0
(a;raj> = (0 _1> (5.13)

since (—1)" =1 if n, =0, and —1 if n, = 1. When we plug this into equation ([5.4), we find that
the contribution for the degrees p is

(ajaj)(p) —1-2n, (5.14)

The classical function is the product of the contributions from each of the degrees of freedom.
Putting all of this together, so far we have mappings of the form

@Ifli = n; (5.15a)
j-1
d;-rdj — \/(n, —n?+ ) (nj —n3 + /\> e!3i=0) H fo(np) (5.15Db)
p=i+1

where the spin-matrix mapping suggests fy(n,) = 1 — 2n,. It turns out that this choice for

fo(np) does not work if applied directly. Instead, we find that we get accurate results if we use
fv(np) = 1. This decision is discussed in the next subsection. The value of A, which we set to %,
is discussed in section B.1.3

5.1.2 Book-Keeping Functions

The influence of the degrees of freedom p ordered between ¢ and j on the term d;f&j
is worth further discussion. These factors come from the product over (—1)" in the matrix
element, which in turn come from the normal ordering rules. Because the fermionic creation and
annihilation operators which make up a second-quantized operator anticommute, the order in
which the product is written determines its relative phase. In this way, the effect of the degrees of
freedom p tracks the choice of order, and because of that, we’ll refer to f;(n,) as the “book-keeping
function.”
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The book-keeping function of Miller and White is f, = 1 — 2n,. Since the purpose of
the book-keeping function is simply to ensure that the system is antisymmetric, it turns out that

any function that satisfies the mapping;:
0 1
<1> — <_1> (5.16)

is a candidate. The book-keeping functions we attempted were:

fim =1 2n, (5.17a)
Iy P = exp (imny) (5.17b)
none _ (5.17¢)

The last option corresponds to no book-keeping at all, and does not satisfy mapping ([5.16). When
j < i, we simply switch the role of ¢ and j in the bounds — i.e., the states included by p are
always those ordered between (but not including) states ¢ and j.

1

i

All of this has dealt with mapping the term a

quantity plus its Hermitian conjugate, d}di. If we use the book-keeping function fI, then both

terms contribute the same book-keeping expression (since those functions are real-valued). How-
ever, the book-keeping function fpr is not real-valued, so its complex conjugate appears in the
Hermitian conjugate.

This means that the mapping of the sum of the term and its Hermitian conjugate are,
for the linear (or any real-valued) book-keeping function:

aj. In practice, we’ll need to map that

j—1
fa; + d}di — 2\/(”1‘ —n2)(nj —n?)cos(ei — q5) [ folnyp) (5.18)

p=i+1

a

However, for the exponential book-keeping function, the mapping is:

dj&j + d;di — 2\/(7% —n?)(n; — n?) cos(q; — q; + 6p) (5.19)

where 0, = 7 Zé;ﬁ 41 Np- As before, if j <4, then the role of 7 and j in the sum over p are switched
such that the sum is always over the states between ¢ and j.

Figure shows the results for the different kinds of book-keeping functions. While the
results were, of course, dependent on the parameters of the system, the general trend was that
the linear book-keeping decayed to zero, the exponential book-keeping found a plateau that was
too small, and no book-keeping gave very good results. On that basis, we chose to use fy(n,) =1,
the no book-keeping method, for our calculations.

The source of the problem is clearly that the book-keeping factor shouldn’t affect the
magnitude of the mapping, but the continuous nature of the book-keeping in the above methods
causes even the exponential form to change the magnitude when n, # +1. Another possibility,
which we haven’t explored, would be to force the book-keeping function to be +1, perhaps by

using f = H; ;Zl 1 (—1)"(”17_%), where h(n) is the Heaviside function. Using this in the dynamics

might be complicated due to the resulting Dirac delta in the time derivative of the angle variable,



81

so it might be approximated by some smoothed step function, such as a hyperbolic tangent. Yet
another possibility would be to ignore it in the dynamics but to apply it as part of the operator.

However, an argument for the no-book-keeping method comes from one of the non-
physical results of implementing these book-keeping functions as described above. Since the terms
included in the book-keeping depend on the order in which the classical variables are listed, the
result depends on that order. We hoped that there would be some evidence that after averaging
over many trajectories this ordering effect would disappear, but for the book-keeping functions
we tested this was manifestly not the caseﬂ

Since order shouldn’t matter, one approach would be to consider the average over all
possible orders. Clearly, the quantum result will be the same for any ordering, so it gives the
same answer trivially. But since different orderings matter for the classical model, we consider
the average over all possible orderings. Consider the operator &Ldg. In the following discussion,
the labels a and (§ will correspond to a given state, regardless of the order, and the labels ¢ and
4 will correspond to a specific ordering.

Let Sp be the set of all orderings (permutations) of the F' degrees of freedom in the
system, and Ng, be the number of permutations in that set. In that case, the average over all
orderings is .

alag = Ne il o) (5.20)

F seSp
Quantum mechanically, this equation must be true because any order should give the same results.
Now we note that we can reorganize the permutations based on the number of states between
state o and state 3. Let S}m) be the set of permutations in which « and § are separated by m

states. Then we can write
A—'— ~
dadp = Ns Z > U(a) (5.21)

m=0eg(m

Now if we make the semiclassical mapping, we obtain

ATAﬂHiz 3 \/ o =12+ A)(ng — nZ + N)ei@a—9) H fo(nyp) (5.22)

m= 0 S(m) p=i+1
1 F-2 —
_\/ o — 12+ A)(ng —nd + N %JTZ 3y H (5.23)
SF =0, S( m) p=i+1

where i = min(o(«),0(8)) and 7 = max(o(a),o(3)). This gives us a new book-keeping term,
replacing the product over the underlying book-keeping function with the term

Mmax

T = Nmm Z > H fo(nyp) (5.24)

sesm p=itl

+ A simple test for this, based on the resonant-level (Landauer) system described later in this chapter, is to
study the system at zero gate voltage and zero bias, with the degrees of freedom ordered at dot, left lead, right
lead. Physically, the left and right currents should be equivalent for these parameters, so any deviation from that
(beyond numerical error) indicates that the ordering is important.
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where myax is F'—2 if we average over all orderings, and Ng?“a" = e N Gm)- We can take this

expansion to an arbitrary number my. of modes separating o and (5. Thg “no book-keeping”
method, which we have found to give excellent results, is just the zeroth order expansion of this
series.

This expansion is essentially a perturbation expansion, and as such, there are no guar-
antees that the results converge with the inclusion of more orders. However, this does provide
a rough justification for our method, and it has the important feature that any value of mpax,
with any underlying f;(n), will give a result which is independent of the order of the labels of the
degrees of freedom.

5.1.3 Choosing the Length o

The last step in designing our classical mapping is to choose the value of A from the
expressions above. Since A = 02 — %, this the same as deciding the length ¢ which we associate
with the spin vector.

We consider two main possibilities: the quantum value and the Langer-modified value.
We also explore the idea of treating the Langer modification as a free parameter. The quantum
value is based on the idea that o2 should be the eigenvalue of the S? operator, which for spin s
is s(s 4 1). Since we're dealing with a spin % system, s = %, so 0% = % and A = %

The Langer modification is a common idea in semiclassical dynamics, and the Langer
modified value was the version originally suggested by Miller and White. The original Langer

modification was an attempt to remove the singularity of potentials of the form 1/r".3° In
particular, Langer’s modification of the centrifugal potential —l(%l) results in simply replacing

I(141) with (l’ + %)2 Making a similar change in the spin % system gives us 02 = (8 =+ %)2 =1,
and A\ = %.

In the case of the Meyer-Miller mapping described in reference 38, the Langer modifica-
tion is required to reproduce the results of the Stock-Thoss derivation (described in reference 40
and followed in section . In that case, the Langer modification adds % to the action variables,
and relates to the fact that the harmonic oscillator energy levels (which get brought in by using
the harmonic oscillator isomorphism in the Stock-Thoss derivation) are n + %

If we think about histogramming the continuous action onto the allowed quantum values
of 0 and 1, we can see a couple other advantages of the Miller-White choice of using the Langer
modification in the treatment of fermions. First, let’s assume the histogram acts as a Heaviside
function at %: ifn < %, it is histogrammed as the quantum value 0, and if n > %, it is histogrammed
as 1. The Miller-White choice is the unique choice that gives boxes of allowed classical values
with equal (unit) width, which are centered on the quantum allowed values.

