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Abstract

This paper explores the connection between classical isoperimetric inequalities, their directed
analogues, and monotonicity testing. We study the setting of real-valued functions f : [0,1]¢ —
R on the solid unit cube, where the goal is to test with respect to the LP distance. Our goals
are twofold: to further understand the relationship between classical and directed isoperimetry,
and to give a monotonicity tester with sublinear query complexity in this setting.

Our main results are 1) an L? monotonicity tester for M-Lipschitz functions with query com-
plexity O(v/dM?/2) and, behind this result, 2) the directed Poincaré inequality distT"(f)2 <
CE [|V* f |2] , where the “directed gradient” operator V~ measures the local violations of mono-
tonicity of f.

To prove the second result, we introduce a partial differential equation (PDE), the directed
heat equation, which takes a one-dimensional function f into a monotone function f* over time
and enjoys many desirable analytic properties. We obtain the directed Poincaré inequality by
combining convergence aspects of this PDE with the theory of optimal transport. Crucially
for our conceptual motivation, this proof is in complete analogy with the mathematical physics
perspective on the classical Poincaré inequality, namely as characterizing the convergence of the
standard heat equation toward equilibrium.
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1 Introduction

One of the central problems in the field of property testing is monotonicity testing: given a function
f defined over some partially ordered domain, decide whether f is monotone, i.e. f(z) < f(y)
whenever & <X y, or e-far from any monotone function under a given distance metric. Since the
introduction of this problem [GGLRS00] and especially over the last decade, a series of works has
revealed striking connections between monotonicity testing and directed analogues of well-studied
and ubiquitous isoperimetric inequalities such as Poincaré, Margulis, and Talagrand inequalities.

Let p,q > 1. Following the notation of [Fer23], we say a (classical) (L, ¢7)-Poincaré inequality
is an inequality of the form

diste™=t () < CE [V

for, say, all functions f : {0,1}¢ — R on the Boolean cube, or all functions f : [0,1]¢ — R on
the unit cube, or perhaps only the Boolean-valued functions on these domains. Here dist;°"5t( f)
denotes the LP distance of f to the closest constant function when the domain is given uniform
probability measure. For example,

1. for functions f : {0,1}¢ — R, the classical Poincaré inequality Var[f] < CInf[f], where
Inf [f] denotes the total influence of f, is an (L?, £?)-Poincaré inequality (see e.g. [O'D14]);

2. in the same setting, the Talagrand inequality [Tal93] is an (L', £?) inequality;

3. for smooth functions f : [0,1]¢ — R, the (L2, ¢?) inequality is often called the Poincaré
inequality, especially in mathematical analysis (see e.g. [BGL14]); and

4. in the same setting, the (L', ¢?) inequality was proved by Bobkov & Houdré [BH97].

A series of works on monotonicity testing has shown that many of these inequalities enjoy
natural “directed analogues’, as identified by [CS16]. Let dist;*"°(f) denote the LP distance of f
to the closest monotone function. Then a directed (LP,£9)-Poincaré inequality is an inequality of

the form
disty " (f)? < CE [V~ fIF]

where V™ f := min{0, V £}, the directed gradient of f, captures the local violations of monotonicity!
For example (listing by type of inequality rather than in historical order),

1. an (L', ¢") inequality was proved by [GGLRS00] for functions® f : {0,1}¢ — {0,1};
2. [Fer23] gave the same inequality for Lipschitz functions f : [0, 1] — R;

3. [KMS18] proved the stronger (L', £?) inequality for functions f : {0,1}¢ — {0,1}, in analogy
with Talagrand’s result in the classical setting; and

4. related directed isoperimetric statements, not in Poincaré form, include a directed analogue of
the Margulis inequality by [CS16], and isoperimetric inequalities for real-valued functions on
the Boolean cube [BKR24] and for Boolean functions on the hypergrid [BCS23; BKIKM23].

!Note that both the classical and directed inequalities relate a local property (violations of the “constant” or
“monotone” property, captured by the gradient) to a global one (distance to a constant or monotone function).

2For the purposes of exposition, we limit the present discussion to the Boolean cube and unit cube domains; in
particular, we do not extend the notation and discussion to hypergrid domains.



What makes the story above especially compelling is that each new directed isoperimetric
inequality also enabled an algorithmic result, namely a monotonicity tester with improved query
complexity in the same setting. While we refrain from a full review and refer to [Bla23] instead,
one central example is that, for functions f : {0,1}¢ — {0,1}, the celebrated work of [KMS18]
essentially resolved the question for nonadaptive testers by giving a 5(\/&/ £2) query tester.

In this paper, we seek to further understand the connection between classical and directed
isoperimetry, and the role of the latter in monotonicity testing. Building upon [Fer23], we pursue
this goal by studying the fully continuous setting, namely functions f : [0,1]¢ — R. Let us offer
two reasons for this choice, which we view as connections along two conceptual “axes”:

Classical versus directed. The continuous setting is central to the study of isoperimetric
phenomena. Ever since the original “isoperimetric problem” about shapes in Euclidean space,
isoperimetric inequalities have enjoyed a rich and fruitful history with connections to mathe-
matical physics, geometry, probability theory, diffusion processes, optimal transport, and so on;
and closest to our subject, the Poincaré inequality itself first appeared in the study of partial
differential equations arising in mathematical physics [Poi90]. Thus, if there are unifying prin-
ciples underlying both classical and directed isoperimetric phenomena, it seems reasonable to
expect such a principle to manifest itself in the continuous setting.

Discrete versus continuous. Phenomena involving functions on Boolean and continuous do-
mains are often intimately related? which we may interpret as a form of “robustness” of the
phenomena. Thus, it is natural to ask about the full scope of this connection in the case of
directed isoperimetry and monotonicity testing. While [Fer23] started to answer this question
by giving an L! monotonicity tester with O(d) query complexity via a directed (L', £!)-Poincaré
inequality, many questions remain. For example, they left open the possibility of a tester with
O(\/&) query complexity, which would bring the continuous landscape closer to the discrete one.

Our main result in this paper is a directed (L?, £2)-Poincaré inequality for sufficiently regular
functions f : [0, 1]d — R (in particular, Lipschitz continuity suffices; see Section 5.1):

Theorem 1.1 (Directed Poincaré inequality). There exists a universal constant C > 0 such that,
for all f € H'((0,1)%),
distyor () < CE [V~ f13] - )

We highlight two related aspects of this result. First, it takes the same form as the most
classical form of the Poincaré inequality, namely the (L?,¢?) form. In contrast, [Fer23] gave an
(L', ¢Y) inequality, which does not have a natural classical counterpart?

Second, the main theme of our proof of this result is the study of the convergence of a partial
differential equation (PDE), which is the original motivating problem for the Poincaré inequality.
The idea is to take one of the central properties of the Poincaré inequality—that it characterizes
the convergence of the heat equation to equilibrium—and modify that PDE in a natural way so that
it converges to a monotone (rather than constant) equilibrium, then derive from its (exponential)
convergence the directed inequality. In fact, plugging in the unmodified heat equation into our
proof recovers a long but unsurprising proof of the classical Poincaré inequality. We contend that,
in the continuous setting, exponential convergence of a PDE to its constant/monotone equilibrium
is the unifying principle behind the classical and directed inequalities.

3See e.g. [0'D14, Chapter 11] and recent works such as [KOW16; CHHL19; DNS21; AHLVXY23; EMR23].
“In the classical settings, as noted above, we have the stronger (Ll,Ez) inequality instead. Note that the ¢2
(Euclidean) norm enjoys many nice properties that the £* norm does not (e.g. rotation invariance, being self-dual).



As an application, we obtain a monotonicity tester for Lipschitz functions f : [0,1]% — R, with
respect to the L? distance, using roughly v/d queries:

Theorem 1.2. There exists a nonadaptive, directional derivative L? monotonicity tester for M-
Lipschitz functions f : [0,1]% — R with query complexity O(v/dM? /&%) and one-sided error.

This result answers affirmatively (up to a logarithmic factor) the question asked by [Fer23].
We remark that the algorithm above is also an LP tester for any p € [1,2], that the directional
derivative queries may be replaced by value queries as long as f is sufficiently smooth, and that
the dependence on d is optimal among a natural generalization of pair testers to the continuous
setting; see the next section for definitions and details.

The rest of the introduction proceeds as follows. In Section 1.1, we define our testing model and
describe our monotonicity tester; in Section 1.2 we give an overview of our proof of the directed
Poincaré inequality; and in Section 1.3, we discuss our results and some open questions.

1.1 Monotonicity testing of Lipschitz functions

In this section, let  := [0,1]¢ for simplicity of notation. For a function f € LP(Q2) and p > 1, we
define the LP distance to monotonicity of f as

dist)'"(f) := inf {||f — gll1r() : g € LP(Q) monotone}

where ||f — gllrr) = (Jo(f — 9)P dz) 1/p by definition.

As announced, our main algorithmic result is a monotonicity tester with respect to the L?
distance, so we adopt the LP testing model of [BRY14]. The specific problem we consider—LP
testing monotonicity of Lipschitz functions—is the same as [Fer23]. Let us formally define the
model. We say that function f is M-Lipschitz if |f(z) — f(y)| < M|z — y| for all pairs of points
x,y. Then, the testing model is as follows:

Definition 1.3 (Monotonicity tester). Let p > 1. Given parameters d € N and M,e > 0, we
say a randomized algorithm A is an LP monotonicity tester for M-Lipschitz functions with query
complexity m(d, M, ¢) if, for every M-Lipschitz input function f : [0,1]? — R, algorithm A makes
m(d, M, e) oracle queries to f and 1) accepts with probability at least 2/3 if f is monotone; 2) rejects
with probability at least 2/3 if dist)*"°(f) > e.

As usual, an algorithm is nonadaptive if it decides all its queries in advance before seeing any
output from the oracle, and it has one-sided error if it accepts monotone functions with probability
1. As in [Fer23], we allow two types of oracles queries:

Value query: Given point z € €2, the oracle outputs the value f(x).

Directional derivative query: Given point z € Q and direction v € R%, the oracle outputs
the directional derivative V, f(x) = v -V f(z), or the symbol L if f is not differentiable at x.

We remark that Lipschitz functions on Q are differentiable almost everywhere (i.e. outside a set
of measure zero) by Rademacher’s theorem, so non-differentiability is not a concern, and they are

bounded and hence in LP((2) for any p > 1, so dist;"*"°(f) is always well-defined.



The algorithm. Our tester may be seen as the natural continuous analogue of the path tester of
[KMS18] for the Boolean cube, which samples points x < y € {0, 1}d connected by a path of length
2k, for k sampled uniformly from [log d], and rejects if f(z) > f(y). In our case, a path is replaced
by a direction v € {0,1}%, and the condition f(z) > f(y) is replaced by the condition v-V f(x) < 0,
for a uniformly random point z € [0, 1]d, via a directional derivative query. Such a tester accepts
any monotone function, so the challenge is to ensure that it detects the case when dist5*"°(f) > e.

In this case, hiding constant factors, Theorem 1.1 gives that E [HV* f H%] > £2. We would
like the distribution of v to be such that, for any z, P[v-V f(z) < 0] 2 %. Note that
v 2
IV £(z)||3 < M? because f is M-Lipschitz, so if we had such a distribution for v, the tester would
. . - \ 2 2, . .
reject with probability at least IEZ [H \/g]f;,;“z} e \/§M2’ implying that O(v/dM?/e?) queries suffice.
A natural choice would be to sample v € {0,1}% so that v; = 1 corresponds to taking edge i in

the path tester. We make this concrete as follows: sample p uniformly from {1, %, ceey m},

and sample v € {0,1}¢ by letting each v; be 1 independently with probability p. At a high level,
Lemma 3.4 shows that this distribution satisfies the condition above (up to a logarithmic factor) by
considering, for each threshold T, the smallest value of p such that, informally, after issuing all its
queries the algorithm should expect to sample at least one vector v whose support intersects with
at least one entry i from V f(x) satisfying (Vf(z)); < —7 (this idea allows us to “forget” about
all the other negative entries of V f(z), and focus on a simpler “good event”). By ranging over all
possible 7, we show that there exists 7 and corresponding p such that, with good probability, the
contribution of the positive entries of Vf(z) to v -V f(x) is smaller than 7, so that v -V f(z) < 0.

Remarks on the tester. As observed in [BRY14], for 1 < p < ¢q and any (say) Lipschitz f and
g, Jensen’s inequality gives ||f — gllr) < [|f — 9llra(@)- Thus any L? monotonicity tester is also

an LP tester, so that the O(v/dM?2/e2) upper bound also holds for L testing with p € [1,2].

A second remark is that the directional derivative queries, while convenient for the analysis and
in our opinion conceptually clean, can be replaced with value queries under reasonable assumptions.
First, in Remark 3.3 we note that the rejection condition v-V f(x) < 0 may in fact be replaced with
the more robust condition v-V f(x) < —O(e/d). Now, suppose the input function f is promised to
be twice-differentiable with second derivatives bounded by any constant 5. We may then replace
any directional derivative query v - V f(x) with the value queries f(x) and f(y), where y = x + av
for sufficiently small a > 0 as a function of 3, € and d, and reject if f(y) < f(z). This is possible
because, if v - V f(x) < —0(g/d) and for such small «, the directional derivative v - V f(z) remains
negative on all points z in the line segment between = and y, and hence f(y) < f(x). Conceptually,
we view this as confirmation that directional derivative queries are not unreasonably powerful.

Finally, the v/d dependence in the query complexity is optimal for derivative-pair testers, which
are randomized nonadaptive testers that, at each step, either sample points * =< y and use value
queries to reject if f(z) > f(y), or sample point x and direction v = 0 and use a directional
derivative query to reject if v - V f(z) < 0. The proof is not difficult, and is given in Section 4.

1.2 Proof overview

Our guiding ideal is to prove Theorem 1.1 by identifying a robust approach to the classical Poincaré
inequality such that, by “toggling” a single aspect of the approach, we can transform a proof of the
classical statement into a proof of its directed counterpart.



1.2.1 Starting point: the heat equation

The first step is to identify the right classical starting point. For example, the Poincaré inequality
can be proved using Fourier analysis, but since the directed problem is highly nonlinear (due to
the V~ operator), this approach does not seem suitable. Instead, we take a physically-motivated
approach. Let u = u(t, z) where we think of the first variable as time, with each f = u(t) = u(t,-) a
function over space. A remarkable property (see e.g. [BGL14, Chapter 4]) of the Poincaré inequality

Var [f] < CE[||V ]3]

(where we have written Var [f] in the place of dist5®"*(f)?, which is the same thing) is that it is
equivalent to exponential decay of variance in the heat equation

O = Au, (2)

where A denotes the Laplacian operator, given appropriate “no-flux” boundary conditions which
we do not expand on at the moment. To see this equivalence, assume for simplicity the mean zero
condition [u(0)dz = [u(0,2)dx = 0 (which is then preserved over time), compute d;Var [u(t)],
differentiate under the integral, apply (2) and integrate by parts to obtain

O¢Var [u(t)] = 0, /u(t)2 dz = 2/u(t)8tu(t) dz = 2/u(t)Au(t) dz = Q/Vu(t) -Vu(t)de.

This means that 0;Var [u(t)] < —C Var [u(t)] if and only if Var [u(t)] < % [ Vu(t)||3 dz, i.e. expo-
nential decay of the variance is equivalent to the Poincaré inequality.

We observe that solutions to the heat equation converge to a constant equilibrium (taking the
average value of u), and the associated Poincaré inequality is a bound on the distance to a constant
function. Accordingly, it seems intuitive that if we replace (2) with a PDE that converges to a
monotone function, we might learn something about the distance to a monotone function instead.

1.2.2 The directed heat equation

One challenge we face is that analyzing directed analogues of (2) in the multidimensional setting
proves challenging due to the interaction between nonlinearities in multiple dimensions. Hence, let
us focus on the one-dimensional case for now. In one dimension, the heat equation is

Oru = 0,01 .

The surface reading of this PDE is that, if we focus on the value of u at a single point z, the
PDE tells us how this value changes over time. Another useful perspective is to think of u(t,z)
as the density of “particles” at each point, and ask about how these particles are “moving” over
time; this idea can be made formal via the so-called continuity equation. Under this view, it
turns out that the inner expression d,u represents (up to a sign change) the fluz (or momentum)
field, i.e. the total rate of particle movement at each point, and by taking the derivative of this
field, i.e. 0,0,u, we determine whether, on the balance, there are more “incoming” or “outgoing”
particles—quantitatively, the rate of change Ju.

With this perspective, a natural candidate PDE—which we call the directed heat equation—is

dyu = 0,0, u, (3)

where 9, u := min{0,9,u}. The idea is that the new flux 9, u is always nonpositive, which, up
to a required sign change, means that particles are only allowed to “move to the right”. Observe



also that the RHS of (3) is zero for any monotone function, so monotone functions are stationary
solutions, while for decreasing functions, this PDE behaves exactly as the heat equation. Thus,
intuitively, this PDE seems to take a function «(0) and move it toward a monotone limit over time.

We explained above that the Poincaré inequality is intimately connected to convergence of the
heat equation, and we would like to show a similar property in the directed case. One option would
be to study the rate of decay of the distance to monotonicity, dist]°"°. Although this is possible, it
does not seem to lead to a proof strategy; also note that, while in the case of the variance we also
have tools such as Fourier analysis to reason about the rate of decay directly, here we only have
the PDE to work with. Fortunately, there is another relevant quantity which decays exponentially
under the heat equation, namely the Dirichlet energy

&)= [y as.

Indeed, another formal computation shows that by differentiating under the integral, switching the
partial derivatives, applying (2) and integrating by parts, we get

DE(D) = 50, / (Du(t))? dz = / (Du(1)) (BuDat(t)) dz = / (Du(1)) (D Bpu(t)) da
_ / (0(1)) (O DuDpu(t)) A = — / (Dudpu(t))? de < —% / (Qou(t))? dz = —%E(u(t)),

where the inequality is an application of a version of the Poincaré inequality for functions that are
zero on the boundary, which will be the case for d,u(t) by the no-flux boundary conditions.
Now, it seems reasonable to propose the following directed analogue of the Dirichlet energy:

&)=y [0

If £ measures the “locally non-constant” activity of a function, £~ measures the “locally non-
monotone” activity. Using £~ to recast the directed heat equation in the language of gradient
flows and maximal monotone operators [Bre73], we can show that

1. this PDE has a solution (Proposition 5.17 and Corollary 5.20);
2. the directed Dirichlet energy decays exponentially in time (Proposition 5.22);
3. the solution converges to a monotone equilibrium as ¢ — oo (Proposition 5.65); and

4. the solution, including up to the limit above, satisfies several other essential analytic proper-
ties, such as nonexpansiveness (Proposition 5.69) and order preservation (Corollary 5.68).

1.2.3 Transport-energy inequality in one dimension

It is tempting, now, to try and use these results to conclude the one-dimensional directed Poincaré
inequality. The problem is that this seems to lead to a dead end, because we do not know how to
tensorize the one-dimensional inequality into a multidimensional one?

Instead, we keep leaning on what the PDEs naturally tell us. It turns out that there is a

different notion of distance, the Wasserstein distance, which is much more closely connected to

5In the classical case, the law of total variance does allow such tensorization [BGL14, Chapter 4.3], but this aspect
of the problem does not seem to be robust to passing to the directed setting. Also note that, if we only desired a
one-dimensional directed Poincaré inequality, then [Fer23] offers a much shorter proof.



the theory of evolution equations and better suited to the dynamical approach we are undertaking.
Informally, the squared Wasserstein distance W22(,Q(), 01) between probability measures gy and gy is
the minimum total cost of a “transport plan” (coupling) moving particles from gg to g1, where the
cost of moving a particle from point x to point y is |z — y|2. The connection to PDEs is via the
Benamou-Brenier formula, which informally says that

1
W2 (00, 01) = min {/0 Hth%Z(gz) dt : vy is a velocity field taking gg to o1 from time 0 to 1} .

Without going into details, it follows that if we can upper bound the directed Dirichlet energy
E (u(t)), then we can upper bound the total (weighted) magnitude of the velocity field, i.e.
[vel|32 () (recall that the momentum of particles in the directed heat equation is essentially 0, u,
so this connection is not arbitrary), and therefore upper bound the Wasserstein distance between
the initial state gp—which informally corresponds to the function f = w(0)—and the final state
01—which informally corresponds to the monotone equilibrium f* = limg_, oo u(t).

This strategy yields, at least for bounded functions, the following result. Let U be a class of
“reasonable” initial states which we do not define for now, and let the operator P, map each initial
state to its monotone equilibrium according to the directed heat equation. Then

Theorem 6.11 (Transport-energy inequality in one dimension). There ezists a constant C > 0 such
that the following holds. Let u € U be positive, bounded away from zero, and satisfy f(o 1 udx = 1.
Define the measures du := udz and dps := (Pxu)dz. Then

¢ E (u).

W3 (s o) <

1.2.4 Tensorizing the transport-energy inequality

The advantage of making this detour through the Wasserstein distance is that, modulo the required
technical work, tensorization becomes relatively straightforward. Indeed, it is well-known in the
theory of optimal transport (c.f. [Vil09, Remark 6.6]) that the Wy distance scales well with the
dimension and reflects useful geometric content. Here the main idea is that, since the cost function
for the Wy distance is the squared Euclidean distance |z —y|? between points z,y € [0, 1]¢, one way
to extend the one-dimensional result above to, say, the unit square [0, 1]? is to

1. apply the one-dimensional result to each row, making the row restrictions monotone while
paying cost W2 (oo, 01) = a?; and then

2. apply the one-dimensional result to each column, making the column restrictions monotone
while paying cost W2 (o1, 02) = b°.

Then, by combining the transport of particles along rows and columns into a single transport plan,
we obtain via the Pythagorean theorem a plan with cost a® 4 b2, so this quantity upper bounds the
overall squared distance W (oo, 02). The same idea extends to higher dimensions, and we prove:

Lemma 6.34 (Pythagorean composition of transport plans). Let I,J C [d] be nonempty disjoint
sets. Let pi, 0,v € P(R?) be supported in bounded sets, and let v+ € Il;(u — o) and v~ € I1;(o —
v). Then there exists v € I (pn — v) satisfying Co(7)? = Co(v1)? + Ca(y7)%

In this statement, Ca(y)? is the cost of transport plan v, and II;(u — v) denotes the set of
transport plans between probability measures p to v, under two additional restrictions: 1) particles



can only move along “I-aligned” lines, e.g. along rows in the example; and 2) particles can only
move “up” in the partial order on R?, i.e. a particle can move from z to y only if z < y—we call
such a transport plan directed. The second restriction is important because, when we finally recover
a Poincaré inequality from a transport-energy inequality, the information that particles only moved
up in the partial order will be reflected in the appearance of the directed gradient V.

Now, informally, Theorem 6.11 tells us that each step of the above strategy (e.g. moving parti-
cles along rows) incurs cost bounded by the directed Dirichlet energy, i.e. the integral [(9; f )2 dx
of the partial derivatives along the (say) rows. Repeating for every i € [d] via Lemma 6.34, we
obtain the directed, multidimensional transport-energy inequality:

Theorem 6.51 (Transport-energy inequality). There exists a universal constant C > 0 such that
the following holds. Let a € (0,1), and let f € Lip satisfy 1 —a < f <1+ a and f[o 14 fdz =1.

Define the probability measures dy := fdx and dp* == f*dx on [0,1]¢. Then

C(1+a)? a2
2 G Sl )
W3 (p — p*) < 1—a)p /[ONW fI7dz

Moreover, by the order preservation property of our solution to our PDE, each operation along
direction ¢ preserves the monotonicity along the directions j < %, so the final function f* in the
statement above, which is the result after all d steps, is indeed monotone. The notation W (u — u*)
indicates that this bound holds even for directed transport plans, as explained above.

1.2.5 Recovering a Poincaré inequality via optimal transport duality

The final step is to recover, from the multidimensional transport-energy inequality, our desired
directed Poincaré inequality. Fortunately, there is an intimate connection between transport and
Poincaré inequalities (as well as Sobolev, logarithmic Sobolev, and other isoperimetric and con-
centration inequalities), and this theory is well established in the classical case (c.f. [Vil09, Chap-
ters 21 and 22]). Closest to the present approach, [Liu20] proved, in the classical setting, the
equivalence between transport-energy, Poincaré, and other related inequalities. Our task, there-
fore, is to obtain at least an implication in the directed setting.

The main ingredient toward this goal is the notion of Kantorovich duality for the Wasserstein
distance. In the classical setting, the weak Kantorovich duality says that, given two probability
measures ;4 and v, if we can find “certificate functions” ¢ and v satisfying

o(y) — p(z) < |z — y|? for all points x and y, (4)

then

W2 () > / o(y) dv(y) — / () dpu(z) (5)

Villani recounts the following analogy by Caffarelli: suppose you operate a consortium of bakeries
and cafes in a city, and that u(dz) is the supply of bread by a bakery at point x while v(dy)
is the demand by a cafe at point y. Then if transporting a unit of bread from z to y costs
|z — y|?, the minimum cost for transporting all the bread is by definition W2 (u,v). Suppose
a transportation company offers to take over the transportation job by buying bread from the
bakeries at price ¥ (x) and selling it to cafes at price ¢(y). If (4) holds then, for each x and y,
hiring the transportation company is no more expensive than handling the transportation yourself.
Therefore the cost W2 (u,v) is at least as large as how much the bakery-cafe consortium pays the
company to fulfill the supply and demand, which is the RHS of (5).



In the directed setting, where we can only transport mass from x to y if x =< y, we expect the
transport to be in general more expensive, so “more” certificates should be valid. Indeed, it is not
difficult to obtain the following natural directed version of weak duality (Lemma 7.1): if

o(y) —p(z) < |z —y|? for all points = <y,

then

W2 - ) > / by) dv(y) — / () dpu(z)

The final main ingredient is an operator which, given a candidate function ¢, produces the best
possible ¢ for duality. This is accomplished by a directed analogue of the so-called Hamilton-Jacobi
operator, defined as follows: for each function A on the unit cube,

SUDys 5 {h(y) — %|x — y|2} otherwise.

Then, for each h and setting ¢t = 1, this operator yields the following (Proposition 7.4):
Wi —v) > /hdy— /(ﬁlh) dp . (6)

Note that, as ¢ — 0", (H;h)(z) intuitively seeks the direction y — x = 0 of steepest ascent of h.
This suggests a connection to the directed gradient, and indeed in Proposition 7.6 we show that

Hh(x) — h(z) < ]V+;;(g;)|2 | (7)

lim sup
t—0t t

where VTh := max{0, Vh}.

At this point, instead of trying to reproduce the calculations from Section 7.2, let us give some
intuition for how the pieces above recover a Poincaré inequality. By homogeneity, it suffices to
consider mean-zero functions h. The key idea is to fix a small £ > 0 and let h play two roles at the
same time: 1) as the building block for measures du(z) = (1 + th)dz and dp*(z) = (1 + th*) dx,
where h* is the monotone function obtained via the coordinate-wise application of the directed heat
equation as in the previous section; and 2) in the test function —th for duality via (6).

From the fact that h plays both of these roles® (6) ends up producing the “interaction term”
i (h? —hh*) dz, which can be appropriately bounded by J (h—h*)? dz; and since h* is monotone, the
inequality [(h—h*)dz > dist§"°(h)? explains why we should expect the distance to monotonicity
to appear. Moreover, after the appropriate calculations, the term involving H in (6) gives rise to
the expression in (7), so letting ¢ — 0™ makes the directed gradient of h appear. Then W22 (fy )
can be lower bounded by an expression involving dist?°"°(h)? and [|V~h|?dz. On the other
hand, Theorem 6.51 gives that W3 (u, u*) is upper bounded by an expression involving [ |V~h|*dx.
Therefore, chaining the inequalities, we have precisely the terms required to put (1) together.

1.3 Discussion and open questions

Conceptual and technical aspects. We consider the dynamical approach to Theorem 1.1—
which establishes that the convergence properties of a PDE underlies both directed and classical
isoperimetric statements—to be the main conceptual contribution of this work. The role played by

5We may think of test function —th as the transportation company trying to profit from non-monotonicity of h.



optimal transport speaks to the intimate relation between optimal transport and such dynamical
processes, and the fact that some of the optimal transport theory seems to find natural directed
counterparts is also intriguing and could be of independent interest.

Much of our technical effort is in dealing with the nonlinear nature of the V~ operator. For
example, in principle this rules out well-known Fourier analytic arguments. In fact, even many of
the tools from nonlinear PDEs fail to apply at first, because they require some sort of coercivity
that is not satisfied in our setting—at a very informal level, because 0 u may remain at zero even as
O0,u grows arbitrarily large, which “opens the door” for pathological objects to obstruct the theory.
We deal with this difficulty via a canonical decomposition v = u1 + u] of u into a nondecreasing
ut and a nonincreasing ul, so that we can isolate the phenomena we can control in u (and in fact
recover a bit of linearity), and deal with the less well-behaved u1 only when necessary.

