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Abstract: The common geometrical (symplectic) structures of classical mechanics, quantum mechan-
ics, and classical thermodynamics are unveiled with three pictures. These cardinal theories, mainly at
the non-relativistic approximation, are the cornerstones for studying chemical dynamics and chemical
kinetics. Working in extended phase spaces, we show that the physical states of integrable dynamical
systems are depicted by Lagrangian submanifolds embedded in phase space. Observable quantities
are calculated by properly transforming the extended phase space onto a reduced space, and trajecto-
ries are integrated by solving Hamilton’s equations of motion. After defining a Riemannian metric,
we can also estimate the length between two states. Local constants of motion are investigated by
integrating Jacobi fields and solving the variational linear equations. Diagonalizing the symplectic
fundamental matrix, eigenvalues equal to one reveal the number of constants of motion. For conser-
vative systems, geometrical quantum mechanics has proved that solving the Schrédinger equation
in extended Hilbert space, which incorporates the quantum phase, is equivalent to solving Hamil-
ton’s equations in the projective Hilbert space. In classical thermodynamics, we take entropy and
energy as canonical variables to construct the extended phase space and to represent the Lagrangian
submanifold. Hamilton’s and variational equations are written and solved in the same fashion as in
classical mechanics. Solvers based on high-order finite differences for numerically solving Hamilton’s,
variational, and Schrodinger equations are described. Employing the Hénon-Heiles two-dimensional
nonlinear model, representative results for time-dependent, quantum, and dissipative macroscopic
systems are shown to illustrate concepts and methods. High-order finite-difference algorithms,
despite their accuracy in low-dimensional systems, require substantial computer resources when they
are applied to systems with many degrees of freedom, such as polyatomic molecules. We discuss
recent research progress in employing Hamiltonian neural networks for solving Hamilton’s equations.
It turns out that Hamiltonian geometry, shared with all physical theories, yields the necessary and
sufficient conditions for the mutual assistance of humans and machines in deep-learning processes.

Keywords: Hamiltonian classical mechanics; geometrical quantum mechanics; Hamiltonian
thermodynamics; chemical kinetics; differential geometry

1. Introduction

Chemistry is now deeply rooted in the two fundamental physical theories, quantum
and classical mechanics. Quantum chemistry and molecular dynamics computer programs
are indispensable devices in almost all kinds of chemical research. Thermodynamics, also a
vital theory for chemistry that lacked a genuine mathematical foundation for years, has
acquired the necessary mathematical framework in the last two decades, which brings it to
the same level as classical and quantum mechanics. On the other hand, the advancements
in mathematics that occurred in the 20th century in the fields of differential geometry and
topology have revealed common geometrical structures in all physical theories. These
discoveries provide a deeper understanding of the physical theories per se and pave the
way for their application in other scientific fields, such as chemistry.
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The purpose of this article is to render an introductory and graphical presentation of
common geometrical structures of the principal physical theories and the consequences
they may have in chemistry, especially via their numerical applications. Specifically, after
almost two centuries of evolution of Hamiltonian theory, a modern geometrical description
emerged, and significant theorems and techniques for locating invariant structures in phase
space, and thus constants of motion, have been found [1-3]. Chemical dynamics and
spectroscopy have tremendously benefited from applying these methods to comprehend
the behaviors of highly excited molecules [4,5].

It is essential to underline that the stage of action for molecular dynamics, within a
classical mechanical approach, is the phase space and its tangent bundle, which means that
both generalized coordinates and conjugate momenta should be taken into account. We
also emphasize that in the 1980s, it was found that quantum and classical mechanics share
some common geometrical properties, which explain similarities as well as differences. It
was shown that instead of the usual algebraic linear quantum theory formulated either in
the Schrodinger or Heisenberg picture, we can take the quantum analog of phase space to
be the projective Hilbert space of the extended Hilbert space [6-8].

Earlier, in the 1970s, it was recognized that the mathematical framework for ther-
modynamics is the contact geometry [9,10] of the physical states embedded in an odd-
dimensional state space [11-17]. However, at the beginning of the twenty-first century,
Balian and Valentin [18] made a significant contribution by publishing a Hamiltonian
theory of thermodynamics in an extended phase space. Based on Callen’s [19] formulation
of thermodynamics, they produced a Hamiltonian theory for reversible and irreversible
processes equivalent to classical mechanics. They studied homogeneous Hamiltonians
with generalized coordinates, the complete set of extensive properties (i.e., entropy, internal
energy, volume, particle numbers, etc.) and conjugate momenta proportional to intensive
properties (i.e., temperature, pressure, chemical potential, etc.), either in the entropy or en-
ergy representation. Gibbs’s fundamental equation was employed to describe the physical
state manifold. This work triggered numerous studies, the results of which have revealed
several geometrical properties common to classical and quantum mechanics [20-24].

It turns out that the mathematical abstraction and generalization of geometrical Hamil-
tonian theory in extended phase space lead to a common computational platform for
working in both microscopic and macroscopic worlds. The aim of the present article is
to highlight that Hamiltonian theories share some common geometrical properties in ex-
tended phase space with classical mechanics, quantum mechanics, and thermodynamics,
which manifest the foundations for formulating and comprehending chemical dynamics
and chemical kinetics.

In Section 2, we present, with the help of two pictures, the Hamiltonian theories of
classical and quantum mechanics. Similarly, in Section 3, we discuss Hamiltonian thermo-
dynamics in contemporary mathematical language that unveils the geometrical properties
of this theory. In Section 4, we describe numerical algorithms for solving Hamilton’s
equations of motion and variational equations, common to the three principal theories. We
mainly focus on high-order finite-difference (FD) methods and their relation to pseudospec-
tral methods (PS) [25]. Furthermore, to illustrate the mathematical concepts introduced
in the previous sections, we have performed numerical calculations with a rather simple
two-dimensional nonlinear model, that of Hénon-Heiles [26]. We deduce that high-order
finite-difference methods based on the Lagrangian interpolation polynomials are appro-
priate for solving initial value problems, as well as partial differential equations, such
as the Schrodinger equation, necessary in chemical theories. Finally, the conclusions are
summarized in Section 5, where recent research on Hamiltonian neural networks (HNN) is
discussed. Proofs for some equations, tables that summarize results in Hamiltonian thermo-
dynamics, and an example of formulating a chemical kinetic model with thermodynamic
Hamiltonian theory are presented in Appendix A.
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2. Geometrical Structures in Chemical Dynamics

Molecules are sets of N;, nuclei and N, electrons interacting with Coulomb forces. Usu-
ally, their quantum mechanical treatment is obtained by solving the Schrodinger equation
in the Born-Oppenheimer approximation [27] that separates the electronic from the nuclear
motion. The electronic energies are calculated by freezing the nuclei at specific configura-
tions, which produces the adiabatic potential energy surface for each electronic state.

These molecular potentials, named also Potential Energy Surfaces, are employed to
solve the nuclear equations of motion either in quantum mechanics or in classical mechanics.
It is, thus, important to investigate common geometrical structures in the foundations of
the two basic theories of physics, which in turn may assist in the numerical solutions of
the corresponding equations of motion. In the following two subsections, we examine the
topological and geometrical properties of classical and quantum mechanics, whereas in
Section 3, the relatively new Hamiltonian formulation of thermodynamics is reviewed, all
of them in extended phase spaces and at the non-relativistic approximation.

2.1. Canonical Classical Mechanics
2.1.1. Manifolds and Maps

We introduce the basic geometrical concepts of classical mechanics for time-dependent
systems by elucidating the graphics of Figure 1. Starting from the bottom and moving
upwards, we denote the set of configurations of the system with n—degrees of freedom
(DOF) with the column vector (The symbol (7) denotes the transpose of a matrix. Thus, a
row vector becomes a column vector, and vice versa, a column vector is converted into a
row vector.), g = (q%,...,4")7, and the parameter (time) with g°. Capital letters designate
the set of  + 1 coordinates as a column vector, Q = (4%, 4)T. These coordinates parametrize
the Extended Configuration Manifold, Q"*!. Generally, this is a smooth (differentiable)
nonlinear manifold.

Manifolds generalize the geometrical objects of curves and surfaces in three-dimensional
Euclidean space into N-dimensional (N > 3) spaces. It took more than two centuries to
develop the current mathematical definition of a manifold since it required the parallel
development of various other branches of Mathematics, such as topology, geometry, and
algebra [28].

The extended configuration space Q"*! can be described locally by a coordinate
system (chart) Q, i.e., a homeomorphism

¢:UC Q" — p(U) c R™M, (1)

of an open set U of Q"*! onto an open set ¢(U) of a Euclidean space R"*! of dimension
n+1.
In Euclidean space, we understand the definition of a coordinate system in R"*! as

7 =mog or p(s) = (1°(s), 4 (s), (). q"(s))T € R*, @

for every point s € U, and 7' are the canonical projections taken to be differentiable
functions. Transition maps provide the transformation from one coordinate system to
another for points that belong to the intersection of two different open subsets.

The tangent space of Q"*! at a point s € Q"™ (T;Q"*!) is a vector space, and the
union of all tangent spaces for all points s of Q"*! form the tangent bundle (TQ"*!) with
the extended configuration space Q"*! to be the base space

TQn-i-l — U TsQn+1. (3)

seQn+1
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The tangent bundle contains both the configuration manifold Q"*! and its tangent spaces
T;Q"*! called the fibers, and it is a smooth manifold of dimension 2(n + 1). Since TQ"*1 is
also a smooth manifold, a chart is defined by the diffeomorphism

T : TU — ¢p(U) x R* ¢ RV x R (4)
Interior Product Variational Equations
Booe w = wlXow ,®) = dHe(®) dEX)/dt =Y (X /dX k) X
Hamilton Equations =Y,9(0*He /OxOX) 5 X/
)2 =7 a.‘l-[e (X) WT*Qrﬁl
_'f’oisson BracKets R X R (¢ 0, 0o, 8 Porp) P=0L/dQ
O =0, Ho=H{f g, pHpo if =0 =1

[ )
Tangent Bundle 4 endre Transform(¥..) (s )

o has
) (et parp) by’
Inter. Pr. <Q| Q>=P Q

(Tp, TU) \L‘ % (T, T'U)

e €

e V(0,9) R comm—
R {Klﬂ(qo/q&’ﬂlp)

*
n+1

R (fq)
EXTENDED CLASSICAL MECHANICS

Figure 1. Manifolds and functions which determine the geometrical structures of a classical system

with 7 + 1 coordinates. 4° denotes a parameter and, specifically, the time for time-dependent systems.
q=(q",...,q") are the n coordinates that define the configurations of the system and p = (p1, ..., pu)
their canonical conjugate momenta. Details are given in the text.

Each coordinate system (¢, U) from the atlas of Q"*! induces a coordinate system
(¢, TU) for TQ"*!. This chart is said to be the bundle chart associated with (¢, U). The
velocities (¢ = dq' /dt) live in this space.
The potential function, V(Q), is a function on the configuration manifold to real
numbers. The Lagrangian, L.(Q, Q), is a function on the tangent bundle to real numbers.
The dual space of TQ" ! (the set of all linear maps on tangent bundle to real numbers)
is the cotangent bundle (M = T*Q"*1), also named phase space. The phase space is a
differentiable manifold of 2(n + 1) —dimension for which the tangent bundle can also be
defined with charts described by the generalized coordinates (4'), the conjugate momenta
(Notice that we use superscripts for coordinates and subscripts for momenta.) (p;), and
their velocities, where ,
pj=09L./9¢, j=0,...,n (5)

The Extended Hamiltonian, H.(Q, P), is a function on the phase space to real numbers,
He : T*Q"! — R, obtained by a Legendre transformation (F.,) of the Lagrangian. We
may consider that the Legendre transformation generates a differentiable map between
the tangent and cotangent bundles of Q"*!, F, : TQ"*! — T*Q"*1. Tgni1 and nan "
are canonical projections to extended configuration manifold of tangent and cotangent
bundles, respectively. The tangent bundle of phase space is denoted by TT*Q"*! and
T+ gn+1 is the canonical projection to phase space.
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For a system of particles with n—-DOF, we define the Lagrangian as the difference
between kinetic energy K and potential energy

1 M. )
Le(Q ) =K =V =3} dgjlqmi—V(Q), (6)
ij=1

with g;;(g, m) to be the kinetic metric tensor, written as a function of coordinates g and the
particle masses m. The metric is the non-degenerate, symmetric, covariant tensor rank-2
that defines the kinetic energy. The momentum p; is the covector of the velocity §',

K & j
=— =Yg, i=1,...,n )
o4’ ];gz,

pi

which is a map from the tangent bundle (TQ") to the cotangent bundle (T*Q"). Obviously,
for a diagonal unit metric, g;; = J;j, momenta are equal to velocities.