Unfortunately, we find that the Miller-White choice doesn’t reproduce the dynamics
accurately. However, we’d like to keep as many of those advantages as possible. Even when we
treat the Langer modification as a free parameter (as was previously done by Stock)%? we use
the form n — n? 4+ A, which keeps the dividing surface at % and forces the boxes to be of equal
width. The parameter \ determines the width of the boxes, and A = % corresponds to the Langer
modification, while A = % corresponds to the choice of the exact quantum length.

It would be more elegant to fit our choice based on a physical model system than to
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justify it based solely on experimentation with a free parameter. In this case, we choose the
2-state system with coupling £ € R and diagonal elements ¢g = €¢; = 0. This gives us the
Hamiltonian:

fAI =k (azr]al + aJ{CL()) (525)
The corresponds to the 2 x 2 Hamiltonian matrix (in the basis {|¢o) , [11))

= (2 ’8) (5.26)

which has eigenvalues £+ = +k with eigenvectors |1)1) = % (|tbo) £ |11)). Therefore, the time-
evolution operator is:

e e A R U (5:27)
The population of (or probability of being in) state 0 is given by the operator No(t) =
- 2
‘<1/10’6_ZH75‘\I/> , where |¥) is our initial state. If we choose our initial state to be |¥) = |¢p),
then we have:
. A 2
No(t) = <¢o’€ﬂm’¢0>’ (5.28)
, : 2
= [(Wolp) €™ (Vs o) + (ol ™ (Y|tbo) (5:29)
1/ . N
=13 <e’kt + eﬂkt) = cos?(kt) (5.30)
Taking the first derivative:
No(t) = —2k cos(kt) sin(kt) = —k sin(2kt) (5.31)
No(0) = 0 (5.32)
And the second derivative:
No(t) = —2k2 cos(2kt) (5.33)
No(0) = —2k2 (5.34)

Now we turn to our classical mapping. With an arbitrary Langer modification A, the

Hamiltonian (5.25) maps to:

H= Qk\/(no —nd + X)(n1 —n? 4+ X)cos(qo — q1) (5.35)

The operator No simply maps to the action variable ng, so its time derivative maps to y:

(1) = ~2ky/ (no — 03 + \)(n1 — nd + A sin(g0 — 1) (5.36)

If we average over initial angle variables, this gives us zero, just as in the quantum result, equa-

tion (5.32]).
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Since we get zero for the first derivative, we move on to using the second derivative to
set the value of A. Our classical second derivative, in terms of the partial derivatives, is:
dng Ono Ong ong
=—no+=—n1+—G + =g 5.37
6n0 0 8711 ! aqO @ 8q1 « ( )
Now we’ll calculate the partial derivatives of ng. For simplicity, we’ll write them all in terms of a
factor of ng.

fio(t)

Ono 1 1—-2ng

ono 2ng — ng + 30 (5.38)
T = 2 (5:39)
20— cotla — ax) i (5.40)
ZZ? = —cot(qo — q1) o (5.41)

The time derivatives of the variables are given by Hamilton’s equations of motion. Again, we’ll
write these in terms of ng. Obviously ng(t) is itself; and due to the conservation of total action,

n1(t) = —np(t). The time derivatives of the angle variables are:
. I .
)= -— % cot(qo — 5.42
Go(t) g2 (90 — 1) 7o (5.42)
1 1— ni
() = -————cot(go — q1) 7 5.43
q1(t) 2?4 A (90 — q1) o (5.43)
With the partial parts in hand, we assemble them into the full derivative expression (5.37)):
v 1'2 1—2710 1_2n1 2
t)=— — 1 t — 5.44
o) 2%(%_%+A m_nfﬂ)( +cot(q0 — 1)) (5.44)
1 1-— 2710 1-— 2n1
= —4k*(ng — nd + \)(n1 —n3 + X -
2 (n(] n0+ )(nl n1+ ) no—ng—i—/\ nl—n%—i—/\
x (sin*(go — 1) + cos*(g0 — 1)) (5.45)
1—2ng 1—2n,
= 2k*(no — ng + \)(n1 —nf + A - 5.46
(TZ() n0+ )(nl 77,1+ ) no—n%—k)\ 77,1—71%-1-)\ ( )

At this point, we recall that our initial conditions are ng(0) = 1 and n;(0) = 0. That gives us the
result

2
fi0(0) = (2k2\?) (—A> = —4k2\ (5.47)
To set a value for A\, we force this to equal the quantum result from equation ([5.34)):
1
— 4PN =2k = A= 3 (5.48)

As discussed above, this corresponds to choosing the quantum value for the length of
the spin vector. In addition to this justification, we will see in figure that the experimental
approach verifies this choice.
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5.1.4 Aside: Cartesian Expressions for this Mapping

The work presented in this chapter was all done in action-angle variables, but a further
analogy with the earlier work by Meyer and Miller on nonadiabatic dynamics presents us with a
method for generating dynamics with Cartesian variables which correspond to the mapping we
have described.

Equations in the form given by the spin-matrix mapping formalism, i.e., equation ,
were already known in the context of the MMST Hamiltonian presented in section [I.3] First we
express the MMST Hamiltonian in action-angle variables (for the electronic degrees of
freedom) in the case that we have two electronic states with V3s = V51 and no dependence on
nuclear degrees of freedom:

H =n1Vi1 +n2Vaz + 2¢/(n1 + ) (n2 + ) cos(q1 — g2)Vaa (5.49)

(This was actually the original expression for the MMST Hamiltonian, as proposed by Meyer and
Miller in reference 38.) As we observed is section this is an exact mapping within the polyad
of a single excitation. Within that polyad, we have n; + ny = 1. Now we write this Hamiltonian
within that polyad, in terms of n =ny (song =1—n1) and g = ¢1 — @o:

H =nVi1 + (1 —n)Vag +2¢/n — n2 + (1 + 7) cos(q)Viz (5.50)

Of course, this is exactly equation if Ajg = Ap1 and A =~(1+ 7).

What we have done above is to rewrite a two-dimensional system subject to a constraint
as a one-dimensional system. In order to obtain a Cartesian representation of our system, we
reverse the process: we double the size of the system.

The basic idea is just to reverse the process described above for each degree of freedom
in our original Hamiltonian. One point of subtlety is that the term ek&,tdk is now mapped to
€k My + €k, M, - However, the energy of the unoccupied state €y, is zero for all values of k.

The result is that we now have the mappings:

ala; — ng (5.51a)

la +ala; 20/ (nig +7) (14, +7) (o +7) (g, +7) cos (@, — Gio) — (a5, — i) (5.51D)

where we have omitted the book-keeping functions f,(n) for simplicity. If we require that n;, +
n;, = 1 Vi, we regain our original mappings through the procedure described above for converting
the 2-state MMST Hamiltonian to a 1-state Hamiltonian.

