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Yann Brenier

We establish the geometric origin of the nonlinear heat equation with arctan-
gential nonlinearity: d, D = A(arctan D) by deriving it, together and in duality
with the mean curvature flow equation, from the minimal surface equation in
Minkowski space-time, through a suitable quadratic change of time. After exam-
ining various properties of the arctangential heat equation (in particular through
its optimal transport interpretation a la Otto and its relationship with the Born—
Infeld theory of electromagnetism), we briefly discuss its possible use for image
processing, once written in nonconservative form and properly discretized.

Introduction. The arctangential heat equation
d; D = A(arctan D) (D)
belongs to the class of degenerate nonlinear heat equations
oD = A¢(D)),

(where ¢ is monotonic with derivative valued in [0, +00]), usually called “porous
medium” (as ¢ (D) = D™, m > 1) or “fast diffusion” (m < 1) and sometimes related
to geometry (such as ¢ (D) = log D, which corresponds to the Ricci flow in two
space dimensions) [Brézis and Crandall 1979; Daskalopoulos and Kenig 2007; Top-
ping and Yin 2017; Vazquez 2007]. The analysis of the arctangential heat equation
from the usual PDE viewpoint (existence, uniqueness, regularity theory, ...) is not
the point of the present paper. We rather show that the arctangential heat equation
has a geometric origin and can be formally derived, together (and in duality) with
the well known mean curvature flow for graphs, from the minimal surface equation
in the Minkowski space of all (¢, x) € R x R?, with metric —dt* + §;;dx'dx/. The
minimal surface equation reads (see [Lindblad 2004], for example)

% (%2) = ak(ak?‘”), R=1-0,¢>+ 9*¢ %, @)
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where

p=0¢(t,x)eR, xeR!, teR, &=—, =683,

From this equation, properly expressed, in Section 1, as a “system of conserva-
tion laws with convex entropy” (in the sense of [Dafermos 2016]), we generate in
Section 2, using the quadratic change of time method recently discussed in [Brenier
and Duan 2018], two “dual” nonlinear parabolic equations: one is the well-known
mean curvature flow (for graphs)

4
0 =T+ 0900 8 L) G)
V14 0ok

while the second one is precisely the arctangential heat equation (1). The arc-
tangential heat equation seems widely ignored in the literature, but has, in our
opinion, many interesting properties, discussed in Sections 3 and 4, on top of being
“dual” to the mean curvature flow. First of all, we will compare, in Section 3, the
arctangential heat equation, properly rescaled as

0;D = AA(arctan(Dk_l)

with a large parameter A > 0, to its formal limit as A — 400, namely the linear
heat equation
3D =AD,

both written a la [Otto 2001; Otto and Westdickenberg 2005], in optimal transport
style (for which we refer to [Ambrosio et al. 2008; Otto and Westdickenberg 2005;
Santambrogio 2015; Villani 2003]):

3D = 3;(D 3" (F'(D))).

In the linear case, F(D) is just the Boltzmann entropy function D log D — D (so
that /(D) = log D), in other words, the Legendre-Fenchel transform of the expo-
nential function

F(D)=DlogD—D =supuD —expu,

ueR

while, in the arctangential case, as will be seen in Section 3,

F(D)= sup uD—A arcsin()ﬁl expu),
u<log A

is the Legendre—Fenchel transform of u — A arcsin(A~! exp(u)) (extended by +oo
for u > log A), which can be seen as a “catastrophic” correction to the usual expo-
nential function. (By catastrophic, we mean that this monotonic convex function
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reaches the value Ax /2 with infinite slope at u = log A and, then, suddenly jumps
to +00.)
Still in Section 3, we will briefly mention the “Chaplygin heat equation”

D+ AD™ ") =0,

formally obtained in the opposite regime A | 0. (This equation has been named
“Chaplygin heat equation” because it can been interpreted as a “friction-dominated”
version of the “Chaplygin gas”, for which we refer to [Serre 2009].) We will also
establish a connection between the arctangential heat equation and the nonlinear
theory of Electromagnetism proposed by Max Born and Leopold Infeld [1934].
More precisely, in two space dimensions, both the arctangential heat equation
and the mean curvature flow just describe special solutions, depending only on
two space variables, of the same vector-valued diffusion equation in three space
dimensions,

U%&D) B__VX( D )
Ji+pr) V1+D?