Comparison with [Fer23]. In prior work, [Fer23] gave an L' tester for functions f satisfying
Lip;(f) < L with query complexity O(dL/e), where Lip,(f) is the Lipschitz constant of f with
respect to the ¢! metric. In contrast, in this paper we parameterize the problem by the more
natural ¢2 (Euclidean) metric’ Our tester takes functions satisfying Lipy(f) < M and has query
complexity O(v/dM?/e?), and it is also a fortiori an L! tester as already remarked.

By monotonicity of 7 norms and the Cauchy-Schwarz inequality, in general we have Lip;(f) <
Lipy(f) < V/dLipy(f), which allows rough comparisons between the two results. Since the Euclidean
geometry is more natural than the ¢! geometry, we find the first inequality more informative: it
implies that the tester of [Fer23] is also an L! tester for functions satisfying Lipy(f) < M with
query complexity O(dM/e). Thus, for L' testing M-Lipschitz functions and ignoring logarithmic

factors, Theorem 1.2 is better than the tester of [Fer23] when 47 > ﬁ and vice-versa. Curiously,

something analogous is true of the testers of [KMS18] and [GGLRS00] for the Boolean setting.

[Fer23] asked about lower bounds (for general testers) in the present setting, and this question
remains open. We also do not resolve Conjecture 1.8 of [Fer23], which asks for a directed (L', £?)-
Poincaré inequality for Lipschitz f : [0,1]? — R, i.e. an analogue to the inequalities of Talagrand
and Bobkov & Houdré, but rather obtain our O(v/dM?2/£2) tester via the (L2, %) inequality.

Comparison with the path tester. As explained in Section 1.1, our directional derivative
tester is essentially the natural continuous analogue of the path tester of [KMS18], where taking
edge ¢ in the path tester roughly corresponds to letting v; = 1 in the directional derivative query
v+ Vf(x). This conceptual connection is intriguing, and we do not know whether there is a formal
connection between the continuous and discrete problems that could explain it.

Nonlinear discrete Laplacian. In the study of spectral theory for directed graphs, [Yosl6]
introduced a notion of nonlinear Laplacian operator, with an associated heat equation, and applied
these ideas to network analysis and spectral clustering of directed graphs. Our directed heat
equation may be seen as a closely related continuous counterpart to the dynamical process studied
in [Yos16], and further exploring this connection is an exciting direction for future work.

Further applications? Finally, we ask whether other problems in property testing—particularly
in the case of continuous domain—can benefit from the techniques and ideas in the proof of
Theorem 1.1. In property testing, the idea of comparing the input object f to some “ideal” object
f* that satisfies the property is very natural, and in this paper we offer techniques from partial
differential equations and optimal transport as useful tools for reasoning about this comparison
smoothly in time when the problem is continuous in nature. Therefore, it is plausible that these
tools may have something to say about other property testing problems of continuous nature.

In fact, that a v/d tester would be parameterized in the ¢ metric if it exists was already suggested in [Fer23].

10



Organization. The rest of the paper is organized as follows. In Section 2, we introduce definitions
and conventions used throughout the paper. In Section 3, we give our monotonicity tester and prove
Theorem 1.2. In Section 4, we prove the query complexity lower bound for derivative-pair testers.
Finally, Sections 5 to 7 establish Theorem 1.1, following the outline given in the proof overview.

2 Preliminaries

In this paper, N denotes the set of strictly positive integers {1,2,...}. Throughout the paper,
d € N is an arbitrary natural number indicating the dimension of the ambient space R? unless
otherwise specified. For m € N, we write [m] to denote the set {i € N:i < m}. For any = € R, we
write 21 for max{0,z} and z~ for max{0, —z}, and we extend this notation to vectors u € R? in
the natural way: ut,u~ € R? are given by u} := (u;)* and u; := (u;)~. For real numbers a and
b, we use the notation a A b := min(a,b) and a V b := max(a,b).

For a vector u € R?, we let supp(u) C [d] denote the set of indices where u is nonzero, and write
|lullo := |supp(u)|. For two points z,y € RY, we write x < y if 2; < y; for every i € [d], and y = z
if x <.

We denote the closure of a set D € R? by D. For a measure space (2,3, 1) and measurable
function f : Q@ — R, we write [, fdu for the Lebesgue integral of f over this space when it
exists. Then for 1 < p < 400, the space LP(Q) is the set of measurable functions f such that
|f|P is Lebesgue integrable, i.e. [o|f[P du < 400, and we write the LP norm of such functions as

1l zey = (Jol 1P dp) VP We usually write dz for the Lebesgue measure on R? in the context of
integration, i.e. for Lebesgue measurable set Q C R?, we write fQ f dx for the Lebesgue integral of
integrable f. When we need to refer to the Lebesgue measure of a set € explicitly, we write £().

Throughout the paper, all measures on R¢ are Borel measures. We say that measure p over
Q C R?is absolutely continuous if it is absolutely continuous with respect to the Lebesgue measure,
i.e. if there exists a measurable function f : 2 = R satisfying dpu = f dz. In this case, f is called
the Radon-Nikodym derivative, or density of u.

Given a set Q C R? and M > 0, we say f: Q — R is M-Lipschitz if |f(x) — f(y)| < M|z — y|
for all z,y € Q. The Lipschitz constant of f is the smallest M for which f is M-Lipschitz. We say
that f is Lipschitz if it is M-Lipschitz for any M > 0.

We use the notation a < b, a = b, etc. within a proof to denote (in)equalities that have not yet
been established.

Notation for directed partial derivatives and gradients. Let Q C R? be an open set, and
let f: € — R be Lipschitz. Then by Rademacher’s theorem f is differentiable almost everywhere
in Q. For each z € Q where f is differentiable, let Vf(z) = (01f(x),...,04f(x)) denote its
gradient, where 0;f(x) is the partial derivative of f along the i-th coordinate at x. Then, let
0; :=0A0;, i.e. for every x where f is differentiable we have 0, f(z) = — (0;f(x))”. We call 0;
the directed partial derivative operator in direction ¢. Then we define the directed gradient operator
by V™ := (07 ,...,0;), again defined on every = where f is differentiable. Note that V™~ f < 0.
We also similarly define 8 := 0V §; and V; := (9;,...,9]).

3 Algorithm and upper bound

Definition 3.1 (Distribution of direction vector). For each p € [0,1], we define distribution D,
over {0,1} as follows. To sample v ~ D,,,

11



Algorithm 1 L? monotonicity tester for Lipschitz functions using directional derivative queries

Input: Directional derivative oracle access to M-Lipschitz function f : [0, 1]d — R.
Output: Accept if f is monotone, reject if distg"°(f) > e.
procedure DIRECTIONALDERIVATIVETESTER(f, d, M, )

repeat © (‘/812\42 log d) times

£

Sample x € [0, 1]¢ uniformly at random.
Sample v € {0,1}¢ from distribution D given by Definition 3.1.
Reject if Vf(x)-v < 0.

end repeat

Accept.

1. Sample x; ~ Ber(p) independently for each i € [d], where Ber(p) is the Bernoulli distribution;

2. Produce v = Z‘ij:l x;e;, where e; denotes the i-th standard basis vector.

)99 40
sample v ~ D, we first sample p uniformly at random from P, and then sample v from Dj,.

Then, we define the distribution D over {0,1}? as follows. Let P := {1 11 ...,m}. To

Theorem 3.2 (Refinement of Theorem 1.2). Algorithm 1 is a nonadaptive, directional deriva-
tive L? monotonicity tester for M-Lipschitz functions f : [0,1]% — R with query complexity
O (Y4r

2

log d) and one-sided error.

Proof. First note that, since f is Lipschitz and hence differentiable almost everywhere in (0,1)%
by Rademacher’s theorem, with probability 1 the algorithm only samples points x at which f is
differentiable. Moreover, we have |V f||2 < M almost everywhere since f is M-Lipschitz.

The algorithm clearly accepts any monotone function; indeed if f is monotone, then Vf > 0
and, since D is supported on {0, 1}d7 we have Vf - v > 0 with probability 1. Now, suppose
dist°"°(f) > e. Combining Lemma 3.4 and Theorem 1.1, we obtain that the probability that any
single iteration of the tester rejects is

P [Iteration rejects] = P [V f(x) v < 0]
xc[0,1]¢
v~D

1)
P [Vf(m) v < —dIIVf(w)Hz]
-2y

v

B /[ P [Vf““) < fluv—f@)n?} dz

0,1]¢ v~D
- 2
> / c- M dx (Lemma 3.4, |V flls < M)
o4 Vdlog(d)M?2
c
S VvV~ f(2)|2dx
rencrrer B AL
¢ L gisepero( £)2 (Theorem 1.1)

> ° .
~ M2ydlogd C

c 2

5
> =
—C M2/dlogd
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where §,c¢ are the constants from Lemma 3.4 and C is the constant from Theorem 1.1. Thus
(C] (ﬂy : log d) iterations suffice to reject with probability at least 2/3. O

£

Remark 3.3. A slight modification of the proof of Theorem 3.2 also shows that, if we replace the
condition Vf(x)-v < 0 in Algorithm 1 with the more demanding condition Vf(x) - v < —% for
some universal constant K > 0, then we still obtain a tester with the same guarantees; in particular,
Algorithm 1 does not rely on arbitrary precision. Indeed, Theorem 1.1 gives that [ ||V~ f(z)||3 dz >
Ze? when f is e-far from monotone, but the points z for which ||V~ f(z)|3 < % can only contribute
at most % to the integral. Therefore the points satisfying |V~ f(z)||3 > % must contribute at least

% and, at each such point, Lemma 3.4 guarantees that V™~ f(x)-v < —g V™ f(2)]2 < —%\/% with

at least the probability given in the lemma. Therefore a similar calculation to that of Theorem 3.2
shows that this modified tester also rejects with sufficient probability.

The following lemma, which was used in the proof of Theorem 3.2, quantifies the ability of the
tester to detect negative entries in the gradient V f(x) via directional derivative queries v - V f(x).
This setup may be seen, informally, as a signed version of the classic group testing problem [Dor43].

Lemma 3.4 (Detecting negative entries with subset sums). There ezist universal constants c¢,d > 0
such that the distribution D from Definition 3.1 has the following property: for any nonzero u € R?,
we have

w13

C- .
Vidlog(d) - ||ull3

§
P lu-v<—2u||p| >
o |u v < dHu ll2| >

v

Proof. We may assume that u contains at least one strictly negative entry, since otherwise ||u~[|3 =
0 and the claim is trivial. Let 6 := 1/100, and define 4 := 6/d for convenience.
_ Clu”l3

Recall the distributions D and D, as well as the set P, from Definition 3.1. Let ¢ := AR
: 2

where we let C':= 1/40. Note that 0 < ¢ < 1. Letting ¢; := 1/10, we will be done if we can show
that there exists p € P such that

P [u-v < ~04u|ls] > ert,

v~Dp
Suppose for a contradiction that this is not the case, i.e. that for every p € P,

P [u-v<—dglu|l2] <et.

v~Dy

For convenience of notation, let a := u~ and b := u™. Then for every p € P, letting z,w ~ D,
independently, we conclude that u - v is distributed identically to b-w — a - z, and hence

P la-z>b-w+ddlall2] <cit.

z,w~Dy

Fix any 7 € (204||al|2, ||@||c), Wwhere the interval is nonempty since |lall2 < ||lall;1 < d||al/, so that

244lall2 = 21“56'112 < |laljso. Define a, € R?% as the vector obtained from a by only preserving entries
that are strictly larger than 7, and zeroing out entries that are at most 7. Since the dot product
a - z only gets smaller if we omit some of its summands, we conclude that for every p € P,

P Jar-z>b-w+dqlall2] < cit.

z,w~Dp
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Let E denote the event that supp(z)Nsupp(a;) # 0, so that ar-z > T when E occurs and a, -z =0
otherwise. Fix the smallest p = p(7) € P satisfying p > which must exist because ||a;||o > 1

Ha llo’

by the choice of range for 7 and t < 1 as observed above, and therefore TarTo ” < 1€ P. Then

P [E]=1—(1—p(r)lello > 1 —epMllacllo > 7 _ o=t >
#~Dy(r)

l\D\w

the last inequality since e™ < 1 — z/2 for (say) 0 < x < 1. Therefore

cit > P [a7~z>b~’w+5dl|a||2]

z2,w~Dy(r)

= P [E] P Jar-z>b-w+lallz | E]
z2Dyry - " 2w D)

+ P [-E] P lar -z >b-w+dglallz | —E]

2~ Dp(ry z,w~Dp(r)

t
- P b- 1) .
50 k7> bow sl

v

We conclude that

P [b'w<7'—(5dHaH2] < 2c.
w~Dy(r)

We now claim that p(7) < ”fﬁ Indeed if this were not the case, then the choice of p(7) would

imply that ppi, := min P satisfies pyi, > ”fﬁ with p(7) = pmin < ﬁ and hence, since 7 > 244|al|2,

P bw<7t—dgllale]> P [p-w=0> P [w=0=(1pumn)?>1—d pmn >
w~Dp(r) w~Dp(r) w~Dp(r)

Hk\oo

a contradiction. Thus p(7) < ﬁ Now, the definition of Dy, linearity of expectation and the
Cauchy-Schwarz inequality yie&d

E [b-w)=) Plw;=1b=p(r) bl <p(r)Vdb]2,

~D
w p(7) i=1
so by Markov’s inequality,

P [b-w > 10p(r)V|blls| <

w~Dp(r)

1
10°
Now, the union bound implies that

1
P [7’ —dgllallz <b-w < 10}0(7)\/&”5”2} >1-2c——>0,
'wpr(T) 10

so there exists w satisfying 7—d4||al|2 < b-w < 10p(7)V/d||b||2, and hence 7—d4||all2 < 10p(7)V/d||b|2-

recalling that ¢ = ClluI3 observing that ||ul|3 = ||u~|]3 +
v ull3’ 2 2

Now, using the fact that p(7) <

llarllo”

|ut]|3 while b = u™ by definition, and using the inequality 2zy < x? + y?, we obtain

20Vd|bllot  20CVA|lut|lollu= 2 10C - lu-
v Sallall, < 22VAllblat Jut lollu™ [ _ 10C - Ju” o

larllo larllo- V- [luld —  llarllo
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In summary, recalling that a = u™~ by definition, for all 7 € (244||al|2, ||a]|s) We have
T
sllarllo < (7 = dallall2)llar o < 10C]a]}2.
so T|lar|lo < 20C||al|2 for all T € (2d4]|al|2, ||a]|s). On the other hand, if 7 € (0, 2d4//al|2] then
1 1
Tllarllo < 20allallz - d = 20]jall2 = 5 llall2 < 5 llall2 = 20Cla]l2,

so in fact 7||a-|lo < 20C||al|2 for all 7 € (0, ||a]|s). Integrating over 7 and using Tonelli’s theorem,
we conclude that

lla]|so - 20C ||al|2 = / 20C||al|2 dT > / Tl|ar|lo dr = / Z (r-1a; >7])dr
(0 llalloo) (0,]lalloo) 0, Halloo

La? al}
—E 1[a; > 7] dT—E / Tdr = —’:—2.
/ ||a||oo 2 2

(0,a;) i=1

Hence we obtain that ||alj2 < 40C - ||a||cc = ||@|/c, & contradiction as desired. O

4 Lower bound

Definition 4.1. A derivative-pair tester for monotonicity of Lipschitz functions f : [0,1] — R is
described by a distribution D over pair tests and directional derivative tests, where

1. a pair test is an operation that performs a pair of value queries f(x), f(y) for z < y, and
rejects if and only if f(z) > f(y); and

2. a directional derivative test is an operation that performs a directional derivative query at
point x and direction v > 0, and rejects if and only if Vf-v < 0.

The tester independently samples m tests from D, rejects if any of these tests rejects, and accepts
otherwise. By definition, every derivative-pair tester is nonadaptive and has one-sided error.

Theorem 4.2. Every L' derivative-pair tester for monotonicity of M-Lipschitz functions f :
[0,1]% — R must have query complexity § (@)

Proof. Tt suffices to give a distribution over O(M)-Lipschitz functions f that are (e)-far from
monotone in L' distance and such that any fixed pair test or directional derivative test has only

an O ( \/5M> probability of rejecting a random f. Moreover, to obtain the asymptotic lower bound

we may as well assume that (say) e <1< M.
For each i € [d], define the function f; : [0,1]¢ — R by

fiw) = —emi+ Y
jeld\{i} f

Then, define f := f; where ¢ is sampled uniformly at random from [d]. Note that each f; is linear
and hence Lipschitz with Lipschitz constant

IV fi(z)| = \/52 Y (d—1) (\]‘/g) <V2M = O(M).
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We claim that dist]""(f;) = Q(e) for each i € [d]; by symmetry it suffices to consider the case i = d.
Any restriction fy(z_g,-) of fg to an axis-aligned line in direction d (where z_4 := (z1,...,24-1))
is a linear function with slope —e, so it is (¢)-far from monotone in L' distance (in fact, ¢/4-far,
and the constant average-valued function achieves this). But by Tonelli’s theorem, the distance
from f; to any monotone function g is the average of the distance over each such axis-aligned line:

/ fa—glde = / do_g / Fal@—as 2a) — (g, 2a)| dzg > / Q) da_g = Q(e)
[0,1]¢ (0,141 [0,1]

[071}d—1

)

We now show that any pair test or directional derivative test rejects a random f only with prob-

ability O ( \/5M>. Note that, since each f; is a linear function, any pair test on points x < y may

be simulated by a directional derivative test on point xz and direction v = y — x > 0. Therefore it
suffices to consider directional derivative tests. Moreover, since the gradient of each f; is constant
over the points x, only the direction v is relevant. For simplicity, we will say that direction v rejects
function f; if a directional derivative test with direction v rejects f;.

Fix any direction v = 0. Suppose there exists j € [d] such that

M
EV5 = % Z Vi -
keld\{j}

We then claim that the vector v given by v} := 0 and v}, := vy, for k € [d] \ {j} rejects every f;
that v rejects. Indeed, suppose v rejects f;. There are two cases. If ¢ = j, then

M
0>Vfi(z) v —€v; + Z %vk
keld\{5}
a contradiction, so this case cannot happen. On the other hand, if i # j, then
M
v = —¢ev, + < —ev; + —uv, =V f(r)-v<0,
f@)- Z > mue= Vi)
[d]\{i } keld\{i}

the inequality since v, = v; and v" < v. Hence v also rejects f;, as claimed. Thus v’ rejects a
random f with no less probability than v. Therefore we may assume without loss of generality
that, for every j € [d], either v; = 0 or

5vj>\]\; Z

@ ciangiy

Let j* € [d] be such that v;~ is a minimum nonzero entry of v, and let n := |Jv[|p be the number of
nonzero entries of v. Applying the inequality above to j = j* yields

M M
Z Vv > — Z vk>0v]*——-m)j*,
f [d\{7*} vd keld\{7*} vd

and hence n < \f . Finally, note that v does not reject f; if v; = 0, so we conclude that

n _\de/M 5
P |v rejects v rejects Plv; >0 - < = )
f[ jects f] =P [vrejects fi] SPfo; >0 = - < — Tl

as desired. This concludes the proof. O

Remark 4.3. By the remark in Section 1.1, the lower bound above holds for all LP testers, p > 1.
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How to read the rest of this paper. Sections 5 to 7 establish the proof of Theorem 1.1 via
arguments from partial differential equations and optimal transport theory, and make up the most
technical portion of this paper. While we give technical preliminaries summarizing the standard
theory we require in the beginning of Sections 5 and 6, for a detailed reading it may also be helpful
to have the listed reference texts [EvalO; Brell; Vil09; San15] on hand.

We favour a linear presentation in which results are built up progressively (occasionally deferring
a single-use lemma to be given immediately after the result that requires it), culminating in one
or a few key results in each subsection — these are indicated at the start of each section. While we
defer a few technical lemmas to Appendix A, we include in the main text the proofs of lemmas that
refer to the particular theory developed in this paper (as opposed to standard results of general
interest). Therefore, it may be convenient to skip proofs of lemmas on a first reading.

5 Directed heat semigroup

In this section, we make concrete the ideas presented in Section 1.2.2 of the proof overview. Recall
that we wish to analyze the directed heat equation, which we informally specified in (3) as

We require a more rigorous definition before we can study this PDE, since e.g. the quantity 0, u =
min{0, dyu} is not in general differentiable even if w is smooth. Indeed, while the classical heat
equation has a smoothing effect, we expect any solution to (8) (in the appropriate sense) to have
non-differentiable points, so a more technical treatment of this nonlinear PDE is unavoidable.

The first step is to replace the operator 0~ u with something more amenable to analysis. In
Definition 5.8 we define a canonical representation u = ul + ul such that ] is nonincreasing and
differentiable (more precisely, it is in the Sobolev space H'), while u1 is nondecreasing and need
not be differentiable (it only needs to be in the space L? of square-integrable functions). While a
priori such a representation need not be unique, we show in Proposition 5.6 that there is a unique
representation (after fixing the shift by a constant) minimizing the energy [(9,ul)? dz; intuitively,
this means that we pack all the “decreasing behaviour” of u into ul, and all the “increasing
behaviour” of u into uf. Note that u1 may even contain jump discontinuities, which our theory
must withstand, so this decomposition captures extremely relevant properties of our problem.

Then, we are able to restate our PDE more rigorously in Definitions 5.11 and 5.15. Essentially,
the “Neumann problem”

z = 0,0zul in (0,1)
Ozul =0 on {0,1}

given in (10) (where z will take the role of dyu in Definition 5.15) replaces d; u with d,ul in (8),
and then places a “Neumann boundary condition” d,u] = 0 which, as is standard in PDEs, means
that there will be no mass flux at the boundaries of the domain. For technical reasons that are
common to most study of PDEs, we need to give in (11) a notion of “weak solution”, which is
essentially a solution which may not be regular enough to satisfy the specification of the PDE (i.e.
it may not be twice-differentiable), but which behaves (via integration by parts) just like a “strong
solution” for many analytical purposes, and can sometimes be “promoted”: a weak solution that
is regular enough is usually also a strong solution (in fact, our problem automatically enjoys such
a promotion thanks to “elliptic regularity”, see Lemma 5.21).

To study our PDE, we bring in the theory of gradient flows and maximal monotone operators
[Bre73] by recasting the PDE as the problem of finding the direction of steepest descent (in the space
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of L? functions) of the directed Dirichlet energy £~ (u), which our formalism allows us to define in
terms of ul in Definition 5.9. The main results in Section 5.2 are Proposition 5.17 on the existence
of a unique solution to the gradient flow problem — which allows us to define a semigroup operator
P;, the directed heat semigroup, describing the evolution of this solution — and Corollary 5.20, which
shows that this solution is also a solution to the Neumann problem (i.e. our PDE of interest).

To conclude the basic study of our PDE, Section 5.3 shows, via the theory of gradient flows,
that the directed Dirichlet energy £~ (Pyu) decays exponentially in time (Proposition 5.22), which
allows us to conclude that P,u converges to some limit as ¢ — oo (Proposition 5.24).

Sections 5.4 to 5.6 are concerned with showing that regular initial states u yield solutions Pu
that are also regular for all times ¢ > 0, where “regular” can mean Lipschitz or Sobolev class H!.
The main result in Section 5.4 is Lemma 5.25, a technical lemma which says that for solutions to
our PDE, if 0;ul < 0 in an interval (a,b) (which we wish to call “u is decreasing”), it must be
the case that u? is constant in (a, b) (legitimizing that wish). This result is far from being vacuous
or tautological — it implies that in regions where our PDE is “active” (because d,ul is nonzero),
the other component uf of u is “inactive” (constant), which means that solutions to our PDE
avoid a host of pathological scenarios and allows crucial technical arguments to go through. Then,
using technical arguments and tools from the theory of maximal monotone operators, Section 5.5
builds toward Corollary 5.39 — H' regularity is preserved over time — and Section 5.6 builds toward
Corollary 5.45 — Lipschitz regularity is preserved over time.

In Section 5.7, we turn our attention to nonexpansiveness and order preservation properties.
The main result, Proposition 5.54, is a quantitative order preservation result which implies that
if initial states w,v satisfy v < v, then Pu < Pw for all times ¢ > 0 (Corollary 5.56). We
conclude Section 5.7 with some useful basic observations about the semigroup P;; in particular,
Proposition 5.63 shows that P; behaves nicely under certain affine transformations, namely P;(cu+
B) = aPu+ 8 when a > 0 and § € R.

Finally, Section 5.8 studies the convergence of solutions Pu as t — oo. The main result is
Proposition 5.65, which shows that P,u converges to a monotone function, which we define as
Poou in Definition 5.66. The remainder of Section 5.8 shows that the main properties of P, shown
in the previous subsections — preservation of regularity, nonexpansiveness, behaviour under affine
transformations — are also satisfied by P..

5.1 Preliminaries for PDE

We briefly outline some of the main concepts required to study our PDE, and refer the reader to
e.g. [EvalO; Brell] for detailed expositions.

Let J = (a,b) be an open interval. The absolutely continuous (AC) functions f : J — R
are precisely those for which there exists a function g € L'(J) such that, for all x € J, f(z) =
fla)+ f(a’w) gdx. We call g a weak derivative of f, and write 0, f for any weak derivative of f. The
weak derivative is almost everywhere (a.e.) uniquely determined, and moreover, f is classically
differentiable a.e. and its classical derivative agrees with 0, f a.e. .

Let Q := J% Let k € Z> and p € [1,+0oc]. The Sobolev space W*?(Q) is the space of functions
f+ Q — R which have weak derivatives up to order k in LP(2). The definition of weak derivative
in the multidimensional case is more involved than in the one-dimensional case, but the details are
not relevant here. In one dimension, we may recursively define W%P(.J) := LP(J) and, for k > 1,
WHP(J) as the set of functions f € W*=1P(.J) such that 0, f € WF=LP(J).

We identify a.e. equal functions into equivalence classes in W*P(Q), and we write “f = g a.e.”
and “f = g in W*P(Q)” interchangeably. Often, we are interested in a continuous representative of
f, which is unique when it exists, and by abuse of notation write f for its continuous representative
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as well. With this interpretation, a standard fact is that W1°°(Q) is precisely the class of Lipschitz
functions on Q. If 1 < p < ¢ < +oo, then Wke(Q) c WkP(Q).

The case p = 2 is special because then H*(Q) := W*?2(Q) is a Hilbert space. In one dimension,
the inner product in H*(.J) is

k
(F.9) ey = DD F. D'g) 12y
=0

(2

where D! above denotes the i-th weak derivative. When the space of integration is clear, we drop
the subscript from the inner product notation. The inner product above also induces the norm

k
1l = | S ID 122, -
=0

For a sequence (fn)nen C HF(Q) and f € H¥(Q), the notation “f — g in H¥(2)” means
convergence in norm, i.e. [|f, — fllgr@) — 0 as n — co. We write “f — g weakly in HE(Q) to
denote weak convergence in this space, which means that ¢(f,) — ¢(f) as n — oo for every ¢ in
the dual space of H*(Q). The dual space of L?(Q2) is L?(R) itself with the L?(Q) inner product
action o(f) = (@, f). The dual space of H'(Q) is larger, but contains L?(Q2) with the same action.

It is often useful to approximate a function by a sequence of smooth functions, and for that
we will use mollification. The following comes from [EvalO, Appendix C|. The standard mollifier

n € C*(R?) is given by
c —a— ) if]z] <1
n(z) == °Xp (\mP*l) 1 2]
0 if || > 1,

for constant C' > 0 chosen so that [pqnda = 1. Then for each € > 0, we let

1) = —gn(/e).

which is a C°°(R?) function satisfying [p.n-dz =1 and n(z) = 0 for « € B(0,¢), where B(0,¢) is
the open ball of radius ¢ centered at 0. We abuse language and also call 7. a standard mollifier.

Let U C R? be an open set and let U, := {x € U : dist(z,0U) > €}, where 9U is the boundary
of U. For locally integrable f : U — R (meaning that f is integrable on every compact K C U),
we define the mollification f¢:U. — R of f by

(@) = (e % f)() = /U ne( — ) f(y) dy = / n() f (& — ) dy.

B(0,¢)
We then have the following properties (see Theorem 7 of [Eval0, Appendix C]):
1. fe e C*°(Ue).
2. f¢—= fae ase—0.
3. If fe C(U), then f¢ — f uniformly on compact subsets of U.

4. f1<p<ooand fe Ll (U),then f¢— fin LV (U),

loc loc
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where LfOC(U ) is the space of measurable functions whose every restriction to compact K C U is
in LP(K), and convergence in LV (U) means convergence in LP(K) for every compact K C U.

We also use the following abstract spaces. Let X be a real Banach space (for us, typically
L?(J)), let 1 < p < +o00 and let T' € (0, +00]. Then the Bochner space LP(0,T; X) is the space
of Bochner measurable functions (whose precise definition is not important here) w : [0,7] — X
whose norm ||u||z»o,7,x) is finite, where

1/p
(o I at) " 1< p< oo

esssup;c(o.r) [u(t)[x p=+oo.