Now we convert this to Cartesian coordinates. In terms of the action-angle coordinates,
the Cartesian coordinates are:

T, = v/ 2(ng, + ) cos(qx,, ) (5.52)
Pko = —V/ 2(nk, + ) sin(gs, ) (5.53)
with k € {1,...,N} and a € {0,1}. This gives us

) 1
+iqr,, .
A/ + e o = — (. F1 5.54
ka /-y \/ﬁ( ka pka) ( )
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When we plug this into our doubled-state mapping (5.51)), we obtain:

A~

. 1
ala; — B (22 +p2 — ) (5.55a)

7

&Idj + d;f'&i = (xioxil + piopi1) (Ijole + pjoph) + (xioph - xhpio) (xjopjl - lepjo) (5.55b)

It turns out that we can obtain a similar mapping by using a result by Klauder.®> We
start by recalling that these operators can be written in terms of the spin matrices (and the 2 x 2
identity matrix 1) as:

ala; = % (1“‘) n s@) (5.56)
ala; +ala; = (s§}> +is§j>) (sgﬂ - z'sg‘)) + (sgﬂ +¢s§j>) (s§j> - z'sg“) (5.57)
—9 (sgﬂsgg) i s§j>s§;’>> (5.58)

where the superscript (k) indicates that this is spin matrix associated with the kth electronic
variables, and where we have left off the book-keeping term.
Klauder showed that the spin matrices can be written as:

S: = pop1 + xox1 (5.59)

Sy = TopP1 — Pox1 (5.60)
1

S: = 5 (6 + @b — pi - o) (5.61)

where the system is under the constraint
x4+ ps a4 pt =4s (5.62)

From this constraint, we can obtain a Cartesian mapping for the identity matrix for a spin s = %
system:

1
1= (z§ + p§ + 21 + p7) (5.63)

When we use Klauder’s Cartesian form of the spin matrices on the expression for the off-diagonal

elements dj&j in equation (5.58)), we get exactly the mapping from ([5.55b)).
Unfortunately, we don’t quite get the same result for the diagonal elements dj-&i from

Klauder’s expressions, which would give us

At L. s 2

afa; — 5 (@i + i) (5.64)
By applying the constraint identity (5.62)), we can make this into a form that bears a little more
resemblence to the mapping (5.55al):

e 1
a;-rai =y (22 +p? —2) (5.65)

but the sign of mapping is off, and the value of « is wrong.
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5.2 Measuring the Time-Dependent Current: Treatment of Op-
erators

We're interested in studying the time-dependent current. By definition, the current is
the change in the number of electrons as a function of time, i.e., the flux of electron population
through some surface (since the total electron population is conserved).

We can study this flux through any of several dividing surfaces. We define the left
current I, as the flux of electrons from a “left” bath into the quantum dot system. Similarly,
we define right current I as the flux of electrons from the “right” bath into the quantum dot
system. The total current Iis given as the flux through the quantum dot system. Since the total
number of electrons is conserved, the total current is given by

[= % (iL - fR) (5.66)
We typically choose “left” and “right” such that the total current at steady state is positive (i.e.,
the overall flow of electrons is from left to right).

The general problem we’re exploring is that of quantum transport — in molecular elec-
tronics, the current is an obvious transport quantity to study. It is relatively straightforward to
study both theoretically and experimentally. Some other methods only study the steady-state
currents, but here we also explore the initial time-dependent transients.

5.2.1 Discretization of the Spectral Density

We describe the systems we’re interested in as a central state (the quantum dot) sand-
wiched between two electrodes, which serve as (fermionic) baths. Formally, these baths are
described by spectral density functions, which give the coupling strength to the bath modes at
all (continuous) frequencies. But every bath frequency must correspond to a single (discrete)
classical degree of freedom in our dynamics, so we have to discretize the spectral density.

Technically, the conduction problem we’re studying should be described by an infinitely
broad and flat bath, the magnitude of which is determined by the coupling, I"'. However, only a
small range of modes will be thermally accessible, so we choose a spectral density of a form that
is effectively a non-zero constant over a region of interest, but which drops to zero outside of that
region of interest. Specifically, we choose:

T
Tin(e) = <1 + eA(ﬁ—g))Léf—i- e_A(EJr%))

where B is the width of our region of interest, and I'y,/ is the coupling to the left or right bath.
The quantity A relates to how sharp the cutoff is (or, equivalently, how flat the region of interest
is). For this work, we choose to work in scaled units where I'y =T'g = %

The coupling constant for a given frequency e is given according to the formula:

(5.67)

J (ex)

Toled (5.68)

te =
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Figure 5.1: Discretization of the spectral density into 50 discrete modes with A =5 and B = 20.

We choose a uniformly spaced discretization of €, which gives p(e€) = 1/Ae.

Figure shows this discretization for a typical set of parameers (A =5, B = 20), with
50 discrete modes. As we add more modes, the individual coupling constants decrease because
their spacing grows smaller.

5.2.2 Describing the Initial Conditions

One can quickly show that the Hamiltonian described above fails to provide an accurate
Boltzmann operator for a fermionic system, since the quantum partition function for a single
fermionic degree of freedom is

Qe Py (5.69)

(the first term representing the occupied state and the second term the unoccupied). The mapped
classical Hamiltonian above gives

’ B 1 B Beb
—Ben __ —Bea _ ,—fe
Q x /a dne =3 (e e > (5.70)

€

Regardless of our choice of bounds a and b, this will obviously not match the quantum result.
Therefore, we can’t count on the mapped Hamiltonian we described in section to give us
accurate statistics.
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Figure 5.2: Illustration of the idea behind our sampling method. A random number is selected between 0
and 1. If it is less that Z~!(w), then the action n is zero. Otherwise, the action is one.

In order to get accurate statistics, we take a quasi-classical approach. That is to say,
we populate the states according to the quantum Boltzmann operator, guaranteeing quantum
statistics at time ¢ = 0. Then we run the dynamics using the Hamiltonian described in section

In this work, we assume that the coupling is off before ¢ = 0. That is, we populate the
states in each bath according to the (quantum) Hamiltonian H = > kebath ekézdk. The result is
that the Boltzmann operator can be written as a direct product over the modes, allowing each
mode to be sampled independently.

We populate the initial action variables n; by first selecting a random number y; and
choosing n; according to the rule:

{0 if x; < (1 + e‘ﬁ(ﬁi_’“))_l,
n; =

. (5.71)
1 otherwise.

where p; is the chemical potential (or voltage) associated with the electrode. The initial angles
are selected as uniform random numbers in the range ¢; € [0, 27).

This method ends up giving us the Fermi distribution for our populations. The Fermi
function is

flw; f) = (1 + eﬁW) - (5.72)

where w = e —p for our situation. The idea of our sampling methodology is that we are comparing
our random number to what we’ll call Z~1(w), given by

1

Z Y w) = = (5.73)

We note that Vw, Z71(w) € (0,1). The basic idea of the sampling method is illustrated in
figure 5.2

We can quickly show that this sampling method recovers the Fermi distribution. Let
P(0) be the probability that n = 0 and P(1) be the probability that n = 1. Clearly, the method
described above gives P(0) = Z71(w). So the expectation value (n), which should be given by
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the Fermi function, is:

(n)y =0-P(0)+1-P(1)
=1-(1-P0)=1-2Yw)
_(1+e‘ﬁw)—1_ 1 _

14 e P ethw 41

f(w; B)

which, indeed, is the Fermi function.

5.2.3 The Current Operator

The next step is to describe the current operator. There are two ways of approaching this
problem, depending on when one decides to switch from the quantum picture to the semiclassical
picture.

Quantum mechanically, we can explore the left current, the right current, or the total cur-
rent. The total current is described in terms of the left and right currents as fmt = (f I, — I R) /2.

The left (or, respectively, right) current is given by the change in the total occupation of the left
(right) current with respect to time:
. dNg
LT
In second quantization, the number operator Ny = Y el dg&i, where L is the set of mode labels
in the “left” electrode.

As this point, we have two choices: we can either map the operator Ny, to a classical
quantity and take the time derivative of that result, or we can take the quantum time derivative
of N, and map that result to a classical operator. We have looked at both possibilities.

