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Abstract. Our recent work identifies material surfaces in incompressible flows that extremize the transport of an
arbitrary, weakly diffusive scalar field relative to neighboring surfaces. Such barriers and enhancers
of transport can be located directly from the deterministic component of the velocity field without
diffusive or stochastic simulations. Here we extend these results to compressible flows and to diffusive
concentration fields affected by sources or sinks, as well as by spontaneous decay. We construct
diffusive transport extremizers with and without constraining them on a specific initial concentration
distribution. For two-dimensional flows, we obtain explicit differential equations and a diagnostic
scalar field that identify the most observable extremizers with pointwise uniform transport density.
We illustrate our results by uncovering diffusion barriers and enhancers in analytic, numerical, and
observational velocity fields.
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1. Introduction. Transport barriers can informally be defined as observed inhibitors of
the spread of substances in a flow. They are well documented in geophysics [36], classical
fluid dynamics [26], plasma fusion [8], reactive flows [30], and molecular dynamics [35], yet no
general theory for them has been available until recently. In [15], we have put forward such
a theory for incompressible flows and weakly diffusing substances by defining and solving an
extremum problem for material surfaces that block the diffusive transport of passive scalars
more than neighboring surfaces do.

The a priori restriction of this optimization problem to material surfaces (codimension-
one invariant manifolds of the flow in the extended phase space of positions and time) is
justified by the complete lack of advective transport across such invariant surfaces. Indeed, for
small enough diffusivities, pointwise, finite-time, advective transport through any nonmaterial
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(i.e., noninvariant) surface is always larger than diffusive transport. As a consequence, in the
range of small diffusivities, one should seek transport barriers among material surfaces.

Such barriers turn out to be computable and depend on the structure of the diffusion tensor
but not on the actual value of the diffusivities [15]. Thus, diffusion barriers remain well defined
in the limit of nondiffusive, purely advective transport. In that limit, they form surfaces that
will prevail as transport inhibitors or enhancers under the presence of the slightest diffusion
or uncertainty modeled by Brownian motion. This gives a transport-barrier definition in the
advective limit, independent of any preferred coherence principle and based solely on the
physically well-defined and quantitative notion of diffusive transport through a surface. This
limiting property of diffusion barriers eliminates the current ambiguity in locating coherent
structures in finite-time, advective transport where different coherence principles give different
results on the same flow [11]. Unlike set-based approaches to coherent advective transport,
the approach in [15] does not require diffusion barriers to be closed and hence also finds open
bottlenecks to transport such as fronts and jets. This feature of the method is also important
for closed diffusion barriers to remain detectable even if they do not lie entirely in the domain
where velocity data is available.

While valid in arbitrary dimension, the results in [15] rely explicitly on the assumption
that the flow carrying the concentration field of interest is incompressible. Liquid flows aris-
ing in applications are indeed practically incompressible, but air flows are relatively easy to
compress. This precludes the application of [15] to atmospheric transport problems, such as
the identification of temperature barriers surrounding the polar vortices (cf. [4, 6, 20, 32]).
Notable compressibility also arises in two-dimensional velocity fields representing horizontal
slices of planetary atmospheres, obtained from observations [12] or from numerical models [2].
The dramatic accumulation of oil and flotsam on the ocean surface [7], as well as the charac-
teristically nonconservative surface patterns formed by algae [37], also necessitate the use of
two-dimensional numerical models with significantly compressible, two-dimensional velocity
fields.

These examples of compressible velocity fields nevertheless invariably conserve mass. For
instance, oil remains buoyant and hence confined to the ocean surface, thus there is no sig-
nificant loss in the total oil mass in the absence of other processes eroding it. Accordingly,
a velocity field model for surface oil transport should be mass conserving. Inspired by such
examples, we consider here diffusive transport in the presence of a carrier flow that may
be compressible but conserves mass. At the same time, we also allow for variations of the
transported concentration field due to effects beyond diffusion. These effects include contri-
bution from distributed sources and sinks, as well as spontaneous concentration decay in time
governed by a potentially time-dependent decay rate.

A number of prior approaches to weakly diffusive transport exist (see, e.g., [36] for a
survey), but only a handful of these target structures in the compressible advection-diffusion
equation. Among these, [33, 34] recast the advection-diffusion equation in Lagrangian co-
ordinates and suggest a quasi-reduction to a one-dimensional diffusion PDE along the most
contracting direction. While this approach yields formal asymptotic scaling laws for stretch-
ing and folding statistics along chaotic trajectories, such trajectories become undefined for
finite-time data sets that we seek to analyze here. The residual velocity field of [27] offers
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an attractive visualization tool for regions of enhanced or suppressed transport but requires
already performed diffusive simulations as input, rather than providing predictions for them
from velocity data (see also [1]). The popular effective diffusivity approach of [25] is based
on the assumption of incompressibility (conservation of area) and hence becomes inapplicable
to compressible flows. We finally mention recent work in [17] which provides an advection—
diffusion interpretation for the compressible dynamic isoperimetry methodology developed in
[10]. This latter, set-based approach targets metastable or almost-invariant sets in a purely
advective transport context.

Our analysis here considers a mass-based (rather than volume-based) concentration field
¢(x,t). In the absence of diffusion, spontaneous concentration decay, and concentration
sources, the transport of ¢(x,t) in and out of an evolving material volume V' (¢) would be
pointwise zero due to the conservation of the mass of V' (¢) by the flow. Source terms and spon-
taneous concentration decay add a deterministic evolution to the concentration along particle
trajectories, and hence the initial concentration remains deterministically reproducible, i.e., a
conserved quantity along all particle motions in the absence of diffusion.

The presence of diffusion, however, erodes this conservation law, as if trajectories were
stochastic and hence the value of the initial concentration along them could not be immediately
reproduced just from the knowledge of the present concentration, the initial time, and the
initial location along a fluid particle trajectory. Here, we will seek transport barriers as
material surfaces across which this diffusive erosion of initial concentrations is stationary
when compared to nearby material surfaces. For incompressible flows, this barrier concept
will turn out to simplify exactly to the concept of most impermeable material barriers to
diffusion, as developed in [15]. In the present work, we will collectively refer to stationary
surfaces (minimizers, maximizers, and saddle-type surfaces) of diffusive transport as transport
barriers without performing a second-order calculation to identify their types. As its prior
incompressible version in [15], our present approach to transport barriers does not require
them to be closed and hence applies to open barriers (such as fronts and jet cores) as well.

Beyond adding the effects of compressibility, sources, sinks, and spontaneous decay, our
present analysis performs the transport extremization both with and without conditioning it
on a known initial concentration field. In this context, unconstrained barriers are material
surfaces that prevail as stationary surfaces of transport even under concentration gradients
initially normal to them. Constrained barriers, in contrast, are stationary surfaces of transport
under a fixed initial diffusion-gradient configuration. We derive mathematical criteria for both
types of barriers and illustrate these criteria first on explicitly known Navier—Stokes flows, then
on observational and numerical ocean data.

Our analysis and examples show that several well-documented features in a diffusing scalar
field, such as jets and fronts, are technically not minimizers of diffusive transport when con-
strained on a given initial scalar field. This is at odds with the usual terminology by which
surfaces of large concentration gradients are generally referred to as transport barriers, even
though the actual transport through them appears large precisely because of those large gra-
dients. This paradox has already been pointed out in the Eulerian frame but has remained
unresolved [25]. Here we recover the same effect in rigorous terms in the Lagrangian frame
and find that barriers are transport maximizers with respect to all localized perturbations.
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2. Set-up. We consider the compressible advection-diffusion equation for a mass-unit-
based concentration field ¢(x,t) in the general form

(2.1) 9 (pc) + V- (pev) = vV - (pDVe) — k(t)pc + f(x,1)p,
c(x,t0) = co(x), p(x,t0) = po(x).

Here V denotes the gradient operation with respect to the spatial variable x € U C R" on
a compact domain U with n > 1; v(x,t) is an n-dimensional, spatially at least C-smooth
(and hence shock-free), mass-conserving velocity field generating the advective transport of
c(x,t) whose initial distribution is co(x); D(x,t) = DT (x,t) € R™" is a dimensionless,
positive definite diffusion structure tensor describing possible inhomogeneity, anisotropy, and
temporal variation in the diffusive transport of ¢; p(x,t) > 0 is the mass-density of the carrier
medium; v > 0 is a small diffusivity parameter rendering the full diffusion tensor vD small in
norm; k(x,t) is a space- and time-dependent coefficient governing spontaneous concentration
decay in the absence of diffusion; and f(x,t) describes the spatiotemporal sink and source
distribution for the concentration. We assume that the initial concentration c(x,tp) = co(x)
is of class C?, and D(x,t), k(t), and f(x,t) are at least Holder-continuous, which certainly
holds if they are continuously differentiable. We will therefore assume the latter for simplicity.

Without the spontaneous decay and source terms, (2.1) was apparently first obtained by
Landau and Lifschitz [19] as a compressible, non-Fickian advection-diffusion equation for pc
(see also Thiffeault [34]). We note, however, that with the modified velocity field

(2.2) W=V + %DV,O,

(2.1) can also be recast as
(2.3) O (pc) + V- (pew) = vV - (DV (pc)) — k(t)pe + f(x,t)p,

an advection-diffusion equation with classic Fickian diffusion for the scalar field pc under the
modified velocity field w.

Given a carrier velocity field v(x, t) of general divergence V-v(x,t), the density p featured
in (2.1)—(2.3) must satisfy the equation of continuity

(2.4) Op+ V- (pv) =0.

Combining the continuity equation (2.4) with (2.1) gives an alternative form of the com-

pressible advection-diffusion equation as
Dc 1

2.5 — = —vV - (pDVc) — kc .
(2.5) Dt~ 5 (pPDVe) — ke + f

The flow map induced by the velocity field v is F}fO: xo — x(t;tp,X0), mapping initial
positions xg € U to their later positions at time t. We assume that all trajectories stay in the
domain U of known velocities, i.e., F} (U) C U holds for all times ¢ of interest." We will be

!This assumption still allows for the detection of subsets of a diffusion barrier that is not fully contained in
U, as long as such subsets are formed by trajectories staying in U over the time interval [to, t1].
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studying diffusive transport through material surfaces which are time-dependent families of
codimension-one differentiable manifolds satisfying

M(t) = Fl (M) C U,

with M(tp) = My denoting the initial position of the material surface. Note that (M(t),t)
is an n-dimensional invariant manifold in the extended, n 4+ 1-dimensional phase space of the
nonautonomous ODE x = v(x, ).