(written in traditional “nabla” notations, B and D being three-dimensional vectors,
x denoting the vector product, D - B = D;B¥, D? = Dy D¥), which, itself, can
be formally derived, again by quadratic change of time, from the Born and Infeld
[1934] equations (for which we also refer to [Brenier 2004; Serre 2004]).

Finally, in Section 4, we discuss the nonconservative form of the arctangential
heat equation:

aD=vX(31+DL-

Y =cos(my)* Ay 4

(where D is written as tan(;rv)). Properly discretized, this equation might be a
valuable tool to treat black and white images (¢ denoting the level of gray), by
sharply enhancing the level sets {w =k+ %} for k € Z as t grows, as shown by
several numerical computations in Section 4.

1. Reformulation of the minimal surface equation

It is crucial for our analysis to get a formulation of the minimal surface equation (2)
in the framework of “systems of conservation laws with convex entropy”, for which
we refer to Dafermos’ book [2016]. More precisely:

Theorem 1. Let ¢ be a smooth solution of the minimal surface equation (2) and
define

R —0;¢p 0;¢
D= , Bi=0;¢, Pi= .5
\/1 — 0,92 + 0% Orp ¢ \/1 — 0%+ 0% Ok ©
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Then (D, B, P) is a solution to the system of conservation laws

BjP/—D DP/ — B/
B+ L——)=0, D+3;|——)=0, (6)
h - h
; PP/ + B'BJ (1+B;B/
P +9; LSk Y (/L @)
h h
h(D. B, P)=\/1+D>+B;Bi +P;Pi, ®)

which admits, for this strictly convex function h, the extra conservation law

B (DBf+Pf)+Bk(BkPj—PkBj)> _o ©

dh+9; (Pf 3

Notice that the local in time existence of smooth solutions to the minimal surface
equation (2) is a well known fact, while the global existence of smooth solutions
for “small” (in a suitable sense) initial conditions for d > 2 is a much more refined
result, obtained by Lindblad [2004].

Proof of Theorem 1. The proof follows a strategy similar to the one used for non-
linear Maxwell’s equations, in particular for the Born—Infeld equations, in [Brenier
2004; Serre 2004]. In the first step, we get the Hamiltonian form of the minimal sur-
face equations (2), which reads as a system of conservation laws for (D, B) (as de-
fined in (5)), with an extra conservation law for H (D, B) = /(1 4+ BxB*)(1 + D?),
which is a locally (but not globally) convex function of (D, B) about (0, 0). The
second step is a suitable augmentation of the Hamiltonian system in order to get
a larger system of conservation laws, namely (6)—(7) for (D, B) and P = —DB.
This new system enjoys an extra conservation law for the strictly convex function
h(D, B, P) =+/1+ D2+ B;B* + P; P* which is nothing but H(D, B), written as
a function of (D, B, P). The comprehensive proof of Theorem 1 can be found in
the Appendix.

2. Recovery of the mean curvature flow and the arctangential heat equation
from the minimal surface equation by quadratic change of time

Inspired by our recent work with X. Duan [Brenier and Duan 2018], we investigate
the augmented system (6)—(8) under the quadratic change of time: t — 6 = t2/2.
We consider two “dual” regimes of initial conditions at ¢t = 0, well suited to this
quadratic change of time, respectively D(0, x) = 0 and B(0, x) = 0 and, in both
cases, P(0,x)=0.

In the first regime, we assume D(0, x) =0, P(0, x) =0, i.e., in terms of the
original field ¢, the solution to (2), d;¢ (0, x) = 0, by definition (5). We make the
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consistent ansatz
B(t,x)=B@0,x), D(t,x)=tD©,x), P(,x)=tP(@0,x), 9:t2/2, (10)

for some smooth fields (53, D, P). In other words, we introduce

B@®,x)=B(20,x), D@O,x)= %, PO, x) = %.

