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THE THRESHOLDING SCHEME FOR MEAN
CURVATURE FLOW AND DE GIORGI'S IDEAS FOR
MINIMIZING MOVEMENTS

TIM LAUX AND FELIX OTTO

ABSTRACT. We consider the thresholding scheme and explore its
connection to De Giorgi’s ideas on gradient flows in metric spaces;
here applied to mean curvature flow as the steepest descent of
the interfacial area. The basis of our analysis is the observation
by Esedoglu and the second author that thresholding can be in-
terpreted as a minimizing movements scheme for an energy that
approximates the interfacial area. De Giorgi’s framework provides
an optimal energy dissipation relation for the scheme in which we
pass to the limit to derive a dissipation-based weak formulation of
mean curvature flow. Although applicable in the general setting of
arbitrary networks, here we restrict ourselves to the case of a single
interface, which allows for a compact, self-contained presentation.

1. INTRODUCTION AND CONTEXT

The purpose of these notes is to draw a connection between De Giorgi’s
tools for minimizing movements, that is, gradient flows in metric spaces
on the one hand, and the very popular thresholding scheme for flow
of a hyper-surface by its mean curvature on the other hand. While
we have developed this connection in the case of multiple phases with
surface energies and mobilities depending on the pair of phases, as
is relevant for grain growth in polycrystals, and when the notion of
viscosity solution is not available, we present our results here in the
simplest setting of two phases. Our presentation is essentially self-
contained.

What makes the evolution of the boundary 02 of a set €2 by its mean
curvature H valuable for modeling in materials science is that it is
driven by the reduction of the (total) interfacial area of 02, which
relies on the mean curvature H, the sum of the principal curvatures,
being the first variation of the interfacial area. There is a more intimate
connection between mean curvature flow (MCF) and the functional £
of interfacial area of a configuration: MCF can formally be understood
as a gradient flow of . We stress that a dynamical system that can
be written as a gradient flow, that is, a steepest descent in an energy
landscape, does not just rely on the height function E. but also on a
notion of distance on configuration space, which is typically described

by a metric tensor g in the sense of Riemannian geometry. In case of
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MCEF, the tangent space in some configuration €2 should be thought
of as consisting of all normal velocities V, i.e., functions on 02, while
the configuration-dependent metric tensor gq is given by the L2-inner
product on 0f2.

Still formally, any gradient flow allows for a natural discretization in
time. Every step of the discretization comes in form of a variational
problem, just involving the functional £ and the induced distance d,
cf. ([@), but not the metric tensor g and the differential of £ — it thus
relies rather on the “metric”, but not the differential structure. Follow-
ing De Giorgi, we call such a scheme a minimizing movements scheme.
We recall that, as in elementary differential geometry, the induced dis-
tance d on a Riemannian manifold (M, g) is defined via d*(xo,x1)
= inf{ fol gxs(fl—’;, Z—’;)ds}, where the infimum is taken over all curves
[0,1] © s — x, connecting xo to x1 (we use the letter x because we
think of a characteristic function describing the configuration). We
note that in the Euclidean case, the Euler-Lagrange equation of ([

turns into the implicit Euler scheme for % = grad F|,.

However, this infinite-dimensional Riemannian structure making MCF
a gradient flow leads to a degenerate induced metric (i.e. d = 0): It can
be seen that the infimum of fol /. 20, V2ds over all curves of configura-
tions [0, 1] 3 s +— Qg with normal velocity [0,1] © s — Vj, connecting
some given configurations €y and €2y, vanishes [9].

Nonetheless, a minimizing movements scheme (before the latter) for
MCF has been formulated by Almgren et. al. [1], with E(Q) being the
surface area of 9 and with d*(Qy,Q) = 4f91AQo dist(-, 0€). Luck-

haus et. al. [7] have established a (long-time) convergence result for
this scheme. This convergence result is conditional in the sense that a
condition like in () has to be imposed.

Thresholding, cf. (), is a very well performing and widely used nu-
merical scheme for MCF, introduced by Osher et. al. [§]. Also the
convolution step, which after spatial discretization can be carried out
by the Fast Fourier Transform, is of low complexity. Right from the
beginning, thresholding has attracted the attention of analysts; since
it obviously conserves the comparison principle for MCF, it has been
shown to converge to MCF in the sense of viscosity solution in the
two-phase case [4].

Esedoglu and the second author [3] realized that thresholding also re-
spects the gradient-flow structure of MCF', in the sense that it can be
interpreted as a minimizing movements scheme, cf. Lemmal[2l This was
used in the multi-phase case to extend thresholding to surface tensions
and mobilities [I0] that depend on the pair of grains, while keeping its
low complexity. It was also used by the present authors to provide sev-
eral types of convergence results; presently, all of them are conditional
in the sense of assumption ([f), in the tradition of [7].
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The first result [5] provided the same limiting notion of solution for
MCF as in [7]. However, this weak notion of solution does not imply
the dissipation inequality natural to a gradient flow. It is Brakke’s weak
notion of solution for MCF that is based on a localization of the dissi-
pation inequality; in [6], we establish a (still conditional) convergence
result towards this inequality-based notion of solution.

For any gradient flow in a Riemannian context (M, g, F), there is yet

another notion of weak solution based on a single inequality, namely

)+ fo 19 (2, 2 4 Lgvad B}, |2dt < E(x(0)). This elementary
observatron is credited to De Giorgi; its appeal lies in the fact that it is
potentially more stable in limiting procedures because only lower semi-
continuity is needed (as provided by Propositions [l and 2]). The main
result of this paper, Theorem [I], precisely establishes this inequality in

the case of MCF, cf. (§).

One advantage of a minimizing movements scheme, cf. (@), lies in the
fact that it automatically comes with the a priori estimate E(x") +

Zn 1 21hd2( =1 < FE(x"), which is obtained by using x"! as a
competrtor in (IQI) In the limit h | 0, this inequality formally turns
into E(x(T)) + f 205 ( Ccll’lf, Ccll’t“ dt < E(x(0)), which misses the formally

Correct 1dent1ty by a factor of 2. On the level of the metric structure,
De Giorgi provides tools to capture the missing term fOT %\ gradE‘X\zdt,
see Lemma [Il We take the proof from the monograph [2]

As a consequence of these notions and tools of De Giorgi, our (condi-
tional) convergence proof for the thresholding scheme in fact is rather
“soft” softer than [5] which relied on the notion of tilt excess and the
fine structure of Caccioppoli sets, and certainly softer than [7] which
relied on regularity theory for minimal surfaces. We believe that these
tools have a wider potential for geometric evolutions or non-linear PDE
of gradient-flow type. For the broader context and more references, we
refer to [5].

2. MAIN RESULT AND STRUCTURE OF PROOF

Given an initial configuration, as described by its (Lebesgue-measur-
able) characteristic function x°: RY — {0,1}, and a time step size
h > 0, the thresholding scheme iteratively produces configurations at

time steps n = 1,2,---, encoded by their characteristic functions ",
via convolution and “thresholding”:
n. J 1 where Gpxx" ' >1
(1) X= { 0 else ’
where (G, denotes the heat kernel at tlme 2 that is,
1 2|?
2) Gu(2) = g exp(—i>

2mh 2h
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(like in stochastic analysis, we take % so that Gy is the standard Gauss-
ian). We interpolate piecewise constant in time:

(3)  xu(t)=x" fort e [nh, (n+1)h), xu(t)=x" fort<O0.