The first suggestion, mapping Ny, to a classical operator and taking its time derivative,
is easy. As described above, the term dj&i maps to the classical expression n;. So the number

operator maps as:
> afa = > (5.75)
i€l i€l

(5.74)

We can either output this directly and take the time derivative numerically or take the time
derivative formally. The formal derivative, of course, depends on the Hamiltonian in question.
However, our first test system, the Landauer Hamiltonian (described in section is part of
other Hamiltonians of interest, so we’ll look at its time derivative:

3= = 30 G = = Y 2t — g N 2+ Vsintan — ) (5.76)

i€l ier 1 i€l

The other approach is to first calculate the time derivative of the quantum operator, and
then map that to a classical operator. In this case, we take the time derivative according the the
Heisenberg equation of motion:

0(117 Salai =iy [i,ala] (5.77)

ieL ieL
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Again, to see a specific example, we turn to the Landauer Hamiltonian:

AN ot o e N
= — Z eiajai + Z eja}aj +t; (a%ai + a;[ao> + Z +t; (agaj + a}ao) ,azai (5.78)

dt i€L i i
=iy | |aalaala] + "¢ [alas alai] + 4 [afai,alai] + ¢ alao, afa]
i€l G#i
+ 315 [abas, afa| + 3" [alao, ala] (5.79)
JF#i J#i

Since we're dealing with the commutators of operators that are quadratic in the fermion ladder
operators, all commutators where the ladder operators in the left operator anticommute with the
ladder operators in the right operators (i.e., those where the left and right operators do not share
a subscript) vanish. Additionally, the trivial commutator vanishes. That leaves us with:

AN

Se=id ot ([aba: ala] + [afao, afa] ) (5.80)

i€l
=iy ti (alavala; - alaialay + alasala: - afaiaa: ) (5.81)

i€l
=iy ti (alalaiao - alaialay - asalaal + alaaia) (5.82)

€L
=iy ti (alalaiao - af (1-ala) a0 — (1 - ala;) asad + alasaal) (5.83)

€L
=iyt (afai — alao + 2a]alaia + 2a]aaa) ) (5.84)

i€L
=i 4 (aga,- - ajao) (5.85)

i€l
where we have (repeatedly) used the fermion anticommutation rules: &j&j = —&jd;r and &}L&i =

ZT, and the last step is because an operator that repeats the same fermionic raising or

lowering operator twice in a row is the zero operator (the constraint that fermions only have
values of 0 or 1 means that raising or lowering twice tries to take them out of this space.)
When we use our classical mapping for these operators, we obtain the result:

1 —aa

dN
FradedS 2047/ (o — 3 + N)(ns — 2 + A) sin(go — 1) (5.86)
€L
As we see, this is exactly the same as equation (/5.76).

5.2.4 Aside: Time Derivative of the Current Operator at t = 0

Another calculation which we can do analytically is the time derivative of the current at
t = 0 for the Landauer model (the system which we study in detail below). This is very similar
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to the derivation from section Since the current is intimately related to the time derivative
of the population variables, its first derivative with respect to time is intimately related to the
second derivative of the population variables.

First we consider the time derivative of the (left) current. The classical function for the
current is

I; x Z th\/(no —n3+ )\) (nk — ni + /\) sin(qo — qx) (5.87)
keL

so its time derivative is
S —do+ ) (5.88)
0 Oqr

The time derivatives of the action-angle variables are

fo = Y Hor tan(qo — qx) (5.89)
keL

fikz0 = —Hog tan(qo — gx) (5.90)
. 1 1-— 2n0
Go=€o+ Y 35—~ Hon (5.91)

= 2ng —ng+ A
. 1 1-2n
Ghpo = € + 5 ——o—H, (5.92)

an—n%—l-)\ Ok

where Hy, = 2t \/(ng —nd + )\) (nk —n?+ )\) cos(qo — qr)- At t = 0, where the action variables
are all either 0 or 1, Hop = 2txA cos(qo — qx), and the time derivatives become

fo(t =0) =2X Yt sin(qo — qx) (5.93)
keL
fgz0(t = 0) = —2At; sin(go — qx) (5.94)
do(t =0) =eo+ > _trcos(qo — qr) (5.95)
keL
q'k;,go(t = 0) =€ + tk(—l)nk COS(qO — qk) (5.96)

The derivatives of the current with respect to the action-angle variables are

8IL 1 1— no
ng 2 2o — g+ ok tanlao - 5.97
ong o 2ng — 12+ A ok tan(qo — qx) (5.97)
T2 Hoi t B 5.98
Onpzo  2ng —np+ A ok tan(qo — qx) (5.98)
o1

aiL — Z Hoy, tan(qo — qx) (5.99)

L kel

ol

L — tan(qo — qx) (5.100)

Oqr+0
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At time ¢ = 0, these become

oI :
8—L = Z trsin(qo — qx) (5.101)
"0 lt=0  jer,
oI
5 = (—1)""t) sin(qo — gx) (5.102)
M0 |1—g
I
Ol =2\ Z tr cos(qo — qk) (5.103)
940 l=o kel
oI
L = —2\ty, cos(qo — qx) (5.104)
k20 |1—g

Now we put all the t = 0 partial derivatives together to make the full derivative, per equa-
tion ([5.88). Since these equations are long, I'll start by treating each term of equation ([5.88))
separately.

oly, . ) .
ﬁno = trsin(go — x)2A ) _ tisin(go — q1) (5.105)
0 lt=0  ker leL
=2\ Z Z tktl sin(qo - qk) sin(qo - ql) (5106)
kel €L
=2\ ( > tisin®(qo— )+ Y D trtisin(go — i) sin(go — m)) (5.107)
kel keL leLil#k

(a) (b)

where (a) and (b) are labels which we will use later. Next we look at the contributions from the
other actions:

oIy, . - .
Z 8—Lnk = Z(—l) Ftrsin(qo — qr) (—2 Mtk sin(qo — qr)) (5.108)
ker M =0 el
= 2A(Zt§(1)”k sin?(qo qk)) (5.109)
kel

(c)

Now we move on to the contributions to the derivative of the ¢ = 0 Landauer current
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from the angles. For the dot mode’s angles,

oIy, .
8—qu =2\ Ztk cos(qo — qk) (eo + Z t; cos(qo — ql)> (5.110)
@ =0 kel leL
=2\ ( Z treo cos(qo — qr) + Z t3 cos®(qo — qx)
keL kel

~~

(d) (e)

+> > titicos(go — i) cos(qo — qz)) (5.111)

keLleL;lk

()

Finally, the contributions from the other angles, which are given by

olr, . n
Z 8—qu = Z —2Xty cos(qo — qi) (e + ti(—1)"* cos(qo — qx)) (5.112)
ker % =0 ey
=2\ ( > —trercos(qo — qr) + Y —t(—1)™ cos®(q0 — qx) ) (5.113)
keL keL

(2) (h)

The total derivative will be 2\ times the sum of the terms labelled (a)-(h) above, averaged over
angle variables. Before averaging over angles, we’ll recombine the terms above, grouped by in
terms of the ¢;’s and ¢;’s.
First we look at the terms with one t; and one ¢, i.e., terms (d) and (g). When we add
these two together, we get
Iye = Z ti (€0 + €x) cos(qo — qk) (5.114)
kel

Since angles go and g are independent at ¢ = 0, the average over angles will give zero.
Next we look at terms with two different values of ¢; in the sum, i.e., terms (b) and (f):

Top = Z Z trti (sin(go — gx) sin(qo — q) + cos(qo — qx) cos(qo — q1)) (5.115)
keL I€Ll#k

Since k and [ can never be the same, we can do the average independently for ¢, and ¢ with a
fixed qo. For any value of qg, the averages over ¢; and ¢; give us zero, and therefore the total
average gives us zero. Terms (b) and (f) contribute zero to the overall derivative of the current.