In the second, “dual” regime, we assume B(0, x) =0, P(0, x) = 0, which means
0;¢ (0, x) =0, in terms of ¢, and, accordingly, we introduce the second ansatz

D(t,x)=D(®,x), B(t,x)=tBO,x), Pt ,x)=tP®,x), 60=r>/2, (11)

or, equivalently,

D, x) = D(v/20, x), B(e,x):%’ P(@,x):%.

Let us now state our main result.

Theorem 2. After the two “dual” quadratic changes of time (10) and (11), the
minimal surface equations, written in augmented form (6)—(8), respectively lead on
one hand to the mean-curvature flow (3) and on the other hand to the arctangential
heat equation (1).

Let us emphasize the formal character of this result, where we are just dealing
with the equations. We will not discuss in the present paper the analysis of how
close the solutions of the minimal surface equations (2), written in augmented form
(6)—(8), after quadratic change of time, are from the solutions of (1) and (3), re-
spectively. Let us just indicate our belief that the “relative entropy” (or “modulated
energy”’) method (as in Dafermos’ book [2016], see also [Brenier and Duan 2018;
Giesselmann et al. 2017; Serfaty 2017] for very recent occurrences), based on the
strict convexity of (8) and the dissipation law (21) established below, is the most
appropriate tool to treat this question.

Proof of Theorem 2. Let us transform the augmented system (6)—(8) in both regimes
(10)—(11). In the first case, we get the nonautonomous system, where 0 features
explicitly,

B;P/ —D DPp/ B/
B +0;|—L——) =0, D+20(D+d;,(— |)=0,(—),
(257 (o405 )) =5(5)

; ; Pip] BB/ (1+B;8
Pl+29<397>’+aj( = )>+a,~( = ):a(%)

H=+1+B,B +20(D*+P;P).

where
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Formally, this system admits, as 6 |, 0, the following asymptotic system

3 B; + 8 (prj_p) 0. D=9 ( i ) (12)
o b + 0i | ——=) =0, =dj| ———).
V1 + BBk "\V1 + BBk
. BiBI ( 1+8B;B
P = —a-<—> +9' (—f> (13)
V1 + BBt 1+ BBk

In the second regime, when we rather assume B(0, x) = P (0, x) =0 and use ansatz
(11) instead of (10), we get from (6)—(8) again a nonautonomous system where 6

features explicitly:
DP/ — B/ J D
09D+ 0; — =0, B;+20|0B;+09; = 0; %)

H
; - PP/ + BB 1
P20 (ap 40, (P ) - ( )

H=v1+D*+20(B;,B/ +P;P)),

where

which admits as asymptotic system, as 6 |, 0,

3D+ 9 DP/ B =0, B =29 D 14
oD+ 0 ﬁ =0, i = 0; \/ﬁ ) (14)
1
P =8 [ —— ). (15)
(«/1+D2>

Restoring notations (¢, D, B, P), instead of (6, D, B, P), we may write both
asymptotic systems (12)—(13) and (14)—(15) respectively as

BiP/—D
atB,-+a,-(’—>=o, n=+v1+ ByB* (16)
n
B/ , B'BJ . (1+B;B/
Dzaj(—), pt:-aj( >+a’(+—f) (a7)
n n n
and
DP/ —BJ
a,D+aj<—)=o, n=+v1+D? (18)
n

D 1
B =0, (-) P =9 (—) (19)
n n
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Let us first derive the arctangential heat equation (1) from (18)—(19). We get

DP/ B/ D .[1 1 ./D
8tD:8j - +— =3j ——9 =)+ -0/ —
n n n n n n

d;D d;D
=0, =0dj|——= | = A(arctan D).
772 1+ D?

