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Abstract

The Reynolds transport theorem provides a generalized conservation law for the transport of
a conserved quantity by fluid flow through a continuous connected control volume. It is close
connected to the Liouville equation for the conservation of a local probability density function,
which in turn leads to the Perron-Frobenius and Koopman evolution operators. All of these tools
can be interpreted as continuous temporal maps between fluid elements or domains, connected by
the integral curves (pathlines) described by a velocity vector field. We here review these theorems
and operators, to present a unified framework for their extension to maps in different spaces. These
include (a) spatial maps between different positions in a time-independent flow, connected by a
velocity gradient tensor field, and (b) parametric maps between different positions in a manifold,
connected by a generalized tensor field. The general formulation invokes a multivariate extension
of exterior calculus, and the concept of a probability differential form. The analyses reveal the
existence of multivariate continuous (Lie) symmetries induced by a vector or tensor field associated
with a conserved quantity, which are manifested as integral conservation laws in different spaces.
The findings are used to derive generalized conservation laws, Liouville equations and operators
for a number of fluid mechanical and dynamical systems, including spatial (time-independent) and
spatiotemporal fluid flows, flow systems with pairwise or n-wise spatial correlations, phase space
systems, Lagrangian flows, spectral flows, and systems with coupled chemical reaction and flow
processes.
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1. Introduction

In the early 20th century, building on his successes in the analysis of fluid turbulence
[T, 2], Osborne Reynolds presented what is now called the Reynolds transport theorem,
a generalized equation for the transport of a conserved quantity by fluid flow through a
stationary or moving continuous control volume [3]. This reduces in particular circumstances
to the integral and differential conservation laws (such as for mass, momentum and energy) of
fluid mechanics. The Reynolds transport theorem and its subsidiary conservation equations
— with their paradigm of an Eulerian velocity field — as well as Reynolds’ insights into fluid
turbulence, now provide the foundation for the overwhelming proportion of theoretical and
numerical models used by practitioners in fluid mechanics.

In the older field of classical mechanics, Liouville [4] presented a relation for the derivative
of a state function which, when later applied in statistical mechanics, gives a conservation
equation for the local probability density function in time [4, [5]. While often grouped with
the Fokker-Planck equation [e.g., [6], the latter includes the effect of stochastic processes
or diffusion. In the early 20th century, developments in matrix theory [7, 8] led to the
Perron-Frobenius (or Ruelle-Perron-Frobenius) operator [9] and its dual Koopman operator
[10, 1], for extrapolation of a time-evolving density or observable, respectively, from an
initial value. These operators have the advantage of linearity, enabling the conversion of a
nonlinear dynamical system into a linear evolution equation, albeit at the expense of infinite
dimensionality of the operator. Over the past decade, there has been considerable interest
in the theory and application of these operators to a variety of dynamical and fluid flow
systems [e.g., 12-18)].

Despite more than a century of mathematical generalization to different fields and spaces,
including of the major integral theorems of vector calculus (the gradient, divergence and
Stokes’ theorems), most presentations of the Reynolds transport theorem and Liouville equa-
tion are expressed in terms of the time evolution of the density of a conserved quantity carried
by a three-dimensional velocity field. However, some hints have emerged of more general for-
mulations. The equivalence of conservation laws and symmetries has been appreciated since
the famous works of Lie [19, 20] and Noether [21], and multiparameter Lie groups and other
generalizations have been invoked by some authors [e.g., 22-24]. Recently, there has been
new interest in the rescaling of fluid flow equations using one-parameter Lie transformations,
including of the Reynolds transport theorem, Navier-Stokes and Reynolds-averaged Navier-
Stokes equations [25-27]. Furthermore, Sharma and co-workers [2§] introduced spatial and
spatiotemporal Koopman operators for the analysis of turbulent flow systems, to exploit
underlying symmetries (coherent structures) evident in the Navier-Stokes equations. These
new formulations and their connections to singular value decomposition (SVD) and dynamic
mode decomposition (DMD) are now the subject of intense scrutiny in the literature [e.g.,
29-40).

Many years ago, Flanders [41] viewed the Reynolds transport theorem as not merely a
theorem of fluid mechanics, but a three-dimensional generalization of the Leibniz rule for
differentiation of an integral. If so, it is far more general and powerful than its current usage
might suggest. Flanders then extended the theorem to the flow of an r-dimensional compact
submanifold within an n-dimensional manifold, expressed using the formalism of exterior
calculus [41H43]. Recently this was generalized to include the analysis of evolving cycles or
differential chains [44], and thereby to fixed and evolving irregular domains on a manifold
[45H47T). Several authors have also reported a surface transport theorem, a two-dimensional
analog of the Reynolds transport theorem [46] 48-52]. However, all these formulations still
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FIG. 1. Summary of the main formulations presented in this study (for definitions of symbols, see

text).



only provide a one-parameter (temporal) map induced by a stationary or time-evolving
velocity vector field.

Separately, a number of researchers have presented a spatial variant of the Reynolds
transport theorem, termed the spatial averaging theorem, based on spatial rather than time
derivatives of volumetric integrals. This theorem connects the volume average of a gradient
(or divergence) to the gradient (or divergence) of a volume average, with important appli-
cations to flows in porous media and multiphase flows. The theorem has been presented in
several forms [53H62] and is the subject of various proofs [55, [57H69]. It has also been gener-
alized to give a variety of averaging relations in geometric space and time [49] [60-64. 68-84],
but not, it appears, to other spaces.

In this review, we first explore ( the volumetric-temporal formulation of the Reynolds
transport theorem, and its lesser-known connection to the Liouville equation and the Perron-
Frobenius and Koopman operators. These insights are then applied to develop a unified
framework for the derivation of these theorems and operators in different spaces, firstly
in to give their velocimetric-spatial analogs, and then in to provide more general
parametric formulations. The most general formulations invoke multivariate extensions of
several operators of exterior calculus, including the Lie derivative, and the concept of a
probability differential form. The formulations presented herein are summarized in Figure
[, and are supported by mathematical proofs given in the main text and Appendices. The
breadth of the findings are then demonstrated in §5| by application to a variety of flow and
dynamical systems, including spatial (time-independent) and spatiotemporal fluid flows,
flow systems with pairwise or n-wise spatial correlations, phase space systems, Lagrangian
flows, spectral flows, and systems with coupled chemical reaction and flow processes. Our
concluding comments are given in §6}

2. Temporal Analyses
2.1. Volumetric-Temporal Reynolds Transport Theorem

We first revisit an extended form of the standard or volumetric-temporal Reynolds trans-
port theorem [3], where the two adjectives refer respectively to the domain of integration
and the parameter, which becomes the differentiation variable. For later generality, we use
a slightly different notation to that commonly used in fluid mechanics.

Theorem 2.1 Consider a continuum represented by the Fulerian description, in which each
local property of a fluid can be specified as a function of Cartesian position coordinates
x = [1,y,2]" and time t as the fluid moves past. Let a(x,t) be the concentration or density
of a conserved quantity (scalar, vector or tensor) within the fluid, expressed per unit volume.
Let a(x,t) be continuous and continuously differentiable in space and in time throughout
a moving body of fluid (the “fluid volume”, “material volume” or “domain”) Q(t), for all
positions up to the boundary and all times considered. The total derivative of the con-
served quantity within the fluid volume as it moves through an enclosed, moving, smoothly
deformable region of space (the “control volume”) satisfies [52, (59, [75, [858§):

d oo Oa
% ///OédSm - // E d3.’.B + # O Uypeg * de = /// |:E + V:B . (OZ urel) d3337 (21)
Q(t) Q(t) o0(t) Q(t)

where 0t) is the domain boundary, w.q(x,t) is the velocity of the fluid relative to the
control volume, d/dt is the total derivative (here equivalent to the material or substantial
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derivative, often written D/Dt), 8/0t is the derivative at fized position, V4 = 0/0[x,y, z]"
is the nabla operator with respect to x, d*x = dV = dxdydz is an infinitesimal volume
element in the domain, and d*x = dA = ndA is an infinitesimal directed area element at
the boundary, where n is the outward unit normal.

Proof Proofs of , for either the extended form given here or for the simpler case of a
stationary control volume (see discussion below), have been given using the tools of continuum
mechanics [3, [75, (86, [88192], Lagrangian coordinate transformation [{1),[59, (87,193, (94 and
exterior calculus [{1H43,[52]. Variants of the first two proofs of ([2.1) are given in[Appendiad
[Al An extended exterior calculus formulation is also given in §f), and shown to reduce to a
generalized vector calculus formulation.

We note that is a special case of the Helmholtz transport theorem, involving surfaces
that are not closed [90]. Furthermore, extensions of have been derived for fluids with
fixed or moving discontinuities in «(x,t) and/or in wu(x,t), requiring additional integral
terms [e.g. 85 87, 05]. As mentioned earlier, extensions of the Reynolds transport theorem
have also been presented for evolving irregular domains and rough surfaces [45-47].

Examples of the conserved quantity «(x,t) commonly used in the Reynolds transport
theorem include the fluid mass density p; the mass density (concentration) p. of a
chemical species ¢; the linear momentum pu, the angular momentum p(r X w), where 7 is
the radius of a local lever arm, the energy density pe, where e is the specific energy; the
charge density pz, where z is the specific charge; and the entropy density ps, where s is the
specific entropy [86], 88, 92-04]. In standard applications, the left-hand term < [f] fQ(t) ad’z
of the Reynolds transport theorem is then used to capture any non-zero sources or sinks of
the conserved quantity represented by . For the examples given these include, respectively,
the rate of production of fluid mass Dmy/dt in the fluid volume (usually taken as zero);
the rate of production Dm,/dt of the mass of species ¢ due to chemical reaction in the fluid
volume; the total force on the fluid volume ) Fry; the total torque on the fluid volume
> Try; the sum of heat and work flows (Q;, +W;,) into the fluid volume; the total electric
current Ipy into the fluid volume; and the sum of the entropy production and non-fluid
entropy flow rate (6 + S7,) into the fluid volume [86, [88, 0294].

In , we must carefully consider the meaning of the relative velocity w,.. In the
surface integral form, wu,. expresses the velocity of the fluid relative to the control volume
at the boundary, in some references described as the velocity of the fluid surface 0Q(t) [e.g.,
52, 841, 85, [87]. For Cartesian velocity coordinates, this can be identified as u,, = u — ucvy,
where ucy is the velocity of the control volume and w is the intrinsic velocity of the fluid
|3, 86l B8] (see analysis in [Appendix A)). In consequence u, - 1 gives the volumetric flux
normal to and out of the control surface. In the volumetric integral form, w,. expresses
the velocity of any point in the fluid relative to the moving control volume. The latter thus
invokes — by the Gauss-Ostrogradsky divergence theorem — the existence of a continuous and
continuously differentiable vector field u,.;, which by continuity must extend throughout the
entire space in which the fluid is present. For consistency, the total or substantial derivative
should be defined with respect to this moving frame of reference [59, [85], 87]:

da D« Oa
% = D_t = E + vwa T Uyl (22)

(see discussion in [Appendix Al). Combining (2.2) and the final form of (2.1)) gives a total
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derivative form of the Reynolds transport theorem [e.g., 59, 87, 03]:

%///ad?’w = /// [Z—j +aVy - 'u'rel:| d’z. (2.3)

Q(t) Q(t)

For a stationary control volume ucy = 0, and reduce to intrinsic forms of the
Reynolds transport theorem, based on the intrinsic velocity field w. For both a station-
ary control volume ucy = 0 and a stationary fluid w = 0, the surface integral term (or
equivalently, the divergence term) in ([2.1]) vanishes.

As mentioned, some authors have reported a surface transport theorem, a two-dimensional
analog of the Reynolds transport theorem for the total derivative of the surface integral
of a surface density [40, [48-52]. This contains surface and line integral terms, which can be
combined using a surface divergence theorem [49] [50} 52, [76]. This theorem has been proven
by differential calculus methods [48] 49, 51|, [76] and Lagrangian coordinate transformation

[50], analogous or related to the proofs given in [Appendix A] and also by exterior calculus
methods [46), [52].