For simplicity, we pass from the whole space R? to a torus as the spatial
domain; by rescaling, we may w. 1. o. g. take the unit torus [0, 1)%. We
also restrict to the finite time horizon 7' < oo and A < 1.

Our main result is the following convergence result, which is only a
conditional one since assumption (&) on the energies Ej, defined below
in (I8) presumably cannot be verified. It is the opposite direction,
Co f(O,T)X[O,l)d |Vx|dt <liminfy g fOT Ey(xn(t))dt, that follows from (d),
see (I9) in Lemma Bl Here and in the sequel, |Vx|dt denotes the total
variation of the distribution Vy in (0, T) x [0, 1)¢, provided the latter is
a bounded measure. This notation is justified since in the present case,
|Vx|dt is (Lebesgue) equi-integrable in ¢ and thus admits a density
|Vx|. In the sequel, v € L'(|Vx|dt) denotes the measure-theoretic
normal (characterized through the polar factorization Vy = v|Vyx|dt
and |v| = 1 |Vx|dt-almost everywhere).

Theorem 1. Given X° as above and such that VX is a bounded mea-
sure, and a sequence h | 0; let x,, be defined by () and (3). Suppose
that there exists a x: (0,T) x [0,1)% — [0, 1] such that

(4) xn = x i LH((0,T) x [0,1)%).

Then we have x € {0,1} (Lebesgue)-a. e. and Vy is a bounded measure
which is equi-integrable in t. If we assume in addition

T
(5) limsup/ En(xn(t))dt < co/ |V x|dt,
hlo  Jo (0,1)x[0,1)
where cq 1= \/%, then there exists H € L*(|Vx|dt) with
© [ (veemvve)vd—- [ Hy - €[Vt
(0,7)x[0,1)4 (0,7)x[0,1)%
for all € € C°((0,T) x [0, )%, and V € L* (|Vx|dt) with
/ C(t = 0)x"dx + / Oy xdxdt
[0,1)4 (0,T)x[0,1)4
(7) + / CVIVx|dt =0
(0,7)x[0,1)@

for all ¢ € C5°([0,T) x [0,1)%), such that

1
limsup—/ |V x|dt
0 T J(T—71)x[0,1)¢

H
) +f (V2 (G R)Ivndde < [ [
(0,7)x[0,1)2 2 0,1)
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We note that in case of {x = 1} being smooth in time-space [0, 7] x
[0,1)%, |Vx]| coincides with the surface measure, v with the (inner)
normal, and H and V coincide with the mean curvature (with the con-
vention that convex sets have positively curved boundary) and normal
velocity (with the convention that growing sets have positive velocity),
respectively. In addition, (7) yields that x(¢t = 0) = x°. Moreover,
expanding the square V2 + (£)? = (V + £)? — VH, and appealing
to the classical formula 4 Jioaye IVXI = [ig.1a VH| Vx| (which relies on
the fact that mean curvature describes the first variation of the surface
area), we see that (§]) turns into f(o,T)x[o,1)d(V + &) Vx|dt < 0, and
thus MCF in form of V' = —g (the factor % stems from the normaliza-

tion in (2))). Therefore, the inequality (§) may be considered a weak
notion of MCF.

In the sequel, we omit writing the time-space domain (0,7) x [0,1)4
when integrating the Lebesgue measure dxdt or the limiting surface
measure |Vy|dt. However, the convolution %, for which we reserve the
z-variable, is always w. r. t. R%

The next elementary lemma provides the necessary notions and results
on abstract minimizing movements schemes.

Lemma 1. Let (M,d) be a compact metric space and E: M — R be
continuous. Gwen x° € M and h > 0 consider a sequence {X" }nen
satisfying

1
9) X" minimizes —d*(u,x""") + E(u) among allu € M.

2h
Then we have for all t € Nh
B(x(1)
1 ! 1 2 2 0
1) +3 [ (Galals + 1) x(s) + 0B () P)ds < B(C)

Here x(t) is the piecewise constant interpolation, cf. {3), u(t) is another
interpolation (the “variational interpolation”) satisfying

) [ gE. e < B,
(12) E(u(t)) < E(x(t)) forallt >0,

and |OE(u)| is the “metric slope” defined through

(B - E).
(13) |8E( )| . vl:d(v,u)f(] d(U,U)

€ [0, 00].

The next elementary but crucial lemma establishes that the threshold-
ing scheme is a minimizing movements scheme.
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Lemma 2. Ezpression (1) satisfies (9) provided we define
(14) M = {u: [0,1)* — [0, 1] measurable},

1
(15) Ep(u) == Vi /(1 —u) Gp, * udz,
(16) dp(u,u’) = (2\/f_l/ |G% * (u — u')|2d:p)%.

Furthermore, (M,dy) is a compact metric space and E}, continuous.

We will mostly use (I6]) in form of

1
17 d2uu Gh* u—u 2d;1:
on

The first part of the next lemma provides compactness. The second
part contains the (only) way we use the convergence assumption ([l);
loosely speaking, it ensures convergence of the (oriented) normal down

to (spatial) scales of O(v/h). In particular, it rules out ghost interfaces.
Since it will also be used for the variational interpolation, cf. Lemma
[, it is formulated for a [0, 1]-valued sequence {up }no-

Lemma 3. i) Consider a sequence {xn}nio of {0,1}-valued functions
n (0,7) x [0,1)? that satisfies

T
1
esSSUPye (o,7) En (X (t)) + / 72 0 (8), xa(t = h))dt
0

(18) stays bounded as h | 0,

and that is piecewise constant in the sense of (3). Such a sequence is
compact in L*((0,T) x [0,1)Y); any (weak) limit x is such that Vx is
a bounded measure, equi-integrable in t, with

T
(19) o [ 1Vxlde < ti it / En(xn(t))dt.
0

ii) Consider a sequence {up}no of [0,1]-valued functions on (0,T) X
0, 1)? and a {0,1}-valued function x on (0,T) x [0,1)? that satisfies
(4) and (3) (with x, replaced by uy) and

(20) €ss SUPe 0,1y En(un(t))  stays bounded as h ] 0.

Then, as measures on (z,t,x)-space, we have the weak convergences

Gl(z)%uh(t, 2)(1 — up)(t, x — Vhz)dedtdz

(21) = G1(2)(v - 2)4|Vx|dtdz,
Gl(z)%(l — up)(t, )up(t, & — Vhz)dadtdz
(22) — Gi(2)(v - 2)_|Vx|dtdz.

The test functions may even have polynomial growth in z.
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The next two propositions are at the core and provide the link between
(I0) and (8)). Proposition [] ensures that the metric dj, cf. ([I0), is
strong enough to control the right notion of energy of curves in con-
figuration space. Proposition 2] makes sure that it is not too strong
so that the metric slope |0E,|, cf. (I3), controls the gradient of the
limiting functional.