”uHLP(O,T;X)

As usual, C([0,7]; X) denotes the set of continuous functions w : [0,7] — X. When X possesses
the so-called Radon-Nikodym property, which in particular is the case for X = L2(.J), and for
T < +o0, the characterization of absolutely continuous functions as those possessing an integrable
weak derivative introduced earlier extends to functions w : [0,7] — X (see [DUT77, pp. 217-219]).

Above and hereafter, we use boldface symbols, e.g. u, to denote Banach-valued functions whose
domain we think of as the time in an evolution equation.

Hereafter, we write I for the unit interval (0, 1) unless otherwise specified, which will always be
clearly indicated.

5.2 Neumann and gradient flow problems

Definition 5.1 (Down-H' functions). We define the set U of down-H' functions as
U:={ueL*I) : Ru)#0},

where R(u) is the set of admissible representations for u as follows:

R(u) = {(u(1>,u<2>) e L2(I) x H'(I) -

uM is nondecreasing, u? is nonincreasing, /u(z) dr =0, and u = uM +u®@ ae. } .
I

Remark 5.2. The properties “nondecreasing” and “nonincreasing” in the definition above techni-
cally do not apply directly to members of L?(I) and H'(I), which are equivalence classes of a.e.
equal functions. Rather, we mean is that u") is a member of L?(I) which has a representative
function I — R that is nondecreasing, and likewise for u(2). More generally, when f is an object
of any space that identifies a.e. equal functions, we abuse language and write “f is nonincreasing”
(resp. nondecreasing) to mean that f has a nonincreasing (resp. nondecreasing) representative.

Remark 5.3. Is is easy to check that H'(I) C U, since for any u € H'(I) we may separate
the positive and negative parts of d,u into u® and u®, respectively, and shift u® and u® by
appropriate constants so that they satisfy the conditions of Definition 5.1. Then, since H'(I) is
dense in L2(I), so is U.

Definition 5.4 (Directed Dirichlet energy). For each u € U and (u™"),u®) € R(u), define

2
D~ (uM,u?) = ;/(@Cu@)) dz.
I
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Definition 5.5 (Optimal representations). For each u € U, define R*(u) C R(u) as the set of
representations minimizing D, i.e

R*(u) := {(u(l),u(2)) e R(w) : D~ (uM, u?) = 7izr(1f) D} .
u

Proposition 5.6 (Existence and uniqueness of optimal representation). For all u € U, R*(u)
contains exactly one element.

Proof of existence. Let u € U. Let E := L?>(I) @ H'(I), where @ denotes the direct sum of Hilbert
spaces, so that E is also a Hilbert space (and hence a reflexive Banach space). Note that R(u) C E
by definition. Our goal is to show that C' = R(u) and f = D~ satisfy the conditions of Lemma 5.7.

It is clear that R(u) is nonempty, because u € Y. It is immediate to verify that R(u) is convex

as well. We now check that R(u) is closed in E. Let ((ug,, ), ug)))neN be any sequence in R(u) that
converges in F to some (u()),u?) € E; we would like to show that (u"),u?) € R(u). First, since
(u%), %2)) — (uM,u®?) in E, we have w5 u® in L?(I) and u? = u® in H'(I) and hence in
L3(I), so that

lu = (@t + u)| 2y
= lim H(u — (uf) + @) + (V) — M) + (P — u(2))‘

n—o0

L2(I)
ull) — u(l)H + lim ‘ug) — u(2)’

+ lim (|u,
L2 (I) n—o0

L2(I) n—oo

n—o0

< lim Hu — (u{) + u(z))‘

L2(I)
=0,

where the last equality used the fact that u = ug) + ugb) a.e. for every n (since (u% ), (2)) € R(u))
and the two convergence observations above. Thus v = u(® + u®? in L?*(I) and hence almost
everywhere. Moreover, by Lemma A.1, u(!) is nondecreasing and u(? is nonincreasing. Finally,
since [, u'? dz = 0 for each n and w{? — w® in L2(I), it follows that [;u® dz =0 as well. We
conclude that (u™,u®) € R(u), and thus R(u) is closed.

Now, clearly D~ is proper since it is finitely valued by definition. It is also continuous (and

WD, 6@y S (), u<>>mE we have u) — u® in

H!(I) and hence fI (&gug)) dz — f[ (8 u(2)) dz, so D~ (u%),ug)) (u(l),u@)). It is also

immediate to check that that D~ is convex.
Finally, we need to show that D~ is coercive in the sense of Lemma 5.7. Let (( (l)uq(l )))nEN

thus lower semicontinuous) because for any

2
be a sequence in R(u) such that H(ug),ug))HE = |’u7(11)”%2(1) + Hug)H%{l(I) — 00. We claim that
H&qu) | z2(ry — 0o. Suppose for a contradiction that this false. There are two cases. First, suppose

(2)

Hu,(f)Hm(I) — o00. Then necessarily ”U7(12)HL2(I) — 00, but since each u,  has mean zero, the
Poincaré-Wirtinger inequality gives that

1
10012 2(s >6||U£LQ)HL2(I)

for some constant C' > 0. Thus H(‘)wu,(f) | 22(1y = 00, a contradiction. In the second case, ||u,(12)HH1(I)
remains bounded, so we must have Hug) |z2(ry — co. But since u = W +ul? in L2 (I), the reverse

triangle inequality implies that Hu7(12)||L2(1) > ||u£11)||L2(I) — lullz2(ry — oo, so ||u£L2)||L2(I) — 0.
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Then again Poincaré-Wirtinger implies that H@xug)ﬂ r2(1) — 0, so the claim holds. But since
D ( %1),%(12)) = %\\8xu7(12)H%2(1), we have D~ u%l),u,(f) — 400, so D~ is coercive. Thus D~

achieves its minimum on R(u) by Lemma 5.7, so R*(u) is nonempty. O

Proof of uniqueness. We show uniqueness using strict convexity. Suppose (ul), u(?), (v, v?)) ¢
R*(u), and suppose for a contradiction that (u™),u®) # (v, v?) in E (in the notation from the
previous part of the proof; note that equality in E is equivalent to equality as tuples in L?(I) x
H(I)).

We first claim that d,u® # 9,0 in L*(I). Indeed, suppose d,u® = 9,02 in L*(I). Note
that u® # v in L2(I), because otherwise we would have u(? = v in H'Y(I) and vV =
u—u® =u—v® =oM in L2(1), and thus (uM,u?) = (v, @) in E, a contradiction. Now,
since d,u® = 9,v? and u® # v@ in L(I), we conclude that u® = v(?) + C in L?(I) for some
constant C' # 0. But this contradicts the fact that [; u® dz = I v dz = 0, which holds by the
definition of R(u). Thus d,u® # 9,03 in L(I).

Define the function f : L?(I) — Rso by f(w) = %HwH%Q(I), which is strictly convex,
and note that D~ (r(V 7)) = f(9,r?) for all » € R(u). Now, the element (21, 2()) =
%(u(l),u@)) + %(v(l),v@)) is in R(u) by convexity of that set, and satisfies D~ (z(1),2()) =
f(30:u® + 10,0?) < 1f(0,u?) + 1f(0,0?) = D~ (uM,u®) + 1D~ (v, v3), contradict-
ing the fact that (v, u®), (v v?)) € R*(u). Thus (v, u®) = (v v?) in E, as needed. [

Lemma 5.7 (See e.g. [Brell, Corollary 3.23)). Let E be a reflexive Banach space and let C C E be
nonempty, closed and convez. Suppose f : C — (—o0,+00] is convez, proper, lower semicontinuous,
and coercive in the sense that for every sequence (Ty)nen in C with ||z, || — oo, we have f(zy) —
+oo. Then there exists ©* € C satisfying f(z*) = infyec f(x).

Owing to Proposition 5.6, we may define for each u € U a canonical representation and directed
Dirichlet energy (by a slight abuse of notation):

Definition 5.8 (Canonical representation). For each u € U, the canonical representation of wu is
the unique element of R*(u), denoted (uf,ul). We define the directed Dirichlet energy of u by
D~ (u) == D~ (ut, ul).

The following definition, which extends the directed Dirichlet energy functional to all of L?(1)
by assigning 400 to functions outside of i/, will enable us to find and study a solution to our PDE
using tools from the theory of maximal monotone operators and gradient flows. Our main reference
for this theory is [Bre73].

Definition 5.9 (Energy functional). Define the functional £~ : L?(I) — [0, 4+o00] by

£ () = {D_(u) ifueld

+o00 otherwise.

Proposition 5.10. The functional £~ : L*>(I) — [0, +oc] is convex, proper and lower semicontin-
uous.

Proof. Properness is trivial, since e.g. 0 € U and £~ (0) = 0. Convexity also follows easily from the
convexity of Y and D~.
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It remains to show lower semicontinuity, and since L?(I) is a metric space, it suffices to show
sequential lower semicontinuity. Let v € L?(I), and let (u,)nen be a sequence in L?(I) converging
to w in L?(I). We must show that

E (u) < Hminf & (uy). (9)
n—oo
The only relevant case is when the RHS above is finite, so suppose there exists a subsequence
(tn,, ) ken such that limg_, o €7 (uy, ) = A < +00. By extracting a subsequence if necessary, we may
assume that £~ (uy, ) < +00, and thus u,, € U, for every k.
We claim that ((un,T,un,))), is bounded as a sequence in L?(I) & H'(I). First, since
limy 00 £ (up,) = A, we have that (fl(ﬁxunki)Qdm)k is bounded. Then, since every u,, € U
and hence [  Unid dr = 0, the Poincaré-Wirtinger inequality implies that

[ b dr <€ [ @b da
I I

for some C' > 0, and hence (up, |)x is bounded in H'(I). Now, since u,, — u in L?(I), we have that
(HunkHLg(I))k is bounded, and since (HunkH]LQU))k is bounded as a consequence of boundedness

in H'(I), it follows that (HunkTHLQU))k = (||un, — UnkMLZ(I))k is also bounded, that is, (un,1)x is
bounded in L*(I). Hence ((un,T,un, 1)), is bounded in L*(I) @ H'(I) as claimed.

Since L2(I)@ H'(I) is a Hilbert space, we conclude that ((unkT, Un, L)) ., has a weakly convergent
subsequence, which we denote by ((un, 1, “nkm“)m' Then there exist v(!) € L?(I) and v® ¢
H'(I) such that u,, 1 — v weakly in L?(I) and Upy, § — v?) weakly in H'(I). So letting
v =01 +v? we conclude that Up,, — v weakly in L?(I); indeed, for every f € L*(I), we have

(ngy ) = (ng, Tty o f) = (g 1 1) + (g o £y = (00, )+ (0, 7 = (0, f) .

We now claim that v € U. Indeed, by Lemma A.1, v(!) is nondecreasing and v(?) is nonincreasing,
and moreover [; v®) dz = 0 by weak convergence; hence (v(1),v(?)) € R(v). Then, since Upy, —
weakly in L*(I) and up, ~— win L*(I), we conclude that u = v, so u € U with (v, v)) € R(u).
In particular, this means that £~ (u) < D~ (v, v(?)) = %fl(axv(2))2 dz.

Now, the fact that w,, | — v?  weakly in H'(I) implies that ||v(2)HH1(I) <
lim inf, o0 [|tny, Ll i(r)- Moreover, since H'(I) embeds compactly into L?*(I) by the Rellich-
Kondrachov theorem (see e.g. [Brell, Theorem 9.16]), we have that u,, | — v® in L2(I), so
||Unkm¢H%2(1) — ”U(2)H%2(1)' Therefore we obtain

B € ) = 5 Ut | Grng s = 5 it (o )~ e )
B (3 psy Hunkmu\%m) ~ 1@ g
> 5 (MW = 10 = 5 [ (@) e
> € (u),
and thus (9) holds. ]
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Definition 5.11 (Static Neumann problem). Let u € U and z € L?(I). We say that u, z form a
weak solution to the static Neumann problem

z=0,0,ul inl (10)
Ozud =0 on {0,1}

if for all ¢ € H'(I) we have
/zqﬁdx =— /(amui)(ﬁxqﬁ) dz. (11)
I I

Remark 5.12. The equation z = 9, 0,ul in (10) is also called the Poisson equation, while d,u) = 0
on {0, 1} is called the (homogeneous) Neumann boundary condition.

Definition 5.13 (Nice evolution function). Let u € C([0,+00); L3(I)) and u’ : (0, +00) — L2(I).
We say that w is a nice evolution function (with weak derivative w’) if 1) u(t) = u(0)+f(07t) u’(s)ds
for all t > 0; 2) uE57+OO) € L>(0,+o0; L3(I)) for all § > 0, where u/; denotes the restriction of u’
to domain J C (0, +00); and 3) ufy 5 € L?(0,8; L2(I)) for all § > 0.

Remark 5.14. Definition 5.13 captures functions that are Lipschitz away from zero, and absolutely
continuous with square-integrable weak derivative near zero.

Definition 5.15 (Neumann evolution problem). Let ug € U and let u € C([0,+00); L2(I)) be a
nice evolution function. We say u is a weak solution to the Neumann evolution problem with initial
state (or initial data) ug if 1) w(0) = up; 2) w(t) € U for all t > 0; and 3) w(t), v'(¢) form a weak
solution to the static Neumann problem for a.e. ¢ > 0.

Before introducing the gradient flow problem, we need some notation. Let ¢ : L2(I) — [0, 4+00]
be a convex, proper, lower semicontinuous function. We write D () := {u € L?(I) : p(u) < +oo}
for the domain of . For any u € L%(I), we write define the subdifferential of ¢ at u as

dp(u) = {z € L*(I) : Yo € L*(I) . p(v) > p(u) + (z,0 —u)},

and we write D(0p) := {u € L*(I) : dp(u) # 0} for the domain of dp. Using the fact that ¢
is proper, it is easy to check that D(d¢) C D(p). It is standard that ¢ is a mazimal monotone
operator; we will not use (the definition of) this property explicitly, but rather rely on the theory
of such operators as presented in [Bre73].

We can now define the gradient flow problem:

Definition 5.16 (Gradient flow problem). Let ug € U and let u be a nice evolution function. We
say u is a solution to the gradient flow problem with initial state (or initial data) ug if 1) w(0) = up;
2) u(t) € D(OE™) for all t > 0; and 3) u/(t) € —OE~ (u(t)) for a.e. t > 0.

Note that in both Definitions 5.15 and 5.16, the pointwise condition at ¢ = 0 makes sense by
the requirement that u be continuous.

The theory of maximal monotone operators and gradient flows immediately yields that the
gradient flow problem has a unique solution, as follows:

Proposition 5.17. Let ug € U. Then there exists a unique solution u € C([0,+oc); L2(I)) to the
gradient flow problem. Moreover, for all t > 0 we have

£ (up) — £ (u(t)) = /(0 I ) .
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For ug,vg € U, the corresponding solutions w,v have |[u(t) — v(t)|[z2() < [luo — vollp2(p) for all
t>0.

Proof. This is a direct application of [Bre73, Theorems 3.1 and 3.2 and Proposition 3.1]. O

Directed heat semigroup. As described in [Bre73], the nonexpansive property of solutions w
allows us to define an operator P, : L?(I) — L*(I) such that Pyu = u(t) for each initial state u € U
with corresponding solution w, and with Pyu defined by continuous extension when u € L?(I) \ U
(recall that U is dense in L?(I)). Then for every u € L?(I) and ¢t > 0 it holds that Pu € D(9E™),

and (P,);>0 forms a nonexpansive semigroup in L?(I), i.e.
1. Pys = PP for all t,s € R>, with Py the identity;
2. Pu— win L*(I) as t ] 0, for all u € L3(I); and
3. |Pow— Pyl p2(ry < llu—vll2(py for all u,v € L*(I) and t € Rxo.

The last property also implies that, for each t > 0, P, : L?(I) — L?(I) is continuous. We say that
P, is the semigroup generated by —9E~.

It turns out that the solution to the gradient flow problem is also a weak solution to the
Neumann evolution problem, as the following results show.

Proposition 5.18. Let w € D(OE™) and z € —0E~ (u). Then u,z form a weak solution to the
static Neumann problem.

Proof. Note that we have u € D(OE~) C D(£7) = U. Let ¢ € H(I); we will prove that (11)
holds. Let a # 0, let 1, := a¢ and let v, 1= u + 1),. Since —z € OE~ (u), we have

E (va) = E (u) + (—2z,vq —u) = E (u) + (—2,%q) - (12)

Now, the fact that u € U implies that £~ (u) = D~ (u). We now claim that v, € U as well, which
will imply that £ (ve) = D™ (va). In fact, we establish the following:

Claim 5.19. We have v, € U. Moreover, D~ (vy) < %fl(é?mui + 0p1a)? dz.

Proof. We define a nondecreasing function v € L2(I) and a nonincreasing function v(®) € H'(I)
as follows: for each x € I,

U(l)(x) = uf(x) + Yo (0) + /(0 ) (&gwa(y) - \8,,;u¢(y)|)Jr dy and

v (z) = ul(z) + /(0 ) (02va(y) A |0zul(y)]) dy.

It is clear that v v € L2(I) with v(!) nondecreasing. Since u] € H'(I) by definition of R(u),
while 1, € H'(I) because ¢ € H'(I), we also obtain that v(® € H'(I). To see that v(® is
nonincreasing, note that for a.e. x € I we have

8,0 (x) = pul(x) + (Futpalz) A |0pul(z)]) < 0.

Observe also that v 4+ v® = 4 4 ¢, = v,. Finally, by translating vV and v® by a constant if
necessary, we can ensure that [ I v® dz = 0 without invalidating the other properties. Thus v, € U.
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To show the second part of the claim, we note that for a.e. x € I,

0.0 ()| = | Dol () + (Buia(@) A 1Bl (2)]) | < [Brud() + Butia(a)]
N—— — ~~
<0 <0 <|Ozul(z)|

where the inequality follows from inspecting the cases 0,14 () < |0zul(z)| and Oz90q (x) > |Ozud(x)|.
We conclude that

D (va) < D~ (o), 0@) % / (00)? de < % / (Dol (2) + Dutba ()2 .
I I

Now, putting together (12) and the claim, we get

1 1
B /I(axui)Q dr — /IZT,Z)a dx < D_(Ua) < 5 /I(azui'{' axz;z)a)? dz.

Simplifying and substituting ¢, = a¢, we obtain

a/lz¢dx > —%OJQ /1(89@)2(13@ - a/l(ﬁzui)(aqu) dz.

Taking the limits a — 0" and a — 0™, we conclude that

/zd) dz = — /(@vui)(@xgb) dz,
I I
which is (11) as needed. O

Corollary 5.20. Let ug € U and suppose u is a solution to the gradient flow problem. Then w is
also a weak solution to the Neumann evolution problem.

Proof. The condition ©(0) = ug holds by definition of solution to the gradient flow problem, and for
all t > 0 we have u(t) € D(0E~) C D(E£~) = U. Finally, for a.e. t > 0 we have u’(t) € —9E~ (u(t)),
which by Proposition 5.18 implies that u(t),w(¢) form a solution to the static Neumann problem.
Hence u is a weak solution to the Neumann evolution problem. O

5.3 Exponential decay of directed Dirichlet energy

The following elliptic regularity result is standard, and essentially shows that weak solutions to
the static Neumann problem are in fact strong solutions whose regularity is two degrees higher
than that of z; in particular, even if we only have z € L?(I), we gain one degree of regularity by
obtaining u) € H?(I) when we only assumed u) € H'(I). Recall that H°(I) is the same as L?(I).

Lemma 5.21 (Elliptic regularity; see [Mik78, Chapter IV Section 2, Theorems 3 and 4]). Let k > 0
be an integer and let u € U, z € H*(I) form a weak solution to the static Neumann problem

z=0,0,ul inl
Ogul =0 on {0,1}.

Then ul € H**2(I), and moreover Oyul = 0 on {0,1} and z = 0,0,ul a.e. in I.

We now give our energy decay result.
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Proposition 5.22. There exists a constant K > 0 such that the following holds. Let w € U. Then
for allt > 0,
E7(Pu) < e Kl (u).

Proof. Let u € U and let u(t) = Pu be the corresponding solution to the gradient flow problem.
Recall that Proposition 5.17 gives, for all ¢ > 0,

£ (u(t) = £ (u) + /( Il s,

It follows that ¢ — £~ (u(t)) is absolutely continuous on every interval [0, 7] with weak derivative
HE (u(t)) = —||u’(t)\|%2(1). Moreover for a.e. t > 0 we have that wu(t),u'(¢) form a weak solution
to the static Neumann problem, and thus u/(t) = 9,0,u(t)} a.e. in I and d,u(t)} =0 on {0,1} by
Lemma 5.21. Therefore the Poincaré inequality (for zero-on-the-boundary functions) yields

- 1 1 C
E7(u(t) = §H3xU(t)¢Hi2(1) = §C||5z3mU(t)H|%2(z) = §IIU'(75)||%2(1)

for some constant C' > 0. It follows that for a.e. ¢ > 0, we have

08 ((t) =~/ () 1) <~ & (u(0),

which implies that for all t > 0,
E(u(t) < e e (u). O

The exponential decay of ¢ — £~ (P,u) allows us to find a Cauchy sequence in (Pyu)¢>0, and
thus establish its strong convergence to some limit in L2(I). Later on, we will say more about this
limit by reasoning about the weak convergence of Pyu (to the same limit).

Lemma 5.23 (Cauchy sequence). Let u € U, and let (up)ren be given by ug := Pru. Then (ug)k
is Cauchy as a sequence in L*(I). As a consequence, uy — u* in L*(I) for some u* € L*(I).

Proof. The existence of a strong limit from the Cauchy property follows from the fact that L?(I)
is a complete normed space. Let us now establish the Cauchy property. Fix any n > m in N. Then

/ u'(t) dt
(m,n)

[tun = umllr2(r) = (Absolute continuity)

L2(I)

n—1

< Z / | ()] 2 dt (Triangle inequality)
j=m” (G:3+1)
n—1 1/2

< </ ||u'(t)H%2(l) dt> (Jensen’s inequality)
j=m \7(Gi+1)
n—1

= Z (& (uy) — 5_(uj+1))1/2 (Proposition 5.17)
Jj=m

< Z £ (u;)? (€7 is nonnegative)
=m
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< Z (e*KjE*(u))l/2 (Proposition 5.22)

(Geometric series)

for constants A, B > 0 that only depend on the constant K from Proposition 5.22. It follows that,
for every € > 0, there exists N € N such that, for all n > m > N,

[ — | 2(ry < AE™ (u)/2e™B™ < AE™ (u)/2e™ BN < ¢,
o (ug) is Cauchy. -

Proposition 5.24 (Strong convergence). Let u € U. Then Py converges in L*(I) to some u* €
L*(I) as t — <.

Proof. Let u* be such that (Pyu)ren converges to u* in L2(I) as k — 0o, as given by Lemma 5.23.
We claim that Pu — u*. Let € > 0, and let N € N be such that ||Pyu —u*||f2(;) < e forall k > N,
as given by the convergence of the sequence (Pyu),. Then for any t > N, lettmg j = |t], we have

[P — || 21y < |Pju — w2y + || Pew = Pyullr2(ry

by the triangle inequality. We have || Pju —u*[|12(;) < & by the choice of N, and on the other hand,

| Pew — Pjullp2ry = ‘ / u’(s)ds (Absolute continuity)
< /( " |u’(s)]| r2(n ds (Triangle inequality)
-]7
1/2
< (t— )2 (/(.t) ||u'(s)||%2(l) d8> (Jensen’s inequality)
J
< (& £ (Pu))"? (t — j € [0,1), Proposition 5.17)
< e_KJ/QE (u )1/2 (€7 >0, Proposition 5.22) .

Thus by letting N be large enough, we can ensure that
| Prw — Pjullp2py < e “KilZg=(u)1/? < e EN2e=(u)1/? < ¢,

and hence || Pru — u*||p2(5) < 26. Thus Pru — u” in L3(I). O

5.4 Auxiliary results for studying regularity of solutions

Lemma 5.25 (Functions in D(0€~) are well-behaved). Suppose u € D(OE~). Let (a,b) € I be a
nonempty interval and suppose that Oyul(z) < 0 for all x € (a,b). Then u?l is constant in (a,b).

Proof. Let z € L?(I) be such that —z € €~ (u), which is nonempty by hypothesis. By Proposition 5.18
and Lemma 5.21, we conclude that w) € H?(I) (which in particular justifies writing the condition
that dyul < 0 on (a,b), which we take to mean in terms of the continuous representative of

Opul € HY(I)).
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By the continuity of 0yul and the boundary conditions d,ul(0) = d;ul(1) = 0 (which follows
from Lemma 5.21), we may assume without loss of generality (by extending the interval (a,b) if
necessary) that d,ul(a) = 0yul(b) = 0.

Let

7. inf(, ) ut ifa>0
= f(a,b) utdr ifa=0,

which is finite in the first case because the infimum must be no smaller than (say) uf(§), and in
the second case because ut € L*(I). Next, define v € L*(I) by

o) = u(x) if x € (0,a) U[b,1)
C \wl@)+Z ifxelab).

We first observe that v € U, since v = v(!) + v?) with v®) := u] and v(V) € L?(I) given by

v (z) = uf(z) ifz e (0,a)Ulb 1)
R ¥/ if x € [a,b),

which is nondecreasing because u? is and by the definition of Z. Therefore v € D(£~) and

1

£~ () <D (D, py = 1 /(8xv(2))2d:r _1
I

< = 5 (@b ds =D (utul) = £ (w).
On the other hand, we claim that £ (v) > £ (u) as well. Indeed, let (w™M,w®) € R(v) be

arbitrary. Construct «(!) € L2(I) and v(® € H'(I) by u® := w® and

uD(z) = w(z) if x € (0,a) U[b,1)
' u(zx) — u®@ (z) ifx € la,b),

That v = u™® 4+ u® is clear by construction. To show that (v, u(?)) € R(u), it remains to show
that u(!) is nondecreasing. Certainly it is nondecreasing on (0, a)U[b, 1) since w(?) is nondecreasing.
Note that for = € [a,b), we have

uV(z) = u(z) — w?(z) —w () + wV(2) = u(@) — v(z) + W (z) = ut(z) + wP(z) - Z.

Thus u(!) is nondecreasing on [a, b), since u} and w") are. For z € (0,a) and y € [a,b), which only
applies when a > 0, the inequality u(!)(z) < u(Y(y) follows from the nondecreasing monotonicity
of w™) and the inequality ut(y) > Z, which holds by the (first case of the) definition of Z.

Now, we must show that u(M)(z) < uM(y) if € [a,b) and y € [b,1). In fact, it suffices
to consider y € (b,1), because if the inequality holds in all such cases, then u® can be made
monotone on all of I by possibly changing its value at b, which does not affect the a.e. equality
uw=u® 4+ u®. Therefore let z € [a,b) and y € (b, 1), which in particular only applies when b < 1.
Recalling that every monotone function has limits from the left and from the right at every point,
the key observation is that

li M(s) — 1 M) = | 1 —w® |5 —w®
)= Ji e =l o) e ] fi o) = e )

s—bt s—b—

= [ w1(e) + k)| = w0) |t i) + 2] + 020
= lim uf(s) — Z,

s—bT
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where we used the fact that (w),w?)) € R(v) in the first equality, the definition of v and continuity
of w® in the second equality, and the continuity of ) in the third equality. Now, we have

WV (@) < uW(y) = ui(@) +ul(e) —w®(@) + Z - 7 < w(y)
= ut(z) +wV(2) — Z < wV(y)
— uf(z) + w(z) — Z < lim w(s)

s—bt
— ut(z) +w(z) — Z < lim wW(s)+ lim uf(s) — Z
s—b~ s—bt

— uf(z) < lim ut(s) and wM(z) < lim wW(s),
s—bt s—b~

which is true because ut and w") are nondecreasing and # < b. This establishes that u() is
nondecreasing and thus (u™,u?) € R(u). It follows that

E (u) <D (uV,u?) = ;/((%u(z))2 dz = ;/(&Cw(z))2 dz = D~ (wM, w®),
I I
and thus £ (u) < £ (v) as claimed. Thus £ (u) = £ (v), which in particular implies that
E~(v) =D~ (v, v?) and hence (vt,v]) = (v, v?).
By definition of subdifferential, the fact that —z € €~ (u) implies that

;/](83321@2 de=E"(v) >E (u)+ (—z,v—u) = ;/](&Buiyda} —(z,v—u) .

Since v =w on I \ [a,b] and v| = ul, we conclude that

0< <Z,1) - u> = <Z,'U - u)LQ(a,b) = <27Z - UT>L2(a,b) :
Now, since z = 9,0,ul a.e. and dul(a) = dyul(b) = 0, we have

<Zv Z>L2(a,b) =7 (8908961@% 1>L2(a,b) = Z(aﬂﬁui(b) - 8xu¢(a)) =0,

and hence
(z,ul) 2300y < 0.