Let us now derive the mean curvature flow (3) from (16)—(17). Writing B as a
gradient, i.e., B; = 9d;¢p, we may integrate (16) just as

3t¢=%’¢PZ_ (20)
We have
Pi=_3j<al¢aj¢ +8i<1+8j¢af¢)
n n .
=—aj<i)af¢ (’¢)aa¢+a(1) .(ajd)afd))
7? n n
=0 (" )pera () oo (%))
P AW i 9;0'¢
B a,(n)a¢+na( ) (2n2)
g\ . 1+9;0/¢
=055 oo (F55)
__3j(aj_¢)31¢
n

(by definition of n). Thus, by (20)

bp— 2 4 200 aj(aj_(p)-
n n n

(%)

1+0,¢3¢ (afqb) : ( L) )
0p=——"03;|— )| =V14+0,00¢3;| ——r-
e ;. i\ $'P 0, T 000

(by definition of 1), which exactly is the mean curvature flow (3). This concludes
the proof of Theorem 2.

Since

we get
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Remark. It is worth noticing that, in the case of the second ansatz (11), leading to
the arctangential equation (1) after quadratic change of time, the extra conservation
law (9) leads to the dissipation law

1 B*B+P* P, 5 D 1
an+A " =—#, n=v1+D", B;i=9 o) P =9; P (21)

on top of conservation laws (18)—(19), which, consistently, can be as well obtained
directly from (1).

3. A few properties of the arctangential heat equation

3.1. Interpretation a la Otto. Assuming that D is nonnegative (which is a con-
sistent assumption due to the maximum principle for (1)), the arctangential heat
equation also reads

9, D =9 (D 9 (log (\/%)» (22)

which can be written, in the framework of optimal transport theory [Ambrosio et al.
2008; Santambrogio 2015; Villani 2003],

9D = 3;(D 3" (F'(D))), (23)

a la Otto, as the gradient flow, with respect to the (so-called) “Wasserstein” or
“MK2” metric [Otto 2001; Otto and Westdickenberg 2005], of the functional

D — f]-"(D(x)) dx

for a suitable function F. Here F is a “renormalized” version of the classical
Boltzmann entropy, namely

F(D)=D log( ) —arctan D 24)

D
V14 D?
and should be extended by O for D =0 and by +o00 for D < 0 to define a globally
convex function from R to ]—o0, +o0]. Its Legendre—Fenchel transform can be
explicitly (and easily) computed:

u — sup(uD — F(D)) = (Gexp)(u) = arcsin(exp(u)), (25)
D
which should be extended by +oo for u > 0 and can be seen as a “generalized”

exponential function. (Here the symbol G is used to note a generalization of a
classical special function).
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As a matter of fact, if we consistently parametrize the arctangential heat equa-
tion, in its formulation a la Otto (22), as

ool )

where A > 0 should be understood as a large “cutoftf” parameter, the corresponding
Boltzmann entropy becomes

D
D log (—) —A arctan(DA‘l), 27)
V14 D?)~2
whose Legendre—Fenchel transform reads
(G, exp)(u) = A arcsin()fl exp(u)), (28)

(extended by +oo for u > log A); see Figure 1. The later function is clearly an
approximation of the regular exponential function as A goes to infinity, with the
interesting feature that, at u = log A, it reaches a finite value, namely A /2, and
suddenly jumps to +oo, while its u-derivative blows up. In some sense, y =
(G, exp)(u), which solves the super-nonlinear ODE

d
—y=ktan Y ,
du A

while its derivative z = ﬂ, which solves

du
dz 1+ z?
du »2)e
is a “catastrophic” version of the exponential function, probably suitable for some
applications in geophysics, biology, social sciences and many other fields. Also

notice that the inverse of this generalized exponential function provides a general-
ization of the logarithm, namely,

(G, log) (v) = log(x sin(va™h)).

This function monotonically covers ]—oo, log A] as v € ]0, Az /2[ and can be sym-
metrically and periodically extended to v € R as

(G log)(v) = 3 log(A? sin* (A~ "));

see Figure 2. This features in several fields of Mathematics, including the recent
theory of “unbalanced optimal transportation” [Chizat et al. 2018; Liero et al.
2018].
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Figure 1. The “catastrophic” exponential u — A arcsin(A~! exp )
(extended by o0 for u > log 1), for different values of A.