2.2. Probabilistic Analysis and the Temporal Liouville Equation

The connections between the Reynolds transport theorem and Liouville equation are not
widely known, but are reported by some authors [e.g., 96]. Consider a fluid flow system
with the observables described using a multivariate random variable for position Y, =
[T, Y, T.]" with values @, and a random variable for time Y, with values We then
define the joint-conditional probability density function (pdf) p(x|t) over the domain Q(t),
to represent the probability that at the time infinitesimally close to the specified time ¢, a
fluid element will be infinitesimally close to the position «:

p(x|t) dx = p(z,y, z|t) dedydz ~ Prob(y <Y, <y+dy
2 <T,<z+dz

thtng—dt). (2.4)

(Formally, the pdf p(zx|t) is defined over continuous intervals of space and time, from which
(2.4)) applies in the infinitesimal limits [e.g.,[97].) The pdf will satisfy normalization for any

time t:
1:///p(az|t)d3az. (2.5)

Q(t)

We also define the time-dependent volumetric average of an observable g(x,t):

) = [J] ote.t)plale) . (2.6)
Q)

Now if p(x|t) satisfies the same regularity conditions as the density a(x,t) in §2 we can
substitute a(x,t) = p(x|t) into the volumetric-temporal Reynolds transport theorem (2.1)),

to directly give:
d 3, Ip 3
i [[[ o= JJ[ |5+ 5o o] 7)

Q(t) Q(t)

* We note that random variables of observable quantities are commonly denoted by corresponding capital

letters [e.g.,[08]. Due to clashes with standard symbols, we use a different notation.



However, from (22.5]), the left-hand side of ([2.7)) vanishes for all . This leads to the following
theorem:

Theorem 2.2 Let p(x|t) be the probability density of the position x at the specified time
t, defined over a fluid volume §2(t) containing a relative velocity vector field w,q(x,t). Let
p(x|t) be continuous and continuously differentiable in space and in time throughout Q(t),
for all positions up to the boundary and all times considered. For all x € Q(t) and all times
t:

dp

Liv, vet) = 0. 2.8
Proof Eq. (2.8) follows directly from (2.5)), (2.7) and the fundamental lemma of the calculus
of variations [120, [127], for all choices of compactly supported continuous and continuously
differentiable pdfs p(x|t).

Eq. is known as the standard or temporal Liouwville equation for a fluid flow system,
for conservation of the conditional pdf p(x|t) under the relative velocity u,.. We empha-
size that the above proof does not apply to discontinuous or non-differentiable p(«|t), and
important exceptions may occur, e.g., in a shock wave or mixing layer.

2.3. Temporal Perron-Frobenius and Koopman Operators

Taking the analysis farther, the solution to can be written as the probabilistic
evolution equation p(x|t) = P, p(x|0), where P, is the Perron-Frobenius operator, with
origin t = 0 measured in the relative coordinate system of ¢ [e.g., Q9] [100]. Examining a
probablhty product, it is readily verified that this is linear, giving P = exp(t Lt) in which
L, is the (multlphcatlve) temporal Liouville operator defined by L;p = —V, (P Upe). T he
Koopman operator K, adjoint to P, can then be defined from the volume average

based on the duality:
/// x,t) P, p(x|0)d az—// K, g(z,0) p(x|t) d® (2.9)

The Koopman operator provides an evolution equation for the observable g(x,t) = K, g(x,0),
and can be determined by spectral decomposition, with close connections to SVD and DMD
le.g., [2HIS, 29-40).

2.4. Further Simplifications

Intrinsic Flows: For a stationary frame of reference ucy = 0, we recover the intrinsic
Liouville equation [101]:

dp
5 T Ve (pu) = 0. (2.10)

This expresses the local conservation of p under its intrinsic motion [I0I]. This can be
compared to the Fokker-Planck equation [6]:

dp

L V. (pw) ~ V2 (Dp) =0, (211)



in which V2 = V,(V,)" is the second derivative or Hessian operator, D is a diffusion tensor
and “” is the tensor scalar product. Evidently, the Fokker-Planck equation is inconsistent
with Reynold’s transport theorem @ , and contains a pdf which is not conserved locally.
The distinction lies in the fact that in (2.10), the pdf p(z|t) is considered to extend over the
entire domain €(t), whereas in it also undergoes diffusion into previously unoccupied
regions.

From dynamical systems theory, we can consider to be induced by dz/dt = u =
F(x), where F is the (vector) propagator [I02]. For incompressible or solenoidal flow
Ve u=0, simplifies further to give the more common total derivative form:

dp dp

— +Vep-u=—=0. 2.12
Two-Dimensional Flows: Alternatively, consider the special case of two-dimensional flow
with position z = [z,y]" and relative velocity U, = [tre;, V] '. Defining the stream

function ¥ by the relations u, = 0¥/0dy and v, = —0V/0z [c.f., 88|, BI], substitution in
the general Liouville equation (2.8]), using the relative solenoidal condition V - u.e = 0,
gives the Hamiltonian-like form:

\J \\J
@+<8 op 0 8p>:0‘

ot " \oyox 9rdy

This definition allows for a moving and smoothly deforming control volume. The stream
function ¥ is normal to the relative velocity potential ®, defined for irrotational relative
flow Vg X ey = 0 by tpe = V@, hence u, = 0®/0x and v, = 0P/Jy [88, 8I]. For
steady flows, these give a flow net of curvilinear orthogonal coordinates (¥, ®), tangential
and normal to the relative velocity vector.

(2.13)

3. Three-Dimensional Spatial Analyses
3.1. Volumetric-Spatial Reynolds Transport Theorem (Spatial Averaging Theorem)

As mentioned in the introduction, several researchers have developed a spatial analog
of the Reynolds transport theorem ([2.1)), involving spatial rather than time derivatives of
volumetric averages. A one-dimensional form of this theorem can be written as [56] 58] 59,

84]:
d 3 Oa de
d _ ][ 9« . 14
ds///adw //asdw—ir#ads d°x (3.14)
Qy(t) Qy(t)

(1)

where a(x(s),t) again is the generalized volumetric density, s is an intrinsic spatial co-
ordinate, Q¢(¢) is the fluid volume and 0 (¢) is the fluid surface in a multiphase system
(including interior surfaces). All other quantities are as defined in §2| For the 1th phase, this
gives the following gradient and divergence spatial averaging theorems [54] [55, (57H63) (65, 67
69]:

1
Vw[[al]]l = [[Vwaz]]l - V # a, d2£E

(1)

1
V:c : [[az]]z = [[v:c : az]]z - V # (6790 d2.’13

0% (t)

(3.15)



where «, is a scalar density and ¢, is a vector or tensor density, in each case within the sth
phase, V is a fixed volume, [o,], = V! [[[, (1 CudV is the volumetric phase average of a,

Q,(t) is the component of the volume occupied by the #th phase, and 9€,(t) is the surface
or interface of the ith phase. Egs. (3.15) adopt the convention that the unit normal n
points out of the 1th phase, giving the negative sign. Originally formulated by analogy with
the Reynolds transport theorem, direct proofs of have been provided by differential
calculus methods [55, G8H60] 63, 64, 66, 68, 69, 84], a convolution method using a phase
indicator or generalized function [57, (62} [67, [76], and by Lagrangian coordinate transforma-
tion [65, 69] (analogous to that given in [Appendix Al). For compressible fluids, an additional
correction term is needed [64] [84]. These insights have been used to derive volume-averaged
versions of conservation equations for flow in porous media and multifluid systems [e.g., 53l
59, 611, 66-70], and have subsequently revealed a plethora of spatial and temporal averaging
theorems applicable to such systems, enabling averaging over volumes, surfaces and curves,
accounting for the effects of different scales [e.g., 49| 56], 57, [59H64, 67-84].

While the spatial averaging theorem is not examined further here, its formulation confirms
the existence of alternative mathematical formulations of the Reynolds transport theorem
(2.1). These are explored in greater generality in the following sections.

3.2.  Velocimetric-Spatial Reynolds Transport Theorem

We now examine a different class of time-independent (steady) flow systems, to give the
following theorem.

Theorem 3.3 Consider a time-independent (steady) continuum represented by Eulerian
volumetric and velocimetric (phase space) coordinates, in which each local property of a fluid
is specified as a function of the Cartesian velocity w = [u,v,w]" and position = [z,y, 2]".
Let p(u, ) be the density of a conserved quantity within a fluid, expressed per unit of velocity
and volume space. Let o(u,x) be continuous and continuously differentiable with respect to
velocity and position throughout a defined position-dependent region of velocity space (the
“domain”) D(x), for all velocities up to its boundary and all positions considered. The total
differential of the integral of p(u,x) over the domain, relative to an enclosed, position-
dependent, smoothly deforming region of velocity space (the “velocimetric control volume”)

satisfies:
///¢d3u_ [// Ve dPu+ # oG, dQu] e
U// Vap + Ve (gpam))dsu} da.

where OD(x) is the domain boundary (velocity surface), d is the differential operator, d*u =
dudvdw is an infinitesimal velocimetric element within the domain, d*u = ngdB is an
infinitesimal directed area element on the velocimetric boundary, in which dB s the boundary
area element and mp is its outward unit normal, dx = [dx,dy,dz]" is the differential of
(vector) position, and Gre = Gre(w, ) = VaU,e s the relative velocity gradient tensor
fieldl We here use the (—) /() convention for vector derivatives, hence V, = 0/0x is the

(3.16)

T In fluid mechanics, the velocity gradient tensor field is commonly denoted du/dx or V,u with components

Ou,;/Ox;. However, such notation creates confusion over its functional dependencies. To avoid this, we
use a distinct symbol for the velocity gradient; for a longer discussion see



spatial gradient operator, and V,, = 0/0u is the gradient operator in velocity space, assuming

Cartesian coordinates & and w. In (3.16), the quantity G - &Pu=G,du=G, ngdB

rel
contains the tensor-vector product, while for consistency with the derivative convention, the

divergence operation is defined by V- (0 G) = [V (0 G )T

rel rel

Proof Two distinct proofs of (3.16) are given in[Appendiz B Eq. (3.16) can also be derived

from the general exterior calculus formulation presented in {j, and shown to reduce to a
generalized vector calculus formulation.

We can describe as a three-dimensional velocimetric-spatial Reynolds transport
theorem, or more precisely a transformation theorem. Its formulation bears many similarities
to analyses of molecular systems in phase space [I01] (examined in §5]), but the integration
extends only over the velocity space, in sympathy with the common probabilistic description
of turbulent flow [e.g., [T03HI05]. The quantity ¢(u, ) can be interpreted physically as the
conserved quantity carried per unit of velocity and volume space by a fluid element with
a velocity between u and uw + du at the position between & and x + dx, i.e., the density
in six-dimensional Eulerian phase space. Integration of ¢(u,x) over the velocity domain
therefore gives the volumetric density a(x) of the conserved quantity at this position.

The physical interpretation of is analogous to that for the temporal formulation
: a differential change in the integral of a local quantity ¢(u, ) over the velocity space
can be subdivided into changes which occur within the control volume coincident with the
velocity domain D(x), and changes which take place due to (spatial) translations into or
out of the domain through the velocity surface 9D (x). Using a velocimetric form of the
divergence theorem, this is equivalent to the sum of changes within the domain and changes
arising from a velocity divergence term. The combined velocimetric integral in thus
assumes a continuous and continuously differentiable tensor field G,.;, which extends over
the entire velocity space within which the domain D(x) is embedded.