Proposition 1. Suppose that {j]) and the conclusion of Lemmal3 hold
(with uy, replaced by xp). Provided the . h. s. of (Z4) is finite, there
exists V € L*(|Vx|dt) that is the normal velocity in the sense of

(23) Ox =V |Vx| distributionally,

and that is dominated in the sense of

(T
(24) lim inf / 2—h2di<Xh<t+h>7Xh(t))dt > ¢ / V2|V x|dt.
0

Proposition 2. Suppose that the conclusions of Lemma [3 i1) hold.
Then there exists H € L*(|Vx|dt) that is the mean curvature in the
sense of (@) and that is dominated in the sense of

T
. 1 2 .,

3. PROOFS
We will repeatedly use the (parabolic) scaling of Gy, cf. (2),
1
—G1(—=)
N

and its semi-group property in form of

z

(26) Gh<2) =

(27) Gh* G = Gpyp i particular Gp o+ G = G,

The constant ¢y = \/%7 appears because of the identity

(28) /Gl(z)(21)+d2’ = G47H0) = «,

where G¥=1(z)) = ﬁ-ﬂexp(—%) denotes the standard Gaussian in

a single variable. Indeed, by the factorization of the d-dimensional
standard Gaussian into G¢=! and the (d — 1)-dimensional one, and
by the normalization of the latter, the integral in (28) reduces to

fooo szlzldzl. The formula then follows from writing zlezl = —dLle
Gi=t.

PrOOF OF THEOREM [II
Note that Lemma [ allows to make use of Lemma [II, so that we have

(I0) with (E,d, x,u) replaced by (Ep, dp, xn, un). We start with the
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1. h. s. of (I0), for which we plainly have

(29) B o [ 9]
Indeed, dropping the index 0, this follows by making the 1. h. s. explicit
% [ Gr(2)(1 = x)x(- — 2)dzdz, which by 26) and x € {0, 1} coincides

with fGl (X x(- = Vhz))_dzdz. Tt remains to appeal to the

mean-value 1nequahty f (x — x(- = Vh2))_dz < [(z-v)_|Vx| and
to ([23).

Note that because of (I0) and 29), (I8) is satisfied. Hence we may
apply Lemma [ i), which yields x € {0,1} a. e. and that Vy is a
bounded measure which is equi-integrable in ¢. By Lemma[3ii), in view
of the theorem’s assumption (), we obtain ([21]) & [22]) with u, replaced
by X, so that we may apply Proposition[Il We now argue that (1)) &
(I2) imply that (@) & (@) hold with y; replaced by wuy, so that we may
use Proposition 2 also for uy. Indeed, (B) for uy, follows immediately
from (@) for x;, and ([I2)). We now turn to ({l); because it is [0, 1]-valued,
the sequence {up, }njo always admits a subsequence that has a weak limit
u, so that it remains to argue that u = y, w. 1. 0. g. assuming that the
entire sequence converges. We momentarily fix Ay > 0 and note that
by (7)) together with Jensen’s inequality we have for all h < 2k that

/ |Gy * (un — xa)[Pdadt < / |Gy (up, — xn)|Pdxdt

T D 29)
@ﬁ/{) & (un(t), (D))t < WREL(X) < coh\/E/Ionl,

so that by lower-semi continuity of the 1. h. s. under weak convergence
we obtain [ |G, * (u — x)[*dxdt = 0. From letting ho tend to zero we
obtain the desired u = y.

Momentarily setting p(t) := En(xn(t)) +5 fo (=5 (xn(s), xa(s — h))
+|0E(un(s))[*)ds, we note that by deﬁmtlon p(t) = p(nh) + (1),
for t € [nh,(n + 1)h), where 5( ) = ( Ld3 (xn(8), xn(s — h))
+|0En(un(s))[*)ds. By (0), fo t)dt < hEh( ). Hence if we mul-
tiply (I0) in form of p(nh) < Eh(X ) with n(nh) — n((n + 1)h) for
some non-increasing n € Cg°([0,7))), we obtain [;°(—22)pdt < (n(0) +
h sup }Z—Z‘)Eh(xo). By an integration by parts and with the choice
n(t) = max{min{T=, 1}, 0}, this turns into

! / Bnxon(t))dt

T T—1

1

w3 [ Grditn) e = )+ DB < (1+ B
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Passing to the limit A | 0, for the first 1. h. s. term, we appeal to
(I9) in Lemma Bl with (0,7) replaced by (T"— 7,7). For the second
. h. s. term, we apply (24]) (note that we may extend the integral
down to 0 because of the second item in (B)) and (28], both with (0, T)
replaced by (0,7 — 7). For the r. h. s. term, we use (29). Summing up,
we obtain
@ Vxldt

T J(T—7,T)x[0,1)4

H
+ co/ (V2 + (—)2)|Vx|dt < ¢ / |VXO|.
(0,7—)x[0,1)4 2

Dividing by ¢q and letting 7 | 0 yields (&]).

Finally, we argue why (23)) is sufficient to infer (7). Indeed, by the triv-
ial extension of y;, to t <0, cf. (@), the assumptions () & (B) extend
to (=7, T), where for ({) we appeal to (29). Likewise, the L. h. s. inte-
gral in (24)) extends to (=7,7). Hence (23] holds distributionally on
(=T,T) x [0,1)% which turns into (7)) because of x = x° for t < 0.

PRrROOF OF LEMMA [II

We reproduce the proof of [2, Theorem 3.1.4 & Lemma 3.1.3]. We
start with the definition of the variational interpolation u. Since by
assumption, (M, d) is compact and E continuous, for any n € N and
any t € ((n — 1)h,nh], there exists u(t) that minimizes

d?(u, X" 1)

(30) 20— (n— 1)h)

+ E(u) amongu € M.

W. L o. g. we may assume that u(nh) = x", cf. (@), so that u is indeed
an interpolation of {x"},en. Since by comparison with u = "1 we
have E(u(t)) < E(x"!), ([2) follows immediately from the way we
defined the piecewise linear interpolation, cf. (3)).

Fixing n € N and introducing

(31)  e(t) := min ( d*(u, x"")

weM “2(t — (n — 1)h) —|—E(u)), (n—1)h <t < nh,

we now establish the two crucial inequalities
Pl )~ eft)
20s=(n—=1Dh)(t—(n—1)h) = t—s

d*(u(t), x" ")
iy P 3 v ry pra s A

(n—1)h <s<t<nh.
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For notational simplicity we consider the case n = 1; for any s,t > 0

we have by definitions ([B0) and (31])

e(s) = 5-d*(u(s).x") + Blu(s))

1 1 1
< 2—5d2<u<t>,x°> FBu(0) = (52 — 5 ) u(0),x") + e(t).
ertlng = — E = 25t 2 this gives the upper bound in (32)) after division

by t—s > 0. Exchanging the roles of s and ¢, we likewise get the lower
one.

We now argue that

d(u(t),x" )
33 OE(u(t))| < —5—~
3 oEw) < {0
Again, for notational simplicity we consider n = 1 and give our-
selves a v € M. By the characterizing property ([B0) of u(t) we have
L (010 + E(ult) < L(0\0) + E(v) 50 that E(u(t) - E(0)
< 5 (d(v,x%) = d(u(t), x*))(d(v, X°) + d(u(t), x°)). By the triangle in-
equality, this implies

B(u(t)) — B(v) < d(v, u(t)) 7 (du(t), ) + (v, u(t)).

so that ([B3)) follows from definition (I3)) of the metric slope.

fort € ((n — 1)h, nh).