We denote by VoFgo the gradient of Fﬁo with respect to initial positions xg, satisfying

¢
(2.6) det VoF} (x0) =exp [ V-v (F} (x0),s) ds.

to
The equation of continuity (2.4) together with (2.6) then yields the relation

t x
p (Fi,(x0),t) = po(x0) exp [— ; Vv (Fj (x0),8) ds| = det@.o(l‘ﬂgj(xo)'

The smallness of the diffusivity parameter v is not just a convenient mathematical assump-
tion: most diffusive processes in nature have very small v values (i.e., large Péclet numbers)
associated with them (see, e.g., Weiss and Provenzale [36]). The smallness of v, however,
does not automatically allow for simple perturbation approaches, because (2.1) is a singularly
perturbed PDE for such v values.

3. The compressible diffusion barrier problem. To formulate the compressible diffusion
barrier problem outlined in the introduction in precise terms, we first observe that for v = 0,
(2.5) is solved by

t t t
c(x,t) = e I "o (Bl (x)) / e~ J: MO 172 (x), 5) ds.

to

Therefore, the function

t t s
(3.1) u(x, t) = el "o x 1) = [ el M s (%), 5) ds,
to

returning the initial concentration at time ¢y along characteristics of (2.5), is conserved along
trajectories (i.e., D%;L(x(t),t)) = 0), given that u(x(t),t) = co(F(x)) = co(x0)-

For nonzero v values, p is no longer conserved along trajectories of v(x,t). In that
case, D%,u(x(t),t) measures the irreversibility in the evolution of c¢(x,t) along trajectories.
Specifically, we have

D t s)as t y o)aoc S
E,u(x,t) =D [efto k(s)d c(FiO(xo),t) — ; effo k(o)d f( to(xo),s) ds]
= KO e (Bl o), ) + o0 (B8 (x0),2) — o O (8 (x0),1)
t S
32) =V (px DOV |uxt) + [ 0O @), ) ds| ) .
p(X, t) to
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This latter PDE for the evolution of u(x,t) can also be rewritten in Lagrangian coordi-
nates applying the formulas of Tang and Boozer [33] and Thiffeault [34] that transform the
classic advection-diffusion equation to Lagrangian coordinates. When applied to ji(xg,t) :=
1(F}, (x0),t), those formulas directly give

1

(33) 8t/1(x0,t) = Vm

Vo - (Tio (Xo)VO [ﬂ(Xo, t) + b(Xo, t)]) ,

where V denotes the spatial gradient with respect to the initial condition xq, and Tio and
b(xg,t) are defined as

(3.4) T! (x0) == po(x0) [VoFY (x0)] " D(FL, (x0),t) [VoFY, (x0)]
b(xg,t) = t elio k(a)daf(FfO (x0), s) ds.

The definition of the transport tensor T}, (xo) in (3.4) is similar to that in [15] but the present
definition also contains the initial density pg(xg) as a factor and no longer assumes the flow
map to be volume-preserving.

Remark 1. It will be crucial in our present derivation that no spatially dependent terms
beyond the initial density remain in front of the divergence operation in (3.2). That is the
case only if the flow map of the characteristics of (2.1) is linear in x¢ for » = 0. This, in
turn, holds only if the right-hand side of (2.1) is a linear function of ¢(x,t) with a spatially
independent function k(t), as we have assumed. Consequently, (2.1) is the broadest class of
PDEs to which our present approach is applicable.

The following result is critical to our analysis, establishing a leading-order formula for the
total transport

t1 t s
spt) = [ [ pxt (D0 [t + [ e O (10,9 s ) asa
to ./\/l(t) to

of the scalar field pu(z,t) field through an evolving material surface M(t), where we have
deduced the expression of the pertinent flux vector for Eié (M) from (3.2).

Theorem 1. The total transport Eié (M) of u through an arbitrary, evolving material sur-
face M(t) = F} (M) over the time interval [to,t1] is given by

(3.5) Zié (M()) = I//j1 /M <T§0 (V()C()(XO) + Vob(Xo, )) ,n0> dAodt + O(V)

with (-, -) denoting the Euclidean inner product, dAy denoting the surface element along the
initial material surface Mg, and o(v) denoting a quantity that, for v — 0, tends to 0 even
after division by v.

Proof. See Appendix A. [ |

Next, we will seek diffusion barriers as codimension-one stationary surfaces of the leading-
order term in the expression of E% (Mp) in two different settings. First, we consider the
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initial tracer concentration unknown or uncertain, and assume the most diffusion-prone initial
concentration distribution for ¢ along each material surface. Next, we consider an arbitrary but
fixed initial concentration and seek material surfaces that render diffusive transport stationary
under this initial concentration.

4. Unconstrained diffusion barriers. To compare the intrinsic ability of different material
surfaces to withstand diffusion, we now subject each material surface to the same, locally
customized initial concentration gradient setting that makes the surface a priori maximally
conducive to diffusive transport. Specifically, we fix two constants, Ky > 0 and « € (0, 1),
and initialize the initial concentration along the initial position Mg of any material surface in
such a way that

K
(4.1) Voco(xq) = chjno(x(]), v>0, xo€Mo.

In other words, we prescribe uniformly high concentration gradients along Mg that are per-
fectly aligned with the normals of Mg and grow as v~* as v — 0. We will refer to (4.1) as
the uniformity assumption. This assumption focuses our analysis on the intrinsic ability of a
material surface to block diffusion, rather than on its position relative to features present in
a specific initial concentration field.

Remark 2. The uniformity assumption in [15] is a specific case of (4.1) with a = 0. If
sinks and sources are absent (f(x,t) = 0), as is the case in [15], we can also select a = 0 in
(4.1) and still obtain the upcoming results of this section.

By the compactness of U and the time interval [¢g, t1], we can also select a constant bound
Mgy > 0 so that

(t1 —to) < My

/tt Vo [,m(lxo)vo : (Tfo(x@)vob(xo,s))] ds

for all xo € U, given that T, (x0)Vob(xo,s) is assumed C! for all s values. We can then
rewrite Ef(l) (Mp) in (3.5) as

- Moo
By (Mo) = vt tO)KO/ (Tymo,no) dAo +o(v) + O(VW>.
Mo

K

This leads to the normalized total transport of u(x,t) in the form

VRN - 10
(4.2) FioMo) = R t0) Ao(Mo)

= TH(Mo) +o(v*), a€(0,1],

where the transport functional,
<1’10, Ti(l) n0> ClA()
1) Mo dAy ’

measures the leading-order diffusive transport of ¢(x,t) through the material surface M(t)
over the period [to,t1]. This functional formally coincides with the transport functional ob-
tained in [15] for incompressible flows with k(t) = f(x,t) = 0 in the PDE (2.1). The only,

(4.3) TiH(Mo) = St
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minor, difference here is in the definition (3.4) of Tié, which now features the initial density
field po(x0). Importantly, the present theory returns the results of the incompressible theory
when applied to incompressible flows with uniform density. We stress that Tﬁé (My) can be
computed for any initial surface My directly from the trajectories of v without solving the
PDE (2.1).

We propose that what makes a barrier most observable is a near-uniform concentration
jump along it. By continuity with respect to all quantities involved over finite time intervals,
however, surfaces delineating near-uniform concentration jumps form continuous families and
hence cannot be uniquely identified. The theoretical centerpiece of such a family is still well
defined by uniform barriers which are characterized by constant pointwise transport density
at leading order. By formula (4.3), these surfaces satisfy

(4.4) <n0, Ti(l)n0> = Tp = const.,

where the constant 7y > 0 is the constant diffusive transport density across each point of a
uniform transport barrier M.

Because of the formal coincidence between the transport functional ’Tﬁé (M) defined in
(4.3) and that arising in the incompressible case, the general necessary criterion of [15] for
uniform barriers remains valid here and can be stated with the help of the tensor family

(4.5) Eq, (xo) := Tl — Tl

as follows.

Theorem 2. Under assumption (4.1), a uniform minimizer Mg of the transport functional

7'% , with pointwise transport density To > 0, is necessarily a nonnegatively traced null-surface

of the tensor field E1;, i.e.,
(46) <1’10(X0), E']b (Xo)no(X0)> = 0, trace E76 (Xo) 2 O,

holds at every point xg € Mg with unit normal ng(xg) to My. Similarly, a uniform mazimizer
My of 7’% is necessarily a nonpositively traced null-surface of the tensor field E, i.e.,

(47) <1’10(X0), E']B (Xo)no(X0)> = 0, trace E76 (Xo) S O,

holds at every point xg € M.

Finally, by direct analogy with the incompressible case treated in [15], a diagnostic field
measuring the strength of unconstrained diffusion barriers is given by the diffusion barriers
strength (DBS) field, defined as

(4.8) DBS% (xp) = trace Tﬁé (x0)-

This follows because, as shown in [15], the leading-order change in the nondimensionalized
transport functional Tié under a small, surface-area-preserving perturbation localized in an
O(e€) neighborhood of a point xo € My is given by eDBSf; (x0). Of all uniform extremizers,
therefore, those along the ridges of ‘DBSfol (Xo)‘ will prevail as the strongest inhibitors or
enhancers of diffusive transport.
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4.1. Relationship between diffusion barriers and classic invariant manifolds. In steady,
temporally periodic or quasiperiodic flows known for infinite times, one expects classical in-
variant manifolds known as advective transport barriers to play a role in shaping the evolution
of diffusive tracers as well. Here we examine what types of invariant manifolds become uniform
diffusion barriers asymptotically in time.

Assume that the diffusion structure tensor is D = I (homogeneous and isotropic diffusion),
po(x0) = po = const. (homogeneous initial density), and the conservation law (4.4) holds for
t1 € (tp,00) over the material surface evolving from M under the flow map. This implies

<no, <1 /tl Po [VoFio(Xo)]_l [VoFio(Xo)]_T dt) no> = To,

tl - tO to

or, equivalently,

1 h
tl - tO /t()

At the same time, the normal component of an initially normal unit perturbation to
My, represented by ng(xg), is given by the orthogonal projection of the advected normal
VoF}, (x0)ng(x0) onto the unit normal

2 To
‘ dt = 22 = const., t1 € (tg,00).

[VoF}, (x0)] T ny(xq) 2

[VoF}, (x0)] "

[V()F%O (Xo)]

ny(xo)

)

n (Fio(x())) = ‘ —

no(xo)(

i.e., by the the normal repulsion rate o (x¢), computed as

Therefore, we have

1 t 1
/ 5dt = E = const.,
t1 —to Jy, [ago (xo)] £0

or, equivalently,

To

¢ -1 _Jo _

HUtO (XO) HLQ(to,tl) - 00 const.