In sympathy with the temporal formulation, adopts a relative velocity gradient,
which can be decomposed (assuming Cartesian velocity and position coordinates) into two
components:

G =G —Gev, (3.17)

where G is the intrinsic field and G¢y is the spatial rate of change of the local velocity
coordinate system, as represented by a velocimetric control volume. For consistency, this
control volume must provide a smoothly-varying tensorial frame of reference. For flow of
a compressible Newtonian fluid, the intrinsic velocity gradient is related (implicitly) to the
shear stress tensor field, here defined positive in compression [106, [107]:

T=—nu(G+G") - AdA, (3.18)

where g is the dynamic viscosity, A is the second or dilatational viscosity, d is the Kronecker
delta tensor and A = V, - u is the divergence of the velocity field.

In consequence, for this category of flow systems expressed using (u, x) coordinates, the
velocity gradient tensor field G — or equivalently, the shear stress tensor field 7 — provides
an intrinsic spatial connection between different velocimetric domains. This is similar to the
way in which, for a flow system described by (,t) coordinates, the velocity field provides an
intrinsic temporal connection — a transport equation — between different volumetric domains.

We have not been able to identify any previous report of the velocimetric-spatial Reynolds
transport theorem in the scientific literature.
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3.3. Probabilistic Analysis and the Spatial Liouville Equation

Now consider a probabilistic form of the spatial formulation, based on the three-
dimensional random variable for the velocity vector Y, = [T,, T,, T,]" with values wu,
subject to the three-dimensional random variable for position Y, = [Y,, T,, Y.]T with val-
ues . We then define the joint-conditional pdf f(u|x) over the domain D(x), to represent
the probability that the fluid element infinitesimally close to the specified position x will
have a velocity infinitesimally close to u:

u<YT,<u+du

flulx) d®u = f(u,v,w|r,y, 2) dudvdw ~ Prob( v<T, <v+dv
w<T, <w-+dw

y<T,<y+dy
2 <Y, <z+dz
(3.19)

xSTISx—i-dx)

(Formally, f(u|x) is defined over continuous intervals of velocity and position, from which
is obtained in the infinitesimal limits [e.g., [97].) Although not usually written in
conditional form, we recognize f(u|x) — more commonly written f(u|r) as a function of
relative position r — as the basis of the Reynolds-averaged Navier-Stokes formulation, and
the single-position correlation functions of turbulent fluid mechanics [e.g., [L03HI05] [108].
Taking the velocity domain D(x) C R? to be a function of @, the pdf will be normalized

at each position a:
1= // f(u|x) d*u. (3.20)
D(z)

For any observable h(u,x) in phase space coordinates, we can also define the conditional

expectation:
_ /// h(w, ) f(ulz) Pu. (3.21)
D(x)

This can be interpreted physically as the ensemble mean of h(u,x), i.e. its average over all
values of the instantaneous velocity uw € D(x) at position @, enabling a statistical rather
than strict definition at each point. In many studies, is assumed equivalent to the
local time mean h(z). In the present work, we maintain the most general interpretation of
(3.21)), without any ergodic hypothesis.

Now if f(u|x) satisfies the same regularity conditions as the density ¢(u,x) in g we
can substitute f(u|z) = p(u, ) into the spatial Reynolds transport theorem (3.16)), giving:

// fdPu = {/// Vel +Vu- (f Gly))d*u (3.22)

D(x)
From (33.20)), the left-hand side of (3.22]) vanishes for all . This gives the following theorem:

Theorem 3.4 Let f(u|x) be the probability density of the velocity w at the specified position
x, defined over a velocity domain D(x) containing a relative velocity gradient tensor field
G.. Let f(ulx) be continuous and continuously differentiable with respect to velocity and
position throughout D(x), for all velocities up to its boundary and all positions considered.
For all uw € D(x) and all positions x:

vmf + v (f Grel) (323>
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Proof FEq. (3.23) follows directly from (3.20)), (3.22) and the fundamental lemma of the

calculus of variations [126, [127], for all choices of compactly supported continuous and con-
tinuously differentiable functions f(u|x).

Corollary 3.5 From (3.23)), each spatial component must independently vanish:

af
81:

(fGre“) =0, V; € [z,y, 2], (3.24)
where Gy, = Ou/0x; is the ith row of the velocity gradient tensor.

Eq. can be interpreted as a three-dimensional spatial Liouville equation. We again
emphasize that if the pdf is not continuous or continuously differentiable, e.g., due to a
discontinuity in the velocity gradient, may be invalid.

Despite an extensive search, we have not identified any previous report of the three-
dimensional or one-dimensional spatial Liouville equation — in the fluid mechanics
or physics literature, or even in the probability literature. A contributing factor may be
that in the traditional Liouville equation derived by Gibbs [109], based on the pdf f(q, q|t)
in 6/N-dimensional phase space (where g and ¢ are position and momentum vectors), all
parameters are functions of time, leading exclusively to a temporal Liouville equation [e.g.,
110l I11] (see also . Spatial Liouville equations are also accessible using the apparatus
of exterior calculus (see , but we have not found any previous study to do so — noting
that this requires a multiparameter Lie derivative, divorcing this operator from the concept
of physical time.

3.4. Spatial Perron-Frobenius and Koopman Operators

Taking the analysis farther, the solution to (3.23) is f(u|x) = P, f(u|0), using a three-
dimensional spatial Perron-Frobenius operator ]396, in which the origin = 0 is defined in
the relative coordinate system of . Again this is hnear giving P = exp(x - L «), in which
L, is a vector spatial Liouville operator defined by Ly f = — - (fG),). The adjoint

three-dimensional spatial Koopman operator K, can be deﬁned from the ensemble average
(3.21)) using the duality:

:D/(Z/)h(u,w) P, f(ul0) d*u ZD/(Z) Kah(u,0) f(ulz) duw, (3 o5

giving the spatial evolution equation h(u,x) = K, h(u,0). As noted, spatial Koopman
operators or related methods have been invoked by several authors for the analysis of spatial
symmetries in fluid flow systems [e.g., 28H40].

In consequence, if one has local information on a time-independent flow system at one
position, either in probabilistic form or in the form of a conserved observable property, it is
possible to extrapolate this information using the spatial Perron-Frobenius and Koopman
operators to all positions within the velocity gradient field. As shown in §5] these operators
can be further extended to spatiotemporal systems.

12



3.5.  Further Simplifications

Intrinsic Velocity Gradients: For a fixed velocity gradient frame of reference Gy = 0,
we obtain the intrinsic spatial Liouville equation:

Vof +Va - (fG") =0, (3.26)

expressing the natural variation of f with . Eq. (3.26) can be considered to be induced by
G' = E(u), a system of spatial partial differential equations with tensor operator E.

For incompressible or solenoidal flow V, - u = 0 of a Newtonian fluid with a symmet-
ric shear stress tensor, reduction of (3.18)) to the explicit relation G = —7/2u gives the
simplified spatial Liouville equation:

T
Vaof =V - f— =0, 3.27
f=Vu-fg, (3.27)

or if the shear stress tensor is homogenous in velocity space:

’TT

Vaf =5 Vul 0. (3.28)

One-Dimensional Geometries: For flows with a one-directional velocity gradient aligned
with one z; from [z, 29, x3], for example plane parallel flow in the zone of established flow,
the above analysis will reduce to a one-dimensional spatial Reynolds theorem, which can be
written as the total derivative:

d 3, I s # T 2, _ /// Iy T 3
dz, ///Sﬂd u= /// o, d’u + QOGTW d'u = o, + V- (p Grelﬂ.) du.
P (=) D)

9D(x)
(3.29)

Substituting ¢ = f, we obtain a single one-dimensional spatial Liouville equation in the

form of ([3.24).

Two-Dimensional Velocity Gradients: A special case involves a two-dimensional veloc-
ity vector u = [u,v]” with gradients in a single direction x;, leading to a velocity gradient
vector (du/dw;)re = [(du/dx;)re;, (dv/dz;)rq]" (here reverting to traditional notation). If
this is also subject to the no-divergence condition V, - (du/dz;).q = 0, we can define a
spatial stream function or velocity gradient function T by (dw/dx;),e = [OT /Ov, —OT /Ou]".
Substitution into the one-dimensional spatial Liouville equation gives the Hamiltonian
form:

of (arg 8F8f>:0 (3.30

oz, T\ dvou  duow

For a curl-free gradient V,, x (du/dz;).q = 0, the function I' will be normal to a wvelocity
gradient potential A defined by (dw/dx;),q = VuA = [0A/Ou, OA/Ov]". For constant gra-
dients these give a gradient net of curvilinear orthogonal coordinates (I', A), tangential and
normal to the velocity gradient vector.
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4. General Formulations
4.1. Exterior Calculus Formulations

Reynolds Transport Theorem on a Manifold: The above analyses are now gener-
alized to the analysis of differential forms, using an extended multivariate formulation of
exterior calculus.

Theorem 4.6 Consider an n-dimensional orientable differentiable manifold M™, described
using a patchwork of local coordinate systems, in which there is an r-dimensional oriented
compact submanifold Q". Let V' be a smooth vector or tensor field in M™, parameterized by
an m-dimensional parameter vector C, but not itself a function of C. Let w" represent a
field of r-forms in M™ associated with a conserved quantity, which is locally continuous and
continuously differentiable with respect to the local coordinates and parameter C within €7,
for all coordinates up to its boundary and all parameter values considered. The integral of
w” over the submanifold satisfies:

d/wr:{/ﬁﬁ,c)wr}-dc

Q(C) Q(e)

= [/ i) du” + §1§ i(vmw’“] -dC = [/ iy dw' +d(iS W) | - dC,
Q(C) 90(C) Q(C)

(4.31)

where d is now the exterior derivative, 9Q(C) is the submanifold boundary, E&,q) s a mul-

tiparameter Lie derivative with respect to V' over parameters C, ii,c) 1s a multiparameter
interior product with respect to 'V over parameters C, and “” is the usual vector scalar
product (dot product).

Proof The definitions of the multiparameter operators used in (4.31), and its proof, are
provided in[Appendiz C

Eq. can be recognized as a generalized parametric Reynolds transport theorem — or
more precisely, a transformation theorem — applicable to a differential form associated with
a conserved quantity on a manifold. For flow in a geometric space with C = ¢, reduces
to the one-parameter exterior calculus formulation of the Reynolds transport theorem, based
on the time-independent velocity field w [42, §9.2; 43], eqs. 0.49, 4.33-4.34].

Augmented Reynolds Transport Theorem on a Manifold: In many flow systems,
the vector or tensor field V' will also be a function of the parameter C. This can be handled
by augmenting the manifold M™ with the parameter space R™, giving the augmented field
represented by VLC, where L here denotes an augmentation operator [c.f. 41 and [43]. Eq.
then applies based on the field VLC' in the augmented manifold M™ x R™. This
yields the following theorem:

Theorem 4.7 Consider an n-dimensional orientable differentiable manifold M™ containing
an r-dimensional oriented compact submanifold 2" and a smooth vector or tensor field V,
all defined as in Theorem[].6. Let the vector or tensor field now be a function of C. Let w"
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be a field of r-forms in M™, defined as in Theorem[f.6. The integral W™ over the submanifold
satisfies:

A/w —{/ﬁvLcw}-dC:{/acwr—% / ig,c)dwr—ir 55 zg,qw} -dC
Q(c) Q(0) Q(c) 29(C)

= [/ dcw" —l—z ) dw" +d(zv w)] -dC
o(c)

(4.32)

where d is an extended exterior derivative based on the augmented coordinates, and O¢c =
[0/0CY, ...,0/0C,,|" is a vector partial differential operator with respect to C. For consis-
tency, (4.32) retains the notation d for the exterior derivative based on the standard local
coordinates.

Proof The proof of ([4.32) is given in[Appendiz D}

Eq. can be described as an augmented generalized parametric Reynolds transport
theorem, based on the vector or tensor field V(C). When C is expressed in Cartesian
coordinates, the first term in the integrand of can be written as Veow”. For flow
in a geometric space with C = ¢, (4.32)) reduces to the augmented one-parameter exterior
calculus formulation of the Reynolds transport theorem, based on the time-varying velocity
field w(t) [41), eq. 7.2,/43, egs. 0.50, 4.42].