Since these first two parts contribute nothing to to time derivative of the current, the
current is entirely determined by the remaining four terms, which all have a factor of t2. Combined,
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they give

Tocen = Y _ 13 (sin®(qo — &) — (—1)™ sin®(go — i) + cos®(q0 — &) — (—1)™ cos®(qo — qx))

keL
(5.116)
= tp (1= (=1)™) (sin*(go — q&) + cos®(q0 — qx)) (5.117)

kel
-3 (1 - (_1)n—k) (5.118)

kel

So the total current is

Ip=2X) "t (1—(-1)™) (5.119)

keL

Typically, the spectral density of the electrodes is selected to represent the wide-band limit. That
is, it is nearly flat at some value I' with two sharp cutoffs outside of which it is (near) zero. If
we take this approximation, then we can say that t; = t inside the band, and t; = 0 outside.
Obviously, if t, = 0 we have no contribution to the time derivative of the current, so we assume
that we only have states within the band. Within this approximation, our uniform sampling of
electrode energy levels gives t according to

2Ny,

(5.120)

where B is the width of the band and Ny, is the number of states in the left lead. Within this
approximation, we can write the time derivative of the left current as

Ip=2X) " (1—(-1)™) (5.121)
kel
ALB = 1—(=1)m
_ALB g ](VL)

(5.122)
kel

Since the function 1 — (—1)™ gives 0 if state k is not occupied and 2 if state k is occupied, the
sum over all states k£ will be twice the number of occupied states. When this is divided by Ny,
the total number of states in the left lead, it gives us twice fZ_, the fraction of states in the left
electrode which are occupied. Therefore, the final result for the ¢ = 0 current is

. 2 I

I (t=0)=2Ar,BfL. (5.123)

m

At long time, the total current reaches a steady state (i.e., the population of the dot no longer

changes). At this point, the total current equals the left current, and is equal and opposite to the
right current.
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Figure 5.3: Results for different values of the source-drain voltage (where eV = 2ur, = ur, — pg). Inverse
temperature is § = 3.0. All numbers are in units of T'.
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Figure 5.4: Results for different values of the temperature (presented as the inverse temperature 5 in units
of T'). The bias is puy, = —pugr = 1.0.
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Figure 5.5: Cartoon of the Landauer (resonant-level) problem. A single quantum dot (center) is coupled
to two boths, left and right. While the baths are formally continuous, we add the lines to represent the
fact that in our semiclassical simulations we discretize the electrodes.

5.3 The Landauer Problem: A Test System

In order to develop, debug, and test this method, we start with the Landauer Hamilto-
nian:

N Np, Np+Ngr
=" calai+ >ty (abai+alao) + >t (afai +alao) (5.124)
i=0 k=1 k=Np+1

The idea here is illustrated in figure [5.5 we have one mode of the system, a “quantum dot,”
sandwiched between two electrode baths. The dot is labelled as mode 0; the left bath is labeled
with modes 1 through N, and the right bath is labeled with modes Ny, + 1 through Ny + Ng.
Part of the interest in this system is that it can be solved analytically. Therefore, we are able to
compare our semiclassical results to exact quantum results.

In our tests, we take the baths as displaced by a voltage p; and pr. The dot begins
empty, and the baths are occupied thermally according the the method described in section

Applying the mapping from equation , we obtain the semiclassical Hamiltonian

H:60n0+2nk+2nk+z\/(no—n%—i—)\)(nk—n%—i—)\)cos(qo—qg)

kel keR kel
+ Z \/(no —ng + X)(ng —n2 + X) cos(qo — qo) (5.125)
kER

which we use with Hamilton’s equations of motion to time-evolve the system. The numerical
integration was performed with the sixth-order Gear predictor-corrector algorithm. Occasionally,
the prediction step can move an action to a point where the radicand becomes negative. To avoid
this, we modified the Gear predictor-corrector to include an adaptive timestep, while still hitting
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the milestones which are necessary to average across trajectories. The details of these changes to
the integrator are presented in appendix The maximum allowed timestep is 0.014/T". When
not otherwise stated, all of the results presented in this section are with bias up, = —ur = T,
temperature 1" = I'/3, gate voltage €p = 0, 400 modes per electrode, and 200000 trajectories. As
discussed above, we use the book-keeping function f,(n) = 1 and the quantum length of the spin
vector, giving A = 0.5.

In figures and [5.6], we show the effect of various system parameters on the results
of the time dependent current. Each of these figures shows both the total current and the left
current. Although we can calculate the right current (indeed, we use it to obtain the total current)
we do not show it here because the information it presents is redundant.

In many of the figures we observe oscillations, which are especially pronounced in the left
current (and which are cancelled by similar oscillations in the right current). These result from
the finite band width of the electrodes, and our semiclassical method also captures this effect.

In figure we compare the semiclassical method to the exact quantum results for
different values of the chemical potential (voltage bias). In these results, the energy of the quantum
dot (the gate voltage) is kept at zero, and the chemical potential of the electrodes are equal and
opposite. The bias is therefore twice the chemical potential in the left lead (which we have chosen
to have a positive chemical potential). In figure we see the total current for different choices
of the bias. For all of them, we have quantitative agreement with the exact quantum results. The
highest total bias we explored, eV = 10" (or puy = 5I") starts to get close to the limit of what
we can do with our finite band width of B = 20. The steady state with pr = 50" is I = 0.241T,
which is already approaching the infinite bias limit of I = 0.25T".

In figure we have just the left current for the different values of the bias. Whereas
the total current for puz, = 0 is completely flat (to within numerical noise), the left current shows
a marked transient current. This corresponds to the (initially empty) quantum dot coming to
equilibrium. The oscillations in the transient of the left current are captured qualitatively for all
biases, but lower biases don’t capture the results quite as quantitatively. However, a mirror effect
occurs in the right current. This results in the total current providing extremely good agreement.

Figure shows the effect of different (inverse) temperatures on the current. The
temperatures studied range from T" = I'/5 to T = 2I", which goes from the quantum regime
to the classical regime. The semiclassical method performs very well at all temperatures, both
for the total current and for the left current. When we look at figure carefully, we can
see that the semiclassical method performs a little bit better for higher temperatures than for
lower temperatures. This is to be expected, since the classical limit for temperature is the high-
temperature regime. In fact, it is remarkable that this method performs as well as it does as low
temperatures.

However, as we go to lower temperature, the intermediate-time oscillations in the left
current, seen in figure (which are essentially cancelled in the total current by similar oscil-
lations from the right current), become less accurate at lower temperatures. At all temperatures,
the semiclassical method captures the qualitative behavior, but the quantitative agreement gets
worse. However, at longer times (as the current approaches steady-state) the semiclassical method
returns to near-quantitative accuracy. Furthermore, the similar error in the right current means
that we don’t see these intermediate-time errors in the total current.
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Figure 5.6: Effect of different gate voltages on the time-dependent current. The bias is up = —pur =T
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Figure 5.7: Effect of different choices of the book-keeping function f,(n) on the time-dependent total
current at temperature T = T'/3, gate voltage ¢y = 0, and bias ur, = —ur =T.

In figure we see that we have slightly less success when we vary the gate voltage. In
our model, the gate voltage eV is represented by the energy of the quantum dot, ¢y. Although
our results are less accurate when eVg # 0, we still capture the trends in the currents, as well
as the qualitative behavior at all times. In figure we see that the semiclassical method
even qualitatively captures the more pronounced oscillations in the left current. As we see in
figure the total current for equal and opposite gate voltages are equal at all times. In
the semiclassical case, the steady-state currents for equal and opposite gate voltages are equal
(within numerical noise), although the semiclassical steady-state current does not equal the exact
quantum steady-state current. Both the left current and the right current have errors of the same
magnitude in the steady-state current, but these errors combine to create a larger error in the
total current.

Figures justify various choices we made in simulation details, and highlight some
of the details to which one must attend for these calculations. We start with our choice of the
book-keeping function f,(n) = 1. This choice, which we label as “None,” is shown in figure
along with the other options we explored: fy(n) = e~ (“Exponential”), and fy(n) = 1 — 2n
(“Linear”). For all of these we use A\ = %, which gives us the correct short-time behavior, and
400 modes per electrode. The plot is for the resonant-level model at T = T'/3, ¢¢ = 0, and
ur, = —pr = I'. The exponential method reaches a steady state, but it vastly underestimates
the steady-state current. It also shows much more pronounced oscillations that the result with
fo(n) = 1. The linear method doesn’t even show a correct approach to steady state. The curve
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Figure 5.8: Effect of different values of A (or equivalently, different choices for the length of the spin vector)
on the time-dependent total current at temperature T = T'/3, gate voltage ¢y = 0, and bias ur, = —ug =T

for the linear method is also very noisy, which probably results from the fact that the calculation
is very difficult. Trajectories calculated with the linear book-keeping method occasionally fall
into regions where the adaptive timestep algorithm must find extremely small steps, costing lots
of computer time. As a practical matter, obtaining 200000 trajectories for this system requires
running the calculation from many initial seeds, each of which contributes (on average) a few
thousand trajectories before hitting one that requires too many tiny steps to complete.