This shows that the temporally L?-normed reciprocal of the normal stretching rate along
the manifold My should be spatially constant along diffusion barriers. This is certainly
satisfied for ¢t; — oo along stable manifolds of fixed points and periodic orbits, as well as
along quasiperiodic invariant tori.
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4.2. Unconstrained diffusion barriers in two-dimensional flows. In arbitrary dimensions,
the first equation defining null-surfaces in (4.6) and (4.7) are PDEs with a priori unknown
solvability properties. For two-dimensional flows, however, the null-surfaces become curves
satisfying ODEs that turn out to be explicitly solvable (cf. [15]). These differential equations
can be expressed in terms of the invariants of the time-averaged, diffusion-structure-weighted
Cauchy—Green strain tensor

as follows.

Theorem 3. For two-dimensional flows (n = 2), let &(xg) € R? denote the unit eigen-
vectors corresponding to the eigenvalues 0 < A\i(Xg) < Aa(X0) of the positive definite tensor
Cp(x¢). A uniform extremizer My of the transport functional Tﬁ;, with pointwise transport
density To > 0, is then necessarily a trajectory of the direction field family

I () A2(x0) = To < To — A1(x0) < N
(4.9) xq = n7,(%0) = \/)\Q(XO) = )\1(X0)£1( 0) £ \/)\2(}(0) - /\1(X0)€2( 0); 0 € Ur,

defined on the spatial domain Ury = {xo € U : A\i(x0) < To < A(X0), A2(x0) # A1(x0)}-

The domain of definition Uz, C U of the direction field family n% (xp) is precisely the
spatial domain where the tensor field E7; defined in (4.5) is indefinite (Lorentzian) and hence
indeed has well-defined null-surfaces. The set Uy, will depend on the value of the parameter
To and will be a nonempty subset of U for any Ty € [infery A1(X0), SUPyy et /\g(xo)]. For
7o values outside this interval, Uy, will be an empty set, which means that there will be no
barriers with such transport density 7y in the domain U. Formula (4.9) enables a detailed
computation of diffusion barriers in two dimensions based on a numerical approximation of
the flow map F} (x¢) obtained on a grid of initial conditions (see [15] for details).

The direction field 77%0 (x0) is as smooth as the eigenvalues \; (x¢), given that no repeated
eigenvalues can arise within Uy, by its definition. The eigenvalues \; (xg) are, in turn, as
smooth as the transport tensor T} (x¢), which is one degree less smooth than the class C?
vector field v(x,t) by the smooth dependence of the flow map F?EO on X, and by the assumed
smooth dependence of the diffusivity structure tensor D on xy. Therefore, n% (x¢) is a class
C' direction field and hence can always be locally oriented to become a class C' vector
field. Consequently, T[f}% (xp) will always have locally well-defined trajectories starting from
any initial condition in U7;. All these trajectories are uniform transport barriers of the same
pointwise transport density 7y by construction. Not all these trajectories are, however, equally
observable barriers. Some stand out because of their topology (e.g., they are closed), others
because of their strength due to high DBS values along them.

As shown in [15] for two-dimensional flows, we have Tié = det (Cp) (_3]_31. This implies
that the DBS field defined in (4.8) in the present, two-dimensional case can be evaluated as

(4.10) DBS}?O1 (x0) = trace Tg (x0) = det Cp(xg)trace (_]]31 (x0) = trace Cp(xq).
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The results in Theorems 1 and 2 are directly applicable to incompressible flows as well,
in which case they agree with the results in [15]. The derivation in [15], however, does not
apply to the present, compressible case, while our argument leading to the normalized total
transport Eié (Mp) in (4.2) is general enough to cover the incompressible case as well.

5. Constrained diffusion extremizers. The above formulation is independent of the initial
concentration c¢g(x) and assumes large enough initial gradients along the initial surface My
that continue to dominate contributions from concentration decay and source terms (cf. the
uniformity assumption (4.1)). If, however, we wish to extremize diffusive transport with
respect to a specific initial concentration field ¢o(xp), as opposed to unspecified or uncertain
initial concentrations, then we can no longer prescribe (4.1) along an arbitrary material surface
M. Indeed, some material surfaces will experience Vcg vectors favorable to cross-surface
diffusion while others will not.

Considering Vco as a given quantity and using formula (3.5), we rewrite the normed,
total transport of u(x,t) as

~ 1 t
S (Mp) = / / (T3, (Voe(xo) + Vob(xo, 8)) n0) dAods + o(1)
Tty @40 Jiy Jovee)

_ fMo <(_1§(1)7n0> dAO
fMo dAg

with the help of the transport vector field

(5.1) o(v?)

t1
(5.2) q;l) (Xo) = / [Tio (Xg) (VoCo(Xo) + Vob(Xo, t))] dt.
to
The sign of the net total transport ii; (M) through M is now not necessarily positive,
which necessitates extremizing the normed transport (the time-integral of the geometric flux
in the terminology of MacKay [23]). To this end, we seek to extremize the area-normalized,
leading-order, normed diffusive transport

~ d;,,no)| dA
E(My) = f/vto ‘}1 djz} 0

with respect to the initial surface My, for which a necessary condition is the vanishing first
variation,

(5.3) 3E(Myg) =0,

with the derivative of & taken at My with respect to a smooth, one-parameter family of
material surfaces containing M. For such stationary surfaces of £, we have the following
result.

Theorem 4. Along any solution My of the variational problem (5.3), there ezists a constant
C € R such that

[1{@}} (x0) , 1m0 (0s%0) )| — To] \/det G (dsx0) = C, Xo € Mo,

with To == g(/\/lo) denoting the value of the normed transport functional on My.
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Proof. See Appendix B. |

As argued in [15], the most observable stationary surfaces of diffusive transport are those
with nearly uniformly high gradients along them, associated with a nearly uniform pointwise
transport density. The theoretical centerpieces of such regions are provided by surfaces with
perfectly uniform transport density, which, by the statement of Theorem 4 with C' = 0, satisfy
the implicit equation

(5-4) (@13 (x0(s)), m0(9sx0(s)))| = To

for any selected pointwise transport density 7o > 0.

Remark 3. By analogy with the DBS field defined in (4.8), a direct measure of the local
strength of a uniform constrained barrier is

(5.5) DBS;! (x0) = |aj} (x0)] ,

a predictive diagnostic field applicable in any dimension. This diagnostic emerges as the
normed, leading-order change in the functional £(My) under small, localized perturbations
to a stationary surface My. Ridges of DBS% (x0) are expected to highlight the strongest
diffusive transport barriers over the time interval [to, ¢1].

Remark 4. When k(t) = 0 and f(x,t) = 0 holds (no sources or sinks), then we have
fi(x0,t) = c¢(F} (x0),t) and Egé (Mp) in (5.1) can exactly—i.e., without the o(r) error—be
represented as

(5.6) i:g;(Mo):VfMldAo /t ' /M (Tt (x0) Voc(F? (x0), ), no(x0)) dAo dt,

as ones verifies from (A.4) in Appendix A. Furthermore, noting that in this case ji(xg,t) =
¢(F} (x0),t), we obtain from the chain rule that

T} (x0) Voe(FL, (x0). t) = po(xo) [VoF%, (x0)] " D(F}, (x0),t) [VoF}, (x0)] " Voe(FY, (xo), t)
(5.7) = po(x0) [VoF, (x0)] ' D(FY, (x0), 1) Ve(FY (x0), ).

Therefore, formulas (5.6)—(5.7) give an exact expression for iié (M) with a redefined form of
_—

qy. as
i1 fMO <qié’ n0> dAO
iy (Mo) = [oq. dA ’
M, ©430
t1
(5.8) ay’ (xo) = / po(x0) [VoF}, (Xo)]il D(F}, (x0),t)Vc(Fi, (x0),t) dt.
to

Using the form (5.8) of (‘ﬁé (x0) in all our results below increases the accuracy of transport ex-
tremizer detection. At the same time, formula (5.8) requires explicit knowledge of the current
concentration ¢(x,t), which generally necessitates the numerical solution of the advection-
diffusion equation (2.1). A notable case in which (5.8) is useful is when c(x,t) = w(x,t)
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is the scalar vorticity associated with a two-dimensional velocity field v(x,t). In that case,
once v(x,t) is known, w(x,t) is readily obtained as the plane-normal component of Vw(x,t)
without the need to solve the vorticity-transport equation. In this latter case, no assumption
is needed on the smallness of the viscosity v.

5.1. Perfect constrained barriers and enhancers to diffusion. In any dimension, a dis-
tinguished subset of uniform constrained barriers, the perfect barriers, inhibit transport com-
pletely pointwise at leading order, i.e., are characterized by To = 0. By (5.4), the time-ty
positions of perfect constrained barriers satisfy

(5.9) (q}},ng) = 0.

Therefore, the vector qﬁ; (x0) is necessarily tangent to a perfect barrier at every point xg.
In other words, time-fy positions of material surfaces acting as perfect constrained mate-
rial barriers to diffusive transport are necessarily codimension-one invariant manifolds of the
autonomous dynamical system

(510) X6 = (_li(l) (X(]) = Tié (Xo) Voco (XQ) + Bi(l) (Xo) , xg €U C Rn,

with
t1

B}! (xq) = /t T}, Vob(xo, t) dt.

0

In the absence of sources and sinks (b(xo,t) = 0), (5.10) simplifies to
(5.11) X6 = T% (Xg) V()C() (Xo) y

which leads to the following result.

Proposition 1. Consider the time to position of a perfect constrained diffusion barrier along
which Vgcg is not identically zero. Then the barrier can contain no homoclinic, periodic,
quasiperiodic, or almost periodic orbit.