Liouville Theorem and Operators on a Manifold: Extending the analyses presented
in §2/and §3], the above Reynolds transport theorems can be used to derive probabilistic dif-
ferential equations and corresponding operators. Consider a field of probability r-forms
represented by p" = pg, a function of a patchwork of local coordinate systems over the sub-
manifold Q(C'), and conditioned on the parameter C. This can be defined by the following
axioms:

pr >0 and / pr=1 (4.33)
Q(C)
The underlying subtleties in this definition — arising from its marriage of measure theory

and exterior calculus — are discussed in [Appendix E| We further define the expected value
of a scalar field (0-form) ¢ over the submanifold by:

5= [ <o (4.34)

Qo)
The Reynolds transport theorem on a manifold (4.31)) then leads to the following theorem:

Theorem 4.8 Let p" be a field of r-forms, representing the probability density at each po-
sition in an n-dimensional orientable differentiable manifold M™, as a function of the local
coordinates and conditioned on the m-dimensional parameter vector C. Let p" be locally con-
tinuous and continuously differentiable with respect to the local coordinates and parameter
C within an r-dimensional oriented compact submanifold QQ(C') in M", for all coordinates
up to its boundary and all parameter values considered. Let V' be a vector or tensor field in

Q(C), which is independent of C. For each point in Q(C') and all C':
L =il dp +d i\ p) = 0. (4.35)
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Proof Substitutingw” = p" in (4.31)), the left-hand side gives de o) P, the exterior deriva-

tive of a 0-form, equivalent to its differential. By normalization , this vanishes for all
C. Eq follows from (4.31) and the fundamental lemma of the calculus of variations
(in an exterior calculus formulation), for all choices of compactly supported continuous and
continuously differentiable probability forms p".

Eq. can be interpreted as a generalized parametric Liouville equation, which ex-
presses the local conservation of the probability r-form under the (intrinsic) variation of its
conditions. We also recognise as a multiparameter extension of the Cartan relation
of exterior calculus [e.g. [43], applied to a probability form. Its solution can be written as
Po = Pe P, wWhich defines an exterior Perron-Frobenius operator Pe. From the submani-
fold average , this will have an adjoint exterior Koopman operator K¢ defined by the
observable map ¢¢ = K, c So-

Augmented Liouville Theorem and Operators on a Manifold: As discussed, in
many systems the field V' is also a function of C. Using the augmented Reynolds transport
theorem , we can extract the theorem:

Theorem 4.9 Let p" be a field of probability r-forms in an n-dimensional orientable differ-
entiable manifold M", defined as in Theorem[{.8 Let V' be a vector or tensor field in the
r-dimensional submanifold Q(C') in M"™, a function of the local coordinates and also of C.
For each point in Q(C) and all C':

L =8cp +il dp +d(iS ) = 0. (4.36)

Proof The proof of Theorem applied to (4.32)) gives (4.36)), thus for all choices of

compactly supported continuous and continuously differentiable probability forms p".

Eq. provides an augmented generalized parametric Liouville equation based on the
probability r-form p", applicable for fields V' (C). Following the previous procedure, it can
be used to define exterior Perron-Frobenius and Koopman operators for the augmented flow
system.

Examining the literature, although multiparameter Lie groups and other generalizations
have been examined [e.g., 22H24], neither the full multiparameter Reynolds transport theo-
rems or nor their associated Liouville equations or appear to have
been reported previously. As noted, one-parameter exterior calculus formulations of the
Reynolds transport theorem have been reported [41, 43]. A temporal Liouville equation has
also been written for an arbitrary conserved r-form in terms of the standard Lie derivative
le.g., [112], but not (we believe) in terms of a probability r-form.

4.2. Parametric Formulations

Parametric Reynolds Transport Theorem: The augmented version of the exterior
calculus formulation of the Reynolds transport theorem leads to the following theorem:

Theorem 4.10 Consider an n-dimensional space M described using global Cartesian coor-
dinates X, containing an n-dimensional compact domain Q. Let V = (Ve X)' be a smooth
vector or tensor field in M, where C' is an m-dimensional Cartesian parameter vector, such
that V' is a function of C. Let w™ be an n-dimensional compact material form based on the
density (X, C) of a conserved quantity in M. Let (X, C) be continuous and continuously
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differentiable with respect to X and C' throughout the domain Q(C), for all coordinates up
to its boundary and all parameter values considered. The integral of 1) over the submanifold
satisfies:

/Vc¢d”X+ 515 YV d 1X] -dC

e (4.37)

Vet +Vx - (6 V)] dnx] dc,

g
g

where d"X is an n-dimensional volume element in Q(C), d* ' X is an (n — 1)-dimensional
directed area element on the boundary 0Q(C), and in which the gradient and divergence
operators are extended to their n- and m-dimensional variants.

Proof The proof of (4.37) is given in|Appendiz F|.

Eq. provides a generalized parametric Reynolds transport theorem for a system
with global Cartesian coordinates X and parameters C. We emphasise that V in
is defined as the reverse of the d(—)/9(]) convention, consistent with and (4.32);
furthermore the divergence is defined by Vx - (¢ V) = [V (v V)] .

Parametric Liouville Equation and Operators: The parametric Reynolds transport
theorem (|4.37)) leads directly to the following theorem:

Theorem 4.11 Let p(X|C) be the probability density in the compact domain Q(C), a
function of the n-dimensional global Cartesian coordinates X and conditioned on the m-
dimensional Cartesian parameter C. Let p(X|C) be continuous and continuously differ-
entiable with respect to X and C throughout Q(C), for all coordinates up to its boundary
and all parameter values considered. Let V' be a smooth vector or tensor field defined by

V = (Ve X)T, such that V is a function of C. For all X € Q(C) and all C:
Vep+Vx-(pV) =0. (4.38)

Proof Substituting ¢ = p in (4.37), the left-hand side de(C)]ﬁd”X vanishes by the nor-

malization of p. Eq. (4.38)) follows from the fundamental lemma of the calculus of variations,
for all choices of compactly supported continuous and continuously differentiable pdfs p.

Eq. gives a parametric Liouville equation in a global coordinate system, expressing
the conservation of the pdf p(X|C') under the (intrinsic) variation of its parameters C. This
can be considered to be induced by the dynamical system V' = F (X, C) with operator
F. lIts solution can be written p(X|C) = Pcp(X|0) using a linear parametric Perron-
Frobenius operator Po = exp(C - LC) in which the origin C' = 0 is measured in the
relative coordinate system of C', and Lc is a parametric Liouville operator defined by
ch = —Vx - (p V) The adpmt parametric Koopman operator Kc, defined using the

moment (s)(C) = fQ(C) spd™ X, gives the observable equation ¢(X,C) = Kc ¢(X,0).

5. Applications

We now have the apparatus to construct multidimensional parametric Reynolds transport
theorems, Liouville equations and evolution operators for a variety of physical systems.
Several examples are examined (in intrinsic form) below.
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5.1. Velocimetric spatiotemporal fluid flow systems

These apply to spatially and time-varying flows described by the density ¢(u(x,t), x,t),
giving the Reynolds transport equation:

) o
[/// Vepdus b oG] e | [ % s # it

{/// Vag+ V- <;;T>) ]dw+[///p(zt_+v " (:S)dgu]dt,

where D(z, t) is the domain and & = du/0t. Introducing the pdf f(u|x,t), the correspond-
ing joint Liouville equations are:

g—{+v (fa)=0

: (5.40)

Introducing the four-dimensional operator ¥, = [0/0x,0/0y,0/0z,0/ ot]" and tensor-vector
field G = VY u, the latter can be written as:

Yof +Va (fG)=0. (5.41)

~T
This can be considered induced by G = F(u). The Liouville equation (5 and moment
M (3-21)) based on the observable h(u, x, t) then give the spatlotemporal maps f (u]a: t) =
Py, f(u|0 0) and h(u,x,t) = Kmh(u 0,0), invoking the spatiotemporal operators Py, =
exp([@,t] Lyy), Loy f = —Vu-(fG ) = —Vu-(f F(u)) and K,,. The connections between
these operators and those examined recently in the literature [e.g., 28, 29] [33] 34] warrant
further examination.

5.2. Velocimetric spatiotemporal fluid flow systems with pairwise correlations

Moving directly to a probabilistic framework, these invoke the pairwise pdf f(wu;(x1,1),
U (@2, t) |1, X2, t) [e.g., 103H105], giving the Liouville equation system:

Vitlf iju1 : (f Gll) =0
g]ﬂfnf +Vu2 ’ (f GIg) =0 , (542)
E +vu1 : (f 111) +Vu2 : (f ’u’Q) =0
where V,, is based on xj, u, = Oui/0t and G, = Vg, u;. This expresses the dy-
namical system Vg, z, (w1, u2] = F(ug, us). Previous workers give only the temporal

equation [e.g., II3]. The Liouville equation and two-point moment (s))(xy, 22, 1)
based on the observable ¢(uy, ug, 1, €2, t) then give the pairwise maps f(w, us|®1, T2, t) =
Pw1 wo t f(ul,u2]0 0,t) and g(ul,u2,w1,w2,t) = Kmhm’t s(uy,u2,0,0,0), using the pairwise
operators Pml,mg, exp([x1, x2, t]Lml @ t)s Lml,m,t =V (fF(u,us)) and Ky, 4, ¢

18



For homogenous turbulence x| — @, x5 — x + 7, U — ug, U — u,., the pdf reduces
to f(uo(t), w,(r,t)|r,t) [103], 104], transformmg (6-42)):

V.f +Va, - (fG]) =0

of . . , (5.43)

o TV (fio) +Vu, - (ftr) =0
using Go = Vzug = 0 and G, = V,u,. This is induced by the dynamical system
Vr,t[u07ur] = .’F (uo,ur) and gives maps with simplified homogeneous operators F,.; =
exp([r,t]Lyy), Lry f = —Vauga, - (f F(uo, u,)) and K, ,. In isotropic flow, the velocity gra-
dient is constant in all directions G, = 9 d|u..|/dr = —7d/u, allowing further simplification.

5.3. Velocimetric spatiotemporal fluid flow systems with n-wise correlations

The probabilistic framework for the previous system can be extended to triadic, quartic
or n-wise correlations, based on the pdf f(w;(x1,%), ..., un(Tn, t)|T1, ..., 2y, t) [T03HI05]. The
Liouville system is then:

Varf +Vae -(fGL) =0, Vke{l,..,n}

0 n . 5.44
8_f + 2 Ve - (fag) =0 (5:44)
t k=1
The dynamlcal system can be written as Vg, 4. (w1, ... un] = F(uy,...,u,). The Liouville

system ([5.44)) and n-point moments then give the maps [ = Py, 2.t fo and ¢ = Kml ..... ot SO,

based on the observable ¢(uq, ..., Uy, 1, ..., mn, t) and the multipoint operators Pg31 77777 ot =
eXp([wb "'7wn7ﬂLw1 ~~~~~ mn:t)7 Lwl ~~~~~ mn:tf = - u1 ----- Unp, (f"F<u17 7un)) and le ~~~~~ Tyt

5.4. Phase space systems (including molecular gases)

These can be described by the generalized phase space density ¢(q(t),q(t),t) and pdf
p(q(t),q(t)|t) over the phase space 2(t), based on the positions ¢ and momenta ¢ defined
as 6/N-vectors to represent N particles. These respectively give the phase space Reynolds
transport theorem and Liouville equation (reverting to traditional notation):

d dq dq
d3 d3 _ d3 d3 ¢ d2 % d2
at paqaq= / ot qa’q -+ ¥ dt q-+ ¥ dt

Q) Q) ) mc(lt; ?(;) (5.45)
f— — . — .« . — 3 3 3
- / {81& +Va (“0 dt) +Vq (“0 dt)]d ad'q
o)
dp dq dq
i . A .. 2 ) =0. A4