Now, suppose for a contradiction that u? is not constant in (a,b). Then since uf is nondecreasing,
there must exist a/,b" with a < @’ < V' < b and uf(a’) < ut(t'), i.e. § == ut(¥') — uf(a’) > 0.
Let a := —sup(, y) Oyul, and note that o > 0 by the extreme value theorem together with the
continuity of d,u} and the fact that d,ul < 0 in [a@’,b']. Then Lemma 5.27 applied to f = u?,
g = 0,ul and o', € J = (a,b) implies that <z,uT>L2(a’b) = (0,0, ul, uT>L2(a7b) > ad > 0, which is
the desired contradiction. O

Lemma 5.26. Let J C R be a finite, nonempty open interval. Let f € L>°(J) be nondecreasing
and let g € HY(J) be such that g <0 in J and g =0 on 0J, i.e. the endpoints of J. Let [a,b] C J,
let 6 := f(b) — f(a) and let a := —sup(q ) 9. Then (f,029) 2, = .

Proof. Without loss of generality, we may assume that J = I. Now, for each sufficiently small
e > 0, recall that I. = (¢,1 —¢) and let f. € C*°(I;) be the mollification of f. Let f¥:I — R be
given by
fe/2(e) if z € (0,¢)
f:(:li) = fe/2(x) ifz e [571_5]
fepp(l—e) ifxe(l—eg1).
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Note that each f* € H(I), in particular because the piecewise definition is continuous and f. /2 18
smooth on [g,1 — ¢]. Also, each f,/; is nondecreasing and hence so is each fX. Moreover, f* — f
a.e. as ¢ — 0 since this is true of (f:)e>o. Finally, we have f* — f in L2 (I) since f. — f in
L3 (), and since || fZ|| oo (1) < | fej2lliee(ry < I fllpee (1), we have that (f¥)eso is bounded in L*(I)
and Lemma A.2 implies that f* — f weakly in L?(I) as ¢ — 0.

Let (an)nen, (bn)nen be two sequences such that a,, 1 a, b, | b, and moreover, for every n € N,
fX(an) — f(an) and fX(b,) — f(b,) as € — 0; the existence of such sequences is guaranteed
by the fact that f* — f almost everywhere. For each n € N, let 6, := f(b,) — f(an) and
Q= —SUP(q, b,) J- Note that d, > § because f is nondecreasing while a,, < a and b < b,, and
that o, — a as n — oo by the continuity of g.

For each ¢ > 0, integration by parts gives

(. Oug) = /I f2(0ug)dz = frgl}— /I (0o f)g d.

Recall that g = 0 on {0, 1}. Moreover, since fF is nondecreasing while g < 0 in I, the integrand in
the RHS above is nonpositive. Hence we can only make the RHS smaller by restricting the range
of integration. Thus, fixing any n € N and using the definition of «,,

(. 0eg) > — /( | @uf)gde = - /( @) de = an 1

Since f* — f weakly in L?(I), we obtain
<f7 axg> = lim <f5*a axg> > lim oy, fg*|Zn = apdp > apd,
e—0 e—0 "
the second equality by the choice of sequences (ap)n, (bn)r and definition of d,,. We conclude that
(f,0:9) > lim a,d = ad. O
n—oo

Lemma 5.27. The statement of Lemma 5.26 still holds if we replace the condition f € L*(J)
with f € L*(J).

Proof. Again let J = I without loss of generality. We proceed by an approximation argument. Let
(an)nen be a strictly decreasing sequence satisfying a; = a and a, — 0. Similarly, let (b,)nen be a
strictly increasing sequence satisfying by = b and b,, — 1. For each n € N, define f,, € L>=(I) by
inf[an,bn} f ifze (O, an)
fn(z) == ¢ f(2) if x € [ap, by]
SUP[q, b, [ if 7 € (bn,1).
Note that the infimum and supremum above are finite by virtue of the monotonicity of f and
the observation that each [ay,b,] C I; thus we indeed have f, € L*(I). Moreover, each f, is
nondecreasing and, since a, < a < b < b,, we have f,(a) = f(a) and f,(b) = f(b). Lemma 5.26

implies that (f,,, d,g) > ad for a as in that statement and § = f,,(b) — fn(a) = f(b) — f(a). Finally,
we have f, — f in L?(I); indeed, letting c := “TH’ for convenience and using the monotonicity of f,

2 2
2 _ s _
17 = fullzan = /(o,an) (f(x) [alnr,lzfn} f> dot /(n,1) (f(x) [5351} f) &
B 2 _ 2
< /(o,m ((x) — f(c)* da + /(bml) (f(@) - f(e)? da
<2 (1120, + 11200 + (@ + 1= 5) (%] = 0,
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the last step by the continuity of the functions x — ”f”%z(o ) and z — ||f||%2(m ) and the fact that
an + (1 —by) — 0 as n — oo. Hence (f,, 0z9) — (f, 0zg), and the conclusion follows. O

The following auxiliary result confirms the natural expectation that, if u has a first derivative
and some degree of regularity, then its components ut and u] enjoy the same regularity and, more-
over, can be obtained by taking the positive and negative parts of the derivative 0,u, respectively.

Proposition 5.28. Let 1 < p < 00, and letu € UNWP(I). Then ut,ul € WIP(I) and, moreover,
we have Oyut = O u and Oyul = Oy u a.e. in I.

Proof. Let vV 4 : I — R be given by

uM (y) := u(0) + C + O u(x)dz and u?(y) = —C + 0, u(x) dx
(0y) (0.y)

for each y € I, where C' € R is implicitly defined so as to satisfy

/u(2)dx—0.
I

Then u() is nondecreasing, u(?) is nonincreasing, both are absolutely continuous with 8,u(!) = oFu
and 0,u® = 9w a.e. in I, and

(u® + 4@ (y) = u(0) + /(0 ) (0 u(z) + 9, u(z)) dz = u(z)

for all 4 € I by the absolute continuity of u. It is also clear that u"), u(?) € L>°(I) c LP(I), since
they are pointwise upper bounded in magnitude by |u(0)|+|C|+[|0zul| 1y < +oo. Moreover, since
u € WHP(I), we have dyu € LP(I) and hence 9 u, d; u € LP(I), yielding that vV, u(?) € W»(I).
The proof will be concluded if we show that (uf,ul) = (u(l), u(2)). However, at this point we
cannot even state that (u)), u(?)) € R(u) because we have not established that u(?) € H(I) =
Wh2(I) (unless p > 2, of course). However, if we can show that any (v, v(?) € R(u) satisfies

/ (0,0?)2 dz > / (Bu®)? dz (13)

I 1

then using the assumption that v € U and the definition of u?t,ul, we will conclude that indeed
(ut,ul) = (u(l),u(2)), as needed.

Let (v, v®) € R(u). We claim that }Ozv(z) (x)’ > |8xu(2) (x)‘ for a.e. z € I, which will imply
(13). Recall that v € HY(I) ¢ WV(I). Since u = v + v® a.e. and u € WHP(I) ¢ Wh(I),
we conclude that v(1) WH(I). Hence w, uM | u® v ) are all absolutely continuous. The
fundamental theorem of calculus for the Lebesgue integral implies that, almost everywhere in I,
these functions are all differentiable, and their classical and weak derivatives agree with d,u =
9puM) + 9,u® = 9,00 + 9,0@ . On any such point z, the monotonicity of u®,u® v(1) 2
implies that d,u™ (), 9,01 (z) > 0 and d,u® (z), d,v? (x) < 0. Therefore

dpv® (iL')’ = —0,0¥(z) = —8,u(z) + 9,0V (z) = —0,u? (x) — ,uV(z) + 9V ()

9yu® (az)‘ — 9,uV (@) + vV (@) .
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Now, if dyu(z) > 0, then d,u®(x) = 0 by definition, so !8901)(2) ()] > ‘8xu(2) (z)| holds trivially.
Otherwise, we conversely have &Eu(l)(:v) = 0 while 9, > 0, and hence, by the above,

9, u® ()

)

9,0 (a:)’ >

which concludes the proof. ]

The following standard facts will also be useful.

Fact 5.29 (See e.g. [EG15, Theorem 4.4]). Let 1 < p < oo and let f € WYP(I). Then O.f =0
a.e. on {f =0}.

The following fact is an immediate application of the Sobolev embedding theorem:
Fact 5.30. Let f € H?(I). Then f € CYY2(I). In particular, f is continuously differentiable.

Fact 5.31 (See e.g. [Bar76, Chapter II, Corollary 2.1]). The set D(OE™) is a dense subset of
D7) =U.

Observation 5.32. Since U contains H'(I), which is dense in L*(I), Fact 5.31 implies that

D(OE~)=D(E-)=U = L*(I).

5.5 Preservation of H' regularity

We wish to show that if the initial state u is in H'(I), then Pu remains in H*(I) for all times
t > 0. To that end, define ¢ : L?(I) — [0, +00] by

o) = {Haxuuigm if ue HY(I)

+o00 otherwise.

The theory of maximal monotone operators gives us a recipe to establish that t — p(Pu) is
nonincreasing. The key ingredients are Claim 5.33 and Lemma 5.34.

Claim 5.33. The functional ¢ is convex, proper and lower semicontinuous.

Proof. Convexity and properness are straightforward; it remains to verify lower semicontinuity.
Since L%(I) is a metric space, it suffices to check sequential lower semicontinuity. Let (u,)nen be
a sequence in L2(I) such that u,, — u in L?(I). We need to show that

@(u) < liminf @(u,).
n—o0
The only relevant case is when the RHS above is finite, so suppose there exists a subsequence
(un,, )ken such that limg_,o p(un,) = A < +00. By extracting a subsequence if necessary, we may
assume that ¢(up, ) < +o0o, and thus u,, € H(I), for every k.

We claim that (up, ) is bounded in H'(I). Indeed suppose this is not the case. Then since
||unk||%{1(1) = Hunk||%2(1) + \|axunk||;([) and ||axunk\|%2(1) remains bounded due to the fact that
¢(un,,) = A, we conclude that ||uy,[|12(5) gets arbitrarily large as k — oo. But this contradicts the
fact that up, — u in L*(I), so the claim holds.
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It follows that we may extract a weakly convergent subsequence (unkl )een, and by uniqueness of
weak limits, we obtain that u € H'(I) and Uny, — U weakly in H'(I). By weak lower semicontinuity
the norm in H(I),

ull72py + 10ullF2y = lull gy < lim inf g, 71y = lim inf g, 721y + 10sting, 1227y -
Since up,, — u in L?(I), we have H“nkeuiz([) — Hu||%2(1) and hence
(u) = 10l 2 () < = lullZz(y +liminf [ung, |17z () + [10ating, T2y = liminf o(uy,, ). O
Lemma 5.34. Let u € D(0E™) and let z € —0E~ (u). Then for all X >0, p(u — Az) > p(u).

Proof. By Proposition 5.18, z is a weak solution to the static Neumann problem, and by Lemma 5.21
we have u) € H?(I) with d,ul = 0 on {0,1} and z = 9,0,ul in L*(I).

Note that the result holds trivially if u — Az ¢ H'(I), in which case ¢(u— A\z) = +o0o. Therefore
assume that u — Az € H'(I). We consider four cases: v € H'(I); u € WH(I)\ HY(I), i.e. u is AC
but not in H'(I); u is continuous but not AC; and u is not continuous.®

Case 1. Suppose u € H(I). Note that in this case the assumption that u — Az € H'(I) implies
that z € H'(I) as well, so in particular d,u,d,2z € L?(I). Additionally, Lemma 5.21 also yields
ul € H3(I). We have

olu—Az) = /I(&,;(u —\2))2dz = o(u) + )\ZHBIZH%Q(I) —2X /](&Lnu)(azz) dz.

Therefore it suffices to show that

/I (Oy1)(B22) dz < 0. (14)

Recalling that v = ut + u) with ut,u) € H'(I) = W2(I) by Proposition 5.28, we have

@@,z do = [ @auny@,2)do+ [(@ud)(0.) o,

I 1 I

with the second term in the RHS satisfying
[ @) @:2)dz = @.ub)ely ~ [ @020z do = ~0:0,ul gy <.
By Proposition 5.28, d,ut = 0 u and d,ul = 9, u in L?(I). Since z = 9,0,ul in L*(I), we get
J@at)@:2)da = [ @ 0(@:0:0001) s
We claim that the quantity above is zero. Indeed, fixing any representative of d,u € L2(I), let
S :={x e€I:d,u> 0} First, we have (9} u)(0,0,0,u) = du =0 on I\ S. Second, we have

Ozul = 0;u = 0on S, so applying Fact 5.29 twice (recall that u| € H3(I)) gives that 0,0,0,ul = 0
a.e. in S, thus establishing the claim. Thus (14) indeed holds, which concludes the proof in Case 1.

8 As usual, phrases such as “u is continuous” should be understood as “the object u € L2 (I) has a continuous
representative”, and in particular the condition “u is continuous but not AC” makes sense because the continuous
representative, if it exists, is unique.
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Case 2. Suppose u € WH(I)\ HY(I). We will derive a contradiction, showing that this case
cannot happen. Note that, since u — Az € H'(I) by assumption, we conclude that z € Whi(I)\
H(I), and in particular u, z are AC with 9,u, 9,z € L'(I). As in the previous case, we have

olu — Az) = /(8x(u —\2))dz (15)

I

= / (8ot — Ap2)* daz (16)
I

_ /I ((9010)? — 27\(10) (952) + A2(0p2)?) d. (17)

We claim that the function (9,u)(9,2) € L'(I). First, by Proposition 5.28 we have uf € W1(I)
(while u € HY(I) since u) € H?(I)), as well as d,ut = 9] u and d,ul = 9, u a.e. in I. Hence

/ (Da1) (D) A = / (D) (D52) + (Dot (52)] da < / [1@e)(@:2)] + [(0s1u1)(02) ]
1 I I

We claim that (0,u?1)(0:2), (0xul)(02) € LY(I). First, we again have that (9 ut)(0,z) =
(0xu1)(0:0;0,ul) = 0 a.e. as in the previous case, where in particular we are allowed to apply
Fact 5.29 twice to d,ul because d,ul € W2(I) by virtue of the fact that 9,0, ul = z € WhH(I) in
the current case. Hence (0,u1)(d:2) € L*(I). Second, note that d,ul is AC and hence bounded,
while 9,2 € LY(I) since z is AC. Therefore

J10:ub)(0:2)1d < 0sudl 105 sy < oo
and hence (9,ul})(0,2) € L*(I). Hence |(O,ut)(0:2)| + |(0xul)(022)| € L} (I) and

/1 |(0u)(8,2)) dz < / |(Oput)(B2)] d + / |(0ud)(9e2)]| dr < +o0,

so (0pu)(0;2) € LY(I) as claimed. Now, since p(u — A\z) < 400 by assumption, (17) shows that
(Opu)? —2X(0,u) (02 2)+A2(02)% € LY(I), while we have just established that 2\(0,u)(0,2) € L*(I).
We conclude that (9,u)? + A\2(0,2)% € LY(I), i.e.

/ ((0pu)? + A*(052)?) da < +00.
I

On the other hand, the fact that u,z € WH(I)\ H'(I) implies that

/(&Eu)2 dz = 400 and /(8962)2 dz = 400,

I 1

which is the desired contradiction. This concludes the proof in Case 2.

Case 3. Suppose u is continuous but not AC (and hence the same is true of uf). Then by the
definition of absolute continuity, there exists € > 0 such that, for all § > 0, there exists a set of
pairwise disjoint intervals ((ai, b;));cpy in I such that S (bi—a;) < 6 and X |u(a;) — u(by)| > e.

We claim that, moreover, the sequences ((ai,bi))ie[k} above can always be taken to satisfy
u(a;) < u(b;) for every ¢ € [k]. Indeed, let £ > 0 be as in the paragraph above, let § > 0, and
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let ((a;, bi));cp be the corresponding sequence. Let S := {i € [k] : u(a;) = u(b;)}. Then for each
1 € 5, we have

[uai) — u®i)| = u(a;) = u(®) = [uble) = k()] + [ut(a) = wi(b)] < lubla) = wl(d)].

>0 <0

Now, since ul is AC, let § > 0 be small enough so that

€
> _lulblai) —ul(b:)] < 5.
€S
It follows that
Kk
€
e <Y Julas) —u(®i)] < |ul(a:) —ul(b)|+ > |ulas) —u(b;)] < 5t [u(a;) — u(bi)],
i=1 €S i€[k]\S 1€[k]\S
and hence

> fua) —u()| > 5.
€[k]\S

and of course u(a;) < u(b;) for each i € [k]\ .S and 3¢\ s(bi —a;) < 6. This establishes the claim.

Let v := u — Az for convenience, and fix any sequence ((ai, b;));c ) of pairwise disjoint intervals
satisfying u(a;) < u(b;) for each i € [k]. Using Lemma 5.35, we map each interval (a;, b;) into an
interval (af,b;) C (a;, b;) such that

ju(as) — u(vi)|

[o(ay) — (b})] 2

)

This implies that v is not AC and hence ¢p(v) = +o00, thus concluding the proof in this case.

Case 4. Suppose u is not continuous. By Lemma 5.36, u — Az is not continuous, which implies
that u — Az ¢ HY(I) and ¢(u — A\z) = +00, concluding the proof. O

Lemma 5.35. Let u € D(0E™), suppose u is continuous, and let z € —0E~ (u). Let A > 0 and let
vi=u—Az. Let 0 < a < b<1 and suppose u(a) < u(b). Then for all e > 0, there exist a’,b’ with
a <a <b <b such that

v(®) —v(d) > |u(a) — u(b)] — €.

Proof. Recall that, by Proposition 5.18, u, z form a weak solution to the static Neumann problem,
and by Lemma 5.21 we have u) € H?(I) with d,ul = 0 on {0,1} and z = 9,0,ul in L*(I). In
particular, u] is continuously differentiable by Fact 5.30.

We first observe that it cannot be the case that d,ul(x) < 0 for all = € (a,b), since otherwise
Lemma 5.25 would imply that w1 is constant in (a, b), which by continuity would imply that uf(a) =
ut(b) and hence u(a) > u(b), a contradiction.

We first construct @’ € (a,b). In particular, we wish @’ to satisfy

u(a) S u(a) + % and 2(a') > 0. (18)

Let z* € [a,b) be given by
z* :=inf{z € (a,b) : Oyul(x) =0},
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which is well-defined by the observation above and the fact that dyul < 0 in all of I (since
ul is nonincreasing and continuously differentiable). By the continuity of 0,ul, we have that
Ogul(z*) = 0. Since Ozul(a) < 0, it must be the case that either a = 2* or

L{zx € (a,z"): 00,ul(x) >0} >0. (19)

We consider each case separately. First, suppose a = z*. We claim that for all § > 0, there exists
x € (a,a + ) such that z(x) > 0. Suppose for a contradiction that this is not the case, and fix
d > 0 such that for all x € (a,a + 9), z(z) < 0. Then since z = 9,0,ul almost everywhere, we
conclude that 9,0,ul < 0 a.e. in (a,a + ). Hence d,ul(z) < 0 for all z € (a,a + 0), contradicting
the assumption that a = z* given the definition of x*. Thus the claim holds. Now, using the
continuity of u, choose § > 0 small enough and choose a’ € (a,a + §) so that z(a’) > 0 and
moreover u(a’) < u(a) + /2. This choice of a’ satisfies (18).

Second, suppose a < x* and (19) holds. Since z = 9,0, ul almost everywhere, choose @’ € (a, z*)
such that z(a’) > 0, which is possible by (19). Now, since d,ul < 0 for all z € (a,d’) C (a,z*)
by the choice of z*, Lemma 5.25 implies that w1 is constant in (a,a’). By the continuity of uf, we
conclude that uf(a) = uf(a’) and hence, since u| is nonincreasing, we have

u(a) = ut(a") + ul(a’) < ut(a) +ul(a) = u(a),

and again (18) is satisfied. This concludes the choice of a'.

Now, we may assume without loss of generality that ¢ < |u(a) — u(b)|/2. Therefore our choice
of @ yields an interval (a’,b) which, using (18) and recalling that u(a) < u(b), satisfies u(a’) < u(b).
Therefore, repeating a symmetric version of the argument above yields a choice of V' € (d,b)
satisfying

£

u(b') > u(b) — 5 and 2(b') <0. (20)

Combining (18) and (20), we conclude that

o) = vl(a’) = [u(®) — ula)| = X [2(¢) = 2(a")] = u(b) ~ u(a) — & = |u(a) ~ u(d)| ~2. O

—_——
<0

Lemma 5.36. Let u € D(OE™), suppose u is not continuous, and let z € —0E~ (u). Let A > 0.
Then u — Az is not continuous.

Proof. Recall that, by Proposition 5.18, u, z form a weak solution to the static Neumann problem,
and by Lemma 5.21 we have u) € H?(I) with d,ul = 0 on {0,1} and z = 9,0,ul in L*(I). In
particular, u] is continuously differentiable by Fact 5.30.

Since u) € H?(I) is continuous while u is not continuous, we conclude that u? is not continuous
and, since it is monotone, it contains only jump discontinuities. Let zg € I be a point of jump
discontinuity of uf, i.e. a point such that L_ < Ly where

L_:= lim uf(z) and Ly := lim uf(x).

— +
SC—)CEO Z‘—>.Z’O

We first claim that 0yul(z¢) = 0. Indeed, it is clear that d,ul < 0 since ul is nonincreasing and
continuously differentiable. If we had 0,ul(z¢) < 0, then by continuity d,ul would be strictly
negative in a neighbourhood of x¢, in which case Lemma 5.25 would imply that 71 is constant in
a neighbourhood of xg, contradicting the fact that L_ < L. Hence the claim holds.
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We now claim that, for all 6 > 0, there exists x € (zo,xo + J) such that z(z) < 0. Suppose for
a contradiction that there exists § > 0 such that for all x € (xg,z¢ + 0), z(x) > 0. Then, since
z = 0,0yul a.e. and Jdyul(xg) = 0, we conclude that d,ul > 0 in (zg,xo + J), contradicting the
fact that d,ul < 0. Hence the claim holds. By the same reasoning, we conclude that for all 6 > 0
there exists z € (zg — 6, x0) such that z(z) > 0.

Thus, for all 6 > 0 there exist points x_ € (z9—0d,x¢), T+ € (20, z9+0) such that z(x4)—z(z_) <
0 and hence

(= A2)(wy) = (w=A2)(z-) = [ut(es) = uteo)] + [ubley) —ub(z-)] = Az(24) = 2(2-)
> [ut(as) = ut(e-)] + [ubes) - ud(e-)] .
Since ut — Ly asx | xg and uT — L_ as x T x¢ and u7 is nondecreasing, we have uf(x4)—ut(x

L, — L_. By the continuity of ul, we can let 6 > 0 be small enough so that ul(zy) — ul(z
Li-L_

m IV IV

-)
-)
. We conclude that, for all sufficiently small § > 0, there exist points x_ € (xg—d, zg), 4+

(0,0 + &) such that
(= X2) () — (u = Az)fa) > TE

and thus u — Az is not continuous. O

Lemma 5.37 (Specialization of [Bre73, Theorem 4.4]). Let H be a Hilbert space and let T: H —
[0, +00] be a convex, proper, and lower semicontinuous functional such that T(Projmx) < 7(x)

for all x € H. Let A : H — 29 be a mazimal monotone operator and let S; be the semigroup
generated by —A. Then the following are equivalent:

1. 7((I + MA)12) < 7(z) for allz € H and X > 0; and

2. 7(Sex) < 7(x) for allx € D(A) and t > 0.

In the statement above, (I + AA)~!: H — D(A) is the resolvent of A (also denoted by .Jy, see
e.g. [Eval0, p. 563]).

Proposition 5.38 (-monotonicity of solutions). Let ug € U and let u € C([0,+00); L*(I)) be the
solution to the gradient flow problem with initial data ug. Then for all 0 <t <ty < 400, we have

p(u(t)) > p(u(ts)).

Proof. This is a direct consequence of Lemma 5.37. Indeed, letting H := L?(I) and A := 9~
(which is maximal monotone as remarked earlier), we first observe that indeed @(Projm ) <e(f)

for all f € L?(I), since by Observation 5.32 we have Projm f = f. Thus it suffices to show that
for all f € L3(I) and all A > 0,

P((I+AA)TH) < o(f).
But this is equivalent to showing that, for all w € D(A), —z € A(u) and X > 0,

?

p(u) < plu—Az),
which is precisely Lemma 5.34. O

Corollary 5.39 (Preservation of H' regularity). Supposeuy € H'(I), and letu € C([0,+o0); L2(I))
be the solution to the gradient flow problem with initial data ug. Then u(t) € H'(I) for all t > 0.

Proof. This is an immediate consequence of Proposition 5.38 and the definition of . O
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5.6 Preservation of Lipschitz regularity

It will also be useful to control the Lipschitz regularity of solutions. At a high level, we follow
a similar strategy as in Section 5.5. Recall that W1°(I) is equivalent to the space of Lipschitz
real-valued functions on I, up to identification of almost everywhere equal functions. Define v :
L?(I) — [0, 4+00] by

Oz || oo if u e Whee(r

oy s [10sullmn i we WD)

+o00 otherwise.

Fact 5.40. Let uw € L*(I) and let M € R>g. Then 1(u) < M if and only if u = f a.e. for some

M -Lipschitz function f : I — R. Moreover, in this case f is the (unique) continuous representative
of u and ¥(u) is the Lipschitz constant of f.

Claim 5.41. The functional ¢ is convex, proper and lower semicontinuous.

Proof. Convexity and properness are straightforward; it remains to verify lower semicontinuity.
Since L?(I) is a metric space, it suffices to check sequential lower semicontinuity. Let (u)nen be
a sequence in L2(I) such that u, — u in L?(I). We need to show that

Y(u) < liminf ¢ (u,) .
n—o0

The only relevant case is when the RHS above is finite, so suppose there exists a subsequence
(tn,, )ken such that limg_,oo ¥(up,) = M < +00. By extracting a subsequence if necessary, we
may assume that ¥(uy,,) < +oo, and thus u,, € W5H(I), for every k. For simplicity and using
Fact 5.40, fix for each nj, the continuous representative of w,, , which we denote by the same name.
Then each u,,, is Mj-Lipschitz with M — M.

Since u,, — u in L?(I), it is standard that we may extract a subsequence that converges to u
pointwise almost everywhere. Denote this further subsequence again by (uy, )i, and let N C I be
a measure zero set such that u,, — u pointwise in I \ N. Then for each x # y in I \ N, we have

u(@) = u(y)| = Jim fun, (2) =, ()] < Tim Myl —y| = Mo~y

By Lemma A.3, u is a.e. equal to an M-Lipschitz function, so ¢(u) < M by Fact 5.40, as needed.
O

Definition 5.42. For any w : I — R and distinct z,y € I, let

wly) — wiz)

slope,, (z,y) = —

Lemma 5.43. Let u € D(0E7) and let z € —0E~ (u). Then for all A > 0, (u — Az) > P(u).

Proof. We follow the proof outline from Lemma 5.34, but some of the technical details are different.
As in that proof, we have u) € H?(I) with d,u} = 0 on {0,1} and z = 9,0,ul in L?(I).

We may assume that u — Az € W1°°(I), since otherwise 1)(u — A\2) = +oc and there is nothing
to prove. In particular, this establishes that © — Az is continuous.

When u is not continuous, Lemma 5.36 yields that u — Az is not continuous, a contradiction.
Therefore we may assume that u is continuous. Since both v and u— Az are continuous, we conclude
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that z is also continuous. Let v := u— Az. By Fact 5.40, it suffices to show that for every (a,b) C I
and all € > 0, there exists (a’,b") C I such that

|slope, (a/, 0")| > |slope,,(a,b)| — €. (21)

If u(a) < u(b), then the interval (a’,b') C (a,b) given by Lemma 5.35 with parameter (b — a)
satisfies (21); and if u(a) = u(b), then any interval will do. Therefore suppose u(a) > u(b), so in
particular slope,(a,b) < 0.

Note that a sufficient condition for (21) is that [slope,(a’,b")| > |slope,(a,b)| — & with u(a’) >
u(t'), z(a') <0 and z(b') > 0, since in that case,

|(u — /\Z)(b;))/ : gl,l — Az)(d')] _ ’ u(b) : u(a) =X (z(V) — z(a')) ‘ <b’ia’)

<0 >0

|slope, (a,b')| =

_ Ju¥) — u(a)]

2 = |slope, (a/,b')| > [slope, (a,b)| — ¢,

which is (21). We now find o’ and b’ satisfying the aforementioned conditions.

For each point = € I, say z is left-favourable if every neighbourhood (z — §,x + ) contains a
point z’ such that z(z') < 0. Similarly, say x is right-favourable if every neighbourhood (x —§, x+4)
contains a point 2’ such that z(z') > 0.