Proof. We use the function V' (xg) = ¢o(xp) to note that

d —

£V(X0(S)) = VOCO . X6 = <Voco, T§3V060>

along trajectories of (5.11). Since Tié is positive definite, V(x¢(s)) strictly increases at points
where Vcg does not vanish. This excludes the existence of any recurrent motion that contains
at least one point where Vcy does not vanish. [ ]

A consequence of Proposition 1 in two dimensions is that no closed perfect constrained
barriers can exist apart from closed ridges and trenches of the initial concentration field. In
three dimensions, Proposition 1 implies that no two-dimensional, quasiperiodic invariant tori
can arise as perfect constrained diffusion barriers, apart from toroidal ridges or trenches of
the initial concentration field. Finally, for perfect constrained barriers, the DBS field defined
in (5.5) simplifies to

(5.12) DBSff (Xo) = ‘Tié (XQ) V()CO (Xo)l .
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In contrast to perfect barriers to diffusion, perfect enhancers to diffusive transport can be
defined as material surfaces that pointwise maximize diffusive transport. By (5.4), the time-t
positions of such perfect constrained enhancers must have unit normals ng satisfying

(5.13) [(@j! (x0) .m0 (x0))| = |ay® (x0)|-

Note that the norm of (‘ﬁé is not necessarily constant along such surfaces, and hence perfect

transport enhancers are generally not solutions of the constrained variational problem (5.3).

Instead, perfect enhancers to transport are simply surfaces that are pointwise normal to qﬁ;,

thus experiencing the locally strongest transport possible at each of their points.
In two dimensions, perfect transport enhancers are curves satisfying the ODE

(5.14) X)) = Qqﬁ; (x0) = Q [’Z_[‘% (x0) Voco (x0) + Bﬁé (xo)] ,

along which (‘ﬁé has constant norm. Here we have used the notation

(5.15) Q= ( B (1) >

for planar 90-degree rotations. In the absence of sources and sinks (b(xg,t) = 0), (5.14)
simplifies to

(5.16) X6 = QT% (X()) V()CO (Xo) s

which leads to the following result.

Proposition 2. In a two-dimensional flow, consider the time tg position of a closed, perfect
constrained diffusion enhancer along which Vcg is not identically zero. Then this closed
enhancer cannot be fully contained in a domain where the symmetric tensor QT% (x0) —
Tié (x0) Q is definite.

Proof. As in Proposition 1, we use the function V(xg) = ¢o(x¢) to obtain

d _
fV(Xo(S)) == VOCO . X6 == <V000, QT§3V060>

ds
— (Voo [T~ T Vaco)
along trajectories of (5.16). Under the assumptions of the proposition, V(x¢(s)) strictly

increases or decreases on domains where QT% (x0) — Tié (x0) 2 is definite, which excludes
the existence of any closed trajectory for (5.16). [ |

5.2. Constrained diffusion barriers in two-dimensional flows. The expression (5.4) is a
PDE in three and more dimensions. In two dimensions, however, it is equivalent to two ODEs,
as we spell out in the following result.

Theorem 5. In two-dimensional flows, time-ty positions of constrained material diffusion
barriers with uniform, pointwise transport density To satisfy the following necessary conditions:
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(i) Constrained uniform transport maximizers Mg are necessarily solutions of the differ-
ential equation family

_t1 2 .

Il (xo)|”

To
\(_lié (%0) ‘

2961% (XO) ’ 76 > 0.

(i) If such a uniform transport mazimizer My is a closed orbit of (5.17) or a homoclinic
or heteroclinic orbit connecting a zero of the qﬁ; (x0) vector field to itself, then the symmetric
matric

(5.18) L= /M sign <q§}) (x0(s)) ,Qx’o(s)> 6,2(0)(0 <(‘1§(1) (x0(s)) ,QX6(S)> ds

must be negative semidefinite.
(iii) If a uniform transport mazimizer My satisfies

|ai) (xo(s:)| = To, i=1,2, @ (xo(s1)) || @ (x0(s2)),
|q§é (Xo(si))} = To at its endpoints, Mo
agy (xo(si)) I xo(si) [ xp(s5), @5 =1,2, i#j,
then
(5.19) (LOxg, Qx) <0

must hold along M.
(iv) Constrained uniform transport minimizers must necessarily be perfect barriers, i.e.,
satisfy the differential equation

Xp = f_lié (x0) -
Proof. See Appendix C. |

Remark 5. The argument in the proof of (i) of Theorem 5 is not applicable to perfect
diffusion barriers, as for such material lines, the leading-order term in the second variation of
E(M,) vanishes.

In the absence of sources or sinks (i.e., for b (xg,t) = 0 in (5.2)), (5.17) simplifies to

1

(5.20) X)= ——3
‘T%V()Co{

A* (x0; 7o) Voco (x0) ,

with the tensor A+ € R? defined as

(5.21) A (x0; To) = <Toﬂ + \/!Tigvocof - T I> T,

In this case, the following result is helpful in the numerical identification of closed diffusion
barriers as limit cycles of (5.20).
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Proposition 3. Equation (5.20) will have no closed (periodic or homoclinic) orbits contained
entirely in spatial domains where the symmetric part of the matric A* € R? is definite and
Voco is not identically zero.

Proof. For the Lyapunov function

V(x0) = co(x0),
we obtain that

d

—V(x0(s)) = Voco - X{

75V (x0(s)) = Vioco - xq

1
= e 2 <V000, AiVOCo> .
’Tt(l) V()Co‘

Therefore, V' (xq(s)) is strictly monotonically increasing or decreasing at least at one point of
any orbit of (5.20) that lies entirely in a domain in which A* (x¢;7p) is definite and Ve is
not identically vanishing. This implies the statement of the proposition. |

Note that Ai(l] is certainly definite for 7o = 0 at any point where Vcq is nonzero, and
hence (5.20) has no closed orbits for Ty = 0, except possibly for ones along which the initial
concentration gradient vanishes (curves of critical points, which is nongeneric, yet abundant
in areas of constant initial concentration). This statement remains valid for small enough 7o
on compact domains by the continuous dependence of the eigenvalues of AT (xq; 7o) on the
parameter 7.

6. Particle transport barriers in stochastic velocity fields. We showed in [15] how our
results on barriers to diffusive scalar transport carry over to probabilistic transport barriers to
fluid particle motion with uncertainties, modeled by diffusive It6 processes. Our derivation,
however, specifically exploited the incompressibility of the deterministic part of the velocity
field. Here we show how similar results continue to hold for compressible It6 processes of the
form

(6.1) dx(t) = vo(x(t),t)dt + /vB(x(t),t)dW ().

Here x(t) € R™ is the random position vector of a particle at time ¢; vo(x,t) denotes the
deterministic, generally compressible drift component in the velocity of the particle motion
and W (t) in an m-dimensional Wiener process with diffusion matrix /vB(x,t) € R"*™. Here
the dimensionless, nonsingular diffusion structure matrix B is O(1) with respect to the small
parameter v > 0.

We let p(x, t;x0,to) denote the probability density function (PDF) for the current particle
position x(t) with initial condition x¢(¢9) = xo. This PDF satisfies the classic Fokker—Planck
equation (see, e.g., Risken [29])

(6.2) pi+ V- (pvo) =3V - [V (BBTp) |,
or, alternatively,

(6.3) pi+ V- (p¥o) = vV - (%BBTVp> . Vo=vo- 4V (BBT> .
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This latter equation is of the advection-diffusion form (2.3) if we select

(6.4) c:= % D = %BBT, w:i=vo=vo—vV - -D, k(t)=f(x,t)=0.

Consequently, the Fokker—Planck equation (6.3) is equivalent to the advection-diffusion equa-
tion (2.1) with the velocity field

(6.5) vi=w- DVp=vo— vV -D- 2 DVp.
p p

Since the equation of continuity,
(6.6) op+ V- (pv) =0,

must hold for the velocity field v for our formulation to apply, substitution of the definition
of v from (6.5) into (6.6) gives

athr V. |:,O <V0 — %DVp— vV - D>:| =0
or, equivalently,
(6.7) Op+ V- (pvo) =vV-(V - (Dp)),

which is the same PDE (6.3) that the probability density p satisfies.

With the above choice of v and p in (6.5) and (6.7), all results in the earlier sections on
material diffusion extremizers in compressible flows carry over to material diffusion barriers
of the density-weighted PDF ¢ = p/p with respect to the velocity field v in (6.5) if we redefine
the transport tensor T} (xo) as

(6:8) T}, (x0) = $po(x0) [VoF}, (x0)] ' B(F}, (x0), )BT (F} (x0), ) [VoF}, (x0)]

Furthermore, let us denote the initial PDF by po(x) := p(x, to; X0, t0) and assume the initial
carrier fluid density po(x) as given. Then, with the help of the vector field (cf. (5.2))

(6.9) i = [ |10 920

we collect the related results in the following theorem.

Theorem 6. (i) Unconstrained, uniform barriers of transport for the mass-based PDF, p/p,
of particle positions satisfy Theorems 2-5 with the transport tensor field Tio (x0) defined as in
(6.8).

(ii) Constrained, uniform barriers of transport for the mass-based PDF, p/p, satisfy
Theorems 4-3 with the transport vector field (_1% (x0) defined as in (6.9).
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Proof. Indeed, for the case of an unspecified initial density cy(x), we obtain the normalized
total transport of u(x,t) in the form (cf. (4.2))
St (Mo) Jig (mo, Tiino) dAo

(6.10) X (Mg) = KT — o) AclMy) — T 4o +o(v®), ve(o1]

with the transport tensor (6.8), where F} (xq) is the flow map associated with the velocity field
vo(x,t) and po(xg) is the initial density field of the carrier fluid, serving as initial condition for
the density evolution equation (6.7). The formulas (6.8)—(6.10) follow because the flow map
of the full velocity field v defined in (6.5) is at least O(v) C°-close to the flow map F} (xo)
of vo(x,t) over the finite time interval [tg,t1]. As a consequence, only the leading-order term,
F! (x0), of the flow map generated by (6.5) appears in the transport tensor (6.8). Higher-
order corrections to the full flow map can be subsumed into the o(r®) term in (6.10). With
this observation, statements (i) and (ii) can be deduced in the same fashion as Theorems 2-3
and Theorems 4-5. [ |

Based on Theorem 6, the arguments leading to the diffusion barrier strength indicator in
(4.8)—=(5.5) continue to apply, with the DBS field simplified to

po(x)
po(x) |

7. Examples. In this section, we illustrate our results on advection-diffusion problems
with explicitly known solutions. These problems are defined by simple velocity fields, which
in turn generate simple diffusion barrier and enhancer geometries. This simplicity enables a
detailed quantitative validation of our theory.