The latter expresses the dynamical system d[q, q|/dt = F(q,q). Indeed, the Boltzmann
equation can be written in this form [114] [115]. The Liouville equation and moment
(<) based on the observable <(q, g, t) then give the phase space maps p(q, §|t) = P, p(q, 4|0)
and ¢(q,q,t) = K, ¢(q, g,0), invoking temporal forms of the Perron-Frobenius and Koopman
operators, now with Liouville operator L; p = —Vaq (pF(q.q)).
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Making the further assumption of zero-divergence flow [116, 117] V44 - [¢,4] = 0
(whence V4 -q =0 and V- g = 0) gives Liouville’s theorem as written by Gibbs [109, [114]:

dp Op dq dq

dp _ 9p A 4
dt at+<v‘1p a VP dt) 0 (5.47)

This is the oft-quoted statement of “conservation of phase”, a special case of the more
general result (5.46)). Introducing the Hamiltonian H(g, ) by the relations:

dg OH d¢  OH

= 2= 4
dt  0q’ dt oq’ (5.48)
this reduces to the Hamiltonian form [T0T], 110, [1T4]:
dp Op 0OH oOH
dp _ Op oH o O0HN o 4
i o " <qu g VP aq) 0 (5.49)

It is readily verified that the Hamiltonian form (5.48) satisfies zero divergence [117].
5.5. Lagrangian spatiotemporal fluid flow systems

These can described by the density &(x(xo,t),xo,t) and pdf p(x(xo,t)|xo,t) based on
the initial position @ [94) [104]. These give a Lagrangian form of the Reynolds transport
theorem:

d /// adix

wo t)

{// Vo & d*x + # aJ’. dQ} dm0+[// —d3 # &u-d%]dt
m()t t

OQ(xo,t) Q(xo, Q(xo,t)

{/// Voo + Vg - (6T 7)) d? }da:0+{/j(—+v (& ))d%}dt’

Q(:vo t Q(ﬂco t)

(5.50)

where Q(x,t) is the domain, V,, is based on &y and J = V,, x. Setting & = p gives the
Liouville equation system:

Vah + Ve - (pJ ) =0

op ; (5.51)
e + Ve - (pu)=0

which can be summarized as:
Vo )+ Ve -(pJ ) =0, (5.52)

3 ~T
where J = ¥, x. This is induced by the system J = F(x). The Liouville equation ([5.52))
and moment () then give the Lagrangian maps ﬁ(m]wo, t) = Py, tp(zc\O 0) and ¢(x, zo, t) =
Kot (2, 0,0), invoking the Lagrangian operators Py, = exp([o, ] Lag.t), Lags D = —Va-

(T ) and Ky,
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5.6. Spectral flow systems

These have the generalized density 9(i(k, t), k,t) and pdf f(@(k,t)|k,t), where @ is the
modal amplitude vector and k the wavenumber vector [e.g., [105]. This gives the spectral
Reynolds transport theorem:

i [ o

D(k,t)

[///v 9 da + # 9AT. d”} dn+[// _d3A # m.d%}dt 553

D(k,t) (K,t)

[ eomne o [ (oo

where D(k,t) is the domain, A = V@ and & = d@/dt. Setting ¥ = f gives the Liouville
equation system:

Rf+V (fA
af :
EJFV (fu) =

)=
, (5.54)

Taking A= V. u, this is induced by the system KT F(u). Eq. and the spectral
moment () then give the maps fla|k,t) = Htf(u\O 0) and g('u, K t) ng('& 0,0),
invoking spectral operators Py ; = exp([K, ] Lps), Ly f = —Va - (f F(@t)) and K, ;. Many
other spectral transformations of dynamical systems, in space and/or time, can be analysed
in a similar manner.

5.7. Coupled chemical reaction and flow systems

These can be described by the generalized density ¥ (m(x,t), w(x,t),x,t) and pdf
f(m(x,t),u(x,t)|x,t), where m is a k-dimensional vector of mass (or molar) concentra-
tions of different chemical species. This gives the Reynolds transport theorem:

/wdkmd?’u_{/ Vot d*m dPu + 35 VMT - m + % wGT~d2u}dac

Q1) Q(z,t) 0w, t) 8 ()

+{ (Zf d*m d®u + yﬁ Y- d T im yﬁ Y- d*u }
Q(x,t) OQ(x,t) OQ(x,t)
= { / <Vfc¢ V- (W M") + V- (¥ GT)>dkmd3u} - dx
Q(x,t)

+[/ (%—f+v (wm)+vu-(wu)>dkmd3u}dt

(5.55)
Q(z,t)

21



where Q(x,t) is the domain, V,, = 0/0m, M = V,m and m = 0m/0t. Setting ¢ = f
yields the joint Liouville equations:

Vef V- (f M)+ V.- (fGT)=0

0 . . ; 9.56
8{+V (fm)+ V- (fu)=0 (5.36)
which are induced by V. [m,u] = F(m,u). From the moment () based on the ob-
servable ¢(m,u,x,t), these in turn give the maps f(m,ulx,t) = P, f(m,u|0,0) and

s(m,u,x,t) = [A(w,t ¢(m,u,0,0), invoking spatiotemporal Perron-Frobenius and Koopman
operators similar to those in part , now with Liouville operator IA}m f=-"Vmu-
(f F(m,u)). These relations give a very different approach for the probabilistic analysis of
chemical reaction dynamical systems (c.f. [118]).

5.8. Chemical reaction-dependent flow systems

In the probabilistic description these are described by the probability r-form p" = pf ., 4,
a function of the local velocity u(x, m,t) and conditioned on «, m and ¢. Eq. ([£.30) gives
the Liouville equation system:
x,m,t x,m,t) x,m,t

E'E,LL(:D”T)lt)p metp +Z£met)d’0 +d(uLwn)Lt)p)_0' (557)

For global velocity coordinates and pdf f(u|z,m,t), these reduce to analogs of and

also Vo f + Vu - (fK') = 0 with K = V,,,u for variations in chemical species, mduced

by the system [Vg, Vi, 9/0t]"u = ¥y pu = F(u). From the moment (c) based on the

observable ¢(u,x, m,t), these give the spatiochemicotemporal maps f(u|x,m,t) = Py my

f(u|0,0 0) and ¢(u, , m,t) = Kgm, s(u,0,0,0), invoking the spatiochemicotemporal op-
erators Pwmt = exp(la, m, t] L, mit), Lamif ==V (f F(u)) and Ky m

6. Conclusions

In this review, we present a unified framework for the derivation of Reynolds transport
theorems, Liouville equations and Perron-Frobenius and Koopman operators in different
spaces, each of which provides a continuous map between different points or domains in
these spaces, described by the integral curves of a vector or tensor field. These extend
the well-known volumetric-temporal formulations of these theorems and operators, firstly
to a velocimetric-spatial formulation, and then to more general parametric formulations.
The velocimetric-spatial formulation provides spatial maps between positions in a time-
independent flow field, connected by a velocity gradient tensor field, while the parametric
formulations provide parametric maps between positions in a manifold, connected by a vector
or tensor field. The most general parametric formulation invokes multivariate extensions of
several exterior calculus operators including the flow, pullback, pushforward, Lie derivative
and interior product, and the concept of a probability differential r-form. The analyses
reveal the existence of multivariate continuous (Lie) symmetries — in time, space and/or
parametric coordinates — induced by a vector or tensor field associated with a conserved
quantity, which will be manifested in the form of subsidiary integral conservation laws.
These findings significantly expand the scope of available methods for the reduction of fluid
flow and dynamical systems.

To demonstrate their insights and breadth, the findings are used to present new formu-
lations of these theorems and operators for several prominent case study systems in fluid
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mechanics and dynamical systems. These include spatial (time-independent) and spatio-
temporal fluid flows, flow systems with pairwise or n-wise correlations, phase space systems,
Lagrangian flows, spectral flows, and systems with coupled chemical reaction and flow pro-
cesses.

This study opens a number of important avenues for further research. The new formula-
tions of the Reynolds transport theorem ([3.16)), (4.31)), (4.32) and reveal the existence
of alternative formulations of the known integral conservation laws based on different fluid
densities, which require more detailed examination. The connections between the multivari-
ate continuous (Lie) symmetries revealed in §4 and recent analyses of one-parameter Lie
symmetries of the Reynolds transport theorem and related conservation laws [e.g., 25H27],
as well as to other diffeomorphisms [119, 120], warrant further study. Furthermore, the
connections between spatiotemporal Lie symmetries and coherent structures, for example as
identified in the Navier-Stokes equations [e.g., 28], require further exploration. Finally, the
new spatial and parametric Liouville equations and Perron-Frobenius and Koopman opera-
tors presented in offer an assortment of new tools for the analysis of a wide variety of
fluid flow and dynamical systems.
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Appendix A. Proofs of the Volumetric-Temporal Reynolds Transport Theorem

We first revisit two proofs of the extended form of the volumetric-temporal Reynolds
transport theorem ({2.1)), based respectively on continuum mechanics [3} [75] [86) 88H92, 121]
122] or Lagrangian coordinate transformation [41], 59, [69} 87 93] O4].

A.1. Proof 1: Continuum Mechanics

For the first proof, we adopt the continuum assumption and Eulerian description of fluid
flow, in which the generalized density a(x,t) of a conserved property in volumetric space
can be represented as a function of Cartesian position © = [z,y,2]" and time ¢ within a
prescribed geometric region (control volume) as the fluid moves past. We also consider the
Lagrangian or material description of fluid flow, in which each fluid element is assigned a
characteristic label, for example its position vector &g at time ty. The position of each fluid
element at time ¢ is then x(xo, t), giving the fluid element velocity u”(xg, t) = 0z (x0, t)/0t.
The two descriptions can then be united by the equivalence of the material and Eulerian
velocities [94) 123]:

Ox(xy,t)
ot

The two descriptions in (A.1]) also establish the equivalence of the substantial and total
derivatives, here based on the intrinsic fluid velocity:

= u”(xg, t) = u(x,t). (A.1)

Dao(x,t) _ da Vo (e t) = da V.- Ox(xo, 1) _ da(m,t).
Dt ot ot ot dt

We here adopt the standard treatment used in fluid mechanics, to consider the motion
of a contiguous body of fluid €2(¢) — commonly referred to as the fluid volume — within its
surrounding volumetric space. In the Eulerian description, the fluid volume is considered
to be in motion with local velocity field u(x,t) through a prescribed region of interest,
known as the control volume. For the present analysis, we also consider a moving and
smoothly deforming control volume with local velocity field wcy. A schematic diagram of
this situation is shown in Figure[A.2] As shown, at time ¢, both the fluid volume and control

(A.2)

Fluid volume and __ i < .__Fluid volume
control volume \ attime t+dt
attime t

Control volume -~
at time t+ dt

FIG. A.2. Schematic diagram of the motions of a fluid volume and a moving control volume
(redrawn after [86, Fig. 3.5] or [88], Fig. 4.21]).

volume occupy the position shown with a black border. By time ¢+ dt, the fluid volume has
moved to the position shown in blue with a dashed border (here drawn without any change
in shape), while the control volume has moved to the position shown with a red border (also
drawn without change in shape). We are interested in the velocity of the fluid relative to
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the moving control volume, here denoted u,.. From the vector diagram shown — for the
Cartesian coordinate system used here — it is evident that wey + w,.; = u, hence:

Upe] = U — UCY . (A.3)

Eq. is implied or derived in several fluid mechanics references that consider moving
control volumes [e.g. [86], 88, 121], 122], including the original analysis by Reynolds [3]. For
curvilinear coordinate systems, an extended relation has also been presented [87]. For a
stationary control volume ucy = 0, simplifies to u,; = w. We further see that even if
both the fluid volume and control volume are smoothly deforming, (A.3|) remains unchanged,
except that the control volume velocity ucy is no longer constant but becomes a velocity
field ucy (x,t) [86] 8S].