In figure we show the effect that different choices of the length of the vector in the
SMM method has on the current in the Landauer model. The results are reported in terms of

A = 02 — 1 where ¢ is the length of the spin vector. For the spin % system, we have s = %

4
Using the quantum choice for the vector length, 02 = s(s + 1) = %, or A\ = % The Langer-

modified version gives 02 = (s + %)2 =1, 0of A = %. In the spirit of Stock’s treatment of the
Langer modification as a free parameter,%2 we also show the results for A = 1 and \ = %, the
latter being near Stock’s result of 0.3125 (for a different system). As we saw from the short-time
analysis of the time-dependent left current in section the slope of the current at short time
is proportional to A. Regardless of the value of A, the total current seems to reach a steady
state after approximately the same amount of time. However, the value of that steady-state
current grows with the value of A. The larger initial slope gives a kind of “running start” to the
current and it overshoots or undershoots the correct steady state for values of A far from A = %,
which corresponds to the quantum choice of vector length, matches our short-time analysis for
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Figure 5.9: Result of different numbers of modes per electrode on the time-dependent total current at
temperature T = T'/3, gate voltage ey = 0, and bias pu;, = —ug =T.

the two-state system in section and gives results which match the exact results.

Figure highlights the necessity of including enough modes in the discretization of
the electrodes. The steady state reached by this simulation is actually a pseudo-steady state.
Due to the finite number of modes in the bath (and therefore the finite initial population of
electrons), at long time the left electrode becomes depleted and the flow of electrons slows, i.e.,
the current drops. Figure [5.9 shows that as we add more modes to the electrodes, we hold the
steady state to longer time. If we have only 50 modes, we don’t even hold the steady state long
enough to recognize it. All the other calculations presented here use 400 modes per electrode,
which figure suggests holds the steady state until at least t = 5h/T.

The convergence of this calculation with respect to trajectories is shown in figure [5.10
The qualitative behavior (and a rough estimate of the quantitative results) are evident with only
24000 trajectories. All the other results presented here involved at least 200000 trajectories.

In addition to being accurate, this semiclassical calculation is quite efficient. This partic-
ular system is relatively simple, since, as can be seen from the semiclassical Hamiltonian ,
it scales linearly with the number of degrees of freedom. A calculation to time ¢t = 8h/T" with
400 modes per electrode and 200000 trajectories required less that one hour of walltime with
120 computational cores. The approximate results abtained with 24000 trajectories are therefore
within the reach of even a single desktop computer.
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Figure 5.10: Convergence of the time-dependent total current with respect to the number of trajectories,
for the system parameters of temperature T' = I'/3, gate voltage ¢y = 0, and bias py, = —ug =T.

5.4 Future Directions

Our results for the Landauer model were extremely successful, and this encourages us
to see what else this methodology might be able to describe. The obvious next step is to start
including electron correlation. This corresponds to terms which are higher than quadratic in the
creation/annihilation operators. The first term to explore would be &j&;&j&i, which the SMM
procedure maps to the function n;n; in action-angle variables.

In the context of molecular conduction, this term is known as the “Anderson impurity,”
and leads to the Coulomb blockade and (at low temperatures) to the Kondo effect. Work is
currently under way to study whether we can capture the physics associated with adding this
term.

Another direction we can go is to add an interaction to bosons. Typically, this is done
by adding a phonon bath, which represents the vibrational environment in which the molecular
junction finds itself. We also plan to explore this.

More generally, coupling the electronic behavior to nuclear motion should be relatively
easy in this system. This is the great advantage of taking the quantum behavior and converting
it into a classical model: now the motion of the nuclei, which are well described by semiclassical
(or even classical) dynamics, are automatically treated on the same footing as the very quantum
mechanical electronic behavior.

Although the work presented here has been shown in the context of molecular electronics,
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it actually provides a general treatment of a second-quantized Hamiltonian. As such, there are
many other avenues of research available. One direction which is currently under exploration is
an idea to use this as the basis for a semiclassical electronic structure method. Certainly, if we
find that we are able to accurately capture the physics from higher order terms, it is likely that
many other problems can be approached using this method.
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Concluding Thoughts

This document has covered a veritable plethora of ideas, calculations, and derivations
related to semiclassical dynamics. To crystallize it into a single sentence, I would say this: Clas-
sical dynamics can be used as the underlying tool in the approximation of nearly all quantum
mechanical effects.

Of course, the accuracy of that approximation depends on many factors. Yet, as we
have seen, proper semiclassical methods can give quantitative treatment of quantum dynamical
interferences, and even fermionic systems can be simulated by the appropriate classical dynamics.

Once we accept that these semiclassical tools can be useful as an approximate treatment
of quantum dynamics, we would like to show that they can be efficient. In chapter [2| we showed
that using a Monte Carlo method that involved time-dependent information could be much more
efficient than one which only used time-independent information.

In chapter [3| we explored an idea not unlike the idea in chapter [2| In this case, we sepa-
rated the phase from the magnitude by writing the semiclassical calculation as a phase histogram.
While our efforts to fit a sum of Gaussians to the phase histogram did not make the calculation
more efficient, the phase histograms themselves provided an interesting perspective on the source
of quantum interference effects.

In chapter [4| we presented a new method for calculating the monodromy matrix (and thus
the semiclasscial prefactor), which has been one of the bottlenecks to semiclassical calculations.
It terms of describing how chapter {4 fits into the whole of this work, it is worth noting that it
is completely orthogonal from all other aspects. That is, it can be used in connection with the
improved methods of chapter [2| or those of chapter [3} neither precludes a novel treatment of the
semiclassical prefactor.

Finally, chapter [5| represents a break from the earlier chapters. The methodology devel-
oped is notably different from those presented earlier. Instead of focusing on nuclear dynamics, we
focus on the dynamics of the electrons. Instead of using semiclassical methods to define the dis-
tributions at various times, we use a quasiclassical approach, forcing the ¢ = 0 statistics to match
the quantum results and then allowing the dynamics to evolve according to the semiclassical
Hamiltonian. While this method isn’t as rigorous (or internally consistent) as the approach used
in the other chapters, it represents a first attempt to apply this sort of semiclassical Hamiltonian
to a practical problem.

As all good science should, many of these chapters ended with more questions unanswered
than answered. Chapter [2]closes with another system to study, and an idea for a way use the basic
methodology to generate an even more efficient algorithm for estimating SC-IVR calculations.
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Chapter [3|notes that, although the Gaussian fitting idea failed, there seems to be a lot of structure
to the phase histograms which a clever algorithm might use to its advantage. Chapter [ leaves
us with more systems to try, and questions about why the periodic trajectories caused problems
for the precision finite difference method. Even at the end of chapter [5 we're left with many
systems we would like to test, and methodologies which can use the techniques described herein
for a wider variety of systems.

Semiclassical theory has proven itself as a practical method for simulations. It can
capture quantum mechanical effects efficiently, and in this dissertation I have presented ideas
which have both made it more efficient and which have broadened the range of problems which
we have addressed semiclassically. Several chapters have even shown how semiclassical calculations
can be used to provide insights on the nature of quantum mechanical effects.

The dream of using classical methods to describe quantum mechanics, which is nearly
as old as quantum mechanics itself, becomes more and more of a reality as refinements such as
these are developed.
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Appendix A

Model Systems

As a practical matter, several model systems were frequently revisited in the process of
developing the methodologies described in this text. This appendix looks at two in particular.
For the harmonic oscillator, we present various analytical formulae for reference purposes. For the
anharmonic Morse oscillator, we show how various parts of the calculation contribute to the total
survival amplitude (and how the failure to capture certain results indicate the failure to describe
certain parts of the physics).

A.1 Harmonic Oscillator

The harmonic oscillator is one of the most useful model systems. Beyond its usefulness
as a first approximation to any well on a potential energy landscape, it can be solved analytically
both quantum mechanically and classically. The fact that it has an analytical classical solution
means that it usually has an analytical semiclassical solution as well.