We consider solutions of the planar vorticity-transport equation

DBS;; (Xo) = Tié (Xo) Vo

(7.1) Ow + Vw - v =rvAw

with kinematic viscosity v for a two-dimensional, incompressible velocity field v(x,t) defined
over x = (z,y) € U = R2. In this two-dimensional setting, the only nonzero component of
the curl of v is normal to the plane and is given by the scalar vorticity

(7.2) w(x,t) = [V x v(x,t)], = Opva(z,y,t) — Oyvi(z,y,1).

Formula (7.2) shows that (7.1) is a nonlinear PDE for an unknown velocity field v. At the
same time, once the velocity field v is known, (7.1) becomes a linear advection-diffusion
equation of the form (2.1) for the scalar vorticity field w(x,t) with p(x,t) = 1, D(x,t) = 1,
and k(t) = f(x,t) = 0. Importantly, however, the only admissible initial condition for the
advection-diffusion formulation of (7.1) at a time ¢ = ¢ is the one consistent with the initial
velocity field:

(7.3) wo(x) = [V x vo(x)], .

Under this initial condition, the solution of the advection-diffusion equation (7.1) will coincide
with [V X v(x,t)], for all times. Due to the inevitable constraint (7.3), our theory of con-
strained diffusion barriers for two-dimensional flows (cf. section 5.2) will be applicable here to
explore diffusive transport in (7.1).
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y

y=m/2

v(x,t)

B

Figure 7.1. Unsteady, horizontal jet with a jet core at y = 0.

7.1. Two-dimensional channel flow. An unsteady solution of the two-dimensional, un-
forced Navier—Stokes equations is given by the decaying channel flow

(7.4) v(x,t) = et ( “Cgsy ) ,

whose vorticity field is

“siny.

w(x,t) =ae
The simplest member of a more general Navier—Stokes solution family (see, e.g., Majda and
Bertozzi [24]), the velocity field (7.4) describes a decaying horizontal shear-jet between two
no-slip boundaries at y = £7 (see Figure 7.1).

The jet core is given by the horizontal line y = 0. The constant a € RT governs the
strength of shear within the jet. If we define the variable = to be spatially periodic, the flow
becomes a model of a perfectly circular vortical flow in an annulus with no-slip walls.

All horizontal lines are invariant material lines in (7.4). Of these invariant lines, the jet
core at y = 0 is the most often noted barrier to the diffusion of vorticity, keeping positive and
negative vorticity values apart for all times. Indeed, for large values of a, the norm of the

vorticity gradient
Vw(x,t) =e ¥ < 0 )
acosy

maintains its global maximum along the jet core for all times. The upper and lower channel
boundaries at y = +m/2 technically also block the diffusion of vorticity into the wall, but
vorticity tapers off to zero anyway as one approaches these boundaries in the vertical direction.
As the initial distribution of w(x,t) is constrained by the velocity field, our theory of
constrained diffusion barriers is applicable to barriers to the transport of vorticity. To see the
predictions of this theory, we first note that the flow map Fio (x0) in this example is

Ty — 4 (e — e*”to) cos Yo

Fio (XO) = v )
Yo
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which gives

COos Yo
2
1+ @ (e_”t —e ”to) sin? _a (e_”t — e_”tO) sin
" 1/2 Yo U Yo
Tt() (XO) = a
—— (e‘”t e ”to) sin yg 1
v
Therefore,
—11 1 f t
qto (Xo) = 1 Tto (XQ)VQ [w (th (Xo) ,t)] dt
1 0 Jtg
B 1 Asin 2y
2v (ty —to) \ Bcosyo
where
_ CL72 : 1 —2vtq 1 —2vty 7V(t1+t0) _ —vtyg _ ,—viy
A = —sin 2y 5€ +5e e : B=a(e e ).
v

Consequently, the ODE family describing the time ty position of uniform constrained barriers
is given by

_ 2
(7.5) x) = 1 \/]qﬁé (XO)’ —762 ( A sin 2y ) n To ( B cosyg )
) 0~ _ 2 _ 2 _ Asi
2v (t1 — to) ‘qié (x0)| B cos yo ‘qié (x0)] Asin 2yg

for some value of the transport density 7o € R. For the choice

B

(7.6) To = “1% (XO)‘yO:o - 2w (1 — to)

the ODE (7.5) becomes

B B _t
(7.7) X( Yo=0 — Wt —to) < 0 ) I 2, (X0)|y0=0'

Therefore, yo = 0 is an invariant line for (7.5) for the parameter value 7 selected as in (7.6).
Consequently, the jet core at yg = 0 is a uniform, constrained barrier to vorticity diffusion
along which the pointwise diffusive transport of vorticity is equal to (7.5). As noted earlier,
a barrier (as a stationary surface of the transport functional) is not necessarily a minimizer
of transport. Indeed, any other horizontal material curve admits a strictly lower transport
density than the jet core.

In contrast, choosing the constant

To=0
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in (7.5) gives the ODE

< — 1 ( Asin 2yq )
07 2uq (t1 —to) \qﬁ}) (Xo)‘ Bcosyy )’

for which yp = +7/2 are invariant lines. Along those invariant lines, we have

! —t
Xo}yoziﬂ-/Q I Ay, (XO)‘yo=:t7r/2'

Therefore, the channel walls at yg = +m/2 are uniform, constrained minimizers to vortic-
ity diffusion along which the pointwise diffusive transport of vorticity is equal to zero. In
particular, the channel walls are perfect constrained barriers to diffusive transport.

To evaluate the second necessary condition we need to check the definiteness of the matrix

L =/ sign (T, (xo(5)) , 2xg(5)) Do, (@t (Xo(s)) , X (5)) ds.
Mo

Note that
q 1 Asin 2yg
_ 82 # Asin 2y0 ) L 0 ‘
- UX0X0 1 9y (1 — tg) \ Beosyo 2v (t; — to) \ —B Y0=0
_ B—ZaQ ASin 2y0 . 0 |
T ) B cosyo -1 Yo=0
_B3 )
- maxoxo [COS yo] |y0=0
=B < 0 0 > ‘
42 (g — t0)2 0 —cosyp Yy0=0
B < 00 >
4V2 (tl — t0)2 0 1 ’
and

—_B3

————— 5 |COS = —1.
12 (tl _ t0)2 [ yO]l

sign (Gy) (x0(s)) , 2x0(5)) [yo—0 = Yo=0

As a consequence, we have

L= [ sign (al) (oo(s)) Q2x5() 2, (aly () 25 (5)) s
Mo

__ BSlength (M) < 00 >
1604 (t —to)* \ O 1 )7

implying
(L, Qx() < 0

satisfying the necessary condition (5.19) for a maximizer.
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In summary, our theory correctly identifies the walls and the jet core as noteworthy features
of this channel flow. While these features are all considered as inhibitors of transport in
informal descriptions of jet-type flows, our approach reveals that in strict mathematical terms,
only the walls act as diffusion minimizers. The jet core, in contrast, is a diffusion maximizer
with respect to any localized perturbation and with respect to parallel translations.

7.2. Spatially periodic recirculation cells. A spatially periodic, unsteady solution of the
two-dimensional Navier—Stokes equations is given by (cf. Majda and Bertozzi [24])

 _up2y ((sin(2mx) sin(27y)
(78) v(x,t) = ac™* (cos(27m:) cos(27ry)> ’

whose vorticity field and Jacobian are given by

—dr2ut

w(x,t) = —4dame sin(27z) cos(2my),
B _an2yt [ cos(2mz)sin(27wy)  sin(27x) cos(27y)
(7.9) Vvix,t) = 2mae (— sin(2rz) cos(2my) — cos(2mx)sin(2wy) )

The vorticity field w satisfies the advection-diffusion equation (7.1) with viscosity v and a real
parameter a that controls its overall strength.
The vorticity gradient is

cos(2mx) cos(2my)

_ 2 —4mlut
Vw(x,t) = —8are < sin(27x) sin(2my)

> = —8am’Qv(x,1),

whose squared norm satisfies

Vw (x, )|

(87r2e—47r21/t) 2

= a? [cos?(2mx) cos® (2my) + sin®(27mz) sin® (2my)| < o’

The flow has horizontal and vertical heteroclinic orbits connecting the array of saddle-type
fixed points at (x,y) = (%, %) for arbitrary integers j and k. This heteroclinic network
surrounds an array of vortical recirculation regions. Even though the velocity field is unsteady,
its streamline geometry consists of steady material lines (cf. Figure 7.2). Only the value of the
vorticity changes in time by the same factor along these material lines, just as in our previous
example.

The main observed features in the diffusive transport of vorticity in this flow are the cell
boundaries formed by the heteroclinic orbits. Along these orbits, |Vw (x, ¢)|* admits maximum
ridges that decay slowly in time by a uniform factor. The ridges contain global minima with
|IVw|?> = 0 at the hyperbolic equilibria and global maxima with |[Vw|*> = a2(872e 4m7t)2
halfway between them. Inside the cells, \Vw]Q decays away from the ridge boundaries and
reaches the global minimum |ch|2 = 0 again at the elliptic equilibria. All closed, periodic
streamlines in the vortical region are also perceived as features hindering the spread of high
vorticity from the centers of the vortical regions.
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Figure 7.2. Unsteady vortex array with a =1 at time t = 0.

We now examine how our theory of constrained diffusion extremizers bears on the vor-
ticity field features identified above from observations. Along, say, the y = 0.25 horizontal
heteroclinic streamline, the velocity Jacobian (7.9) becomes

Vv((2,0.25) ) = 2macos(2ma)e " ((1) —01) ’
implying
. -1
[VoF;, ((20,0.25))] " =
t
exp (—/ 27racos(27rx(s))e4”2”3d8> 0
t

0
t
0 exp </ 2ma cos(27rx(s))e4”2”5ds)
t

0

Vw (Fi, ((20,0.25)) ,t) = 8am? sin(27rx(t))e_4”2”t (?) .
This gives
1 0
[VoFt (oo Ve (8 0).0) (7).
and hence, for any t; > tg and for any initial point xg = (x,0.25), we have (cf. Remark 4)

1
ot — 1t

_t
qté (x0)

/tl [VoFio(xo)]—l Vo (F}, (x0),t) dt | ((1)> ‘

to

We conclude that y = 0.25 horizontal heteroclinic streamline with unit normal ng(xg) = (0,1)
is a perfect transport enhancer in the sense of formula (5.13). An identical conclusion holds
for all other heteroclinic connections.