The velocities 4 can also be extracted from the momenta by the inverse tensor g’/

i=Y ¢"p; 8)
7

where ¥, g8 = 5! (The components of Kronecker delta tensor, (5{ ,areequaltolfori=j
and 0 fori # j.).

Momenta may also be considered to be 1—forms which act on the tangent bundle to
real numbers, p : TQ" — R, by taking the interior product (contraction) of 1—forms with
vector fields. Employing Dirac’s notation, we write

n X n . n ) )
<qlg>=} pi(d) =Y pid' = ) q'giyd =2K. ©)
i=1 i=1 i,j=1

If H(q% 9, v) = K(p) + V(Q) is the Hamiltonian of a system of particles with n-DOF, then
the extended Hamiltonian, (H,), is defined with the Legendre transformation (Notice
that in chemical thermodynamics the Legendre transformation is defined as the difference
between the function and the sum of products of conjugate variables.)

He=PQ — Lo =pod® +2K — K +V = poi® + H(q", q, p). (10)
The physical states are obtained by imposing the two constraints
He=0, =1, (11)

which result in
po=—H(4"q,p). (12)

Hence, the time-extended system is a conservative system with Hamiltonian H,.

2.1.2. Equations of Motion

We collect the generalized coordinates Q = (¢%,4%,...,4")T and their conjugate mo-
menta P = (po, p1, - - -, Pn) to a single column vector x = (Q, PT)T of 2k—dimension, where
we use k = n + 1. Hamilton’s principle of stationary action leads to Hamilton’s equations
of motion. Then, Hamilton’s equations with a Hamiltonian . (x) are written in the form

OH, (x) 8HA@>T’ (13)

- (Y PT\T _
or

x(t) = JoH.(x(t)), (14)
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where 0, (x) is the gradient of Hamiltonian function, and | the symplectic matrix. ] is the
map on the tangent bundle of phase space M

J:TM — TM, ]:(_(ZZ é:) (15)

Ox and I are the zero and unit k x k matrices, respectively. It is proved that | satisfies
the relations,
]_1 =—]= ]T and ]2 = —Iy. (16)

Thus, the Hamiltonian vector field is

C(OH(x)  dHe(x)\T
X”f( oP ' 90 ) 17

or using the coordinate base in the tangent bundle of phase space (Q, P, %, % ), we write

[ OH.(x)\ 0 OHe(x)\ 0
X, = ( P )30 90 Jop’ (18)
that lives in the tangent space of phase space.
In a more general approach, we can extract the Hamiltonian vector field as follows.

In the cotangent space of extended coordinate manifold, let us denote with 6, the 1—form
acting on the phase space manifold M = T*Q*

O M—=TM:meM— 0y € T;M, (19)
and with a the 1—forms on the configuration manifold Q¥
x: Qo> M:reQf 5 e M. (20)

Since « is a linear map from Qf to M and 6, an 1—form on M we can pull-back 6, to ok
to produce the 1—form a*6,, which lives on the base manifold Qk . Then, the canonical
Poincaré 1—form satisfies the relation (tautological 1—form)

«*0, = a forall a. (21)

Hence, we can expand 6, as

b = ) pidg'. (22)
i
0. is invariant under coordinate transformations
F =F(qq',....q"), i=0,...,n, (23)
which we assume to be invertible
g =g (F°...,F", j=0,...,n (24)
This is proved by arguing as follows. The velocities are given by

. A
g = Z(gl‘li)FZ. (25)

i
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The new momenta are

= Zp](ap,). (26)

Hence,
i ' j
b = Zpid‘? = ZP:’ Zﬁ‘ﬂ:
i i j
=Y Zpiaii, dF/ =Y PridF. 27)
FAT o P
The canonical Symplectic 2—form is extracted by taking the exterior derivative (Notice
the negative sign in our formulation.) of 6,

we = —db,. (28)
This is a non-degenerate, skew-symmetric, closed 2—form (dw, = —d o df, = 0). In local
coordinates (g, p), we is expressed by the wedge products
we =Y _dq' Ndp;. (29)
i

If we introduce dx = (dx?,..., dxzk) = (dq°,...,dq",dpo,...,dpy), the symplectic 2—form
(Equation (29)) is written

k
We = Z dxt A dx* T, (30)
i=1

A pair (M, w,), i.e., the phase space with the symplectic 2—form, is said to be a
symplectic manifold. Those local coordinates which satisfy, w, = Zé‘zl dx’ A\ dx*t, are said
to be canonical and symplectic. In the following, we shall see that Hamiltonian mechanics

and its geometrical properties can be formulated by w,.
Let (M, w,) be a symplectic manifold of dimension 2k with w, a canonical symplectic
2—form. The Hamiltonian function #, is a smooth function on the phase space. The
Hamiltonian vector field, X4,,, (Equations (17) and (18)) is then defined via the relationship

ix, We = We(Xyy,, @) = dHe(e). (31)

i Xy, We symbolizes interior product (contraction) and the triple (M, w,, XH{,) is a Hamilto-
nian system. In particular, for the variable g9 we extract the equation

. IH (4%, q,p)
o= =55 (32)

We can see that with this formulation of time-dependent systems and taking into account
the constraints Equations (11) and (12), the trajectories are described at each time f in the
physical phase space of the system of 2n—dimension. With x;, = (¢%,...,4", p1,..., pu)T
Hamilton’s equations of motion with the time-dependent Hamiltonian are written

2 () = JOH(t, x,). (33)
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For a smooth function O(x) on phase space, the Poisson bracket is defined as
{O,H@} - _{HQ,O} :(Ug(XO,X'HE) - _ng(XO) (34)
Since
_[30(x)  30(x)\"
X0 = (*52,-% 9)
[ 9He(x)  OH(0)\T
or employing the coordinate base in the tangent space of phase space
00 0 00 0
X — —~= - == 37
° lg [api 9q; ;i api] 7
" [0H, 0 OH., 0 }
X — Zfte 7 TMte 7 38
o=k [ op; 9q;  9q; op; )
we write the Poisson brackets in a coordinate system as
oHe oH. 00 0 00 0
o 5) Gy Sran)
n
= 2{8(9187-[3_8(987{18} (39)
i—0L9q" dpi  Opi g
We have used 5
dxi(ax].> =4, (i,j)=1,...,2k (40)

where ¢ is the Kronecker’s delta tensor.
The Lie derivative of a dynamical quantity O(x(t)) with respect to the Hamiltonian
vector field Xy, is defined as the directional derivative of O along the vector Xy,

Lx,, 0 = X3,(0) =dO(Xy,) = we(Xo, Xy,) = {0, He} (41)

So,
O = Lx,0=Xy(0), (42)
O = {O,H,.}. (43)

From the above equation, we infer that for conserved quantities, © = 0, the Poisson’s
bracket commutes, i.e.,, {O, H,} = 0.

Applying the above equation to coordinates and conjugate momenta, (Q, P), we
extract Hamilton’s equations

. oH,
0 = {QH}=T (44)
. OH,

p = {P,’Hg}:—;é. (45)

Poisson brackets defined on a set of smooth functions F (M) on M satisfy the proper-
ties; For (f, g, h) € F(M), then
e {f,g} isbilinear,
e {f, g} = —{g f} antisymmetric,
e {f,f} =0,and
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o {fAem+{n{f gt} +{s {h f}} = 0 (acobi identity).

2.1.3. Integrable Hamiltonian Systems

In classical mechanics, a finite 2n—dimensional Hamiltonian system, (Mzn, w, Xy)
is completely integrable if it admits n independent constants of motion whose Poisson
brackets are in involution, i.e., pairwise commute.

Let the integrals of motion are F; = H, ..., F, and are assigned to values ¢ = (cy,...,¢cy).
Then, the corresponding level set, F~!(c) is a Lagrangian submanifold.

In a more formal wording, for an even-dimensional phase space, M, the symplectic
2—form w, which satisfies the condition (volume form)

(d6)" # 0,

the condition w = 0 determines the nD—Lagrangian submanifold Lj; € M.

For compact phase spaces, the Lagrangian submanifolds have the structure of a
n—torus, T". Moreover, in a neighborhood of every such invariant torus, one can find
angle-action coordinates (¢, 1),

v =y(;1), ¢',€]0,2m), I]-:E%pjdq], i,j=1,...,n. (46)

In such a coordinate system, the Hamiltonian function depends only on Ij, i.e., H(I),and
Hamilton’s equations give

H

¢ = o = Yir ¢'(t) = ¢ + wit
i - _g(";: (47)

w; are the normal frequencies, and the action variables are constants. The Poisson brackets
of the action coordinates, I, pairwise commute, {I;, | j} = 0, and also satisfy {¢”, I]-} = (5]1..

2.1.4. Complexification of Classical Hamilton’s Equations

Hamilton’s equations in classical mechanics can also be cast in a complex manifold by
complexification of phase space, i.e., by introducing the complex transformation

1
zp = \ﬁ(ql +1p1)

7 = \2(# — i) (48)

1 = V-1 (49)

Similarly, in Section 2.2.3 by realification of the quantum Hilbert space, we bring the
Schrodinger equation into the form of Hamilton’s equations.
To make the complex transformation canonical, we define the complex variables

Q =z, P=iz. (50)
The inverse transformation gives the real functions

1 1
g = —=@+z)= Z(Ql_lpl)

o= —=(z—z)=—F7=(P—1Q). (51)

S-S

V2
V2
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Because of the symmetry of Hamiltonians under the unitary group U(1) = C, i.e., the
Hamiltonian H should be invariant with a unitary transformation. We write the canonical
Poincaré 1—form as

1 L, & *
b = ), E(Pldql —qldp) =Y 5(21 dz; — z;dz)) (52)
T T

= Y5 (RdQ — Q). 63)

1

and thus, the canonical symplectic 2—form becomes

we=—db =Y dg' Ndp; =Y 1dz; Adz} =Y dQ; NdP). (54)
i 1 1

For example, a harmonic oscillator in scaled normal coordinates and introducing these
canonical complex coordinates results in

1
Ho= Jw(g+p?) (55)
_ 1 1 2 *2 *\ 1 2 *2 *
= Zw[z(z +z +222) 2(2 +z Zzz)
= wzz* = —1wQP = PQ. (56)

Since the transformation to complex coordinates and conjugate momenta is symplectic,
Hamilton’s equations are also written as

. a/ 3
0 - TN _ g
po= 2P — pp, (57)

where H'(Q, P) = H[q(Q, P), p(Q, P)] is the Hamiltonian in complex coordinates.