We claim that there exist points a* < b* in I such that a* is left-favourable, b* is right-
favourable, and |slope, (a*,b*)| > |slope,(a, b)| with u(a*) > u(b*). Let us first show that this claim
yields the desired points @’ and ', and then proceed to prove the claim. Suppose we have a* and
b* as claimed. Then by the continuity of u, we may fix sufficiently small § > 0 and find points
a € (a* —4,a* +0) and V' € (b* — 6,b* + ) such that o’ < V', z(a’) <0, 2(b') > 0, u(a’) > u(¥),

and, for ai= § - =iy and §i= 5,

g uwla) —u®) _ u(a”) —u®®) -8 _ ula”) —u(b) £/2
|s|opeu(a,b)| Y —d = (0* —a*)(1 4 «) Z b* — a* (1_(1)_1—|—7a
> w — & = [slope,(a*,b")| — € > |slope,(a,b)| — €,

as desired, where we used the inequality 1%1 > 1—a. We now establish the existence of a* and b*.

We first find a*. If a is left-favourable, then choose a* = a; note that, of course, we have
u(a*) > u(b) and [slope,(a*,b)| > |slope,(a,b)|. Otherwise, a is not left-favourable, which gives
some 0 > 0 such that z(x) > 0 for every z € (a — d,a + ), and hence 0,0;ul > 0 a.e. in
(a —d,a+ §). We now consider two cases. Recall that slope,(a,b) < 0.

First, suppose d,ul(a) > slope,(a,b). Note that it cannot be the case that d,ul(z) > slope,(a,b)
for all € (a,b), since otherwise we would have

u(b) = ut(b) + ul(b) > ut(a) + ul(a) + w Oyul dz > u(a) 4+ (b — a)slope,(a,b) = u(b),

a contradiction. Therefore we may let
a* :=inf{x € (a,b) : Oyul(x) < slope,(a,b)} .

By the continuity of d,ul (recall that u| € H?(I) is continuously differentiable), we conclude that
Orul(a*) = slope,(a,b). We also observe that we must have a* > a since, as noted above, we have
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0z0zul(x) > 0 a.e. in some neighbourhood (a — d, a + ¢), which implies that d,ul(x) > Oyul(a) >
slope,,(a,b) for all = € (a,a+J). We claim that a* is left-favourable. Indeed, otherwise there would
be some § > 0 such that z(z) > 0 for all z € (a* — J,a* + ), and since z = 9,0, ul a.e. we would
conclude that d,ul(z) < dzul(a*) = slope,(a,b) for x € (a* — 0, a*), contradicting the choice of a*.
Hence we have found a left-favourable a* in this case; we claim that a* also satisfies u(a*) > u(b)
and |slope,(a*,b)| > |slope,(a,b)|. The first inequality holds since

u(a®) —u(b) = ul(a”) + ut(a”) - [u(a) + (b — a) slope,(a, b)]
> ul(a) + /( . Ogul dr + ut(a) — ut(a) — ul(a) — (b — a) slope,(a, b)

= / Ogul(z) —slope,(a,b) | dz — (b — a”)slope,(a,b)
(a,a*) —— —
>slope,, (a,b) <0
>0,

and the second inequality holds since

(b—a")(b—a) (\slopeu(a*7 b)| — |slope,(a, b)|>
= (b—a")(b- >(“W”—““X_M@—uw0

b—a* b—a

<u ) (b—a)— <u(a) —u(b))(b—a*)
( ) + ul(a /(a dpul(z) dz — u(b)) (b—a)— (u(a) - u(b)) (b—a*)

a*) S=——~—
>slope,, (a,b)

\%

wt(a) + ul(a) + (" — a) slope, (a, b) — u(b)) (b—a)— <u(a) - u(b)) (b - a*)

(
@ )" 2D ) a) — (u(a) —u®)) b a*)
(@)
0.

u(a )((b—a)—(b—a*)—(a*—a))

Therefore in the first case we have found a left-favourable a* € (a,b) such that u(a*) > u(b) and
|slope,, (a*,b)| > |slope,(a,b)|.

Second, suppose Od;ul(a) < slope,(a,b). We proceed similarly, but with points to the left of
a instead. Namely, it cannot be the case that d,ul(z) < slope,(a,b) for all z € (0,a), since by
continuity this would imply that d,ul(0) < slope,(a,b) < 0, a contradiction. Hence we may define

a* :=sup{z € (0,a) : O,ul(x) > slope,(a,b)} .

By continuity, we conclude that d,ul(a*) = slope,(a,b), which also implies that a* < a. We claim
that a* is left-favourable. Indeed, if it was not, then for some 6 > 0 we would have z(z) > 0 for
all z € (a* — d,a* 4+ ), and since z = 9,0, ul a.e. we would conclude that d,ul(x) > d,ul(a*) =
slope, (a,b) for all x € (a*,a*+§), contradicting the choice of a*. We now claim that a* also satisfies
u(a*) > u(b) and |slope,(a*,b)| > |slope,(a,b)|.

To prove the first inequality, we first observe that d,ul(z) < slope,(a,b) < 0 for all x € (a*, a),
which by Lemma 5.25 implies that u1 is constant in (a*,a). Since u7 is continuous (because u and
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ul are), we conclude that ut(a*) = uf(a). Therefore we have

u(a*) — u(a) = ul(a*) — ul(a) > 0

since ] is nonincreasing, and hence u(a*) > u(a) > u(b). As for the second inequality, we have

(b—a*)(b—a) (Islopeu(a*7 b)| — |slope,(a, b)])
— (b a")(b- >(“W”‘““> ) )

b—a* b—a
<u )(b —a)— (u(a) - u(b)) (b— a*)

) + ul(a /( dpul(z) dz — u(b)) (b—a)— (u(a) - u(b)) (b— a*)

<slope,, (a,b)

( _yl) — u@)

b—a —“@>@—@—(M@—u@0@—m>

<u )((b—a)—(b—a*)—i—(a—a*))
0.

Therefore in any case we have found a left-favourable a* € (0,b) such that u(a*) > wu(b) and
|slope,, (a*, )| > |slope,(a,b)|.

Repeating an analogous argument for the right endpoint of the interval (a*,b), we find a right-
favourable b* € (a*, 1) such that u(a*) > u(b*) and |slope, (a*,b*)| > |slope,(a*, )|, which concludes
the proof as explained above. O

Proposition 5.44 (y-monotonicity of solutions). Let ug € U and let u € C([0,+00); L*(I)) be the
solution to the gradient flow problem with initial data ug. Then for all 0 < t1 < to < 400, we have

P(u(tr)) = ¢(u(tz)).
Proof. As in the proof of Proposition 5.38, this follows from Lemmas 5.37 and 5.43. O

Corollary 5.45 (Preservation of Lipschitz regularity). Suppose ug € WL°(I), and let u €
C([0,+00); L2(I)) be the solution to the gradient flow problem with initial data ug. Then w(t) €
WLoo(T) for all t > 0.

Proof. This is an immediate consequence of Proposition 5.44 and the definition of . O

5.7 Nonexpansiveness and order preservation

Our goal in this section is to establish that the semigroup P; is nonexpansive and order preserving.
These properties will help us show that applying P; to line restrictions in the multidimensional
setting behaves as expected by “making progress” toward monotonicity with each application.

In the context of PDEs, one desirable way to show that a property is preserved through time is to
differentiate in time, and then pass the derivative inside the integral to exploit the definition of the
PDE. However, we need to establish some technical results before we can justify such calculations.

We start with the following lemma, slightly adapted from [CT80], which reveals a close connec-
tion between order preservation and nonexpansiveness (here, in the supremum norm) of operators.
Hence our strategy will be to establish order preservation, and conclude nonexpansiveness.
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Lemma 5.46. Let (2,3, 1) be a finite measure space, and let 1 < p < 4+o00. Let L>®(2) C C C
LP(Q) have the property that for all f € C andr € R, f+r € C. Let T : C — LP(Q) be continuous
as a map from LP() to LP(2) (the continuity requirement may be dropped if p = 0o) satisfying

T(f+r)=T(f)+r a.e (22)
for every f € C and r € R. Then the following are equivalent:
(a) Forall f,ge C, if f <ga.e thenTf <Tg a.e. .
(b) Forall f,ge C, (Tf—Tg)" <esssup(f —g)" a.e. .

(c) Forall f,ge C, |Tf—Tg| <esssup|f —g| a.e. .

Proof. We show (a) = (b) = (c¢) = (a). First, assume (a) holds, and let f,g € C. Suppose
r := esssup(f — g)T < +o0, since otherwise there is nothing to prove. Note that g +r > f and
g+ > g both a.e. . Thus by (a) and (22), we have

Tg+ (Tf—-Tg)T=TfVvTg<T(g+r)=Tg+ra.e. ,

so (Tf —Tg)" <r a.e. as needed. Next, suppose (b) holds, and let f,g € C. Let r; := esssup(f —
g)T and ro := esssup(g — f)T; note that esssup|f — g| = max{ri,r2}, so we may assume that

r1,7T2 < +00, since otherwise there is nothing to show. Then indeed, using (b),
ITf—Tg|=max{(Tf—Tg)",(Tg—Tf)"} < max{ry,ro} =esssup|f — g a.e.,

as needed. Finally, suppose (c¢) holds, and let f,g € C satisfy f < g a.e. . First, suppose
frg € L>®(Q). Let r :=esssup(g — f), so that 0 < r < 400 by assumption. Then, by (c) and (22),

esssup{l'f —Tg+r} =esssup{T(f+r)—Tg} <esssup|T'(f+r)—T
{ g g g
<esssup|f —g+7| <7,

soTf <Tg a.e. as needed.

Now, for general f,g € C with f < g a.e. , we may approximate them by sequences (f)n, (gn)n
in L*°(Q) C C such that f,, — f and g, — ¢ in LP(2) and moreover f, < g, a.e. for each n;
indeed, letting f,, := max{—n, min{n, f}} and likewise for g,, it is immediate that f,, g, € L>°(Q)
with f, < g, a.e. , and the convergences f,, — f and g, — ¢ in LP(Q) follow from the dominated
convergence theorem: since |f — f,|’ — 0 pointwise and |f — f,| < |f| pointwise for each n, we
have limy, o [o|fn — fIP dp = 0.

The previous case yields T'f,, < Tg, a.e. for each n, and we claim that the continuity of T
implies that T'f < T'g a.e. as well. Indeed, we have T'f,, - T'f an Tg,, — Tg in LP(§2) and thus

H(Tf - Tg)+ - (Tfn - Tg?’b)+HLp(Q) < H(Tf - Tg) - (Tfn - Tgn)HLP(Q)
<|Tf=Tfaller) + 1T9 = Tgnllr) — 0,

which means that (T'f, — Tg,)™ — (T'f — Tg)* in LP(Q). But since (T'f, — Tg,)t = 0 a.e. and
hence in LP(Q) for each n, we conclude that (T'f —Tg)* =0 a.e. , i.e. Tf < Tg a.e. as needed. [

The following lemma is a specific formulation of the well-known Leibniz rule for differentiating
under the integral sign. It is a specialization of the version stated in [Che], and can be proved by
a standard argument using the Fubini-Tonelli theorem.
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Lemma 5.47 (Differentiating under the integral sign). Let (2,%, ) be a measure space and let
[a,b] C R. Let f : [a,b] x Q@ — R be a jointly measurable function satisfying the following:

1. f(t,") € LY(Q) for a.e. t € (a,b).

2. f(-,x) is AC for a.e. x € Q. (Its a.e. defined partial derivative is denoted by Orf as usual.)

/ /\6tf(t,x)|dudt < 4o0.
(a,b) /2

Then the function t — [, f(t,x)dp is AC and

3. It holds that

8t/f(t,m)du—/6tf(t,a:)dy, for a.e. t € (a,b).
Q Q

The following fact is a standard consequence of the definition of absolute continuity:
Fact 5.48. Let J C R be a compact interval. If f,g:J — R are AC, then fV g is AC.

Fact 5.49 (See e.g. [EG15, Theorem 4.4]). Let J C R be a compact interval. Let 1 < p < oo and
let f € WYP(J). Then f+ e WHP(J) and 0(f1) = x{y>0102f a.e. in J.

We also use the following standard formulation of a chain rule for Sobolev functions. This
version follows e.g. from [EG15, Theorem 4.4], which is stated for globally Lipschitz functions F,
by using the fact that the image of f on J is bounded, so that the local Lipschitz condition suffices
(e.g. extend F linearly outside the image of f to obtain a C'(R), globally Lipschitz function F).

Fact 5.50. Let J C R be a compact interval. Let 1 < p < oo, let f € WYP(J), and let F € C*(R)
be locally Lipschitz. Then Fo f € WYP(J) and 0,(F o f)(x) = F'(f(x))0.f(z) for a.e. z € J.

The following lemma essentially says that, given an element of a Bochner space, we can get a
handle on a concrete jointly measurable function “representing” that element in a precise sense.
This makes concrete the intuitive expectation that a solution uw to our PDEs, which maps each
point in time to an element of L2(I), should also give us a specific value at each point in time and
space “u(t,x)”.

Lemma 5.51. [DS58, Theorem 17, p. 198] Let (S,Xg, 1) and (T,37,\) be measure spaces which
are either both finite or both positive and o-finite, and let (R, X R, p) be their product. Let 1 < p < oo
and let F' be a p-integrable function on S to LP(T, X7, A\, X) where X is a real or complex Banach
space. Then there is a p-measurable function f on R to X, which is uniquely determined except
for a set of p-measure zero, such that f(s,-) = F(s) for p-almost all s in S. Moreover f(-,t) is
p-integrable on S for X-almost all t and the integral [q f(s,t)u(ds), as a function of t is equal to
the element [¢ F(s)p(ds) of LP(T,%r, X, X).

Corollary 5.52. Let [a,b] C R be a compact interval endowed with the Lebesgue measure, and let
F € LY(a,b; L?>(I)). Then there exists a jointly measurable function f* : [a,b] x I — R satisfying

1. f*(s,) = F(s) in L*(I) for a.e. s € (a,b).
2. f*(-,x) € LY(a,b) for allx € I.
3. For all s € [a,b], the functions x — f(a 5 f*(r,x)dr and f(a 5 F(r)dr are equal in L*(I).
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Proof. Let condition 2 denote condition 2 with “all = € I” replaced by “a.e. x € I7 We first apply
Lemma 5.51 with S = [a,b] and T' = I, both endowed with the Lebesgue measure, to obtain a
function f satisfying conditions 1 and 2, as well condition 3 for s = b.

We now show that condition 3 also holds for other values of s € [a, b) using the a.e. uniqueness
given by Lemma 5.51. For any s € [a,b), we may apply that lemma with S = [a,s] instead
to obtain a function f satisfying z — f(a,S) f(r,z)dr = f(a’s) F(r)dr in L?(I). But since both
g = fand g = f satisfy that g(r,-) = F(r) in L2(I) for a.e. r € (a, s), Lemma 5.51 implies that
f = f except for a subset of [a,s] x I of joint measure zero. We conclude that, for a.e. x € I,
we have f(-,x) = f(-,z) a.e. in (a,s) and hence f(a,s) f(ryx)dr = f(a7s) f(r,z)dr. Tt follows that
x f(a’s) flryx)dr =2 — f(a,s) f(ryz)dr = Jias F(r) in L3(I), as claimed.

The final step is to construct a jointly measurable function f* : [a, b] x I — R satisfying condition

2 rather than just 2, while preserving conditions 1 and 3. Let N C I be a measure zero set such
that f(-,z) € L'(a,b) for all z € I\ N. Define f* by

f(s,x) ifxel\ N

0 otherwise.

f*(s,x) = {

We note that f* is jointly measurable; indeed, this follows from the facts that f = f* on [a, b]x (I\N)
and that the set [a,b] x (I \ N) is jointly measurable. By construction, f* satisfies condition 2, and
it is clear that f* also satisfies conditions 1 and 3 since f does and N is a null set. O

Lemma 5.53. Let 0 < a < b < 400, and let u € C([a,b]; L2(I)) be the restriction to domain [a,b]
of any solution to the gradient flow problem, with u’ : [a,b] — L*(I) its weak derivative restricted
in the same way. Then there exists a jointly measurable function @’ : [a,b] x I — R satisfying

1. @'(t,-) = u/(t) in L*(I) for a.e. t € (a,b).
2. @'(-,w) € L'(a,b) for allx € I.
3. For allt € [a,b], the functions x — f(a y a'(s,z)ds and f(a " u'(s)ds are equal in L?*(I).

Moreover, fizing any representative of u(a) € L*(I), the function @ : [a,b] x I — R given by

a(t,x) :=u(a)(x) + / a(s,r)ds
(art)
18 jointly measurable and satisfies
4. For eacht € [a,b], a(t,-) = u(t) in L*(I).

5. For each x € I, a(-,x) is absolutely continuous with weak derivative Oya(t,xz) = @’ (t, ).

Proof. Apply Corollary 5.52 to u/, which is integrable since it is the weak derivative of u, to obtain
jointly measurable @’ : [a,b] x I — R satisfying properties 1-3. We now verify that @ satisfies
properties 4 and 5. Note that these two properties then imply that @ is a Carathéodory function
and hence jointly measurable (see e.g. [AB06, Lemma 4.51]).

For each t € [a, b], the definition of w (in particular its absolute continuity) implies that

u(0) + /(OJ) w/(s) ds] — {w(0) + /@,a) w(s) ds] - /w) W (5) ds
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u(t) —ula) =




in L2(I). Property 3 implies that, for a.e. x € I,
wlt)(w) = u(@)a) + [ @(s.0)ds = alt.0),
(art)
which is property 4. Finally, property 5 is an immediate consequence of the definition of u. O

We are now prepared to differentiate in time in order to establish that P; is order preserving.

Proposition 5.54. Let ug,vg € H'(I), and let u,v be the solutions to the gradient flow problem
with initial data ug, vy respectively. Then the function A : [0, 400) — [0, +00) given by

18 MONINCreasing.

Proof. Let 0 < a < b < 400, so that it suffices to show that A(a) > A(b). Apply Lemma 5.53 to
u and v to obtain functions @', @, ©¥’, and © with the properties stated in that lemma. Define the
function f : [a,b] x I — R by

f(t,2) = = [(@(t, =) — 5(t,2))*]* .

1
2

Note that f is jointly measurable, since both & and ¥ are. We also obtain that, for each t € [a, b,

- /I F(t,z)dz

We now verify that f satisfies the conditions of Lemma 5.47. Let us verify the first condition. Since
a(t,-),o(t,-) € L2(I), it follows that f(t,-) € L'(I), as desired.

We now verify the second condition. We already have that, for all z € I, @(-,z) and o(-,x)
are AC. Fact 5.49 implies that, for all x € I, the function ¢t — (@(-,z) — 0(-,x))" is AC. But the
function y ~ y? is locally Lipschitz, so Fact 5.50 implies that f(-,x) is AC for each z, so the second
condition is satisfied. Moreover, using Facts 5.49 and 5.50, its weak derivative is

Ouf(t, ) = [(a(t, x) )] 0, [(a(t, ) — B(t,x))"]
= [( (t $ )+] X{a(t,x)>d(t,x)} [815 ( ) - at'ﬁ(t?x)]
= X{a(t,x)>d(t, :c)}[ (t,l‘) (t x)] [ (t m) ,(tvx)] :

We claim that f(a ) J710:f(t,z)| dz dt < +o0. Indeed, we have

/ /|8tftm]dxdt
(a,b)

- /(a,b) /I ’X{a(tvx)>5(t,x)} [a(t, x) — o(t,=)] [@(t,x) — &' (t, )] ‘ dz dt

< 1/ /(ﬂ(t,x)—ﬁ(t,x))dedt—l—l/ /(ﬂ'(t,x)—f:’(t,x))dedt
2 Jap) J1 2 Jaap) 1

g/ /ﬂ(t,a;)dedt—l—/ /17(t,x)2da:dt+/ /ﬂ’(t,x)2dmdt+/ /ﬁ'(t,x)dedt.
(ab) JI (ab) J T (ab) J I (ab) J I
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We claim that each of the four terms above is finite. First, using Tonelli’s theorem, the definition
of w and Jensen’s inequality, and letting L := b — a, we have

2
/ /ﬁ(t,x)2 dzdt = // (u(a)(a:)—i-/ (s, z) ds) dt dz
(ab) /1 (a,b) (at)
<2// dtdx+2L// / (s, ) 2dsdtdx
a,b) a,b) J(a,t)
<2/ / dxdt+2L/ / /'&'(s,x) dzdsdt
a,b) (ab) JI

= 2LHu(a)HL2(I) + 212 / /ﬂ'(s,x)2 dzds,
(ab) J I

where in the last line we write ||u(a )HL2 1)» which is finite, since u(a) € L?(I). Hence, since the
argument for the v terms proceeds 1dentlcally, all we need to show is that

/ /ﬁ'(t,az)dedté+oo.
(ad) JI

Since @/ (t,-) = u’(t) in L?(I) for a.e. t € (a,b), this is equivalent to showing that

/ ) [’ () 72y At < +00. (23)

Recall that, by Definition 5.13, w/ € L?(0,b; L?(I)), so in particular w’ € L?(a,b; L?(I)), which by

definition implies (23). Hence the claim holds and the third condition of Lemma 5.47 is satisfied.
Therefore, Lemma 5.47 implies that A(-) = [, f 7 z)dx is AC and, for a.e. t € (a,b),

0 zﬁt/lf(t,m) dx:/l&gf(t,x) dz

= /Ix{ﬁ(t,x)>fz(t,x)} [a(t, x) — &(t, )] [@'(t,2) — &' (t,2)] dz (Shown above)
= /I X{u(y>o()} [u(t) —v(O)] [w'(t) —'(t)] dz (By Lemma 5.53)
_ /I () — v (8] 00 [u(t)) — v(£)] dz (By Lemma 5.21).

By Corollary 5.39, u(t),v(t) € H'(I) and hence are AC, and by Fact 5.49, [u(t) — v(t)]T is AC.
Therefore we can integrate by parts and, using Fact 5.49 and the boundary condition d,u(t)] =
0,v(t)} =0 on {0,1} from Lemma 5.21, we obtain

OpA(t) = _/IX{u(t)>'v(t)} [0 (u(t) — ()] [0x (w(t)]) — u(t)])]
— /I X{u(t)>v(t)} [Ozu(t) — Oxv(t)] (07 u(t) — 0y u(t)] (By Proposition 5.28).

But for any numbers «, f € R, it is the case that « > 5 = (aA0) > (BA0) and a < f =
(a A0) < (B A0). Hence the integrand above is pointwise nonnegative, and we conclude that
0¢A(t) <0 for a.e. t € (a,b). Hence A(a) > A(b), as needed. O
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Corollary 5.55 (“Directed nonexpansiveness” of P;). Let u,v € L*>(I). Then for all t > 0,

/ [(Pru— Pw)t]?dz < / [(u—v)t]*dz.

1 1

Proof. This is an immediate consequence of Proposition 5.54 when u,v € H'(I), and the general
case follows by approximating u and v by H'(I) functions and using the continuity of the map
w +— Paw from L2(I) to L*(I). O

Corollary 5.56 (P; is order preserving). Let u,v € L?(I), and supposeu < v a.e. . Then Piu < Py
a.e. for allt > 0.

Proof. This is an immediate consequence of Corollary 5.55. O

Lemma 5.57. Every nondecreasing u € L*(I) is a stationary point of P;, i.e. Pou = u for all t.

Proof. By definition, u = ut+uJ with ut = u and u} = 0, so £~ (u) = 0. Thus for every v € L*(I),
E(v)>0=E (u)+(0,v—u),

s0 0 € 9~ (u). Thus u(t) = u is the solution to the gradient flow problem with initial state u. [

Observation 5.58. Corollary 5.56 in particular implies that if uw > a a.e. for some a € R, then
Pyu > Pia =a a.e. for allt > 0, the equality by Lemma 5.57.

We also observe below that P; is degree one positively homogeneous and additive when one
argument is a constant function, as the following results show.

Lemma 5.59. Letuel, BER, andv:=u—+[. Thenv € U with vt = ut+ 5 and v = ul, and
thus £~ (v) = £~ (u).

Proof. This is a straightforward consequence of the definition of vT,v]. O

Lemma 5.60. Let u € U, a > 0, and v := au. Then v € U with v = aut and v = aul, and
thus £~ (v) = a2E~ (u).

Proof. This is a straightforward consequence of the definitions of v1,v] and £~. O
Lemma 5.61. Let u € D(OE7), B € R, and v :=u+ . Then 0E~ (u) = OE~ (v).

Proof. By symmetry, it suffices to prove that €~ (u) C 9~ (v). Let z € OE~ (u). Then for all
w € U, using Lemma 5.59 twice and the definition of subdifferential,

E(w) = (w=PF) 2 W+ (zw—-F-u) =& (v)+(zw—-0),
and hence z € 9~ (v) as desired. O

Lemma 5.62. Let u € D(OE~), a > 0, and v := au. Then 0E~ (v) = adE~ (u).

Proof. By symmetry, it suffices to prove that a9€~ (u) C 0E~ (v). Let z € €~ (u); we claim that
az € 0 (v). Indeed for all w € U, using Lemma 5.60 twice and the definition of subdifferential,

E (w)=a’E" (fw) > a? (€7 (u) + (2, 2w —u)) =€ (v) + (az,w —v) ,
and hence az € 0~ (v) as desired. O
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Proposition 5.63 (Effect of certain affine transformations on P;). Let u € L*(I), a > 0, and
B €R. Then Py(au+ 8) = aPu+ 5.

Proof. We suffices to prove the statement for u € U; the general case then follows by approximating
U by H'(I) functions and the continuity of P; from L?(I) to L?(I). For v := u+ 3, we observe that
v(t) == u(t) + 8 with v’(t) := u/(¢) is a solution to the gradient flow problem with initial state v,
since for each ¢ > 0 for which —u/(t) € 9~ (u(t)), Lemma 5.61 implies that —v’(t) € 9E~ (v(t)).
Similarly, let w := cu. Then w(t) := au(t) with w’(t) := au’(t) is the solution to the gradient
flow problem with initial state w, since for each t > 0 for which —u/(t) € €~ (u(t)), Lemma 5.62
implies that —w’(t) € 9~ (w). O

5.8 Convergence to monotone equilibrium

Since the directed Dirichlet energy £~ (Pu) decays over time and P,u converges to some limit as
t — oo (by Proposition 5.24), we expect this limit to be a monotone function. Let us establish this
fact and other properties of that limit.

Lemma 5.64. Let u € U satisfy £ (u) = 0. Then u is nondecreasing.

Proof. Since £~ (u) = 0, we have d,ul = 0 a.e. in I. Hence u| is a constant function, while u1 is
nondecreasing by definition. O

Proposition 5.65. Let u € L?(I). Then there exists a nondecreasing u* € U, unique as an element
of L*(I), such that Pyu — u* in L*(I) as t — oco.

Proof. Since £~ achieves its minimum (namely 0, on e.g. constant functions) and P,u € D(9E7)
for all ¢ > 0, [AC84, Theorem 2, p. 160] implies that there exists a minimizer u* of £~ such that
Pau — u* weakly in L2(I). This means that v* € U with £ (u*) = 0, so by Lemma 5.64 u* is
nondecreasing. By Proposition 5.24 (which we may apply because, fixing any to > 0, we have
Pi,u € D(OE™) € D(E7) = U), Pu also converges strongly in L?(I), and it is standard that the
weak and strong limits agree and that this limit is unique. O

Therefore the following definition is justified:

Definition 5.66 (Monotone equilibrium). Let P, : L?(I) — U be the operator mapping each
u € L?(I) to the unique (as an element of L?(I)) nondecreasing u* € U such that Pu — u* in
L%(I) as t — oo. We call Psu the monotone equilibrium of u.

We now pass to the limit P,, some useful properties of P;.

Proposition 5.67 (“Directed nonexpansiveness” of Py,). Let u,v € L*(I). Then

/1 (Pt — Poov)*]* da < /1 [(u—2v)"]*de.

Proof. This follows by a standard limit argument as follows. Let u,v € L?(I). By Corollary 5.55,
| (Piw — Pow) |l 2y < [[(w = )| z2(py for all £ > 0. By definition of P, we have Piu — Pxou and
Py — Pyv in L?(I) as t — oco. Using the triangle inequality, we obtain

[(Pru = Pow)* = (Poott = Poov) Tl 121y < [(Pru — Prv) — (Poott — Poov) [l 121y
< |Pw = Posull popy + [[Pv — Poovll 2y = 0,
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0 (Pyu—Pw)t — (Psou—Pyov)T in L2(I) as t — oco. Since [(Pru—Pyw) |l 2y < [[(u—v) ¥l g2y for
all t > 0, we conclude that ||(Peot — Poov) || L2(py < [[(w—v) || £2(1), which gives the conclusion. [

Corollary 5.68 (P, is order preserving). Let u,v € L?*(I), and suppose v < v a.e. . Then
Pyou < Pyv a.e. .

Proof. This is a direct consequence of Proposition 5.67. ]
Proposition 5.69. P., is nonerpansive, and therefore continuous, as an L*(I) — L*(I) map.

Proof. Let u,v € L*(I). In the proof of Proposition 5.67, we showed that ||(Pu — Pv) — (Psou —
Poov)|lp2(ry — 0, which implies that || Pou— Ppvl[r2(1) = || Poott — Poov|| p2(p)- But [|Pru— Pyl 2¢p) <
[u — vl|2(py for all ¢ > 0 since (P;):>0 is a nonexpansive semigroup, so the conclusion follows. [

Lemma 5.70. For every nondecreasing u € L*(I), we have Poou = u.