In contrast, along closed, vortical streamlines, we find the integrand of qﬁé (x0) to align

with these streamlines due to the shearing effect of the inverse flow map [VoFio (xo)] " on
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Figure 7.3. Closed material vorticity transport barriers (in light red) in the lower-left recirculation cell of
Figure 7.2 for integration times T = 3, T =13, and T = 23 (from left to right), on top of vorticity level sets
(yellow-green-blue).

the streamline-normal vorticity gradient Vw (Fi0 (x0) ,t). This implies that in the t1 — oo
limit, all closed streamlines become asymptotically perfect transport barriers, with their nor-
mals asymptotically aligning with qﬁ; (x0) at the same rate at all of their points.

For finite times, the exact closed transport barriers in this flow can be identified numer-
ically by computing the ODEs appearing in Theorem 5 for the velocity field (5). For this
computation, we set a = 1 and v = 0.001. The results in Figure 7.3 show a close match
between an increasing number of detected barriers and vorticity level sets as the integration
time is extended from T = 3 (left) via 7" = 13 (middle) up to 7' = 23 (right).

8. Application to transport-barrier detection in ocean-surface dynamics. We now illus-
trate our results on two different ocean surface velocity data sets. The first one is HYCOM,
a data-assimilating hybrid ocean model, whose ocean-surface velocity output is generally not
divergence-free and hence represents a compressible two-dimensional flow. The second data
set is a two-dimensional unsteady velocity field obtained from AVISO satellite altimetry mea-
surements under the geostrophic approximation. This data set is currently distributed by the
Copernicus Marine and Environment Monitoring Service. Due to the geostrophic approxima-
tion, this velocity field is constructed as divergence-free.

To apply the two-dimensional unconstrained diffusion barrier results of section 4.2 to the
HYCOM data set, we use the coherent-structure and diffusion-barrier computation package
CoherentStructures.jl written in Julia [3]. This package computes trajectories of the direction
field (4.9), as described in [18]. To apply the two-dimensional constrained diffusion barriers re-
sults of section 5.2, we use the ODE integration codes provided by the DifferentialEquations.jl
package of [28].

An alternative implementation of our constrained and unconstrained diffusion barrier re-
sults for two-dimensional data sets is available in the open source MATLAB GUI BarrierTool,
which utilizes the results of [31] to compute diffusion barriers as null-geodesics of appropriate
tensor fields.
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-4 ) 0o 2 4 6

Figure 8.1. Open transport barriers in the HYCOM ocean surface data set. Shown in the background is
the DBS field (with tails cut for visualization purposes). Owverlaid are short integral curve segments of the 7)7+—0
field (equation (4.9)) for To = 1. Other values of To produce similar results.

8.1. Unconstrained transport barriers in the compressible HYCOM velocity data set.
We use ocean surface velocity data from December 15, 2013, to January 14, 2014, i.e., 30
days, taken from the Agulhas leakage area at the southern tip of Africa. The choice of the
[to, t1] time interval is for illustration; different choices of the time interval yield different
results. This is because, unlike the simple velocity fields treated in the examples of section 7,
the HYCOM velocity field defines a general, finite-time nonautonomous dynamical system for
the fluid motion, with no recurrent time-dependence. The time interval [t,t1] is part of the
definition of this dynamical system. Changing this interval changes the dynamical system and
generally results in different transport barriers and enhancers.

In Figure 8.1, we show the diagnostic DBS field (4.8), whose features align, as expected,
remarkably close with the unconstrained, uniform transport barriers extracted as trajectories
of the 7]5% field (4.9) for To = 1.

As a second step, we now verify if these material curves (obtained from purely advective
calculations) indeed act as observed transport barriers for a diffusive scalar field. To this
end, we solve the advection-diffusion equation (2.1), with k(t) = f(x,t) = 0 and D(x,t) =1,
in Lagrangian coordinates for the initial concentration shown in Figure 8.2 (left). The final
density obtained from this computation is then shown in Figure 8.2 (right), with the same
uniform transport barriers overlaid as in Figure 8.1. Note how the predicted barriers indeed
capture detailed features in the evolving concentration field.

8.2. Constrained diffusion barriers in the AVISO velocity data. We now illustrate our
results on two-dimensional unsteady velocity data obtained from AVISO satellite altimetry
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Initial scalar concentration Final scalar concentration

lat
lat

lon lon

Figure 8.2. Transport barriers in the HYCOM ocean surface data set. The scalar field corresponds to the
wnitial (left) and final (right) scalar density, evolved under the advection-diffusion equation (2.1) in Lagrangian
coordinates. The final scalar concentration field is shown with short integral curve segments of the 'rﬁ—o field
(equation (4.9)) overlaid for a small value To = 1 of the nondimensionalized, uniform transport density.

measurements. The domain of the dataset is the Agulhas leakage in the Southern Ocean.
Under the assumption of a geostrophic flow, the sea surface height h serves as a streamfunction
for the surface velocity field. In longitude-latitude coordinates (i, #), particle trajectories are
then solutions of the system

dph(y,0,1), 0

(8.1) 9ph(e,0,1),

. g g

7 TR2f(0) cos 0 = R2f(0) cos6 ¥
where g is the constant of gravity, R is the mean radius of the Earth, and f(60) := 2Qsin6
is the Coriolis parameter with €2 denoting the mean angular velocity of the Earth. The
computational domain is chosen as in several other previous studies (see, e.g., [14, 16, 15]),
with integration time 7' equal to 90 days.

In this two-dimensional flow, we wish to determine material transport barriers for the
vorticity w(x,t), i.e., the single nonzero component of V x v normal to the plane of the flow
(equation (8.1)). Following Remark 4, we use the exact transport vector field qié, (5.8). For
closed-orbit detection, we employ a numerical scheme described in [18], which builds on [16],
with

1. an index-theory-based preselection of elliptic-type subdomains;

2. placement of Poincaré sections in regions with an appropriate index;

3. launch of integral curves from seed points, solving for the transport parameter which
yields a closed orbit at the respective seed point.

The closed material vorticity transport barriers obtained from this procedure are shown
in Figure 8.3, on top of the initial (left) and final (right) vorticity fields in Lagrangian coor-
dinates. We note that closed diffusion barriers arise around all four vortical regions identified
by previous studies (see, e.g., [14, 16, 13, 31, 15]) as materially coherent. The closed region
boundaries here are optimized to be extremizers of the vorticity transport, as opposed to
outermost coherent material curves.
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Figure 8.3. Closed, constrained vorticity transport barriers in the AVISO ocean surface data set. The
scalar field corresponds to vorticity (truncated at +1 for visualization purposes) at the initial (left) and the final
(right) time instances in Lagrangian coordinates.

9. Conclusions. We have shown how recent results on barriers to diffusive transport ex-
tend from the incompressible case treated in [15] to compressible flows. In our present set-
ting, we have also allowed for the presence of sources and sinks in the concentration field.
In addition, we have distinguished between the case of an unknown initial concentration
(unconstrained extremizers) and the case of a specifically known initial concentration field
(constrained extremizers) with respect to which diffusive transport is to be extremized over
material surfaces.

For unconstrained barriers, we have obtained results that formally coincide with those
in [15], except that the flow map here is compressible and the initial density of the fluid
appears in the transport tensor. Despite the similarity with the results in [15], the present
results have required a different derivation and additional assumptions on the selection of the
most diffusion-prone initial concentration field near each material surface in the flow. In this
formulation, concentration sinks and sources turn out to play no explicit role in the leading-
order transport extremization problem. As in the incompressible case, we have obtained
explicit direction fields defining the barriers for two-dimensional flows. For higher-dimensional
flows, the barriers continue to be null-surfaces of a tensor field but satisfy PDEs. In any
dimension, however, the DBS field can directly be computed from the velocity field and serves
as a diagnostic to map out the global barrier distribution.

For constrained barriers, we have sought material surfaces that block transport more than
their neighbors do under a specific initial concentration field. In this case, the equations
defining the diffusion extremizers depend explicitly on the sink or source distribution for the
concentration, as well as on the (possibly time-dependent) spontaneous concentration decay
rate. Constrained barrier surfaces also satisfy explicit differential equations in two dimensions
and PDEs in higher dimensions. A DBS scalar field is again available in any dimensions for
diagnostic purposes. We have found in canonical examples that some classically documented
transport barriers (such as jet cores and unstable manifolds) are, in fact, perfect enhancers of
diffusive transport. Barriers that are strict local minimizers of diffusive transport, by contrast,
are rare and must completely block transport at leading order, such as the walls of a channel
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flow. In two dimensions, with the exception of perfect barriers, constrained uniform barriers
are local maximizers of diffusive transport with respect to all localized perturbations.

Finally, we have shown how the above results extend to barriers to the transport of prob-
ability densities for particle motion in compressible, stochastic velocity fields modeled by It6
processes. This extension enables one to locate barriers to stochastic transport from purely
deterministic calculations, as long as the diffusivities involved are small, which is generally
the case for geophysical flows.

As we illustrated on two explicitly known Navier—Stokes flows, the present results on con-
strained barriers enable the detection of barriers to the diffusion of vorticity in two-dimensional
flows. This follows because planar vorticity transport is governed by an (incompressible)
advection-diffusion equation whose initial condition (the initial vorticity) cannot be consid-
ered unknown or uncertain once the velocity field is known. Barriers to vorticity diffusion in
three dimensions, however, cannot be treated by the present results, given that vorticity is
an active vector field, rather than a passively diffusing scalar field, in three-dimensional flows.
More generally, the construction of barriers to the transport of active scalar and vector fields
requires new ideas relative to those in the present work.

Appendix A. Proof of Theorem 1. We start by establishing an expression for the in-
stantaneous flux vector associated with the transport of u through a material surface. We
consider first the transport of x out of an arbitrary, closed material volume V' (¢) to obtain an
expression for the flux of p through 0V (t) via the divergence theorem. The rate of change
in the mass-based concentration of 4 in a closed material volume V'(t) = F} (V(t)) is, by
definition,

i nexptenav = & [ (o) Dm0 Vo = [ duits o) dii

dt Jy ) dt Jy)

V(to)
=v Vo - [T}, (x0) Vo (fi(x0,t) + b(x0,1))] dVo
V(to)
(A1) _ y/ (T4 Vo (jilxo.t) + b(x0, 1)) , 1) dAp,
8V(t0)

with the last integral denoting the surface integral over the (n — 1)-dimensional boundary
OV (tg) of the n-dimensional volume V' (tg).