2.1.5. Jacobi Fields and Variational Equations
Geodesic curves are obtained by searching for the critical points of the length func-
tional, i.e., by requiring
tmax
g/
0

ds is the infinitesimal length of the curve given by the norm of the velocity vector.
The same critical points are obtained by varying the integrand |dq/dt|? instead

tmax
/
0

It is worth noting that the above integral depends on the parameter t. This integral is
related to the action or the energy of a physical system. Indeed, Hamilton’s principle of
stationary action results in Hamilton’s equations, the solutions of which are geodesics on
the phase space manifold.

lmux
dq(t)‘dtzé/ ds = 0. (58)
dt 0

dq(t)

2 lWllL’C
— 2 _
i dt = 5/0 (ds)*=0. (59)
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Let C be a trajectory in phase space with kinetic metric g
g(q'Q) = 2 quq ®dq] q' Z gl]dq dq] LI)

ij=1 ij=1

= Y sy = Z q (Zguqf>
ij=1

n .
= Y pid = (dl4). (60)

i=1

From the above equations, we deduce that the coefficients 8ij result from the action of the
metric on the base coordinates of the tangent space

Jd 0
8ij :g<aqi’aqf>‘ (61)

The length of a trajectory starting from the point t = 0 and finishing at the point
t = tmay is calculated as the line integral

tmux thﬂX tmax n
LC:/ 'dt:/ dt:/ gt dt. 62
€)=/ Vs ; i};;ﬂq (62)

In case we want to investigate the behavior of neighboring trajectories C, 5 to a
reference one Cy in phase space, we examine the time evolution of the variation vector
Yy (t) = 0x(t), (Figure 2). The time derivative of the vector field Yy (t) with respect to the
vector field X, (Lie derivative) is equal to

. i , j .
= (fe ) i —xl -x

dt
ox (t) + h.o.t.

ox!
- ;(890) *()
0’H,
ZI(aw‘aﬂ)
] x(t

J is the symplectic matrix (Equation (15)). The higher order term (h.o.t.) is a function of
the displacement Jx at time ¢, which contains all the terms in the Taylor expansion larger
than the first order. The derivatives are computed at the reference trajectory with initial
conditions xg. Yy = Jx is a Jacobi field and the equations

ox/ (t) + h.o.t.. (63)

dyi oX’
at ]Z< ox/ )
the variational equations.

The fundamental matrix Z(t, ty) satisfies the variational equations with initial con-
dition Z(t, tp) = I. It is a symplectic matrix, and therefore, the following equations are
valid [3]

Y/ 4
e (64)

det(z)=1, zTjz=]. (65)

It is proved that if o is an eigenvalue of a real symplectic matrix, so are 0!, ¢* and (¢c*) -1
o* are complex conjugate numbers. Also, for every constant of motion, two eigenvalues of
the fundamental matrix are equal to one. For proofs and applications see references [4,5]
and [29,30].
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Figure 2. The description of the variation vector field, Y,, with respect to a reference trajectory with
vector field X, and initial condition xj. ®y,(t) denotes the Hamiltonian flow.

2.2. Geometrical Quantum Mechanics
2.2.1. Manifolds and Maps

Moving to the quantum world, the states of a system are described by complex
vectors, |¢(s,t) >, with s to be the configuration coordinates and ¢ the time instead of
the real coordinates and momenta (or velocities) in classical mechanics. The square of
the norm of state vectors is interpreted as a probability density, with || (s, t) > |?ds to be
the probability of finding the system in the coordinate intervals [s,s + ds] at time t. The
observable quantities, which are real-valued functions on phase space in classical mechanics,
are replaced by operators that designate linear transformations on the complex state vector
space, named Hilbert space of dimension n (H" = C") (Figure 3). Infinite-dimensional
Hilbert spaces for quantum systems also exist.

The time evolution of the quantum states is given by Schrodinger’s equation

0 . 1~
gw’ >= P >= —ﬁHW’ >= Xglp >, (66)

where 1 = \/—1, /i the reduced Heisenberg constant, H is the Hamiltonian operator of the
system that corresponds to its energy, and Xy, = — %73{, is the Hamiltonian—Schrédinger
vector field. To any observable O, we assign the operator O and the Schridinger vector
field X » = —%(’A). Hence, we may consider the vectors |¢ > as vector fields, and thus, the
Hilbert space H" to be also the tangent space T}, H" at the state [ >€ H".

The cotangent space of the Hilbert space, T|’:p>7—[“, at state | > is H*", with covectors
to be the complex conjugate functionals < ¢| € Ty H", and < $lp >— C.
< ¢|p > (We use Dirac’s (bra, ket) notation.) denotes the Hermitian inner product,

(< ply >=<ylp >").

Separating the real and imaginary parts of the Hermitian inner product, we write

<Py > = <P —1gilpr 1y >
[(@r, r) + (@i, )] + 1[(Pr, i) — (D1, 1 )]

kZ(¢£‘w’: + pFyk) + sz(qbfnvi‘ — pry)
=1 =1
Gl >, [p >)+Q(l¢ >, [ >). (67)
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(¢F, yF) are the real and (¢, p¥) the imaginary components, respectively, of the kth compo-
nent of the complex vectors. G is a Riemannian metric, i.e., it is real, positive definite, and
strongly non-degenerate

G(lp >, >) = (;(#‘w’: +¢z-k¢z-k)>. (68)

() is a symplectic (antisymmetric) closed 2—form, and strongly non-degenerate

Ql¢ >, [y >) = (2(4»1/)1 4>,-k¢f>>- (69)

Both G, Q) act on the tangent bundle TH".

Interior Product Variational Equations

iw = w(Xh,®) = dh(®) - d(0 X )/dt = Z,(tfx/cfxf)x(t)éxJ
Hamilton Equations =Y.9(9%h/0x0x) 5 X
X =90h(x) ﬂlw

.‘?oi.sson Brackets o |TP;D 5t1) = explign)

Ok =an/at+{O, Ak f= (Zﬁ) (g IP)[ﬁK[](g/ T}T <q;|q;>_

Tangent Bundle Inc[u.non Phase: ) Extended Hilbert
(Hr3 H") Hermitian Inner Pr. Space
n+1 * n+1
(|4)>,|q)>)-><(lo|zp> (}[ X.}[ )

<pl=i/h <p|H
c——————/—///>

(> 19>)
> = -i/h | p>

C™ (Dy>} <127

Complex

Hilbert Space 7T*|q;>

C(lplsth)
GEOMETRIC QUANTUM MECHANICS

Figure 3. Manifolds and functions which determine the geometrical structures of a quantum system.

The states of the quantum system are the elements of a n—dimensional complex vector space (Hilbert
space H" = C") that includes the vectors |¢p >, their complex conjugate < |, and linear transforma-
tions |¢ >. Hermitian inner products, < ¢|i >, are employed for Hilbert spaces. The tangent bundle
(H"™ x H™) is mapped to the Extended Hilbert Space (H"*! x #"*1) by the inclusion of a complex
phase A, the elements of the unitary group U(1), that produces the rays {| >} := {A|p >}. The
canonical projection, 71|y, ., projects the rays in H"™*1 onto the Projective Hilbert Space P (H"+1),
the space where the physical states of the system live. Details are given in the text.

Since the physical interpretation of a quantum state is probabilistic, i.e., for a pure
state |1 > (the states of an isolated system), the following normalization condition should
be satisfied

<ylp>=p> =1 (70)
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The observables, or measurable quantities of the system, O, are represented by self-
adjoint linear operators, O = O, on H", and are thus vector fields. The expectation value
of an observable with operator O at the state |¢ > is the real-valued function

o VDO >
<l >

In particular, for the Hamiltonian operator of the system, we write

A 1 A
=< (s, 1)|O)yP(s, t) >= ﬁG(|1/J >, Ol >). (71)

C<yHp> a1 -
H= s =< VIRIe>=7G(ly > Ay >). (72)

2.2.2. Projective Hilbert Space

For any nonzero factor A € U(1) = C, such as A = exp (1¢p), A|¢ > yields the same
expectation value for the observable O as does | >. A are the elements of the unitary Lie
group, U(1). Thus, the inclusion of these phases to the initial Hilbert space results in the
extended Hilbert space of (n + 1) —dimension, H"*!, which is isomorphic to C"*! with a
Hermitian inner product.

The set of vectors obtained by multiplying the state |y > with A consists of a
1—dimensional subspace of H"*!, called ray, which we symbolize as {|p >} = {A|p >}.
A ray is an equivalence class of vectors in H"!: two vectors are equivalent if and only if
one is a nonzero complex scalar multiple of the other. Also, adopting normalized vectors
(Equation (70)), the physical quantum states are elements of the complex Projective Hilbert
space, P"(H"*1) of n—dimension obtained by the canonical projection map T|yp> Of the
extended Hilbert space H"*1.

Hence, a quantum system may be described with what mathematicians call princi-
pal bundle

U(1) 2 C o (H" — {0}) 5 pr(pnty, (73)

with state vectors the rays {|¢ >} in #"*1, and physical states |¢p > in P"(#"*1) obtained
by the projection map 7t},,-.. The inverse projection is

1o

To recapitulate, the inclusion of the unitary group U(1) extends the n—dimensional
Hilbert space H" to the H"*! extended Hilbert space. For normalized state vectors, the
extended Hilbert space is mapped to the unit sphere S*'*1 of dimension (21 + 1) embedded
in the real Euclidean R?"*2 space. Finally, by the projection T|yp> We produce the Projective

Hilbert space isomorphic to the complex space C" or to real of 2n—dimensional space, R?",

U(1) = S¥1 il PY(H Y =, ST {lp > e H'TL, <yly >=1. (75)

The tangent space of the projective space at point [¢p >, Ty, (P" (H"*1)), is isomor-
phic to the kernel of the ray, {|¢ >}+, i.e.,

{lp >} ={lp >e H"™; < ¢lp >=0}, (76)

and the push-forward of the projection map, 7t~ ({| >}), is a complex conjugate linear
isomorphism onto T}, . (P" (H"*1))

Y > = Ty (B"(HH). (77)

An illustrative figure is shown in the article of Dorje C. Brody and Lane P. Hughston [7].
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For a normalized ray and its kernel, one can argue that [6-8]
< 7T*L4)1|7T*L4)2 >T|¢]P>>(]pn(7.ln+l)):< G112 >qnr1, (1 >, g2 >) € {|y >}L, (78)

which gives a well-defined Hermitian inner product on T}y, (P" (H"*1)). Moreover, we
deduce that the equation

Wipes (T |1 >, 705 |2 >) = S < Prld2 >= Qo1 (191 >, 192 >), (79)
provides a strong symplectic form on P"(#"*1), and the equation
&lyp> (T |1 >, 0 |2 >) = R < dil >= Gypysy i (161 >, 12 >), (80)

defines a strong Riemannian metric on P"(H" 1) called the Fubini—-Study metric. R and
$ are the real and imaginary parts of the Hermitian inner product, respectively, in the
extended complex Hilbert space H"*!. Both Wgpp> and gy~ are invariant under all

transformations U(1), for all unitary operators I/ on H"*1.

2.2.3. Realification of Hilbert Space and Kahler Manifolds

Expanding the vectors of Hilbert space in a n—dimensional basis, as well as its dual
basis, we write the n—coefficients ) with the real (¢f) and imaginary (¢¥) components.
Similarly, the covectors are written as (¢, ) for the real and (i;) for the imaginary compo-
nents. Thus, working with the real vectors (¢,, ;)T we can describe quantum states in a
real vector space H2" = R" x R" = R?",

An almost complex structure is introduced in 2" by replacing the imaginary number
1 = \/—1 with the symplectic matrix —J, Equation (15). We also derive

Gllo>ly>) = GUlp>]Jly>) (81)
Qg >, ¢ >) = Q(l¢>,J¢>) (82)
G(lg > lp>) = Qlle > v >)=-Q(¢>]J¢ >) (83)
Qe >1¢>) = G¢>Jly>). (84)

The triple (], G, Q) attributes a Kihler structure, and thus, H2" is a Kéihler manifold [2].
By realification of the Hilbert space, we may express the Hamiltonian-Schrodinger
vector field as ]

7. (85)

Also, for an observable, O, the corresponding Schrodinger vector field is

Xn =

Xplp >= %@WJ > (86)

For a time-independent Hamiltonian, 7, we solve the Schrodinger equation by em-
ploying the unitary propagator /() = exp(—1Ht/h), and write the Hamiltonian flow as

[$(s,t) >=U(O)lpo >= exp|— 17| [g0 > (87)

U generates a one-parameter group of transformations on H2", which preserve the metric
G and the symplectic 2—form Q.