We now may conclude on ([I0). By telescoping and according to the
piecewise constant interpolation, it is sufficient to establish

nh 1
BOC)+ gt [ Siomu(s) s < B,

n—1)h

which according to ([B3]) follows from

E(x") + ﬁdQ( "‘1)+/(n " 255@((2751)2)2“ < BE(x"),

n—1

and with help of (B1I]) may be rewritten as

(34 elnh) + /(n Dk 2?5 (EL((Z)’_Xj)h))zdS < E(Xnil).

Here comes the argument for ([34): We first learn from (32]) that

n—

(35)  ((n—1)h,nh] > s+ d*(u(s),x" ') is monotone increasing

and thus continuous outside of a countable set of s’s. We then learn
that e is locally Lipschitz continuous on ((n—1)h, nh| and differentiable
where (3H) is continuous. In particular, we have in those (Lebesgue)
almost every time points s, %(s) = —55d?(u(s),x"'). Integrating
this relationship from some t € ((n — 1)h,nh] to nh we obtain e(nh)

Jrftnh L d?(u(s),x"')ds < e(t). Using the obvious e(t) < E(x"!),
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cf. (1), and letting ¢ | (n — 1)h we obtain (B34]) by monotone conver-
gence.

We finally turn to (). According to (B5) we have d2( (), x™ )

< BP(x",x" Y for t € ((n — 1)h,nh] and thus [ d?(u(t), x(¢))dt
< I dz(X(t),X(t — h))dt, so that () follows from ([I0).

PROOF OF LEMMA
By the definitions (I3 and (), the latter in conjunction with (27),
we have

%dQ(u X ) + Eh(U) - <U - Xn_lau - Xn_1> + <]' - U,U>,

where we momentarily introduced the bilinear form (u,u’) := ﬁ [u

Gy, * v'dx. Since this form is symmetric, we may rewrite the r. h. s. as
(u, 1= 2x"71) +(" 1, x""), so that

%dQ(uX Y+ Ep(u \/_/ u(l —2G, * X" 1) + O,

where C':= (x" 1, x"!) does not depend on u. It is now obvious that
(@) minimizes 5-d7 (u, X" ) + E,(u) among all u € M, cf. ().

It remains to argue that the metric space (M,d,) is compact and
FE;, continuous. Both follows from the fact that d;, metrizes weak
convergence on M C L*([0,1)4). The latter can be seen as follows:
In terms of Fourier series, we have %d%(u, u') = Ek€27er exp(— ‘hk‘z)
| F(u—u)*(k), and note | F(u—u')[*(k) < [(u—u')*dx < 1. Hence by
dominated convergence, dp,(u,,u) — 0 is equivalent to F(u, —u)(k) —
0 for all k& € 27Z%, which by the L*boundedness of {u,}nt00 C M is
equivalent to weak convergence.

PROOF OF LEMMA
STEP 1. Some useful inequalities on Fj, and d;. We claim for any
[0, 1]-valued function u of space:

(36) / lu— G+ ulde < 2VhE,(u),
(37) Ep,(u) < Ey(u) for hy € N?h,
which we claim combine to

(38) /(U — Gy xu)?dz < 4/ hoEy(u) for all hy > h.

We also claim for any pair of {0, 1}-valued functions x, x" of space

(39) / X — X/ldx < ﬁdi(x, X) + 2Vh(EL(x) + Ep(X)).

We first tackle ([B0); by Jensen’s inequality in form of |u — G}, * u|(x)
< [ Gh(2)|u(z) — u(x — 2)|dz, and by the definition (IH) of £} which
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together with the symmetry of G,* yields 2v/hE,(u) = [((1—u)Gjxu
+uGp * (1 — u))dz, ([B6) follows from the elementary inequality

(40) lu—u| < (1—wu+u(l—u") foru,u €l0,1].

We now turn to (B7) which we (iteratively) establish in the more general
form of

(41) VhoEw, < VhE, + VI Ey  provided vVhy = Vh+ V.

Indeed, by definition (H) and the scaling (28) we have vVhE,(u) =
[G1(2)(1 — u)(z)u(x — Vhz)dzdz and by a change of variables in z,
VI E(u) = [ G1(2)(1 —u)(x — Vh2)u(r — (VR +V1)2)dvdz. Hence

(@) follows from the elementary inequality
(1—wu" <1 —uwu+ (1 —u) )" foruu, u" el0,1].

This is equivalent to u'(u +u” — 1) < uu”, which because of u’ € [0, 1]
and uu” > 0 follows from u + u” — 1 < wu”. The latter is equivalent to
u”(1 —u) <1 —u, which holds because of u,u” € [0, 1].

We now turn to the upgrade (38)). We first observe that the 1. h. s. is

monotone increasing in hg, as can be seen by the Fourier representation
2

(1l — exp(—%))\}"u(k)\z, where Fu(k), k € 2rnZ%, denotes the

. . hokl?\ - .
Fourier series of u and exp(—%) is the Fourier transform of Gi,,. Now

given hy > h, we write v/hg = NvVh — s with N € N and s € [0, V).
By the above monotonicity we have [(u—Gp,*u)? < [(u— G y2p*u)?
< [Ju — Gnzp, * ul, to which we first apply (B6) with h replaced by
NZ2h and second apply [BT7) with N?h playing the role of hy. Hence we
end up with [(u — G, * u)? < 2NVhE}(u), which because of Nvh
< Vho 4+ Vh turns into (B8).

We finally address (89), which according to the definitions (IH)& (IG)
of £}, and dj, and the simple estimate (B6]) follows from integrating the
following inequality in x, appealing to the symmetry of G,

X=X < (X =X)Gh*x(x = X))+ Ix = Grxx|+ X —GrxX|

Writing [x — x'| = (x = x')* = (x = X)Gr* (x = x) + (x = X)(x —
Grxx)+ (X —x)(X — G xX'), we see that the inequality relies on
(x — X )(x — Gn*xx) < |x — Gy * x| and on the same inequality with
the roles of y and Y’ exchanged.

STEP 2. Modulus of continuity in time: We claim that for every {0, 1}-
valued function y of time-space that is piecewise constant in time,
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cf. (@), and any time shift s € [0, 1] we have
ﬁ for s<h

(42) I(s) < Co{ 2vh for h<s<vh p <ACy/s,
4s for  Vh<s

where in this step of the proof, we use the abbreviation

19)= | Xt ) — X(t — 5, 2)|dudt,
(s,T)x[0,1)¢

(43)  Cyi= / S X(6), X(t — )t + 4 / By (x(1))d.

Indeed, for s > h, we use ([B9) with (x,x") = (x(¢), x(t — s)) and
integrate in ¢t € (s,7") to obtain

(44 I(s) < / %di(x,x(-—S))dH‘l\/ﬁ / Eu (),

where we write x(-—s) for the time-shifted function (¢, z) — x(t—s, ).
We first use this to treat ([42]) in case of s < h: By the piecewise
constant interpolation, cf. (B]), we have I(s) < ;I(h), into which we
insert (@) for s = h in form of I(h) < Cov/h. We now treat ([@Z) in
case of h < s < \/E, and first restrict ourselves to s = Nh with NV € N
in order to use the triangle inequality for dj, in form of d2(x, x(- — s))
< NN @ (x(- = (n—1)h), x(- — nh)) so that we obtain from (@)

1)< GF [ ettt —myde+avh [ By
=

2
(45) Co max{ 7 Vh} = CoVh.