The flux formula (A.1) establishes that for an arbitrary volume V (tg), the flux vector of
1 along the closed material surface OV (to) is T}, Vo (fi(x0,t) + b(x0,t)). For any open initial
material surface M (ty), we can select another open material surface N such that the closure
of M(ty) UNj is a closed material surface, i.e., OV (tg) = M(tg) UNy is the boundary of
a volume V(tp). Given that the flux of p through 0V () is given by the final integral in
(A.1) and hence is additive over subsets of OV (t¢), the contribution of M(¢y) to the total flux
through 0V (¢o) is equal to

t1
(A.2) E% (Mo) = V/ / <T§0VO (ﬂ(XQ, t) + b(Xo7 t)) ,n0> dA()dt,
to ./\/((to)

with ng (x¢) denoting an oriented unit normal field to M (o).
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To obtain more insight into Z% (M), we first take the V-gradient of both sides of (3.3)
and integrate in time to obtain

t
(A3) VOIEL(XQ,t) = VOCO(XO) + l// Vo

to

[po(lxo)vo . (TfO (x0) Vo [fi(x0, $) + b(x0, s)]) ds,

where we have used the relation Vi(xo,t9) = Voc(x0), which follows from (3.1). Then with
the flux vector obtained in (A.2) and with the expression (A.3) for Vii(xg,t) at hand, the
total transport of u through M(t) can be written as

(A.4)

t1
Eié MO = V/ / T%O X0 Vo( (Xo, )+b(X0,t)) ,Ilo(Xo)> dAg dt

t1
= V/ / Tto (Voco(x0) + Vob(x0,1) ,n0> dAg dt

t1 T
. / / / [ Vo - (T, (x0) Vo [i(o, )—i—b(xo,s)])} T nods dA dt.
to Mo Jtg pO XO

The statement of the theorem, therefore, follows if the last term in (A.4) is of order o(v),
ie., if

t1 1 T
il_)f% 1// / L’O x0) Vo - (T7,(x0) Vo [(x0, s) + b(x0, s)])] T} nods dAg dt = 0.

To prove (A.5), we need estimates on the solution of the initial value problem
. 1
(A.6) Afi(x0,t) = v——— Vo - (T}, (x0) Vo [fi(x0, t) + b(x0, 1)]) ,
po(Xo)
fi(*0,t0) = co(%o)-
Based on our initial assumptions, we have the following bounds on the entries Tj;(xo,t) :=
[T, (XO)] of the matrix representation of T},

| po(x0) ™ T (%0, t) — po(y0) VT3 (y0, 8)| < (C1 |x0 — yol* + Co |t — s]2),
|po(x0) " Vo Ty;(x0, ) — po(yo) " VoTii(yo, t)| < Cslxo — yo|®,

for some constant 0 < a < 1 and for all xg,y9 € U and t,s € [to,t1]. By the positive
definiteness of T} (xo) and the positivity of po, we also have

(A7)

1
(A.8) Mul? < <u, pO(XO)Tio(xo)u> <Auf’, ueR" xocU, telt,ta,

which implies the bounds

2
u _
U < ot [T, (x)] ") < P50 v < o) et T (x0) < A

for allu € R", xg € U, and t € [t1,t2].

(A.9)
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Next, we observe that (A.5) is satisfied when

(A.10) sup  [Vofi(xo,t) — Voco(xo)| = O(v?)

x0€U,tEto,t1]

holds for some ¢ > 0, as one obtains using (A.3) and estimating the supremum norm in xg and
t using (A.7). Using the assumption that ¢y € C%(U), we will now show that (A.10) holds,
and hence (A.5) is indeed satisfied. In our presentation, we will utilize a scaling approach
described by Friedman [9].

Introducing the rescaled time variable 7 := v(t — tg) as well as the shifted and rescaled

concentration w(xo, 7) := fi(Xo, to + L) — co(X0), then setting T, (xo,7) := Ting;(xo), we can
rewrite (A.6) as

_ 1 1
(A.ll) Wy = %VO . (Tl,Vow) + %Vo . (TVV()(C[) + b)) ,
w(xp,0) =0, (x0,7) €U x[0,v(t1 —to)].
Condition (A.10) is then equivalent to

(A.12) sup  |Vow(xg, 7)| = O?), 11 :=v(t1 — to),
Xoeﬂ,te[o,‘ﬁ]

for some ¢ > 0. In nondivergence form, (A.11) takes the form

ij=1

T,fj 9w "1 " 8T,fj ow
S orapelecy

po dxhdz) = po

+ fl/7
j=1

where we have defined

1
(A.14) fu(%0,7) = Vo - (T (x0,7)Vo(co(x0) + b(x0,7)) -
Po(xo)
Let
—1
exp | — <Xo—£,p0'£(quiss)(xo—€)>
(A15) Z(XO7T;€7S) = )

(2y/m)" [pg" det T, (&, 5)] 2 (7 — 5)%
Z, = py ' T, V}Z,
for xp,& € Q and 7,5 € [0, 7], denote the fundamental solution of the homogeneous, second-

order part of (A.11). For later computations, we note that with the n-dimensional volume
element d€ = d¢; ... d¢&,, we have the estimate

<x0*§7ﬂ0T;l(xO*5)>

n

N

/ Z(x0,7; 8, 5) d = / (2vm)™" [Pg det szl}i (T —s) ze A(7=s) d¢
Q Q
(A.16) < /(2x/7r)‘"x’5(¢ — ) Hemurn de,

Q
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where we have used the inequalities in (A.9). With the rescaled spatial variable y and the
rescaled volume form dy defined as

(A17) y =N Hr—s) P (x— &), dy = (20)F(r - 5) 3dE,

we define the set Qx, 75 1= (2/\)_%(7‘ — 5)71/2(xg — Q) to obtain from (A.16) the estimate

@ Qx,7,s

A\ 2 ) A\ 2
> ~ly] N
(3) Lera=(3)"

where we have used that f o d?" = /m. We also recall from [9, Thm. 3, p. 8], that for
any continuous function f : Q x [0,71] — R, the integral

(A.19) V(xo, T / / (x0,7:€,5)f(&,5)d€ds

is continuously differentiable with respect to x¢ and satisfies

|3

(A.18)

™

V|3

IN

(A.20) VoV (x0,7) = / / VoZ(xo, 73, 5) f (x0, 5) déds.

As shown in [9, Thm. 9, p. 21], the variation of constants formula applied to (A.11) gives
its solution in the form

w(xg, T / /ZVO Po Ip Voco) d€ ds

(A.21) +/o /QZ(XO’T;S’S)

x (/OS/Qcp(ﬁ,s;n,a) (05T (m, 0) Vo (co(m) + b)) dnda) gt ds
= Wl(XOaT) + WQ(XO”T)’

for some (not explicitly known) function ® that satisfies the estimate

1 1
(A22) |q) (Ea S; 777 U)’ S 04 |S . O'|h0 |£ _ n|n+272hofa’

for any constant ho € (1 — $,1), where a is the Holder exponent in (A.7).
To estimate the spatial gradient of W;, we use the formula for the xo-derivative of (A.21)
n (A.20) to obtain

’V()Wl‘ = ’Vo/ / ZV - (palT,jV()(Co + b)) d€ ds
0 JQ

(A.23)

7—/ (VOZ) Vo - (palT,}VO(CO + b)) dé ds
0 Q

T 1 . |
s/o /QQ|T_S|\poTV (&, 5)(x0 — )] 12] | Vo - (05T Volco +b))| de ds,
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where we also used the definition (A.15) in evaluating V¢Z. From (A.9), we obtain ||poT} || =

A~1 and hence we can further write (A.23) as

1 [7 A4
|VOW1‘ < / / ] ‘VO . (po_lTVVO(Co —i—b))‘ d€ ds

2|1 — s

(A.24) IVo - (o' Ts VO(Co—i-b))HCo //

Huo”Cz / / - vo— €]12] de ds.

Next, as in the calculation of the integral in (A.16), we use the scaling (A.17) in (A.24) to

obtain
Allu T 1
Vo] < Cs | O||C2(Q)/ / |y|e_|y|2dy ds
)\ 0 T — S Rn

(A.25) SCGAHUOI)I\CQ(Q) /T L
0

<O/ =0 (y%)

To estimate the spatial gradient of W5 in (A.21), we proceed similarly by using the growth
condition (A.22) to obtain

T 1 .
|V oWs S/O /92|7__8||P0TV (xo —&)||Z|
X </ / D] |V - (py ' T Vo (co +b))| dndo') d¢ ds

(A.26) <c ||V0 (po " Ty VO(CO +b)) lleoge)

/ /2\ —&l[Z]
: </0 !8—a|h0 /Q |§_mi?r72—2h0_a> dg ds.

Since €2 is bounded, there exists a ball of radius R such that Q + €2 C Bg and therefore,
noticing that 2 —2ho —a > 0by 1 — § < hg < 1, we find that

dn 9—ohg—al| = 2 2ho—a
(A27) /Q |£ — n|n+272hofa < Cg r 0 —0 = CQR 0T,
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As in (A.23), we can estimate the integral of |xo — &| |Z]| to obtain

RZ72h0=lug | oz

|[VoWa| < Cy 3
T 1 s do
P — A — | d€éd
S e ([ ) e
R2—2h0—a T 1 S 1
(A.28) < vy ||“0”02<m/ / — o) ds
A 0o VT—5\Jg |s—a|t

- _
\7‘—5|1 ho
<C s

< Cplrfz ™ =0 (VQTH> :
The estimates (A.25)—(A.28) together prove (A.12), which then implies (A.10), which in turn
implies (A.5), as claimed.

Appendix B. Proof of Theorem 4. Applying the classic result on the variational derivative
of quotient functional (see, e.g., [5]), we obtain that (5.3) is equivalent to

(B.1)

5 _ 1 _t) _ . L fMo |<q€é’n0>‘ dAg .
3E(Mo) = T A’ Mo [[(@g:m0)| = To] dAg =0, T := Tor, 4o = const
Therefore, extrema of the functional
(B.2) eMo) = [ [t m)| ] A
0

coincide with those of €.
We proceed by introducing a parametrization xo(s) := xo(s1, . .. Sp—1) of My under which
E(My) becomes

(Bg) 5(./\/10) = /M L (XQ(S), 8Sx0(s)) dSl . dSnfl,

with the Lagrangian

(B4) L (Xo, GSXO) = H<(_1§(1) (Xo) , 1o (85X0)>‘ — 76] vV det G (8sx0).