The triple (H2",Q, X4 ) is a Hamiltonian system with Hamiltonian function the Ex-
pectation value of 7{ at the state |¢p >

)y (s, 1 N
() = SHEDRIEDZ _ LGy > Ay >), )
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We can prove (see Appendix A.1) that for an observable © and normalized states
< | >= 1, the differential 1—form of the expectation value of O is the interior product of
the symplectic 2—form (X, [¢ >) with the Schrodinger vector field X, (Equation (86))

dO(lp >) = ix,Q(l¢ >), (89)
where |¢ > € {|p >}+. The above equation is in accordance with Equation (31) of
classical mechanics. Hence, Hermitian operators O give rise to quadratic real-valued
functions O(|¢ >). The vector field X generated by the expectation value function of the
operator O is a Schrodinger (Hamiltonian) field.

If (01, O;) are the expectation value functions of two observables, the Poisson bracket
(Equation (39)) is defined by the equation (see Appendix A.2)

1 an A
{01,02} :Q(X@1’X@2) =< I/J|—ﬁ[01,02]|l/)> . (90)
[01, 0] is the commutator of the two operators (O, ;).

The uncertainty (dispersion) of a quantum observable O in a normalized state | >¢€ H"
is defined as [8,31]

(A0 (lp >) =< 9|O*y > —(< p|Olp >)* =< p|O?|y > — O 1)
If | > is an eigenvalue of the observable O, then, (AOQ)(|p >) = 0.

For two quantum observables (O1, O;) on H" the product of the uncertainties of
the expectation value functions (01, 0;) — R, O7 =< ¢|O1]p >, O =< 9|Os|p > is
written as

(A02(B02 = [< Oy > —(< p|O1lp >)?] [< 9|OFl > (< 9| Oaly >)?]

< ¥lO%y > — O3] |< y|OFly > — 03], ©2)

and the covariance or correlation function is expressed as

C(01,0,) %(< P|(0102+ 0,01 |y >) — 010,

—_

§(< P|[01, 02|y >) — 010,

=

> G(Xp,, Xp,) = 010,

(93)

where the anticommutator is denoted by [O1, O3]+ = (010, + 0,01). 1t is proved that

< 9|01, Oa] )|y >= hG(X,, X, )- (94)
The Schrédinger vector fields are expressed as usually
X, — 2919 9010
O dp 99  dq Ip
If we use Equation (90), then we can express the commutator
< $|[01, Oo¢ >= 17X, X,)- (96)
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Schwartz inequality implies

(AOX(A022 = [< 9|01y > —01)(< 9|Oalyp > —02)]

= ‘; <P|[(O1 = 01),(02 — Oy)] |y > 2+
< 011101~ 011, (0~ 0 ly > )
Since
<Pl[(01 = O1), (02 = Oa)]|p >=< ¢[[O1, Oallp >=1hQ(Xp, Xp5,),
and
<Y[[01-01),0, = Oa)i[p > = < ¢l[O1, Qo] |p > 20,0,
— KG(Xe,, Xp,) — 20103, (98)

the Robertson-Schrodinger uncertainty relation is written as (Notice that to be consistent
with the literature in discussing the covariance of two observables, we introduce the factor
1/2 in the commutator and anticommutator.)

2
(BOX80: = [C(01, 0 + |5 < ¥I[On, Oy > )
[ 2
_ LG(X@,X@Z)—Q(%}
h, 2
+ {za(x@,x@) (100)

2.2.4. Equations of Motion

We have seen that in the Extended Hilbert space, the vector states are the rays {|¢ >},
which for simplicity we symbolize as [ >. The projection of the Extended Hilbert space
on the n—dimensional tangent Projective Hilbert phase makes the solutions of the time-
dependent Schrédinger equation to be equivalent to the solutions of Hamilton’s equations
in the Projective Hilbert space, with the expectation value of the Hamiltonian operator
playing the role of Hamiltonian function. Furthermore, the phase space is a Kdhler manifold,
both in the extended Hilbert space as well as in the Projective Hilbert space.

If we use as basis set the coordinate basis |s > the representation of the state | > is

p >= ./::lp(sﬂs > ds. (101)

The coefficient 1(s) is called wavefunction and it is a complex function, ¢(s) € C", which
we assume normalized to one

<plp>=<pl ([ s> sits)lp = [y peas= [ 1ps)Pas =1 o

With an orthonormal coordinate basis, the completeness relation is written as

/ s >< s|ds = I. (103)
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In the following, we adopt the coordinate representation of the state vectors using
wavefunctions in the Schrédinger picture, (s, t). We expand |¢(s,t) > of a dynamical
system in an arbitrary orthonormal basis set, [xx(s) >, k=1,...,n

(s, >= Y e(6)xels) > (104)
k=1

In this expansion, the basis functions |y > are time-independent, whereas the coefficients
cx depend on time. | > are solutions of the Schrodinger equation evolving in the extended
Hilbert space

ALl t) >

s = Al(s 1) >, (105)

and their complex conjugate solutions of the equation

< (s )]

o =< (s, ). (106)

We assume |1 > to be normalized, < (s, t)|i(s,t) >= 1, atany time. Then, by substituting
Equation (104) in the expectation value of the Hamiltonian, H, we obtain

H=<yp|H|p>

/ * Hpds
ZZC;CI/ )(Z’i-leds. (107)
k 1 —®

The Schrodinger equation in the extended Hilbert space is mapped into Hamilton’s
equations in the Projective Hilbert space P (#"*!) with Hamiltonian function the expecta-
tion value of the Hamiltonian operator H. For simplicity, we again denote the quantum
states |p > in the Projective Hilbert space with |¢ >. Then, we differentiate Equation (107)
with respect to c;;

oH N
5 Yoo < xdlfx >
Ck ]
= < xlfly >
. dck .
= 1ﬁﬁ, k=1,...,n. (108)
Similarly, we take

oH N .

8701 = ;Ck < xklHlxi >
= <yl >
R 109
= —th—r, I=1,..n (109)

We define the complex variables (Qy, P;) by introducing the real functions ¢ (t) and
pr(t) to correspond to real and imaginary parts of the complex variables, respectively,

Q) = alt) = —=[d" () +1pu(t)]

Sl
N
—

P = i) = S[e 0 —pu0)] = T [p+i0)]. 10)

SE
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Equations (108) and (109) are the quantum equivalent of Hamilton’s equations of motion

oM (Q, P)

dP;
QP
0Qk
1 0 * 7Y
Sfen(ame]
= —%EZthHQ[ = <—122Pkwlel>
ko1 ko1
= 1LY RO (112)
k

Qe =

b = (111)

H(Q,P)

Hence,
H(QP) = —+PQ. (113)

wy = hy/h are the transition frequencies. 1t is also worth noting that the quantum
Hamiltonian is similar to that of a harmonic oscillator after complexification (Equation (56)).
We can take the inverse of Equations (110) and write the real functions g(t) and p(t) as

) = 5l + (0] = (0l + R0
Pl = Alelt) — (0] = Q0 — £ Ru(e)
111
= s[an0 -], (114

Adopting the realification of the complex Projective Hilbert space, we may transform
Hamilton’s equations to

1 1
hg,p) = — k p)h (‘7 ) 115
(4.p) Zh;;(q P (115)
x _ 10h(q,p)
q h apk
10h(g,
e = -3 égkp), k=1,...,n (116)
7 p I oh(q,p)
=2 % (117)
‘ doh(q, .
(3)-4( =)

hy; is the representation of Hamiltonian operator in the basis set |[x(s) >, and thus, a
Hermitian matrix (The Hamiltonian operator is Hermitian, and its representation in a basis
results in a Hermitian matrix, hy = hj;).

The Hamiltonian vector field is extracted from an equation similar to that of classical
mechanics (Equation (31)). Hence, in the realified phase space with coordinates (g, p) the
canonical Poincaré 1—form

1
O = == Y (pkdq* — 7*dpy), (118)
214
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provides the symplectic 2—form
1
wy = —do, = 5 Z dl] Adpy). (119)
k
Then, the interior product (contraction) of wy, gives
Ix,wp = wh(Xh,.) = d]’l(') (120)

and the Hamiltonian vector field is extracted as

() (2)a]

We define the length of a curve C in the Projective Hilbert space by introducing the
Riemannian metric g(|¢ >, [ >) as

ey = [ alg sl = [ /< g1y > a
= /tnfaY /ZCka dt = /WX lﬁ ZPka dt
S A Y

tmax . .
B E/o \/quk@d‘?”dpk@@dpk)(ltp >, ¢ >) dt. (122)
k

For real wavefunction, the length is the Euclidean distance

1 Fmax -
¢)=>5 /0 /;(qk)Z dt. (123)

2.2.5. Quantum Systems as Totally Integrable Hamiltonian Systems

It has been shown that geometrical quantum mechanics naturally describes a com-
pletely integrable system, as follows. Let H"*! be a complex separable Hilbert space
of dimension 7 + 1, and view the triple (P"(H"*!), wy, X;) as a Hamiltonian dynamical
system on the phase space P"(H"*1), equipped with the symplectic 2—form wy,. Let H be
the self-adjoint Hamiltonian operator for the system, and assume that each eigenspace of

# is one-dimensional (non- -degenerate). Choose an orthonormal basis | Xo >, |Xn > for
H"*1 consisting of eigenvectors of 7{. Define the projection operators 7, 731, -+, Puby
Pr=xe><xel Pellp >) =< x> [xx >= ulxe >, (124)

where we have used Equation (104).
Without loss of generality, we set the lowest eigenvalue (wp) to be 0 so that we can
expand the Hamiltonian operator as

n

=Y wPr. (125)



Entropy 2024, 26, 399

21 of 45

Observe that the projectors { P} form a mutually commuting set of n operators on H"*1,
and we can define the corresponding expectation value functions {7} in the Projective
Hilbert space P"(H"*1) as

o <Py > 4 e
Pe:PY(H) =R, P({ly >}) = e > =< Y| Prlp >= |y ]” (126)
Hence,
<PIH" Ny >= Y welyi = Y wi (g + pi). (127)
k=1 k=1

(4%, px) are the real and imaginary parts of the wavefunction. Thus, the Hamiltonian in
the projective Hilbert space resembles that of a sum of n harmonic oscillators in scaled
canonical coordinates (Equation (55)).

Therefore, we may conclude that there are n constants of motion, Py, and the trajecto-
ries lie on n—dimensional tori (Lagrangian tori).

3. Hamiltonian Chemical Thermodynamics
3.1. Manifolds and Maps

To establish an analogous theoretical framework for classical thermodynamics to
that of Hamiltonian classical mechanics, we consider the macroscopic properties of the
system to consist of the configuration manifold (Figure 4). For a typical chemical sys-
tem we usually take the extensive physical properties of entropy (S), internal energy
(U), volume (V), and the number of molecules (or moles) (N?,...,NM) of M chemi-
cal species to consist of the coordinates of the extended configuration manifold Q"*?!,
where n = 2 + M. If we attribute entropy to be a homogeneous first-degree function of
q= (ql, qz, e, q”)T =(U,V, N1 ..., NM)T € Q"1 then according to Euler’s theorem for
homogeneous functions we can write

0S 0S M 7 9s :
_ (3 u+() Vv () N, =1, M
(8U> VN WV )un 1; ON' J v Ni#i J

1 p TN . k-2
= “U+=V-Y SN =pU+7V+ ) 1N2 (128)
T T i=1 T k=3

where we have introduced the conjugate intensive variables {v;} as the partial derivatives
of entropy

a5 1 oS P aS

- - - — — = :—Hk_z =
T = ou T’ T2 Y% ’ k 3,...,7’1.

T kT 9Nk2 T

T is the absolute temperature, P the pressure, and j1, . .., 4y the chemical potentials of M
compounds.

(9,7) and entropy comprise of a (21 + 1) D—coordinate system for the contact man-
ifold (C?"*1), where the physical states of the system live. The extended configuration
manifold and the contact manifold are generally nonlinear, and the maps (¢g, Up) and
(¢c, Uc) determine local coordinate systems in Euclidean space.