Proof. This follows from Lemma 5.57 along with the convergence Pyu — Psou in L2(I). O

Strong convergence to the monotone equilibrium, together with the preservation of regularity
results from Section 5.5, allows us to obtain regularity of the monotone equilibrium as well:

Proposition 5.71 (H' regularity of the monotone equilibrium). Let w € H'(I). Then Psu €
H(I) with ¢(Pat) < p(u).

Proof. Recall the functional ¢ from Section 5.5. Since u € H(I), p(u) < +o0. By Proposition 5.38,
we conclude that ¢(Pu) < p(u) < +oo for all £ > 0. Since ¢ is lower semicontinuous by Claim 5.33
and Pyu — Psou in L?(I) by Proposition 5.24, we conclude that ¢(Psu) < ¢(u) < +oo. Hence
Psou € HY(I). O

Proposition 5.72 (Lipschitz regularity of the monotone equilibrium). Let v € W1*°(I). Then
Poou € WHo(I) with ¢(Psou) < 9(u).

Proof. Recall the functional ¢ from Section 5.6. Since u € W1*°(I), ¢(u) < +oo. By Proposition 5.44,
we conclude that ¢ (Pu) < 9(u) < 400 for all ¢ > 0. Since v is lower semicontinuous by Claim 5.41
and Py — Psou in L?(I) by Proposition 5.24, we conclude that 1)(Psou) < 9(u) < +oc. Hence
Poou € Whee(1). O

We observe that P, also behaves nicely under the appropriate class of affine transformations.

Proposition 5.73 (Effect of certain affine transformations on P..). Let u € L*(I), a > 0, and
B €R. Then Px(au+ ) = aPsxu+ 5.

Proof. Since Pyv — Pyov as t — oo for each v € L?(I), applying Proposition 5.63 yields
Py(au+ B) = lim P(au+ 8) = lim [aPu+ 8] =« [lim Ptu] +B8=aPxu+p. O
t—o00 t—o0 t—00
We can finally conclude, via Lemma 5.46, that P, is nonexpansive in the L® norm.

Proposition 5.74 (P, is nonexpansive in L> norm). Let u,v € L*(I). Then |Psu — Psv| <
esssuplu — v| a.e. in I.

50



Proof. We verify the conditions of Lemma 5.46 with (£2, %, ) the set I endowed with the Lebesgue
measure, p = 2, C = L?(I), and T = P It is clear that for all f € L?(I) and r € R, f+r € L*(I).
By Proposition 5.69, Ps is a continuous L?(I) — L?*(I) map. Moreover, for all f € L?(I) and
r € R, the condition P (f + 1) = Psf + r holds by Proposition 5.73. Finally, for all f,g € L?(I)
with f < g a.e., we have that P, f < Pyg a.e. by Corollary 5.68. The conclusion follows. O

6 Directed transport-energy inequality

In this section, we establish a connection between the PDE studied above and the Wasserstein
distance between the initial state u and its monotone equilibrium P, u, via the dynamical approach
embodied by the Benamou-Brenier formula, and then tensorize this result from one dimension to
[0,1]¢. For optimal transport concepts, we follow the presentation and formalism of [San15], and
also refer to [AGS05; Vil09].

This section is organized as follows. After preliminary considerations in Section 6.1, Section 6.2
shows that the PDE results from Section 5 imply a result about optimal transport (Wasserstein)
distance, namely a one-dimensional transport-energy inequality, thereby implementing the ideas
described in Section 1.2.3 of the proof overview. The idea is to show that our solution to the
directed heat equation

Bpu = 8,05 u

satisfies the so-called continuity equation
Oor + Ox(0ve) =0,

which prescribes that “particles” (distributed according to measure g;) move according to the
velocity field v;; in our setting, we have dg; = udx and vy = —% (Proposition 6.8), so that
indeed 0,(otv1) = —0,0,ul = —0,0;. For functions u bounded close to 1, we can informally
disregard the denominator in v; and imagine, for simplicity, that v; =~ —d,ul. Then thanks to the

exponential decay of
1
£ (u) = / (Opul)? dz

from the previous section, we conclude that the right-hand side of the Benamou-Brenier formula

1
W34, v) = min { [ el 0101+ 0. s = 0.0 = o = }

from Proposition 6.6 is roughly upper bounded by £~ (u), where (informally) the measures du =
udz and dv = (Pxu) dz correspond to the initial state and monotone equilibrium of the directed
heat equation, as probability measures? Therefore we conclude in Theorem 6.11 the transport-
energy inequality in one dimension,

W3 (1, pioe) S €7 (1) .

Finally, the continuity equation also lets us conclude natural and useful properties of solutions of
the directed heat equation, such as mass conservation (Corollaries 6.9 and 6.10) and the property
that solutions can only ever lose mass in any given prefix of the interval [0, 1] (Corollary 6.15).

9More formally, we decompose the evolution from time ¢ = 0 to time t — oo into intervals of unit time length, but
by the exponential energy decay, this summation is dominated by the initial term £~ (u).
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The next goal is to establish the tensorized (multidimensional) transport-energy inequality,
thereby implementing the ideas described in Section 1.2.4 of the proof overview. In Section 6.3, we
develop the definitions and technical tools required to show our “Pythagorean composition” result
(Lemma 6.34), which yields a recipe for proving multidimensional transport-energy inequalities
(with respect to the “directed Wasserstein distance”) by induction (Lemma 6.35).

Finally, Section 6.4 ties together the tensorization recipe described above with the one-dimensional
results specific to our PDE from the previous sections. We show that, by taking an initial state
f:10,1]¢ — R with corresponding measure dyu = f dz, applying the directed heat semigroup one co-
ordinate at a time, and putting together the one-dimensional transport-energy inequalities at each
of these steps via properties of our PDE such as order preservation and nonexpansiveness (which
enable the induction to go through), we indeed obtain a monotone final state f* : [0,1]¢ — R with
corresponding measure dp* = f*dz for which the multidimensional transport-energy inequality
applies (Theorem 6.51):

Wi ) s [ v,
[0,1]

)

6.1 Preliminaries for optimal transport

We start by introducing notation and definitions relevant to the theory of optimal transport.

Projections. Say X x Y is a product space and z = (x,y) is an element in this space. Then the
projection operator onto the first coordinate, denoted interchangeably by mw; or 7, depending on
the context, is given by m1(2) = 7,(2) = . Similarly, ma(2) = my(2) = y. We extend this definition
in the natural way to projections from larger product spaces onto smaller product spaces. For
example, given the product space X x - -+ x Xy and index set I C [d], [ = {41,...,in}, the operator
7 projects any element in this space down to an element of X;, x --- x X; . We also use the
shorthand 7_p = mg ;-

Now, let Q C R? be a Borel set and let I C [d]. For a point x € Q, we write the projections
xr:=m(z) and z_; := 7_;(z), and we also write = (x7,x_1). Then, for the set Q, we write the
projections Q := {x;: x € Q} and Q_7 := {x_; : x € Q}. For small sets I or [d] \ I, we also use
shorthand notation such as z; := zg; and Q_;—; := Q_g 5.

Pushforward measure. Given measurable spaces (X,Yx) and (Y, Xy ), measure p on X, and
measurable map T': X — Y, the pushforward measure Ty on Y is the measure satisfying

(Typ)(B) =

w(T~Y(B)) for all B € Xy, or equivalently,
/ d(y) d(Typ)(y) = / o(T(z))dp(x) for all measurable ¢ : Y — R.
Y X

For a measure v on product space X x Y, we say that (m) »7 and (m2) 47, which are measures

on X and Y respectively, are the first and second marginals of 7, respectively.
If (Q3,%3) is another measurable space and S : Y — Z a measurable map, then it holds that

(SoT)yup=Su(Typ).

Transport plans. For two probability spaces (21,31, u1) and (Qq2, X9, u2), we write TI(u1, p2)
for the set of couplings, or transport plans, between u; and pe, namely probability measures v on
the product space €21 x 25 whose first and second marginals are p1 and pg, respectively.
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Space of probability measures. For any Borel set Q C R, let P(2) denote the space of all
(Borel) probability measures on 2. We endow P(2) with the weak topology, which is the topology
of weak convergence with respect to bounded continuous functionals. Namely, we say u, converges
weakly to pin P(Q), and write p, — p, if fQ odu, — fQ ¢ dp for all bounded continuous ¢ : 2 — R.

Wasserstein distances. Let @ C R? be a bounded Borel set and let p € [1,4+00). Let u,v €
P(Q). Given transport plan v € II(u, v), we define the cost Cp(y) by

I dv(x,w)l/p .

We then define the p- Wasserstein distance between p and v by

Wy(u,v) = inf C ,
W)= ol Gyla)

and we also often refer to the quantity W5 (u,v) := Wy(u,v)P. It is standard that W,(-,) is a
distance metric on P().

Fact 6.1 (Wasserstein distance metrizes weak convergence; see e.g. [San15, Theorems 5.10 and 5.11]).
Let Q C R? be a bounded Borel set, and let p € [1,00). Then for a sequence (jin)n in P(Q) and
€ P(Q), we have p, — p if and only if Wy(pn, ) — 0.

Corollary 6.2. Let Q C R? be a bounded Borel set, and let p € [1,00). Then for sequences (fin)n
and (vp)pn in P(Q) with p, — p and v, = v for p,v € P(Q), we have Wy(pn, vn) = Wp(p,v). In
other words, the p-Wasserstein distance is continuous in (the weak topology on) P().

Proof. By the triangle inequality, we have

Wp(u7 l/) - WP(Ma ,un) - WP(VTH V) < Wp(/ﬁm Vn) < Wp(lumalu) + WP(M? 1/) + Wp(y7 Vn) :

By Fact 6.1, the LHS and RHS converge to W,(u,v) as n — oo, so the conclusion follows. O

6.2 Optimal transport via Benamou-Brenier

Let {o; : t € [0,T]} be a family of measures on I and {v; : t € [0, 7]} be a family of velocity fields
such that v; € L(g;) for each t. We start by defining what it means for the family (o, v¢) to solve
the continuity equation

0ot + 0z (01vy) = 0.

Definition 6.3 (Weak solution; see [Sanl5, Section 4.1.2]). Let (g, v) be a family of mea-
sure/velocity field pairs indexed by t € [0, 7] such that v; € L!(p) for each t. We say that (o, v;)
is a weak solution to the continuity equation if, for every test function 1 € C'(I), the function
t— ffz/zdgt is absolutely continuous in t and, for a.e. t, we have

at/llDth = /I(3x¢)vt dot . (24)

In this case, we call g9 and or the initial and final states of the solution, respectively (this makes
sense because the above implies that ¢ — g; is continuous for the weak convergence of measures).

Remark 6.4. We will only work with absolutely continuous measures do; = udz, u € L?(I).
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Remark 6.5. Applying (24) with a constant test function v shows that every solution to the
continuity equation is mass conserving. In particular, Proposition 6.8 below implies that this is
true of the semigroup P;; see Corollary 6.9.

The continuity equation is connected to Wasserstein distance via the Benamou-Brenier formula:

Proposition 6.6 (Benamou-Brenier formula; see e.g. [Sanl5, Theorem 5.28]). Let u,v be proba-
bility measures on I. Then

1
W3 (i, v) = min {/0 ||UtH%2(gt) dt : ror + 9z (orvr) = 0,00 = p, 01 = V} )

where the constraint above means that (ot,vt)iec(o,1] 95 @ weak solution to the continuity equation
with initial state p and final state v.

We now show our solution to the directed heat equation yields a solution to the continuity equa-
tion. This allows us to conclude several nice properties of this solution, such as mass conservation,
as well as apply the Benamou-Brenier formula to obtain a transport-energy inequality.

Condition 6.7. u € U is a.e. positive and bounded away from zero, and satisfies f[ udzr = 1.

Proposition 6.8. Let u € U satisfy Condition 6.7. Let u(t) be the solution to the gradient flow
problem with initial state u, and u’(t) its weak derivative for each t > 0. Let T > 0 and define the
measure/velocity field family (ot, vi)icjo.1) bY

doy :=u(t)dx and v := —(W
for each t € [0,T]. Then (o,v:) is a weak solution to the continuity equation with initial state
u(0)dz and final state uw(T) dx.

Proof. We first note that, by Observation 5.58, each u(t) is a.e. positive and bounded away from
zero, uniformly in ¢. In particular, this justifies the denominator in the definition of v;. Further-
more, recall that u(t) € U for all t > 0 by Corollary 5.20 and Definition 5.15, so the numerator
in the definition of v; is defined up to sets of measure zero for each t. (In fact, by Definition 5.16,
Proposition 5.18, and Lemma 5.21 we have u(t)} € H?(I) for a.e. t > 0, in which case the numer-
ator is even pointwise well-defined.)

We now verify that (o, v;) satisfies Definition 6.3. The initial and final states are as claimed
by construction. Let ¢ € CY(I). Let @', : [0,T] x I — R be obtained by applying Lemma 5.53
to w with time domain [0, 7]. Define the (jointly measurable) function f :[0,7] x I — R by

flt,x) :==Y(x)a(t,z) .

We claim that f satisfies the properties of Lemma 5.47. It is clear that f(t,-) € L*(I) C L*(I) for
each t € [0, T since u(t,-) € L?(I) while v is bounded, so the first property is satisfied. Also, for
each z € I we have that @(-,z) is AC and hence so is f(-,x), so the second property is satisfied.
Finally, by properties 1 and 5 of Lemma 5.53 and the Cauchy-Schwarz inequality,

| Joseolasac= [ o) dede < g [ Ol <o,
1) J1 0,1)J1 (0,T)

)
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the last inequality since ¢ € C1(I) while u’ € L?(0,T; L%(I)) by Definition 5.13. Hence the third
property is satisfied and Lemma 5.47 applies. Thus the function mapping each ¢ € [0, 7] to

/wdgt /wu dx—/w txdx—/ft:n

is absolutely continuous and, for a.e. t € (0,7,

O /11/1 dot = /Iatf(t, z)de = /Iw(x)ﬂ'(t, z)dz (Property 5 of Lemma 5.53)
= /I¢u'(t) dz (Property 1 of Lemma 5.53)
= /wa)x@xu(t)i dz (Proposition 5.18 and Lemma 5.21)
=— /I(wa)(azu(t)i) dz (Integration by parts, Lemma 5.21)

_ /I GED) <—8“f:(%” > u(t)dz = /I (Oxtp)vr doy - M

Corollary 6.9 (P, is mass conserving). Let u € L*(I). Then for allt >0, [, Pudz = [;udz.

Proof. If u satisfies Condition 6.7, then this follows from Proposition 6.8 by taking any constant
test function v in Definition 6.3.

If u € H(I), then it is bounded, so let a > 0, 3 € R be such that v := au+ 3 € H'(I) satisfies
Condition 6.7. Then u = %v — g and, by Proposition 5.63 and the above,

/IPtudx:/I<;Ptv—i> dm:—g—i-cly/Ptvdx———F /vd /(v—) dx—/udx.

Finally, let u € U be arbitrary. Since H'(I) is dense in L%(I), let (uy,), be a sequence in H(I)
such that wu, — u in L?(I). By the continuity of P; from L?(I) to L?(I), and using the above,

n—oo n—oo

Ptu dr = lim Ptun dr = lim Up dx = /udx. O
I I
By passing to the limit Pyu — Psou in L?(I), we also conclude

Corollary 6.10 (Px is mass conserving). Let u € L*(I). Then [; Psxudz = [,udz.

We now upper bound the Wasserstein distance between u € U and its monotone equilibrium
by combining the Benamou-Brenier formula with the exponential decay of the directed Dirichlet
energy, at least as long as wu is positive and bounded away from zero.

Theorem 6.11 (Transport-energy inequality in one dimension). There ezists a constant C' > 0 such
that the following holds. Let uw € U be positive, bounded away from zero, and satisfy f(o 1 udr =1.
Define the measures du := udx and dps = (Pxou)dx. Then

C
W3 (1, fioo) < e

E (u).
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Proof. Let a := inf u. By Corollaries 6.9 and 5.56, P;u satisfies Condition 6.7 with Piu > a a.e. for
all £ > 0. For each ¢t > 0, define the measure dg; := (Pyu)dz. Let £ € Z>o. Then Proposition 6.8
applies to time interval [¢, ¢+ 1] (we refrain from introducing excessive notation for such relabeling
of intervals) with initial/final states g, and g1 1, respectively, so that Proposition 6.6 gives

W2(0s, 0041) S/;H/I(_%&Sf)ﬂ)zu(t)dxdt:/;H/Idedt
é /g o /I (Dpu(t)))? dzdt = 2 /E e (Pt

IN

a

IN

{41 00 —K¢
Ze-() / e Ktar < 26 (u) / e Ktar = 2 e,
¢ ¢ K

a a a

where the penultimate inequality and the constant K come from Proposition 5.22. Now, by the
triangle inequality (on the distance Ws, not the squared distance WQQ), for every ¢ € Z>1 we have

1 9 1/2 o0 ) 9 1/2 1
_ —_Kji/2 _ _
Wa(0o, 00) <Y Walej, 0j+1) < <aK5 (u)> Jz_%e oo <GK€ (u)> 1_e-K/2°

J=0

Therefore, extracting the appropriate constant C' from the terms involving K, we obtain

C
WQ(!.)O? QZ) < W(gi(u))l/z .
a

Recall that Pou — Psu weakly in L?(I) by Proposition 5.65. Hence, defining the absolutely
continuous measure dg := (Pxu) dz, we conclude that gy — 00 ast — co. Then by Corollary 6.2,

. C
Wa (20, 000) = lim Wa(o, 01) < —75 (€7 (). )

The definition of the velocity field v; in Proposition 6.8, along with the fact that d,u(t)] <0,
gives vy > 0, which intuitively says that “particles only move to the right” This suggests that the
solution u(t) can only lose mass in any prefix of the interval (0, 1) over time. The following items
make this observation rigorous.

Lemma 6.12. Let § € I and let J := (0,6). Let u € L?>(I). Then for all t > 0,

/J(Ptu)da: < /Judx.

Proof. Suppose u satisfies Condition 6.7; the general case will then follow by the same arguments as
in the proof of Corollary 6.9. Let J' := (—00,d), let x» : R — [0, 1] be the characteristic function
for the set J', and for each € > 0, let x5, be its mollification by the standard mollifier. Note that
each x5, is nonincreasing. Also note that xjy = xs pointwise in I. Now, fix T' > 0. Since the
family (o¢, vt )se(0,7] given by Proposition 6.8 solves the continuity equation, applying (24) with test
function x5, € C°°(I) gives that ¢ — [; x5,u(t)dz is AC and, for a.e. t € [0,T],

8/ “ul(t dm:/ﬁm ) v uw(t)dr <0.
t]XJ (t) ]( XJ)\L\(’/)

<0 =0 >0

Hence t — [} x5,u(t) dz is nonincreasing, and obtain

XFrsu) 2y = /IXEJ/u(O) dz > /Ixf},u(T) da = (X7, Pru) 2y -
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; 2
Now, since xj € Lj,.

L?(I). Thus we have

(R), we have that x5, — x, in L (R), so in particular x5, — x,s = x in

L(PTU) dz = <XJ7PTU>L2(I) - il_I}% <X3’7PTU>L2(]) < ;1_% <X§’7U>L2(I) = <XJ,U>L2(I) :/Ud.iU

J
O]
Corollary 6.13. Let 6 € I and let J := (0,0). Let u € L>(I). Then
/(Poou)dw</uda:.
J J
Proof. This follows from Lemma 6.12 along with the convergence Pyu — Psou in L2(I). O

Definition 6.14. Let p and v be probability measures on R. We say u dominates v, and write
w = v, if for every z € R we have p(—oo,z) > v(—o0,x).

Corollary 6.15. Let u € U satisfy Condition 6.7. Define the measures du := udx and dus =
(Poou)dz. Then p = poo.

Proof. We may view p and po, as absolutely continuous measures on all of R, taking zero outside
[0, 1]. Now, for each = € [0, 1], Corollary 6.13 gives

i(—o0,z) = / wdy > / (Poott) dy = pioo(—00, ).
(0,z) (0,z)

On the other hand, for < 0 both sides are zero, and for z > 1, both sides are 1 by Corollary 6.10.
Ol
6.3 Directed optimal transport and Pythagorean composition

We now introduce directed versions of basic optimal transport concepts and theory, with the goal
of combining a directed version of weak Kantorovich duality with a multidimensional directed ver-
sion of the transport-energy inequality from Theorem 6.11 to obtain our desired directed Poincaré
inequality via a perturbation argument. In the interest of space, we refrain starting a systematic
study of directed optimal transport, but rather limit ourselves to the results we require.

Definition 6.16 (Quasimetric). Let X be a set. An extended real-valued function d : X x X —
[0, +00], not necessarily symmetric, is called a quasimetric on X if it satisfies the following:

1. For all x,y € X, d(z,y) > 0 with d(z,y) = 0 if and only if x = y.
2. For all z,y,z € X, d(x, z) < d(z,y) + d(y, 2).

Definition 6.17. Let Q C R? be a Borel set, and let 1 and v be probability measures on . We
define the set II( — v) of directed couplings, or directed transport plans, from u to v as

(p —v) = {7 € Uy, v) : /ng X{azyy Y(2,y) = 0} ,

where the integral is well-defined because the set {(z,y) € R xR : 2 £ y} is open and hence Borel
measurable. Note that the condition could also be written as v ({x A y}) =0, or v ({x S y}) = 1.
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Definition 6.18 (Directed Wasserstein distance). Let © C R? be a bounded Borel set and let
p € [1,00). Given two probability distributions p, v over €2, we define the directed p- Wasserstein
distance from p to v by

Wy(p —v):= inf Cp(v),
yEl(p—v)

and we write W} (u — v) := W,(u — v)P. Note that we may have W,(1 — v) = 400, and that
Wy(- — ) is not symmetric in general.

Observation 6.19. For all measures p and v, we have I(p — v) C II(p, v) and hence Wy(u,v) <
Wy = v).

Lemma 6.20 (Gluing lemma; see e.g. [Sanl5, Lemma 5.5]). Let Q C R? be a Borel set. Let pi, o, v
be probability measures on Q, and let y© € 1l(p, 0) and v~ € 1l(o,v). Then there exists a probability

measure o on  x 2 x Q such that (73y) 40 = vt and (Ty2) g0 =7""

The proof of that W(- — -) is a quasimetric follows the presentation of [Sanl5, Lemma 5.4],
with a simple additional argument to handle directed couplings.

Lemma 6.21 (Composition of directed transport plans). In Lemma 6.20, if v© € I(u — o) and
7~ € (o — v), then (mp,z) yo € (p — v).

Proof. Let v 1= (my,2) yo. First, since (73) 47 = (Mo 0 Ma2) 40 = (Mg 0 Tay) 40 = (7730)#fyJr = u,
and similarly (7,) 47 = v, we have v € II(p,v). Moreover, by definition of pushforward measure
we have

/ X{zAz} d’}/(CC, Z) = / X{zAz} da(a:, Y, Z) < / (X{xﬁy} + X{yﬁz}) dO’(ﬂZ, Y, Z)
QxQ 19249549/ 1923924/

= / X{zZy} dO’(ﬂS, Y, Z) + / X{y#z} dO’(.’E, Y, Z)
195249249 (95249249

= / X{zZy} d/7+ (l'a y) + / X{yZ£z} dly_ (ya Z) =0,
QxQ QxQ

the last equality since 4T and v~ are directed couplings. Hence v € II(u — v) as claimed. O

Proposition 6.22. Let Q C R? be a bounded Borel set and p € [1,00). Then W,(- — -) is a
quasimetric on P(Q).

Proof. 1t is clear that Wj,(u — v) > 0 always. If g = v then the identity coupling shows that
Wyp(p — v) = 0, and conversely if Wy(1 — v) = 0 then, by Observation 6.19, Wy,(u,v) = 0 and
hence p = v. It remains to show that W,(- — -) satisfies the triangle inequality.

Let u, 0, v be probability measures on Q. Let v© € TI(u — ¢) and v~ € II(¢ — v). Then since
we also have v € II(u, 0) and v~ € II(g, V), apply Lemma 6.20 to obtain a probability measure o
on 2 x €2 x 2 such that (m5,y) 40 = ~* and (my,2) 4o =7 Let vy := (my,2) 40, so that v € II(p — v)
by Lemma 6.21. Then

1/p 1/p
Wy(p —v) < (/ |z — 2|P dvy(z, z)) = (/ |z — 2P do(z, y, Z))
QxQ 923923

= llle = 2llzr@) <z =yl +ly = 2lllzr o) < Il = ylllLe) + 11y = 2l Lr (o)

1/p 1/p
([ eewrastenn) ([ - spaates)
QAxOxN OxOxQ
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1/p 1/p
=</ rx—mmwwayo +(/ |y—4mw<ya) |
QOxQ QOxQ

Since vt € II(u — 0),7~ € (0 — v) were arbitrary, Wy,(u — v) < Wy(p — 0) + Wy(o —v). O

The directed Wasserstein distance arises naturally in the one-dimensional case when one prob-
ability measure dominates the other in the sense of Definition 6.14, as we now show.

Proposition 6.23 (Specialization of [Sanl5, Theorem 2.9]). Let p € (1,400). Let u and v be two
absolutely continuous probability measures on I with strictly positive densities. Then there exists a
unique v € Il(p,v) attaining Cp(v) = Wy(u,v), and in fact v = (id, Tmon) 41t where Tinon : I—1
is a nondecreasing function that is a.e. uniquely determined, and id denotes the identity map.

Corollary 6.24. If in Proposition 6.23 we have u = v, then in fact v € Il(p — v). As a
consequence, Wy(p — v) = Wy(p,v).

Proof. We claim that Tyon(z) > x for every x € I. Indeed, suppose Tyon(z) < x for some z € I.
Then

(0, Timon (2)) = (Timon#1) (0, Tmon (2)) = M(Tn_lc}n(Ovaon(x))) > p(0, ),
the inequality because certainly (0,2) C Tipd, (0, Tion(z)), but we do not rule out at this point that

T remains constant for a while after x. But since Tyon(z) <  and v has strictly positive density
by assumption, we conclude that

v(0,2) > v(0, Tmon(x)) > 1(0,z),

contradicting the assumption that p = v. Hence Tion(x) > x for every z € I as claimed. We now
show that v € TI( — v). Let S := {(z,y) € I x I : < y}. Since v = (id, Tinon) 4, we have

Y(8) = u((id, Twon) ~(5)) = p({z € T+ 2 < Trnon(2)}) = p(I) =1,
so v € II(u — v) as claimed. O

We now introduce the formal language for two related operations: constructing a probability
measure by its marginal and conditional distributions, and the inverse process of extracting marginal
and conditionals from a probability measure, which is also called disintegration. We refer the reader
to [AGS05, Section 5.3] for an overview of these ideas from a measure-theoretic perspective.

We use the following definition from [AGS05]. For X and Y separable metric spaces and
x € X — u, € P(Y) a measure-valued map, we say j, is a Borel map if  — p,(B) is a Borel map
for any Borel set B C Y, or equivalently if this holds for any open set A C Y. In this case we also
have that

xHKﬁ@M@MM

is Borel for any bounded (or nonnegative) Borel function f: X x Y — R.

Definition 6.25 (Construction and disintegration). Let S be a finite set and let I C S. Let
To\1 € R\ Mg, € P(RY) be a Borel map (the conditionals). Then for any bounded (or

nonnegative) Borel function f : RS — R, the RS\ — R map
To\1 /RI f@s\r, @r) dpyeg, (1) (25)
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is Borel. Therefore, for any pg\; € P(RS\!) (the marginal), we define p € P(R®) implicitly by

/]Rsfd,u = /RS\I dMS\I(fUS\I)/RI f@s\r, @r) dpyeg, (1), (26)

and we formally write 1 = [ps\; Hlzg, ; Ats\r-

Conversely, given p € P(RY), we let pug\; := (WS\I)#,u € P(RS\) and write (,U/|1.S\I)IS\I€RS\I C
P(R!) for the ps\-a.e. uniquely determined Borel family of probability measures such that u =

fRS\I Has s dug\ 7, and we call this decomposition a disintegration of p.

Examples and simplified notational conventions. Since the index notation in the definition
above can be somewhat laborious to parse, let us briefly give two concrete settings we will use
below, and introduce simplified notational conventions for those settings. The simplifications are
supposed to be mnemonic for what we have already defined for projections.

1. For a probability measure y € P(R?) and index i € [d], we may disintegrate u into a
marginal on index set [d] \ {i} and conditionals supported along i-th coordinate, and write
1= fpan M (1) dpap {sy- We simplify this notation by writing p = fR‘fi Py Ap—i-

2. For a transport plan v € P(R? x RY), we write the index set as [2d] = S = S, U S, for
Sy = [d] and Sy := [2d] \ [d], so we write each element in the support of v as a tuple (z,y)
with z € R% and y € RS. Then, given index set I C [d], we may disintegrate v into a
marginal on index set Sy := (Sy \ L) U (Sy \ 1) for I, := I and I, := {d+i :i € I},
so that we think of the marginal as determining all but the I-indexed coordinates of the
points  and y; and we view the conditionals as supported along the I, U I, directions.