Here G;; = <%’;?, %—’S‘?) denotes the (i, j) entry of the Gramian matrix G of the parametrization,

which therefore satisfies, for any real number ¢ > 0, the identity

\/det G (8Slx0, ..., 0,0, - . . ,8Sn_1xo) = cy/det G (0sx¢).

Thus, by definition, v/det G is a positively homogeneous function of J,,x¢ with order 1 and
hence, by Euler’s theorem [21], satisfies

0Vvdet G
9 (0s;%0(s))

(B.5) 0s,%0(s) - =1-Vdet G = Vdet G.
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Furthermore, once an orientation is fixed, the unit normal ng is a unique smooth function
of the n — 1 tangent vectors Js,x¢, even though the lengths of these vectors are arbitrary and
depend on the parametrization. Consequently, for any real number ¢ > 0, we have

ngy (881x0, e ,CaSiXO, . ,6sn_1XO) =1y (8Sx0) = Ck - 1o (aSXO(S)) y k? = 0,

which, by definition, implies that ng (0sxo(s)) is a positively homogeneous function of order
zero. Then, again by Euler’s theorem, we conclude that

Ong (0sxp(s))
9 (0s;%0(s))
As the Lagrangian L (xg, 0sXo) has no explicit dependence on s, Noether’s theorem provides

partial conservation laws (cf. Logan [22, Chap. 4, Ex. 4.2] for the associated Euler-Lagrange
equation in the form

(B.6) 0s,%0(s) - =0.

OH; . oL

B. 0, H =8, %0 o
(B-7) sr %0 5 x0)

: —64L, igk=1,...n—1,
with 0;; referring to the Kronecker delta. A direct calculation using (B.5)—(B.6), however,
gives

; oL

Hi =0, 9
IO )
ovdet G
— Tl 0. Lovaee

|<qt07n0>‘ 76] sZXO(S) 8(8sixo(s))

[
[[(@i2 (%0) ;1m0 (Bsx0))| — To] v/det G (dsxq)
0,

and hence no nontrivial first integral arises from the relations (B.7).
Nevertheless, for the modified variational problem

(B.8) E(My) = /M L% (x0(s), Osxo(s)) dsy ... ds, 1,

Noether’s theorem gives

OL?

B. H! = 04,%x0 ———
( 9) 7 aSzXO 8(85iX0)

—L?=21*-1*=1% i=1,...,n—1,

by Euler’s theorem, given that L? is a positively homogeneous function of order 2 in the
variables 05,x9. By the definition of H} in (B.7), (B.9) implies that L is a first integral
for solutions of the variational problem (B.8). Then, by a generalization of the Maupertuis
principle for PDEs (see [15, App. S4]), L is also a first integral for the Euler-Lagrange
equation of the original variational problem on all nonzero level sets of L. This in turn implies
the invariance of the {L = 0} level set as well. We conclude that barrier surfaces must satisfy

[|<(‘1§é (x0) ,10 (8sx0)>| — 76] /det G (0sx9) = C in any dimension.
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Appendix C. Proof of Theorem 5. For n = 2, a diffusion extremizer surface My is a
one-dimensional curve parametrized by the single variable s. The unit normal to this curve at
a point xg € Mg can be written as

X{
Il()(X()) =Q ‘XIQ"
with the rotation matrix € defined as in (5.15). The Lagrangian L defined in (B.4) then takes
the specific form

/ 2
L (x0,x0) = \/<q§é (x0) , 20 > = To | y/ (x0,x)

[xp]
_ 2
(c.1) = (@l (o), )2 — o [xh)
The general equation (5.4), therefore, simplifies in two dimensions to the implicit ODE
_ X
(€2 (0l (), 220 =T
0

Note from (C.2) that within the {L = 0} level set, arbitrary reparametrizations of the solutions
(which are also solutions, by the rescaling invariance of the variational principle) also happen
to preserve the value of the first integral L. We are, therefore, free to select the arc-length
parametrization for diffusion barriers by letting x{, = ozqié (x0)+ 0 ﬂ(‘lié (x0) with (042 + 62) =
1/ |q§é (Xo)‘2 . Substituting this form of x{, into (C.2) gives the vector field family
_t 2
Vi o) =72

(C.3) X, = 5 (‘1%1 (x0) £
|(_1§é (X0)| ’

To
|511tt(1J (X0)|

2 Qali(l) (XO) )

as stated in (5.17), where we have used the equality ‘qu = \qﬁ; ‘ Trajectories of (5.17) are,
therefore, stationary curves of €.

It is yet unclear, however, whether trajectories of (5.17) are minimizers or maximizers of
the functional €. As we have seen, stationary curves of € coincide with those of

EM0) = [ Lxals).x4() ds,

with L defined in (C.1). As in any classic calculus of variations problem, the admissible
variations h(s) of a My are those that make the boundary term arising in the integration by
parts vanish, i.e.,

52
(C4) [3X6L (Xo(s), Xg(s)) . h(s)] . =0.
Noting that
(C.5) /
By L (x0,xp) = sign (@, (xo) , 2x5))27 Gy} (x0) — 76<;0X,>, (@ (x0) , () # 0,
0> X0

we can distinguish the following types of variations based on (C.4):
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B1. Vanishing endpoint variations: h(s;) = h(s2) = 0.
B2. Orthogonal endpoint wvariations: The variation h(s) is nonzero but orthogonal to
Oy, L (x0(s),x0(s)) at the endpoints, i.e.,

(06) 8x6L (Xo(si), X6(Sz)) 1L h(Si), 1= 1, 2.

Restricting to normal variations (h(s) L x{(s)) and using (C.5), we find that (C.6) is
equivalent to
Qq;! (xo(si)) -h(s;) =0, i=1,2,

as long as <(‘1§(1) (X()),QX6> # 0, i.e., as long as L is differentiable. We conclude
that arbitrary normal variations are admissible to the endpoints of My whenever
qﬁ; (x0(si)) || x((s:), @ = 1,2, holds at those endpoints.

B3. Free endpoint variations: The factor ang (x0,x() vanishes at the endpoints, i.e.,

(C.7) O L (x0(si),%p(s:)) =0, i=1,2.

Using (C.5) and the expression (C.3) for x{, along M, we find that condition (C.7) is
satisfied whenever

, (xo)|” = T
Bt Lo = — [sign ((@f} (x0), 2x4)) £ o] Q@f (x0) — %W & o) ! (x0) -
|qté (XO)’

Therefore, condition (C.7) is satisfied if either
a, (xo(s:)) =0, i=1,2,
or
To = |ai} (xo(s:)| =1, i=1,2.

B4. Periodic variations: My is a closed curve and the variation h(s) is periodic with the
same period in s, i.e.,

Oy L (x0(s1),%((s1)) - h(s1) = Oxr L (x0(s2),%((s2)) - h(sz)).

A simple calculation gives, furthermore, that the second variation of € along any of its
stationary curves, My, satisfies

52E(Mo)

Jay V0(5), xp(s)) ds

Therefore, £ and £ also share the type of their stationary curves (minimizers, maximizers, or
saddle-type stationary curves). To obtain a necessary condition for a stationary curve of £ to
be an extremizer, we can therefore apply the classic Legendre condition to the functional &,
which is based on the definiteness of the Hessian 8>2<6X6L (x0,%() -

§2E (M) =
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Note that whenever dy L (x0,Xp) is well-defined in (C.5), i.e., <(‘1§(1) (x0) , x() # 0 holds,
the function sign <<(’1§[1) (x0), QX6>> is locally constant in x{,. Therefore, whenever 5ng (x0,%()
is differentiable, its Jacobian equals

/

C.8 02, L (x0,X}) = —Tod X0
( ) XpXo ( 0 0) 0 A <X6’X6>
To 1, y /
NG I T VX X ) L X ’QX O.
(x4, %) (X0, %0) 0 (%) (@, (%0) , x) #

Recall that any two-dimensional dyadic product matrix x|, (x6)T has an eigenvalue equal to
(x5, x() (corresponding to the eigenvector x{)) and another eigenvalue equal to zero (corre-
sponding to £2x(). As a consequence, the eigenvalues of 8}2(, o L (x0,%() are

00

T
p1:07 P2 = — 0 *<O,

{x0,X0)
which implies that the Hessian a>2<6X6L (x0, X()) is negative semidefinite on any stationary curve
of € satisfying (g (x0), Qx() # 0. (The kernel of 8>2<6X6L (x0, X()) is spanned by x{,, confirming
that tangential perturbations to the stationary curve at its endpoints result in no second-
order change in the transport functional due to our length-normalized definition of transport.)
Consequently, each stationary curve of & satisfies the Legendre necessary condition for a strict
maximum.

For stationary curves My that either are closed or connect zeros of the (_1% (x0) vector
field (cf. the boundary condition types B3 and B4 above), we now derive another necessary
condition under which a closed stationary curve My is a local maximum of £. We consider
parallel translations of M described by a constant vector field h(s) = hy. Since we have
h/(s) = 0 along such perturbations, we obtain

<h0, Lh0>, L:= 82 L (Xo(s), X6(S)) ds.

1 1
525[h0] = 2/ <h0, aioxOL(Xo,Xé))h0> dS = § X0X0
Mo Mo

Therefore, §2E[hg] < 0 holds for arbitrary hy if L is negative semidefinite. Note that wherever
L is differentiable, its Hessian with respect to xg satisfies

8)2(0x0L (X07 X/O) = Sign <C_1§(1) (XO) 7QX,0> a)%gxo <(_1§é (XO) 7QX/O> ;

which then implies formula (5.18) of the theorem. The same argument is also valid for barriers
with endpoints satisfying

Gty (xo(s2)) | %0(s:) 1 %0(s5), 6,5 =1,2, i #j
(cf. the boundary conditions B2), except that in that case
<LQX6,QX/0> <0

must hold for the stationary curve to be a minimizer, given that the admissible parallel
translations are restricted to those normal translations satisfying h(s) = hg L x((s;), ¢ = 1,2.
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In summary, no trajectory of (5.17) can be a minimizer of the constrained transport

functional &£ for 7y. For Ty = 0, however, one recovers the case of perfect barriers that
are clearly global minimizers of £. Thus, only perfect barriers can be transport-minimizing
material surfaces, as stated in Theorem 5.
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