For the unrestricted range of h < s < \/E, we write s = Nh + s’ with
N e Nand ¢ € [0,h), use I(s) < I(Nh)+ I(s'), and appeal to (4]
for the first contribution and to (42) in the previously treated case of
s’ < h for the second contribution. Finally, for (42]) in the remaining
case of s > v/h, we write s = NvVh + s with N € N and s € [0, Vh),
use I(s) < NI(v/h) + I(s'), and appeal to the previously treated case
of ([@2]) for both terms.

STEP 3. Proof of the compactness statement. From (B8) and thanks
to the first part of our assumed bound ([I8]), we learn that Gy, * x;, is
close to xp in L=((0,T), L*([0,1)%)) (and thus in L'((0,7) x [0,1)%)),
as hg | 0, uniformly in A | 0. Hence it remains to argue for fixed
ho > 0 that {Gp, * X5 }rjo is compact in L'. Because of the convolution
in space, and of the equi-integrability following from Gy, * x5 € [0, 1],
this follows from a modulus of continuity in time in L' that is uniform
in A | 0. Thanks to our assumption (), this holds for x; itself by
Step [ it transmits to Gy, * xp by Jensen’s inequality.
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STEP 4. Before establishing the exact inequality (I9), which will be
done at the end of Step [l it is convenient to first argue that Vy is
a bounded measure, equi-integrable in ¢, under the mere assumption
0). We focus on 9y, give ourselves a ¢ € C°((0,T) x [0,1)) and
note that as a consequence of (28)) we have

—0061< = li:ﬁ)l T l1>0(< — C( + \/EZ))G1<Z)dZ

L 11m_/>0¢ (- + 2)Gr(2)dz

uniformly in time-space, where we write ((- + z) for the space-shifted
function (¢,z) — ((¢t,z + z). Hence it follows from (4 that

—Co / O (xdzdt = 1}11{)1 Qi(xh — Xn(- — 2))Gr(2)dxdtdz

21>0 \/E

and thus
T 1
O Cydrdt| < dt lim inf — — Gy, * xpldz.
Co}/ 1(xdx !_/0 Sl;pld m in esstsup\/ﬁ/lxh h* Xnldz

According to (B8]), the second r. h. s. factor is estimated by 2 esssup,
En(xn), the liminfy o of which is bounded by our assumption (20).

STEP 5. Turning to (2I) & (22), it is convenient to have the following
equi-integrability of the non-negative

1
NG (1 = up)(t, 2)up(t, z — Vhz)

+un(t, z)(1 = up)(t,x — Vhz2))

pn(z,t, ) == G1(2)

in the (non-compact) variables ¢ and z in the sense of

3 2
/exp( ‘? Von(z,t, x)drdz < 272 By (un(t)),

cf. 20). Indeed, we first observe that G4(z) = 5 eXp( )Gl( ), so
that by the scaling (26) we obtain [ exp(=z (L) ppdadz = \/ﬁ (1 =up)
Gap * up, +upGap * (1 — uh))dx, so that by symmetry of Gy, and the

definition (IH) of Eyp, fexp(%)phd:pdz = 292 F (up), so that it
remains to appeal to (37).

STEP 6. Proof of [2I)) & ([22). We focus on (2I); according to Step
[ it is sufficient to treat bounded continuous test functions ((z,t,x),
which by linearity and splitting into positive and negative part we may
assume to be [0, 1]-valued. The statement splits into the local lower
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bound
liminf [ CG(2)=un(1 Vhz)dadtd
im in /Q 12)\/Euh( —up)(- — Vhz)dzdtdz
(46) > [ G- 2). VN

and the global upper bound

1
limsup | Gi(2)—=un(l — up)(- — Vhz)dwdtdz
sup [ Gi(2) (1= ) = Vh2)

(47) < / Ch(2) (v - ), |Vx|dtdz.

Indeed, splitting a given test function ( = 1 — (1 — (), appealing to
linearity and using (@) with ¢ replaced by 1 — ¢ € [0, 1], we obtain
also the local upper bound.

We note that the global upper bound ([47)) is nothing else than our
assumption (@) (with xj replaced by uy): For the 1. h. s. this follows
from the the scaling (20), the symmetry of Gj,*, and the definition (%)
of Ej. For the r. h. s. this follows from (28]).

Hence it remains to establish (@Gl by a typical 1. s. ¢. argument: By
Fatou’s Lemma, it is enough to establish for fixed z

R10

o 1
hmmf/gﬁuh(l — up) (- — Vhz)dzdt > /C(u - 2)+|Vx|dt.

Since by Step Ml we already know that Vy is a bounded measure, we
have (v-2)4|Vx| = (0.x)+. Hence by the definition of the positive part
of a measure, and by the equi-integrability in ¢ established in Step [B]
it is enough to establish for any non-negative ¢ € C5°((0,T) x [0,1)%)

1
lil}ll&)nf/cﬁuh(l — up)(- — Vhz)dzdt > —/azgxdxdt.

Since by assumption (@), the r. h. s. is the limit of

/\/—C (- + Vhz))u /C up — up(- — Vhz)),

the statement follows from the elementary inequality v —u' < u(1—u')
that is valid for any u, v’ € [0, 1].

We note that this argument for (@) did not involve the extra assump-
tion (B) and thus applies also under the assumptions of part i) of the
lemma. Statement (@) applied to ¢ = 1 yields () (for the same
reason, given above, that ([47) is a mere reformulation of ().
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PRrROOF OF PrROPOSITION [II
Note that by definition (I7) of dj, and (27) we have

| S0 (0. - k)

1
— —GE*X_X _h dedt’
/(h7T)x[0,1)d h\/ﬁ‘ 2 (xn n( )]

which motivates to introduce the non-negative (bounded) “dissipation
measure” on (0,7) x [0,1)? (after possibly passing to a subsequence)

1 9
(48) = l}ggh—\/ﬁng * (xn — xa(- = h))[™.
In fact, we shall establish (24]) in the localized form of
(49) coV?|Vxldt < p.

We now give an outline of the proof, which amounts to a better quan-
tification of Step Blin the proof of Lemma Bl In deriving this estimate
on the distribution 0;y, we work on an intermediate time scale, which
we fix to be an (eventually small) fraction of the characteristic spatial
scale:

(50) 7:=aVh for some fixed o € (0, 00).

We consider the corresponding increments and their positive and neg-
ative parts

(51) ox :=xn—Xn(-—7) and dxs :=max{0,£Ix}.
Using |[0x| = dx+ + dx_ we then write

1 1
—|ox| = —=(0x1Gp * Oxs +O0x Grx (1 =0
7719 \/E(X+ pk Xt +OxGhox (1= 0x4)
(52) +0X_Gp % 6x— 4+ 0x_Gp * (1 — 6x_)).
In Step [ we will show, in the sense of closeness between distributions,

1 1
—=10xl = —=
vVh Vh
The main idea is to estimate the first r. h. s. by the dissipation measure
w (in Step ) and to estimate the two last contributions by the surface
measure |Vyx|dt (in Step Bl). However, this just suffices to show that
Oyx is absolutely continuous w. r. t. |Vx|dt, as is carried out at the

beginning of Step [ on the level of O(«) as v | 0. In order to retrieve
(@), we need the finer estimate in Step Bl and look at level O(a?).

(5)(Gh k0X + Ox+Gpx (1 —dx1) + ox_Gp (1 — 5x,)).