This disintegration is v = [ps,, Vs, dvs,,- To be clear, here we have vg,, € P(R¥M) and

Vas,, € P(R!V1v) for each zg,, € R¥M. We make the notation somewhat more mnemonic

by writing v = fRi xR, Va_ry-r dy-1,-1,- When we are considering a singleton I = {i}, we

further simplify the notation by directly writing ¢ in the place of I in this formula.

For absolutely continuous probability measures on [0, 1]¢, the following more familiar charac-
terization of disintegrations will be useful:

Proposition 6.26. Let p be an absolutely continuous probability measure whose density is Borel
measurable and supported in [0,1]%. Namely, write du = uwdx where u : [0,1]¢ — [0, +00) is a Borel
map. Let i € [d]. Then the disintegration p = «]‘Rdiu|m—i du—; s as follows: p—; and each p,_,
are absolutely continuous probability measures with Borel densities supported in [0,1]%, and [0,1]
respectively; and writing dp—; = u—;dr—;, and dp,_, = u,_, dz; for each x_;, where the (Borel)
density functions are u_; : [0,1]¢, — [0,4+00) and U, [0,1] = [0,4+00) for each z_; € [0, 1]4,,
we have (marginal density)

u_i(z_) = / Wz, ) dz;

I
for each x_; € [0,1]%,, and (conditional density)

—1

u(z)

U|m_i($i) - m

for each x € [0,1]? where the denominator is nonzero, or 1 by convention otherwise.
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Proof. First, note that it is standard that u_; is a Borel map since it is the integral of the section
u(z—;,-) at each point z_;. It is hence immediate that each wy,_, is also Borel. Thus y—; and all
Hiz_, are indeed absolutely continuous probability measures.

We now check the conditions of Definition 6.25. We claim that the map z_; € R?, Hiz_; €
P(R) is Borel. Let B C R be a Borel set; we may assume that B C [0, 1] without loss of generality,
since all measures assign zero outside this interval. Then the map x_; € Rcii > e, (B) takes
value zero outside [0,1]¢,, and for x_; € [0,1]¢,, it is

)
_ w(x_;, x;) dx; .
u—i(r—i) Jp ( )

This is again, at each point, the integral of a section over the subspace B, so it is standard that
this map is Borel. Hence the claim holds.

It remains to verify (26). Let f : R? — [0, +00) be a nonnegative Borel function (and the result
for bounded f will also follow). By the definition of the measures and Tonelli’s theorem, we have

T_; —

/R o) /R Flas,xi) duyg(2;) = /[O o ui(wi) dr_; /I Flas ziu | (x;) da
- /W f@ui(ou_ () do= [ fla)ulo)do,

[0,1)¢

where the last equality holds because u(z) = u—i(r—;)u),_,(z;) whenever u_;(z_;) > 0, and if
u_j(z—;) = 0 then u(z_;,-) = 0 almost everywhere, so {z € [0,1]? : u(z) > 0 and u_;(z_;) = 0} is
Borel and has measure zero (by another application of Tonelli’s theorem). O

Definition 6.27 (Aligned transport plans). Let I C [d] be nonempty and let u,v € P(R%). Let
v € II(p,v) and write its disintegration v = fRd wrd Va_ry_y AV—1,—1,- We say 7 is I-aligned if
—1I —1I ’

its marginal y_7,_7, € P(R%; x R? ) satisfies the following:

V-I—1I, ({(l'—hy—l) ERY xR iw g # y—f}) =0.

Note that this condition is well-defined because the set being measured is open and hence Borel.
By convention, we say that every v € II(u,v) is [d]-aligned. For any nonempty I C [d], we denote
the set of I-aligned transport plans by II;(u,rv). When we have a singleton I = {i}, we write i
directly in the place of I in this definition.

Definition 6.28. For nonempty I C [d] and pu,v € P(RY), write II;(u — v) := II(u — v)NII;(, v).

Lemma 6.29 (Alternative characterization of I-aligned plans). Let I C [d] be nonempty and let
p,v € P(RY). Then v € I(p,v) is I-aligned if and only if

/I%dXRd X{mfliyfl} d’Y(‘/L‘7 y) = 0 *

Proof. Writing the disintegration v = fR‘LxR‘iI Ye_ry_r Y-1,~1,, We have

Y-r,—1,({T-1 #Yy-1}) = /

d d
R?  xR?

X{x_r#y_1} dvy-r,-1, /RIxRI d7|$71,y71(x1,y1)

=1
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:/d J d’yley/ X{z_1#y_1} d’y|szy7[(:c1,y1)
R%  xR% RI xR

:/RdXRd X{I—I?ﬁy—l} d")/ O

While we defined I-aligned transport plans for probability measures on all of R?, we extend
the definition to measures on subsets Q C R? (e.g. on the cube) by canonically extending any such
measure to all of R? by assigning zero outside of €.

Lemma 6.30 (Composition of aligned transport plans). Let I,J C [d] be nonempty. Then in
Lemma 6.20, if v+ € Uy(u, 0) and v~ € 1 (p,v), then (nyz)#a e us(p,v).

Proof. Let v := (mg,2) yo and K := I UJ. As in the proof of Lemma 6.21, we do have v € II(u, v),
so it remains to show that 7 is K-aligned (and we may assume that K C [n], otherwise there is
nothing to prove). We have

/Rd xRd Xa_r#z_ i} 1
- /Rd RdxRd Xa-xtz-ic} (%, 2) do(,y, 2) (Pushforward)
X X

< / (Xt sty (@ 0) + Xy rere 3 W, 2)) do(z,y, 2)
R4 xR9 xR

= X{x_ _ d0+/ X{y_ 1do
/]R{deded {z_k#y-K} R R xR {y-x#2_K}

= / X rty iy 7T+ / Xy xt ) 47 (Pushforward)
R xR4 Rd xRd

< / X{z_r#y_1} d7+ + / X{y_j#z_j} dy~ (Ia J C K)
Rd xR R4 xRd

= 07

the last step since 47 is I-aligned and ~~ is J-aligned and by Lemma 6.29; and again by the latter,
~ is K-aligned. O

The following results let us find aligned transport plans by transporting mass only within -
aligned lines.

Lemma 6.31 (Measurable selection; specialization of [Vil09, Corollary 5.22]). Let Q C R¢ be a
bounded set. Let p € [1,00). Let A be a measurable space and let a — (uq,v,) be a measurable
function A — P(R)x P(R) with each g and v, having bounded support. Then there is a measurable
choice a — ~q such that, for each a € A, v, € H(pq, va) and Cp(va) = Wp(tta, Va)-

Lemma 6.32. Let p € [1,00), i € [d], and let p,v € P(RY) be supported inside some bounded set.
Suppose p_; = v_;. Then there exists v € I1;(u, v) satisfying

Cp(7)P = ” WE 1z s Viw_,) dpi—i(x—3) -

Proof. Let A :=R?, be equipped with the Borel g-algebra on R\, Then the A — P(R) x P(R)
function x_; = (p_,, Ve ) is Borel measurable because, by disintegration, both z_; + i, , and

—1i
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T_j > V|,_, are Borel measurable. By Lemma 6.31, we obtain a Borel measurable map z_; — 7,_,
such that, for each v_; € R?, v, _, € Wiz, Ve_,) and Cp(ve_, )P = Wtz Viw_,)-

Define v € P(R? x R?) by its disintegration vy = Jrd wgri Vo— dy—i,—i, as follows. First, for

’L’y 74
the marginal v_;, ;, € P(Rii X R‘fi), for each Borel Z C ]Rcii X R‘ii we set,

Veig—iy(Z) = /Rd xz(—i,x—i) dp—i(z—;),

where the integral is well-defined because the set {z_; € R, : (v_;,z_;) € Z} is Borel by standard
arguments. We remark that v_;,_;, is indeed a probability measure because it is nonnegative, it
assigns zero to the empty set, it is additive over countable disjoint unions, and

V—iz—iy (RL; x R%,) = dp—i =1.
RY,

It follows that for every bounded (or nonnegative) Borel function f : R‘ii X R‘ii — R, we have
/ F@iryi) Aoy (i y ) / i) duifas). (27)
R4, xR9,

Second, for the conditionals, we simply set |, , ., , = 7z_, for each (z_;,y—;) € ]Rd X ]Rd

We claim that v € II;(u,v). The i-aligned condition holds by construction, so it remains to
show that v € II(p,v). We first verify that (m1),y = p. It suffices to verify that these measures
agree on each rectangle X := X_; x X; of Borel sets X_; C R‘ii, X; C R. We have

=)
—
H
2
>

I
‘%\ —

x (@) dvy(z,y) (Pushforward)

&

X

=
m.

dy—iy—i, (i, y—s) / Xx(T—i, i) Ao,y (%0, i) (Disintegration)
RxR

Xx_;(x—i) dy—i,—i, (x—iay—i)/ Xx; (i) dvz_; (wi,y;)  (Definition of X, v, _, . )
RxR

&

X

el
&

s
|
-

Il
\

R4, xR9,

| &
-

_ / XX (@) (1) e (X Ay, iy (i ) (Pushforward)
R4, xR9,

[ o (X i (o) oy € Wt e )
R4 xR,

_ / x (e (X3) dpai(as) (Application of (27))
R
[

(i) dui(z_s) /R . () dpgo_ ()

¥

|
-

dﬂ—i<w—i)/XX(x—i7xi)dﬂ|xi(xi) (Definition of X)
R

.

xx dp = p(X) (Disintegration) ,

as desired. Thanks to the hypothesis that y_; = v_;, an analogous calculation on the second
variable yields that (m2),y = v and hence v € II(y, v). Thus v € IL;(i, v) as claimed.
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Finally, we compute the cost of the plan . Again using its disintegration and (27), we have

Gy = [ le=urdsay)
X

:/ du_i(x_i)/ |z — yi|P dye_, (i, i)
RY, RxR

— [, i) = [ W) i), m

We may combine the above to find directed transport plans by transporting mass within axis-
aligned lines, as long as the first probability distribution dominates the second in each such line.

Lemma 6.33. Let p € (1,400), and let p,v € P([0,1]%) be absolutely continuous probability
measures with strictly positive densities. Let i € [d] and suppose that 1) pu_; = v_; and 2) p,_, =
Vig_, for each x_; € [0, 1]%,. Then there exists v € I;(u — v) satisfying

COY = [, Whbe ot ) dpie). (28)

Proof. Let v € I1;(u, v) be the plan obtained from Lemma 6.32, which satisfies (28). After recalling
the definition of v in Lemma 6.32, Corollary 6.24 implies that v, ., . € II(p,_, = v|,_,) for each
(z_i,y—:) €[0,1]%, x [0,1]%,. Tt remains to confirm that v € (1 — v). Indeed,

/ X{zZy} d’Y(.’L‘, y)
R xR4
:/ d'Y—iz—iy($—iay—i)/ Xazy} (@i 2i), (Y—is ¥i)) AVjo_, y_, (i, y:)  (Disintegration)
R4, xRe, RxR
S/ d’Yiziy(xiayi)/ Xa—s 2y} (T—is Y—i) Wo_, (T4, i)
RY, xRE, RxR

+/ sz'zz'y(ﬂb‘uyi)/ X >y} (@is Yi) WYz, g, (T3 Yi)
R?, xR%, RxR

~ is a directed plan

iY—i

= / X{z_iZy—i} dy—im—iy/ dwﬂbnyﬂ‘ = / X{z_idz_;} dp—i(z—3) (By (27))
R4, xRZ, RxR R% , e —r
— =
=1 0
=0. O

Now, we show that the directed, aligned 2-Wasserstein distance enjoys a nice “Pythagorean”
composition property: composing [-aligned and J-aligned directed transport plans, for I and J
disjoint, yields an I U J-aligned directed transport plan whose cost is obtained from the costs of
the two other plans via the Pythagorean theorem. Arguments of this nature are well-known in the
undirected case, e.g. a similar statement appears in [Vil09, p. 572].
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Lemma 6.34 (Pythagorean composition of transport plans). Let I,J C [d] be nonempty disjoint
sets. Let pi, 0,v € P(R?) be supported in bounded sets, and let v+ € Il;(u — o) and v~ € I1;(0 —
v). Then there exists v € T (pn — v) satisfying Co(7)? = Co2(v)? + Ca(y7)%

Proof. Using Lemma 6.20, we obtain o € P(R% x R? x R?) such that (m1,2) 40 = 7yt and (m2,3) 40 =
77, and by Lemma 6.21 and Lemma 6.30, we have v := (m1,3) 40 € Ijus( — v). To compute

the cost of v, we first claim that o assigns zero measure to points x,y, z such that x_; # y_1 or
y_J #* z_j. Indeed,

0= 1- = 1 = d ' Y
B /Rdeded( X{a_r=y_; and y_,==_,}) 40 (2,9, 2)
< / X{$—I7£y—1} d0($7yaz) + / X{y_J;,gz_J} dJ(I’,y, z)
RéxR?xR? RdxRdxRA

=/ X{x_1¢y_1}d7+(xay)+/ X{y_,#=_,3 47 (y,2) =0,
R4 x R4 R4 xR4

the last step by Lemma 6.29 since y* and v~ are I- and J-aligned, respectively. Hence [ fdo =
i IX{z_;=y_; and y_,==_,} do for any bounded or nonnegative Borel function f. Therefore, using
the assumption that I and J are disjoint to apply the Pythagorean theorem, we obtain

o) = / 2 — 22 dy(z, ) = / @ — 2 do(z, y, 2)
RdxRd R xR xRd

= / X{x_r=y_r and y,J:z,J}|l’ - Z|2d0'(£L',y,Z)
R4 xR xR4

/Rdedx dX{a: r=y_r and y_y=z_ J}(]x—y| + |y — 2| )da(:);‘,y,z)
/ |x_y|2+|y—2’\)daa:y, )
RIxR4xR?

:/ |x—y\2da(ac,y,z)+/ ‘y—Z’de'(.’L’,y,Z)
R4 xR x R4 R4 xR4x R4

- / o~y dy* (2, ) + / ly— 22 dy (. 2)
RdXRd d d

RIxR
= Co(v")? + Ca(y7)*. O

Lemma 6.35 (Induction over coordinates). Let (u(i))ie[dﬂ] be a family of absolutely continuous

probability measures on [0,1]% with strictly positive densities. Suppose that, for each i € [d], we
have 1) p® _, = p(+1) . and 2) N(i)|x,i - M(i+1)|z,i for each x_; € [0,1]%,. Then

W2(pD) — pd+D) <Z/ I:v ., H(Hl)u,i)dﬂ(i)—i(aj—i)‘

Proof. For each k € [d + 1], let A(k) be the following proposition: there exists v € Tl (M —
p 1) satisfying

k
- Z/[O 1 W22(/J’(Z)\z,inu’(l+ )|a;‘ ,L)dﬂ() ( 1) .
=1 g
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Note that A(d) implies the result we want to prove, while A(1) holds by Lemma 6.33. Now let
2 <k < d. Suppose A(k — 1) holds, and thus let v+ € IIj,_y (M) — u®)) satisfy

Z /0 I]d ‘m,w M(Z+1) \x,l) du(’)iz(gﬂ) .

Apply Lemma 6.33 with i = k to obtain a plan v~ € II(u®) — p*+1) satisfying
Co(y7)? = /[Oud W3 (™ o ) dp® ()

Then, use Lemma 6.34 with I = [k — 1] and J = {k} to obtain v € I} (M — pEFD) satisfying

Co(1)? = ol )2 + ol Z Dot YAz ),
[0 1]d
which implies that A(k) holds. Thus A(d) follows by induction. O

6.4 From one-dimensional PDE to optimal transport in the cube

We now tie most of the foregoing theory together by showing how to inductively transform a
function on the unit cube into a monotone function, one coordinate at a time via the directed heat
semigroup machinery, keeping track of the cost using the directed optimal transport machinery.

For this part of the proof, it is convenient to restrict our attention to Lipschitz functions. As we
will see, the Lipschitz property of f : [0,1]¢ — R is preserved under taking the monotone equilibrium
along each axis-aligned direction, which enables an inductive argument over the coordinates.

Denote the set of Lipschitz functions f : [0,1]* — R by Lip (the dimension d will always be
clear from context).

Observation 6.36. A function f : [0,1]¢ — R is Lipschitz if and only if its restriction to every
azis-aligned line is uniformly Lipschitz, i.e. there exists some M > 0 such that, for every i € [d]
and x_; € [0,1]%,, f(z_i,-) : [0,1] = R is M-Lipschitz.

Definition 6.37 (i- and I-monotonicity). Let i € [d]. We say f : [0,1]% — R is i-monotone if
its every restriction along direction 7 is nondecreasing, i.e. if for every z_; € [0, 1]‘11», flz_s,-) is
nondecreasing. For I C [d], we say f is I-monotone if it is i-monotone for every i € I. We write
Mon; for the set of I-monotone functions.

Observation 6.38. Mong is simply the set of monotone functions on [0, 1]¢.

The following useful characterization of i-monotone functions in terms of k-aligned lines follows
by definition:

Observation 6.39. Let i,k € [d] be distinct. Then for all f : [0,1]¢ — R, f is i-monotone if and
only if the following holds: for every z_;_y € [0,1]¢,_,, and for all z; < y; in [0,1], f(z—i—g, Ti,-) <
f(z—i—ka Yiy )

Definition 6.40 (Monotone equilibrium operator). Let k& € [d]. We define the operator My, :
Lip — ([0, 1]¢ — R) as follows: for each function f € Lip, z_j € [0,1]¢, and zj € [0, 1], the function
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My f:]0,1] — R satisfies

(Mkf)(x—kvxk) = (Poof(x—k:u ))(I‘k) ’
where the application of P, is well-defined because each f(z_y,-) is Lipschitz and hence in L?(I).

The following lemma shows that M preserves Lipschitzness, confirming that My f is well-
defined pointwise as a real-valued function, as opposed to only defined up to sets of measure zero.

Lemma 6.41. Let k € [d]. Let f € Lip. Then Myf € Lip.

Proof. Let M > 0 be such that every axis-aligned line restriction of f is M-Lipschitz. We claim
that every axis-aligned line restriction of My f is M-Lipschitz. We first check the k-aligned lines.
For any x_, € [0,1]¢, Proposition 5.72 implies that

(Mpf) @k, ) = V(P f (@) S U(f(@-p,-)) < M,

the last inequality and the conclusion that (Myf)(x_g,-) is M-Lipschitz by Fact 5.40.

It remains to check the other line restrictions. Let i € [d] \ {k} and let z_;_j € [0,1]%, ,.
Let x; # y; € [0,1]. Since the axis-aligned line restrictions of f (in particular, in direction i) are
M -Lipschitz, we have

sup | f(z—i—k, Ti, wi) — f(2—imks Yi, wi)| < M|z — il -
wi€[0,1]

Proposition 5.74 implies that

| Poo f(2—i—ks Tir ) — Poo f(2—izk, yir -)| < esssupl|f(z—i—p, i, wi) — f(2—izk, yi, wi)| < Mla; — y4

wy€[0,1]
(29)
a.e. in I, and since P f(2_j—k, i, ) and P f(2_i—, yi, ) are (Lipschitz) continuous as observed
above, we conclude that (29) holds pointwise. Since (29) holds for every i € [d] \ {k} and z_;_ €
[0, l]cfifk, and since

|((Mef)(zmizk, Tis ) — (Mif) ik Uiy )| = [Poo f (2—imk, Tis ) — Poo f (=it Yis )|
pointwise, we get that every axis-aligned line restriction of My, f is M-Lipschitz, and My f € Lip. O

Lemma 6.42 (M, application makes progress). Let k € [d], and let I C [d] \ {k}. Let f €
LipNMon;. Then My f € LipNMonyy; -

Proof. The fact that My f € Lip is given by Lemma 6.41, and the fact that My f is k-monotone
follows from the definition of M}y and the fact that the monotone equilibrium Py f(x_g,-) is
nondecreasing. Now, let ¢ € I, so that f is i-monotone. By Observation 6.39, we have that
for every z_,_ € [0, 1]‘27,{, and for all z; < y; in [0,1], f(z—i—p,x4,-) < f(z—i—k,¥i,"). By
Corollary 5.68, we obtain that P f(z—ij—k, Zi,") < Psof(2—i—k,Yi,) a.e. in I, and since these two
functions are (Lipschitz) continuous, this inequality holds pointwise. Thus (Myf)(z—i—k, zi,*) <
(Mpf)(z—i—k,¥i, -), and again by Observation 6.39, My f is i-monotone. This concludes the proof.

O]

Lemma 6.43 (Mj, preserves bounds). Let f € Lip. Let a < b be real numbers and suppose
a< f<b. Thena< Myf <b.
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Proof. This follows by the definition of My, together with Corollary 5.68 and Lemma 5.70. O

Lemma 6.44 (M} is nonexpansive in L?). Let f,g € Lip. Then

/ (Myf — Myg)® de < / (f— o) de.
[0,1]¢

[0,1]¢

Proof. This follows from Proposition 5.69 and Tonelli’s theorem, as follows:

[ s = MugPde = [ doy [ (M @-r) = (Mug) o)) da
[0,1]¢ [0,11¢ 1
— [ e [ (Pt @)~ (Pragloms ) )] da
(0,14, I

< [ e [ (e - ga)Pdn = [ (f-gPds. O
[0,11¢ I [0,1]4
Similarly, combining Corollary 6.10 with Fubini’s theorem yields

Lemma 6.45. Let f € Lip. Then

/ (Mkf)dCC:/ fdz.
[0,1]¢ [0,1]¢

The following result is essentially an L? version of [Fer23, Proposition 3.14].
Lemma 6.46 (Effect of My, on the directed Dirichlet energy). Let i,k € [d]| be distinct and let
f € Lip. Then
Jye SO de s [ e e

(0,14,
Proof. For any g € Lip, i € [d] and h € R\ {0}, define the Q. : [0,1]¢ — R by

g@—iwith)—g(r_izi) ;¢ z; +he (01
Qg,i,h(x) ::{ h ( ) )

0 otherwise.

(30)

By Rademacher’s theorem on the open domain (0,1)¢, g is differentiable almost everywhere. In
particular, the function D : [0, 1]¢ — R given by

Dyilx) = limp, 0 Qg,s,n(x) if the limit exists
ot ' 0 otherwise

gives the partial derivative of g in direction i for a.e. z € [0, 1]%, and is measurable as the limit of the
measurable functions @y ; . Moreover, letting M > 0 be such that the axis-aligned line restrictions
of g are M-Lipschitz, we have |Qg;,| < M pointwise. Finally, fixing any z_; € [0, 1., g(z—s,-)
is (Lipschitz and hence) in H'(I), and the partial derivative Dg;(z_;,-) agrees with any weak
derivative 0, g(x_;,-) a.e. in [0, 1]. In particular, all of these considerations apply to the functions
f and My f by Lemma 6.41. We conclude that, for g = f or ¢ = My f and each x_; € [0, 1]‘11-,

E (g(x—4,")) = ;/I [8;1_9(1‘77;,3%‘)]2(311‘1 = ;/j [Dw(az,i,xi)_]Zdwi

1 ) _12
= 2/1}1115{(1) [Qgipn(w—i, i)~ ]  day
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where for simplicity we write the limit in the last expression with the understanding that it is
only defined almost everywhere in [0,1]. Note that the measurability of the last integrand over
[0,1]¢ justifies writing the integrals in the statement of the lemma via Tonelli’s theorem (as the
computation below shows). Define for each h € R the set

I (0,1—=h) ifh>0
b (=h,1) otherwise,

so that Qg n(x) is defined by the first case of (30) if and only if z; € Ij. Then, by repeated
applications of Tonelli’s theorem and the dominated convergence theorem, we obtain

_ 1 . )
/[‘0 14 & ((Mkf)(x—z,))dw_z = 2/[‘0 1 dx_z/l}ngr(l) [QMkf,i,h(x—i,xi) ]dez

1 2 1 _12
== li i d — i i d
3ol Qi@ e =t [ [Quaginte) TP
<M?2
S do_; / d / [Qty pin )12d
= 9 hlir(lJ 011 T_i—k ; Xy ; M fri,h\ X —i—ky i, Tk Tk
2
1 i . _ i . -
1im dx—i—k/ dxi/ <(Mkf)(3? i—ks Ti + hywg) — (M f) (2 k,wz,xk)) di
2 h—0 [0 1]d - Ih I i h
- 12
2 h—0 [071101@ . I I i h
- 2
S 1 lim dxlk/ dIL’Z/ (f(x—i—ka Ty + h’a l‘k) - f(x—i—kaxia ZEk)) d$k
2 h—0 [071]d . I I | h
1
= s lim dl‘—i—k/d / Qi h(T—i—ks Tiy Tg dxy
2 h—0 [O’I]iifk I I [ J; ( ) :|
1 .. _q2 1 2
=1 ; dr = = li d
5 lim o [Qpin(x)”]" dx 5 /[0 ” Jim [Qpin(x)”]" da
<M?
1 / / . 12 _
== dz_; [ lim [Qf4n(T—i x; dz; =/ E(f(xs,"))doy,
2 Jouge. i [Qrin( )7] ot (flz—i,-))
the inequality by Proposition 5.67 via the identity [(a — b)ﬂ2 =[(b— a)_]Q. O

Definition 6.47 (Coordinate-wise monotone equilibrium). For each f € Lip, define f* € Lip, the
coordinate-wise monotone equilibrium of f, by

= MMy My f
Note that indeed f* is indeed Lipschitz by Lemma 6.41, and it is monotone:
Proposition 6.48. Let f € Lip. Then f* is monotone.
Proof. This follows by repeatedly applying Lemma 6.42, and recalling that Mony; is the set of

monotone functions on [0, 1]%. O
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By Proposition 5.73 and the definition of M}, we also observe that the coordinate-wise mono-
tone equilibrium behaves nicely with respect to certain affine transformations:

Observation 6.49. Let f € Lip. Let a > 0 and 8 € R. Then (af + B)* = af* + 5.

Similarly, Lemma 6.44 implies that taking the coordinate-wise monotone equilibrium is a non-
expansive operation:

Observation 6.50. Let f,g € Lip. Then |[f* — g*[|r2¢0,10) < If — 9llz2(0,1)2)- Since 07 = 0
by Lemma 5.70 (where we write O for the constant zero function), we conclude in particular that

1 20,2y < 1 lp2¢0,1)9)-

We are now ready to combine the ingredients from the previous sections and establish the
transport-energy inequality. Note that this inequality is most effective when the function f is
pointwise bounded close to 1.

Theorem 6.51 (Transport-energy inequality). There ezists a universal constant C > 0 such that
the following holds. Let a € (0,1), and let f € Lip satisfy 1 —a < f <1+ a and f[o 1) fdx = 1.

Define the probability measures du := fdx and dp* := f*dx on [0,1]¢. Then

C(1+a)? 2
Wi — p*) < e /[OJWW f|"da

Proof. Define the family (f(i))ie[dﬂ] C Lip by f0) = f and f0*+D := M,;f® for each i € [d], so
that f@+1) = f* Note that we have 1 —a < f® <1+ a and f[(),l]d f@dz =1 for each i € [d + 1]
by Lemmas 6.43 and 6.45. Then, define the family (,u(i))ie[dﬂ] of probability measures on [0, 1]¢
by dp® := @ dz, so that p™) = p and pd+h = u*.

We claim (u(i))ie[dﬂ] satisfies the conditions of Lemma 6.35. First, they have strictly positive

densities because 1 —a < f() < 14q for eachi € [d+1] as observed above. They are also absolutely
continuous with Borel measurable density because each f(*) is continuous and hence Borel.

Recall that, by Proposition 6.26, for each 7,j € [d + 1] we may characterize the disintegration
pld) = fRd _ pld )|-77—i dpld )_i as follows: the marginal and all conditional measures are both absolutely

continuous supported in [0,1]%; and [0, 1] respectively, and we have du)_, = fU)_, dz_; where

19 o = [ 19 m) o (31)
I
for each z_; € [0,1]%,, and d,u(j)p:ﬂ, = f(‘j)|x,,~ dz; where
()
() A A O

for each = € [0,1]¢ (note that the denominator is nonzero since ) > 1 — a).
Now, fix any 4 € [d]. Then the condition (9 _;, = u(+1 _, is implied by the pointwise condition

/f(l) (:L',i, :L'Z) dx; = /f(H_l) ($,i, l’l) dz; Vr_; € [0, 1](11 , (33)
1 I

which in turn holds by the definitions of f0*+1) and M;, and Corollary 6.10. Finally, fixing z_; €
[0,1],, we verify the condition y(i)uﬂ, - ,u(i“'l)‘xii. By Corollary 6.15, it suffices to show that

f(i+1)|x,i 2 Poof(i)\x,i' (34)
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y (31) and (32), this is equivalent to

1 ) 1 )
(i+1) )2 (%) .
I f(”l)(x_z‘,xi)dxif (@i, ) <f1 Nz, 5) d:clf (@i, )> :

?