Consider the motion of the fluid relative to the moving and smoothly deforming control
volume, for which a schematic diagram of several streamlines is given in Figure (a). For

Coincident control
volume and fluid volume

FIG. A.3. Schematic diagrams of (a) a velocity field for fluid flow relative to a geometric control
volume, and (b) a volume element on the boundary induced by the flow.

the moving frame of reference, it is necessary to redefine the substantial and total derivatives
in terms of the relative velocity field, as given in (2.2)) [59, 85, [87]:

Do) 00 o0 () ey,
rel

Dt Ot

da

ot

+V$a'( ot dt

We examine the total conserved quantity ((¢) in the fluid volume, given by the volumetric
integral of the generalized density a(x,t):

ot = [ at.tav. (A.5)

Q(t)

where dV = d*x = dzdydz is an infinitesimal volume element. Since Q(t) is a function only
of time, it is possible to write its total derivative as:

o _ %///a(m,t) dV:AntgloAit[ /// o(a, 4+ At) dV—///a(m,t) dV}. (A.6)
) Q

Q(t) Q(t+At ®)
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The second form follows from the definition of the derivative, with Q(¢+ At) here interpreted
as the fluid volume (relative to the moving control volume) at time ¢ + At. By a Taylor
expansion [90]:

_ da(x,t) 10%a(x,t) )
Substitution into (A.6) gives
dQ(t)
dt
B 1 da(x,t) 1 0%« ( t)
- Alir_%&[ /// (a(a:,t) + o At + = 5 ap —— (A + AV — /// a(x,t)dV
Q(t+At) Q(t)
804 (x,t)
= /// Ath—i—h // alx, t)dV — /// (x,t)dV
At—>0 At
Q(t+At) Q(t+AL) Q(t)
Ja(x,t)
By ﬂ/ a0

Q(t+At)—

(A.8)

Note the second-order and higher derivatives vanish in the limit.

We see that the second integral reduces to that of a thin domain (of variable sign) adjacent
to the boundary, created by the relative motion of the fluid between ¢ and ¢+ At. To examine
this, consider a volume element dV in this boundary region, illustrated schematically in
Figure (b) le.g. [75], 186, 8892 [121], 122, 124]. At time ¢, the rate of change of the fluid
position relative to the control volume boundary is (Ox(xg,t)/0t)rer = Ure. In time At,
this will induce the displacement wu,,At in the direction of w,.. The volumetric element
dV is therefore the inclined cylinder formed by projection of the boundary element dA over
the inclined distance wu,At, accounting for its height in the direction of the outward unit
normal n. This gives the intrinsic length df = w,At-n, hence dV = dldA = u, At -ndA.
For flow out of the control volume, this will be positive, while for inwards flow, this will be

negative. Thus (A.8) reduces to

8a . 1
/// Vi Iim N # a(z, t) uaAt - ndA

a(t)

/// et v + # a(z,t) Urer - M dA,

80(t)

where 0€)(t) is the domain boundary. This directly gives the first form of the extended

Reynolds transport theorem in (2.1)). The second form in ([2.1)) is obtained by the divergence
theorem. Wl

A.2. Proof 2: Lagrangian Coordinate Transformation

For the second proof, we follow a Lagrangian description [41], [94] and consider Lagrangian
coordinates xo = [0, o, 20] | With the fixed original domain Q(ty). Rewriting the first two
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parts of ((A.6)) in Lagrangian coordinates gives

833

Q(t) Q(to)

= |dv, (A.10)

o

where Vy = dzodyodzy and |0x/0xy| is the determinant of the Jacobian matrix of Eulerian
with respect to Lagrangian coordinates. The domain in the last part of is now
independent of time, so the derivative can be brought inside the integral. Furthermore,
since fluid elements are unique and indivisible, the Jacobian dx/dx, will be everywhere non-
singular. The derivative of the determinant, in the moving frame of reference, is [41], [125]:

ox ox ox ox

— == = =V, [ = = |——| Vg Upe. A1l

dt|9me| — |00 <6t )ml x| = e (A-11)
Expanding (A.10)) using (A.4)) and (A.11)), and then reverting back to the variable domain,
gives:

O ox ox
-, = ar x * Wpe a_ a_ x * Wre d
///[<8t+(va)ul>‘8mo +a8m0v ul}vo

(A.12)

///[_+ (Vea) - Ureeronm-urel] dV.

This is identical to the second form of the extended Reynolds transport theorem in (2.1)).
The first form is then obtained by the divergence theorem. W

Appendix B. Proofs of the Velocimetric-Spatial Reynolds Transport Theorem

We now provide two proofs of the velocimetric-spatial Reynolds transport theorem (|3.16|)
for time-independent flows, based respectively on arguments from continuum mechanics and
a coordinate transformation method. These follow the essential details of the volumetric-

temporal proofs in [Appendix Al

B.1. Proof 1: Continuum Mechanics (Steady Flow)

For the first proof we again make the continuum assumption, and consider an Eulerian
phase space (volumetric and velocimetric) description of fluid flow, in which the density
o(u, ) of a conserved quantity in velocimetric space can be represented as a function of
velocity w = [u,v,w]" and position & = [z,y,2]", for which [u,z]" gives a Cartesian
coordinate system. In this description, p(u, x) can be interpreted physically as the conserved
quantity carried per unit of velocity and volume space by a fluid element with a velocity
between u and u + du at the position between x and x + dx. This representation assumes
time-independent flow, for example a steady velocity field. We also consider an alternative
description in which the velocity at each point w®(ug, x) is a function of the velocity ug at
some reference location x(, for which the spatial coordinates x are independent variables.
The two descriptions are united by the equivalence of the velocity gradient tensor:

oult
8_a:(u0’w) = G(u,x). (B.1)
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Coincident control volume
and velocity volume

of field

}M; T Ax;
KoV > Velocity volume
(a D(x+AX;) (b) oD(x)

FIG. B.4. Schematic diagrams showing the ith component of (a) a velocity gradient field for steady
flow relative to a velocimetric control volume, and (b) a velocity volume element on the domain
boundary induced by the tensor field.

As with the temporal analysis, we also incorporate a spatially varying velocimetric control
volume which undergoes a changing reference velocity gradient Gy, giving the relative
gradient G, = G — Gcy. A set of field lines for such a system — for example for one spatial
coordinate of the tensor — is illustrated schematically in Figure [B.4fa).

Now consider the integral of the generalized phase space density ¢(u, ) over the velocity

domain:
Flz) = /// o(u, @) dU, (B.2)

D(x)

where dU = d*u = dudvdw is the velocity volume element. F(x) corresponds to the total
conserved quantity (integrated over the velocity space) per unit volume at the position
between  and x + d, i.e., it is equivalent to the generalized volumetric density a(x), in
this case for a time-independent system. Since F'(x) is multivariate, it is not possible to
define the total derivative, but we can directly consider its differential:

{ /// o(u, z) dU} dz;, (B.3)

D(x)

3

dF (z) = Vo F(z) - da = Z 81;(:v)dxi = Z

€

0
8@-
using & = |11, 22, 73] . Each partial derivative is, by definition:

{ /// p(u,z + Az)) dU—///@(u,a:) dU}, (B.4)
)

OF (x)

= lim
axi Az;—0

1
Al’i

where we use the notation (x+ Ax;) to indicate (x4 Ax,y, 2), (r,y+ Ay, z) or (x,y, 2+ Az)
respectively for z; € [v1,29,23]. D(x + Ax;) is then interpreted as the velocity domain
shifted to position x4+ Az;. By a one-dimensional Taylor expansion — or a multi-dimensional
expansion with non-zero translation in only one coordinate — we obtain [90]:

dp(uw,@) . 18¢(u )

5 T (A (B.5)

p(u, @+ Azi) = p(u, ) +
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Substitution into (B.4]) gives

OF (x)
ox;
_ 390(’% ) 1 Pp(u, z) 2
= Jim_ sz{ /// ( G ATt 5 (Aa) ) dU
D(x+Ax;)
/// u, T dU}
D(m
a"” )dU — (u, ) dU
A%HO A:UZ Az;—0 A ’U, ZB plu, T
D(x+Ax;) D(x+Ax;) D(x)
Op(u, x
= ///—&Ei dU—I—AlélrgO A:z:l /// o(u, x) dU,
D(x) D(x+Ax;)—

(B.6)

where again the second-order and higher derivatives vanish in the limit.

We again see that the second integral reduces to that of a thin domain (of variable sign)
in velocimetric space adjacent to the boundary, created by translation of the field (relative to
the domain) between & and « + Az;. Consider a velocimetric element dU in this boundary
region, illustrated schematically in Figure [B.4[(b), with spatial displacement in only one
component z; € {x1,z9,x3}. At position x, the velocity gradient relative to the boundary
0D(x) is Greri = OUye /0, for consistency here taken as a row vector. Over the distance
Ax;, this will induce the change in velocity G,,e“Axl in the direction described by Gre“
The velocimetric element dU is therefore the inclined cylinder formed by projection of the

boundary element dB over the inclined distance G|, #Ax;, accounting for its height in the

direction of the outward unit normal ng. This gives the intrinsic length dlg = G, JAring,
hence dU = dlpdB = Grellel npdB. Thus reduces to
do(u, x) 1
/// Ox; Alcggo Ax; # plu, ) G’"E“Aml ngdB
(e, 2) ope) (B.7)
/// g&a dU + # o(u, )G, -ngdB.
x; ’

9D(x)

Assembling these into |D we obtain the differential

[/// 89061; 2 U + # p(u, ) Grq; - mp dB} dz;. (B.8)

0D(x)

The divergence theorem can be extended (strictly, in the form of Stokes’ theorem) to any
metric space [e.g., [129)]. Applying its three-dimensional velocimetric formulation then gives:

U// [&pal;x V- (o(u, w)Greu)}dU}dxi. (B.9)
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Reverting to d*u = dU, d*u = ngdB, and using vector and tensor notation based on the
selected gradient convention, (B.§)-(B.9) give the velocimetric-spatial Reynolds transport

theorem in (3.16). W

Alternative proof: A more direct proof is to recognize dF'(x) in (B.3) as the directional
derivative D, F(x) = r - V, F(x), in the direction of the differential vector » = da. By
definition:

F(x + hda:) — F(x)

Do F(x) = lim

;;;h{ JK/L o(u, w+hdw)dU—D{[[¢(u,m)dU]. (B.10)

Using a multidimensional Taylor expansion:
h?
o(u, z + hdx) = o(u,x) + hdx' Vypo(u, x) + da:TV2 2o(u, x)dx + .. (B.11)

where V2 = V,(V;)" is the second derivative or Hessian operator, we obtain:

Do F ()
= lim — [ /// ( w, ) + hdx"Vp(u, ) + - dwTV2go(u x)dx + .. )dU

D(x+hdx)

/j (u.2) ]
—}13(1)— /// hdwTngouw)dU+llm [/// (u, ) dU — ///ap(u,a:)dU}

D(x+hdx) D(x+hdx) D(x)

///dm wgpu:v)dU+11m— /// au,

D(x) D(x+hdx)—D(x)
(B.12)

where again the second and higher derivatives vanish. The analysis uses the same directional
argument as before, now in resultant form dU = hdx ' G,anpdB, giving the limit

dF (x) = Dyy F ///dwTVzgo u,x)dU + # o(u, x)de' G,qnpdB. (B.13)
D(x) oD(x)
This is identical to (B.8) and the first part of - [
B.2. Proof 2: Reference Velocity Coordinate Transformation

For the second proof, we consider the alternative description based on a reference set of
velocity coordinates uy = [ug, vo, wp] ' in a spatially fixed velocity domain D(xg). Rewriting

the left hand side of (B.3| m gives
{W u07 7 )

dF (z) = ax, { /// u, dU]dx, i

D(x) D(x0)

ou
a’u,o

dU0:| dIZ,
(B.14)
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where dUy = dugdvodwy and |0u/Oug| is the Jacobian determinant for this coordinate
transformation. For the class of time-independent flow systems examined here, we consider
the Jacobian Ou/0ug to be everywhere non-singular. Using the velocity analog of the relation
for independent spatial coordinates a:

0 |Oul _|Oulg (Ou) _|duw
61'7; 811,0 N 8u0 v aﬁlﬁ'l rel_ 811,0
relz)‘ ‘

uSO) ’ Grel i + SOV Grel Z}dU:| d$7,

V-G (B.15)

rel,i’

then from (B.14)

(G
-

=1 D(x)

V Grel z}dU0:| d.fll'l

(B.16)

This gives the second form of the velocimetric-spatial Reynolds transport theorem in ((3.16]),
with the first form obtained by Gauss’ divergence theorem in velocity space. B

Appendix C. Definitions of Operators and Proof of the Multiparameter Reynolds
Transport Theorem in Exterior Calculus

We now prove the multiparameter Reynolds transport theorem for differential forms
, based on multivariate extensions of exterior calculus operators and the proof of the
one-parameter case [e.g., 43 eqs. 0.49 and 4.33-4.34]. For this we draw on the tools of
existing (one-parameter) exterior calculus, for which excellent reviews are available in a
number of monographs [e.g., 42, 43, [T30HI3§].