3.2. A limit case: the Chaplygin heat equation. The arctangential heat equation,
in its parametrized form (26), namely

=0 (00l 55)))

admits an interesting formal limit as A | 0, Indeed, we have

. D . A ; 1
I (log| ——==) ) = 9" |log| —==) | = ' |log| —=
(Og (\/1 + sz\z» <Og <\/ 1+ A2D2>> (Og (\/ 1+ AZDZ))
2 -2
~—ai(A 12) ):—AZD_lai(D_l), 210,

so that, as A | 0, after rescaling r — A%, we get from (26) the “Chaplygin heat
equation”,
D =—AD"). (29)

(Notice that this equation can also be directly obtained from the Euler equations of
“isentropic fluids”,

k i
D+ 30" =0, 90 +ak(QDQ ) +3'(p(D)) =0,
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Figure 2. The inverse of the “catastrophic” exponential v —
% log(k2 sinz(v)ﬁl)), (after symmetrization and periodization) for
different values of A.

with “Chaplygin pressure” p(D) = —D~! (as in [Serre 2009]), after the same
quadratic change of time

D(t,x)=D@,x), Q(,x)=t20,x), 6= 12/2,
we used above.)

3.3. Relationship with nonlinear electromagnetism in two space dimensions. Let
us now show that, in the case of two space dimensions, d = 2, both equations (3)
and (1) can be (formally) derived from one of the most famous (and very geometric)
models of nonlinear electromagnetism, namely the Born—Infeld equations, again
through a suitable quadratic change of time. We first notice that these equations
just describe particular solutions, depending only on two space variables, of the
same three-dimensional vectorial diffusion equation:

Proposition 3. In two space dimensions, both the mean curvature flow (3) and
the arctangential heat equation (1) correspond to special solutions of the three-
dimensional diffusion equation

(D-B)D

D
— "), B=-Vx|——). 30
x/1+D2) X<\/1+D2> G0

B,D:VX(B 1+ D% —
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Proof. Straightforward calculations show that (3) just corresponds to particular
solutions D of form

D(t,x) = (o (1, x', x%), 919 (1, x', x%),0),
while (1) rather corresponds to solutions of “dual” form
D(t,x) = (0,0, D(t, x', x%)),
which, in both cases, implies B - D = 0 and leads to, respectively, (3) and (1). [

The augmented Born—Infeld system. Next, we derive (30) from a suitable quadratic
change of time, as a formal asymptotic equation for the nonlinear Maxwell equa-

tions
oH

oH
B+Vx (E(D, B)) =0, 0D—-Vx (ﬁ(D’ B)) =0, 3D

where the Hamiltonian function H is

H(D,B)=+/(1+B%)(1+D?— (D B)?

(while H(D, B) = (B*+ D?)/2 would correspond to the usual, linear, Maxwell
equations). This nonlinear correction to the Maxwell equations was suggested by
Born and Infeld [1934]. Let us write (31) more explicitly. Introducing

P=DxB, h=+(1+D>)(1+B2— (D -B)?2=+1+D>+B2+ P2,

weget
BRP—-P®B D
aB+v. (2L POBY g (), (32)
h h
DRP—P®D B
a,D+v-< ® : ® )=VX(E>. (33)

As in Section 1, this system of conservation laws admits an extra conservation law
for h. However h, as a function of (D, B), is convex only about (0, 0) and not
globally. Following [Brenier 2004; Serre 2004], again as in Section 1, we get a
new extra conservation law by considering P as an independent variable and write
h as a function of (D, B, P):

h=h(D,B, P) =1+ D*+ B*+ P (34)
We obtain POP_BoB-_DoD |
a,P+v-( it i’ —De® ):V(E) (35)

In [Brenier 2004; Serre 2004], it is proven that the augmented system (32)—(35)
enjoys an extra conservation law for / written as a function of (D, B, P).
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The diffusive limit of the augmented Born—Infeld system.