Since f(”l)(a:_i, )= Poof(i) (x_4,-), and applying Proposition 5.73, the above is equivalent to

1 , ” 1
‘ P fO(z_;, ) =
f[ f(l+1)<m_i, {L‘Z) dx; wef (33 ’ ) f] f( 2 x—u wz) dz;

which is true again by (33), so indeed “(i)lw—i - ,u(i“)‘x_i. Thus, by Lemma 6.35, we have

oof(z) (x—iv ) )

W3 (1 — p*) < Z/ Do oD ) du® ()
— Z / W2, w0 )0 () de

<@ra)) [ WHEO, Y ) des,

the last inequality because 1 —a < f() < 1 + a also implies that 1 — a < f(i),i <14 a. Now,
applying Theorem 6.11 via (34), we have

, . C o

- inff(i) o

lz—i

for each i € [d] and z_; € [0,1]%,. Note that f() > 1+a @ 1y the pointwise bounds on f(*) and

f@_.. and that £ (ag) = o2&~ ( ) for any o > 0 and (say) Lipschitz g by the definition of £~.
Therefore, applying (32), we obtain

2
WEO D, ) < S ( f@_j(m) E (o) £ (e (),

Hence we have
@) .
W2(u — p*) 1 a3 E / (Y (e, ) da—; .

Recall that f() = f while f® = M;_;--- M, f for each i = 2,...,d + 1. Hence, by inductively
applying Lemma 6.46 for each 7 > 2, and by Tonelli’s theorem and the definition of £~, we obtain

C 2 ¢
Wi i) < S [ e () dos
[0,1]¢

(1 o a)3 i=1 i
C(1+a)? & B >
= 51 =3 dz—; oo f (@i, @) da
2(1 — a)? ;[O,I]di €z /I (a Zf(x €T )) €L
C(1+a)? N
= 0 d
21 — a)3 /[OJ]d - (97 1) da
 C(1+a)? 2
- S, /W V5| de 0



7 Directed Poincaré from Wasserstein and Kantorovich

In this section, we establish our directed Poincaré inequality (Theorem 1.1) by combining the
transport-energy inequality from Theorem 6.51 with a directed version of (weak) Kantorovich du-
ality via a perturbation argument, thereby implementing the ideas from Section 1.2.5 of the proof
overview. The general theme of going between transport inequalities and Poincaré inequalities, as
well as the spirit of the technical arguments presented here, are well-known in the undirected case;
we refer the reader to [Vil09, Chapters 7 and 22| for a comprehensive presentation and primary
references, and to [Liu20] for an undirected version of the precise reduction we instantiate here
(that is, from a transport-energy inequality to a Poincaré inequality).

For simplicity, we do not attempt to initiate a systematic study of duality in directed optimal
transport, or to state results in the broadest possible generality, but rather limit ourselves to what
is required for the aforementioned goal. In Section 7.1, we introduce the notion of directed weak
Kantorovich duality and establish some of its properties. The main results are Proposition 7.4,
which gives a lower bound on the directed Wasserstein distance between two measures in terms
the so-called (directed) Hamilton-Jacobi operator H (recall that the previous section gave an upper
bound on this distance via the transport-energy inequality), and Proposition 7.6, which relates the
action Hyh(z) of this operator back to the directed gradient V*h(z) (which, recall, we wish to have
in the right-hand side of our Poincaré inequality). Then, in Section 7.2, we apply these tools via
a careful choice of dual function (a “perturbation argument”) to conclude the directed Poincaré
inequality, first for continuously differentiable functions (Theorem 7.8) and then, via a standard
approximation argument, for all H' functions (Theorem 1.1).

7.1 Directed weak Kantorovich duality and Hamilton-Jacobi operator

Kantorovich duality plays a fundamental role in the study of Wasserstein distance. The weak part
of this duality allows one to lower bound the Wasserstein distance between two distributions by
means of “test functions” satisfying a certain constraint. Here, we translate a small part of this
rich theory to the directed setting.

Lemma 7.1 (Weak duality). Let Q C R? be a bounded Borel set and let y,v € P(Q). Suppose
¢ € L' (v) and ¢ € L*(p) satisfy

P(y) —w(z) < |z —y|? Vo <y in Q.

Then
W22(M—>V)Z/Q¢dV—/Q¢dM-

Proof. Suppose v € II(;x — v). Then

Co(r)? = /Q o=y dr(a)
X

= /M X{z=y} T — y)* dy(z,y) (Since v € TI(u — v))
> /Q X (600) ~ v (@) do () (Hypothesis)
- /Q (6 = v () (Since 7 € TI(i — v))
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:/QquV/Q@Z)du (Since (m1) 7y = p, (m2) 47 = V).

Since this holds for every v € II(x — v), the result follows. O

This duality results motivates the following definition. Let Cp(€2) denote the set of bounded
continuous functions 2 — R.

Definition 7.2 (Directed Hamilton-Jacobi operator). Let Q C Re. For each t > 0, define the
directed Hamilton-Jacobi operator Hy : Cy(Q) — (2 — R) as follows: for each h € Cy(Q) and
x € (), we set

h(x) ift=0

35
SUDy 5 {h(y) - Q%\x —y?} otherwise. (35)

(Hyh)(z) = {
Remark 7.3. The definition above is a directed analogue of the so-called (backward) Hamilton-

Jacobi-Hopf-Lazx-Oleinik semigroup. We do not claim that H, forms a semigroup.

Proposition 7.4. Let Q C R? be a bounded Borel set, and let u,v € P(Q). Let h € Cy(Q2). Then

W3 —v) > /

hdy — /(Fllh) dg .
Q Q

Proof. Let ¢ := 2h and v := 2H;h. Note that ¢ € L'(v) since h is bounded. The fact that
h is bounded also implies that Hih is bounded, as can be verified from its definition, and hence
¥ € L'(u). Finally, for each z <y in  we have

o)~ vta) = 20) ~ 250 {1y 5o - o'

Y=z
2 1 2 no L /2 2
=lz—yl"+2 | (hy) = Slz = yl” ) = sup ¢ h(y) = Slz —y[" ¢ | < fz—yl".
Y=z
<0
Thus Lemma 7.1 gives the conclusion. O

The following simple lemma plays a key role in the perturbation argument.
Lemma 7.5. Let Q C R Let t > 0 and let h € Cy(). Then H,(th) = tH;h.

Proof. Indeed, for each x € €2 we have

(#s(11))(a) = sup {ont) = gle = o2 = esup {h(0) = gl = o =) . O

yrw y=

Notation. For Q C R? an open set and k € NU {400}, write C*¥(Q) for the set of restrictions to
Q of functions in C*(RY).

For Q@ C R% point z € Q, and r > 0, let B (z,r) := B°(x,r) N, where B°(z,r) := {y €
RY : 0 < |z —y| < r} is the open ball of radius r centered at x with z itself excluded, and let
Bl (z,7) == Bg(z,r)N{y € RY: y = x}.
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The following result gives a directed analogue to some of the properties of the Hamilton-Jacobi
semigroup, as presented in [Vil09, Theorem 22.16].10

Proposition 7.6 (Some properties of the directed Hamilton-Jacobi operator). Let Q C R? be a
bounded open set. Let h € C1(Q).

(a) Let C := suph — inf h, which is well-defined because h is continuous over the compact set
and thus bounded. Then for each t > 0 and x € Q, the supremum in (35) may be taken over
the set Ba (z,v2Ct).

(b) For each x € Q,

H _ + 2
o sup e () = hia) _ [V ()
t—0+ t 2

(c) The quotient
t
is nonnegative and bounded, uniformly int >0 and x € Q.

Proof. Let us first show (a). For any z <y in Q and t > 0, if |x — y| > V2C't then
1 ) 1
e —ql2 < N =
h(y) — ol — ol < ha) + O — L20t = h(a),

so y is irrelevant to the supremum in (35). Moreover, by the continuity of h, we may drop x itself
from the supremum. Thus y is irrelevant to the supremum whenever y ¢ B;{ (z,V2Ct), as claimed.
We now show (b) using (a). Let x € Q and ¢ > 0. We have

Aih(x) — h(z)  S"Pyept ovach 1MW) = gile =y} = h(z)
t N t

h(y) — h(x 1
— sup { ()t ()_2t2|x_y|2}
yeBY (z,v/2C1)

_ +
SR (CUELIC LN Wy
yGBa’(a:,\/QCt) t 2t

C e {(h(y)—h(w))ﬂx—m_l<|x—y|)2}.
yeBY (2,v/2Ct) |z -yl ¢ 2 ¢

Using the inequality o8 — % p? < %az, we obtain

Hh(z) — h(z)

t (Lt )

1
<. sup
2 |z — y|

yeBY (z,v/2C1)

Using Lemma 7.7 and the fact that the term inside the supremum is nonnegative, we conclude that

Hih(e) — h(z) _ 1 ( (hy) - h<w>>+>2 [V h()?

lim sup

lim sup < - L 5 ,
=07 e B (2,v/2CT) [z -yl

t—0t+ t 2

ONote that our use of the notation V*h = 0V Vh, V"h = 0 A Vh is unrelated to the use of similar notation
in [Vil09], where it denotes a notion of norm of the gradient for functions in more general spaces where the usual
derivative may not be defined. In particular, their definition agrees with the norm of the gradient for differentiable
functions, while the point is the our definition (the directed gradient) does not.
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as desired. We may also obtain (c) from (36) as follows. First note that Hyh(z) > h(z) for all t >0
and = € Q. It is standard that C' functions are Lipschitz on compact sets, so h is Lipschitz on €.
Let M > 0 be its Lipschitz constant. Then from (36) we conclude that, for each z € Q and ¢ > 0,

(M\w—y\>2 M?
sup L

_ Hh(z) — h(x)
yeB (2,v/2Ct) |z -yl 2

0< <

1
t 2
which establishes (c). O

Lemma 7.7. Let Q C R? be an open set. Let h € CY(Q). Then for each x € Q,

_ +
Vh(z)| = lim  sup (A(y) — h(z))™
r=0% yepo (zr) 1T — Y|

and
|[VTh(z)| = lim  sup M

=0 e B (o) |z — v

Proof. The first part of the statement is known, but let us give a proof for completeness. Let z € ().
We have

b s PO ZRE@ o BE) k(@) = Vh@) (Y =) + Vh@) Ty )

r—0t yeB (z,r) |'T - y| r—07+ yeB (x,r) |33 - y|
By definition of derivative, we have

lim |7y) — h(ﬂf)|— Vh|(fc)T(y —o)| _ 0,
Yy—x r—yy

and hence, by ¢? norm duality,

h(y) — h h(z) " (y —
lim  sup hiy) = =) = lim sup Vhz) (y =) = sup Vh(z)"v=|Vh(z).
r—0+ yEBY (1) |$ - y| r—0F yEBY (1) |$ - y| veER:|v|=1

Similarly, we also have

: [h(y) = =) _ |7(y) — h(z) — VA(2) " (y — 2) + Vh(z) T (y - 2)|
lim sup ———— = lim sup
r—0F yEBY (z,r) ’x - y’ r—07F yeB (z,r) ’(IJ - 3/’
-1 |h(y) = h(z) = V(@) (y — )| + |Vh(z) T (y — 2)]
< lim  sup
r—=0% ye B (x,r) |z —yl
Vh(z)"(y —
= lim  sup ’ @) x)| = sup ‘Vh(x)Tv‘ = |Vh(z)|.
r=0" ye B (x,r) |z — y| veRd:|v|=1

Since h(y) — h(z) < (h(y) — h(z))™ < |h(y) — h(z)]|, the first part of the statement follows.
We now establish the second part. Write the partition [d] = P U N for

P:={ie[d:0ih(z) >0},
N :={ie[d]:dih(z) <0}.
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Assume for a moment that P # (' Define QF c R” by
OF .= {yp : y € Q satisfies supp(y — z) C P},

and let A € Cl(ﬁ) be given by h¥ (yp) := h(yp,x_p) for each yp € Qp, i.e. h¥ is the restriction
of h to the space obtained by fixing the N-coordinates of inputs to those of . Note that d;h(x) =
O;hT (zp) for each i € P, and hence |V h(z)| = |[VhT (zp)|. Applying the first part of the statement
to QF, h* and xp gives

(" (yp) — h"(xp))*

|V*th(z)| = |VAT (zp)| = lim sup (37)
r=0% ypeBe (ap.r) lzp —yp|
We claim that
ht —ht + ., h(y) — h +
r—0+t ?JPGBEP(IPW) ‘LUP —yP’ r—0+ yGB;g(x,r) |l‘_y|

with the LHS replaced by 0 if P = (), which will conclude the proof.

For each set A C [d],let Xa:={y € Q:ya > xa} and Y4 :={y € Q:ya < z4}. Note that for
all 7 > 0, B (z,7) = Bg(x,7) N Xp N Xy and moreover, defining By, (z,r) := Bg(z,r) N Xy N Yy,
when P # () we have

P P + _ +
lim sup (h”(yp) = I" (zp)) = lim  sup —(h(y) iz))
r—0+ yPEBYp (zp,r) |I‘P - yP| r—0t yEBE (z,r) ‘.% - y‘

(39)

by definition of the objects involved.

Note that, when P # ), min;ep 9;h(x) > 0 by the definition of P. Since h is continuously
differentiable, it follows that there exists 19 > 0 such that, for all y € Bg(z,r9) and every i € P,
we have 9;h(y) > 0. Since 2 is open, we can also let ry be small enough so that B(z,ry) C Q.

Now, suppose y € B&(x,r9) and i € P are such that y; < z;. Then define z € R? by z; :=
yi +2(z; — yi) > x4, and z; = y; for j € [d] \ {i}. Then |z — z| = |z — y|, and in particular
z € B°(x,rg) C Q. Also, since i € P and z agrees with y on all j # i, we have that y € Xy (resp.
Yy) if and only if 2z € Xy (resp. Yy). Moreover, since 9;h(w) > 0 for all w in the line segment
connecting y and z (which is contained in Bg(x,r9) U {z}), the fundamental theorem of calculus
implies that h(z) > h(y).

Repeating this argument inductively for each index i € P for which y; < x;, we conclude that
for all r € (0,70) and y € Bg,(x, ), there exists z € By, (z,7) N Xp such that |z — z| = | — y| and
h(z) > h(y). It follows that, when P # (),

(h(y) — h(x))" (Aly) = h(z))"

lim  sup = lim sup (40)
r—0t yEBE,(z,r) |ZL‘ - y| r—0% yEBG (z,r)NXp |ZL‘ - y|
Combining (38), (39) and (40), we see that it remains to show that
_ + _ +
b ap (W RE@)T (b)) "
r=0% yeBl (z,7)NXp |z —y r—0+ yeBE (z,r) |z —y|

11We track the edge case P = () as we go along the proof; the main idea is the same.
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again with the LHS replaced by 0 if P = (). Note that for each r > 0 it holds by definition that
B{(z,7) N Xp C B¢ (x,7), namely Bf,(z,r) N Xp = B{(z,7) NYy. Thus we already have

lim sup M < lim  sup M

r—0% yEBE (z,r)NXp |ﬂ£‘ - y‘ r—0+ yGBg (z,r) ‘x - y‘ ’

which also holds when the LHS is replaced by 0, and it remains to prove the reverse inequality. Let
e > 0. As before, recalling that d;h(x) < 0 for every i € N and using the fact that h is continuously
differentiable, we can let 79 > 0 be small enough so that for all y € B°(x,rg) and every i € N, we
have 0;h(y) < e. Again since € is open, we may also let ro be small enough so that B(z,rg) C Q.

Now, let 7 € (0,79) and y € B (z,7). Define y” € R? as follows: y!” := y; for each i € P, and
yf := xj for each j € N. Then supp(y” —2) C P by construction, so y € Xy NYy. We also have
yP = x and |z — y¥| < |z — y|, and hence y*’ € (B*(z,7) N Yy) U {z} = (Bgy(z,r) N Xp) U {z}.

By a standard multivariate version of the mean value theorem, there exists a point z in the line
segment connecting y© and y such that

h(y) — h(y") = Vh(z)" (y — y").

By construction, we have supp(y — y*) € N. Moreover, since y € B;g (x,r) and hence y = z, while
yJP = x; for each j € N, we have that y — y” = 0. Finally, it is clear from the construction of 3”
that |y —y”| < |z —y|. We conclude that

h(y) — h(y") = Vh(z)" (y —y")

< V*h(z) (v —y") (Since y — y” = 0)
=D @)y —y!) (Since supp(y —y") € N)
1EN
1/2
< (Z(afh(z)f) ly — o7 (Cauchy-Schwarz inequality)
1EN
1/2
< (Z 52> |z — y| (Choice of rp and last observation)
iEN
< eVdz —yl.

Therefore, when P # () we have

+
lim sup M < lim sup (h(yp) — h(.ﬁl}) + 5\/&‘.% — y‘)

r—0+ yEBg(a:,r) “IE - y‘ r—0+ yeBg(fL‘,T) |l‘ - y|

< 5\/& + lim sup M

)
r—0t yEBG (z,r)NXp ’CL‘ - y’

the second inequality since |z — y| < |x — y| and since we showed that, for all 7 < 7 and
y € Bg(z,r), we have y© € (Bg(x,r) N Xp) U {z}, and moreover (h(y") — h(x))™ = 0 when

y” = x. Similarly, when P = () we have y© = z always, so in this case we obtain the upper bound
eVd, i.e. the last limit superior may indeed be replaced by 0. Since this inequality holds for every
e >0, (41) follows, and this concludes the proof. O
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7.2 Perturbation argument

We can now obtain the main result, first for C*(]0, 1]%) functions and then for all of H1((0,1)?) by an
approximation argument. The key idea of the perturbation argument is to use the same (mean zero)
function h in two different roles: 1) to construct absolutely continuous probability measures from
h and its coordinate-wise monotone equilibrium, namely du = (1 4 th) dz and dp* = (1 + th*) dz,
for small ¢ > 0; and 2) in the “test function” —th for weak duality on W3 (u — p*) via the directed
Hamilton-Jacobi operator.

Theorem 7.8. There exists a universal constant C > 0 such that the following holds. Define
Q:=(0,1)%, and let h € C*(Q). Then

distT"°(h)? < /

(h —h*)?dz < C/ IV~ h|?dz,
Q Q

where h* is the coordinate-wise monotone equilibrium of h.

Proof. Note that h* is well-defined because C' functions are Lipschitz on compact sets. We first
show that we may assume without loss of generality that h is bounded and has mean zero. For any
a >0 and 8 € R, we have that ag + § is monotone if and only if ¢ is monotone, so it follows that

disty*"(ah + )% = a*disty*" (k).

Moreover, Observation 6.49 gives that (ah+ 3)* = ah* + 3, and clearly |V~ (ah + 3)|* = o?|V~h|?
pointwise. Thus as long as we show the result for h satisfying [, hdz = 0 and (say) —0.1 < h < 0.1,
then we may write any other function in C'(Q) as ah + 3 for some h satisfying these conditions,
and conclude the result. Hence assume that fQ hdx = 0 and that —0.1 < h < 0.1 pointwise.

Let t € (0,1), and define f € C*(Q) by f := 1 + th. Note that f is Lipschitz and bounded
between 0.9 and 1.1, and it satisfies fQ fdx = 1. Define the absolutely continuous probability
measures dpy = fdx and du* := f*dx. Theorem 6.51 then implies that, for some universal
constant C' > 0,

Wiy <0 [ 9 ifar=ce [ [vonfar=ce | |9t en P,
Q Q Q

the first equality by the definition of f and the fact that ¢ > 0. On the other hand, noting that
—th € C1(Q) and hence —th € Cy(Q) as well, we have

W2 i) > / (—th) du* — / (A (—th)) dp (Proposition 7.4)
Q Q
= —t/ h(1 4 th)*dx — / (Hy(—th))(1 + th) dz (Definition of p, u*).
Q Q

Recalling that [, hdz = 0 and that (1 + th)* = 14 th* by Observation 6.49, the first term in the
last line above is

—t/ h(1 +th)*dz = —t/ h(1 +th*)dz = —t2/ hh* dz.
Q Q Q
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Recalling that 1 4 th is bounded between 0.9 and 1.1, the second term is

- /Q(ﬁl(—th))(l +th) dx

— —/(tﬁt(—h))(l + th) dz (Lemma 7.5)
Q

:t2/ (Ht(_h)_(_h)_h> (1+th)dx
Q

_ o [ (Hi(=h)—(=h) . )
= t/9< )(1+th)d +t/Qh(1+th)d

<2

>0 by Prop?)rsition 7.6(c)
> —2t2/ Hi(=h) = (=h) dz +t/ hdx +t2/ h? dx
Q 3 Q Q

=0

h2dz.

:_Qtz/ Hy(=h) = (=h) 4 2
Q t

Putting all of the above together, we conclude that

S~

Hy(—h) — (=h
th/QW*(—h)\dez%Wf(u%u*)z—ﬁ/ghh*dm—zﬂ/ﬂ tl )t ( )dx+t2/ﬂh2dx

and hence, since t > 0,

/ﬂtha:—/th*de Q/Q}V+(—h)\2dx+2/ﬂﬁt(h)t Ch) g

Since this holds for all sufficiently small £ > 0, we may pass the inequality to the limit superior as
Hy(—h)—(=h)
t

t — 0". Since is uniformly bounded by Proposition 7.6(c), we may apply the reverse
Fatou lemma and Proposition 7.6(b) to obtain

Hi(=h) — (=h
/h?dx—/hh*dxgg’/ \v+(—h)}2dx+21imsup/ =h) = (=h) 4,
Q Q Q Q t

H

t—0+
¢ [ 1o Pan s s [ 1y, W)@ — (H@)
< 2/QW+( h)|”d +2/91Ho+p ; d

IN

g/ \v+(h)}2dx+/ IV (=h)(2)? dz = (1 + g)/ V= h|? da.
Q Q Q
By Observation 6.50, we have that fQ(h*)2 dz < [, h? dx and hence, since h* is monotone,
Ldistyem(h)? < ;/(h —h*)dx = ;/ hdr + 1 / (h*)? da —/ hh* dz
Q Q Q Q
g/thx—/hh*dxg(Hg’)/\v—h|2dx. O
Q Q Q

The following denseness result is an immediate application of [Maz11, Theorem 1, p. 10].

Fact 7.9. Define Q := (0,1)%. The space C>®(Q) is dense in H' ().
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Thus we may promote the main result to all of H'(Q2) by an approximation argument:

Theorem 1.1 (Directed Poincaré inequality). There ezists a universal constant C > 0 such that,
for all f € H'((0,1)%),
dist7*"°(f)* < CE [V /3] - (1)

Proof. By Fact 7.9, we may find a sequence (f,)nen C C°°(Q) such that f,, — f in H'(£2). Since
each f, belongs in particular to C*(Q), Theorem 7.8 gives that, for each n € N,

I = il < C [ IV 4P s

Let € > 0. Since f, — f in H'(£2) implies in particular that f, — f in L?(Q), we have that, for all
sufficiently large n, [|f — fullz2(0) < € and hence, by the triangle inequality,

disty*"(f) < [If = fallz2@) < If = fullez) + 110 = falliz) < e+ \/C/Q V= fulPda. (42)

Now, since the norm in H'(Q) is given by

d
ey = NulZay + 3 /Q O de,
=1

the fact that f, — f in H'(Q) implies that || f — fullm1(@) — 0 and hence

d d
0= li Oi(f — fo)Pda = 1i Oif) — (Oifn)? da .
ﬁn;og/gg (f = f)2dz nggO;/QM f) = @S da

Since 0 < [(a A0) — (b A 0)| < |a — b| for any a,b € R, we conclude that

d
im —f)— (0. 2dz =0.
im 3 /Q 07 ) — (O f)2de =0 (43)

n—o0 4

Observing that 8; f,0; f, € L?(Q) for each i € [d] and n € N (because 9;f,8;f, € L*(Q) by the
definition of H(), and if u € L?(Q2) then u A0 € L*(R)), (43) implies that 9; f, — 9; f in L*(Q)
for each i € [d], and hence

d d
— r12 _ — r12 T - 2 1 — 2
[vsar =3 [1o7Pas = tim 3 [ 107 f e = tim [ (974 d.
i=1 i=1

Thus, for all sufficiently large n we have

/|V_fn|2da:§5+/lv_f|2dx.
Q Q

Combining with (42) we obtain, for all sufficiently large n,

2
distTme(f)2 < <5+\/C/ V= fo? dx) < 2s2+2c/ V™ fol? da
Q Q

<2e2 420 (5+/ |V‘f|2dx> :252+2Cs+20/ V= f2dz.
Q Q

Since this holds for all € > 0, we conclude that

dist]°"° ()% < 20/ V™ f|?dz. O
Q
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A Technical lemmas

Lemma A.l. Define Q := (0,1)%. Suppose f, — f weakly in L*(Q), and each f, is monotone
nondecreasing (resp. monotone nonincreasing). Then f is monotone nondecreasing (resp. monotone
nonincreasing).

Proof. Recall that for each ¢ > 0 and g € L?(2), ¢° = 0. * g is the mollification of g, defined on
Q. = (5,1 —¢)4.

Let € € (0,1/3). We claim that f5 — f° pointwise in .. Indeed, fix any = € €. and define
Nex € C®(RY) by 0 2(y) :=n-(x — y). Since f, — f weakly in L?*(Q), we obtain

fo(z) = /Qns(x —yY W) dy = (e, ) = m (g, fo) = lim /Q ne(z = y) faly) dy = lim fr(z).

Now, suppose without loss of generality that each f,, is monotone nondecreasing. Let € €
(0,1/3). It is immediate that each f¢ is also monotone nondecreasing (in €2). Since f5 — f¢
pointwise in €., we conclude that f¢ is monotone nondecreasing as well.

The conclusion follows the fact that f¢ — f almost everywhere as ¢ — 0. O

The following lemma is essentially standard, and below we present the proof sketched in [Fen].

Lemma A.2. Let Q C R? be an open set, let u € L?(Q) and let (up)nen be a bounded sequence in
L%(QY) such that u, — w in LE (Q). Then u, — u weakly in L*(£2).

Proof. Tt suffices to show that every subsequence (uy, )ken has a subsequence that weakly converges
to u. Fix any subsequence (un, )ren- First, since u,, — uin L (€2), we have that (uy,, ¢) — (u, ¢)

for all ¢ € C2°(Q). Moreover, since L?(12) is a Hilbert space and (up, )xen is bounded, let (Uny, )een
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be a subsequence such that u,, — w weakly in L%(Q) for some w € L?(Q2). Now, let v € L*(Q).
Since C°(92) is dense in L?(£2), let (¢ )men be a sequence in C°(Q) with ¢, — v in L?(Q2). Then

(u,v) = li_r>n (uy o) (Since ¢, — v in L3(Q))
= lim lim (up,, ¢m) (As observed above)

m—0o0 k—00

= lim lim <unk ,¢m> (Taking subsequence preserves the limit)
M—00 {—o0 ¢
= lim (w, ¢m) (Since u,, — w weakly in L?(Q))
m—00 4
= (w,v) (Since ¢, — v in L*(Q))
= eli>rlolo <unk47”> (Since up,, — w weakly in L*()),
SO Up,, — u weakly in L?(£2) as needed. O

Lemma A.3 (From “almost Lipschitz” to Lipschitz). Let M € R>o and let N C I be a measure
zero set. Suppose f : I — R satisfies |f(x) — f(y)| < M|z —y| for all z,y € I\ N. Then there
exists a M -Lipschitz function g : I — R such that f =g in I\ N.

Proof. Let f : I — (—00,+0o0] be given by f := fin I\ N and f := +co in N. Define g : I — R by

g(:c)::{f(x) ifrel\N

liminf, ,, f(z) otherwise.

Note that g is real-valued because, when x € N, we may find a sequence (2 )neny C I\ N such that
zp — @ and then, by the definition of lim inf by subsequential limits and the assumption on f,

g(x) =liminf f(2) < lim f(z,) = lim f(z,) < lim [f(21)+M|zn—2]] = f(21)+M|z—2] < +o00.

Clearly g = f in I \ N. We claim that g is M-Lipschitz. By the assumption on f, we do have
lg(z) — g(y)| < M|z —y| for all z,y € I\ N. Now, let x € N and y € I \ N. By the definition of
g, fix a sequence (zp)nen C I \ N such that z, — = and moreover lim,_,~ f(2,) = g(x). Then

l9(x) —g(y)l = | im_f(z0) = f(y)| = lim [f(z,) = f(y)] < lim M|z, —y| = M|z -y,

n—oo

as desired. The case when z,y € N follows by the triangle inequality: suppose x < y without loss
of generality, choose any z € (z,y) \ N, which is possible since N has measure zero, and use the
above to conclude that

l9(z) — gW)| < lg(@) — g(2)| + |9(2) — g9(y)| < M|z — 2|+ M|z — y| = M|z — y|. O
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