The total differential of S is Gibbs’s fundamental equation that describes the physical
thermodynamic submanifold (PTS) of a thermodynamic system

ds = tau+ Lav % BN (129)
T TR
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If we assign the entropy S to coordinate ¢°, we can also write
0 - k
dg” =) n(q)dq - (130)
k=1

From Equations (129) and (130) we deduce that the 1—form 6, satisfies

6. —ds — ~au—Lav 4 % BN = dg — Y ye(g)dgt =0 (131)
‘ T T i=1 T k=1 ¢ '

This equation expresses the physical state submanifold of a thermodynamic system, named
Legendrian submanifold, and it is what we represent with the equation of states [32].

Interior Product Variational Equations

o w = w(Xo, ®) = dHe(®) ! dOxX)/dt =Y (dX/dX )y 5¥
Hamilton Equations TL %"

X =90He(x) p=-Psy
Poisson BracKets R X R (8,9, s piS, 0P p) AHe = }[e( Q.,A7)
O =00/t + {0, Heh  Hi=pg+P:S= 0 )

1
Contact Space | Inclusion gauge: Ps v Extended Phase

(1 ~ a;p(frg ) g - 1:(S,q7)»(5,9Ps,p) ;gﬂfi
r=95/ 7 T*Q”*l-»Q(fr*Qﬂ“ ) Q)
]
(pc; Uc) (p*U)
S(Q) I n+1 n+1
Kiﬁl 7(.‘]{, (5;11;1/) Extended Rx R CS/Q/TS/I?)
Tl n+1 Conﬁgumtwn e

RS9
ANONCEQUILIBRIUM THERMODIYNAMICS

Figure 4. Manifolds and functions which determine the geometrical structures of a thermodynamical
system with 7 + 1 coordinates. S denotes the entropy and g = (g%, ...,q")T are the coordinates of
n-extensive properties. -y are the partial derivatives of entropy that correspond to the intensive
properties of the system. With the inclusion of gauge Ps, the conjugate momenta p are defined with
respect to which homogeneous Hamiltonians, H,, of first-degree are determined. Details are given in
the text.

In a more formal wording, in the contact space C2"*1 the locally defined 1—form 6,
that satisfies the condition, i.e., there is the volume form

A (d8:)" £ 0,

ascertains the nD—Legendrian submanifold L” of C?**! by requiring 6. = 0. In other
words, the kernel of 0. provides the maximal dimension hyperplanes tangent to L.

To construct a Hamiltonian system, we need to define the canonical conjugate mo-
menta. Following Balian and Valentine [18], we denote the conjugate momentum of entropy
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with Ps, and we take it as a non-vanishing free parameter or a gauge variable. Then, the
canonical conjugate momenta to the other coordinates of Q"*! are defined as

p1 = —Psy1, p2=—Psv2, p3=—Psy3, -+ ,pn = —Psyn. (132)

Hence, {p;} act as new variables, which replace the physical intensive variables {v;}. We
write Ps = pg and Equation (131) determines the Poincaré 1—form

n

n
0, = podqo + Z pkqu = Z pkqu =0, (133)
k=1 k=0

which produces the symplectic 2—form

n
we = —df, = Y dg* Adpy = 0. (134)
k=0

This equation sets the Thermodynamic Extended Physical State Submanifold (TEPSS) in
the extended phase space, T*Q"+! = P?"*2, named Lagrangian submanifold.

In a more formal wording, for an even-dimensional phase space, P2"+2, the symplectic
2—form w, (see also Equation (29)), which satisfies the condition (volume form)

(d@e)n+l 7& 0’

determines the (n + 1) D—Lagrangian submanifold L;"'l in P2"+2 by requiring w, = 0.
The thermodynamic contact space C>"*! is the projective space of thermodynamic
extended phase space P?"*2 (see Appendix A.4.1)

T T*QnJrl N P2n+l(T*Qn+1), (135)

where 77 is the projection map.
It is proved that the submanifold L? C P?**1(T*Q"*1) is a Legendrian submanifold,
if and only if
Lz-‘rl = 7_[—1(L1C1) c T*Qn-i-l

is a homogeneous in momenta Lagrangian submanifold (see Table Al). This means that
(d6, = 0) as well as

(QP) e L™ = (Q,AP) € L™, for every A #0. (136)

We say that all Q = (q0,9),P = (po,p), which satisfy Equation (136), belong to the
ray {Q, P}. Then, it is valid 6, = 0 for every vector field tangent to LZH. Also, every
homogeneous Lagrangian submanifold originates from a Legendrian submanifold of the
form 7771(L"). We can also state that a submanifold is homogeneous if its generating
function is homogeneous.

In the entropy representation, the 1 extensive independent variables (q',...,4") to-
gether with the py parameterize the Lagrangian submanifold. If the entropy S(q?,...,4")
is the generating function of the Legendrian submanifold, then for the Lagrangian sub-
manifold the generating function is —pS(g',...,4"). This is a property of homogeneous
functions of first-degree. Similarly, in energy representation we take —p1U(q°% 4%, ...,4")
as generating function for the Lagrangian submanifold [29]. With the generating function
in the entropy representation, we extract the remaining n + 1 variables as

0S .
P =5@G...,q"), pi= —poa—qi =—poyi, i=1,...,n (137)

The extended Hamiltonian H, is a function on phase space to real numbers, whereas
the tangent bundle of phase space, TT*Q"*1, is described by coordinates and momenta,
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x = (Q,PT)T, as well as their time derivatives. The extended Hamiltonian is a homoge-
neous function of first-degree in momenta, i.e.,

Ao = He(Q,AP). (138)

Ttr+gn+1 is the projection map of the tangent bundle of phase space to phase space.
In Appendix A .4, we summarize in Tables A2 and A3 several formulae of Hamiltonian
thermodynamics in entropy- and energy-representations, respectively.

3.2. Equations of Motion

The Hamiltonian function H,.(Q, P) acting in the extended phase space is a homo-
geneous function of first-degree in momenta [18] and according to Euler’s theorem for
homogeneous functions of first-degree, we can write

" OH,

HeZZPi

=0 apl ’

(139)

For a simple thermodynamic system, the extended Hamiltonian is H#, = pj + PsS. To
extract the physical states, we impose the constrain Ps = —1, which implies H, = 0 on
thermodynamic extended physical state submanifold, also written as [29]

n

dS\ ) .
He = Z (pi + po&qi)q’ =pg+ PsS =0. (140)
i=1

We point out that a Hamiltonian system is the triple (P?**2, w,, X3,,), where Xy, is
the Hamiltonian vector field defined on the tangent bundle of phase space, and w, a skew-
symmetric, non-degenerate, closed differential 2—form. Then, we can use the machinery of
geometrical classical mechanics as was developed in Section 2.1 to write down equations
for equilibrium and non-equilibrium processes. Thus, the Hamiltonian vector field can be
extracted from the equation

ixy, We(X3y,,0) = dHe (o), (141)

given the Hamiltonian function H, on the phase space P?"2. This equation provides the
Hamiltonian vector field Xy,

n T
(8’;‘-{6 d 0H, 9 ) . (142)

Xqy = e - Tt 7
e k;o pk 9k 9g* Ipx

From the definition of the extended Poincaré 1—form (Equation (133)) we prove that
Oc(Xt,) = He, (143)

for homogeneous in momenta of first-degree Hamiltonian functions.
Hence, Hamilton’s equations take their usual form (Equation (33))

g 0He oHe .

Moreover, (Q, P) is a canonical coordinate system in the corresponding phase space,
and thus, satisfy the Poisson brackets Equation (34)

(7.9} ={piprj} = 0, (145)
{d'pj} = o, (146)
i ={q M}, pj = {pjHe} (147)
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3.2.1. Contact Equations of Motion

Since the Poisson bracket (Equation (34)) is invariant under gauge (canonical) transfor-
mations, we obtain

He(d’,q"--, 0" po,p1s s pn) = —poF(a ' 0" 1, ), (148)
where F is a generating function and
yi=-P i1, n, (149)
po

we extract the contact vector field (see Appendix A.3)

0 0 " 9F
@ = Xl=-F+) iz~ (150)
=1 97
.. . oF
1 = | — | —
q X I i=1,...,n (151)
. i [OF oF .
Vi = X.=-— <8q %aq ) i=1,...,n (152)

For a generating function F, which is independent of gy variable, as well as a homogeneous
function of first-degree in momenta, the contact equations of motion are reduced to those
of Hamilton’s equations in P?" phase space, i.e.,

P =0, q'i:a—F, 'jq:s;, i=1,...,n (153)

3.2.2. Riemannian Metric on Lagrangian Submanifold

We can define a Riemannian metric [28] on a Lagrangian (n + 1) D—submanifold,
L+t C P2"*2, with generating function —poS(q', ..., 4"). In canonical coordinates (g, p) it
takes the form (see Table A2)

1 M. noo
Rs(q,p) = — Y _dg'dp; = =) dq'dy; = Z Z

Po i i=1 i=1j=1 '3‘1]

dq'dg’. (154)

Ry is the metric introduced by Ruppeiner [33,34] and it is usually called Ruppeiner metric.
Weinhold [35,36] has extracted a metric, Ry, in the energy representation of thermo-
dynamics with generating function —p;U (4% 42, . ..,49") [29] (see Table A3).

3.3. Embedding Systems in Homogeneous Media

We examine the case of a simple system with internal energy U and constant volume
and number of particles. The embedded mechanical system is described by the Hamiltonian
H;(o, ). Here, we consider the augmented system, system plus environment, isolated
with total energy E constant, E = 0

E =U+ Hy(o, m). (155)
The entropy of the thermodynamic system is given by the equation
Su = Su(U) = Su(E — Hy(o, 1)) = S(E, 0, 70), (156)

i.e., a function of n = 2w 4+ 1 independent variables. In the extended thermodynamic phase
space, we include entropy as an independent variable as well

0 1 2 1 1 2 2w+1
=S, g =E q¢g =7, =0 ¢“V=m,...,¢77" =1y
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The canonical conjugate momenta are py = ps,p1 = pg and p; = p,i-1,i=2,..., w+l,
Pi = P (441 j=w+2,...,2w+ 1. Hence, the dimension of thermodynamic extended
phase space is (2n +2 = 4w + 4)D.

In the entropy representation, we take as the generating function of the Legendrian
submanifold in the thermodynamic contact space the entropy S(q',...,4q"). Hence, the
generating function of the corresponding Lagrangian submanifold in the extended phase

spaceis —poS(q',...,q"). For pg = —1 the canonical momenta become
aS .
pi:a—qi:’yi, i=1,...,n (157)

Therefore, we have attained the important conclusion that the thermodynamic ex-

tended state manifold in thermodynamic extended phase space is the Lagrangian submani-
fold, L7+1
7 P 4

T
LZH _ {x: (q,pT> €P2n+z}
qO = S(ql,q2,...,q”):S(E,Ul,...,Uw,nl,...,nw) (158)
aS
P = —pPom ——PoafE (159)
aS
Pk = —P0Yk = —Pog g k=2, w+1 (160)
aS
pr = —pom = , l=w+2,...,2w+1. (161)

7p037fz—(w+1)

From Equation (140) the Hamiltonian function in the extended phase space is written as

3 9S\ . 3S\ .
He = Z(Pﬁpow)ql—(erPoms)E
i—1 q
35\ 4 35\ .o
T o\ P2tpog g |0+ (Pori T P05 )0
dS \ . 2S )
+ <Pw+2+Poam>7T1+m+<P2w+1+Poa7Tw>7Tw (162)

Hamilton’s equations are then determined

io= gff_z_o (164)

i = %I;;:xf‘l, j=2,...,n, (165)

sy = —?;f:o (166)

pro= 31;e:gpo(§§w)qig(pi+p0§;)$ (167)
-1

where the velocities &; = are determined from the definition of the embedded system.
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3.4. Chemical Kinetics

The kinetics of chemical reaction networks can also be formulated using a geometric
Hamiltonian theory as an embedded system. However, classical chemical kinetics is
better studied by introducing temperature, pressure, and the elementary chemical reaction
coordinates (&) as the independent variables.