Proposition 4. The diffusion equation (30) can be obtained from the augmented
Born—Infeld system (32)—(35) after the quadratic change of time
D(t,x)=D(,x), B(t,x)=tB®,x), P x)=tP0,x), 6=1>/2, (36)

Proof. Let us apply ansatz (36) to system (32)—(35). We get the nonautonomous
system, where 6 features explicitly,

BRXIP—-—PRQXB D
B+20lyB+YV | —mMm )| =-V —,
<9 ( H )) X(H)

D — D B
D4V (M) v« (_)
H H

PRP-B®B D®D 1
P4+20(pP+V-(———— )=V |—— |+ V(=).
e (F5)) =0 (50) (@)

H=1/1+D2+20(B%+P?).

where

As 6 | 0, we get the asymptotic system

D — D
3QD+V.(M) =V x (ﬁ),
H H

D D®D 1
B:—VX — 1, P:V _— +V_ ,
@) =)~
H=v1+D%

The equality P = D x B follows directly from these equations. Thus, since we are
in three space dimensions,

2
. (D@P—P@D) . (D:{P) _ vy (Dx(2x5)> . ((DB)D—D B>.

H H
2
—_ ((D-B)D—(l—i-D )B)>+VX (ﬁ)’
H H

((D-B)D ) (B)
V x —HB)+Vx|=—].
H H

Finally, we have found

where, now,

(D-B)D) B__VX( D )
Jitpr) J1+D2

which is nothing but the expected Equation (30), after restoring notations (¢, B, D)
instead of (6, B, D). ([l

89D:V><<B 1+D2—
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4. The arctangential heat equation in nonconservative form:
a tool for image processing?

In nonconservative form, the arctangential heat equation (1) reads (4), namely

2
o = <C°SH—W)> Ay

Interestingly enough, in this nonconservative formulation, v can take values in the
entire real line and not only in [—%, %] In sharp contrast with the usual linear heat
equation, (4) seems to admit (in a suitable sense) a lot of nontrivial equilibrium
solutions, at least in the one dimension case d = 1. Such solutions i should be
continuous piecewise linear functions, with possible change of slope (or plateaus)
each time i touches the discrete set {k + % k € Z} as cos(mr i) vanishes. Let us
now perform a few numerical experiments based on the very elementary explicit
difference scheme (written in two space dimensions with traditional notation of
numerical analysis):

R S TR o
4

n

o7y =ty = costru 2 S y). 6
where 7 and A respectively denote the time and space steps. This scheme is stable
as long as 4th~2 < 1 and, in all our numerical experiments, we will choose 41 = h?.

In the first experiment, we input as initial condition ¥ (0, -) a (simulated) Brow-
nian curve on T = R/Z (made periodic by subtracting a suitable affine function).
We draw the initial curve (Figure 3) and the final curve (Figure 4) obtained with
256 grid points after 4096 time steps.

The second experiment is of different nature. We use a 256 x 256 grid for the
periodic square T? = (R/Z)? and consider the function

¥ (0, x,y)
=4cos2m(x —0.25)) cos2m(y —0.2)) + 3 cos(2m (y + x)) cos2m (x — 0.8)).

Then we add to ¥ (0, x, y), at each grid point, a random number &, uniformly
independently distributed in [—0.5, 40.5] and run (37). In three successive plots,
Figures 5-7, we draw all grid points (i, j) where the resulting function is at a
distance less than 0.025 from the set {k+ 3, k € Z} in R, respectively for n =0, first
without noise (Figure 5), then with added noise (Figure 6), and, finally, for n = 8192
(Figure 7), i.e., after 8192 time steps. We see that the arctangential heat equation, in
discretized nonconservative form (37), enjoys some ability at processing black and
white images, ¥;' ; being the (suitably normalized) level of gray at step n and grid
point (i, j), by unveiling and enhancing the level sets {(i, 7, lﬂl-’fj € {k—i— %, ke Z}}
as n grows.
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Figure 3. The one-dimensional arctangential heat equation: brow-
nian initial condition, x € R/Z.
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Figure 7. Recovery of the level sets by solving the two-dimen-
sional arctangential heat equation.