STEP 1. We claim that the mixed term vanishes distributionally:

i 1
(53) llglol ﬁ(5X+Gh xdx_ +0x_Gp*0xy) =0.
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Spelling out the z-integral, we want to show that the distributional
limit of

1
54 /G 2)—=(0x10x_(- —2) + dx_dx.(- — 2))dz
(54) (27 (X0 (- = 2) - = 2)
vanishes. Fixing some unit vector vy, we split the expression into

1
59 [ GO~ 2) b 2)d:
vo-2>0 \/E

and the analogous expression on {1y-z < 0}. We note that by definition
of (BI)), we have x4 = xa(1 — xa)(- —7) and ox— = xn(- = 7)(1 — xa)
and thus ox ox (- —2) = xa(1 = xn)(- = T)xn(- =7 = 2)(1 = xa)(- = 2)
< (1= xn)(- —=7)xn(- — 7 — 2) and likewise dx_dx+(- — 2) = xn(- — 7)
(T —=xn)xn(-—=2) 1 =xn) (- —7—2) < (1= xn)xn(- — 2). Here, with a
slight abuse of notation, x(- — 7 — z)(¢t,z) = x(t — 7,z — z). Hence the
distributional limit of (BH) is dominated by the one of

|G (==t =7 =)

+(1 = xn)xa(- — z))dz

Since the first contribution differs from the second one just by a (van-
ishing) time shift, which we may put into the continuous test function,
the distributional limit is equal to the weak limit of

2 Gil2) =1 = )l = )i,

provided the latter exists. Appealing to the scaling (26), according to
(22) in Lemma [B which we test with the characteristic function of the
closed set {vy -z > 0}, the weak limit of this term is dominated by the
measure 2 fuo-zzo G1(2)(v - 2)-|Vx|dtdz. Treating the contribution of
{vp -z < 0} in a similar way (exchanging the roles of x and 1 — ),
the wealk limit of that contribution is dominated by 2 [, __G1(2)(v -
2)+|Vx|dtdz.

Hence we have shown that the weak limit A > 0 of (B4]) satisfies

(56) )\§2</ >OG1(1/-2)_dz+/ <OG1(V-Z)+dZ>|Vx|dt.

In particular, we have A < 4¢o|Vx|dt, cf. (28)), so that there is a 6 €
LY(|Vx|dt) with X\ = 0]V x|dt, which allows us the rewrite (G0) as

0 < 2/ G’l(y~z)dz+2/ Gi(v-2)ydz
vg-2>0

vo-2<0
|Vx|dt — a. e. and for all vy € R?.
An elementary separability argument allows to exchange the order be-

tween the V, so that we may choose vy = v, obtaining 6 < 0 |Vx|dt-
a. e. and thus A <0, yielding (B3)).
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STEP 2. We claim that in a distributional sense

1
57 lim sup — Gy, * oy < a’u.
(57) hwp\/ﬁx p*OX <ot

Indeed, by definition (E8]), we may split this into

- 2) _
(58) lf%l\/ﬁ(éXGh*éX \G%*é)d) 0 and

1 1
59) limsup ( —=|Gr * 0x|* — ®—=|Gx * (xn — xa(- — h))[) <0.
(59) timsup (=[G 5 63 = 0=l Gy x (v = xal = W)P) <

We start with (59) and assume w. 1. 0. g. that 7 = Nh for some N € N
so that by telescoping and the Cauchy-Schwarz inequality in n

G (xn = xu(- = 7))

S ‘
>
>

7

gM
%\H

<N |G% * (xn(- — nh) = xn(- — (n+ 1)h)) %

Appealing to N % the r. h. s. may be rewritten as
1

1 = 2
Nzw\ah*xh<—nh> il = (n+ )2

Note that this is an average of time shifts of OzQﬁ‘G% *(Xn—xn(-—h))|?;
because of Nh = O(v/h) = o(1) all these time shifts are small, so that

the (non-negative) expression has the same (bounded) weak limit as
042%\/E|G% * (xn — xn(- — h))|? itself. This yields (53).

We now turn to (58). By the semi-group property (27) and the sym-
metry of G 1k, We have for a smooth test function ¢

[ <oxGurox =16y x6x?) = = [16.Gyrlon Gy v,

where [(,G % ] denotes the commutator of multiplying with ¢ and con-
volving with G . Hence by the boundedness of ﬁ|G Lk dx|? as a
sequence of measures, which follows from (B9)), it is enough to establish

We spell out the integrand.

(€.63 0% (t.2) = [ Gy)C(t.2) = Cltsz = 2)ox(t o = 2)d,
so that |[(, Gh*]éx\(t x) < sup |V(| fG )|z||0x(t, z— z)|dz and thus

\/_/\C Gh* 16x|*dr < T sup|VC|/Gg(z)|z\dz)2/|5x|2dxdt.
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By the scaling (Z8), the r. h. s. is O(v/A) and thus vanishing.

STEP 3. For given unit vector vy and V € (0,00) we claim that in a
distributional sense

lim sup — <5X+ Gpx(1—=06xy) +0x_Gpx(1l—0x_)

no  Vh
(60) —2/ Gl(z)dz|5x|) < 2/ G1(2)|z - v]|Vx|dt.
z-vg>aVy 0<z-rp<aVpy

We split this into three steps: 1) The 1. h. s. may be substituted ac-
cording to

1
lim NG (5Xj: Gp (1= dxz)

(61) - /m>o C(oxs — Oxa(- — 2)|dz) =0

2) The integrand, which is a second-order difference, satisfies the two
inequalities

|0x+ — Ox+(- = 2)| + [ox= — Ox—(- — 2)|
It = (e = 2)] + Pn( = 7) = xn(- =7 — 2)
(62) S{ SR Wi W }

where the first inequality is “space-like” and we use it on the set {0 <
z -1y < 7Vp}, while the second one is “time-like” and we use it on the
Complement {z-v9>7Vh}. 3) We finally argue that

lim sup—= Gr(2)(Ixn — xa(- = 2)| + [xn(- = 7)
hl0 \/_ 0<z-v9<7Vp
(63) (e —z—7))dz < 2/ Gh (=) - ||V |dtds,
0<z-rp<aVpy
tim— / Gi(2) (6] + (- — 2)])d=
|0 \/_ zvg>TV
(64) - 2— dz|5x|>

z- zxo>aV

We start with (62]); the second inequality is obvious by the triangle
inequality in form of [0x+ — dx+(- — 2)| < d0x+ + dx+(- — 2) and by
X+ +dx_ = |0x|. In view of the definition (&II), the first inequality in
([62)) follows from the elementary inequality

(@ —a')y = (b—=b)s|+|(a—d)- = (b—b)]
(65) <la—"0bl+|d —1b,
which can be seen by distinguishing two cases: Case 1): (a—a')(b—b') >

0, w. . 0. g. by symmetry (a,d’,b, V') ~» (—a,—a’,—b, =) we may
assume a — a’,b — 0 > 0, in which case (G5]) turns into the obvious
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(a—ad)—(b=V)| <|a—0b|+|a —=V|. Case?2): (a—d)(b—10) <0, by
the same symmetry we may assume a —a’ > 0 > b — b, in which case
([63) turns into the obvious (a — a’) + (' = b) < |a — b| + |a' — V'|.