3.4.1. Thermodynamics of Chemical Reactions

A general chemical reaction with r—reactant compounds and p—product compounds
can be expressed by the formula

M
0=1Y vJj (169)
j=1

where M = r + p. The stoichiometric integers v;,j = 1, ..., r are negative for the reactant
molecules {] j} = (A1,...,As) and positive v;,j = r+1,..., M, for the product molecules,
{Ji} = (B1,...,By).

For K elementary chemical reactions, we must employ K independent reaction coor-
dinates ¢ Lo, CK . Then, the time variation of the number of molecules is related to the
velocities of reactions by the equation

Nl V11 Vi ... V1K él
N2 _ V21 Voo ... VoK 62 (170)
NM Vm1 Vm2 ... VMK éK
or simply as . .
N = C¢, (171)

where N = (N1,...,NMT = (NAI,...,NAY,NBV...,NBP)T and C = [ij]/f =1,...,M,
k=1,...,K, being the stoichiometric matrix for the K elementary reactions.

The reaction Gibbs free energy A,G is defined by introducing the chemical potentials
of the {J;} compounds

y].:<aG,) , ij=1,.,M, (172)
oN/ T,P,Ni#i

where G(T,P,N!,...,NM) is Gibbs free energy, T the temperature and P the pressure.
From Gibbs’s fundamental equation

M .
dG(T,P,N) = —SdT + VdP + Y j;jdN/, (173)
j=1

and for a general chemical reaction at constant temperature and pressure, Equation (169),
we have

dG = 2;4] (T, P)dN/ = 2;4] (T, P) (vjdg). (174)
= =

Therefore, the above equation becomes

iG\ 4
(@) = LT (175)

Usually, the derivative of Gibbs free energy with the reaction coordinate is denoted as
NGy = Z]‘Ai1 vju;(T, P) and is called molar reaction Gibbs free energy.
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For K elementary reactions, we write
& =Rp—Ry, k=1,...K (176)

employing the rates of forward (R ;) and backward (Ry) reactions, as expressed by the
law of Mass Action [37-40].

Also, for an elementary chemical reaction De Donder [41,42] introduced the quantity
of Affinity

M
j=1
which can be written as [30]
R k
Ag =RTIn f"(gk) . (178)
Ry (%)

3.4.2. Thermodynamic Hamiltonian in Massieu-Gibbs Representation

Chemical reactions are better studied at constant temperature and pressure. Hence, we
first transform the entropy from a function of the internal energy and volume to a function
in temperature and pressure by a Legendre transformation

L£:(s,u,v,N)T - (S,T,P,N)T, (179)
1 P]_ o . 1 P G(T,P,N)

S is Massieu function related to Gibbs free energy G(T,P,N) = U — TS + PV [19].

The above Legendre transformation is a diffeomorphism on the Legendrian and
Lagrangian submanifolds. This means that we can define Affinity with the chemical
potentials y; of M chemical compounds (reactants and products) given by Gibbs free energy

yj__(5“?> =1, M (181)
oNJ T,P,Ni#i

The rate of entropy production for the kth-irreversible reaction is written with the molar
reaction Gibbs free energy (A;G,, k)

dSy  ANGppdl Ak g
9T a4 T (182)

where A is the Affinity of kth-reaction and &* is the reaction coordinate that describes the
progress (extent) of the reaction. The total entropy rate for K reactions becomes

S & Amaek
= 5 T >
dt k; T dr = (183)

or employing Equations (176) and (178), as

as K Rk ()
= Rk; [Rfk(t) - Rbk(t)] ln<Rbk(t)>’ (184)

where R is the ideal gas constant. Obviously, for reactions at equilibrium in a closed
thermodynamic system, we have Rg = Ry, which means that % = 0, and thus, the
total entropy is conserved. The inequality in Equation (183), which is consistent with the
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second thermodynamic law, holds because In is a monotonous function in the domain of
its definition.

The thermodynamic extended state manifold in thermodynamic extended phase space
is a Lagrangian submanifold, L’;,H embedding in P?"*2 phase space with n = 2 + M. The
generating function is —poS = poG(T,P,N)/T

Lt = {(4/P)T€P2”+2} (185)
3 = S(T,P,N%,...,NM) (186)
_ _,
P = PoaT
_ _, 98
p2 = Poap
oS
Pr = _POW, k:?),...,l’l. (187)

po is the conjugate momentum of S.
The Hamiltonian function in the extended cotangent bundle (phase space) is written as

3s L S\ .
HS s . 1
e <<P+poaq>‘q>n ;(V'eroaq)q

= TAT I (AT
- pl pOaT PZ poap

(Ps— ol )N o (= po B ) WM. (188)

At constant temperature and pressure and using concentrations instead of the num-
ber of molecules for reactants and products, (x1,...,x5)’ with conjugate momenta also
denoted by (p1,...,pm), we take

Hf = (Pl - Po%)h +- (PM - POVTM>5CM- (189)

For K elementary reactions in the reaction coordinate space, § = (@,..., 77, and
under the transformation of stoichiometric matrix C : { — x we have

x=C¢ ps=pC, Ar=uC, (190)

and the Hamiltonian (Equation (189)) becomes

K
HS = kzl(pgk + %Agk)gk. (191)

Then, Hamilton’s equations are written

. OH? K Ag K R(€)
— 6y Tk fk
.
C = a :Rfk(ér)ink(é)r kIl//ﬂK
Pex
. OHZ
Po = —5g =0

oH® oA\ . K ok
. g _ _Po & Po ¢
e = — i Z( 5 )g - 2(p§k+ A§k> Pk =1,...,K (192)
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We can also define a metric on the Lagrangian submanifold in Massieu-Gibbs repre-
sentation, and this is given as

1 X i z i
2= %i;dpg,-dé Zzlkz aglagk dg'dg lzlkz agzagkd§ agk. (193)

Therefore, to measure the distance between initial and equilibrium states, we compute
the length of a path on the thermodynamic extended state manifold

tl’Pllll'

Litwas) = |

with t4y to be the maximum integration time and substituting pp = —1. The distance
of two states has been utilized to define a better low bound of the entropy production or
dissipated work (availability) than zero for finite time irreversible processes [43,44].

In Appendix A.5, an example of two elementary consecutive chemical reactions is
presented and described in detail.

K
— ) padt dt, (194)
i=1

4. Numerical Implementations
4.1. High-Order Finite-Difference and Pseudospectral Methods

High-order finite-difference methods are widespread for solving the differential equa-
tions encountered in classical and quantum mechanics. They are based on polynomial
approximations to the solution functions, and thus, finite-difference methods (FD) are
suited for problems that can be solved by expanding the unknown functions to Taylor se-
ries [25,45]. In the past, we developed and tested high-order multivariable finite-difference
methods in configuration space and time (herein they are denoted with x), formulated by
Lagrange interpolating polynomials [46,47]. Given that variable order finite-difference
algorithms are among the most suitable for modern high-performance computing, the
computer technology to which computational chemistry is mainly addressed, as well as
their programming simplicity, finite-difference methods emerge as one of the best choices
for studying chemical dynamics.

There is a huge literature concerning finite-difference approximations to initial value
problems (Notice that Hamilton’s equations, Jacobi fields, and Poisson brackets can be writ-
ten as initial value problems, and thus, ordinary differential equations can simultaneously
be integrated.), such as Hamilton’s and variational equations [45], as well as calculating the
action of Hamiltonian operator on wavefunctions in quantum mechanics [25].

For ordinary differential equations (ODEs) and partial differential equations, we
approximate the solution functions by expanding them in an appropriate basis set {x;(x) }

N
P(x) = pn(x) = ;aj?(j(x)- (195)
f=

Different global basis functions produce different pseudospectral methods. From such
so-called finite basis representation, we can transform to a cardinal set of basis functions,
{u;(x)}, also called discrete variable representation, by choosing N grid points, {x;}, at
which the function is calculated. The cardinal functions obey the § —Kronecker property

uj(xx) = dgj, (196)
so that the wavefunction is expressed by the set of grid points
N

P (x) = ) p(x))uj(x). (197)

j=1
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The transformation from yx;(x) to the cardinal basis set is unitary, and the new basis is given
in terms of the old one by the equation

N
< xiluj >=Y " wexi (xi)u;(xe) = wixi (x;), (198)
=

where the grid points x; and the corresponding weights w; depend on the chosen quadra-
ture rule.
The mth-derivative of the approximate solution is written as

N

dm x
71’“’,%( . i p(xj) = D", (199)
dx x=x, i
where
d™u;(x)
(m)  _ i
by = . (200)
X=X

The differentiation matrix D" contains the coefficients necessary for calculating the mth-
derivative at the collocation points, and T is the column vector of dimension N containing
the basis functions.

Usually, the functions are interpolated by Lagrange cardinal basis set of order k — 1

N
¥(x) = Py_1(x) = ) ¢(x;)Li(x), (201)
=1
where , ,
k k
L j(x) =[[ (x=x)/] ] (xj—x1), j=1,..k (') means ! #j. (202)
=1 I=1

It is proved that by increasing the order of Lagrange polynomials, the series converges
to the corresponding pseudospectral limits. For uniform equidistant grids, x; = jAx, and
N = 2M + 1, it is shown that the pseudospectral limit is a sinc—function

lim Lj(x) = ﬁ (1 _b ;{;02) = sinir(x — ) = sinc[7(x — xj)]. (203)

M— o0 =1 7T (x — X ])
Also, for periodic functions, Fourier series are associated with the cardinal functions

o in[N(x —x;)/2
Xj(x) — pl2mjx/L uj(x) = IS\;rin[((i —JJCC]]-))/Z]]' (204)

A relation of Fourier cardinal functions and sinc functions can be seen by the formula

k=—o0

Since sinc functions are the infinite order limit of an equispaced FD (Equation (203)), the
correspondence now is that periodically repeated FD stencils will tend to the PS limit of
Fourier functions as the number of grid points in the stencil approaches the total number
of grid points in one period. Also, because equispaced FD can be considered to be a
robust sum acceleration scheme of a sinc function series, we expect the same convergence
properties of the FD approximation to the Fourier series as the one we find for radial
variables [46].

To solve Hamilton’s and variational differential equations [5], we use methods for
solving ordinary differential equations, such as those described in the book of Shampine and
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Gordon [45]. The algorithms are based on predictor-corrector methods with variable order
finite-difference approximations, as well as variable time step and backward difference
formulae. The accuracy of solutions is controlled by prespecified values.

The action of the Hamiltonian operator on a wavefunction can also be approximated
by high-order finite-difference schemes or pseudospectral methods. We have demonstrated
that the algorithm developed by Fornberg [25] to construct Lagrange interpolating polyno-
mials for solving the Schrodinger equation is robust and fast. Applications can be found in
references [46,47].

4.2. The Hénon—Heiles Model

In this section, we show results that demonstrate the effectiveness of solving the
Hamiltonian ODEs encountered in the three principal theories: classical, quantum, and
thermodynamic. We use a test model that of Hénon-Heiles [26] and mainly the software
POMULT [48]. The Hénon-Heiles potential was initially proposed as a model for studying
the dynamics of a galaxy. The potential function introduces cubic nonlinearities, and soon,
it became the model of choice for numerically investigating the nonlinear behavior of two
degrees of freedom systems.

Numerous articles have been published that explore the phase space structures of this
nonlinear dynamical system in detail [49]. The Hamiltonian function for a Hénon-Heiles
system is written as

Hy(ot, 0%, my,m0) = %(n% + 71%) + % {(Ul)2 + (02)2} + [(01)202 - %(02)3 . (206)
(c!,0?) denote the coordinates and (77y, 715) the canonical conjugate momenta. In Figure 5,
we present 3D graphs and isocontours from the projections of the potential in the coordinate
plane. The potential has one minimum at (¢!,02) = (0,0) and three saddles at the energy
of D = 1/6. Trajectories with energy above D may escape to infinity from the three exit
channels. The harmonic normal mode frequencies are w; = w, = 1, and thus, the system
shows a 1:1 resonance. Notice that the spatial symmetry of the Hénon-Heiles potential is
D3, the same symmetry as triatomic molecules with the same atom.