Finally, in the third experiment, our initial condition is obtained by adding the
same noise £ as before to the step function with values % if

4cos(2m (x —0.25)) cos2r (y —0.2)) + 3 cos2nm (y +x)) cos2m (x — 0.8)) > 0.5,

and 0 otherwise. We draw the same plots as in the previous experiment, this time
for n = 0 (with and without noise, Figures 8 and 9) and n = 1024 (Figure 10).

Appendix: Proof of Theorem 1

First step: Hamiltonian form of the minimal surface equations. Equation (2) is
easily obtained by finding critical points ¢ of the Minkowski area of the graph
(¢, x) —> (1, x, ¢(z, x)), namely

_/f V1 - 8,0+ 0k duo dt dx, (38)

under space-time compactly supported perturbations. For the sequel, it is crucial
to use the Hamiltonian form of Equation (2). For that purpose, we introduce the
fields

E(t,x)=0,¢(t,x), Bi(t,x)=09;¢(t,x), (39)
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Figure 8. The two-dimensional arctangential heat equation: other
choice of data (with binary values).
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Figure 9. The two-dimensional arctangential heat equation: the
initial condition with added noise.
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Figure 10. Recovery of the level sets by solving the two-
dimensional arctangential heat equation.
which are linked by the differential compatibility condition
0:Bi =0, E. (40)
Introducing the Lagrangian function

L(E, B) = —/1— E? + BB, 41)

we look at critical points (£, B) of

/f L(E(t,x), B(t,x))dtdx

under space-time compactly supported perturbations, subject to constraint (40). In
other words, we look for saddle-points (E, B, ¥) of

//(L(E(t, x), B(t,x)) + 3, ¥'Bi(t, x) — ¥ E(t, x)) dt dx,

where 1 is a Lagrange multiplier for constraint (40). Independently of the specific
definition of L, we may introduce the Hamiltonian H as the partial Legendre—
Fenchel transform of the Lagrangian L(E, B) with respect to E,

H(D, B) = sup DE — L(E, B) (42)
EeR
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and the corresponding “dual” field

aL
D(t’x): ar- (E(t’x)’B(tsx)) (43)
0FE
Then, we get, by standard differential calculus, the Hamiltonian formulation
0;Bi =9 aH(D B) D=9 aH(D B) (44)
tPr — U BD ) ) t — U 8Bl ) ’
and, as a consequence, an extra conservation law involving H:
. , oH 0H
%(H(D, B))+9;(P"(D, B)) =0, P'(D,B)= —(E£>(D, B). (45)
i

In the case of the minimal surface equations L is given by (41) and we get, explic-
itly,

H(D, B) =+/(1+ B, BX)(1+ D?) (46)
and, after elementary calculations, deduce:

Proposition 5. The minimal surface equations (2) can be written in Hamiltonian

1+ BB 1+D?% .
3zBi=3i( WD) atD:ai("l—l——BkBkBl)’ 47)

with the extra conservation law

form

&H+dP =0, H=+/(1+BB"»(1+D?, P =—-DB. (48)
In addition, (D, B) are related to the original field ¢ involved in (2) by

. 0,9
11— 8,02+ % dop

B; =09, (49)

Second step: construction of an augmented system with convex entropy. Unfor-
tunately, H, as defined by (46), is not a convex function of (D, B) and, therefore,
(47) does not belong to the class of systems of “conservation laws with a convex
entropy” which enjoys many interesting properties (as discussed in Dafermos’ book
[2016]). However, there is also an extra conservation law for P = —D B, namely
(7). This allows (D, B, P) to be solution of the augmented system (6)—(7) of con-
servation laws which enjoys the extra conservation law (9) for the strictly convex
“entropy” h(D, B, P) = y/1+ D? + By B¥ + P, P¥, which is nothing but H(D, B),
written as a function of (D, B, P). Let us now provide the detailed calculations.
The first evolution equations (6) are straightforward (just writing (47) with
P = —DB). The two last ones are much more involved. Let us first prove (7).
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Since P; = —DB;, we get
0P =—D0;B; —Bio;D=T =Ty + T3+ T+ T,