We now argue for ([63) & (64). Putting the vanishing shift 7 in the
time variable on the continuous test function, (63]) follows once we
argue that

lim sup——= Gu(2)Ixn — xn(- — 2)|dz
R0 \/_ 0<zvo<tVo

(66) < / G1(2)|z - v||Vx|dtdz,
0<z-rp<alp

which because of non-negativity implies that the 1. h. s. admits a limit
as a measure on (O T) x [0,1)%. Appealing to scaling (26) in form of
Gp(2)dz = Gl( )d = and noting that z - v < 7V} is equivalent to
v < aly, cf (IBDI) ([©8) follows from taking the sum of (2I)) and
([22), appealing to (@0), testing with the characteristic function of the

closed set {0 < z- vy < alVp}, and integrating out z.
We now turn to (EZI) and note that it follows from

im—= [ G = )] = ol =0

which testing with ¢ € C°((0,T) x [0,1)?) assumes the form

lim — / (++2) = ()|0x|dzdtdz = 0.
hi0 \/_ ZI/0>TV ) )| |

This holds, since the integral can be estimated by
sup | V(| / 12 —Gh(2)|0x|dzdtdz

6 ED v / 12/Gy (= / Xt — X — )\,

and the last contribution vanishes in the limit since 7 does, and since
{Xn}nyo is compact in L((0,T) x [0,1)%), cf. part i) of Lemma B3]
We finally address (GI]) and focus on the 4-part. We first argue that

(68) lﬁn 7(5X+Gh * (1= 0xy4) — (1= 0x4)Gp* x4 ) = 0.

Spelling out the z-integral, and using that GG}, is even, this follows from

hm—/Gh )ox+(1 —dxy)(- — 2)dz

ho /b

(69) = lim —— / Gu(2)ox+ (- + 2)(1 — by )dz

Since the second function differs from the first just by a spatial shift
of z, the limits coincide provided the 1. h. s. limit is finite, which by
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the non-negativity of the functions follows if their integral remains
bounded. The . h. s. integral indeed remains bounded since dx, (1 —

ox+) (- —2) < xn(1 = xn)(- = 2) + (1 = xn) (- = 7)xa(- = 7 = 2), which
follows from dx; = x#n(1— x%)(- —7), and since the integral of the first
summand remains bounded by (2II), whereas the integral of the second
summand is oblivious to the (vanishing) time shift and thus remains

bounded by ([22)).
Equipped with (G8]), we now may substitute ﬁé;@r(}’h * (1 —0x4) by
%ﬁ((SXjLGh (1= 0x4) 4 (1= 0x4 )Gy * 0x4 ), which we may write as

iﬁ / Ga(2)I6xs — 6xs (- — 2)|dz,

where we used for any a,b € {0,1} that a(1 —b) 4+ (1 —a)b = |a — b|.
Hence in order to obtain (G1l), we need the two function sequences

1
\/E +2z-190>0

to have the same limit. Again by the evenness of G}, these two func-
tions only differ by a spatial shift z. The same argument as for (G9J])
shows that the limits agree.

Gr(2)[0x+ — 0x+(- — 2)|d=

STEP 4. Conclusion. We start from the identity (52)) in form of
1 1
v = —
Jioxl =
+ x4+ Gh * OX— + Ox-Gn* 0x+
+Ox4Grox (1= 0xy) +0x-_Gpx (1 = dx)),

Gle = 1,

(5xGh *x 0x

or rather, using 2 fz-y0>0

1 1
) / Chdz——|5y| = ——
0<z-vp<aVp ' \/E \/E

+ 00X+ Gh * Ox— + Ox—Gh * Ox+

+0x+Ghx (1 —0xy) + ox_Gp* (1 —dx-) —2/ Ghdz|0x]).

z-vp>alj

(5xGh % 0X

We note that by an elementary lower-semi-continuity argument based
on the definitions (B0) and (B1]), we have the distributional inequality
alOx| < liminfy), ﬁ|5x|, provided the r. h. s. is a finite measure.

Hence we obtain from (53]), (57)), and (60) the distributional inequality
2a/ G1dz|0,x| <a’u
0<z-vp<alp

(70) + 2/ Gilz - v|dz|Vx|dt,
0<z-vp<alp



22 TIM LAUX AND FELIX OTTO

which in particular shows that 0,x is a measure. Letting V, 1 oo and
appealing to (28)), this yields in particular o|dyx| < a?u + 4co|Vx|dt
which we divide by «:

4
|Oix| < o+ ECO|VX|dt-

Letting o | 0, we learn from the latter estimate that null sets of |V x|dt
are null sets of d;y, so that there exists V' € L'(|Vx|dt) such that [23)
holds.

Since |0yx| = |V||Vx|dt is absolutely continuous w. r. t. to |Vx|dt,
([70) even holds with p replaced by its absolutely continuous part g’
w. 1. t. |[Vx|dt. Writing ¢/ = 0|Vx|dt with 0 € L'(|Vx|dt), ([T0) as-

sumes the form
2a/ Gidz|V| < a?0 + 2/ Gilz - vldz |Vx|dt-a. e..
0<z-rp<aVy 0<z-rp<aVy

As in Step [I, a separability argument now allows to choose vy = v, so
that by radial symmetry of G, the above assumes the form

2a/ G1dz|V| < o®0 + 2/ Gizdz  |Vy|dt-a. e.
0<z1<aVp 0<z1<aVp

Dividing by a? and momentarily writing o/ := o'V}, this turns into

Vo Vi
2— Gidz|V| <0+ 2— Gizdz  |Vy|dt-a. e.
«

@ Jo<z <o 0<z <o

We now appeal to the limiting relations (which follow from factorizing
G into the (d — 1)-dimensional standard Gaussian and G{=1)

1
lim — Gidz = G&H0) = ¢,
o/l«O O/ /OSZISCV/ ! ! ( ) 0
1 1 _ Co
— Gizdz = =G&H0) = =
o0 o2 oorcar 121dz = 56 (0) 5

to see that the above turns into
2c0Vo|V| < 0+ V@ |Vx|dt-a. e.

Again, by a separability argument for V4, we may assume Vy = |V] so
that the above yields ([d9) in form of ¢,V? < 6.

PROOF OF PROPOSITION [2

STEP 1. Metric slope and functional derivative. We claim the following
relation between the metric slope |0F(u)| of a functional E' on M,
cf. (1)), at a configuration u, and its first variation é E'(u).£ in direction
of a smooth vector field &:

() OB > 5B(u).€ — 3 (5d(u, )(u).£)"
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As usual, first variation ¢ is defined by considering the curve s —
us of configurations characterized via the transport equation (to be
interpreted distributionally or solved explicitly with help of the flow
map P via ug o &, = u)

Oug
0s

(72) +&-Vuy,=0 and s = u,

and setting

d
(73) dE(u).£ == oy S:OE(uS) and  0d(u,-)(u).£ == 5l
with the understanding that both derivatives exist (and define linear
functionals in ¢ which is the case for £ = Ej, and d(u,-) = dp(u,-),

cf. Steps @l and B]). Inequality (7T) is then a direct consequence of the
definition |0F(u)|, cf. (I3), which yields

(E(u) — E(us))y

d(u,usg),

|OE(u)| > limsup

s10 d(u, uy)
S limg o %(E(us) — E(u)) _ 0E(u).&
- limgyo 2d(u, u,) dd(u,-)(u).&’

and Young’s inequality.