- ‘ ‘

0.15 "
i = /Oﬂ{

10.5

Figure 5. Potential energy surface of the Hénon-Heiles model and isocontours in the configura-
tion plane.

4.2.1. A Classical Time-Dependent Hénon-Heiles System

A time-dependent Hénon-Heiles system is produced by adding the q°—term coupled
to o —coordinate (see Figure 1)

H(q%, o, 02, my, o) = Hy(oh, 0%, 1y, 110) + Afal sin(wfqo), (207)

with ¢° = t, and canonical conjugate momentum, py = —%H. We solve Hamilton’s equations
as given by Equations (14), and with the extended Hamiltonian, H, = pod’ + H = 0.
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In Figure 6, we depict a dissociating trajectory with parameters of the time-dependent
term, A = —0.01 and w = 1. The initial conditions are selected from the stable periodic
orbit of the principal family along the ¢ coordinate and at energy 0.1575. The red thick
line in Figure 6b is the projection of this periodic orbit on the coordinate plane. The 3D
plot in Figure 6a shows the evolution of the system with the absorbed energy that leads
to dissociation.

0.147 0 o
(a) (b)

Figure 6. (a) A dissociating trajectory of a time-dependent Hénon-Heiles potential. (b) The trajectory

is initialized from a periodic orbit (red thick line) and with energy H; = 0.1575.

4.2.2. The Quantum Hénon-Heiles System

We solve the time-dependent Schrodinger equation with an initial Gaussian wavepacket
centered at the minimum of the Hénon-Heiles potential, and widths Ac; = 0.024 and
Aoy = 0.044. The average energy is 0.124.

The autocorrelation function is the overlap integral of the initial Gaussian with the
evolving wavepacket

C(t) =< woly(t) > . (208)

The Fourier transformation of the autocorrelation function depicts the power spectrum
from which one can extract eigenenergies and eigenfunctions. Numerical technologies of
accurately calculating the energy levels, as well as the corresponding eigenfunctions, have
extensively been investigated [50].

The outputs of a typical run are depicted in Figures 7 and 8.

'S
=]

2 ] 2
] , 3 Time = 2000
éwoj Time = 0 §3° ‘
Q ] Q
D ] J?
§ 501 =
] 210
g ] S
g e
& o 0

(a) (b)

Figure 7. (a) The initial wavepacket centered at the minimum of the potential well. (b) The evolved
wavepacket after 2000 time units.
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Figure 8. (a) The autocorrelation function for the initial Gaussian wavepacket. (b) The power
spectrum was obtained by taking the Fourier transformation of the autocorrelation function.

4.2.3. Energy Dissipation of Hénon-Heiles System in Homogeneous Media

For a simple thermodynamic system, such as that of an inert atomic gas with constant
volume and particle number (1 mole), the entropy function is given by the equation

AS(U) = ey ln(u), (209)
Uo

with reference the energy Uy at T = 300K and cy = %N akp to be the specific heat. kp

denotes the Boltzmann constant and N4 the Avogadro constant.

We assume a diagonal friction parameter matrix [by;] that couples the Hénon—Heiles
nonlinear oscillator with the homogeneous environment. We assign the nonzero elements
(b11, ba2) to the values, (b1, bap) = (0.3,0.001). This is an example of loosely coupling one
DOF of the dynamical system to the environment, and we investigate the effect it may have
on the entropy production and length of the path [29].

For zero frictions, the dynamical system remains uncoupled to the environment
and thus, is a conserved Hamiltonian system. When the friction parameters are turned
on, energy dissipates from the dynamical system to the environment. In the extended
thermodynamic space, the number of DOF is 6 with coordinates the entropy, S, the total
energy, E, and the four variables of the dynamical system, ((71,02, 1, 712). Hence, the
dimension of the extended phase space is 12.

The extended Hamiltonian H, (Equation (162)) is equal to zero on the Lagrangian
thermodynamic extended state manifold. We integrate trajectories up to 50 time units with
a precision in the value of extended Hamiltonian to about 1015,

In Figures 9 and 10, the results for two trajectories are depicted by treating the
Hénon-Heiles as a dissipating system. We plot the produced entropy (Equation (163)) and
the lengths of trajectories, computed via the Ruppeiner metric (Rlength), Equation (154),
and with initial energy of the dynamical system H; = 0.125.

Since one DOF of the dynamical system is weakly coupled to the environment, we
find that for the integration times, trajectories are trapped around reduced tori related to
the approximately decoupled mode. The thermodynamic length provides an estimate of
how close the initial state is to the physical equilibrium state. Hence, we expect trapped
trajectories in the approximately decoupled modes to have large lengths and to produce
low entropies [29].
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Figure 9. Projections of two representative trajectories in the Hénon-Heiles phase space are shown
with friction parameters by; = 0.3 and by = 0.001; (a) in the (¢!,02,711) space and (b) in the

(c1,0?,715) space.
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Figure 10. Panel (a) is the time evolution of the entropy production and (b) the trajectory length
calculated with the Ruppeiner metric for the two trajectories shown in Figure 9.

5. Conclusions

All cardinal physical theories have acquired a Lagrangian or Hamiltonian formalism.
The advantages of employing a Hamiltonian framework stem from the fact that global
and local constants of motion that dictate the dynamics of the system are respected by
solving Hamilton’s equations. In particular, the geometrical structures of Hamiltonian
theory were mainly investigated in the second half of the twentieth century with the
development of contemporary differential geometry. The purpose of this article is to in-
troduce and unveil common geometrical structures of the three most frequently applied
theories in computational chemistry, those of classical mechanics, quantum mechanics,
and classical thermodynamics, all of them at the non-relativistic approximation. We have
shown that working in extended phase space, the physical states of the system in the three
theories are described by Lagrangian submanifolds. Observables are calculated by canon-
ically projecting the extended phase space in a reduced dimensional space. In classical
mechanics, integrable systems guarantee the existence of n + 1 constants of motion, and
thus (n + 1) —dimensional Lagrangian submanifolds embedded into 2(n + 1) —dimensional
phase space. Quantum systems can also be considered to be integrable systems in the
projective Hilbert space. Finally, classical thermodynamics have also been given a Hamilto-
nian formalism in an extended phase space, similar to classical mechanics, and capable of
formulating irreversible processes. We can obtain representations of Lagrangian manifolds
when we use Hamiltonians in action-angle variables in classical mechanics and Gibbs’s
fundamental equation in classical thermodynamics.

Noether’s theorem [51] proves that constants of motion are associated with symme-
tries of the system, which leave the Hamiltonian function invariant. Global continuous
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symmetries, such as time-reversal, translational, and rotational transformations, are theo-
rized by Lie groups and their associated Lie algebras. Advanced methods to extract the
constants of motion related to symmetries and to reduce the dimensionality of the problem
have been developed in recent decades [2].

Here, we have not explored the important role of symmetry in dynamical systems.
However, we have emphasized the importance of approximating local constants of motion
by solving the variational equations of a Hamiltonian system, such as around equilibria
and stable periodic orbits. This requires the diagonalization of the fundamental matrix (see
Section 2.1.5). It is proved that each constant of motion corresponds to a pair of eigenvalues
equal to one.

Numerically solving the equations of motion (classical, quantum, thermodynamic) is
the main task of computational chemistry. Finite-difference methods have been broadly
adopted for finding solutions of ordinary differential equations, as well as partial dif-
ferential equations, such as the Schrodinger equation. Nevertheless, in spite of their
many successes, they are restricted to low-dimensional systems since they require sub-
stantial computational resources for many degrees of freedom systems. Furthermore,
non-symplectic integrators for Hamiltonian ODEs inevitably introduce numerical instabil-
ity in long time integrations.

Molecules are generally complex systems with many degrees of freedom. Their phase
space is entangled with regular and chaotic regions. Therefore, it is not a surprise that
computational chemistry has always tried to exploit new computer advances, such as
parallel computing (including grid and cloud), as well as GPU technology. As far as the
integration of the trajectories of large molecules for a long time is concerned, the good
performance of several symplectic integrators has been recognized. Among the most
popular ones are the simple low-order symplectic algorithms, such as the leapfrog or
velocity Verlet algorithms [52].

Presently, Al (artificial intelligence) methods, particularly machine-learning tech-
niques, are under exploration. In the last few years, an intense interest has been directed at
finding algorithms that incorporate physics knowledge into neural networks. Hamiltonian
neural networks label techniques that try to solve Hamilton’s equations with deep neural
networks [53-55]. Solving the Schrodinger equation has also attracted the interest of re-
searchers in this field [56]. However, we must note that at present, physics neural networks
(PNN) algorithms are tested with low-dimensional systems, and their extension to systems
with many degrees of freedom remains to be proved.

Irrespective of the final result of this endeavor, what is worth pursuing is developing
computational methods that take into account multiscale physical theories that cover
extended temporal/spatial scales. What we have shown in this review is that Hamiltonian
(symplectic) geometry is the foundation of principal physical theories. This should be
taken into account in building PNN algorithms [57], and it signals the need for new
projects. Hamiltonian geometry yields the necessary and sufficient conditions for the
mutual assistance of humans and machines in deep-learning processes.
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DOF degrees of freedom

TEPS  Thermodynamic Extended Phase Space

TEPSS Thermodynamic Extended Physical State Submanifold
TCS Thermodynamic Contact Space

PTS Physical Thermodynamic Submanifold

ODEs  Ordinary Differential Equations

HNN  Hamiltonian neural networks

PNN Physics neural networks

nD n—dimensional

Appendix A
Appendix A.1. Proof of Equation (89)

For an observable O and normalized states, < 1| >= 1, its expectation value is
the function

O:H" R,
and 1
O =< 9|0l >= = G(lp >, Olyp >).

We can prove that the differential 1—form of the expectation value in the real projective
Hilbert space is given by

dO(|p >) = ix, Q|9 >) = Q(Xp, |9 >), (A1)

where |¢p > € T, .P"(#"*!) and normalized states < ¢ >=1.
Indeed,
0
09 >) = Lx,l¢>= 5 <¥+19lOlY +n > ly=0

= <9[0y >+ <y|O|p >=< ¢|Olp > + < $|O|yp >
= 2<¢|0lp >

= 2G(¢>,0lp >) = —O(Ip >, JO|p >) (Equation (83))

= ale>(-30)lp>) =a(l> (;0)lv>)

= Q¢ >, —Xplyp >) = QXplp >, ¢ >)
= ix, (9 >). (A2)

According to Equation (15) we have replaced —] with 1.