B;P/ D DP/ B/
T4y=Do; ) T3:_Daiz7 T'=B;0; W) TZZ_BiajT,

using Theorem 1. We have

P/ DP/
T4=T4a—|—T4b, T4Cl=DBj8,’ 7 s T4b=Ta,~Bj,

D? D
T3 = T3Cl + T3b, T3a = —8,- 7 s T3b = Za,-D,

h

B; B/ BJ
h ) T2b=81317

B;DP/ DPJ
Ty =Twa+Tb, Ta=J; h ., Tb=—-9;Bi—,

T, =Ta+Tb, Tha= —8]-(

- 5 P; PJ
a=—0j|——),
1 j h

j

P
Tia = —P;0; (7) = Tyaa + Tyab, Tiaa = —ai(

Since P; = —DBj, we have

pPJ

P; P/
y T4ab: Tain.

Since B is a gradient, we have 0; B; = d; B; and, therefore,
J
Twb=-Tb, Tob= aiBjT,

so that

. . h?
T3b + Thb + Thab = %ai(l+D2+B,’B’ + PjP/)=0;h = 31'(7)

(by definition (8) of 4). Collecting all terms, we find

0P =T =Thaa + Teab +T4b + Tsa + T3b + Tya + T1b + Tra + Tob
= Tyaa + Tza + Tia + Tra + 0;h

P;PJ D? P PJ BB/ h?
=0\ 7)ol ) ) A ) A
1+ B;B/ P; P/ B;B/
=% (+T) ~ % (T) 9 (T)




582 YANN BRENIER
(by definition (8) of &) and we have obtained (7). Let us now prove (9). Notice
that, from now on, we no longer can use P = —D B. This equation should only
follow from the augmented system (6)—(8) and the property that B is a gradient.
Using definition (8) of &, we get
Do,D+ B'9,B; + P'9, P;

h

D _(-DP/+B/\ B _ (-B;P/+D
=3l ———— )+ —o(——
h h h h

P'( (1+B;B/ PP/ BB/
+— % —L—) —9;(—— ) -9,
h h h h

=T1+T+T3+Ts+Ts+Te+ T7,

ath ==

where
- Da —DP/ r Da B/
1= A Jj A ) 2= Jj h
T_B’a —B;P/ _— la D
3= h i h ) 4 = h i h
P! (14 B;B/
e 40)
P (PP P’ (B;B/ P/ (B;B
To=——0j|— ), Tr=—-09;|—)=——0
h h h h h h
We see that
DB!
Hh+T,=0; 72 )
and

D, (D\ P (P D2+P2
T\+Tg = —PJ 81 z +— -
1 B’ j 1+B B’
dj A _|_ +9; P (definition of /)
1 P/ B; Bl 1+B B’
78]' E —|— 2 8J'Bi A

P/B PJ/(1+B;B") 14+-B; B! .
= — 50 Bi+ ; a,(h)+a Pf( e >—8J~PJ

_P/B P/(1+B; B’
=0 Bi+9; L _
h? h?

—9;P/.
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We also have

P/B;B"\ B'P/
I3+ T =—0 -

% % 0;Bj,

so that (since B is a gradient)

PJi(1+ B;B) P/B;B ,
h+Te+T+ 17+ 15 =0; — 2 — 9 R —9; P/

and we have finally obtained

h=T1+TL+T+T4+Ts+Ts+ 17

P/(1+ B;B") P/B;B' DB .
:8j<T>_ai<T 0T ) TP
in other words,

’

. (DB’ + PJ)+ By (B*P/ — P¥BJ)
8th+8j<Pf— W

which is the desired conservation law (9) and achieves the proof of Theorem 1.
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