Proof: Consider an n-dimensional differentiable manifold M™, described using a patch-
work of local coordinates X = [X7,..., X,,]" defined in some neighbourhood N(s) of each
point s € M™. The coordinates in X are assumed orthonormal, but need not be Cartesian.
Let V' be an n x m vector or tensor field on the manifold, which is parameterized by the m-
dimensional vector of parameters C = [C}, ..., C,,,]T (which could include time ¢). This field
will create the m-parameter maximal integral curve or “flow” within the manifold, defined
by the map [compare [130, chap. 1; 131, §3.3; 42, §2.8; 130, §2.1; 43|, §1.4; [135] §1.3]:

¢: M" x R™ — M™, (C.1)
such that, respectively in vector notation (using the d(—)/d({) convention )}

(200" v s

or for each component Vj, expressed in terms of the local coordinates X; € X and parameter
components C,. € C:

0X;(¢(s, Cc))

o = Vils) (C.3)

! For tensor fields, it may be convenient to represent the manifold using higher-order coordinates s &
R™ x ... x R™. For example, the shear stress tensor 7, represented with second order elements 7;; €
M3*3 C R3 x R3, can be used to define the third-order tensor field 91 /0C with elements Vije = 0735/ 0C,.
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The flow ¢ satisfies the following properties for all s € M™ and all B, C € R™ (c.f. [43, 130,
135, [136]):

¢(s,0)=s
¢(¢(87 C)a B) = ¢(3:B + C)

By previous custom for the one-parameter case, we write this as the bijection (diffeomor-
phism) (c.f. [43, 130} 135], 136]):

¢C : M™ — M™, ¢%(s) = ¢(s,C), (C.5)

which is therefore invertible, and operates linearly ¢€T8 = ¢€ o ¢B = ¢B o ¢©. Thus if
the manifold contains an r-dimensional oriented compact submanifold 2" C M™, each point
in the submanifold at C can be mapped from the origin at C = 0 by Q"(C) = ¢€Q7(0),
and vice versa Q7(0) = ¢~€Q"(C). Informally, we might describe Q"(C) as a “moving
domain” and the map ¢€ as a “movement”, although they each involve a transformation in
the parameter vector C' (such as in spatial coordinates) — reflecting the symmetries of the
vector or tensor field — rather than necessarily in physical time.

Now consider the r-form w”, a linear function defined on the cotangent space of the
manifold M™, with r € NU 0 = Ny such that 0 < r < n. This can be written as (e.g., 130,
chap. 1; 131, §1.1; 134, §A.3)%

wh = Z Wi, .. .4y, de1 VANPIRAN der, (06)

J1<.<Jr

(C.4)

where wj, . ;, are scalars (possibly functions of X)), A is the exterior or wedge product and
the dX;, are an ordered selection of 7 terms from the vector dX = [dX,...,dX,]", with
the sum taken over all increasing combinations of the d.X;, . Physically, the wedge product
dX; N .. ANdXj is the oriented volume of an infinitesimal r-dimensional parallelepided.
Integration of w” over the submanifold Q(C) C M™:

W(C) = /Q o W (C.7)

therefore gives the total oriented quantity W (C') in the submanifold, as a function of its
parameters C'. The r-form formalism thus extends standard multivariate calculus to the
analysis of oriented areas and volumes on manifolds, using a patchwork of local coordinate
systems.

For a smooth (infinitely differentiable) map f : M"™ — N’ between smooth manifolds
M™ and N* (for £,n € N), there exists an important theorem that a smooth r-form w” on
N* can be mapped to a smooth r-form f*w” on M", where f* is known as the pullback
le.g., 3] §2.7]. In consequence, assuming smoothness, the multiparametric diffeomorphism
#© defined in can be used to define a vector pullback ¢*C, providing an invertible
coordinate transformation between M™ and itself in the C direction (with inverse ¢€, known
as the pushforward). Formally, we define [compare [134], §5.5; [43], §0j and §2.7; 138 §3.2]:

$*Cur — Z (w;,.;. 0 6°) dqﬁﬁ A A dqﬁﬁ

1< <Jr

o | 965, ... 05) “
) . 19 Y Xm/\/\dX )
Z Z (w]1.--]7 © ¢ ) ‘8(Xk‘17 LK) Xkr) ’ ’

<. <gr k1< <kr

§ Note that many authors adopt an implied summation convention for this and subsequent equations; we
do not adopt this here.
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where |0(¢5, ..., 9§)/0(Xy,, .., Xk, )| is the determinant of the Jacobian matrix between the

Ju?
two coordinate systems, without change of sign. We see that the pullback ¢*C satisfies
linearity, and enables an r-form at C to be mapped back to C' = 0, or vice versa using the
pushforward ¢€.

We next consider the exterior derivative, which when applied to an r-form gives [e.g.,

130], chap. 1; 131, §3.2; 134, §A.3; 42 §8.3; 43, §2.6]:

dw' = Y dwj AAXG AL AdX, (C.9)

J1<..<Jr

Since the integral in (C.7)) is a O-form, its exterior derivative is its differential:

dC, = ow dC = M
ChtCL oC oC

avic) =S W

= . 1
> o dc, (C.10)

which indicates the terms CY, for all k£ # ¢, are held constant in each partial derivative, and
which uses the standard dot product. To simplify, the variable domain of integration is first
converted to a fixed domain via the pullback:

8 *C , r m a *Ce , 1
AV (C) = UQ(O(%?; W)-dC:Z (fQ(Oéz w")

using the reference position C' = 0, in the (relative) coordinate system chosen for C. For
each component in (C.11)), from the definition of the partial derivative and the linearity of

the pullback (C.8):

dc,, (C.11)
Clﬁéoc

0 o e fQ(o) @*(Ceth) T — fQ(o) ¢ e w’
¢" e w" = lim
aCc Q(0) h—0 h (C 12)
‘ (ZS*CC (¢*h W' — wr) ‘ <¢*h W' — wr)
= lim = lim ————= %,
h—0 Q(0) h Q(Ce) h—0 h

where the last step converts back to a variable domain using the pushforward ¢%¢. The term
in braces is the Lie derivative Ly _ of the differential form w” with respect to the column
vector field V.. € V associated with the flow ¢% € ¢©, based on the increment h in the
one-dimensional flow parameter C,. [136], §2.2; 43| §4.3a]. Taking a cue from the directional

derivative (see |[Appendix B|), this could equivalently be defined in terms of the pullback

¢*"C and written as E‘f *, to explicitly identify the component C.. In consequence, we can
define an m-dimensional multiparameter Lie derivative of an r-form with respect to V' over
parameter C' by:

LY =1Ly, Ly W

(¢*thl W' — wr) (¢*thm W' — wr) T
(PSR NG Er )

where 1,, is an m-dimensional vector of 1s. Assembling (C.7))-(C.13]) then gives:

1' (d)*th wr _ ]-m wr) <C13)
= ]1m .

= Jim h—0 h

AW (C) =d / W' = {/ .c‘vc)wf} -dC. (C.14)
Q(C) Q(0)
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This is the first part of (4.31)).
Finally, we consider the one-parameter interior product, which effects the contraction of
an r-form to an (r — 1)-form, given for r > 0 by [e.g., [133] p100, 135] §1.5, 42} §9.2]:

v = > D (=D pw;, 5 dX, A AdXG, A dX

Jk+1

A.NAXG (C.15)

1<...<jr k=1

based on components U, of a one-parameter vector field U defined on M"™ with implicit
parameter t. This was shown by Cartan to satisfy the equation Lyw” = iy dw” + d (iy w")
le.g., 131, §5.8, 134 §A.3, 135 §1.5/42] §8.6,43] §4.2b]. By component-wise extension, it is
possible to define a multiparameter interior product based on the field V' with parameters

C:

i&,c) W' = [z&,cl)w zgm)w )"
(C.16)
> Z(— W w5 dX g A NAX G NdX G, A AN dX,

1<...<jgr k=1

based on row vectors V. € V. By construction, this satisfies a multiparameter Cartan
equation:

£§,C)w —zV ) dw” —i—d(zv w") (C.17)
Using this result, and the exterior calculus expression of Stokes’ theorem fQ(C) dw
%Q o)W w” , 134 §5.5; 137, §6.2; 43, §3.3b], we obtain the third and fourth terms in
(4.31)). I

Discussion: The above proof invokes m-parameter vector extensions of the “flow” —
, pullback and pushforward , Lie derivative and interior product (C.16)),
which follow naturally from their one-parameter definitions. The r-form, exterior derivative
and dot product are unchanged. The proof also extends naturally to higher-order tensor
fields and to vector- or tensor-valued differential forms, by component-wise application of
operators, in the same manner as does the traditional Reynolds transport theorem . It
also can be extended to a parametric tensor C if desired, using an element-wise (Hadamard)
tensor product, or alternatively by the use of trace or higher-order diagonal operators on
matrix products (such as in the Frobenius inner product).

Appendix D. Proof of the Augmented Multiparameter Reynolds Transport Theo-
rem in Exterior Calculus

We first present a definition and several lemmas, and then the main proof.

Definition 1 FEaxtending the terminology of one-parameter exterior calculus, the differential
operator associated with an n x m vector or tensor field V' (C.2) can be defined as [c.f.,[15],
§A.1,1135, §1.3,[42, §2.8,[43, §1.3-1.4):

V= Z VjT_(X)a% —V(X)- 0x (D.1)

J

in which V denotes the differential operator, and we retain the notation V' for the ten-
sor field, where V ;. (X) is the jth row of V defined at X. We further define 0x =

34



[0/0X1,...,0/0X,]" as the vector partial differential operator with respect to X; this no-
tation avoids confusion with the gradient operator Vx for a non-Cartesian coordinate sys-
tenﬂ. For consistency, we also require the operator (D.1) to conduct an implicit rotation,
to convert the m-dimensional row vector into a column vector.

In (D.1)), the partial derivative terms can be interpreted as a basis set of tangent vectors
at each point, expressed in the local coordinate system, but also act as differential operators
on mathematical objects [e.g., 132, §7.1, 134, §A.1, [135] §1.3,/42] §2.8, 143, §1.3b-c|.

Lemma 1 Application of the tensor field operator to a function f gives:

v =3 Vi 2 _vix) oxpx)=pyr=£fr 02)

where Dy 1s a multiparameter directional derivative in the directions of the columns V .
of V', i.e., with one direction for each component C., and ﬁ(‘?) 1s the multiparameter Lie

derivative defined in (C.13]).
Proof Applying V (D.1)) to a differentiable function f(X) gives the vector field:

V) =S VIHE —v(x) 0 r(x) 03)

For a Cartesian local coordinate system'Y € M":

V) = S VI V) () =Dy fY) (0

where Vy is the gradient with respect to'Y . The multiparameter directional derivative in
(D.4) is obtained by assembling its vector components. By coordinate transformation to any
other orthogonal coordinates X, using the definition of V' in (C.2)-(C.3):

V(f)(Y) =Dy f(YT) =V(Y) Vyf(Y)= V(Y>TT«7~71 Vy f(Y)
- (g}c:) g;( g{ Vv /(Y) = {(?@ g)xf}{gfc VYf(Y)} (D.5)

_ (@_X) OxF(X) = V(X) 0x f(X) = V(f)(X)

oC

where J = Oy X is the Jacobian of X with respect to Y, and J ' as its inverse. We
see that applying the tensor field operator to a function, or equivalently the multiparameter
directional derivative, is independent of the coordinate system used [c.f., [15], §A.3].