Appendix A.2. Proof of Equation (90)

If (01, O;) are the expectation value functions of two observables, the Poisson bracket
is defined by the equation

{01,002} = Q(Xg,, Xp,) =< ¢ = £[01, Oa] I > (A3)



Entropy 2024, 26, 399

38 of 45

[(’51, @2] is the commutator of the two operators (@1, @2). Indeed, the Poisson bracket of
the expectation functions (01, O;) at state |¢ > is developed as follows

{01,002}

Q(X@l,Xéz)’l[J >

Xo,lp > Xo, |9 > =X [ > X [ >

<Y[Xp, Xo, | > = <Y[Xp,|Xp, [ >
—1 A N n

< 4’|f(0102*02(91)|¢ >)

< ¢|%[@1,@z]|¢ > . (A4)

Appendix A.3. Proof of Equation (152)

For a thermodynamic system the Hamiltonian in the extended phase space is written as,
He(d% g ..., q% po, 1, - Pn) = —PoF (%, 4", ..., 4", 1, ..., n), wherey; = —%. Then, the
time derivative of an observable function O(g, p) is given by the Poisson brackets as

O - {O,He}
i 00 9H, aoa%ﬂ
i—0 oq' dp;  9p; It
_ (29700 | 0wt _200m]
99° 9po  dpo 09° ) = oq' op;  Op; g’
0 8(’),> "[8(9,1' BO.]
= (=" +==po ) + Y | =4+ —=pi|- A5
<8q0q ape 0 l; o] o (A5)
The partial derivatives are
20 _ 00 (p)_ 100
Ipo =97\ r§ po = oy
0 _ 30(_1>__190 1.
Ip; 97\ Po Po 97i T
OH, oF [ p; " 9F
Ipo Po l; 97i (P% 1; ay
Y
Ipi Poom Po ovi’ T
e oF
a0 ’”ano
oHe __, OF i= n
aql - Panl/ 7 7'ty
that result in
. 00 n oF " 90 OF " 90 oF 1 00 JoF
o - BrErl) B EEE (28]
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Hence, the thermodynamic contact vector field is

0 0 " 9oF

° = XJ=-F+) viz— (A6)
=97

. . oF

1 = | — | —

q X I i=1,...,n (A7)

. i oF oF )

Yi = XCz_(aql—i_vlaqO)’ i=1,...,n. (A8)

Appendix A.4. Tables

Appendix A.4.1. Projection Maps between Thermodynamic Extended Phase Space and
Thermodynamic Contact Space

Table Al. Projection maps (77) between thermodynamic extended phase space (TEPS) and thermo-
dynamic contact space (TCS). 7! denotes the inverse map, 71, the push-forward of vector fields
operation and 7t* the pull-back of functions (0—forms). P?"*2 is the extended phase space, C2"*+1
the contact state space, LZH the Lagrangian submanifold in TEPS, which describes the thermody-
namic extended physical state submanifold (TEPSS), L] the Legendrian submanifold in TCS, which
describes the physical thermodynamic submanifold (PTS), H, the extended Hamiltonian, Xy, the
extended Hamiltonian vector field, H, the contact Hamiltonian and X the contact Hamiltonian
vector field.

(TEPS) P?"+2 = T*Q"+! He Xu, L+t (TEPSS)
Jrz TT[* Jm Tﬂl
(TCS) C?"+1 = P(T*Q"*1) He X, L" (PTS)

Appendix A.4.2. Thermodynamic Manifolds in Entropy Representation

Table A2. Thermodynamic Manifolds in Entropy Representation.

Manifold pn = T*Q" Ctl = p(T* Q") pant2 = prntl
Coordinates
n=2+r Pt =Uq¢ =V, P =S4"'=U, P =5S4"'=U,

qk — Nk72 qZ — V, qk —_ Nk72 qZ — V, qk — Nk72
Momenta
po=—1 =% =% p1=—pom

T2 = % T2 = % p2 = —Por2

v = — B2 v =—H2 Px = —Po7k
1—form , 4 4

0 =Y vidq' Oc = dq° — L vidg' 0 = Yio pidq’
2—form A ‘ ‘
w = —do w =YY" dqg Ndy; we = Yty dgt Adp!
PTS Ly L Lytt  (TEPSS)

w=0, H=S 0.=0, F=S 6,=0, we=0

He = 0, EXnge - O

Metric di? = —Y"  dq' ®dy; di? = -y dq' @dy; di? = -y dq' ®@dy;
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Appendix A.4.3. Thermodynamic Manifolds in Energy Representation
Table A3. Thermodynamic Manifolds in Energy Representation.
Manifold P2 = T*Qn Cc¥tl = p(T*Qntl)  pant2 = prontl
Coordinates
n=2+r qO:S,qZ:V qozs,qlzu qO:S,qlzll
qk — Nk72 qZ =V, qk _ Nk72 q2 =V, qk _ Nk72
Momenta
p1=-1 po=T po=T po = —p1Po
B2=—P B2 =-—-P P2 = —pip2
Bk = Hi—2 B = Hi—2 Pk = —p1Pk
1—form ‘ A
0 = odq” + L, Bidq’ Oc =dq' — Bodg’— 6 = Lo pidg’
Ti, idq’
2—form '
w=—db w=dq® NdBo+ Y, dq' NdB; we =YL ydg Adp'
PTS Ly L Lytt  (TEPSS)
w=0 H=U 0.=0, F=U 0.=0, we=0
He =0, Ly, 0c=0
Metric di? = dq® ® dBo+ di2 = dg® ® dBo+ dI?> = dg® ® dBo+
1y dq @ dp; 1, dg @ dp; I, dg @ dp;

Appendix A.5. Hamiltonian Chemical Kinetics: A Simple Chemical Kinetic Example: Consecutive
First-Order Elementary Reactions

Here, we present how a classical kinetic network can be cast into Hamiltonian formal-
ism. As an example, we take two consecutive elementary chemical reactions and dress
them with a Hamiltonian mantle [30]. Our generalized coordinates now, instead of dis-
tances and angles to define the positions of the atoms in the molecule, as a microscopic
description requires, are the macroscopic extensive properties, such as internal energy,
volume, and the number of moles (or molecules). The conjugate momenta to these thermo-
dynamic coordinates are related to the intensive properties of temperature, pressure, and
chemical potentials, respectively. By treating the macroscopic system in phase space and
integrating Hamilton’s equations, we can define measures for classifying the trajectories
and investigate alternative kinetic models.

The chemical equations are

Q =

kyy
kya

QZ Pr

where (kf1,kf) are the rate constants for the forward reactions and (kyy, kz) the rate

constants for the backward reactions. Qj, Q; and P are the constituent compounds
with concentrations

x1=[Q1], x=[Q)] x3=[P]. (A9)
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The reaction coordinates (extension or progress of the reactions) are denoted by & = (&', &2)T.
Then, the time variation of concentrations is written as

X | = CE(t) = 1 -1 (él). (A10)
X3 0 1

C is the stoichiometric matrix.

We consider the reactive system as a closed thermodynamic system, i.e., it exchanges
energy with the environment, but not mass. If the initial concentrations of the three sub-
stances Q1, Q; and P are x1(0) = x19, x2(0) = x20 and x3(0) = x30, respectively, and
assuming ¢ = 0 at t = 0, then the solution of Equations (A10) is

xi(t) = x10—EHt)
x0(t) = xo+8H(H) -t
x3(t) = x30+E(H). (A11)

According to the law of mass action [37-40] the reaction rates are written as

Rpp = kpx
Ryt = kpxo
Rp = kpx
Rpp = kpoxs,

where (Rfj, Rp) are the rates of the forward reactions and (Ry;, Ryy) the rates of the
backward reactions, respectively. Then, the rates of reaction coordinates are

&' = Ry —Ry =kpxy —kpxz
= kp(x10—8") —kpr(x20+ &' — &%)
& = Rp— Ry =kpxs —kyxs
= kp(x20 + 8" — &) — ki (x30 + £%). (A12)

The analytical solutions of the above differential equations for the case k;; = kjp = 0, as
well as xpg = x39 = 0 are

X1 (t) = X10 exp kflt

() = x10<kf2—kf1> exp(—kysit) —exp(— kfzf)]

x3(t) = x10<kf2_kf1> kfz 1 —exp( kflt))—kfl(l—exp(—kfzt)},

with limits at equilibrium (t — o)
e e e
xlq = xzq =0 x3q = X1p.

As discussed in Section 3, the extended phase space is obtained by adding the entropy
to the set of generalized coordinates and p as a conjugate momentum. Then, the momenta
of thermodynamic coordinates are defined as p = pop.

We study chemical reactions under isothermal and isobaric conditions. In this case, we
take pg to denote the conjugate momentum of the entropy expressed by the Massieu-Gibbs
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function, S = —G/T, with G to be the Gibbs thermodynamic potential. The Affinities of
the reactions, A ¢k, are then written as

A = RTln@J;Eg) k=1,2. (A13)

Following the theory described in Section 3.4.2, the above kinetic scheme is put in a
Hamiltonian framework by first writing the Hamiltonian in reaction coordinates

2
HE = 3 (e + A0 ) (ALY

where (pg1, pg2) denote the conjugate momenta of (@1, 5)T. The reaction affinities are

written as 1
kei(x10—¢")
A, = RTIn AlS
¢ (khl(xzo+§1 - &%) o
kf2(X20 + Cl - Cz)
Ao = RTIn : Alé
g ( khz(x30 + 52) ( )
Hence, Hamilton’s equations take the form (Equation (192))
, oHS A A
S = e gl gl 62 62 (A17)
apo
. oHS
¢ = W; = kg1 (x10 = ') — ko (x20 + &' — &%) (A18)
. oHS
¢ = W; = kpo(x20+ &' — &%) — ki (x30 + &) (A19)
| OHZ
jo = St —0 (A20)
oHS 2A ) o¢’
Pat = —=F = = g Pe + Al (Azl)
c i T 121(3@1 1:21( ¢ é)ag1
SHS 2 (9A 2 ot
R S 2( ) Ll Ta)ie 42
i= 1=

Appendix A.5.1. Discussion

We make the following remarks. Integrating Equation (A17), we calculate the entropy
production for the selected reaction pathway. It also provides the time variation of Gibbs
free energy (G = —TS). Equations (A18) and (A19) are the fluxes of chemical reactions
given as the difference of the rates of forward and backward reactions. Usually, reaction
rates are obtained by phenomenological kinetic models, such as those provided by the
Mass Action kinetics (MAK) [37,38].

Equation (A20) designates the conservation of the gauge momentum pg with an initial
value equal to —1.

The terms in the second summation of the RHS of Equations (A21) and (A22) are
zero on the thermodynamic extended state manifold (Lagrangian submanifold), and they
can be ignored during the integration of Hamilton’s equations. However, in solving the
variational equations, we must keep all the terms.

By studying the kinetics of chemical reactions in phase space, we can adopt measures
for classifying reaction paths in phase space. For example, we define a metric on the
Lagrangian submanifold in Massieu-Gibbs representation as
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= LS e = 2 2 wag =15y 2 g,
Po i Pe = aglagk T 5= 959gk /

and calculate the distance between the initial and equilibrium states

tmax

L{twas) = |

with t;,,, to be the maximum integration time and substituting py = —1. The distance
of two states has been utilized to define a better low bound of the entropy production or
dissipated work (availability) than zero for finite time irreversible processes [43,44].

For the chosen example, we have numerically solved Hamilton’s equations for several
combinations of rate constants and initial concentrations [30]. A representative trajectory
is shown in Figure A1l with parameter values given in the caption of the figure. For all
trajectories run with double precision arithmetic, the extended Hamiltonian H? is conserved

2
— ) padl dt, (A24)
i=1

approximately to zero with an accuracy ~ 10~!°. The symplectic fundamental matrix is
obtained by solving the variational equations [29,48] for a time interval of 5 t.u. (time
units). Diagonalizing this matrix, we find three pairs of eigenvalues. One pair is always
equal to one as a result of the conservation of the Hamiltonian function, whereas the other
two come in combinations of two real positive numbers ((Tl, 7 ) For the present trajectory,

these are (0.18478 x 10°,0.54117 x 105 and (61.74712,0.016195). All panels in Figure A1
demonstrate that for this highly unstable trajectory, equilibrium is reached in 4 t.u., with
the momenta to approach zero.

0.16

Q] 2] 0.12

o
=3
o

Concentration
o o
2 &
Reaction Metric
o
o
(=]

&

=3
[N}
.
o
Q
]

Reaction Coordinates
Reaction Momenta

Figure Al. (a) Concentrations of the constituent chemical species as functions of time, (b) reaction
metric, (c) reaction coordinates (Cl, é‘z), (d) conjugate momenta (pgl, pgz) to reaction coordinates.
The quantities have been calculated from a trajectory run with initial concentrations, [Q;] = 1.5,
[Q2] = 0.03, [P] = 0.001. The rate constants for the forward reactions are taken equal to k7| = 1.5,
k¢ = 1.0, and the backward reactions kj; = 0.5,k = 0.25.
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