STEP 2. Representation of § Fj,(u).£; we claim:
B (u).€ = % / (V (1= w)Gp xu+uGp * (1 —u))
(74) ulg, VG (1= ),

where €, VG,%| = 20 [&, 3;Gp#] denotes the commutator of multi-
plying with £ and convolving with VG},. In checking this formula we

may by approximation assume that u is smooth; by definition (72]) &
([73) of 6 we obtain from the definition (IH) of Ej,

5By () £ = % [ (€ Va1 w)Gox (¢ V)

which by the symmetry of G,* we rewrite as

d0ER(u).§ = —% (- VA —u)Grxu+&-VuGy (1 —u)).

We write £ - Vu=V - (u€) —uV-{and - V(1 —u) =V - ((1 —u)) —
(1 —u)V - &, so that (74) reduces to the identity

_/(v'((1_U)§)Gh*u+v-(uf)Gh*(l—u))
:/u[é,VG’h*](l—u),

which follows from integration by parts and the anti-symmetry of VG, *.
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STEP 3. Representation of ddy (u, -)(u).€:
2 (3, ) ().
- \/E/(ug-VQGh*((1—u)g)—ug-vah*(u—u)v-g)
(75)  +uV - EVGy* (1 —u)E) —uV -£Gy = ((1 —u)v-g)).

In the notation of Step & 1 (ddx(u, )(u)£)2 =1(4 Odh(u,us))2 =

2 \ds |s=

i;—; ’szod%(u, us), so that by definition (I7) of d;, and by (72)), we have
L(8dn(u, ) (w).€)" = Vh [ 2| _ Gux2| =V [€VuGyx(E-Vu).

Rewriting the second factor £ - Vu = V - (u€) — u'V - £ and using the
symmetry of Gp*, an integration by parts, and —Vu = V(1 — u), we
obtain

= (3 (u, ) (w)-€)
:\/g/(uf_vgh*(g.vg_u))+uV-§Gh*(§~V(1—U)))-

2

We write £ - V(1 —u) =V - ((1 —u)) — (1 —u)V - £ to obtain (7H).

STEP 4. Passage to the limit in dE},; we claim that

T
()l /0 5 Ep(un).£dt = ¢ / (V€ — v VEw)|Vyld.

According to (74)), we may split into two statements. The first state-
ment is

l&g}l%/v-f((l—uh)Gh*Uh+UhGh*(1_uh))

= QCO/V €| Vx|dt,

which is an immediate consequence of testing ([ZI) & (22)) with V - &,
appealing to the scaling (26) and to the formula ([28). The second
statement is

lfgf]l % /uh[f, VGh*](l — uh)
(77) ——a [ Ve + 7 [Vl

for which we now give the argument. Spelling out

([S,VGh*](l —uh))(t,x)
= /(f(t, x) —&(t,x —2)) - VGr(2)(1 — up)(t, x — 2)dz,
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we see that

‘([5, VGrx](1 — uh))(t, x)
— /VGh(z) -VE(t, x)z(1 —up)(t, x — z)dz’

(78) < %sup | V3¢ / 122 VGL(2)|(1 — up)(t, z — 2)dz.

Appealing to ([20) in form of VGp(z)dz = ﬁVG’l(ﬁ)dﬁ, we learn

that the limit of the contribution of the main term can be computed by

testing (21]) with %(Vj)(m)z = —2z-V&(t, z)z (which is of polynomial

growth in z2); it assumes the value
/VGl -Véz(v - 2), |Vx|dtdz,

which yields (77) by formula (83]) below. The contribution of the
r. h. s. error term in (Z8) is vanishing of O(v/h), as follows from ap-

pealing to () tested with % = |z

STEP 5. Passage to the limit in dd; we claim
T

(79)  lm: [ (8dn(un, ) (un)€) dt = co / (€ - )|V ldt.

hio 2 J,

According to (73)), this statement may be split into a leading-order
statement

(80) l&g}l\/ﬁ/uhf V3G * (1 — up)é)dxdt = ¢ /(f -v)?|Vx|dt,

and the higher-order statements

(81) /uh§ VG * (1 —up)V - &)dzdt = O(1),
/uhV EVGL * (1 —up)é)dxdt = O(1),

1

— [ upV-EGy * (1 —up)V - &)dadt = O(1).

7= [ ¥ €G (1= )V - et = O(1)
The statement (80) itself splits into the main part

lim\/ﬁ/§ (up VG * (1 — up))édzdt = ¢ /({ V)| Vx|dt

nlo

and the higher-order commutator
(82) /uhf : [f, Vth] * (1 - uh)dxdt = O(l)

The main part follows from appealing to (Z8)) in form of vVhAV?G),(2)dz

2 . . . ) V232G (2)E(tx
= %VQGl(ﬁ)dﬁ, testing (2I) with &%) Gl(lz() ELD) — (g(t,2) - 2)* -

|£(t,z)|?, and appealing to formula (84). The estimate of the error
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term (82) follows from estimating the integrand by sup |¢|sup |[V{]
[ 12lIV2Gh(2)| un(t, 2)(1 — up)(t, z — z)dz, and then using the scaling
[6) further by

sup |6l sup [VE] [ [2]IV2Ga(2)] )1 = )t — V)

N
so that another application of ([2I)) yields (82). Statement (RI)) and
the other two higher-order estimates follow along the same lines: For
instance, the integrand in (8I)) is < sup [¢]sup |[V-&] [ |[VGu(2)| un(t, x)
(1 —up)(t,z— z)dz By rescaling, [ |[VG(2)| un(t,z) (1 —up)(t,x—2)
dz = [ 2|Gi(2) Zeun(t, x)(1—up)(t, 2 —+/hz)dz, which is O(1) by (ZI)).

STEP 6. Conclusion. By Riesz’ representation theorem in L*(|Vy|dt)
and an approximation argument in the (arbitrary) smooth vector field
&, the statement of Proposition 2is a consequence of

T

1

lirﬁ%nf/ §|8Eh(uh)\2dt > co/ (V-&—v-Vév—(£-v)?)|Vx]dt.
0

The latter follows starting from the inequality (7)) for (E,d,u) =

(En,dp,up(t)), integrating in ¢t € (0,7"), and appealing to (@) and

([79) to pass to the limit on the r. h. s. .

STEP 7. Two formulas: For any unit vector v, any matrix A, and any
vector &, we have

(83) /VG’l( ) Az (v 2)ydz = co(v - Av + trA),
(84) /5 V3G (2 - 2)pdz = co(€- V)2
Since G1(z) = —2G1(z), for the first formula we may assume that A is

symmetric; by linearity we may assume that A = e ® e for some unit
vector e; by radial symmetry of GGy, it thus remains to show

—/81G121(1/ c2)ydz = co(l/f +1),
which by one integration by parts, taking into account (28], reduces to

Ghrz1dz = couy,
v-z>0

which in view of G1z; = —01G; = —V - (Gie1) by the divergence
theorem reduces to

(85) / G1 = Cp,
v-z=0
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which follows since ¢y = G¢=1(0). We now turn to (84). By radial
symmetry of (G; and homogeneity, it suffices to show

(86)

/8%6?1(1/ c2)ydz = 001/12,

which by two integration by parts reduces to (8Hl).

1]
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