¥ The vector partial derivative operator has variously been denoted using index notation [e.g., 134, §A.1,
135, §1.3,142, §2.8], the bold operator 8/8X; [43] §1.3-1.4] or simply by the gradient [132, §7.1, 137, §5.1].
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Now consider the multiparameter Lie derivative of a function. For each term in (C.13)):
¢ f(X) — f(X)

£v2f = Jim h
o T6MOX) — f(X)
h—0 h
- (X +hgEdC,) - f(X) (D.6)
= lim <
h—0 h
h—0 h
=Dv. [

using the definition of the pullback (C.8) and coordinate transformation of the increment
hdC., where we recognise dC, as a scalar quantity (see (B.10) and the comments after

(C.12) ). Assembling into the vector Lie derivative and uniting with (D.5)) gives (D.2]).

Eq. (D.2) extends the known results of one-parameter exterior calculus [132, §7.1, 134]
§A.1, A.3, 135 §1.3-1.5, [42] §2.8, 43, §1.3b-c, 1.4a, 4.2], e.g., for the velocity vector field
u(x,t) with coordinates & and parameter t, L, f = D,, f.

Lemma 2 The multiparameter Lie derivative (C.13|) exhibits the properties of termwise ap-
plication (derivation), commutativity with the exterior derivative, and linearity with respect
to tensor fields, respectively:

LW+ 719 = (L) ATt W A (L) 79) (D.7)
£d=acl (D.8)
£§2er = E&?)w’" + 5%5)0.1’" (D.9)

where T4 is a q-form defined on M"™ with ¢ € Ny and 0 < ¢ < n, and V and W are two
tensor fields with m columns but not necessary the same number of rows.

Proof The proofs of and follow columnwise from their one-parameter coun-
terparts [c.f., [15], §A.3, 1138, §1.5, [{2, §8.6, [43, §4.2a]. To prove (D.9)), consider the
ny X m tensor field V. and ny X m tensor field W defined on the same manifold M™ with
1 < ny,ng < n, respectively with flows (s, C) and (s, C) defined by (C.2)-(C.3). Let the
tensor field V' have local n,-dimensional coordinates X and operator V, and let W have
the local ny-dimensional coordinates Y and operator W. From the definition of the
multiparameter Lie derivative:

xhdC , \r T *hdC , r r
©) + | pC) ¢ . OO =10 YT 1w
S i e el L R

= hm ¢*th w" + ,¢*th w" — 2m w”
h—0 h
TN ol o M (D.10)
h—0 h
~ lim <¢ + ¢)*h’dC W' — 1m W'
W50 h'
c T
= [’iu)ww
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by linearity of the pullback (C.8|) and redefinition of the distance h = 2h', where 2,, denotes
an m-dimensional vector of 2s. Note that the sum in the amalgamated Lie derivative is
defined in terms of its differential operators, i.e., from (D.1)):

€) . p€) _ pC)
Lyviw = Lyiw = Ly x)ox+w(v) oy (D.11)
showing that the operators are of compatible dimension.

Egs. (D.10)-(D.11]) extend a known result of one-parameter exterior calculus [132, §7.1,
43|, §4.3b], with greater attention to the handling of vectors or tensors of different length.

Main Proof: We now consider the proof of , by applying to a parameter-
dependent vector or tensor field V(C'). Extending the analysis given in [43, §4.3b], we embed
the manifold in the higher-order differentiable manifold M™ xR™, in which M™ is augmented
with the domain of C. This invokes the augmented local coordinates X = [X,C]", again
assumed orthonormal but not necessarily Cartesian. This creates the (n+m) x m vector or
tensor field VLC', the maximal integral curves of which can be expressed by the map:

¢: M"™ X R™ x R™ — M" x R™, (D.12)

such that, for the augmented position s € M™ x R™, augmented local coordinates X'j eX
and parameter components C,. € C'

06(5,C)\" ) 0X;(4(5,C.)) ]
(T) =V.LC(8) and a—oc—[VI_C]jc(S) (D.13)

The map qAﬁ satisfies the same linearity properties as the “flow” ¢ for C-independent systems
(|Appendix CJ), and so can be applied to the submanifold 2. By previous custom, we write
the map as the diffeomorphism:

~

¢C  M" x R™ — M" xR™, ¢C(3) = ¢(5,C). (D.14)

This allows the definition of the augmented vector pullback (%*C and pushforward qgf, en-
abling invertible coordinate transformations within M™ x R™ parameterized by C', which

can be projected into M™.
Examining (D.13)), VLC consists of the elements 0.X;/0C, = Vj. based on local coordi-
nates X; in the top n rows, and 0C},/0C, below, giving:

V.C = {I‘;} (D.15)

where I, is the identity matrix of size m. From the definition (D.1]), the tensor field can be
written as the augmented differential operator:

As an example, for the velocity vector field w(x,t) with coordinates & and parameter t,
(D.16]) reduces to the operator o = u - 85 + 9/0t [e.g., 43, §4.3].
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We now apply (4.31)) to the augmented system, noting that w remains an r-form in Q(C):

d / W = {/ E(vc?cwr} -dC (D.17)

Q(C) Q(C)

where d is the exterior derivative based on the augmented coordinates X . To reduce (D.17),
we rewrite the Lie derivative in operator notation (D.16)), expand using and convert
back:

E&f’?ch = E](A}C)w” = Egj?acwr = £§,C)w’" + Eg’;)wr = £§/C)of + E(Ii)w’" (D.18)
Now from and (D.2):
LYVdX; = dLY X, = d(V(X) - 8xX;) = dV ] (D.19)

using 0X;/0Xy, = 11if j =k and 0 if j # k, hence:
LY X = dLy)) X, = d(I)] = Oy, (D.20)

where the last step gives a zero vector of dimension m. Applying the identity Lie derivative
to the r-form w” in (C.6|) then gives:

LOw = 3" £ wy, 5, dXG, A AdX)

j1<-~-<jr
C C
= > (L wj ) dXG A NAXG, +wy g, (LX) AN AXG, +
j1<-~-<jr

Fwy,y, dXG A A (LD)dXG)

D.21
= > (LY W), ) dXjy A N X, (D-21)
1< <Jr
= > (In-8cwj,.;,) dX;, A ... NdX,
1< <Jr
= Z (8011)]'1.”%) del VANPRVAN deT
1< <Jr
= Bcwr

where the second line follows from ([D.7]), the third line follows from ([D.20]), and the fourth

line follows from (D.2)), using the fact that each wj, j, is a function (0-form) and EE-? invokes
the operator O¢. The last line follows by amalgamation into the r-form, using 8cdX;, = 0,,

for all j. In consequence, (D.17)) simplifies to:

d / W = {/ ﬁ(vcl)cwr} -dC (D.22)

Q(C) Q(C)
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— / (Egi)w’”+£§?)w”)1 .dC
Q(C)

_ / (acwwc&?’wr)} -dC
a(c)

— / (Bcw” + i) dwwd(i&,@w’“)] .dC
a(c)

where the last line follows from the multiparameter Cartan relation (C.17), in which d and

z§/c ) are based on the standard local coordinates X. Eq. connects the first, second
and fourth parts of . The third part of , containing the surface integral term,
follows from Stokes” theorem. M

We note that if C' is expressed in Cartesian coordinates, the first term in the integrand
of can be written as Veow”. The above analysis extends the proof of for one-
parameter systems C = t given by [43, §4.3b]. The same result appears to have been first
reported by Flanders, using a different proof based on r-chains and an augmented pullback
operator [41], §8].

Appendix E. Probability r-forms

There is a complication in the definition of probability r-forms, due to the question of ori-
entation [e.g. 139, §11.4]. This arises from the contradiction between the measure-theoretic
definition of a probability density, which is independent of the direction of integration, and
the oriented volumes and surfaces encountered in exterior calculus. To address this, we first
define a probability r-form by:

1< <Jr

where b, arescalars and the dX;, are an ordered selection of r vectors from [d X1, ..., dX,".

This definition is made subject to local and global constraints, respectively:

pr>0, Vse M"
/ pr=1 VQC)eM"
Q(C)

To satisfy these constraints, we define — only for an oriented compact submani-
fold ©2(C') within an orientable manifold M™, and preclude non-orientable manifolds [139].
Furthermore, the choices of the b, ; terms and/or the combinations of dX,, need to be
restricted with respect to the orientation of the submanifold Q(C') to satisfy the constraints.
The bj,.; terms can then be interpreted as connected segments or portions of a joint-
conditional pdf p(s|C) defined over all points s € Q(C) in the submanifold, using a local
coordinate system X (s), subject to the conditions C.

The nonnegativity constraint in (E.2)) can be achieved in several ways: the simplest
method is to take p” as the absolute and normalized value of some r-form v" defined over
the submanifold. A weaker method would be to impose the equivalence sign(b;, ;) =
sign(dX;, A...AdXj, ), ensuring non-negative terms in the sum. An even weaker method would
be to allow negative local terms p;, ;. < 0 and oriented volume elements d.X;, A...AdX;, <0,
so long as the constraints are satisfied in the sum ([E.1)).

(E.2)
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Appendix F. Proof of the Generalized Reynolds Transport Theorem in Vector Cal-
culus

To prove , consider the augmented Reynolds transport theorem (4.32) with global
Cartesian coordinates X and parameters C defined on the space M C R", for which
the tensor field V is a function of X and C. This theorem is applied to the top form
uro= Zjl in Wi dXy A ... NdX, defined on M. Since M is orientable, y" is also a

~~~~~~

VX, C) =325 o wij, 42 §8.7]. We further assume that ¢ is continuous and contin-

.....

uously differentiable with respect to X and C' throughout the domain Q(C) C M, for all
coordinates up to its boundary and all parameter values considered.

Examining the left-hand side of (4.32)), since the integral is a function (0-form) we see
that d fQ(C) =d fQ ) 1", where d is the differential. Now consider each term in the last

integrand on the rlght hand side of (4.32)) applied to p™. Firstly, for Cartesian parameters
C, the first term reduces to Ocu” = VCM. Secondly, from the definition of the exterior

derivative (C.9):

du™ = dip NdX) A .. AN dX, = ZaTka/\Xm/\ ANdX, =0 (F.1)
k

since every term contains dX; A dX; = 0 for some k € {1,....,n}, by virtue of being a top
form. In consequence, the second term zg,c ) du™ in (4.32) reduces to the zero vector 0,,.

Thirdly, examining the last term di(‘f) " in (4.32), using (C.16)), (C.9) and dX; AdX; =0
we find that [c.f., 42] §9.2]:

dis) = diy (v dXy A A dX)

= dZ(—D’H YV dXy A NdX ey ANdX g A A dX,
_Z VAWV ) AdX L A AN dX oy AdX gy A A X,

_ j=1 J

_Z ka)ka/\Xm/\ AAX 1 NdX gy A AN dX,

_ g T (F.2)
— ; an (YV,) dXi A ... NdX,

= Vx - (V) dXi A ... AdX,

where we again define Vx - (¢ V) = [V (1 V)]T. Assembling these results into ([4.32)),
and recognising that integration over dX; A ... A dX,, is equivalent to integration over
dX;...dX, = d"X, we establish the equivalence of the first and last terms of (4.37). The

middle term in (4.37)), containing a surface integral, is obtained from the last term by the
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