In addition, most semiclassical theories are exact for the harmonic oscillator. This
is because, as discussed in chapter [I| SC-IVR approximations to the propagator are based on
a second-order Taylor expansion of the potential as it appears in action exponential from the
Feynman path integral. Of course, this second-order expansion is exact for the harmonic oscillator.

One of the uses of the harmonic oscillator as a model system is that, being exactly
solvable, it can be used as an analytical tool for new methods. When either sanity-checking a new
approximation or debugging new code, the analytical results from the harmonic oscillator can be

useful.
The harmonic oscillator Hamiltonian H = % + %mw2q2 can be easily solved from
Hamilton’s equations:
OH P
—g= 2 Al
o = m (A.1)
OH
— aiq = p = —mw2q (A2)

Multiplying the first equation by m and taking a second time derivative, we're left with:

mj = —mwq (A.3)
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Quantity Harmonic Oscillator Expression
Position q(t) = qo cos(wt) + L% sin(wt)
Momentum p(t) = po cos(wt) — mwqo sin(wt)
2
Action S(t) =1 (% - qu%) sin(2wt)
Monodromy Elements {Wq‘? = Mpp = cos(wt), .
Mgy = = sin(wt), Mpg = —mw sin(wt)

Herman-Kluk Prefactor (v = mw) CcHK = e—wt/2

Table A.1: Analytical results for the classical harmonic oscillator.

The general solution to this differential equation is ¢(t) = A cos(wt) + B sin(wt). We can solve for
the constants A and B by defining the initial conditions ¢(0) = gp and p(0) = py (and using the
fact that p = mq). The result is that the position is given by:

q(t) = qo cos(wt) + % sin(wt) (A.4)

From this, we can obtain all the other results for classical quantities which enter into a semiclassical
calculation, many of which are listed in table

A.2 Anharmonic Morse Oscillator

One of my personal favorite systems, which is used throughout this thesis, is a specific
anharmonic Morse oscillator which starts from a squeezed state. The reader will note a lack of
units in this section: this is because the anharmonic Morse oscillator is not intended to represent
a real physical system. It is treated with A = 1, but beyond that the units have no meaning.

The potential energy for this system is given by

V(g) = 30.0 (1 +(1- e*oogq)?) (A.5)

and the initial wavepacket has the position-space representation

1/4 '
(al) = (12) O ing (4.6)

s

This gives us a very narrow wavepacket at the bottom of the potential well. Using unit mass
for the particle, the harmonic frequency of this system is 0.30984. This potential, its initial
wavepacket, and an outline of its harmonic-width Gaussian are illustrated in figure

The potential is offset so that the bottom of the well is at zero. This highlights an issue
that T have called the “semiclassical gauge” problem. When looking at quantities which are not
Hermitian (such as the real part of the survival amplitude), the choice of the zero of energy is not
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Figure A.1: Potential, initial wavepacket, and harmonic-width wavepacket for the anharmonic Morse
oscillator.

arbitrary. The action integral is given by
t
S(t) = / dt' L(Y) — AE (A7)
0

t

= —tAE+/ dt' L(t') (A.8)
0

This means that each trajectory has an additional phase of e #2F associated with it, which

changes the single-propagator results (see figure for an example of the effect of the semiclas-

sical gauge problem). This is no longer a problem for multiple propagator methods, since the

reverse propagator will contribute a phase of equal and opposite value for every time and for any

trajectory.

Figure shows the position-space representation of the initial wavepacket. But since
its width in position is very small, its width in momentum is relatively large. The standard
deviation in momentum of the sampling function |(Q[¢)|* is v/12 ~ 3.46. Since the dissociation
energy is 30.0 (and we have unit mass) any trajectory with momentum above 5.48 will dissociate.
That’s makes anything more that 1.5 standard deviations from the mean dissociative based on
internal kinetic energy alone. And since the potential energy surface is positive definite, the
potential energy contribution can only increase the energy.

Therefore a good number of trajectories will dissociate. This also means that the Gross-
man Morse can catch problems that occur in the imaginary frequency regime.



111

Dissociation Limit
Bottom of Well

Re(A(1)

0 5 10 15 20 25 30
Time

Figure A.2: The “semiclassical gauge” problem: the real part of the survival amplitude for the anharmonic
Morse oscillator with the zero of energy at the bottom of the well versus at the dissociation limit.

The quantity which we typically calculate for this system is the survival amplitude, A(t).
The survival amplitude is a useful quantity because it can be calculated with relative ease by any
of the semiclassical methods available to us. Its most obvious definition is as a single-propagator

calculation: R
Alt) = \<w\e—““]¢>\ (A.9)

Of course, the modulus is just the square root of the modulus-squared, so we can write this in
terms of a correlation function (suitable to be calculated by LSC-IVR or DHK-IVR) as follows:

AQ) =\ (e (el (A.10)
= J{uleefs) (u]e-ife]) (A11)
(e

= /1 (1)l et o) (o) (A.13)

6’“%‘1/1> <¢‘67iﬁt‘¢>) (A.12)

A useful aspect of the survival amplitude for this system is that different features from
the plot correspond to different parts of the semiclassical expression. Therefore, a glance at the
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survival amplitude can identify what physics are and are not being captured when testing a new
method.

In figure we look at what happens with different treatments of the prefactor. In
addition to looking at the full HK-IVR, the LSC-IVR, the result of “turning off” the prefactor
(unit prefactor), we look at a phase-only approximation to the prefactor, given by%*

. t
(3
CHK ~ exp -3 / dt' > " wi(t) (A.14)

where the set of {w;(t')} are the square roots of the eigenvalues of the Hessian at time ¢. We
refer to this method as the “local harmonic prefactor,”[f] because it essentially makes the harmonic
approximation at each point along the trajectory. As one would expect, this approximation gives
the exact result for the harmonic oscillator (as is easily verified by comparing with table . If we
look a little closer, we note that this version captures some part of the phase of the prefactor, but
ignores everything related to its amplitude. This partial capture of the phase is what differentiates
it from the unit prefactor, which is equivalent to ignoring the prefactor altogether.

Now we look at figure The first thing we note is that removing the magnitude of
the prefactor, either by completely ignoring the prefactor (unit prefactor) or by only including the
phase (local harmonic prefactor), the magnitude of the survival amplitude rapidly becomes too
small. This is because the prefactor plays an important role in the normalization of semiclassical
wavefunction. Although it isn’t immediately apparent from the expression for the LSC-IVR that
it contains the prefactor (or at least enough of the prefactor to retain normalization as well as it
does) we should remember that the (Van Vleck) prefactor is removed from the equation due to a
change of variables (meaning that, in some sense, it is still included).

Even without normalization, we note that most of the features of the survival amplitude
are captured by all of these methodologies. We have the notch before the first double peak, and
the wiggles between about ¢t = 7 and ¢t = 9. One notable difference, however, is that the dip
around t = 5 is not captured very well by these methods. This means that either it is the result
of interference effects which are not captured by the local harmonic prefactor or it relates to
capturing the correct magnitude of the prefactor. From time ¢ = 10 (approximately one period)
on, the same basic motifs repeat.

It is also interesting to compare the local harmonic prefactor with the unit prefactor.
Although their results are very similar, there is a slight offset between them. This is basically
because the local harmonic prefactor captures the zero point energy, while the unit prefactor does
not.

In figure we explore what happens to the survival amplitude of this system if
we just turn off the action — i.e., we set the phase factor et = 1 for all trajectories and all
times. The black line is the full HK-IVR calculation (with action), the red line is if we turn off
the action, and the dotted line shows the LSC-IVR result (which also doesn’t include the action).
The first thing we note is that the magnitude of the recurrence peaks is much lower without the
action.

* It also sometimes called “Johnson’s multichannel WKB prefactor” or simply the “WKB prefactor.”
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(b) Action: The effect of turning off the action.

Figure A.3: Effect of various terms of the HK-IVR expression on the survival amplitude of the anharmonic
Morse oscillator.
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Up to the notch before the first double peak, the results are the same with or without the
action. That notch is missing without the action, as are the wiggles which occur after between
about t = 7 and ¢t = 9. Both of these aspects are also missing from the LSC-IVR. Although
the no-action calculation misses the heights of the first double peak, which the LSC-IVR does
capture, the no-action method does capture the deep dip around ¢ = 5.

The point of all this analysis is to identify what features in the survival amplitude are
related to which quantities in the semiclassical expression. To do that, I’'ll summarize the source
of several features up to about time ¢ = 10, after which the motifs repeat.

The double peak around ¢ = 5 corresponds to a half-period: trajectories which started
in the well have gone to the classical turning point and returned to overlap with the original
wavepacket, only with momentum in the opposite direction. Before the double peak, there is a
small notch, which is the result of the action.

However, the most interesting feature around the double peak is the substantial dip in the
modulus of the survival amplitude which occurs between the peaks. This effect is captured when
we turn off the action, but not by the LSC-IVR or by either of the unit-magnitude approximations
to the semiclassical prefactor. This means that it is either related to the magnitude of the prefactor
in a way that the LSC-IVR fails to capture, or that it is related to the phase of the prefactor in a
way that the local harmonic prefactor fails to capture. Considering the results of chapter |3 and
figure in particular, my suspicion is that it is a result of the phase of the prefactor. At time
t = 5, when the dip happens, we see that the phase histogram is split into two regions separated
in phase by a little more than one radian. In figure we have the phase histogram from a time
in the dip. It shows two peaks of roughly equal height, which suggests that the magnitude in one
branch versus the other doesn’t cause this feature.

The major peak around ¢ = 10 corresponds to the first full period of a typical trajectory
from this initial distribution. Between the double peak and this single peak are a series of wiggles,
which arise from the action. In both chapter [2| and chapter |3} we saw situations in which these
wiggles were not captured. If we fail to sample sufficiently, as we saw in figure 2.9] then we don’t
sample the regions which contribute the different action which interfere to create the fringes we
see in this region (which are analogous to the effect at ¢ = 12.3). In figure we saw that the
phase histogram in this region was extremely hard to fit, presumably because the two important
features are very different: one is tall and narrow, and the other is short and broad.

A solid understanding of this simple (but subtle) system makes the anharmonic Morse
oscillator into an excellent diagnostic tool. Although it is a simple one-dimensional system, it is
unforgiving enough that it will expose many inadequacies in proposed methods. Furthermore,
with the interpretation provided in this appendix, if flaws arise one can quickly understand what
part of the semiclassical calculation isn’t being captured by the new method.
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Appendix B

Adaptive (Gear 6th-Order
Predictor-Corrector

Many of the calculations in this work are done with the fourth order integrator described
by Candy and Rozmus,”” with the treatment of the action and the monodromy matrices as
described by the appendix of reference 65. However, when electronic degrees of freedom are
included (as described in section , the underlying assumption of the symplectic integrator
does not hold. That is, the Hamiltonian can no longer be written as H(p, q) = T'(p) +V (¢q), which
allows the short-time factorization required by those symplectic integration schemes.

So we instead turn to an integration scheme that treats all variables, position and mo-
mentum, on equal footing. The 6th-order Gear predictor-corrector algorithm is one such method.
Yet, even this can run into problems.

The work described in chapter [5| (on a semiclassical mapping for fermions) involves
constraining the action variables to a range (r1,72). This is accomplished by including a terms
in the Hamiltonian proportional to \/(n —r1)(n — r2). Unfortunately, the finite step size (and,
in particular, the prediction step) can allow a trajectory near that boundary to step outside of it
(causing numerical difficulties).

One solution would be to go to a much smaller step size (perhaps 2 orders of magnitude
smaller) and rejecting the (relatively few) trajectories that fall out of these bounds. But since
most of the time the dynamics were accurately described by the larger timestep, the idea of using
100 times as much computational effort to handle a problem that occurs on less than 1% of
timesteps was unsatisfactory. So instead, we adopted an adaptive timestep algorithm.

Since the Hamiltonian was not amenable to the symplectic Candy-Rozmus integrator, I
instead chose to use the 6th-order Gear predictor-corrector as my underlying integrator. I added
an adaptive timestep algorithm (based on the Runge-Kutta adaptive timestep algorithm presented
in Numerical Recipes) on top of the Gear integrator. Finally, a few modifications were made to the
adaptive timestep procedure in order to make it useful for calculating time correlation functions,
where many trajectories need to be averaged. The following sections will describe each of these
steps.
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B.1 The 6th-Order Gear Predictor-Corrector

Like all predictor-corrector algorithms, the Gear algorithm has two steps to go from time
t to time t 4+ At. First, information at time ¢ is used to used to estimate where the system should
be at time ¢ + At. Then information from this estimate is used to correct the state of the system
(essentially, to minimize the error made in the estimate).

The Gear predictor-correctors are based on the idea of storing estimates of different
orders of derivatives at a given time. Adams-Bashforth-Moulton predictor-corrector algorithms,
on the other hand, only store the state and the first derivatives, but do so for several times.

The Gear predictor is very simple: since we assume that we have stored several orders
of the derivative at time ¢, we use those derivatives to make an estimate for ¢ + At based on the
Taylor expansion.

The Gear correction requires that we calculate the first derivative in the estimated state,
and compare that to the estimated first derivative. This difference is then used to correct the
other derivatives (and the state of the system).

Further details can be found in Appendix E of reference 25.

B.2 The Adaptive Timestep Algorithm

The basic idea of the adaptive timestep algorithm is to compare the predicted evolution
for a half-sized step to that of a full-sized step. If it is within some tolerance then the step is
accepted.

This does introduce significant overhead to the calculation, since each timestep actually
requires the calculation of three timesteps. However, this allows us to usually take much larger
timesteps, and only use small timesteps where absolutely necessary.

In order to define the tolerance, we calculate a linear approximation to the dynamics (in
absolute magnitude) in order to provide a scale for the allowable error. That is, what we call the
linear approximation Q" is given by

Y ae = Q] + ‘Qt‘ At (B.1)

To determine whether the trial step size is acceptable, we compare the system Q! that results
from taking a single full step from time ¢ to time ¢ + At with the system Q! which result from
taking two half-sized steps to get from time ¢ to time ¢ + At. The step is accepted if, for all
elements ¢, we have: . .
u a
L il (B.2)
Qiln

for some tolerance e.

If the step is accepted, the next trial step is larger (unless, of course, the current trial
step was already the maximum size). If the step is not accepted according to the criterion above,
then the process is retried with a smaller step size.

Typically, when running the Gear integrator, the steps around ¢ = 0 will have to shrink
very small. This is because the initial conditions for the derivatives are poorly chosen. The
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initial conditions and the first derivatives are calculated correctly, but higher-order derivatives
are initialized to zero, which is obviously incorrect. The small timesteps that result from the
adaptive timestep algorithm have the effect of filling these in with more accurate derivatives,
which are needed for accurate propagation of the trajectory.

B.3 Fixing the Time Discretization

The work in the previous sections is well-described in the referenced literature. However,
I had one more challenge to solve: the method described above allows the end time of each step
to be at any point. However, I need to report the state of the system at specific times, so that 1
can average at the same time across many trajectories.

The most elegant way to do this is to save several points along the trajectory and use
polynomial interpolation to estimate the value at the desired point. However, I decided to use a
simpler method.

On the basis of the idea that adaptive timestep would be rarely used (the full-sized
timestep is normally accurate), I thought of the step between each of my desired time-discretization
points as a mini-trajectory with the adaptive timestep. The maximum allowed timestep was the
difference between the current time and the next discretization timestep.

This works, although once the full timestep is the appropriate size, the calculation will
switch between two timesteps: the last timestep in the previous discretization, and the remainder
of that and the time discretization width. To solve this problem, I track how many adaptive steps
are taken per discretized step. If that number is 2, then the estimate of the timestep for the next
discretization step is the discretization width.
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